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PREFACE 

Nutrition involves the relationship of food and nutrients to health. Biochemistry is 
the science of the chemistry of living organisms. As implied by the title, this book 
emphasizes the overlap between problems of nutrition and the techniques of 
biochemistry. 

The nutritional sciences also include many aspects of related disciplines such as 
physiolog~ food chemistr3~ toxicolog~ pediatrics, and public health. Thus, any 
given problem in the nutritional sciences may also be a problem in one of these 
disciplines. Nevertheless, nutrition is a unique discipline because of its specific 
goal, that is, improving human health by understanding the role of diet and 
supplying that knowledge in everyday living. 

Nutritional sciences employ various experimental techniques. The methods 
used to assess a deficiency can also be used to determine the requirement for a 
given nutrient. Dietary deficient36 a technique applied to animals and microorgan- 
isms, was used in the discovery of vitamins and in proving the essential nature of 
certain amino acids and lipids. This book features a strong emphasis on the tech- 
niques used to assess both requirements and deficiencies. Two of the most impor- 
tant techniques, those involving nitrogen balance and the respiratory quotient, are 
covered in some detail. 

The book focuses on the details of two or three aspects of problems related to 
each selected topic. Clinical and research data are used to illustrate these problems, 
and case studies are frequently presented. Emphasis on primary data is intended 
to encourage readers to use their own trained judgment when examining data from 
the literature as well as data from their own research experience. 

The ability to organize facts into a hierarchy of importance is useful in under- 
standing the biological sciences. This book encourages the researcher to employ 
this method of organization. For example, the order of use of energy fuels is 
described in the chapter on regulation of energy metabolism. The order of appear- 
ance of signs of folate deficiency is detailed in the chapter on vitamins. The book 
also encourages the researcher to accept the potential value of data that are am- 
biguous or apparently contradictory. For example, the chapter on digestion shows 
that a barely detectable increase in plasma secretin levels can be physiologically 

~ 1 7 6 1 7 6  
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relevant. The section on starvation reveals that the body may suffer from signs of 
vitamin A deficiency even though substantial amounts of the vitamin are stored in 
the liver. The section on fiber explains how an undigestible nutrient supplies vital 
energy to cells of the human body. 

Some of the dreaded nutritional diseases of the p a s t - -  such as scurv~ pellagra, 
and perniciOus anemia m are discussed in this book. Such contemporary problems 
as infectious diarrhea, xerophthalmia, protein/energy malnutrition, and folate 
deficiency are discussed, as are diabetes and cardiovascular disease, two of the 
most significant nutrition-related diseases. The last two conditions can be control- 
led in part by dietary intervention. 

This book stresses the importance of nutritional interactions. Some nutrients are 
closely related and usually discussed together. Some are antagonistic to each other, 
whereas others act synergistically. Examples of uniquely related nutrients are bean 
and rice protein, saturated and monounsaturated fatty acids, folate and vitamin 
B12, vitamin E and polyunsaturated fatty acids, and calcium and vitamin D. Some 
closely related biological molecules are discussed, including insulin and glucagon, 
cholecystokinin and secretin, and low- and high-density lipoproteins. Interactions 
involving multiple organ systems and multiple cell types are stressed. More em- 
phasis is placed on interorgan relationships than in typical biochemistry textbooks. 

Drugs that influence nutrient metabolism are discussed in various sections. 
These drugs include lovastatin, pravastatin, omeprazole, dilantin, methotrexate, 
allopurinol, warfarin, furosemide, thiouracil, and diphosphonate. Alcohol is also 
discussed in this context because, depending on its intake, it functions as a food, 
drug, or toxin. 

The recommended dietary allowances (RDAs) for various nutrients are dis- 
cussed. RDAs are the quantities in the diet of all nutrients required to maintain 
human health. RDAs are established by the Food and Nutrition Board of the 
National Academy of Sciences, and are published by the National Academy Press. 
The RDA values are revised periodically on the basis of new scientific evidence. 

RDAs are used to define a relationship between various human populations and 
the nutrients required by the human body at various stages of life. They are 
intended to serve as a basis for evaluating the adequacy of diets of groups of people 
rather than of individuals. A comparison between the RDA for a specific nutrient 
and individual intake of that nutrient can indicate the probability or risk of a 
deficiency in that nutrient. The actual nutritional status with respect to the nutrient 
can be assessed only by appropriate tests. These tests are usually of a biochemical 
nature, but also may be hematological or histological. Nutrient RDAs have been 
determined for men, women, and children of different ages. In most cases, the RDA 
differs with body weight and, in some cases, with gender. For convenience, RDA 
values are sometimes expressed in terms of an ideal or reference subject such as 
"the 70-kg man" or "the 55-kg woman." The current RDAs for all nutrients are 
listed on the inside back cover. RDAs have not been set for a number of required 
or useful nutrients. The estimated safe and adequate intakes of these nutrients 
established by the Food and Nutrition Board, are listed on the inside front cover. 
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CLASSIFICATION OF 

BIOLOGICAL 

STRUCTURES 

OVERVIEW 

A review of chemical bonds, 
acid/base chemistry, and the 
concept of water solubility is 
provided first, to assure that 

readers with various backgrounds begin with 
the same grounding in beginning chemistry. 
Then the discussion progresses to molecular 
structures of increasing complexity, including 
carbohydrates, nucleic acids, and amino acids. 
The concept of water solubility is then ex- 
panded, and an account of micelles, lipid bilay- 
ers, and detergents is presented. Areview of the 
genome and the synthesis of messenger RNAis 
given. The reader will return to the topics of 
DNA and RNA in later chapters, in accounts of 
the actions of vitamin A, vitamin D, thyroid 
hormone, and zinc, as well as in commentaries 
on the origins of cancer. The chapter closes with 
descriptions of protein synthesis, maturation, 
and secretion and of the properties of several 
classes of proteins. 

BASIC CHEMISTRY 

This section reviews some elementary chemis- 
try to establish a basis for understanding 
the later material on hydrophilic interactions 
and on water-soluble and water-insoluble nu- 
trients. 



1 Classification of Biological Structures 

Structure and Bonding of Atoms 

Atomic Structure 

An atom consists of an inner nucleus surrounded by electrons. The nucleus con- 
sists of protons and neutrons. Each proton has a single positive charge. The 
number of protons in a particular atom, its atomic number, determines the chemi- 
cal nature of the atom. Neutrons have no charge, but the electrons that surround 
the nucleus each have a single negative charge. Generall~ the number of electrons 
in a particular atom is identical to the number of protons, so the atom has no 
overall charge. The electrons reside in distinct regions, called orbitals, that sur- 
round the nucleus. The actual appearance of the electron as it moves about in its 
orbital might be thought of as resembling a cloud. Addition of one or more 
additional electrons to a particular atom produces a net negative charge, whereas 
removal of one or more electrons results in a net positive charge. Atoms with a 
positive or negative charge are called ions. Conversion of a neutral atom (or 
molecule) to one with a charge is called ionization. 

The various orbitals available to the electrons represent different energy levels 
and are filled in an orderly manner. If one were creating an atom, starting with the 
nucleus, the first electron added would occupy the orbital of lowest energ~ the ls 
orbital. Since each orbital is capable of holding two electrons, the second electron 
added also would occupy the ls orbital. The next available orbital, which has an 
energy slightly higher than that of the ls orbital, is the 2s orbital. A completely 
filled 2s orbital also contains two electrons. After the ls and 2s orbitals are filled, 
subsequent electrons fill the 2px, 2py, and 2pz orbitals. These three orbitals (the 2p 
orbitals) have identical energy levels. The orbitals that are next highest in energy 
are 3s, 3px, 3py, and 3pz. Of still greater energy are the 4s and 3d orbitals, as indicated 
in Table 1.1. The 4s and 3d orbitals contain electrons at similar energy levels, 
whereas the 4p orbitals contain electrons of even higher energy. The terms "higher" 
and "lower" energy can be put into perspective by understanding that lower-en- 
ergy electrons have a more stable association with the nucleus. They are dislodged 
from the atom less easily than higher-energy electrons. 

The electrons in the filled orbitals of highest energ~ are called valence electrons. 
These electrons, rather than those at lower energy levels, take part in most chemi- 
cal reactions. Table 1.1 outlines the way that electrons fill orbitals in isolated atoms. 
However, inside molecules, electrons are shared by atoms bonded to each other. 
These electrons occupy molecular orbitals. The orderly manner in which electrons 
fill molecular orbitals resembles the filling of atomic orbitals, but a description of 
molecular orbitals is beyond the scope of this chapter. 

The number of electrons that fill the orbitals of an atom is generally equal to the 
number of protons in its nucleus. However, atoms tend to gain or lose electrons to 
the extent that a particular series of valence orbitals is either full or empty. This 
condition results in an overall decrease in energy of the other electrons in valence 
orbitals. In the inert elements (i.e., helium, neon, and argon), the series of valence 
orbitals is filled completely. For example, the 10 electrons of neon, a stable and 
chemically unreactive atom, fill all the ls, 2s, and 2p orbitals (see Table 1.1). On the 
other hand, sodium, which contains 11 electrons, loses one electron under certain 
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TABLE 1.1 Electronic Structure of Various Atoms 
, , , 

Number of electrons filling the atomic orbital 

Atom Atomic number ls 2s 2px 2py 2pz 3s 3px 3py 3pz 4s 

H 1 1 
He 2 2 
Li 3 2 1 
Be 4 2 2 
B 5 2 2 1 
C 6 2 2 2 
N 7 2 2 1 
O 8 2 2 2 
F 9 2 2 2 
Ne 10 2 2 2 
Na 11 2 2 2 
Mg 12 2 2 2 
A1 13 2 2 2 
Si 14 2 2 2 
P 15 2 2 2 
S 16 2 2 2 
C1 17 2 2 2 
Ar 18 2 2 2 
K 19 2 2 2 
Ca 20 2 2 2 
, f 

1 1 
1 1 
2 1 
2 2 
2 2 1 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 
2 2 2 

1 
1 1 
1 1 1 
2 1 1 
2 2 1 
2 2 2 
2 2 2 
2 2 2 

conditions. In this state, the sodium atom has a single positive charge and is 
considered an ion. The stable nature of the Na + ion arises from its electronic 
structure, which is the same as that of neon. 

Covalent and Ionic Bonds 

Stable interact ion b e t w e e n  two  or more  a toms  results in the fo rmat ion  of a mole-  
cule. Typically; the a toms  in a molecule  are connected  to each other  by  covalent  
bonds .  In an o rd ina ry  covalent  bond ,  each a tom involved  contr ibutes  one electron 
to fo rm a pair. The two  a toms  share this pair  of electrons. A n  electron of one  a tom 
can be shared  wi th  a second a tom w h e n  the second a tom has  valence orbitals that  
are ei ther  vacant  or half  filled. The h y d r o g e n  a tom,  wi th  an atomic n u m b e r  of 1, 
contains  a half-filled ls  orbital. In the h y d r o g e n  molecule  (H2), the shar ing of 
electrons results  in fo rmat ion  of a b o n d i n g  orbital. A single b o n d i n g  orbital occur- 
r ing b e t w e e n  two  a toms  is equ iva len t  to a single covalent  bond.  

The n i t rogen  a tom,  wi th  an a tomic  n u m b e r  of 7, contains filled ls  and  2s orbitals 
and  half-filled 2px, 2py, and  2pz orbitals. Because of the presence of these three 
half-filled orbitals, n i t rogen  a toms  tend to fo rm three covalent  bonds .  In n i t rogen  
gas (N2), the two n i t rogen  a toms  share the electrons in their  2p orbitals, resul t ing 
in the fo rmat ion  of three covalent  bonds .  Since these b o n d s  occur b e t w e e n  the 
same  two  atoms,  they const i tute  a t r ip le  bond .  In a m m o n i a  (NH3), the n i t rogen  
a tom and  three h y d r o g e n  a toms  share electrons, resul t ing in the fo rmat ion  of a 
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single bond between the nitrogen atom and each of the hydrogen atoms. Note 
that, in these compounds, the nitrogen atom also contains a pair of electrons in its 
own filled 2s orbital. Two electrons in a filled nonbonding valence orbital are called 
a lone pair. This lone pair is not directly involved in the covalent bonds just 
described but contributes to the chemical properties of ammonia. 

The oxygen atom, with an atomic number of 8, contains filled ls, 2s, and 2px 
orbitals and half-filled 2py and 2pz orbitals. Because of the two half-filled valence 
orbitals, oxygen tends to form two covalent bonds. In oxygen gas (O2), the two 
oxygen atoms share electrons from their 2py and 2pz orbitals to form two covalent 
bonds between the same two atoms. This interaction is called a double bond. In 
water (H20), the oxygen atom forms a single bond with each of the two hydrogen 
atoms. The oxygen atom contains two lone pairs (in the 2s and 2px orbitals) that 
contribute to the properties of water. 

The electrons of the carbon atom, with an atomic number of 6, fill the ls and 2s 
orbitals and half-fill the 2px and 2py orbitals. Since this is the most stable state of 
the carbon atom, one might expect that, in molecules, the carbon atom would form 
two covalent bonds. However, carbon generally forms four covalent bonds. This 
behavior results in promotion of one electron from the 2s orbital to give a half- 
filled 2pz orbital. In this slightly higher energy state, carbon has four half-filled 
valence orbitals. Formation of four covalent bonds results in a lower energy state 
for the molecule as a whole. The carbon atoms in such molecules do not contain 
lone pairs. 

The single bonds described in these examples are formed from two shared 
electrons, one furnished by each of the two bonded atoms. Bonds in which both 
of the shared electrons are furnished by one of the atoms can form also. Generall3~ 
such bonds involve a lone pair from the donor atom and an unfilled orbital in the 
acceptor atom, usually a positively charged ion. These bonds are called electron 
donor-acceptor bonds. 

When two identical atoms are bonded to each other, the distribution of electrons 
between them is symmetrical and favors neither atom. However, in bonds involv- 
ing two different atoms, the electrons may shift toward one end of the bond. In 
such a case, the bond is said to have ionic character and to be an ionic bond. The 
difference between an ionic and a covalent bond is not absolute, because bond 
types occur with varying degrees of ionic character. An extreme example of an 
ionic bond is found in sodium chloride (NaC1). In solid crystals of NaC1 or in 
gaseous NaC1, the sodium atom occurs as Na +, whereas the chlorine atom occurs 
as C1-. Individual NaC1 molecules do not exist; each positive Na + ion is sur- 
rounded by negative C1- ions. The attraction between the ions is very strong, but 
the bonding electrons are shifted almost completely to the C1- ions, that is, the 
bonding is highly ionic in character. A molecule that contains one or more bonds 
with measurable ionic character is called a polar molecule. 

Hydrogen Bonds 

Bonds involving hydrogen may be fully covalent, as in H2, partially covalent and 
partially ionic, as in H20, or nearly completely ionic, as in HC1. In the more ionic 
bonds, the electrons are distributed unevenly, skewed away from hydrogen to- 
ward its partner atom. This partial removal of electrons from the hydrogen atom 
results in partially vacant valence orbitals of hydrogen. The partial vacancy can be 
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filled by electrons from an atom in a second molecule, resulting in the phenome- 
non of hydrogen bonding. The hydrogen atoms of water, alcohol, organic acids, 
and amines can participate in hydrogen bonding. The other atom involved in the 
hydrogen bond can be the oxygen atom of molecules such as water, ethers, ke- 
tones, or carboxylic acids or the nitrogen atom of ammonia or other amines. For 
example, hydrogen bonds can form between two water molecules: 

0 + 0 ~-- / \  / \  
H H H H 

H 

H H " ' O  \ 
H 

or between water and an ester: 

jo~ + 

H H 

O 

II 
R ~ C ~ O R  

O / \  
H H 

O 

II 
_ . - - . . k  , - -  R ~ C  ~ O R  

Hydrogen bonds are much weaker than covalent bonds. In aqueous solution, they 
are broken and re-formed continuousl~ rapidly; and spontaneously. Note that a 
water molecule can form hydrogen bonds with up to four other water molecules. 
In liquid water, hydrogen bonds link together most of the molecules. 

Hydration 
The digestion and absorption of organic and inorganic nutrients, as well as all 
other biochemical processes in living organisms, are influenced by the unique 
properties of water. Water is an interactive liquid or solvent. Its chemical interac- 
tions with solutes are called hydration. Hydration involves weak associations of 
water molecules with other molecules or ions, such as Na +, CI-, starch, or protein. 
Because hydration bonding is weak and transitory, the number of water molecules 
associated with an ion or molecule at any particular moment is approximate and 
difficult to measure. However, typical indicated hydration numbers are: Na +, 1-2; 
K +, 2; Mg 2+, 4-10; Ca 2+, 4-8; Zn 2+, 4-10; Fe 2+, 10; CI-, 1; and F-, 4 (Conway, 1981). 
Hydration is a consequence of two types of bonding: (1) electron donor-acceptor 
bonding, and (2) hydrogen bonding. The primary type involved depends on the 
ion. 

Hydration allows water-soluble chemicals to dissolve in water. For example, a 
crystal of table salt (NaC1) is held together by strong ionic interactions. However, 
when NaC1 is dissolved in water, the Na + and C1- ions become independent 
hydrated entities. The energy produced by hydration of the Na § and C1- ions more 
than balances the energy required to remove them from the NaC1 crystal lattice. 
In the Na § ion, a lone pair of electrons from a water oxygen atom fills an empty 
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valence orbital of Na + to form an electron donor-acceptor bond. The C1- ion 
interacts electrostaticaUy with water hydrogen atoms, as described in the section 
on hydrogen bonding. 

Not all ionicaUy bonded molecules dissolve in water. For example, silver chlo- 
ride is virtually insoluble. The energy of hydration of the Ag + and C1- ions is not 
sufficient to overcome their energy of interaction in the crystal lattice. 

Acids and Bases 

In biochemical reactions, an acid is a proton donor, whereas a base is a proton 
acceptor. In an acid, the bond between the proton (H +) and the parent compound 
is an ionic bond. In a strong acid the bond has a markedly ionic character. In a 
weak acid the bond has a more covalent character. When a strong acid, such as 
HC1, is dissolved in water it dissociates almost completely. Weaker acids, such as 
acetic acid or propionic acid, dissociate only partially in water. After the parent 
compound loses its proton it acts as a base, because it can now readily accept a 
proton. 

Conventionally~ some chemicals are called acids, whereas others are called 
bases. This convention is based on the form the chemical takes in its uncharged 
state or when it is not in contact with water. For example, although the acetate ion 
that is formed when acetic acid dissociates is a base, acetate ion generally is not 
called "acetic base." 

When an acid (HA) dissociates in water, the dissociated protons do not accu- 
mulate as free protons. Instead, each immediately binds to a molecule of water to 
form a hydronium ion (H30+). The proton binds to one of the available lone pairs 
of the oxygen atom. In this reaction, water serves as a base: 

HA + H20 ~ A- + H30 + 

The equilibrium depicted is extremely rapid. The lifetime of any given molecule 
of H3 O+ is only 10 -13 seconds (Eigen, 1964). Water is an acid as well as a base. Pure 
water partially dissociates to form a hydroxide ion and a proton, which binds to 
another water molecule: 

H20 ~ HO-+  H + 

The strength of a particular acid is described by its dissociation constant (or 
equilibrium constant; K). For water, K is defined by K = [H+][HO-]/[H20]. The 
symbols in brackets refer to molar concentrations (M) of the indicated chemicals. 
The concentration of pure liquid water is 55.6 M. In the human bod3~ the concen- 
trations of H +, HO-, and most other chemicals are far lower than 55 M, and are in 
the range of 10 -3 to 10 -8 M. 

Because the concentration of water is so high in most aqueous solutions, and 
because its concentration fluctuates very little in most living organisms, the [H20] 
term conventionally is omitted from the formula for K. To omit [H20], set the value 
at I to yield a simpler version of the formula: K = [H+][HO-]. For pure water at 
25~ [H +] = 10 -7 M and [HO-] = 10 -7 M. These two concentrations must be 
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identical since the dissociation of one proton from water results in the production 
of one hydroxide ion. 

pH is a Shorthand for Expressing the Proton Concentration 

The concentration of H + (which actually occurs as the hydronium ion) in solutions 
is expressed as the pH, defined by the formula: pH = -log [H+]. To use this formula 
to describe pure, uncontaminated water, enter the known concentration of H +. This 
concentration is 10 -7 M. Solving the equation gives pH = 7.0. As the formula shows, 
solutions with high H + levels have a low pH; those with low H + levels have a high 
pH. A solution that has a pH of 7.0 is said to be neutral. Solutions with a lower pH 
are said to be acidic. When considering acidic solutions, biochemists often are 
concerned with the reactive properties of H +. Solutions with a pH greater than 7.0 
are said to be alkaline or basic. Biochemists may be concerned with reactions 
involving the hydroxide ion (HO-) in such solutions. 

Strong Acids are Highly Dissociated in Water; Weak Acids are Slightly 
Dissociated in Water 

The degree of dissociation of any given acid (HA) in water is expressed in terms 
of the distinct value of its dissociation constant, K, defined by the formula K = 
[H+][A-]/[HA]. When comparing weak and strong acids, the strength of the acid 
conventionally is expressed by its pK, defined as pK = -log K. 

Strong acids have low pK values; weak acids have high pK values. For example, 
formic acid is moderately strong: pK = 3.75. The pK values for other acids and 
proton-donating compounds are: phosphoric acid (H3PO4), 2.14; acetic acid 
(CH3COOH), 4.76; carbonic acid (H2CO3) , 3.8; ammonium ion (NH4), 9.25; and 
bicarbonate ion (HCO3), 10.2. The values for K and pK refer to reactions that are 
reversible in aqueous solution and have attained a condition of equilibrium. 

Consider an imaginary acid, HA, with K = 0.01 (pK = 2.0). When any quantity 
of HA is mixed with water, the acid will dissociate to the extent that satisfies the 
formula [A-][H+]/[HA] = 0.01. The term "any quantity" refers to a broad range of 
concentrations far below 55.6 M. Once a degree of dissociation occurs that results 
in levels of HA and A- that satisfy the formula, the net trend toward dissociation 
stops. Although dissociation continues, reassociation occurs at an equal rate. Thus, 
an equilibrium situation is reached. 

The lone pair electrons of water (O atom), ammonia (N atom), and amino 
groups (N atom) influences the behavior and concentrations of hydrogen ions (H +) 
in water. Hydrogen ions, produced either by dissociation of water or by dissocia- 
tion of acids, do not occur as free entities in aqueous solutions. They associate with 
the lone pair electrons of other water molecules to form hydronium ions, H3 O+. 
This association involves the formation of an electron donor-acceptor bond. 

Electron donor-acceptor bonds involving nitrogen are stronger than those in- 
volving oxygen, so some nitrogen-containing molecules dissolved in water will 
bind any H + ions that are present with a greater strength than any single surround- 
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FIGURE 1.1 Ionization of acids and bases. An acid is defined as a chemical that dissociates 
and donates a proton to water. A base is defined as a chemical that can accept a proton. 
The double arrows indicate that the ionization process occurs in the forward and backward 
directions. The term equilibrium means that the rate of the forward reaction is equal to the 
rate of the backward reaction, and that no net accumulation of products or reactants occurs 
over time. 

ing water  molecule. For example,  if d imethylamine  (CH3-NH-CH3) is added  to 
water, it tends to remove H + from molecules of H3 O+ that may  be present: 

H +H 
H3 O+ + C H 3 - - N - - C H 3  ~-- H20 + C H 3 " - N - - C H 3  

H 

This transfer results in a decrease in the concentration of H3 O+ in the solution. 
Therefore, molecules of this type act as bases. 

Chemical Groups 

Table 1.2 presents structural formulas of the chemical groups used to classify 
compounds  of biological interest. The common  abbreviation for the group, the 
name of the group, and the name of the class of compounds  containing the group 
are also given. Note that, when  a compound  contains more than one group, it is 
n a m e d  from the group considered most  significant. "R" represents the rest of the 
molecule on the other side of a single covalent bond. In molecules containing more 
than one R group, "R" represents the same configuration of a toms unless the 
groups are dist inguished as R1, R2, and so forth. 
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TABLE 1.2 Chemical Groups Used to Classify Compounds of Biological Interest 
, , 

Structure Abbreviation Group name Compound name 

R--O---H R-OH Hydroxyl Alcohol 

O 
II 

R---Cull R--COH Aldehyde Aldehyde 

O 
II 

R----C--R RCOR Keto Ketone 

O 
II 

R---C--OH RCOOH Carboxyl Acid 

O 
II 

R--C---O--R RCOOR Ester Ester 
R--K)---R ROR Ether Ether 

H 
I 

R--N--H RNH2 Amino Primary amine 

H 
I 

R--N~R RNHR Amino Secondary amine 

O H 
II I 

R---CmN--H RCONH2 Amido Amide 
O 

R--(N-P--OH (~ Phospho Phosphate 
i 

OH 
O 
II 

R---(N-S--OH RSO4H Sulfo Sulfate 
II 
O 

R~S--R RSR Sulfide Sulfide 
R--S--S--R Kq---SR Disulfide Disulfide 
RuN--C~R RN--CHR Imido Imine 

[ (Schiff base) 
H 

Ionic Groups 
Compounds  that contain carboxyl groups are called acids (or carboxylic acids). As 
illustrated in Figure 1.1, a carboxyl group in aqueous solution is partially ionized 
to the carboxylate anion. The degree of ionization depends  on the dissociation 
constant of the acid and the initial p H  of the solution. The strength of these acids 
varies somewhat  depending  on the attached R group. Esters are formed by reac- 
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tion of a carboxylic acid with an alcohol. Amides are formed by reaction of a 
carboxylic acid with an amine. 

Inorganic phosphate and organic phosphates are ionized when dissolved in 
water. Similarl3r inorganic sulfate and organic sulfate are ionized when dissolved 
in water. In inorganic phosphate and sulfate, the R group is a hydrogen atom. 

As also illustrated in Figure 1.1, a primary or secondary amine group can 
function as a weak base. The degree to which the group is protonated to the 
positive ion depends on the dissociation constant of the molecule to which it is 
attached and on the initial pH of the solution. 

Counterions 

Ionized forms of molecules are nearly always accompanied by counterions of the 
opposite charge. When the counterion is a proton, the ion and proton complex is 
called an acid. When the counterion is a different cation, such as a sodium, 
potassium, or ammonium ion, the complex is called a salt. 

M A C R O M O L E C U L E S  

In biological systems, atoms tend to form very large molecules called macromole- 
cules, which can be segregated into four groups: carbohydrates, nucleic acids, 
proteins, and lipids. 

Carbohydrates 

The term carbohydrate refers to a class of polyhydroxy aldehydes and polyhy- 
droxy ketones with the general formula (CH20)n. The name derives from the 
composition of the formula unit, that is, carbon plus water. All carbohydrates are 
composed of basic units called monosaccharides. Polymers containing two to six 
monosaccharides are called oligosaccharides; those with more are called polysac- 
charides. Starch, cellulose, and glycogen are examples of polysaccharides. 
Monosaccharides and oligosaccharides are also called sugars. 

Monosaccharides 

The open-chain structure of a monosaccharide is a straight-chain saturated alde- 
hyde or 2-ketone with three to seven carbon atoms. The carbon atoms are num- 
bered as shown in Figure 1.2. Every carbon, except those of the aldehyde or ketone 
group, has one hydroxyl group. In biological materials, monosaccharides with five 
and six carbon atoms are most common. 

In many sugars, such as glucose, the carbon chain can cyclize in two different 
ways, producing the (~ and j3 isomers. These rings are formed by reaction of the 
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FIGURE 1.2 Straight chain and cyclic monosaccharides. Glucose and fructose con- 
tain six carbons, while ribose contains five carbons. Cyclization requires the partici- 
pation of an aldehyde group or a keto group. 

hydroxyl group of the next to last carbon with the aldehyde or keto group, forming 
a hemiacetal or hemiketal group, respectively. The carbon atoms retain the num- 
bers assigned to them in the straight-chain form. The two ring forms are in 
equilibrium when the free monosaccharide molecules are in solution. 

Figure 1.2 also shows the ring and open-chain structures of fructose and ribose. 
The 13 form of ribose occurs in the ribonudeic acid (RNA). The ~ form of 2-deoxyri- 
bose, a modified form of ribose, occurs in deoxyribonucleic acid (DNA). 
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FIGURE 1.3 Disaccharides: sucrose and lactose. Sucrose occurs in high levels in beets and 
sugar cane, while lactose occurs only in milk. The two monosaccharides in sucrose, for 
example, are joined via an oxygen atom. 

Ol i gosaccharides 

The most common oligosaccharides in nature are disaccharides, two monosaccha- 
ride units joined by a glycosidic linkage. Sucrose, for example, contains one unit 
of fructose and one of glucose. Lactose contains one unit of galactose and one of 
glucose (see Figure 1.3). The glycosidic linkages are named according to the carbon 
from each sugar that participates in the bond. For example, the linkage in lactose 
is ~(1 ---> 4). 

Polysaccharides 

Several polysaccharides are important in biological systems. Starch is a polymer 
of glucose monomers connected by a glycosidic linkages. Amylose is a straight- 
chain starch containing only a(1--~ 4) linkages. In amylopectin, the chain is 
branched at approximately 25-monomer intervals by a(1 --~ 6) glycosidic linkages. 
Glycogen is similar to amylopectin, but branches occur more frequently. Cellulose 
is a linear polymer of glucose monomers containing ~(1 ~ 4) glycosidic linkages. 

Nucleic Acids 

The two nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA). As suggested by their names, these compounds occur most commonly in 
the nucleus of the cell. DNA is the genetic material that contains all the information 
needed to create a living organism, that is, all the information needed to provide 
for the structure of an animal; the abilities to reproduce, think, and learn; and some 
forms of behavior and language. DNA generally consists of two linear polymers 
(or strands) of nucleotides, tightly associated with each other by a series of 
hydrogen bonds between the two strands. The two DNA strands are twisted 
around each other, and the overall structure is called a double helix. The length 
of each strand of DNA in each human cell is about 2 m and contains approximately 
11 billion nucleotides. DNA actually is only the name of a chemical, while 
"genome" is the term used to refer to all of the DNA in any particular cell of a 
specific organism. 
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When double-stranded DNA (dsDNA) becomes unraveled, the result is two 
strands of single-stranded DNA (ssDNA). During the normal course of metabo- 
lism, short stretches of dsDNA are unraveled in the cell to give regions of the 
chromosome that consist of ssDNA. 

Figure 1.4 shows the nucleosides of DNA: deoxyadenosine (dA), de- 
oxythymidine (dT), deoxyguanosine (dG), and deoxycytidine (dC). A nucleoside 
containing one to three phosphate groups bound to the 5'-carbon of the deoxyri- 
bose group is called a nucleotide. Also shown are the nucleosides of RNA: adeno- 
sine (A), uridine (U), guanosine (G), and cytidine (C). RNA consists of single 
polymer strands, not double strands as found in DNA. 

Figure 1.5 shows the manner in which nucleotide units are joined in the polymer 
strands of DNA. Each phosphate group is bonded to the 3'-carbon of one sugar 
unit and to the 5'-carbon of the next sugar unit, forming a phosphodiester linkage. 
Adjacent nucleotides of RNA are also joined in this manner. 

Complementation of Bases Maintains the Double-Stranded Structure of DNA, 
and Allows DNA to Code for a Corresponding Polymer during RNA Synthesis 

The aromatic rings connected to the ribose moieties of RNA and the deoxyribose 
moieties of DNA are called nucleic acid bases. They are bases because they contain 
nitrogen atoms that bind protons. Complementation is the pattern of hydrogen 
bond formation that occurs between specific pairs of nucleic acid bases. An exam- 
ple is shown in Figure 1.6. Complementation of the bases in nucleic acids is 
responsible for the maintenance of the double helix structure of DNA. Comple- 
mentation also guides the transfer of genetic information from the DNA in a parent 
chromosome to a daughter chromosome, during the process of DNA synthesis, 
which occurs shortly before the cell divides. Finally; complementation allows DNA 
to serve as a template during RNA synthesis. 

In maintaining the structure of DNA, interactions occur between dA and dT, 
and between dG and dC. Adenosine and thymine are complementary bases, while 
guanine and cytosine are complementary bases. 

Complementation guides the transfer of information from specific regions of 
DNA (called genes) during formation of RNA. During the synthesis of RNA, the 
order of occurrence of the bases in DNA guides the order of polymerization of the 
ribonucleotides to create RNA. RNA synthesis does not involve a permanent 
association of DNA with RNA. In RNA synthesis, the association between incom- 
ing ribonucleotides is fleeting and temporary. The exposure of successive DNA 
bases allows the successive process of matching of free ribonucleotides with the 
deoxyribonucleotides occurring in the strand of DNA. As soon as an incoming free 
ribonucleotide finds a match (on the DNA template), the free ribonucleotide is 
covalently attached to the growing strand of RNA. 

The following bases of DNA and RNA hydrogen bond to each other and 
therefore are complementary to each other: dA of DNA to U of RNA; dT of DNA 
to A of RNA; dG of DNA to C of RNA; and dC of DNA to G of RNA. 

A description of the event of DNA synthesis allows us to make use of two of 
the concepts introduced herein. During DNA synthesis, incoming free deoxyri- 
bonucleotides find their match (on the DNA template), but as soon as a match is 
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FIGURE 1.4 Nucleosides of DNA and RNA. The nucleosides are each composed of a base 
and a 5-membered sugar. The bond from the sugar to the base involves a carbon-to-nitro- 
gen bond. The base is, in fact, a base because of the nitrogen atoms, which can be pro- 
tonated. 
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FIGURE 1.5 Trinucleotide fragment of a DNA chain. A nucleotide is a nucleoside containing a 
phosphate group. The phosphodiester linkage received its name because it involves an acid (phospho- 
ric acid) linked via an oxygen atom to an R group (the 5-membered sugar). Since two such bonds 
occur, the entire structure is called a diester. 
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FIGURE 1.6 Bonding of complementary bases in the DNA double helix. The bases are identified by 
A, T, G, and C, whereas the deoxyribose groups are identified by dR. Two hydrogen bonds form 
between dA and dT; three form between dC and dG. This bonding occurs between bases on opposite 
strands of the double helix. During RNA synthesis (transcription), the DNA strands are separated. 
This separation is only momentary. The separation allows the RNA bases to hydrogen bond tempo- 
rarily with the DNA bases, thus governing the order of polymerization of the ribonucleotides. Some 
genes are transcribed using one strand of the DNA, whereas others are transcribed from the opposite 
strand. 
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made the free deoxyribonucleotide is covalently connected to a growing strand of 
DNA. Thus, descriptions of RNA synthesis and DNA synthesis both make use of 
the concept of a template. The other concept used to describe DNA synthesis is 
that interactions occur between dA and dT, and between dG and dC. 

DNA synthesis occurs during the process of replication. Replication is the 
process by which DNA synthesis causes all the DNA in the nucleus to make a 
duplicate of itself. In eukaryotic cells, the process of replication causes the cell to 
change from a diploid cell to one that is temporarily tetraploid. Replication in 
eukaryotic cells is usually immediately followed by cell division, which results in 
two cells that are once again diploid. 

Amino Acids and Proteins 

Figure 1.7 depicts the general formula for a 2-amino acid, also called an (x-amino 
acid. An oligomer consisting of two amino acids is called a dipeptide. The amino 
acids are bound to each other by a peptide bond, which involves a keto group and 
an amino group. Amino acid polymers of moderate length are called oligopep- 
tides, whereas longer polymers are called polypeptides or proteins. A typical 
protein contains about 300 amino acids and has a molecular weight of about 
50,000. The polypeptide chains that constitute proteins are linear and contain no 
branching. 

Generally; specific proteins can bind to each other in the body to form dimers 
(duplex structures), trimers, tetramers, or even larger multiples. These subunit 
proteins may be of identical or different structure. The different proteins in these 
multimeric structures are bound to each other by hydrogen bonds and other weak 
interactions. These multimers often perform physiological functions that cannot 
be carried out by the individual separated proteins. 

Examination of proteins with an electron microscope reveals that some are 
somewhat spherical, others asymmetric, and others long and fibrous. The overall 
shape, function, and chemical properties of a specific oligopeptide or protein are 
determined by the identities and order of polymerization of its constituent amino 
acids. 

Classical Amino Acids 

The classical amino acids are those that are incorporated into proteins during 
polymerization in the cell. Table 1.3 lists the 20 classical amino acids in order of one 

R --- CH --- COOH 

I 
NH 2 

R 0 R 
I II I 
CH -- C --- N --- CH --- COOH 

I . 
NH 2 

2-Amino Acid Dipeptide 

FIGURE 1.7 Generic structure of an amino acid (left) and generic structure of two amino 
acids linked by a peptide bond (right). 
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TABLE 1.3 The Twenty Classical Amino Acids Listed in Order of Their Approximate 
Relative Increasing Hydrophilicity ~ 
, ,,, 

Amino acid Abbreviation 

Isoleucine Ile 
Valine Val 
Leucine Leu 
Phenylalanine Phe 
Cysteine Cys 
Methionine Met 
Alanine Ala 
Glycine Gly 
Threonine Thr 
Tryptophan Trp 
Serine Ser 
Tyrosine Tyr 
Proline Pro 
Histidine His 
Glutamic acid Glu 
Glutamine Gln 
Aspartic acid Asp 
Asparagine Asn 
Lysine Lys 
Arginine Arg 

. . . .  t , , t ,, , , ,  , , , , , ,  , , , ,, 

Source: Kyte and Doolittle (1982). 
aIsoleucine has the most lipophilic side chain and arginine has the most hydrophilic side chain. 

property of the R group (side chain), namel3~ increasing hydrophilicity (decreasing 
lipophilicity). This order does not reflect an absolute property to which a numeri- 
cal value might be ascribed, but reflects the observed tendency of the amino acid 
to occur in the lipophilic core or on the hydrophilic surface of a protein. These 
observations were made by examining the three-dimensional structures of many 
proteins with somewhat spherical or globular structures. Amino acids with ioniz- 
able or hydrogen-bonding R groups are more hydrophilic, whereas those with 
alkane or aromatic R groups are more lipophilic. Isoleucine, valine, and leucine are 
the most lipophilic amino acids; arginine, lysine, and asparagine are the most 
hydrophilic. Lysine, for example, contains a protonated amino group at the end of 
its side chain. 

Of all the classical amino acids, with the exception of glycine, only the 2-carbon 
atom is bonded to four different groups, that is, a carboxyl, hydrogen, amino, and 
R group. Bonding of four different groups to any carbon atom can occur in two 
different isomeric arrangements. In amino acids, these are called the L-amino acids 
and D-amino acids. Essentially; all the amino acids in the diet and in the body occur 
as the L-isomer. In this textbook, all references to amino acids are to the L-isomer 
unless otherwise specified. D-Amino acids occur in small quantities in certain 
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molecules synthesized by invertebrates and bacteria. Sometimes isomeric mix- 
tures containing equal proportions of a certain amino acid in the L and D forms are 
given to animals as supplements to the diet. Such mixtures may be given because 
they are less expensive than a supplement containing the pure L-amino acid. Baker 
(1984) discussed that some D-amino acids can be converted in the body (isomer- 
ized) to the L isomer, whereas others tend to be broken down rather than isomer- 
ized. 

The simplest amino acids are glycine and alanine. The R group of glycine is a 
hydrogen atom; the R group of alanine is a methyl group. 

H C H  ~ C O O H  CH3CH - -  C O O H  

I I 
NH2 NH2 

Glycine Alan ine  

Serine and cysteine are also relatively simple. 

HO ~ CH2CH ~ C O O H  HS ~ CH2CH ---  C O O H  

I I 
NH2 NH2 

Ser ine  Cys te ine  

Serine, glycine, and cysteine are dispensable (or nonessential) amino acids because 
they can be biosynthesized from precursors that are readily available in the body. 
Serine can be made from or converted back to glucose, and also is used in the 
synthesis of cysteine. The pathways for these conversions are detailed in Chap- 
ter 8. 

Threonine and serine contain hydroxyl groups that sometimes serve as a point 
of attachment for a string of sugar molecules. These oligosaccharide strings usu- 
ally include mannose and glucose as well as other sugars. The hydroxyl group of 
serine also may serve as a point of attachment for a phosphate group. The milk 
protein casein may contain up to 10 phosphoserine residues. These negatively 
charged phosphate ions serve as binding sites for positive calcium ions. 

CH3 OH 

I I 
HO ~ C H C H  ~ C O O H  - O  ~ P ~ O ~ CH2CH ~ C O O H  

I II I 
NH2 O NH2 

Threon ine  Phosphose r i ne  

Isoleucine, valine, and leucine are the branched-chain amino acids (BCAAs). 
They are indispensable (essential), but the risk of developing a dietary deficiency 
is low because they are plentiful in most diets. The branched-chain amino acids, 
in addition to phenylalanine, are the most lipophilic of the amino acids: 
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CH3 H3C 
I \ 

CH3CH2CHCHCOOH CHCHCOOH 
I / I 
NH2 H3C NH2 

I s o l e u c i n e  V a l i n e  

H3C CH =CH 
\ / \ 
CHCH2CHCOOH CH C ~ CH2CHCOOH 

/ I \\ // I 
H3C NH3 CH - CH NH2 

L e u c i n e  Phenylalanine 

Methionine and cysteine, the sulfur-containing amino acids, are related meta- 
bolically. Methionine can be converted, in the bod~ to cysteine. In other words, 
methionine is the source of the sulfur atom in the synthesis of cysteine in the body. 
Methionine nutrition is of occasional concern, because legume proteins have a 
relatively low methionine content. Therefore, legume-based diets, including those 
based on beans and peas, may not result in maximum growth rates for infants or 
animals. 

CH3 - -  S ~ CH2CH2CH --- COOH 
I 
NH2 

Methionine 

Tyrosine and tryptophan, as well as phenylalanine, are the aromatic amino 
acids. The body can convert phenylalanine to tyrosine. Thus, tyrosine is a dispen- 
sable (nonessential) amino acid. 

CH=CH / \ 
HO ~ C ~ CH2CH ~ COOH \\ 

CH-CH NH2 

Tyrosine 

C H  =CH \ 
CH C ~ C ~ C H 2  ~ CH - -  COOH 

I 
- NH2 \c.S 

H 
Tryptophan 

The acidic amino acids are glutamic acid and aspartic acid. These amino acids 
also occur in amide forms as glutamine and asparagine. Glutamate is the amino 
acid present in greatest abundance in a variety of dietary proteins. 
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HOOCCH2CH2CH ~ COOH HOOCCH2CH ~ COOH 
I I 
NH2 NH2 

Glutamic Acid Aspartic Acid 

O O 

\ \  'k~CCH2CH COOH CCH2CH2CH ~ COOH 
/ I / I 

H2N NH2 H2N NH2 

Glutamine Asparagine 

Lysine, arginine, and histidine, with glutamine and asparagine, are the basic 
amino acids. Lysine is the amino acid in lowest supply in grains; hence, lysine 
shortage is of concern when raising animals on wheat, corn, or rice-based diets. 

H2N ~ CH2CH2CH2CH2CH ~ COOH H2N ~ C ~ NH - -  CH2CH2CH2CH ~ COOH 
I II I 
NH2 NH2 NH2 + 

Lysine Arginine 

CH = C ~ CH2CH ~ COOH CH = C ~ CH2CH i COOH 
/ \ I / \ I 

N NH NH2 N NH NH ~ C ~ CH2CH2NH2 
Z 

O 

Histidine Carnosine 

Arginine takes part in the cyclic pathway of reactions known as the urea cycle. 
The urea cycle is a series of reactions that is used to package ammonium ions. The 
ammonium ion is generated during the normal, hour-by-hour breakdown of 
proteins in the body. This ion must be efficiently packaged and excreted, since it 
is toxic to nerves. A very small proportion of arginine in the body is broken down 
in a pathway that results in the formation of nitric oxide (NO). NO is a hormone 
used for the regulation of blood flow through certain vessels and used to regulate 
blood pressure. In short, NO is synthesized in the endothelial cells that line blood 
vessels. It then diffuses out of the cells and provokes nearby muscle cells to relax, 
resulting in dilation of the vessel. Vessel dilation also is provoked by other hor- 
mones, such as acetylcholine and serotonin. 

Histidine is an indispensable amino acid. Its requirement is easily demonstrated 
in young, growing animals but is difficult to show in adults. Apparently, the signs 
of deficiency fail to materialize when adult animals are fed a histidine-free diet 
because of histidine stored in muscle in the form of a related compound, carnos-  

ine.  The availability of camosine as a source of histidine varies among species. 
Human and rat muscle contain carnosine, but mouse muscle does not. Fish muscle 
contains a methylated form of carnosine, called anserine, that does not seem to be 
available to the fish as a source of histidine. 
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Proline is an unusual amino acid because the amine group is part of a cyclic 
structure: 

H 2 C - - C H 2  HO ~ CH ~ CH2 / \ / ',, 
H2C CH ~ COOH H2C CH --- COOH 

\ / \../ 
N 
H H 

Proline Hydroxyprol ine 

Although the amino group appears to be "tied up," it still can participate in the 
formation of a polypeptide chain. Hydroxyproline, a modified form of proline, is 
not one of the 20 classical amino acids but is found in structural proteins such as 
those of connective tissues. 

Modified Amino Acids 

As stated earlier, only classical amino acids are built into polypeptides during 
amino acid polymerization. However, other amino acids, classical amino acids that 
have been modified after incorporation into the chain, are found in proteins. Some 
of the modified amino acids found in proteins are listed in Table 1.4. Vitamins are 
required for the synthesis of some of the modified amino acids. For example, 
vitamin C is required for conversion of proline to hydroxyproline. This and other 
vitamin cofactors are listed in Table 1.4. 

An unusual amino acid behaves like the classical amino acids. The amino acid 
selenocysteine is incorporated into the polypeptide chain during amino acid 
polymerization. The story of selenocysteine is revealed in the Selenium section in 
Chapter 10. 

Modified amino acids that are not part of polypeptides may be formed by 
modification of one of the classical amino acids. Among the many examples of this 
type of modified amino acid are creatine (a modified form of glycine), omithine 

TABLE 1.4 Some Modified Amino Acids 

Parent 
amino acid Modified form Vitamin cofactor 

Serine 
Tyrosine 

Glutamic acid 
Lysine 

Proline 
Glycine 

Phosphoserine 
Phosphotyrosine 
Sulfotyrosine 
y-Carboxyglutamic acid (GLA) 
Aminoadipic semialdehyde 
Biotinyllysine 
Trimethyllysine 
Hydroxyproline 
Amidated amino add 

None 
None 
None 
Vitamin K 
Ascorbic acid 
None 
None 
Ascorbic acid 
Ascorbic acid 
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TABLE 1.5 Classification of Amino Acids According to Dietary Need 
. . . . .  

Indispensable Dispensable 

Leucine Aspartic acid 
Isoleucine Asparagine 
Valine Glutamic acid 
Phenylalanine Glutamine 
Tryptophan Glycine 
Histidine Alanine 
Threonine Serine 
Methionine Cysteine 
Lysine Proline 

Arginine 
Tyrosine 

(modified arginine), and homocysteine (modified methionine). Creatine, omi- 
thine, and homocysteine have well-established functions in the body. Kynurenine 
and formiminoglutamic acid are modified forms of tryptophan and histidine, 
respectivel~ and are broken down in the body to simpler molecules and result in 
waste products. 

Indispensable and Dispensable Amino Acids 

In Table 1.5 the classical amino acids are segregated according to their necessity in 
the diet. Those that are required to maintain life are called indispensable (essential) 
amino acids. Those that may be present in the diet but can be omitted without 
threatening life are called dispensable (nonessential) amino acids. The proteins of 
the most value, from a nutritional point of view, are the ones that contain all the 
indispensable amino acids as well as a variety of dispensable amino acids. 

O O 
II H II H 

R - - C - - O H  HO- -CH R - - C - - O - - C H  

O 3HOH O 

R - -  C - - O H  + H O - -  CH = R - -  C - -  O - -  CH 

O O 
II II 

R - -  C - -  OH HO - - -  CH R - -  C - -  O - -  CH 
H H 

Carboxyl ic Acids Glycerol Triglyceride 

FIGURE 1.8 Formation of a triglyceride. A triglyceride consists of a backbone of glycerol 
that is linked, via ester bonds, to three carboxylic acids. 
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O 

II 
CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2C - " -  O - ' - "  CH 2 

O 

I! 
CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2C "--" O " -  CH 

O 
il 

CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2C " - "  0--- CH 2 

FIGURE 1.9 Tripalmitate. Tripalmitate is a triglyceride consisting of a glycerol backbone 
that is linked, via ester bonds, to three molecules of palmitic acid, a 16-carbon carboxylic 
acid. 

Glycogenic and Ketogenic Amino Acids 

Amino acids can be classified as glycogenic or ketogenic. This classification refers 
to the products of catabolism (breakdown) of the amino acid in the body. Glyco- 
genic amino acids can be converted to glucose, whereas ketogenic amino acids 
form ketone bodies. This classification is discussed in the Protein chapter. 

Lipids 

Fats and Oils 

The structure of glycerol (1,2,3-trihydroxypropane) is given in Figure 1.8. When 
this molecule forms a triester with three carboxylic acids (molecules ending in a 
carboxyl group), the product is called a triglyceride. Figure 1.9 shows the structure 
of tripalmitate, the triglyceride of palmitic acid. Carboxylic acids in which the R 
group is of the saturated or unsaturated long-chain aliphatic type shown in Figure 
1.10 are called fatty acids. Triglycerides of fatty acids are called fats if they are solid 
at room temperature or oils if they are liquid. 

Phospholipids 

The most common phospholipid, phosphatidylcholine, contains two molecules 
of fatty acid and one molecule of choline phosphate attached to a glycerol back- 
bone (see Figure 1.11). Like all other phospholipids, it is amphipathic. The water- 
soluble end features a phosphate group, an amino group, and two keto groups. 

Micelles, Bilayer Sheets, and Vesicles 

Phospholipids can form organized structures, as shown in Figure 1.12, when 
suspended in water solutions. The small circles represent the ionic water-soluble 
ends of the phospholipid molecules, containing phosphate and amino groups. The 
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H H H H H H H H H H H H H H H H 
I I I I ! I I I I I I I I ! I I 

H - - - C - - - - C - - - C - - C - - C  " " - C - - - C - - - C - - - - C - - C - - - - C - - C - - - C - - C  ----C - - C - - -  R 

i I I I I I I I I I ! I I I I I 
H H H H H H H H H H H H H H H H 

Saturated Aliphatic Group 

H H H H H H H H H H H H H H H H 

I I I I I I I I I I I I i I ! I 
H - - - C - - - C - ' - C - ' - C - - - C - - - C - - - C - - C - - - C - - C - - C - - - C - -  C- - -  C - ' -  C - - -  C - "  R 

I I I I I I I I I I 
H H H H H H H H H H 

Unsaturated Aliphatic Group 

H H 
I I 

f - - c \  ._% 
C - - C  
I I 
H H 

Aromatic Group 

FIGURE 1.10 Aliphatic and aromatic groups. A 16-carbon aliphatic group (top), 16-carbon 
aliphatic group bearing several desaturations (center), and an aromatic group (bottom) are 
shown. 

0 
II 

CH3CH2CH2CH2CH2CHzCH 2 CH2CH2CH2CH2CH2CH2CH2CH2C --'- O "--  CH 2 

O 
!i 

CH3CH2CH2CHzCH2CH2CH2CHzCHzCH2CH2CH2CH2CH2CH2C ---" O --- CH 
I + 

Fat-Soluble Portion HC - - - - 0 - - -  ( ~  - -  CHzCH2N(CH3) 3 
H 

Water-Soluble Portion 

FIGURE 1.11 Phosphatidylcholine: an amphipathic molecule. Phosphatidylcholine is a 
diglyceride. It contains a glycerol backbone, two molecules of fatty acid, and a molecule 
of choline phosphate. The choline phosphate group is not linked to the central carbon of 
glycerol. 
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lines represent the lipophilic "tails." In a micelle, the tails face inward and the 
water-soluble ends face outward, making the surface hydrophilic and the interior 
lipophilic. 

The bilayer sheet, also shown in Figure 1.12, is like a sandwich. The "bread" is 
composed of water-soluble groups and the "filling" of alkane tails. The alkane 
groups associate with one another but have little contact with the water above and 
below. 

The third structure in Figure 1.12 is a vesicle. Vesicles are larger than micelles 
and contain water in the interior. The membrane, or lipid-containing portion, is a 
bilayer sheet that is curved to form a spheroid. 

S O L U B I L I T Y  

Solubility refers to an interaction between a solute (which may be a solid, liquid, 
or gas) and a solvent (which is a liquid). A material that is soluble can be dispersed 

Micelle 

V ~ e  

FIGURE 1.12 Phospholipid structures. Most biological membranes take the form of a 
bilayer sheet. In addition to containing phosopholipids, biological membranes contain 
proteins and cholesterol. Vesicles are used in biology for transporting and delivering 
biochemicals from the interior of the cell to the membrane, or to the extracellular fluids. 
(Reprinted by permission from Darnell et al., 1990.) 
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on a molecular level within the solvent. A liquid, such as water, that can act as both 
an electron donor and an electron acceptor is called a polar solvent. A liquid that 
does not engage in such interactions, like gasoline or vegetable oil, is called a 
nonpolar solvent. Compounds that are polar or have a charged or ionic character 
are soluble in polar solvents but not in nonpolar solvents. Nonpolar compounds 
are soluble in nonpolar solvents but not in polar solvents. 

The relative solubility of materials is relevant to most of the subjects covered in 
this book. The biochemical "machinery" used for digestion, absorption, and trans- 
port of nutrients throughout the body depends on whether the nutrients are water 
soluble or fat soluble. Relative solubilities are also crucial to the function, compo- 
sition, and architecture of cells and their surrounding membranes. 

A nutrient is classified as water soluble if it can be dissolved in water. However, 
this property is relative, not absolute, since all materials dissolve to some degree 
in all solvents. Therefore, one might arbitrarily choose a concentration limit of 1 
millimolar (1.0 mM) to define water solubility, that is, any compound whose 
saturated solution in water contains more than 1.0 mmol per liter (1.0 mol per 1000 
liters) is considered water soluble. Cholesterol, for example, is definitely not water 
soluble. A saturated solution is only 0.001 mM. A nutrient is classified as fat soluble 
if it can be dissolved in fats or oils. Again, limits of solubility must be established 
arbitrarily. 

Amphipathic Molecules 

Parts of large molecules can exhibit the properties of the atoms of those parts of 
the molecule. For example, the end of a long molecule containing charges or ionic 
bonds can exhibit hydrophilic properties, that is, behave as though the molecule 
were water soluble. If the rest of the molecule is an alkane chain with no charged 
groups, this other end of the molecule can exhibit lipophilic properties, that is, 
behave as though the molecule were fat soluble. Large molecules are said to be 
amphipathic if they have one hydrophilic end and one lipophilic end. 

Water-Soluble and Fat-Soluble Nutrients 

Water-soluble nutrients usually contain one or more of the following polar or 
ionizable groups: carboxyl, amino, keto, hydroxyl, or phosphate (see Table 1.2). 
Molecules that contain several hydroxyl groups, such as sugars, may be very 
soluble. Amino acids are water soluble, although some are more soluble than 
others. Glutamic acid, with two carboxyl groups, is very soluble. Compounds 
containing ionic groups, either positive or negative, interact well with water and 
tend to be water soluble. 

A molecule that does not contain polar or ionizable groups is not likely to be 
soluble in water. The structures of biological molecules that are not water soluble 
generally contain only aromatic or aliphatic (alkane-like) components. These 
groups do not interact well with water and are said to be lipophilic. If an alkane 
(e.g., octane) is added to a container of water, it will not associate with the water 
but will form a separate layer on top of the water. (If the molecule were more dense 
than water, it would sink to the bottom to form a separate layer.) 
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If a piece of fat is added to the container, it will float on the water layer and 
absorb some of the alkane. Some of the alkane will "dissolve" into the fat. If an 
aromatic liquid is added (e.g., benzene), it also will associate with the piece of fat. 
These materials are fat soluble or lipophilic. Fat-soluble nutrients associate with 
fat, not because they are forced away from water by some repulsive force but 
because their molecules are attracted by those in the fat. Water does not "repel" 
fat. Figure 1.13 shows the structures of two molecules that are not water soluble. 
The structure at the left is octane, an alkane. The structure in the center is benzene, 
an aromatic molecule, which usually is simplified as shown on the right. 

An aromatic compound can be water soluble if several polar or ionic (water- 
soluble) groups are bonded to its aromatic ring. The structure of vitamin B 6 is 
based on an aromatic ring, but the ring contains aldehyde, phosphate, hydroxyl, 
and amine groups. Consequently, vitamin B 6 is water soluble. 

Some lipophilic nutrients are amphipathic because their molecules contain 
water-soluble groups at one end. A fatty acid has a long alkane "tail" with a 
carboxyl group at one end. Abile salt has a large aromatic structure with a carboxyl 
group at one end. 

Effective Water Solubility of Fat-Soluble Molecules 

Bile salts act as "detergents" in nature to maintain insoluble (fat-soluble) com- 
pounds in water solution. The bile salts form mixed micelles that consist of 
amphipathic bile salt molecules surrounding the lipophilic (fat-soluble) molecules. 
The hydrophilic ends of the amphipathic molecules face outward, forming a 
lipophilic environment in the interior of the micelle. Bile salt molecules contain 
acid groups, such as carboxyl and sulfonyl groups, that usually are ionized under 
physiological conditions. 

In water solutions, bile salt molecules associate to form micelles only when 
present in sufficient concentration. The critical concentrations for micelle forma- 
tion are in the low millimolar range. The structures of these micelles are not 
particularly stable. They continually change in size and shape by fusing and 
blending with nearby micelles. 

Figure 1.14 presents a cross-section of a bile salt micelle and the way in which 
the micelle solubilizes a molecule of fatty acid. The bile salt shown is taurocholate 
and the fatty acid is palmitic acid. Within the micelle, the fatty acid remains in 
solution and can diffuse over some distance. The micelle that results from addition 
of the fatty acid molecule is called a mixed micelle because it contains more than 
one type of molecule. In the absence of the bile salt, the fatty acid might adhere to 

CH3CH2CH2CH2CH2CH2CH2CH 3 

H 

HC ~C / CH 

H 

FIGURE 1.13 Lipophilic compounds: octane (left) and benzene (center and right). 
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FIGURE 1.14 Format ion of a mixed miceUe. Cross-sections of the micelle and mixed miceUe are 
shown. The micelle is shown acquiring a molecule of a 16-carbon carboxylic acid. 



Solubility 29 

a particle of food fat and not efficiently reach an intestinal cell. Detergent micelles 
are used by the body to solubilize dietary fats, oils, fatty acids, cholesterol esters, 
and fat-soluble vitamins. 

Ionization and Water Solubility 

Just as bile salt micelles can influence the environment in which fat-soluble com- 
pounds are found, ionization can change the environment preferred by a water- 
soluble material. Many water-soluble groups can be ionized to carry positive or 
negative charges. A nonionized carboxyl group, R--COOH, is fairly soluble in 
water because it is polar. However, an ionized carboxyl group, R--COO-, interacts 
much more avidly with water. Amino groups, R--NH2, do not ionize easily by 
giving up a proton to form R--NH- but readily add a proton to form R- -NH 3. A 
nonionized amino group interacts with water via the lone pair of electrons on the 
nitrogen atom, but a protonated group has an even stronger affinity for water. 

The stronger or weaker affinity of a molecule for water has two consequences. 
First, the molecule with stronger affinity can be dissolved to a higher concentra- 
tion. Second, the molecule with stronger affinity is more likely to remain in the 
water phase in an environment that contains both aqueous and lipid phases. For 
example, a lipid phase might be introduced to a water solution by submerging a 
piece of fat or floating a layer of oil on the surface. A molecule with little or no 
affinity for water is more likely to transfer to the lipid phase. 

Before considering the effect of charged groups on large structures in a cell, 
consider the effect of ionization on the behavior of a small molecule. Figure 1.15 
shows acetic acid in its protonated (acetic acid) and unprotonated (acetate ion) 
forms. In water solution, these two forms are in equilibrium. At neutral pH (7.0), 
the rate of dissociation of the proton is greater than the rate of reassociation. Hence, 
the concentration of acetate ion is greater than that of protonated acetic acid. The 
larger arrowhead is used to indicate this condition. 

Figure 1.16 depicts the equilibrium between ionized and nonionized acetic acid 
in an aqueous environment. The figure also shows the tendency of the nonionized 
form to leave the aqueous solution. The ionized form interacts strongly with water 
and has little tendency to leave the aqueous phase for the atmospher e . No equi- 
librium is established, because the atmosphere has an infinite volume compared 
to that of the beaker of water solution. In a closed system in which the beaker is 
sealed at the top, a true equilibrium will form between the aqueous phase and the 
gaseous phase containing vaporized acetic acid. 

H 4- 
o o 

CH3----C CH3-- C 

OH H, O- 

Acetic Acid Acetate 

FIGURE 1.15 Deprotonation of acetic acid and protonation of acetate. 
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FIGURE 1.16 Dilute solution of acetic acid in water. Acetic acid and acetate are in rapid 
equilibrium with each other. In this equilibrium, each molecule of acetic acid (or acetate) 
becomes deprotonated (or protonated) millions of times per second. To be exact, the rates 
of deprotonation and protonation are each about one trillion times per second (Eberson, 
1969). Acetate tends not to leave the aqueous phase, since the ionized acid group interacts 
strongly with water. Acetic acid has a greater tendency to leave the water phase, since it 
does not bear this charge. The rate of loss of acetic acid into the atmosphere is negligible 
compared to the rates of protonation and deprotonation. Thus, it is reasonable to describe 
the events occurring in the aqueous solution an equilibrium situation. 

The equil ibrium depicted in Figure 1.16 can be shifted by adding  a strong acid, 
such as HC1, to the beaker as shown in Figure 1.17. This increase in the concentra- 
tion of H + (H3 O+) ions shifts the equil ibrium to increase the concentration of acetic 
acid and decrease the concentration of acetate ion. The increase in the concentra- 
tion of molecules that leave the aqueous phase increases the rate of volatilization 
from the beaker to the air. Addi t ion of strong acid does not increase the tendency 
of any particular molecule of acetic acid to enter the atmosphere.  The strong acid 
merely increases the overall concentration of pro tonated  acetic acid (at the expense 
of the ionized acetic acid). Protonated acetic acid has a much  greater tendency than 
ionized acetic acid to leave the water  phase. 

k . . . . . . . . . .  §  

FIGURE 1.17 Disturbance of an equilibrium situation by addition of a strong acid. The 
addition of hydrochloric acid forces the protonation of the acetate groups, resulting in an 
increase in acetic acid. Acetic acid binds to water to a lesser extent than acetate, and the 
end-result of adding HC1 is an increased rate of loss of the total acetic acid (acetic acid + 
acetate) into the atmosphere. 



Cell Structure 31 

H § 
CH 3- - ' -  NH CH 3 - ' - -  NH 

I I 
CH 3 CH 3 

Nonprotonated Protonated 

FIGURE 1.18 Dimethylamine. Dimethylamine is a foul-smelling chemical made by bacte- 
ria residing on fish. Adding acid to the cooked fish prior to eating causes the fishy smell 
to remain associated with the fluids on the food and to vaporize at a lesser rate. 

This simple example is relevant to many topics discussed in subsequent chap- 
ters, for example, the behavior of bicarbonate and carbon dioxide. Also, recogni- 
tion of the difference between reversible (equilibrium) and irreversible (nonequili- 
brium) reactions is important to an understanding of the role of enzymes in 
catalyzing various reactions. 

Food science provides another simple but practical example of the effect of 
protonation. Dimethylamine, produced during the spoiling of saltwater fish, can 
exist in the protonated and nonprotonated forms shown in Figure 1.18. The un- 
charged form has only a moderate affinity for water, tends to volatilize, and 
contributes to the unpleasant odor of spoiled fish. The protonated (charged) form 
has a higher affinity for the fluids of the fish and does not contribute to the odor. 
Applying acid increases the proportion of molecules present in the protonated 
form, which is one reason people flavor fish with lemon juice or malt vinegar. 

CELL S T R U C T U R E  

The cell is the unit of life. The cells of all organisms are distinguished by the 
following properties: the ability to compartmentalize themselves from the envi- 
ronment, the ability to utilize nutrients from the environment for the production 
of energy; the ability to maintain a relatively constant internal environment, the 
ability to store genetic information in a form of DNA, and the ability to reproduce. 

The cells of mammals and other animals contain the following structures. A 
plasma membrane (PM), which is the outer border of the cell, has a structure 
similar to the bilayer sheet shown in Figure 1.12. The PM contains phospholipids 
and many membrane-bound (embedded) proteins used to facilitate the transport 
of nutrients and minerals into and out of the cell. The outside of the PM of some 
cells is coated with polysaccharides for protection. The outside of the PM of other 
cells bears proteins that control which cells are chosen neighbors. Generally; the 
material bound to the outside of the PM is synthesized by the cell itself rather than 
derived from other cells. The cytoplasm is the fluid contained and bounded by the 
plasma membrane. This fluid has a gel-like consistency because it contains a high 
concentration of proteins. Most of the biochemical reactions that occur within the 
cell take place in the cytoplasm. The remainder take place within various organ- 
elles. 

Organelles of the cell include the nucleus, the endoplasmic reticulum, the 
sarcoplasmic reticulum, secretory vesicles, lysosomes, and mitochondria. The mi- 
tochondria are used to generate energy. More specificall~ this organelle catalyzes 
the breakdown of organic nutrients and, in a manner that is coupled with oxygen 
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utilization, the synthesis of adenosine triphosphate (ATP). ATP is a small mole- 
cule that is used as a source of energy by thousands of different reactions in the 
cell. Each molecule of ATP may be thought of as a portable battery that can be used 
anywhere in the cell to drive a specific chemical reaction. Utilization of the ATP 
results in its conversion to adenosine diphosphate (ADP) plus inorganic phos- 
phate (Pi). The "energy battery" is then recharged as follows. The ADP travels into 
a mitochondrion, where it is converted to ATP again. The main purpose of mito- 
chondria in the cell is to recharge molecules of ATP. 

All proteins of the cell are synthesized on structures called ribosomes. The 
proteins of the cytoplasm are synthesized on ribosomes that float free in the 
cytoplasm, whereas those of the plasma membrane are synthesized on ribosomes 
that bind to the outside of the endoplasmic reticulum (ER), a network of intercon- 
nected tubules in the cytoplasm resembling a nest of hollow noodles. During 
polymerization of the amino acids, a nascent protein is driven into the ER. From 
there it is shunted into secretory vesicles, some of which insert proteins into the 
PM, while others deliver different proteins to the outside of the cell (into the 
extracellular fluid). 

The sarcoplasmic reticulum is an organelle of muscle cells that resembles the 
ER in structure. It is used for rapid release and uptake of calcium ions. The 
resultant changes in cytosolic Ca 2+ concentrations control muscle contraction. 

Lysosomes are large vesicles that reside in the cytoplasm. They receive material 
from the outside of the cell, digest (hydrolyze) it into small molecules, and release 
end-products into the cytoplasm. Material is transferred from the extracellular 
fluid to the lysosomes via endocytic vesicles. 

The nucleus contains the genetic material of the cell. During the course of the 
daF and on a minute-by-minute basis, the genetic material is used for synthesis of 
new molecules of messenger RNA (mRNA), a process called transcription. Each 
molecule of mRNA resides momentarily in the nucleus, where it undergoes bio- 
chemical grooming. This grooming process involves the removal of stretches of 
excess mRNA, called introns, in a process called splicing (Mount, 1996). The 
grooming process also involves the attachment of a small compound called a cap 
at one end of the mRNA, and the polymerization of a moderately sized compound, 
called a poly A tail, at the other end of the mRNA. EventuallF the mRNA enters 
the cytoplasm, where it is used for coding the synthesis of polypeptides. 

G E N E T I C  MATERIAL 

The genetic material controls the properties and functions of the cell and deter- 
mines, for example, whether the cell is a brain cell, a liver cell, a blood cell, or even 
a cancer cell. The genetic material controls the location of the eyes in the bod~ how 
fast we grow and how much we weigh, and, in some cases, personality traits. 

The following paragraphs describe the activities in the cell, which can be 
summed up by the phrase DNA makes RNA makes protein. Although DNA is only 
one of many molecules used to make RNA, this terse phrase is accurate, since DNA 
is the central molecule in the process, and since DNA contains the information 
needed to formulate the sequence of ribonudeotides in the RNA. The study of all 
the steps in the process where "DNA makes RNA makes protein," and the study 
of the process of DNA replication, is called molecular biology. 
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The DNA that makes up our genetic material is divided into 46 pieces within 
the cell. These pieces are called chromosomes. People have 22 numbered chromo- 
somes, each of which occurs in duplicate, and 2 sex chromosomes. The sex 
chromosomes of females consist of two X chromosomes, while the sex chromo- 
somes of males consist of one X chromosome and one Y chromosome. Where a cell 
contains duplicate copies of most, or all, of its chromosomes, the cell is called a 
diploid cell. Human genetic material contains an estimated 80,000 genes (Collins 
et al., 1997). For comparison, the genetic material of the yeast contains 6400 genes. 
Not counting duplication of all DNA in the cell, which exists because of the 
occurrence of diploid chromosomes, each human cell contains about 3 billion 
nucleotides in its DNA (Schuler et al., 1996). 

Our sex chromosomes determine whether we are male or female. It is interest- 
ing to point out that, in human females, one of the two X chromosomes is inacti- 
vated, and is not much used to code for mRNA (Migeon, 1994). In human males, 
the Y chromosome is largely inactive, and is not much used to code for mRNA, 
while the X chromosome is active (Rice, 1996). An end-result of these inactivation 
events is that, to some extent, all the cells of human males and females behave as 
though they contained only one X chromosome (and not two sex chromosomes). 

The inactivation of the genes of the sex chromosomes, and of some of the genes 
of numbered chromosomes, results, in part, from the attachment of methyl groups 
(--CH3) to the DNA. Methyl group attachment is thought to be the only type of 
intentional alteration to the chemistry of human DNA. The methyl groups at- 
tached to our DNA reside on residues of cytosine. 

The genetic code refers to specific sequences of RNA bases (or DNA bases) that 
encode specific amino acids. Each of these sequences is composed of a triplet of 
bases (three bases in a row). Hence, any mRNA molecule can be considered a 
continuous polymer of successive triplets. For example, the triplet UUU codes for 
phenylalanine, CAU encodes histidine, GAG encodes glutamate, AAA encodes 
lysine, and AUG codes for methionine. DNAis used for information storage, while 
mRNA is used for information transfer. 

Directionality of Nucleic Acids 

During transcription, the mRNA molecule is created, starting from the 5'-end, and 
finishing at the 3'-end. The numbers 5-prime and 3-prime refer to the ends of the 
nucleic acid polymer, where the indicated carbon atom of the ribose is free, and 
not involved in a phosphodiester bond (see Figure 1.2). During translation, the 
5'-end of the coding region is first read. The 3'-end of the coding region of the 
mRNA is read last. All enzymes that are involved in nucleic acid synthesis are able 
to sense the 5'-direction and 3'-direction. For example, when RNA polymerase 
catalyzes the synthesis of RNA, the enzyme moves only in one direction along the 
surface of the DNA molecule. RNA polymerase never reads codons in the back- 
wards direction when it polymerizes nucleotides to create mRNA. RNA polym- 
erase is a protein. Since RNA polymerase catalyzes a reaction, it is also an enzyme. 
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Transcription 

Messenger RNA (mRNA) is the primary type of ribonucleic acid in the cell. Other 
types include transfer RNA (tRNA) and ribosomal RNA (rRNA). Messenger RNA 
occurs as a long, linear strand and contains information needed for the synthesis 
of a particular protein, tRNA also consists of a long, linear strand of RNA, but it 
spontaneously folds and twists to form an oblong structure. A ribosome consists 
of a large complex of proteins and rRNA molecules. 

A simplified diagram of transcription is shown here. Double-stranded DNA 
(dsDNA) is shown as a long rectangle. RNA polymerase binds to a region of DNA 
called a core promoter. The core promoter consists of all the DNA between the 
TATA sequence and the transcription start site. The core promoter is a short stretch 
of DNA that serves to bind and orient RNA polymerase, and the basal transcrip- 
tion factors. The TATA sequence, which is composed of only four nucleotides (T, 
A, T, and A), usually occurs about 25 base pairs upstream of the transcription start 
site. The TATA-binding protein is a special protein that binds to the TATA sequence 
prior to initiating transcription. 

The promoter has a sequence that is variable and indistinct. Not all promoters 
contain the TATA sequence. Some promoters contain the GC sequence, or other 
simple sequences. To highlight the important function of these simple sequences, 
they are usually called "boxes," i.e., the TATA box or GC box. The GC box, which 
is only two nucieotides long, usually occurs 40-70 base pairs upstream of the 
transcription start site. The GC box is recognized by a special transcription factor 
called SP1. 

Some promoters contain a TATA box, while others contain both a TATA box and 
GC box, or the GC box onl~ or other types of boxes. 

Even though the transcription start site represents part of a biochemical process 
that is central to all biolog~ the structure of this site is variable and indistinct. In 
general, the transcription start site consists of adenine, followed by a few pyrimid- 
ines (A-Py-Py-Py-Py).  The bases of the transcription start site occur in the DNA 
molecule, as well as in the first few ribonucleotides of the RNA molecule. The 
reader must not confuse the transcription start site with the translation start site. 
The translation start site, which occurs in messenger RNA, occurs downstream of 
the transcription start site, i.e., from 20 base pairs to several hundred base pairs 
downstream of the transcription start site (Roeder, 1996; Zawel and Reinberg, 1995; 
Komberg, 1996). 

The promoter consists of the core promoter plus various types of regulatory elements. 
Among these regulatory elements are the hormone response elements, which are 
detailed in the Vitamin chapter. The following diagram illustrates the relative 
position of special regions that occur in most genes. These regions are: (1) the core 
promoter, (2) the response element, (3) the RNA polymerase binding site, and (4) 
the transcribed region: 

_ _ , , , ,  , ,  , , 

i JResp~ ............ I TATA J.. ,--[  Transcribeclregionofgene -] ...... J 
CORE PROMOTER 
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The second part of the diagram shows RNA polymerase at a point where it has 
catalyzed the synthesis of about half of the mRNA molecule. The term gene can 
be defined as follows. For any polypeptide existing in nature, the corresponding 
gene consists of the transcribed region plus special regions of DNA that are used 
for regulating the rate of initiating transcription: 

CORE PROMOTER 

Transcription 
start site 

The preceding discussion applies to the RNA polymerase of eukarya that is called 
RNA polymerase II. RNA polymerase II catalyzes the synthesis of the vast num- 
ber of mRNAs that occur in the cell. The human body is expected to contain over 
50,000 different types of mRNA. Variations in the preceding theme apply to the 
actions of RNA polymerase I and RNA polymerase III. RNA polymerase I is used 
to catalyze the synthesis of ribosomal RNA (rRNA). This type of RNA occurs, 
complexed with ribosomal proteins, to form ribosomes. RNA polymerase III 
catalyzes the synthesis of transfer RNA (tRNA) and 5S RNA. 5S RNA occurs as 
part of the ribosome. 

Illustration of the Use of Response Elements Using the Example 
of Hexokinase 

Hexokinase is an enzyme that is mentioned at an early point in most biochemistry 
courses, since this enzyme is required for the first step in the body's utilization of 
glucose. The promoter for the hexokinase gene is shown here. This promoter 
consists of about 160 base pairs, and contains a TATA box (AATAA; underlined), 
a CCAAT box (also underlined), and a short sequence of DNA that is regulated by 
a hormone. The hormone-regulated sequence is CCACGTCA (underlined). This 
short sequence of DNA is one of many types of "response elements" that occur in 
the genome. Specificall~ CCACGTCA is called the cyclic AMP response element, 
for reasons that are explained later. This response element occurs in the hexokinase 
promoter, just a few nucleotides beyond the CCAAT box (Osawa et al., 1996): 

5'-GGGCTCTGGGCGCTGATTGGCTGTGGACTGCGGGCGGGCAGCCGGAGAGCGC- 
ACACACCCTCTTCCCGCAGCCAATGAGCGCGCCCACGTCACTGTCTTGGGCGGCCC- 

AAAGAGCCGGCAGCCCCTCAATAAGCCACATTGTTGCACCAACTCCAGTGCTAGAGT-3' 

Please note that only one strand of the DNA is shown, not both strands. Note also 
that the TATA box has an atypical sequence: it occurs as AATAA rather than as 
TATA. The transcription start site occurs immediately after the promoter sequence, 
and the first few bases that are transcribed are shown in boldface type. 
CCACGTCA binds a special regulatory protein, as mentioned in what follows, 
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while the CCAAT box binds a special regulatory protein called NF-Y (Printz et al., 
1997). 

Hormone Response Elements in the Genome 

How does CCACGTCA work? Briefly, during prolonged exercise, the concentra- 
tion of the hormone glucagon increases in the bloodstream. At elevated levels, this 
hormone binds to muscle cells, thus activating the enzyme adenylyl cyclase. 
Adenylyl cyclase catalyzes the synthesis of a small molecule called cyclic AMP. 
Cyclic AMP binds to an enzyme called protein kinase A, and activates it. Activated 
protein kinase A catalyzes the attachment of a phosphate group to a special protein 
that can bind to CCACGTCA, resulting in an increase in this event of binding. This 
increased binding to CCACGTCA provokes an increase in the rate of transcription 
of the nearby gene (the hexokinase gene). This scenario results in an increase in 
the amount of hexokinase in the muscle cell, with the consequent increase in 
energy production from glucose. The goal of this sketch is to pinpoint the role of 
promoters, by way of example, in the physiology of the organism. Next time you 
begin training for a marathon race, you might take a moment to realize that your 
hexokinase promoter is being stimulated. We shall return to matters such as cyclic 
AMP and protein kinase A at later points in the text. 

Transcription Termination 

What makes RNA polymerase terminate its transcription of a particular gene? 
Clearly, RNA polymerase does not remain bound to the genome after catalyzing 
the synthesis of a molecule of RNA, nor does it catalyze the synthesis of an 
infinitely long piece of RNA. There might be expected to exist certain signals in 
the genome that provoke RNA polymerase to conclude its task, though these 
signals have eluded detection. Evidence suggests that, in a few genes, certain 
unusual sequences in the DNA, such as GTGTGTGTGTGTGTGTGTGTGTGT, can 
provoke RNA polymerase to conclude transcription at a specific point (Hong et al., 
1997). 

Translation 

Translation is the act of polymerization of amino acids into polypepfides using 
mRNA as a template. In translation, the mRNA binds to a ribosome. The tRNA 
functions as biochemical "tongs," holding each amino acid in the form of an amino 
acyl-tRNA. For each classical amino acid, one or more types of tRNA molecule 
exist that are intended specifically for this use. The mRNA guides the order of 
selection of amino acyl-tRNAs, and thus guides the order of polymerization of 
amino acids. The ribosome serves as a biochemical "anvil," aligning the mRNA 
and different amino acyl-tRNAs as the polypeptide chain is created. The mRNA 
molecule is not a permanent component of the cell. It is used over and over for 
synthesis of the same protein but is eventually degraded, perhaps within a few 
hours of being made. 
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Because of the nature of the peptide linkage, a polypeptide chain of any length 
has a free amino group at one end and a free carboxyl group at the other. The first 
peptide bond is formed between the carboxyl group of the first amino acid and 
the amino group of the second amino acid, the second peptide bond is formed 
between the carboxyl group of the second amino acid and the amino group of the 
third, and so on. 

All mRNA molecules contain a central region, called the coding region, which 
codes for a protein. The coding region is bordered by untranslated regions (UTRs), 
which are called 5'-UTR and 3'-UTR, as indicated in the following diagram. Nearly 
all polypeptides begin with methionine, and hence the first triplet occurring in the 
coding region of nearly all mRNAs is AUG (Kozak, 1996). Polypeptide synthesis 
continues until the ribosome encounters a stop codon (UAA, UAG, or UGA) (Tate 
and Brown, 1992). The poly A tail is also shown: 

s ' - i  . . . . .  IIII III I - -  , ' I - -3 '  

5'-UTR CODING REGION 3'-UTR poly A 

Students of elementary biology learn that the first amino acid of polypeptide 
chains contains a free amino group, i.e., H2N-R, and that the first amino acid is 
methionine. However, in eukaryotic cells, the N-terminal amino acid may be 
modified, shortly after translation, by the attachment of an acetyl group (Scaloni 
et al., 1992; Dormann et al., 1993). In some cases, the N-terminal methionine may 
be cleaved, yielding a protein that is one amino acid shorter than that expected by 
the coding region of the mRNA (Flinta et al., 1986; Arfin and Bradshaw, 1988). 

Just for purposes of orientation, one might note that a typical protein consists 
of about 300 amino acids. The first amino acid, bearing the free amino group, is 
called the amino terminus (N terminus) of the polypeptide chain. The opposite 
end, is called the carboxyl terminus (C terminus). 

Genetic  Code 

The genetic code is shown in Table 1.6. A total of 64 different combinations of the 
four DNA bases can occur, and 61 of these possible combinations are actually used 
to specify amino acids. Many of the amino acids are designated by more than one 
type of codon. This redundant situation is called degeneracy. The genetic code is 
thus degenerate. ATG codes for methiordne. Methionine occurs at various posi- 
tions in most proteins, and occurs as the first amino acid in essentially all proteins. 
For this reason, the codon ATG occurs at the beginning of coding regions of nearly 
all genes. ATG is called the start codon. At the very end of all coding regions, there 
occurs one stop codon. There exists three different stop codons, and these are TAA, 
TAG, and TGA. In mRNA, where the start and stop codons actually perform their 
function, the corresponding codons are AUG (start codon), UAA, UAG, and UGA 
(stop codons). With rare exceptions, stop codons never code for an amino acid. The 
sequence of codons that begins with ATG and ends with a stop codon is often 
called an open reading frame (ORF). The genetic code is the same for eukarya and 
bacteria, but differs somewhat for archae. 
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TABLE 1.6 The Genetic Code 

Second base in codon 
First base 
in codon T C A G 

TIT Phe TCT Ser TAT Tyr TGT Cys 
TTC Phe TCC Ser TAC Tyr TGC Cys 

"IrA Leu TCA Ser TAA Stop TGA Stop 
TrG Leu TCG Ser TAG Stop TGG Trp 

cTr  Leu CCT Pro CAT His CGT Arg 
CTC Leu CCC Pro CAC His CGC Arg 

CTA Leu CCA Pro CAA Gin CGA Arg 
CTG Leu CCG Pro CAG Gin CGG Arg 

ATr Ue ACT Thr AAT Asn AGT Ser 
ATC Ile ACC Thr AAC Asn AGC Ser 
ATA Ile ACA Thr AAA Lys AGA Arg 
ATG Met ACG Thr AAG Lys AGG Arg 

GTr Val GCT Ala GAT Asp GGT Gly 
GTC Val GCC Ala GAC Asp GGC Gly 

GTA Val GCA Ala GAA Glu GGA Gly 
GTG Val GCG Ala GAG Glu GGG Gly 

The genetic code indicates the amino acids that are coded for by the codons appearing in DNA and 
mRNA. To acquire a genetic code for the codons in mRNA, change each thymine (T) to uracil (U). In 
actual practice, scientists usually refer to a table that contains the DNA codons, in analyzing genetic 
information, and rarely use a table that contains the codons appearing in mRNA. 

The leap from information in mRNA to the sequence of amino acids in a 
polypeptide chain is bridged by transfer RNA. Transfer RNA molecules are rela- 
tively small, when compared to mRNA and proteins, and consist of only about 40 
ribonucleotides. There exist about 40 distinct types of tRNA, and these share the 
task of aligning the 20 amino acids according to the sequence of ribonucleotide 
bases occurring in any molecule of mRNA. Since there exist more types of mRNA 
molecules (about 40) than amino acids (20), one can see that the collection of tRNA 
molecules is also redundant or degenerate. 

Events Occurring after Translation 

Translation Occurs on Free Ribosomes and on Ribosomes Bound to the ER 

Most proteins are synthesized on ribosomes that float freely in the cytoplasm. 
After synthesis of the polypeptide chain, the completed protein dissociates from 
the ribosome and begins to function. Some of the proteins of the cytosol contain 
special sequences (or clusters) of amino acids that guide the entire protein into the 
mitochondrion or nucleus to perform functions specific to that organelle. Many 
other proteins are synthesized on ribosomes that are bound to the endoplasmic 
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reticulum. Polypeptides that are manufactured on the ER contain, as part of their 
mRNA molecule, information that promotes its binding to the outside surface of 
the ER. The polypeptides synthesized on the surface of the ER are generally those 
destined for secretion from the cell or for insertion into the plasma membrane. 

How Proteins Are Incorporated into the Plasma Membrane or Secreted 
from the Cell 

The synthesis and transportation of polypeptides made at the endoplasmic reticu- 
lum (ER) are depicted in Figures 1.19-1.21. Three fates are depicted, and these are: 

1. Insertion of the polypeptide into the membrane (Fig. 1.19). 
2. Insertion into the membrane, with temporary residence in the lumen of the 

ER, and packaging in a secretory vesicle (Fig. 1.20). 
3. Insertion into the membrane, with temporary residence in the lumen of the 

ER and packaging as a component of the membrane of a secretory vesicle 
(Fig. 1.21). 

Figure 1.19 depicts only early events in the history of a secreted protein or 
membrane-bound protein, namely; the polymerization of amino acids and inser- 

The amino terminus of the 
growing protein is pushed 

through the membrane of the ER. 

Amino acids continue to be 
1 polymerized at the carboxy 

terminus of the growing protein. 

FIGURE 1.19 Synthesis of a polypeptide on the endoplasmic reticulum (ER). The black 
oval represents a ribosome; the line represents a newly made polypeptide chain. (1) Ribo- 
some arrives at ER. (2) Amino terminus of the growing protein is pushed through the 
membrane of the ER. (3) Amino acids continue to be polymerized at the carboxy terminus 
of the growing protein. 
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tion of the polypeptide through the membrane of the ER. The polypeptide travels 
through a special pore, made of a protein complex called the translocon (Powers 
and Walter, 1997). 

Figure 1.20 depicts an available next step of the sequence, where the step leads 
to secretion into the extracellular fluid. Polypeptides of this type include albumin, 
polypeptide hormones, blood clotting proteins, lipoproteins, and antibodies. 

Figure 1.21 depicts an alternative pathway. Following the events of Figure 1.19, 
the polypeptide is inserted into the membrane, packaged into a secretory vesicle, 
and inserted into the plasma membrane via fusion of the vesicle with the PM. 
Membrane-bound proteins include nutrient transport proteins, hormone recep- 
tors, ion pumps, and proteins that transmit impulses along the length of a nerve 
or muscle fiber. 

As synthesis of the protein begins, the ribosome associates with the ER, as 
shown in Step I of Figure 1.19. With continued polymerization of the amino acids, 
the nascent (growing) chain is pushed into the interior, or lumen, of the ER (Step 
2). As the polypeptide chain lengthens, it continues to enter the ER and fold into 
a three-dimensional structure unique to that particular protein (Step 3). After the 
entire polypeptide has been synthesized, it dissociates from the membrane and 
floats, in soluble form, within the lumen of the ER (Step 4A). If the protein is 
destined to be secreted, it is packaged into a secretory vesicle. Packaging begins 
with the budding of part of the membrane of the ER (Step 5A). The completed 
secretory vesicle containing the secretory protein is shown in Step 6A. The secre- 
tory protein is in soluble form. The event of secretion involves fusion of the vesicle 
with the plasma membrane, followed by expulsion of the secretory protein from 
the cell. This process resembles a reversal of Steps 4A through 6A. 

The plasma membrane of the cell is a lipid bilayer sheet in which membrane- 
bound proteins are embedded. Steps 4B-6B of Figure 1.21 illustrate some events 
in the production of a membrane-bound protein. After synthesis of the protein, the 
ribosome on which it was formed dissociates from the membrane but the protein 
remains bound to the membrane (Step 4B). This binding is mediated by a short 
stretch of lipophilic amino acids that may occur near the C terminus, as shown in 
Figure 1.21, or near the N terminus in the case of other proteins. SubsequentlF part 
of the ER membrane forms a bud that breaks off (Step 5B) to form a secretory 
vesicle (Step 6B). The continued association of the entire membrane-bound protein 
during the budding process and during subsequent events is maintained by the 
special lipophilic sequence. Eventuall36 the secretory vesicle fuses with the plasma 
membrane in a process that resembles a reversal of Steps 4B-6B. After completion 
of the insertion of the membrane-bound protein into the plasma membrane, its N 
terminus is in contact with the extracellular fluid and its C terminus is in contact 
with the cytoplasm, at least for the protein depicted in Figure 1.21. 

Maturation of Proteins 

The specific order of the various amino acids in a polypeptide is determined by 
the mRNA that encoded its synthesis. A newly made polypeptide may or may not 
be modified by changing one or more of its constituent amino acids, as discussed. 
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The protein within this vesicle 
is destined to be secreted 

from the cell. 
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FIGURE 1.20 Packaging of the newly made polypeptide into a secretory vesicle. The 
protein in the vesicle is destined to be secreted from the cell. 
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The protein within this vesicle 
is destined to be inserted into 
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FIGURE 1.21 Packaging of a newly made membrane-bound protein into a secretory 
vesicle. The protein in the vesicle is destined to be inserted into the plasma membrane. 
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FIGURE 1.22 Maturation pathway of insulin, a polypeptide hormone. 

Another form of modification is cleavage of one or more of the peptide bonds to 
produce two or more smaller polypeptides. Polypeptides that are destined for 
secretion from the cell are generally first cleaved at very specific positions in the 
chain. 

The hormone insulin is an example of such a polypeptide. Like other polypep- 
tides destined for secretion from the cell, insulin contains a stretch of amino acids 
called a signal sequence. The location of the signal sequence in a newly formed 
preproinsulin molecule is shown in Figure 1.22. This sequence guides the molecule 
to the interior of the ER. As the preproinsulin molecule enters the organelle, the 
signal sequence is cleaved, resulting in conversion of the polypeptide to proinsulin 
(Figure 1.22). The sole function of the signal sequence is to guide the newly made 
polypeptide into the interior of the organelle. Once inside the ER, further matura- 
tion occurs. The proinsulin molecule is cleaved at two places, removing a center 
stretch called the connecting peptide. The mature insulin molecule and the con- 
necting peptide are packaged into secretory vesicles. Such transfers of secretory 
proteins (proteins destined for secretion) are one function of the endoplasmic 
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reticulum. The concepts of protein maturation by cleavage and of secretory ves- 
icles are featured in discussions of stomach physiology in Chapter 2 (Digestion 
and Absorption). 

Enzymes  

Enzymes are proteins that catalyze biochemical reactions. A catalyst is a substance 
that greatly accelerates the rate of a particular reaction without being used up or 
permanently altered. In the real world, most catalysts eventually deteriorate and 
no longer function as a catalyst. In the cell, all enzymes are eventually degraded 
and converted back to their constituent amino acids plus, in some cases, bypro- 
ducts of oxidation or other types of damage. Proteins do not have some unique 
magical property that allows them to function as enzymes. For certain activities 
nucleic acids also participate in the chemistry of catalysis. For example, mRNA can 
catalyze certain types of RNA splicing. 

The specific order of the amino acids in an enzyme governs the reaction it 
catalyzes. The polypeptide chain folds, largely spontaneousl~ to form a definite 
but somewhat flexible three-dimensional structure. The region of the enzyme 
directly involved in catalysis is called the active site. This region contains amino 
acid R groups that are arranged to bind specific substrates or reactants. In some 
enzymes, the active site functions by promoting bending of the substrate in such 
a way that the rate of a specific reaction is enhanced greatly. In other enzymes, the 
active site contains amino acid R groups that attack or chemically react with the 
substrate and thus enhance the rate of a specific reaction. Following the reaction, 
the products are released from the surface of the enzyme. Each cell of the body 
contains several thousand different types of enzymes. Enzymes occur in the cy- 
tosol at concentrations between 0.01 and 10 ~tM. 

Enzymes Have a Three-Dimensional Structure 

Figure 1.23 shows the overall structures of two enzymes, chymotrypsin and 
dihydrofolate reductase. Chymotrypsin catalyzes the digestion of dietary pro- 
teins, while dihydrofolate reductase catalyzes a step in vitamin metabolism. In 
these diagrams, a ribbon is a form of shorthand that represents a linear polymer 
of amino acids. The enzymes in Figure 1.23 are roughly spherical, not long and 
filamentous. Such spherical proteins have an inside core and an outer surface. The 
amino acids in parts of the peptide chain near the inner core tend to have lipophilic 
R groups. Those with hydrophilic R groups tend to occur on the outer surface. 

As a polypeptide is synthesized in a cell, its amino acid sequence might appear 
random (i.e., a few hydrophilic acids, followed by several lipophilic acids, then a 
number of hydrophilic ones, and so on). However, as the polypeptide folds and 
coils into a three-dimensional shape, it becomes apparent that this structure is 
controlled by the sequence of R groups. The polypeptide chain folds so that the 
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FIGURE 1.23 Three-dimensional structures of two proteins, chymotrypsin (top) and di- 
hydrofolate reductase (bottom). Dihydrofolate reductase is shown not in its natural state, 
but with a drug molecule bound to its surface. [Reprinted by permission from Nature 214, 
652-656 (copyright �9 1967 Macmillan Magazines Limited) and Science 197, 452 (copyright 
@ 1977 by the AAAS (London)).] 
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lipophilic amino acid R groups associate with one another in the core and the 
hydrophilic groups remain on the outer surface, where they associate with the 
surrounding water. Compare this configuration with those of vesicles and 
micelles. 

Conventions for Depicting Substrates and Products 

Some conventions in representing the catalytic activity of enzymes are as follows. 
The substrates of the enzyme are shown to the left of an arrow, while the products 
are shown to the right. The example of hexokinase is shown here. The substrates 
are glucose and ATP, while the products are glucose-6-phosphate and ADP. It is 
common for the student or scientist to write the name of the enzyme above or 
below the arrow, or to write the name of necessary cofactors above or below the 
a r r o w :  

Hexokinase 

Glucose + ATP ) Glucose-6-P + ADP 

The main goal of hexokinase is to convert glucose to glucose-6-phosphate, and not 
to convert ATP to ADP. For this reason, it is sometimes conventional to write the 
preceding reaction as 

Glucose HexokJnase 
S ~ =~ GIucose-6-P 

ATP ADP 

How is ATP handled, when an enzyme utilizes ATP to drive a particular reaction? 
In general, any given enzyme uses only one molecule of ATP at a time, not several, 
when it catalyzes one occurrence of a reaction. Enzymes do not gobble up several 
ATP molecules and then proceed to catalyze a reaction. 

What about a situation where ATP contains much more energy than is needed 
to drive a particular reaction? Whenever ATP is used in a reaction, its energy 
becomes completely spent. There probably does not exist any situation in biology 
where part of ATP's energy is used to drive one reaction, with the remaining 
portion of the ATP's energy utilized to drive a separate reaction. The way biology 
works is that, in catalyzing an ATP-requiring reaction, an enzyme uses the energy 
it needs, and the remaining energy of the ATP (if any remains) is discharged as 
heat. In speaking about the energy stored in a molecule of ATP, it is more accurate 
to refer to the energy stored in its phosphodiester bonds. Further details of ATP 
occur in the Energy Requirement chapter and in the Calcium and Phosphate 
section. 
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Reversibility of Enzyme-Catalyzed Reactions 

Most or all enzyme-catalyzed reactions are reversible. The reversibility of any 
particular reaction is indicated by a bidirectional arrow: 

Hexokinase 

Glucose + ATP < , ) Glucose-6-P + ADP 

Another way of expressing the concept of bidirectionality is as follows. If a re- 
searcher placed, in a test tube, a solution containing hexokinase, glucose-6-P, and 
ADP, one would expect to find the production of measurable amounts of glucose 
and ATP. The amount  of glucose formed would account for a very small propor- 
tion of total glucose (glucose plus glucose-6-P). For all enzyme-catalyzed reactions, 
the direction of the reaction represents an approach to chemical equilibrium. As 
equilibrium is approached and then reached, for the reaction of hexokinase, one 
would find only a tiny fraction of the glucose occurring as glucose, with most of 
it occurring as glucose-6-P. The proportion of all molecules present, once equilib- 
rium has been reached, is exactly the same where the enzyme is placed in a test 
tube containing the substrates (glucose + ATP) or placed in a test tube containing 
the products (glucose-6-P + ADP). 

Although it is conventional to represent the reaction of hexokinase, and of many 
other enzymes, using a unidirectional arrow, this convention is not scientifically 
accurate. The unidirectional arrow is used only to make it convenient to remember 
that the equilibrium lies far in the direction of product formation (glucose-6-P 
formation). In general, most ATP-utilizing reactions are driven in the direction of 
product formation, and are therefore said not to be freely reversible. 

What Makes Metabolism Go Forward? 

A simplified diagram of "metabolism" is shown in Figure 1.24. Glucose is a major 
energy source for most animals. The digestion of starches of sugars in the small 
intestines releases glucose. The glucose is transported through the wall of the gut, 

GLUCOSE GLUCOSE 

CELL MEMBRANE 

CO2 TO 
ATMOSPHERE 

- ~  ACETATE GROUPS ~ C02 

A 
+Pi ATP 

FIGURE 1.24 Simplified diagram of metabolism. Dietary glucose passes through cell membranes 
through special pores, called transporters. Once inside the cell, glucose is oxidized to acetate 
groups. The acetate groups are further oxidized to carbon dioxide, in a process that is coupled 
with the generation of ATP. The carbon dioxide does not build up in the body; it is exhaled via 
the lungs to the atmosphere. 
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through the bloodstream, and into various cells. One factor that makes glucose go 
into cells is that its concentration may be higher on the outside of the cell than 
inside. Another factor is that glucose, as well as its immediate breakdown prod- 
ucts, are modified (by attachment of a phosphate group) to give a form that cannot 
pass through the cell membrane and cannot exit the cell. The eventual metabolism 
of glucose to carbon dioxide is the ultimate force that drives the continued uptake 
of glucose by the cell. 

The breakdown of glucose to acetate groups, and then to CO2, is driven by two 
factors: (1) the release of heat, which occurs at many steps of the multi-step 
breakdown pathwa~ and (2) the generation of many small breakdown products 
from one molecule of glucose. As glucose contains six carbon atoms, one can see 
that its complete breakdown may produce six molecules of carbon dioxide. To be 
brief, metabolism is driven by increases in enthalpy (heat production) and by 
increases in entropy (degrees of free movement). The types of movement available 
to six molecules of carbon dioxide is greater than that available to the same six 
atoms when tethered together in a molecule of glucose. The goal of metabolism is 
not simply to break down the nutrients of food. The goal is not simply to create 
heat. The goal is to capture some of the released energy as ATP, in order that the 
body can do other useful things with the nutrients of food. Please note that the 
curved arrow indicates ATP synthesis (Figure 1.24). By including a point of ATP 
synthesis in the preceding scheme (Figure 1.24), some of the energy that ordinarily 
that would be lost as heat is captured as chemical energy. The ATP, in turn, is used 
as the immediate energy source that drives muscle contraction, activities of the 
nervous system, the continual turnover, and replacement of most parts of the bod~ 
growth, and reproduction. 

One of the properties of life is the constancy of the environment within, that is, 
the internal climate. In animals, the various metabolites in the bloodstream, and 
within all cells, are held at a constant level. In the case of some metabolites, the 
concentrations are strictly regulated, while in other cases fluctuations can easily be 
tolerated. This quality of life was originally proposed by Claude Bernard (1865). 

Membrane-Bound Proteins 

The amino acids of a protein control its location in the cell. Some proteins are water 
soluble, whereas others are bound to the cell membrane (plasma membrane), the 
mitochondrial membrane, and the membranes of the endoplasmic reticulum and 
nucleus. The association of a protein with a membrane is maintained by a stretch 
of lipophilic amino acids. Insertion of this stretch into the membrane occurs as the 
protein is synthesized. Water-soluble proteins are formed on ribosomes that 
"float" free in the cytoplasm. Membrane-bound proteins are formed on ribosomes 
that associate with the endoplasmic reticulum (ER). As the amino acids are polym- 
erized in the vicinity of the ER, a stretch of lipophilic acids becomes inserted into 
the membrane of the ER. This anchoring of the protein is maintained when it is 
shuttled from its location in the ER to its desired location in the plasma membrane. 

Figure 1.25 presents part of the amino acid sequence of a membrane-bound 
protein. The amino acids embedded within the membrane are those with lipo- 
philic R groups. The amino acids residing in the fluids surrounding the membrane 
are mostly those with ionic R groups. 
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FIGURE 1.25 Polypeptide chain passing through a biological membrane. The line of open circles 
represents the backbone of the polypeptide chain. The filled circles represent the hydrophilic groups 
of the phospholipids in the membrane, and the long lines represent their alkane chains. Amino acids 
with lipophilic R groups tend to locate within the membrane, whereas those with hydrophilic R groups 
tend to locate in the aqueous regions on either side of the membrane. 

A variety of membrane-bound proteins are of vital interest to the medical and 
nutritional scientist, because defects or changes in these proteins can cause such 
problems as lactose intolerance, cardiovascular disease, cystic fibrosis, and diabe- 
tes. Sucrase-isomaltase, an enzyme of the small intestine, is a membrane-bound 
protein, bound to the plasma membrane of the enterocyte (gut cell). Part of the 
production of this enzyme is depicted in Figure 1.26. In Step 1, the polypeptide 
chain is polymerized on the ribosome (shown in black). In Step 2, part of the amino 
acid chain near the N terminus crosses the membrane of the ER into the lumen but 
some of the amino acids at the N terminus remain outside. Step 3 shows the 
protein assuming a three-dimensional shape within the lumen; both the C and N 

C 1 

FIGURE 1.26 Sequence of events during insertion of sucrase-isomaltase into the endoplasmic reticu~- 
lum. 
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H2 N-Met-Ala-Lys-Arg-Lys-Phe-Ser-G ly-Leu-Glu-Ile-Th r-Leu-Ile-VaI-Leu-Phe- 

Val-Ile-VaI-Phe--Ile-lle--Ala-Ile--Ala--Leu-ile--Ala--VaI-Le u-Ala-Th r-Lys--Th r- 

FIGURE 1.27 First 35 amino acids of sucrase-isomaltase. 

termini are still outside. In Step 4, the ribosome has dissociated and the C terminus 
has slipped through the membrane into the lumen, but the association of the 
protein with the membrane is maintained by a stretch of lipophilic amino acids 
near the N terminus. 

The first 35 amino acids in the sequence of sucrase-isomaltase are shown in 
Figure 1.27. The stretch of lipophilic acids near the N terminus that anchors the 
enzyme to the membrane is underlined. The first few are leucine, isoleucine, 
valine, and isoleucine. 

EXERCISE 
Determine the following: 
1. Which branched chain amino acids occur in the lipophilic stretch? 
2. Which acidic and basic amino acids occur at either end of the hydrophilic 

stretch? 
3. Which sulfur-containing amino acids are present in the entire sequence 

given in Figure 1.27? 

Glycoproteins 

Glycopr0teins consist of a polypeptide with one or more oligosaccharides con- 
nected to it. The point of attachment is almost always at residues of asparagine, 
serine, or threonine. Asparagine-linked oligosaccharides are also called N-linked, 
while those connected to serine or threonine are called O-linked. Glycoproteins 
tend to be secreted proteins, membrane-bound proteins, and lysosomal proteins. 
These particular locations are in keeping with the fact that the oligosaccharide 
moiety is attached to newly made polypeptides that are created on the endoplas- 
mic reticulum (ER). Lysosomal proteins, for example, are made on the ER, after 
which they migrate through the lumen of the ER, and then to the Golgi, and finally 
to tiny vesicles which deliver them to the lysosomes. 

To focus on the structure of N-linked glycoproteins, the growing oligosaccha- 
ride chain is manufactured while covalently attached to a lipid called dolichol- 
phosphate. The structure of this chain is shown in Figure 1.28. Man indicates a 
residue of mannose, Glc is glucose, and GlcNAc is N-acetyl-glucosamine. The R 
indicates the attachment point to dolichol-phosphate. The R also indicates the 
attachment point (after transfer to the protein) to an asparagine residue of a 
polypeptide. 

The glycoproteins of the bloodstream include thrombin and fibrinogen (pro- 
teins used for blood clotting) and the antibodies. The glycoproteins of the plasma 
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FIGURE 1.28. Structure of N-linked oligosaccharide. 

membrane include the glucose transporter, the thrombin receptor (used for blood 
clotting), the LDL receptor (used to take up lipids), and the transferrin receptor 
(used to take up iron). Proteins that hug the outside surfaces of cells, also called 
extracellular matrix proteins, are also glycosylated. These include collagen, 
heparan, chondroitin, and mucus. 

A small number of soluble, intracellular proteins are glycoproteins, and these 
include some of the transcription factors (proteins used for regulating the rate of 
transcription). 

The most obvious function of oligosaccharides is their barrier function, that is, 
to protect their associated protein or an associated cell surface. The oligosaccharide 
component of mucus makes it slippery and viscous. The mucus of the stomach 
and intestines protects the cells from the harsh environment (Rhodes, 1997). 

The oligosaccharides attached to lysosomal enzymes are responsible for their 
particular location in the cell, i.e., for directing the newly made enzyme to the 
lysosomal compartment. 

In some glycoproteins, the oligosaccharide takes an active part in the biological 
activity of the protein, while in many other cases, there appears to be absolutely 
no function of the oligosaccharide group (Varki, 1993). 

Antibodies 

A knowledge of antibodies, white blood cells, and other aspects of the immune 
system is required for an understanding of how the body combats infection. A 
familiarity with the immune system is also essential for an understanding of the 
mechanisms of diabetes and atherosclerosis. Hence, this chapter will conclude 
with a sketch of the immune system. 

Antibodies are proteins that are synthesized by cells of the immune system. The 
polypeptide chains of antibodies are folded into a conformation that is relatively 
spherical or globular, when compared to proteins such as collagen, and thus they 
are named immunoglobulins. There exist five types of immunoglobulins, i.e., 
immunoglobulin G (IgG), IgA, IgM, IgD, and IgE. Most types of antibodies consist 
of two different types of polypeptide chains, and these are called the light chain 
and heavy chain. The light chain has a molecular weight of about 25 kDa and 
consists of about 200 amino acids, while the heavy chain is about 50 kDa and 
consists of about 450 amino acids. The antibody itself consists of two light chains 
and two heavy chains. Thus, the overall molecular weight is 150 kDa. 
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An example of an IgG molecule appears in Figure 1.28. All four polypeptide 
chains are connected to each other via disulfide bonds. The disulfide bonds (R--- 
S---S~R) are represented by heavy black bars. In viewing the diagram, one can 
see that the C-terminal end of the light chain has a residue of cysteine, where 
cysteine's sulfhydryl group is bound to that of a cysteine residue occurring near 
the N-terminal end of a heavy chain. One can also see that the heavy chain of this 
particular antibody contains two cysteine residues situated near the center of the 
polypeptide chain, and that these cysteine residues are connected to each other via 
disulfide bonds (Brod}r 1997). 

The region of the antibody where the two heavy chains are connected to each 
other via a disulfide bond is called the hinge (Figure 1.29). In looking at the 
N-terminal regions of the light and heavy chains, one can see that each light chain 
is nearby a region of a heavy chain. These regions occur tightly associated or 
complexed with each other, and form the antigen-recognizing site. An antigen is 
any molecule that is recognized and bound by an antibody. Antibodies actually 
function as two identical antibodies, which are held together by the hinge region. 
When binding to an invading bacterium, for example, the two half-antibodies are 
able to move about on the flexible hinge, facilitating their grasp on two nearby 
target sites on the bacterium's surface. 

Antibodies are synthesized by the body for the purpose of recognizing foreign 
molecules, and for inactivating the infectious organisms that are the source of the 
foreign molecules. The goal of recognizing this foreignness is to combat infecting 
viruses, bacteria, and protozoans. How does the body know to create a specific 
type of antibody? The immune system consists of several types of cells. These are 
generally called white blood cells. The white blood cells called lymphocytes are 
used in the antibody manufacturing process. Certain types of lymphocytes func- 
tion to take up foreign proteins. The foreign proteins are then processed by these 
cells, and then presented to other types of lymphocytes. The presentation process 
stimulates the recipient cell to divide and multipl3r and to secrete one type of 
antibody. The secreted antibody corresponds to the processed foreign protein that 
was originally presented. What does the term "correspond" mean in this commen- 
tary? It means that the secreted antibody specifically recognizes and tightly binds 
to the original foreign protein. As mentioned earlier, the region of the antibody that 
binds to foreign proteins occurs at the far N-terminal part of the heavy chain and 
light chain. The relevant parts of the heavy and light chain are called the variable 
region. The remainder of the antibody is called the constant region, as this region 
tends to have the same sequence of amino acids, where the antibody recognizes a 
variety of foreign macromolecules. 

Antibodies as a Tool for Studying Enzymology and Physiology 

The biochemist can take advantage of the immune response by stimulating the 
immune system to synthesize antibodies that recognize biochemicals of interest. 
In brief, a goat or rabbit is injected with small quantities of the polypeptide or 
protein of interest. A month or so later, the blood is removed from the animal. The 
antibody is then purified from the blood, using the technique of column chroma- 
tograph3r and then stored in a vial for future use. The physiologist interested in 
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FIGURE 1.29. Antibody structure. A. Three-dimensional structure and schematic structure of an antibody. 
Each sphere represents an amino acid. The large spheres near the center of the three-dimensional structure 
represent the sugar residues of the N-linked oligosaccharide chain. One oligosaccharide is covalently attached 
to each heavy chain, and the binding site is in the region of the hinge. One of the two heavy chains is filled 
in black. Within the constant region, the two heavy chains are intertwined with each other, but within the 
variable region (the region containing the antigen binding site) the two heavy chains are separate from each 
other. B. The schematic diagram shows the two light chains and two heavy chains. The region of the antibody 
where the two heavy chains are connected, via the disulfide bonds, is called the hinge. The hinge allows the 
two combining sites to flop about, thus facilitating their ability to reach and bind the two totally independent 
target antigens. (Redrawn with permission from Silverton et al., 1977.) 
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testing the function of a specific hormone in the bloodstream may inject antibodies 
into the test animal. The result is that the antibody recognizes and tightly binds to 
the hormone, creating a stable antibody/hormone complex that continues to 
circulate in the bloodstream. Any alteration in animal physiology occurring in the 
minutes (or possibly hours) following the injection is expected to result from the 
lowering of the effective concentration of active hormone in the bloodstream. 

The biochemist interested in testing the function of a specific protein in a 
complex mixture, such as a tissue homogenate, may use an antibody in the 
following way. Reactions may be conducted in two different test tubes. A typical 
experiment may involve the study of a reaction that requires the participation of 
a dozen or so separate proteins. The researcher may place a small quantity of an 
antibody, known to combine with one of the proteins, in one (not both) of the test 
tubes before starting the reaction. To both test tubes the researcher may then add 
identical quantities of tissue extract and specific salts or reagents that are needed 
to support the reaction. The researcher then allows 10 minutes to pass in order to 
allow the accumulation of products. Finally; reactions in both test tubes are termi- 
nated, and the amount of product in each test tube is measured. Any difference in 
the amount of product is justifiably attributed to inactivation of the target protein, 
in the complex mixture. 

For some analytical purposes, a half-antibody may be more useful than an intact 
antibody. Half-antibodies, which contain only one antigen-binding site, can easily 
be prepared by standard methods. 

SUMMARY 

The first part of Chapter I contains a brief review of the chemistry and biochem- 
istry background required to understand many of the topics covered in this book. 
For example, the biochemical apparatus used for the digestion and transport of a 
specific nutrient depends on whether the nutrient is fat soluble or water soluble. 
Although the actual solubility of a nutrient in water is controlled by its chemical 
groups, the effective solubility of lipophilic substances can be increased by incor~ 
poration in micelles. Similarly, the ionization of water-soluble nutrients in the 
body can change depending on the surrounding environment. 

Genetic material was defined, as were the events of transcription and transla- 
tion. Genetic material contains the information that specifies the sequence of 
amino acids in all proteins, as well as information that regulates the rate of 
transcription. In studying the quantity of any protein in the cell, one must realize 
that the level is controlled by at least four conceptually different processes: (1) the 
rate of RNA synthesis (transcription), (2) the rate of mRNA degradation, (3) the 
rate of protein synthesis (translation), and (4) the rate of protein degradation 
(protein turnover). 

A number of genetic diseases are described in the text. Since most genes occur 
in duplicate (one on each of the diploid chromosomes), it is expected that the 
genetic disease will be less severe where a mutation affects only one of the two 
copies, while the genetic disease will be more severe where the mutations affects 
both copies. Any genetic disease that results in sickness and that is discovered in 
people represents an "in-between land." Many genetic changes are not detected 
because they do not result in ~ckness, and thus are not studied. Other genetic 
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changes result in a defect that is so severe that it kills the embryo before it develops. 
Hence, all detected genetic diseases might be considered to represent a "survivable 
insult" to the organism. 

The "knock-out" technique is a standard genetic technique used to delete one 
or both copies of a specific gene. This technique, usually applied to mice, allows 
the researcher to increase the repertoire of defective genes, over that which is 
available from the mutations that have naturally been detected in the human and 
rodent populations. 

Extra attention was devoted to proteins and enzymes, as they have been the 
traditional "bread and butter" of the nutritional biochemist. The amino acids that 
form proteins can be classified in several ways: (1) relatively hydrophilic or lipo- 
philic, (2) dispensable or indispensable (nonessential or essential), (3) glycogenic 
or ketogenic, and, finally; (4) classical or modified. Only a minority of the amino 
acids in proteins are modified after incorporation into the polypeptide chain. 

Proteins also can be classified as those that are soluble and remain in the cell, 
those that are membrane-bound in the cell, and those that are soluble and secreted 
from the cell. The specific sequence and nature of the amino acids in the polypep- 
tide chain determine the eventual location of the polypeptide in the cell. Insulin, 
a secreted polypeptide, is of great interest to nutritional scientists and the medical 
profession. Sucrase-isomaltase is a membrane-bound protein of occasional interest 
in nutrition. 

The term polypeptide can refer either to a large protein or to a polypeptide that 
is too small to be considered a protein. Small polypeptides include insulin and 
cholecystokinin. The distinction between large and small polypeptides is some- 
what arbitrary. Proteins include enzymes, structural proteins, and signaling pro- 
teins. Enzymes catalyze biochemical reactions, and include hexokinase, pyruvate 
dehydrogenase, and DNA polymerase. Structural proteins maintain the shape of 
the cell, and its adherence to specific neighboring cells, and include collagen, 
proteoglycans, integrin, cadherin, and laminin. Signaling proteins include recep- 
tors in the plasma membrane as well as water-soluble proteins which reside in the 
cytoplasm and nucleus. The signaling proteins include the insulin receptor, the 
light receptors in the eye, G proteins, protein kinases, protein phosphatases, cyclic 
AMP-binding protein, estrogen receptor, vitamin A receptor, and vitamin D recep- 
tor. The signaling proteins that are able to catalyze reactions are also classed as 
enzymes. 

Protein kinases are ATP-using enzymes that catalyze the attachment of phos- 
phate groups to other molecules, i.e., to proteins. Phosphatases are enzymes that 
catalyze the hydrolysis of phosphate groups from other molecules. 
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DIGESTION AND 

ABSORPTION 

OVERVIEW 

Nutritionists, physicians, and 
related health care profession- 
als often must advise heart, 
kidney~ and diabetic patients 
on food choices to prolong 

life, must educate consumers on prudent 
choices for their diets, and must suggest 
healthful and appetizing ways to prepare food 
for the table. To discuss with patients the rea- 
sons for choosing some foods rather than oth- 
ers, the professional must know how food is 
digested and absorbed. The focus of this chap- 
ter is on the biochemical effects of hormones 
and enzymes on the digestion and absorption 
of food in the body. 

DIGESTIVE TRACT 

Components 

The path  through the digestive tract begins at 
the mouth,  proceeds through the esophagus to 
the stomach, and through the pyloric sphincter 
into the small intestine. The small intestine 
consists of three sections: the duodenum,  the 
jejunum, and the ileum, which empties into 
the large intestine or colon. The colon also con- 
tains three sections: the ascending colon, the 
transverse colon, and the descending colon, 
which empties into the rectum. 
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58 2 Digestion and Absorption 

The upper portion of the stomach is called the fundus; the lower portion is 
called the antrum. The inside of the small and large intestines is called the gut. The 
mucosa are the surfaces of an organ that are wet and slippery because of secretion 
of mucus. A continuous layer of cells that lines the surfaces of the body and its 
organs is called an epithelial membrane. The most common cell of the epithelial 
membrane of the gut is the enterocyte. The epithelial membrane of the gut also 
contains mucus-secreting glands called goblet cells. The epithelial surface of the 
stomach is smooth, whereas that of the small intestine has a rough appearance 
because of finger-like protuberances called villi, whereas the epithelial surface of 
the large intestine is fiat and lacks villi. Each villus is a finger-like projection about 
0.025 mm high. Enterocytes coat each villus, and the surface of these enterocytes, 
which faces the food (the lumenal surface), contains hundreds of small villi called 
microvilli. The villi and microvilli greatly enhance the absorptive surface area of 
the small intestine. Because of its appearance, the mucosal surface of the small 
intestine is also called the brush border. 

Other organs of the digestive system are the salivary glands, pancreas, liver, and 
gall bladder. The salivary glands produce saliva that enters the mouth and is 
mixed with food during chewing. The fluid produced by the pancreas enters the 
pancreatic duct. The pancreatic duct joins the bile duct near the duodenum, 
forming a short common channel called the ampulla of Vater. The pancreas also 
secretes chemicals directly into the bloodstream. The fluid produced by the liver, 
called bile, flows to the gall bladder. The gall bladder stores the bile and releases 
it to the duodenum when needed at this location. 

Digestion is controlled by the autonomic branch of the nervous system. The 
autonomic nervous system of the gut consists mainly of the parasympathetic 
nervous system (which includes the vagus nerve) and the enteric nervous system, 
and to a small extent the sympathetic nervous system. The vagus nerve, also called 
the vagal nerve, transmits signals from the brain to the stomach, pancreas, and 
other digestive organs. This nerve is one of the twelve cranial nerves, which branch 
out from the brain stem rather than from the spinal cord. The vagus nerve is so 
named because it seems to wander around in the body (i.e., it is "vague" in where 
it goes). Figure 2.1 indicates how one of the trunks of the vagus nerve contacts the 
stomach and branches out to various parts of the antrum and fundus. The vagus 
nerve also transmits signals from various organs back to the brain. 

The gut contains a collection of nerves called the enteric nervous system. 
Various activities of the gut, such as peristaltic contractions, and certain activities 
of the pancreas and gall bladder, are controlled in a manner that is relatively 
independent of the central nervous system. The central nervous system consists 
of the brain and spinal cord. Five types of activity are controlled by the enteric 
nervous system: (1) contraction of smooth muscles that create the peristaltic waves 
used to mix and propel food through the intestines; (2) release of juices by secre- 
tory cells; (3) release of hormones from endocrine cells of the gut; (4) patterns of 
blood flow through the arteries of the gut [variations in blood flow occur because 
of the opening of blood vessels (vasodilation) or the closing of blood vessels 
(vasoconstriction)]; and (5) activities of immune cells of the gut (Goyal and 
Hirano, 1996). 
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FIGURE 2.1 Innervation of the stomach. 

Enzymes and Zymogens 

The chemical reactions associated with the digestion of nutrients are catalyzed by 
many different enzymes. Some enzymes are secreted in their catalytically active 
form, whereas others are secreted as the corresponding zymogens (given in paren- 
theses). Zymogens require chemical modification to be converted to their catalyti- 
cally active forms. 

The salivary glands secrete a very small amount of 0~-amylase. The tongue of 
the rat secretes lingual lipase. The stomach secretes pepsin (pepsinogen); the 
human stomach also secretes gastric lipase. Enzymes secreted by the pancreas 
include c~-amylase, trypsin (trypsinogen), chymotrypsin (chymotrypsinogen), car- 
boxypeptidase A (procarboxypeptidase A), carboxypeptidase B (procarboxypepti- 
dase B), elastase (proelastase), phospholipase (prophospholipase), ribonuclease, 
deoxyribonuclease, pancreatic lipase, and colipase. The digestive enzymes of the 
gut that are made by the enterocytes include enterokinase, sucrase-isomaltase, and 
alkaline phosphatase. To summarize, the significant sources of digestive enzymes 
are the stomach, pancreas, and enterocytes. 

Hormones 

A subsequent section of this chapter details the actions of three hormones of the 
gastrointestinal tract: gastrin, secretin, and r (CCK). (A variety of 
other gut hormones exist, including vasoactive intestinal polypeptide, substance 
P, motilin, neurotensin, gastrin-releasing peptide, somatostatin, and tyrosine-tyro- 
sine.) Gastrin, which is secreted from the G cells located in the antrum of the 
stomach, provokes the parietal cells to secrete gastric acid. When gastric acid 
leaves the stomach and enters the duodenum, it provokes the release of secretin, 
which in turn stimulates the pancreas to release fluid and bicarbonate into the gut. 
Dietary fats or proteins entering the small intestine provoke the release of CCK 
into the bloodstream, which stimulates the pancreas to release enzymes and 
zymogens into the gut. CCK also stimulates the gall bladder to release bile salts 
into the gut. The locations of the specialized cells of the gastrointestinal tract are 
specified in subsequent sections of this chapter. 
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Bile Acids 

Bile acids are acidic compounds containing steroid rings. Common bile acids of 
the body include cholic acid, chenodeoxycholic acid, deoxycholic acid, and litho- 
cholic acid. The general pathway for bile acid synthesis, which occurs in the liver, 
is shown in Figure 2.2. The conversion of cholesterol to 7c~-hydroxycholesterol is 
catalyzed by cholesterol 7(x-hydroxylase. As indicated in Figure 2.2, bile acids may 
be modified by the removal of 7(x-hydroxyl groups by the gut microflora in the 
lumen of the small intestine. Bile acids play an important role in the transport and 
absorption of the products of lipid digestion, as discussed in the section on 
digestion and absorption of lipids. 

Bile acids are easily dissolved in water, and after dissolving in water they can 
be neutralized by adding an alkali, such as sodium bicarbonate or sodium hydrox- 
ide. After neutralization, these compounds no longer occur as an acid. Instead, 
they occur as a salt. Often, discussions regarding the metabolism and function of 
these compounds use the terms bile acid and bile salt interchangeably. 

SECRETION OF DIGESTIVE MATERIALS 

Salivary Glands 

Saliva is secreted by the salivary glands in response to various stimuli. This fluid 
contains (z-amylase, to which lingual lipase is added by the Von Ebner glands of 
the tongue in humans and certain animals (Hof et al., 1997). 

Fundus of the Stomach 

The gastric glands are located in the wall of the fundus of the stomach. As 
illustrated in Figure 2.3, inside each gland are parietal cells, chief cells, and goblet 
cells. Hormone-secreting cells are also present. The chief cells secrete pepsinogen; 
the goblet cells secrete large amounts of mucus. Parietal cells (also called oxyntic 
cells) have a characteristic triangular shape, with the base of the triangle facing the 
bloodstream and the apex facing the lumen of the stomach. These cells secrete a 
solution containing 0.1 N hydrochloric acid and intrinsic factor, a protein required 
for the absorption of vitamin B12. Intrinsic factor is not much damaged by the harsh 
conditions in the stomach. However, the hydrochloric acid causes denaturation of 
most dietary proteins, facilitating attack by various proteases. Proteases catalyze 
the hydrolysis of peptide bonds. The acid also provokes the autoactivation of 
pepsinogen to create pepsin. In other words, upon contact with gastric acid, 
pepsinogen is converted to pepsin. 

Antrum of the Stomach 

Gastrin, a polypeptide hormone, is secreted into the bloodstream from the G cells 
located in the antrum of the stomach. The gastrin travels through the bloodstream 
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Lumen of stomach 

Goblet cells 

Parietal cells 

Chief cells 

Gastric gland 

FIGURE 2.3 The gastric gland. The gastric gland contains cells which serve a variety of 
functions. [Redrawn with permission from Ito and Winchester (1963) and from the Journal 
of Cell Biology, 1963, pp. 543-557. By copyright permission of the Rockefeller University 
Press.] 

to reach the parietal cells of the fundus, and it then stimulates the parietal cells to 
secrete gastric acid. 

Pancreas and Small Intestines 

The pancreas consists of about 82% acinar cells by volume. These cells secrete 
various zymogens and enzymes into the pancreatic duct in a relatively small 
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volume of fluid. The pancreas contains about 3.9% duct cells, which secrete fluid 
and bicarbonate into the pancreatic duct. The acinar and duct cells are exocrine 
cells. The pancreas contains only 1.8% endocrine cells by volume. The endocrine 
cells secrete glucagon and insulin into the bloodstream. Glucagon and insulin are 
small proteins that are hormones. Blood vessels account for about 3.7% of the 
volume of the pancreas. The ionic composition of pancreatic juice is approximately 
120 mM bicarbonate, 140 mM sodium, 70 mM chloride, 5 mM potassium, and 2 
mM calcium with a pH of 7.2-7.4. Generall~ the exocrine cells secrete about 1000 
ml of fluid into the duodenum per day. 

Release of the zymogens into the lumen of the small intestine results in their 
exposure to a new environment. This environment is not acidic (unlike that of the 
stomach), and it contains enterokinase (also called enteropeptidase), a protease 
of the small intestine. Enterokinase is constitutively present (always present) in the 
small intestine. Studies with pig intestines revealed that enterokinase is present 
only in the duodenum, not the jejunum or ileum, and is bound to the outside of 
the enterocyte. Enterokinase catalyzes the cleavage of one specific peptide bond in 
trypsinogen, resulting in its conversion to trypsin. The point of action is between 
one residue of lysine and one of isoleucine, as shown in Figure 2.4. 

Trypsin catalyzes the activation of a variety of other pancreatic enzymes. As 
does enterokinase, trypsin catalyzes hydrolysis of pancreatic zymogens only at 
specific sites. This enzyme cleaves the zymogens at sites immediately following 
residues of arginine and lysine, that is, on the carboxyl side of these amino acids. 
Trypsin catalyzes the activation of trypsinogen, thus amplifying the effect of 
enterokinase. The action of trypsin on trypsinogen is called an autocatalytic reac- 
tion. Trypsin catalyzes the activation of the following pancreatic zymogens: 

Trypsinogen 
Chymotrypsinogen 
Procarboxypeptidase A 
Procarboxypeptidase B 
Proelastase 
Prophospholipase 

When trypsin activates chymotrypsin, it cleaves chymotrypsinogen at the peptide 
bonds between amino acids Arg 15 and Ile 18. The numbers indicate the amino 
acid residue sequence numbers, counting from the N-terminal end of the protein. 

As stated earlier, enterokinase catalyzes the activation of trypsinogen, which 
begins a cascade of events resulting in the activation of all the pancreatic enzymes 

AspmAs p---Asp---Asp---Lys---I le 

T 
Enterokinase 

cleaves at this point 

FIGURE 2.4 Cleavage of trypsinogen by enterokinase. The cleavage is via a hydrolytic 
reaction. 
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enterokinase 

trypsinogen trypsin 

trypsinogen trypsin 

chymotrypsinogen chymotrypsin 
procarboxypeptidase carboxypeptidase 

proelastase elastase 
prophospholipase phospholipase 

FIGURE 2.5 Activation cascade involving digestive enzymes of the small intestine. The 
position of the word "enterokinase" on the first reaction arrow indicates that this enzyme 
activates trypsinogen. 

(Figure 2.5). Such activation schemes, called activation cascades, are encountered 
periodically in biological systems. (Other examples discussed in this book are the 
action of glycogen phosphorylase, the blood clotting cascade, and the MAP kinase 
signaling cascade.) One advantage of an activation cascade is that a small signal 
is amplified into a large response that involves many proteins. Another advantage 
is that the amplification is rapid, i.e., perhaps reaching a maximal rate of activity 
within 20-30 seconds. 

The pancreas also secretes a number of enzymes in active form, including m-amy- 
lase, lipase, deoxyribonuclease (DNase), and ribonuclease (RNase). DNase cata- 
lyzes the hydrolysis of DNA, resulting in the liberation of deoxyadenosine mono- 
phosphate (dAMP), deoxythymidine monophosphate (dTMP), deoxyguanosine 
monophosphate (dGMP), and deoxycytosine monophosphate (dCMP). 

Liver and Gall Bladder 

Bile salts are synthesized in the hepatocyte of the liver, and are released into 
channels called bile canaliculi. These channels lead from their termini in the liver 
to a large vessel called the bile duct that directs the bile salts to the gall bladder for 
storage, and from the gall bladder to the duodenum. 

Before excretion from the liver, most of the bile salts are modified by the 
attachment of glycine or taurine to form conjugated bile salts, as shown in Figure 
2.6. The bonds of attachment resemble peptide bonds because they involve the 
carboxyl group of cholic acid and the amino group of glycine or taurine. The 
conjugated bile salts are formed via the pathway outlined in Figure 2.7. In the first 
step, cholate forms a thiol ester bond with the sulfhydryl group of coenzyme A. 
In this form, the cholate molecule is activated and can react readily with glycine, 
as shown, or with taurine. In the second step, the amino group of glycine attacks 
the thiol ester bond, displacing the molecule of coenzyme A, to form cholylglycine. 
The same enzyme catalyzes the conjugation of either glycine or taurine with the 
bile salts. 
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O 
OH II ~ C m N H m CH2COO- 

ycocholate 

H O ~  ~)H 
0 

OH II , ~ ~ C ' - - N  CH2CH=SO; 

rocholate 

HO ~ OH 

FIGURE 2.6 Glycocholate and taurocholate. Glycocholate contains a molecule of glycine, 
while taurocholate contains a molecule of taurine. 

Let us review some of the conventions used, when talking about enzyme-cata- 
lyzed reactions. The first reaction depicted in Figure 2.7 involves three substrates 
(cholate, HS-CoA, and ATP) and three products (cholyl-S-CoA, AMP, and PPi)- 
The substrates are shown on the left-hand side of the arrows, while the products 
are shown on the right-hand side. ATP is used to drive the reaction, i.e., to make 
it occur in the direction of the arrow. Since consumption of ATP is not the goal of 
this particular reaction, ATP may be called a co-substrate. The abbreviation HS- 
CoA means coenzyme A. Cholate is the ionized form of cholic acid. 

Small Intestine 

Secretin and CCK are secreted by cells of the duodenum, the segment of the small 
intestine directly connected to the stomach. The endocrine cells of the duodenum 
include the I cells and S cells. The I cells secrete CCK, a hormone that enters the 
bloodstream, through which it reaches a variety of organs. Some of these organs, 
such as the stomach, gall bladder, and pancreas, contain CCK receptors on their 
plasma membranes. CCK binds to these receptors and generates a number of 

Cholate + HS-CoA ~ Cholyl-S-CoA ~ Cholyl--glycine (Glycocholate) 
ATP AMP Glycine HS-CoA 

+ PPi 

FIGURE 2.7 Conjugation of glycine with cholate to form g]ycocholate. 
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effects, the nature of which depends on the target cell or organ. The S cells release 
secretin into the bloodstream. The release of secretin from the S cells of the 
duodenum is stimulated by acid entering the duodenum. This acid can take the 
form of a mixture of gastric juice and partially digested food. Secretin enters the 
bloodstream and travels to the pancreas, where it binds to secretin receptors 
located in the plasma membrane of the cells of the pancreatic duct (duct cells) and 
provokes these cells to release bicarbonate and large amounts of fluid into the 
pancreatic duct and, thus, into the duodenum. The bicarbonate neutralizes gastric 
acid. Many of the digestive enzymes of the small intestine require a near-neutral 
pH to be catalytically active. 

Another important hydrolytic enzyme of the gut is acid phosphatase. Like 
enterokinase, it is bound to the enterocyte facing the lumen and is present in the 
duodenum, jejunum, and ileum. Alkaline phosphatase, a zinc metalloenzyme, 
also occurs in the gut. Acid phosphatase and alkaline phosphatase catalyze the 
removal of phosphate groups from a wide variety of compounds in foods, for 
example, sugar phosphates, triose phosphates, nucleotides such as AMP, ADP, and 
ATP, pyrophosphate, and phosphorylated amino acids. A number of sugar and 
triose phosphates are described in the section on glycolysis in Chapter 4. 

Figure 2.8 illustrates the general distribution of some of the hormone-secreting 
cells of the gastrointestinal tract. These cells do not occur in clusters to form visible 
glands but are dispersed among other cells, mainly enterocytes. This situation has 
made it difficult for researchers to elucidate the behavior and functions of these 
cells. This problem is being approached by cloning the hormone-producing cells, 
thus obtaining a population containing only the endocrine cell of interest. Cloning 
may be accomplished by isolating a single cell of interest under a microscope, 
transferring it to a culture medium containing the required nutrients, and allowing 
the cell to replicate, thereby producing a large quantity of identical cells. 

STIMULATION OF THE DIGESTIVE SYSTEM 

Cephalic Phase 

Biochemical and physiological events in the body that are induced by thinking of, 
smelling, tasting, or chewing food belong to the cephalic phase of digestion. The 
term cephalic is derived from the Greek word meaning head, implying involvement 
of the nervous system. The major nerve involved in controlling digestion is the 
vagus, which stimulates the parietal cells to secrete gastric acid. 

Gastrin 

CCK 

Secretin 

I;!:i iii!i]i;;iii ili j iiii]ii!] l 
Jl;ii!;iii!iii;i!;iii!!i!!ili i!iiiiiiiiiiiiiiiii i!iiii!!!iiiiiiiiiiiiiiiii  

_ l . . . .  I I . . . .  I . . . .  1 . . . .  

Fundus Antrum Duodenum Jejunum Ileum Colon 

FIGURE 2.8 Distribution of hormone production over the gastrointestinal tract. 
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In a legendary experiment, Pavlov demonstrated that a dog could be stimulated 
to secrete gastric acid solely by so-called "mental" acts. He demonstrated that the 
sound of a bell could provoke stomach secretions in dogs that had been trained to 
expect food shortly after that sound. Pavlov used the esophageal fistula technique 
to divert food eaten by the dog from its stomach. A fistula created by surgery 
diverts fluid from an organ to the outside of the body. The dog was permitted to 
eat food, but the food contacted neither the stomach nor the intestines. This is 
called a sham meal. Pavlov demonstrated that a sham meal provoked the dog's 
stomach to secrete gastric acid, and also caused secretion of fluids from the 
pancreas into the small intestines. The pancreatic secretions were found to com- 
mence prior to those of the stomach, demonstrating that the pancreatic secretions 
were not caused by those of the stomach. 

Effect of Sham Meals 

The cephalic phase of digestion stimulates only a fraction of the maximum possi- 
ble levels of gastric and pancreatic secretions. This phase does not seem to produce 
a rise in the levels of gastrin and CCK. Cephalic stimulation of the pancreas, as 
mediated by the vagus nerve, provokes release of pancreatic enzymes into the 
small intestine. Cephalic stimulation of the parietal cells, as mediated by the vagus 
nerve, provokes release of gastric acid hnto the lumen of the stomach. In humans, 
the cephalic phase does not seem to result in release of bicarbonate into the lumen 
of the small intestine. 

The most apparent component of the cephalic phase may be the sensation of 
the release of saliva upon smelling or seeing an appealing meal, for example, a 
large steaming turkey moist with aromatic juices. People who like jalepeno pep- 
pers may experience sudden salivary secretions when passing cans of them in a 
grocery store. However, cutting the vagus nerve fibers that lead to the stomach or 
pancreas prevents responses of these organs to sham feeding. This surgical proce- 
dure once was used to minimize the production of gastric acid in patients suffering 
from stomach ulcers. 

Gastric Acid Experiment 

The following experiment describes the release of gastric acid during the cephalic 
phase. The study involved human subjects who volunteered to have a tube in- 
serted into a nostril and pushed down into the stomach, a standard procedure for 
collecting stomach juices. The subjects were instructed to be silent, to discuss 
sports, or to discuss food. Samples were removed at 15-minute intervals during 
the course of the experiment. The concentration of hydrogen ions (H +) in the 
samples was used to calculate the rate of acid release. 

Figure 2.9 illustrates the rate of acid secretion during an initial hour of silence, 
followed by discussions about sports or food. The rate of secretion during the 
silent period is used as the basal rate, that is, the rate occurring with no stimula- 
tion. The black bar in Figure 2.9 indicates the 30-minute period during which the 
discussions occurred. The basal rate of secretion as well as the rates occurring 
during the discussions are recorded in Table 2.1. 
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FIGURE 2.9 Gastric acid release during an hour of silence followed by half-hour discus- 
sions of sports (O) or food (@). The rate of secretion during the silent period is used as the 
basal rate, that is, the rate occurring with no stimulation. The black bar indicates the 30-min 
period during which the discussions occurred. (Redrawn with permission from Feldman 
and Richardson, 1986.) 

Other subjects volunteered for sham feeding (chewing food then spitting it out 
without swallowing). Another group of subjects received an injection of gastrin, a 
polypeptide hormone produced by the G cells of the stomach. This hormone 
causes the parietal cells of the stomach to secrete acid. In all cases, the rate of gastric 
acid production was monitored via samples withdrawn through a stomach tube. 
The results appear in Table 2.1. 

Note that gastrin injection produced the maximal rate of acid output,  followed 
by sham feeding and by talking about food. If the latter responses are to be 
calculated as percentages of this maximum, the basal rate must  be subtracted from 
all three values first. This manipulation is a simple example of the preliminary 
corrections that must  be applied to experimental data before more complicated 
questions can be answered correctly. 

TABLE 2.1 Rate of Gastric Acid Release under Various Conditions 

Rate of gastric 
Stimulus acid release (mmol/hr) 

Basal acid output 4 
Talking about sports 4 
Talking about food 15 
Sham feeding 20 
Injection of gastrin 38 

Source: Feldman and Richardson (1986). 
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Chemical Phase 

Digestion also involves a chemical phase. In this phase, components of food 
directly provoke responses from cells of the gastrointestinal tract. For example, 
dietary protein stimulates the G cells of the stomach to release gastrin into the 
circulatory system. Gastrin returns to the stomach, where it prompts the parietal 
cells to produce gastric acid. Thus, the parietal cells are activated by both nervous 
and hormonal stimulation. The role of gastrin in digestion is revealed in studies 
in which its level is increased indirectly (by eating food) or directly (by injection 
of gastrin). 

The chemical phase of digestion also involves the hormone cholecystokLnin 
(CCK). Dietary fats and proteins elicit the release of CCK from ceils of the intes- 
tines. The versatility of this hormone in digestion is revealed, later in this chapter, 
via studies involving dogs, rats, and humans. These studies address the influence 
of CCK on the release of pancreatic enzymes, bile salts, and pancreatic bicarbonate 
into the lumen of the small intestines. 

MOLECULES I M P O R T A N T  TO D I G E S T I O N  A N D  A B S O R P T I O N  

Gastrin 

Structure 

Human gastrin is a polypeptide hormone containing 34 amino acids (see Figure 
2.10). The N-terminal residue is a cyclized form of glutamic acid called pyroglu- 
tamate, which is represented by the abbreviation GLP (see Figure 2.11). The 
C-terminal residue is an amidated form of phenylalanine. The origin of the amide 
group is a residue of glycine. The formation of amidated polypeptides is described 

G LP--LEU--G LY--PROuGLN--G LY--PRO~PROwHIS--LE U--VAL--ALAmAS P--PRO---SER--LYS - 

LYS-- G LN--GLY--PROmTR P--LEU--GLU--GLU--GLU--G LU--GLU--ALA--TYR--G LY--TRP-- 

MET--ASP--PHE-- NH 2 
Human gastrin 

TYR--I LE--G LN--GLN--ALA--ARG--LYS--ALA--PRO--SER--G LY--ARG--VAL--SE RmMET--ILE-- 

LYS~ASNmLEU--G LN--SER--LEUmASP--PRO~SER--HIS--ARG--ILEmSER--ASP--ARG--ASP-- 

TYR*~MET~G LY~TRP~MET~ASP~PHE--N H 2 

Porcine (pig) CCK 
*(The tyrosine residue contains a sulfate group 
covalently bound to the ring oxygen) 

HIS--SE R--ASP--GLY--THR--PHEmTH R--SE R--G LU--LE U--SE R--ARG--LEU--AR G--AS P--SE R-- 

ALA~ARG--LEU--GLN~ARG--LEU--LE U--GL N~G LY--LE U~VAL~NH z 
Porcine secretin 

FIGURE 2.10 Structures of gut hormones. Gastrin, CCK, and secretin are all polypeptide 
hormones. Each of these hormones contains an amino group at the C terminus. 
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FIGURE 2.11 Structures of pyroglutamate and sulfotyrosine. The occurrence of pyroglu- 
tamate (GLP) and sulfotyrosine, on any particular hormone, would be expected to vary 
from species to species. 

in the section on vitamin C. Several different polypeptide hormones contain 
pyroglutamate at the N terminus and amide groups at the C terminus. 

The sequence of amino acids at the C terminus of gastrin is absolutely required 
for its hormonal action, that is, for transmitting its signal to the target cell. Shorter 
versions of gastrin have the same effect as the 34-amino acid version in provoking 
the release of gastric acid. The C-terminal portion of gastrin controls the destina- 
tion of the hormone by binding to the hormone receptor on the plasma membrane 
of the target cell. The amino acids at the N terminus do not appear to be vital for 
hormonal activity. 

Gastrin occurs naturally in different sizes. In addition to "big gastrin," which 
has 34 amino acids, smaller versions with 17 and 14 amino acids are also present 
in the circulatory system. These versions appear to produce similar biological 
effects. 

EXERCISE 
In Figure 2.10, examine the order of amino acids at the C termini of gastrin and 
cholecystokin. How many amino acids are identical in the two hormones? Are any other 
identical sequences shared by these hormones? These questions are relevant to the concept 
that a number of hormones with different functions are actually part of the same family of 
hormones. A number of proteins, such as various enzymes, hormone receptor proteins, and 
DNA-binding proteins, also share similar primary sequences and thus may be considered 
members of specific families of proteins. 

Gastrin Physiology 

The experiment described in the following section illustrates some of the broad 
properties of gastrin. The study shows that the levels of serum gastrin and stomach 
acid secretion both increase after a meal in a human subject. In isolation, this 
information does not provide evidence that the rise in serum gastrin generates the 
release of gastric acid. Additional evidence is needed to make a firm connection 
between hormonal levels and the behavior of the parietal cells. Therefore, the 
study also includes an experiment of an invasive nature, that is, infusion of gastrin. 
Infusion means a slow injection, perhaps over the course of an hour. 

The experiment also includes a control study in which the subject is infused 
with salt water only. The tests include infusions of low, moderate, and high 
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FIGURE 2.12 Acid secretion and serum gastrin level after a meal. After a human subject 
was given a meal consisting of a hamburger and water, a stomach tube was used to remove 
samples at the times indicated (A). To facilitate removal of samples, the hamburger was 
homogenized in a blender and transferred into the stomach with a tube. Blood samples, 
taken at the times indicated (B), were used to measure gastrin levels. The data suggest that 
the basal level of acid secretion is low compared with the maximal rate (A). However, the 
basal level of serum gastrin is significant compared with the maximal level reached (B). A 
plateau in serum gastrin concentration was reached about 10 min after the hamburger was 
consumed (B). A plateau in the rate of acid release was not reached until 30 min after 
consumption (A). (Reprinted with permission from Blair et al., 1987.) 

concentrations of the hormone. In all cases, consequent changes in serum gastrin 
level and rates of gastric acid release are measured. 

The human subject was given a meal consisting of a hamburger and water. A 
stomach tube was used to remove samples at the times indicated in Figure 2.12A. 
To facilitate removal of samples, the hamburger was homogenized in a blender 
and transferred into the stomach with a tube. Blood samples, taken at the times 
indicated in Figure 2.12B, were used to measure gastrin levels. 

In this experiment, the basal level of acid secretion was low compared with the 
maximal rate (Figure 2.12A). However, the basal level of serum gastrin was sig- 
nificant compared with the maximal level reached (Figure 2.12B). A plateau in 
serum gastrin concentration was reached about 10 min after the hamburger was 
consumed (Figure 2.12B). A plateau in the rate of acid release was not reached until 
30 min after consumption (Figure 2.12A). 

The data presented so far seem to indicate no close relationship between serum 
gastrin concentration and gastric acid release because of the following discrepan- 
cies. First, the basal level of gastrin is about one-third the maximal observed level. 
Nevertheless, the basal level of gastrin does not seem to be associated with a 
significant level of basal acid secretion. In other words, the basal level of gastrin is 
not extremely far below the maximal level, but the basal level of acid secretion is 
very far below the maximal level. Second, the rate of acid release continues to 
increase when the concentration of serum gastrin does not increase (30-45 min- 
utes). Therefore, it does not seem possible to draw firm conclusions from these 
data. 
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FIGURE 2.13 Serum gastrin level and acid secretion during infusions. The researchers 
measured serum gastrin during the gastrin infusion to confirm that gastrin levels did in 
fact increase (A). An increased rate of stomach acid production occurred in response to the 
elevated levels of plasma gastrin (B). (Redrawn with permission from Blair et al., 1987.) 

However, the data presented in Figure 2.13 and Table 2.1 directly address the 
relationship between gastrin and acid secretion, and indicate that the hormone 
does provoke gastric acid production. A human subject was infused with saline 
over a period of 45 minutes, and subsequently was infused with low, moderate, 
and high concentrations of gastrin, each for a 45-minute period (Figure 2.13A). 
During saline infusion, the concentration of serum gastrin remained at the basal 
level. However, progressively higher concentrations were detected as higher con- 
centrations of gastrin were infused (Figure 2.13). These data demonstrate that the 
researchers did not simply assume that gastrin infused at higher concentrations 
would lead to higher concentrations in the bloodstream, but actually measured the 
resultant levels. Figure 2.13B shows that the rate of acid release increased in a 
progressive manner with increasing levels of serum gastrin. 

EXERCISE 
During the infusion of gastrin (Figure 2.13A), did the level of serum gastrin rise above the 
maximal level obtained after feeding (Figure 2.12B)? In evaluating any study in which 
hormones or metabolites are introduced into an animal or cell culture medium, the concen- 
trations used should be compared with those that occur in nature. One reason for this 
precaution is that secondary effects may take place when the introduced chemical is at 
supranormal levels. An effect generated by such supranormal levels is called a pharma- 
cologic effect, even if the chemical occurs naturally in the body and is not a drug. 

Reaching firm conclusions about the effects of hormones requires several re- 
lated experiments, some with living animals and others with simpler systems. 
These systems, in order of decreasing complexity, include isolated organs, cells in 
tissue culture, isolated cell membranes or organelles, and purified enzymes. 
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FIGURE 2.14 Feedback inhibition. 
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Gastrin affects the motility, or movement, of the stomach and appears to cause 
the chief cells to secrete pepsin. However, the chief cells respond to a number of 
different stimuli, and no single stimulant has been found to be of primary impor- 
tance. 

Feedback Control of Release 

The feedback control loop, depicted in Figure 2.14, normally prevents the release 
of excessive amounts of gastric acid into the lumen. The sequence involves three 
steps. First, gastrin is released from the G cells in response to stimulation by 
dietary peptides and amino acids. The vagus nerve also may stimulate the G cells 
to release gastrin; however, studies have shown that serum gastrin levels may or 
may not increase during sham feeding. Distention of the stomach by food also 
provokes the release of gastrin. Second, increased levels of gastrin in the blood- 
stream induce the parietal cells to release gastric acid (0.1 N HC1) into the lumen 
of the stomach. The pH of 0.1 N HC1 is 1.0, so release of the acid into the lumen 
may bring the pH of the contents of the stomach to as low as 2.0. Third, the 
presence of strong acid in the lumen of the stomach inhibits the release of gastrin 
by the G cells. This inhibition represents the completion of the feedback loop. 
Gastrin secretion begins to be inhibited when the pH in the lumen falls to 3.0-3.5. 
Secretion is inhibited completely when the pH falls to 1.5. 

Chronic Presence and Chronic Absence of Gastrin 

In addition to its hormonal effect in provoking acid secretion, gastrin is a growth 
hormone. Gastrin can provoke the growth of parietal cells, as well as other cells 
that bear the gastrin receptor in their plasma membrane. Chronic elevation of 
gastrin may occur, in humans, in a disease called pernicious anemia. This disease 
results in the destruction of the parietal cells. How could the body's destruction of 
its own parietal cells be connected somehow to elevated gastrin? The consequent 
lack of stomach acid interrupts the normal feedback loop for gastrin secretion. 
With the feedback loop no longer operating, the result is continual secretion of 
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gastrin by the G cells of the stomach, a condition which very occasionally promotes 
certain types of stomach cancers (Koh et al., 1997). 

The role of gastrin for maintaining the health of the parietal cells was revealed 
in patients who had the antnm~ of their stomachs surgically removed. The result, 
in some cases, is atrophy of the parietal cells. A way of reducing gastrin levels, 
other than cutting out tissue bearing the G cells, is by creating an animal lacking 
the gene coding for gastrin. Using standard genetic techniques, "knockout mice" 
lacking this gene were prepared. Surprisingly, these mice lived and thrived. How- 
ever, in the context of this chapter, the important point is that the population of 
parietal cells dropped by about 35%, and the mice's stomachs were less acidic (Koh 
et al., 1997). 

Questions to Ask of All Hormones 

An excess or absence of gastrin is not one of the major health issues facing our 
population. However, the preceding examples begin to illustrate concepts that can 
be applied to all hormones: Does the hormone have more than one type of 
influence on target cells? Does it have secondary effects? Can we learn of new 
targets of the hormone by identifying cells that bear the hormone's receptor? Is 
complete absence of the hormone compatible with life? Which regulatory systems 
take over and compensate for complete absence of the hormone? 

Pepsin 

Structure 

The chief cells secrete pepsinogen, a moderately sized zymogen protein with a 
molecular weight of 40,400. Pepsin, an enzyme with a molecular weight of 32,700, 
is formed in the acidic environment of the stomach when pepsinogen loses its 
activation peptides. These activation peptides range in length from three to six, or 
even more, amino acids. (The term peptide is sometimes used when referring to 
small polypeptides.) As is the case with most secretory proteins, pepsinogen 
initially contains a signal sequence or signal peptide that is removed during 
conversion to pepsinogen, as shown in Figure 2.15. Further conversion to pepsin 
requires removal of additional peptides, which explains the lower molecular 
weight of the active enzyme. 

Signal peptide 
J 

Pre-pepsinogen / ~- Pepsinogen 
(synthesized on (in secretory 

endoplasmic reticulum) vesicles) 

Activation peptides 

Pepsinogen 9__ Pepsin 
(in lumen of stomach) (in lumen of stomach) 

FIGURE 2.15 Maturation and activation of pepsin. 
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Action of Pepsin 

As is true of all proteases, pepsin catalyzes the hydrolysis of peptide bonds. Pepsin 
tends to recognize a specific family of peptide bonds, namely those occurring 
between lipophilic amino acids. These amino acids, which frequently occupy the 
interior or core of proteins, are exposed under  the denaturing conditions of the 
stomach. The products of the pepsin-catalyzed reactions generally are partially 
digested proteins and polypeptides rather than free amino acids. 

The activation of pepsinogen is thought to occur by two different mechanisms: 
intramolecular, in which the zymogen acts on itself to generate pepsin, and inter- 
molecular, in which one molecule of pepsin acts on a molecule of pepsinogen to 
convert it to pepsin. 

The experiment depicted in Figure 2.16 used purified preparations of enzymes 
to illustrate the course of generation of pepsin over a period of I hour. At the time 
indicated by "0 seconds," the solution was neutral (pH 7.0). Then acid was added 
to yield a mildly acidic solution (pH 4.0). In the experiment illustrated by the 
upper  curve, acid was added at time 0 to a solution of pepsinogen. Following a 
delay of about 800 seconds, increasing amounts of pepsin were generated, illus- 
trating an intramolecular reaction facilitated by the addition of acid. In the experi- 
ment depicted by the lower curve, acid was added at time 0 to a solution of 
pepsinogen that contained a small amount  of pepsin. The presence of pepsin 
generated an immediate production of more pepsin, without the 800-second delay. 
The lower curve illustrates the effect of the intermolecular mechanism of pepsino- 
gen activation. 

The gastric phase of protein digestion is not absolutely required for health. 
Patients lacking gastric function because of a gastrectomy (surgical removal of the 
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FIGURE 2.16 Activation of purified pepsinogen after acidification. In the upper curve, 
acid was added at time zero to a solution of pepsinogen. Following a delay of about 800 
sec, increasing amounts of pepsin were generated, illustrating an intramolecular reaction 
provoked by the addition of acid. In the experiment depicted by the lower curve, acid was 
added at time zero to a solution of pepsinogen containing a small amount of pepsin. The 
presence of pepsin provoked an immediate production of more pepsin, without the 800-sec 
delay. The lower curve illustrates the effect of the intermolecular means of pepsinogen 
activation. (Redrawn with permission from McPhie, 1972.) 
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stomach) or because of pernicious anemia often still can digest and utilize dietary 
proteins adequately. 

Cholecystokinin 
Structure 

CCK is a gut hormone synthesized by the I cells of the small intestine. This 
hormone occurs in a variety of sizes: versions of 58, 39, 33, and 8 amino acids are 
found in the bloodstream. Whether the slight differences in effects of larger or 
smaller versions of CCK are physiologically important has not been clearly estab- 
lished. Because of its chemical simplicity, the 8-amino acid version has been used 
in many research studies. 

Effect of Cholecystokinin on the Gall Bladder 

CCK stimulates the gall bladder to contract, thereby discharging the bile salts 
stored inside through the bile duct to enter the duodenum. Bile salts are required 
for digestion and efficient absorption of dietary fats. Bile salts also are required for 
the efficient absorption of the fat-soluble vitamins. 

The effect of CCK on the gall bladder was demonstrated by the study on dogs 
outlined in Figures 2.17, 2.18, and 2.19. The effects of food on plasma CCK levels 
and on the volume of the gall bladder were measured. A decrease in gall bladder 
volume means that the contents of the organ are being released into the duode- 
num. During the control period, the dog was fed saline (Figure 2.17). During one 
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FIGURE 2.17 Gall bladder volume and plasma CCK after saline feeding. The control 
animal, a dog fed saline, was fed by a tube leading to the duodenum. The volume of the 
gall bladder was measured by surgically implanting another tube into that organ. This tube 
was used to suck out the gall bladder contents to measure its volume and to replace the 
contents. The results show that neither the level of plasma CCK (A) nor the gall bladder 
volume (@) changed over the course of the study. The black bar indicates the feeding 
interval. (Redrawn with permission from Shiratori et al., 1986.) 
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FIGURE 2.18 Gall bladder volume and plasma CCK after corn oil feeding. The gall 
bladder volume (@) decreased promptly after corn oil feeding. Plasma CCK levels (A) 
increased from a basal level of 7 pM to about 20 pM with feeding. This result demonstrates 
an association with contraction of the gall bladder, but does not imply any causal effect. 
(Redrawn with permission from Shiratori et al., 1986.) 

experimental period, the dog was fed corn oil (Figure 2.18). In other experiments, 
the dog was fed corn oil but was also infused with a solution with or without 
antibodies to CCK (Figure 2.19). The antibody to CCK recognizes the hormone in 
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FIGURE 2.19 Gall bladder volume after corn oil feeding. The decrease in gall bladder 
volume is shown after the dog was fed corn oil (@) or fed corn oil and infused with the 
anti-CCK antibody (O). The use of antibodies prevented the contraction of the gall bladder. 
This result strongly implicates CCK as a hormone that provokes the release of bile salts 
during feeding. (Redrawn with permission from Shiratori et al., 1986.) 
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the bloodstream and binds tightly to it, thereby preventing it from exerting any 
biological effect. 

Figure 2.17 shows results from the control animal (the dog fed saline). Feeding 
was by a tube leading to the duodenum. The volume of the gall bladder was 
measured by surgically implanting another tube into that organ. This tube was 
used to suck out the gall bladder contents for measuring its volume, and to replace 
the contents. The results show that neither the level of plasma CCK nor the gall 
bladder volume changed over the course of the study. The black bar indicates the 
feeding interval. 

Figure 2.18 shows the results from corn oil feeding. In this experiment, the gall 
bladder volume decreased promptly after the meal. Plasma CCK levels increased 
from a basal level of 7 pM to about 20 pM with feeding. This result demonstrates 
an association with contraction of the gall bladder but does not prove any causal 
effect. These picomolar levels of hormone might be compared with those of 
glucagon and insulin, about 50 pM, and that of plasma glucose, 100 million times 
greater (5 mM). 

Figure 2.19 shows the decrease in gall bladder volume when the dog was fed 
corn oil or fed corn oil and infused with the anti-CCK antibody. The dog was fed 
corn oil to provoke an increase in plasma CCK, but the antibody prevented the 
effect of the hormone, that is, prevented contraction of the gall bladder. This result 
strongly implicates CCK as a hormone that provokes the release of bile salts during 
feeding. An antibody used in this way is a powerful tool for proving that one 
specific hormone has a specific effect in the body. 

A species difference should be pointed out. CCK does not provoke gall bladder 
contraction in rats, since rats do not have gall bladders. The rat liver, however, does 
release bile salt into the duodenum. The rat probably lacks a gall bladder because 
it tends to nibble its food slowly over the course of a night. The dog, on the other 
hand, "wolfs" its food and needs a big supply of bile salts to contend with the 
sudden entry of fat into the gut. 

Effect of Cholecystokinin on the Pancreas 

CCK stimulates the release of pancreatic enzymes into the duodenum, including 
those used for hydrolysis of fats (lipase and colipase), phospholipids (phospholi- 
pase), starches (amylase), proteins (various zymogens), and nucleic acids. These 
proteins are made and stored in the acinar cells of the pancreas. The acinar cells 
are arranged in a clump (resembling a bunch of grapes) surrounding one end of a 
duct. The other end of the duct leaves the pancreas and joins many similar ducts 
to form a large collecting duct, which in turn leads, via the ampulla of Vater, to 
the duodenum. 

The effect of CCK in inducing the exocrine pancreas to release enzymes is 
revealed by the following experiment with rats. Infusion of CCK into the rat is 
shown to elicit release of a zymogen from the pancreatic duct. Figure 2.20 depicts 
the rate of release of trypsinogen before and after an infusion of the octapeptide 
version of CCK (CCK-8). The results demonstrate a prompt increase in the rate of 
zymogen release with CCK-8 infusion. Other data, not shown, demonstrated that 
amylase was also released, simultaneously with trypsinogen. The hormone infu- 
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FIGURE 2.20 Rate of trypsinogen release from the pancreas before and after infusion of 
CCK-8. The interval of hormone infusion is indicated by the black bar. The results demon- 
strate a prompt increase in the rate of zymogen release with CCK-8 infusion. (Redrawn 
with permission from Folsch et al., 1987.) 

sion was sufficient to raise the plasma CCK concentration from a basal level of 
about 5 pM to about 30 pM. 

CCK also acts as a growth hormone. It can stimulate the growth of the pancreas. 
Studies with rats revealed that feeding high-protein diets provoked an increase in 
size of the pancreas, and an increase in output of digestive enzymes. These changes 
are thought to be due mainly to increases in plasma CCK (Logsdon, 1995). 

EXERCISE 
The data in Figure 2.20 indicate that, with prolonged infusion of CCK, trypsinogen levels 
decline to the basal level. This drop may cause some concern, since the text states that CCK 
provokes trypsinogen release. Propose one or two possible reasons for the decline in 
zymogen output. 

Effect of Cholecystokinin on Bicarbonate Release by the Pancreas 

CCK also stimulates the release of sodium bicarbonate and large amounts of fluid 
from cells of the pancreatic duct. These epithelial cells line the lumen of the duct. 
The bicarbonate neutralizes gastric acid entering the duodenum through the py- 
lorus. The effect of CCK on the duct cells is described later in this chapter. 

Effect of Cholecystokinin on the Stomach 

CCK influences gastric motili~, movements of the gastrohn.testinai tract that influ- 
ence the passage of food. CCK stimulates contraction of the pyloric sphincter or 
pylorus. A sphincter is a ring of muscles that controls the rate of passage of 
material through an opening or channel in the body. The pylorus is located at the 
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junction between the stomach and the duodenum. The effect of CCK on the 
pylorus is part of a feedback regulatory system involving four steps: (1) dietary 
protein and fat enter the duodenum; (2) this food stimulates the release of CCK 
into the bloodstream; (3) CCK levels are elevated in the bloodstream; and (4) CCK 
causes the pylorus to close, thus controlling or limiting the rate of passage of food 
from the stomach into the small intestine. 

Effect of Cholecystokinin on the Brain 

CCK acts on the brain to control the appetite. Most studies involving CCK and 
eating behavior show that increases in the plasma levels of CCK are closely 
associated with satiety. CCK is concentrated in specific regions in the brain, where 
it acts locally. The term locally in this instance means that the hormone is produced 
by the brain and acts only in the brain. Further details on appetite physiology 
appear in the Obesity chapter. 

Secretin 

Structure 

Secretin, a polypeptide hormone of 27 amino acids, occurs in only one form, not 
in large and small versions. 

Effect of Secretin on the Duct Cells 

Secretin enters the bloodstream and travels to the pancreas, where it stimulates the 
duct cells to release bicarbonate and large volumes of fluid into the pancreatic 
duct. The duct cells are located in the walls of the pancreatic duct. This duct leads 
from the acinar cells of the pancreas to the ampulla of Vater. The bicarbonate 
neutralizes the gastric acid entering the duodenum, providing an environment 
suitable for the functioning of enzymes and absorptive processes that require a 
neutral pH. 

Elucidation of the function of secretin has been particularly difficult, because 
clear and consistent increases in the concentration of plasma secretin generally do 
not occur after feeding. Several studies have shown that plasma secretin levels 
increase only slightl~ and sometimes only sporadically in spikes, after a meal. 

The following study illustrates the slight changes in plasma secretin after a 
meal. Human subjects consumed a liquid meal consisting of 20 g protein, 20 g fat, 
and 80 g carbohydrate in a volume of 400 ml. The meal was consumed at the time 
indicated by the arrow in Figure 2.21 (0 min). As shown, subsequent changes in 
the concentration of plasma secretin were only slight compared with the increases 
of plasma CCK. Figure 2.21 also shows the rate of appearance of trypsin in the 
duodenum. Recall that the release of trypsinogen from the pancreas is prompted 
by CCK, not by secretin. 

The function of secretin has been difficult to establish for a second reason. 
Research has indicated that the effects of secretin on the pancreas require the 
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FIGURE 2.21 Trypsin output (A), secretin (O), and CCK (@) plasma levels after meal. 
Human subjects consumed a liquid meal consisting of 20 g protein, 20 g fat, and '80 g 
carbohydrate in a volume of 400 ml. The meal was consumed at the time indicated by the 
arrow (0 min). As shown, subsequent changes in the concentration of plasma secretin were 
only slight compared with the increase of plasma CCK. Also shown is the rate of appear- 
ance of trypsin in the duodenum. [Redrawn with permission from Beglinger et al. (1985) 
and the Journal o/Clinical Investigation, 1985, pp. 1471-1476. By copyright permission of the 
American Society for Clinical Investigation.] 

presence of CCK. The two hormones appear to act synergisticall~ that is, the effect 
of secretin is potentiated by CCK, as shown by the data in Figure 2.22. This study 
involved human subjects infused with saline or with hormones. 

Secretin is thought to influence the motility of the gastrointestinal tract. Experi- 
ments with humans have demonstrated that infusions can inhibit emptying of the 
stomach. This effect may represent a feedback loop in which gastric acid gives rise 
to the release of secretin and secretin prevents stomach emptying. Prevention of 
stomach emptying would decrease the rate of entry of gastric acid into the small 
intestine. A lower rate of entry of gastric acid into the duodenum would result in 
less stimulation of the S cells. 

Intrinsic Factor 

The function of intrinsic factor is to allow the absorption of vitamin B12. The 
vitamin B12 liberated from dietary proteins during cooking, or in the harsh condi- 
tions of the stomach, binds tightly to the intrinsic factor that is secreted by the 
stomach. Although intrinsic factor is a protein, its complex with vitamin B12 
remains intact and is not broken down by the potentially denaturing effects of 
gastric acid or by the presence of pepsin. The complex enters the small intestine 
and travels through the duodenum and jejunum to the ileum, as  illustrated in 
Figure 2.23. In the ileum, the vitamin is released from the intrinsic factor. Here, 
vitamin B12 is absorbed by the gut cell and enters the bloodstream, where it binds 
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FIGURE 2.22 Rate of bicarbonate production with different hormonal stimulations. The numbers 
designate control subjects infused with saline (1) and experimental subjects infused with CCK only 
(2), secretin only (3), and both CCK and secretin (4). The results reveal that bicarbonate output was 
maximal with infusion of both hormones (4). The rate of bicarbonate release with both hormones (4) 
was greater than the sum of the rates released with each of the two hormones alone (2,3). This effect 
is called synergism, the cooperative effect of two or more stimuli. (Redrawn with permission from You 
e t  al. , 1983.) 
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FIGURE 2.23 The absorption of vitamin B12, an event dependent on intrinsic factor. The absorption 
of vitamin B12 from the gut and its delivery to various cells of the body involves the following steps. 
(1) Vitamin B12 is liberated from meat. (2) Intrinsic factor is secreted from parietal cells in the stomach. 
(3) A tight complex between intrinsic factor and the vitamin is formed. (4) The complex travels to the 
ileum, where the vitamin dissociates from the intrinsic factor at the membrane of the enterocyte. (5) 
Transcobalamin, a protein circulating in the blood, forms a complex with the vitamin. (6) The complex 
travels to various organs, diffuses from the capillary to the plasma membrane of a cell, and is bound 
by receptor proteins. The complex is then taken into the cell by endocytosis. 
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to another protein, transcobalamin II. The complex of vitamin B12 and transco- 
balamin circulates in the bloodstream to be absorbed by various organs of the 
body. 

Absorption of this complex involves binding to a specific receptor protein lo- 
cated in the plasma membrane of a cell. A large complex is formed, and this 
complex is composed of vitamin B!2, transcobalamin, and the receptor. The large 
complex is engulfed (enclosed in a formed pocket) by an invagination of the plasma 
membrane of the cell, resulting in generation of a vesicle within the cell. This 
process, which results in transport of a molecule into a cell, is called endocytosis. 
The vesicle containing the vitamin B12 complex fuses with a lysosome in the cell. 
This fusion results in delivery of the contents of the vesicle to the interior of the 
lysosome. Lysosomes, small organelles that contain a number of digestive enzymes 
in an acidic environment, resemble tiny stomachs. The enzymes liberate the vita- 
min from the complex, permitting movement of the vitamin from. the interior of the 
lysosome to the cytoplasm. Vitamin B12 appears to be unique among most of the 
nutrients of the diet, because it is taken up by the process of endocytosis. 

Defects in the parietal cells can result in a lack of production of intrinsic factor 
and thus in failure of vitamin B12 to be absorbed by the gut. Such defects occur in 
the disease pernicious anemia, in which the parietal cell becomes a target of anti- 
bodies produced by the body. These antibodies may recognize and bind to various 
proteins of the parietal cell, including intrinsic factor, resulting in destruction of the 
cell. The major purpose of the immune system is to produce antibodies that recog- 
nize and bind to infecting agents, such as bacteria, protozoans, and viruses. The 
binding of the antibody to the infecting agent generally is followed by phagocytosis 
by a white blood cell and digestion of the complex. However, in an autoimmune 
disease such as pernicious anemia antibodies bind to normal components of the 
body. Pernicious anemia also results in a failure to produce gastric acid. 

A species difference should be noted. Intrinsic factor is produced by the parietal 
cells in humans, rabbits, cats, monkeys, and guinea pigs, but by the chief cells and 
parietal cells in rats, and by mucous cells and parietal cells in hogs. 

Gastric Acid 

Production by the Parietal Cell 

Figure 2.24 shows a parietal cell in the resting state and in the secreting state. Note 
the somewhat triangular shape of the cell. In the nonsecreting state, the cell 
contains many vesicles, each of which contains proton pumps. These proton 
pumps, located in the membranes of the vesicles, are the "molecular engines" used 
to deliver acid into the lumen of the stomach. However, they are not active while 
they reside in vesicles within the cell. 

When the parietal cells are stimulated by gastrin, the round and oval tubu- 
lovesicles fuse with that part of the plasma membrane of the cell that faces the 
stomach lumen (the apical side). The vesicles do not fuse with the opposite side of 
the cell (the basolateral side). The direction of migration and fusion of the vesicles 
is controlled by structural proteins in the cell that make up the cytoskeleton. 
Fusion of the vesicles inserts the proton pumps into the plasma membrane. In the 
secreting state (Figure 2.24, right), the cell contains few vesicles. Most have been 
inserted into the plasma membrane, increasing its surface area by about tenfold 
and activating the proton pumps. 
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FIGURE 2.24 The parietal cell in its nonsecreting and secreting states. Note the somewhat 
triangular shape of the cell. In the nonsecreting state, the cell contains many vesicles, each 
of which contains proton pumps. These proton pumps, located in the membranes of the 
vesicles, are the "molecular engines" used to deliver acid into the lumen of the stomach. 

After the stomach has reached a sufficiently low pH to denature food proteins 
and to allow the full activity of pepsin, the proton pumps are retrieved from the 
plasma membrane. This retrieval occurs in the same manner as the process of 
endocytosis, except that membrane-bound proteins rather than the soluble con- 
tents in the interior of the vesicles are being retrieved. In short, parts of the plasma 
membrane bud off, reforming the tubulovesicles. 

Ion Exchange and Transport Systems of the Tubulovesicles and Plasma Membrane 
Figure 2.25 illustrates some of the changes in the nature of the plasma membrane 
that result from fusion with tubulovesicles. These vesicles contain a protein that 
mediates exchange of protons with potassium ions. The overall goal, following the 
fusion event, is secretion of protons into the lumen of the stomach. Without fusion, 
exchange within the isolated vesicle can accomplish nothing of value. The plasma 
membrane contains a potassium chloride transport system that permits potassium 
cations and chloride anions to leave the cell and enter the lumen of the stomach. 
Before the vesicles fuse with the plasma membrane, the KC1 transport system has 
no noticeable effect. However, fusion with the plasma membrane inserts the 
proton/potassium exchanging mechanism into the plasma membrane and com- 
pletes the assembly of the gastric acid pump. 

The four steps that occur during gastric acid production are outlined in Figure 
2.26. The goal is the secretion of HC1, a strong acid. Step 1 shows the membrane- 
bound protein that facilitates the release of protons from the cell. Transport of 
protons from the cell is potentially difficult, because their concentration in the cell 
is very low (about 10 -7 M). The secreted fluid has a proton concentration that is 
about one million times higher, 10 -1 M (i.e., pH 1.0). 

Step 2 shows an exchange of protons for potassium ions. This exchange main- 
tains the electroneutrality of the cell. For every positively charged ion leaving the 
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FIGURE 2.25 Mechanism of gastric acid synthesis. (Left) A proton pump exchanging 
protons for potassium ions in the membrane of a vesicle. Also shown is a mechanism for 
transporting potassium chloride. (Center) The vesicle begins to fuse with the plasma mem- 
brane. (Right) The completed mechanism for producing gastric acid. The net effect is the 
secretion of HCI while potassium ions are recycled in and out of the cell. 

cell, a positively charged ion enters the cell. Living cells cannot achieve a net 
secretion of only positively charged ions to any great extent; however, they can 
easily achieve the exchange of one cation for another. The exchange of H + for K + 
is catalyzed by a membrane-bound protein called H,K-ATPase that catalyzes the 
transfer of two potassium ions and two protons for each molecule of ATP hydro- 
lyzed to ADP and inorganic phosphate. 

The mechanism of Step 2 indicates that extracellular potassium ions are re- 
quired for acid secretion. Food is a reliable source of potassium ions; however, a 
basal level of acid secretion may occur in the absence of food and the cephalic 
phase can result in acid secretion in the absence of food. Therefore, the cell must  
supply its own potassium ions, as shown in Step 3. 

To maintain electroneutrality during potassium secretion, the ion transport 
mechanism involves co-transport of K + and Cl-, as shown in Step 4. Details of the 

H + H + K + 

Step 1 ~ Step 
/ ~  Cytosol 2 

H + H + K + 

H + K + K: + H + K + K + CI- 

Step 3 Step 4 

H + K* K + H + K + K § CI- 

FIGURE 2.26 Mechanism of acid secretion explained in four steps of increasing complex- 
ity. These events take place at the plasma membrane of an acid-producing cell. Separation 
of these events into four steps is intended to facilitate understanding of acid secretion and 
is not related to any physiological sequence of events. (1) The H,K-ATPase is shown 
secreting H § (2) The H,K-ATPase exchanges H § for K § (3) The KC1 transporter secretes K § 
(4) The KC1 transporter secretes K § and C1, thus allowing the secretion of HC1 and the 
recycling of potassium ions. 
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mechanism depicted for production of gastric acid remain to be proven. Acid can 
be produced by a number of other cells, including those used for the acidification 
of urine. Acid is produced within the lysosome. The mechanisms for production 
of acid in other cells may be different from the one shown here for the production 
of gastric acid. 

Source of Protons and Chloride Ions 
The mechanism presented for gastric acid production did not reveal the source of 
protons and chloride ions. Continued production of gastric acid by this mecha- 
nism would result in depletion of the chloride ions in the cell and alkalinization 
of the cell because of the loss of protons. Figure 2.27 shows that the source of 
chloride ions is the bloodstream and the source of protons is carbonic acid, H2CO 3. 
As detailed in a later section, carbonic acid is produced by the action of carbonic 
anhydrase, the enzyme that catalyzes the reversible condensation of a molecule of 
water with a molecule of carbon dioxide. Carbonic acid ionizes to produce a 

Side of cell facing the 
lumen of the stomach 
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FIGURE 2.27 The parietal cell in the acid-producing state. The large circles represent 
membrane-bound proteins. The apical membrane contains the H,K-ATPase and the KC1 
transporter shown in Figure 2.26. Also shown is cytoplasmic carbonic anhydrase and the 
chloride-bicarbonate exchanger in the basal membrane of the cell. The terms "apical" and 
"basal" refer to opposite sides of the plasma membrane of epithelial cells. 
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proton and a bicarbonate anion, HCO 3. Figure 2.27 shows that the exchange of 
chloride anions for bicarbonate anions serves two purposes: (1) it brings chloride 
ions into the cell from the bloodstream for use in the secretion of HC1, and (2) it 
eliminates bicarbonate ions, a byproduct of acid production, from the cell. The 
overall process of acid production is driven in part by the proton pump. The 
activity of the proton pump, also called H,K-ATPase, is driven by hydrolysis of 
ATP to ADP and inorganic phosphate. 

Proton Pump and Treatment of Gastric Ulcers 
Gastric ulcer formation may be precipitated by overproduction of gastric acid. It 
was the practice in the past to treat gastric ulcers by altering the diet; however, the 
pharmacological approach is far more effective, i.e., use of omeprazole, cimetidine, 
and other drugs (Garner et al., 1996). Omeprazole is a heterocyclic compound that 
binds tightly to H,K-ATPase, inhibiting its activity and preventing the cell from 
secreting gastric acid. The use of this drug results in healing of the ulcers and 
disappearance of pain in human patients. The experiment depicted in Figure 2.28 
brings into sharper focus the role of H,K-ATPase in the secretion of gastric acid. 

Any account of gastric ulcers should mention the fact that colonization of the 
stomach by the bacterium Helicobacter pylori is a contributing factor to many ulcers. 
This organism lives below the layer of mucus that covers the gastric mucosa. 
Hence, gastric ulcers are often treated and healed by simultaneous therapy with 
omeprazole and an antibiotic (Harris and Misiewicz, 1996). 
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FIGURE 2.28 Gastric acid production after gastrin injection only (@) and gastrin, with 
subsequent omeprazole injection(O). Gastrin was injected into two groups of dogs at the 
time indicated by 0 min; the rate of output of gastric acid was measured at subsequent 
intervals. Gastric acid production appeared to be maximal within I hr of the injection. The 
first group served as the control and did not receive omeprazole. The second group 
received omeprazole at 90 min. Gastric acid production continued on a plateau in the 
control group, but promptly ceased in the drug-treated animals. (Redrawn with permission 
from De Graf and Woussen-Colle, 1986.) 
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DIGESTION AND ABSORPTION OF PROTEINS 

General 

The initial steps in the assimilation of dietary proteins include homogenization of 
food by chewing, denaturation of proteins under the acidic conditions of the 
stomach, and partial digestion of proteins by pepsin. The appearance of proteins 
and peptides in the duodenum stimulates release of CCK into the bloodstream, 
which in turn provokes the pancreas to release a variety of zymogens into the small 
intestine. The secretions of the stomach and pancreas are also under the control of 
the vagus nerve. The proteases are activated by a cascade initiated by enterokinase. 
These proteases catalyze further hydrolysis of the dietary proteins, resulting in a 
mixture consisting of about 50% free amino acids and 50% oligopeptides from two 
to eight amino acids in length. 

Both pepsin and gastric acid are required for the digestion of dietary proteins in 
the stomach. Gastric acid is required for activation of pepsin. It also denatures 
proteins, facilitating their hydrolysis by pepsin. (Cooking also denatures dietary 
proteins and aids their subsequent enzymatic hydrolysis in the body.) Protein diges- 
tion and proteolysis are terms that mean the hydrolysis (cleaving) of the peptide 
bonds of a protein. Partial hydrolysis yields various polypeptides; complete hy- 
drolysis yields the component amino acids. Denaturation and hydrolysis also re- 
lease vitamins and minerals that may be bound tightly to dietary proteins. 

Stomach enzymes produce partial digestion of dietary proteins, significant di- 
gestion of dietary fats, and little digestion of carbohydrates. Pepsin, the protease of 
the stomach, is not specific in its site of action. The acidic conditions in the stomach 
facilitate the hydrolytic activity of pepsin. Pepsin catalyzes the partial digestion of 
proteins by cleaving them at a variety of amino acid residues. Trypsin, on the other 
hand, is quite specific. This enzyme cleaves the zymogens secreted by the pancreas 
at residues of arginine and lysine, and cleaves dietary proteins at arginine and 
lysine as well. Chymotrypsin cleaves proteins at aromatic acid residues. 

Elastase is not very specific. It cleaves peptide bonds between a variety of amino 
adds, although it may prefer to act on amino acids with a small uncharged R group, 
such as glycine, alanine, valine, and phenylalanine. Elastin is a protein of the 
extracellular matrix that gives tissues its elastic quality. This extracellular protein is 
distinguished in that it contains cross-links joining different polypeptide chains, 
and that the protein is extremely lipophilic. The cross-linking and lipophilic amino 
acids causes elastin to resist the action of most proteases (Mecham et al., 1997). 

EXERCISE 
An infant was diagnosed as having a deficiency in enterokinase; the gut was not making 
the enzyme. Please guess the outward symptoms of this disease and devise a treatment. 
The patient and treatment are described in Haworth et al. (1975). 

Peptide and Amino Acid Absorption 

A small fraction of the polypeptides contacting the brush border of the small 
intestine is hydrolyzed by membrane-bound enzymes attached to the outside of 
the enterocyte. Although a variety of peptidases are bound to the brush border, the 
most abundant is aminopeptidase N, which catalyzes the hydrolysis of amino 
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acids from the N terminus of short polypeptides. This hydrolysis is followed by 
absorption of the amino acids. A larger fraction of the polypeptides is transported 
intact into the enterocyte, where complete hydrolysis to free amino acids occurs. 
Dietary proteins enter the circulation as free amino acids, but also as short pep- 
tides. 

Different transport systems are used for the uptake of free amino acids and 
peptides. In the case of the four amino acid transport systems, transport of the 
amino acid is coupled with transport of an atom of sodium, that is, entry of the 
amino acid into a cell requires the co-transport of sodium. The four sodium-de- 
pendent amino acid transport systems are those specific for: 

1. Acidic amino acids, glutamate, and aspartate. 
2. Basic amino adds, such as lysine and histidine. 
3. Neutral amino acids, such as alanine, glycine, and serine. 
4. Glycine, proline, and hydroxyproline. 

The transport of glucose by the small intestine is also sodium dependent, but 
glucose transport systems also exist that are not sodium dependent. The concept 
that the passage of any nutrient through a cell membrane depends on sodium is 
discussed in more detail in Chapter 10. 

The digestion of dietary protein results in production of small peptides, includ- 
ing, di-, tri-, and tetrapeptides, as well as of free amino acids, as the end-products 
of hydrolysis. The dipeptides and tripeptides are absorbed by a special transporter 
called PEPT1 (Leibach and Ganapath~ 1996). This transporter, and a related trans- 
porter called PEPT2, are unique among most of the nutrient transporters in that 
peptide transport is driven by and coupled with the influx of H + ions (protons). In 
contrast, co-transport with Na + ions drives many other nutrient transporters. 
Transport of peptides by PEPT1 and PEPT2 is forced to occur when the pH within 
the extracellular fluid is lower than the pH within the enterocyte. PEPT1 is a 
membrane-bound protein that is 708 amino acids long. PEPT2 is a related protein 
that occurs in the renal tubule and is used for reabsorbing the di- and tripeptides in 
the developing urine, and for reclaiming them for the body. 

Classical and Recent Experiments on Peptide Feeding 
The following experiment, involving the lactic acid bacterium Lactobacillus casei, 
illustrates the concept that peptides, such as dipeptides, can have greater nutri- 
tional value than free amino acids. This work also illustrates the point that many 
concepts of nutritional biochemistry were studied in detail first using microorgan- 
isms. A more recent experiment involving amino acid and peptide transport by 
rabbit intestines is also described. The results of both studies are consistent with 
the facts that short polypeptides are taken up preferentially by the enterocyte 
during digestion of dietary proteins and that complete hydrolysis is not necessary. 

Figure 2.29 gives results from an experiment involving bacteria growing on a 
defined culture medium containing sugar, salts, vitamins, and a variety of amino 
acids. The bacterium L. casei requires serine. Cell growth was initiated by adding 
a small drop of bacteria to test tubes containing the indicated growth medium. The 
tested range of serine supplement concentrations extended from 10 to 1000 ~d.  
The test tubes were incubated for 18 hours to permit growth of the bacteria. After 
the incubation period, growth was assessed by measuring the weight of bacterial 
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FIGURE 2.29 Weight of bacterial cells produced with growth in various concentrations of 
serine supplement. Bacteria were grown under a variety of conditions, with serine supplied 
as free serine (1) or as the dipeptides Gly-Ser (2), Ser-Ser (3), and Ser-Ala (4). (Redrawn 
with permission from Kihara and Snell, 1960.) 

cells in each tube. The results demonstrate that maximal growth could be stimu- 
lated by concentrations of dipeptide far lower than those of the free amino acid, 
that is, Ser-Ser and Ser-Ala were considered better foods by the bacteria than free 
serine. 

The classical work involving L. casei addressed the overall nutritional effects of 
dipeptides compared with free amino acids, but did not directly address the source 
of the differences. Figure 2.30 shows the uptake of glycine and of the glycine 
peptide Gly-Pro by the intestines of rabbits. Glycine or Gly-Pro was added to the 
lumen of the intestines, and the rate of uptake was measured. The movement of 
the amino acid or dipeptide from the lumen into the enterocyte was measured 
using radioactively labeled compounds. In brief, the presence of tritium-labeled 
glycine, [3H]GI~ in the tissue of the intestines was measured by quickly rinsing 
the intestines, homogenizing the tissue in water, and measuring the amount of 
radioactivity in the water extract using a liquid scintillation counter. The experi- 
ment was repeated using fetal, neonatal, and mature rabbits. 

The results shown in Figure 2.30 illustrate that the uptake of the dipeptide was 
considerably greater than that of free glycine, especially in the immature animal. 
The high transport activity in infant tissue seems to be especially valuable, in light 
of the fact that the digestive apparatus of the stomach is poorly developed in the 
infant. The stomachs of human infants have low levels of pepsin and a pH that is 
relatively neutral. The unusually high levels of peptide transport found in the 
young rabbits may compensate, in part, for the moderate proteolytic activity in the 
stomach of a newborn. 
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FIGURE 2.30 Rate of transport by intestines taken from animals of various ages. The 
uptake of glycine (@) and of the glycine peptide Gly-Pro (O) by the intestines of rabbits is 
shown. Glycine or Gly-Pro was added to the lumen of the intestines and the rate of uptake 
was measured. The movement of the amino acid or dipeptide from the lumen into the 
enterocyte was measured using radioactively labeled compounds. The experiment was 
repeated using fetal, neonatal, and mature rabbits. [Redrawn with permission from Guan- 
dalini and Rubino (1982), �9 by Williams & Wilkins.] 

D I G E S T I O N  A N D  A B S O R P T I O N  OF LIP IDS  

General 

The lipids of the diet include triglycerides, phospholipids, cholesterol, cholesteryl 
esters, and fat-soluble vitamins. Lipids are soluble in water, but only at extremely 
low concentrations many thousands of times lower than those attainable by water- 
soluble nutrients. Lipids are called fat-soluble because they tend to adhere to, 
migrate into, or be easily dispersed into fats and oils. (The term oil-soluble also 
may be used to describe lipids.) A lipid that is solid at room temperature generally 
is called a fat; one that is liquid at room temperature is called an oil. 

Chemical Structures 

Triglycerides consist of a backbone of glycerol esterified m that is, covalently 
connected via an ester bond m with three molecules of fatty acid. The fatty acids 
may be alkane-like with no double bonds (e.g., palmitic or stearic acid) or alkene- 
like with one or more double bonds (e.g., palmitoleic, oleic, or linoleic acid). 

Phospholipids may consist of a backbone of glycerol esterified with two fatty 
acids and one molecule of choline phosphate in the 3 position. In other phos- 
pholipids, the 3 position may be occupied by a molecule of ethanolamine phos- 
phate, serine phosphate, or inositol phosphate. A phospholipid containing choline 
phosphate is called phosphatidylcholine;  one containing ethanolamine phos- 
phate is called phosphat idylethanolamine.  Generall~ the fatty acids esterified as 
triglycerides contain up to one double bond, whereas those esterified as phos- 
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FIGURE 2.31 Structure of the 16-carbon fatty acid palmitic acid. 

pholipids contain up to four double bonds. Fatty acids containing a large number  
of double bonds impart  a more liquid character to the resultant fat or phosphol ipid 
membrane.  

Figure 2.31 shows the structure of the 16-carbon fatty acid palmitic acid. In the 
triglyceride and phosphol ipid structures shown in Figure 2.32, R1, R2, and R3 
represent the alkane "tails" of fatty acids. The fatty acid compositions of the 
phosphol ipids  and triglycerides of various foods are listed in Table 2.2. 

EXERCISE 

Fatty acids with odd numbers of carbon atoms occur as minor components of the lipids in 
some biological materials. Which of the fatty acids listed in Table 2.2 contain an odd number 
of carbons? (This is a trick question.) 

EXERCISE 

To devise an artificial milk for human infants from a vegetable oil, should coconut oil or 
corn oil be used? Assume that the goal is to formulate milk that most closely resembles 
human milk. 
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FIGURE 2.32 Structures of triglycerides and phospholipids. 
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TABLE 2.2 Fatty Acids that Occur in Food Triglycerides 
. . . . . .  

Percentage of total fatty acids 

Fatty No. of Coconut Corn Soy Human 
acid carbons oil oil oil milk 

Beef 
fat 

Caproic 6 0.5 - - - 
Caprylic 8 8.0 - - - 
Capric 10 6.4 - - - 
Lauric 12 48.5 - - 4.6 
Myristic 14 17.6 - 0.1 6.4 
Palmitic 16 8.4 12.2 11.1 23.4 
Palmitoleic 16 - 0.1 0.1 3.7 
Stearic 18 2.5 2.2 4.0 8.6 
Oleic 18 6.5 27.5 23.4 33.3 
Linoleic 18 1.5 57.0 53.2 12.0 
Linolenic 18 - 0.9 7.8 1.8 
. . . . . . . . . .  

Source: Babayan (1987). 

3.0 
26.0 
3.5 

19.5 
40.0 
4.5 

Food Sources 

The triglycerides of foods are located main ly  in the energy storage sites of the 
an imal  or plant: special ized cells called adipocytes in meat  (muscle), microscopic 

_ 

particles called lipoproteins in milk,  and seeds in plants.  
The phosphol ip ids  of foods are located ma in ly  in the m e m b r a n e s  that  su r round  

the cell (the p l a sma  membrane) ,  mi tochondr ia ,  nucleus,  lysosomes,  and  endoplas-  
mic ret iculum. Phosphol ip ids  also occur in the thin coatings a round  l ipoprotein 
particles. 

Free fatty acids (FFAs) are fatty acids that  are not  esterified to glycerol or to 
some other molecule.  FFAs are a concern to the food scientist. These fatty acids are 
not  a major  source of energy in the diet bu t  are considered undesi rable  contami-  
nants  in vegetable  oils. The t e rm virgin olive oil means  that  the oil is of h igh qual i ty  
and  does not  contain free fatty acids. The free fatty acids present  in the circulatory 
sys tem are b o u n d  to a lbumin,  bu t  not  covalently. 

Hydrolysis and Absorption 

The fats and oils of the diet  are digested prior  to absorpt ion by  the gut. Comple te  
hydrolys is  of all three fatty acid groups  from the glycerol backbone,  as s h o w n  in 
Figure 2.33, occurs in the gut,  bu t  only to a very  l imited extent. Instead,  the major  
route of b r e a k d o w n  involves hydrolys is  of only the fatty acids esterified to the 
1-carbon and  3-carbon of the tr iglyceride,  as shown  in Figure 2.34. 2-Mono- 
glycerides and  free fatty acids then are absorbed from the l umen  of the proximal  
small  intestine. Diglycerides m a y  accumula te  as in termedia tes  dur ing  tr iglyceride 
hydrolysis .  
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Triglyceride ~ Glycerol + 3 Free fatty acids 

3 H20 

FIGURE 2.33 Hydrolysis of a triglyceride. 

Digestion (hydrolysis) of fats and oils starts in the stomach, catalyzed by the 
gastric lipase. This lipase is secreted from glands in the fundus of the stomach. 
Gastric lipase resists the proteolytic activity of pepsin as well as the denaturing 
effects of gastric acid. This enzyme is thought to be responsible for hydrolysis of 
10-30% of dietary triglycerides (TGs). The lipase of the pancreatic juice (pancreatic 
lipase) is probably not sufficient to produce maximal digestion and absorption of 
dietary fats. Gastric lipase may be especially important for infant nutrition, be- 
cause levels of pancreatic lipase are low at birth, whereas gastric lipase occurs at 
the same concentrations found in adults. Gastric lipase is active in the stomach of 
the infant and continues to be active in the duodenum. According to Bemback et 
al. (1990), the TGs found in fat droplets of milk tend to resist digestion by both 
pancreatic lipase and the lipase found in mother's milk. Partial hydrolysis of the 
fat droplets by gastric lipase facilitates subsequent complete hydrolysis by the 
other lipase. Gastric lipase seems to have the unique ability of initiating break- 
down of these droplets, which consist of a core of TGs covered by a thin layer of 
phospholipid and protein. TGs account for about 98% of the fat droplet or globule. 
The milk of various species contains lipase, although the importance of this 
enzyme compared with that of pancreatic lipase is not clean A species difference 
has been noted. The lipase present in the stomach of humans, pigs, dogs, and 
rabbits is produced by glands in the stomach, whereas that present in the stomach 
of rats and mice is released by glands in the tongue (von Ebner glands) (Abrams 
et al., 1988; Borel et al., 1991). 

Pancreatic lipase is secreted in the pancreatic juice, in conjunction with other 
pancreatic zymogens and enzymes. The enzyme catalyzes the hydrolysis of TGs 
to 2-monoglycerides (2-acylglycerols). Activity of the enzyme is stimulated by a 
small protein called colipase, secreted in the pancreatic juice at a concentration 
similar to that of the enzyme (about 10 IJM in humans). Bile salt detergents bind 
to dietary fats, forming a layer of bile salts around the fat, but do not effectively 
solubilize the TGs. This bile salt layer limits the accessibility of the fat to pancreatic 
lipase, but colipase overcomes this problem by anchoring lipase to the fat globule 
in the vicinity of the triglyceride. The products of hydrolysis, 2-acylglycerol and 
free fatty acid, are maintained in solution by the bile salts. Without the bile salts, 
the products of fat digestion would not be able to migrate or diffuse to the 
absorptive surface of the gut mucosa. 

Triglyceride ~ 2--Monoglyceride + 2 Free fatty acids 

2 H20 

FIGURE 2.34 Partial hydrolysis of a triglyceride. 
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Events that Occur after the Absorption of Polar Lipids 

Once inside the enterocyte, polar lipids are converted back to triglycerides, as 
shown in Figure 2.35. The free fatty acids are not esterified "as is" to the 2-mono- 
glycerides. Instead, they form esters with molecules of coenzyme A. These esters 

Polar products 
Bile salts - ~  

Mixed micelles 

Bile salts - ~  
CH2OH 

II 2 RCOH CHOCR Microvilli 

. . . . . .  . . . . . .  ! : : o .  

1, 2--Diacylglycerol 

. ~ / / ~  CoA 
O 
tl 

HCHOCR 
0 
II 

CHOCR 
0 
II 

HCHOCR 

Chylomicrons - Lymph 

FIGURE 2.35 Entry and metabolism of polar products in the enterocyte. The polar prod- 
ucts of triglyceride digestion include fatty acids and 2-monoacylglycerol. These products 
are released from mixed micelles at the surface of the enterocyte, pass through the plasma 
membrane, and enter the cell. The fatty acids are activated by attachment of CoA, with 
reattachment to 2-monoacylglycerol, yielding a triglyceride. These triglycerides, in addi- 
tion to other lipids, are packaged into particles called chylomicrons that enter the lymph. 
Lymph, an extracellular fluid that is ordinarily clear and straw colored, becomes opaque 
and white when it contains chylomicrons. The triglycerides in the chylomicrons largely 
retain the fatty acid that originally occurred in the 2-position (in the food triglyceride) 
(Zock et al., 1995). 
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are not typical esters involving oxygen atoms, but thiol esters involving sulfur 
atoms (see Table 1.2). A high-energy bond of ATP is broken for the formation of 
each molecule of thiol ester. Some of this energy is stored in the thiol ester bond 
and then used to drive the final reaction of the fatty acid with the glycerol 
backbone. The endoplasmic reficulum (ER) of the enterocyte becomes laden with 
fat droplets with the re-formation of triglycerides in the cell. These droplets are 
transferred to secretory vesicles, in preparation for transfer to the extracellular 
fluid. 

Special proteins, called apolipoproteins, are required for handling and trans- 
port of lipid droplets. These proteins are synthesized on the ER and enter the 
lumen of the ER, where they are assembled into large macromolecular structures. 
The relevant proteins include apolipoprotein A (apo A) and apolipoprotein B (apo 
B). Apo A and apo B combine with lipid droplets to form structures called chy- 
lomicrons, microscopic particles with large cores of lipid coated with a thin shell 
of protein. The chylomicrons are transferred to secretory vesicles, which migrate 
through the cytoplasm to the basal membrane of the cell. Here the vesicles fuse 
with the membrane, resulting in the expulsion of chylomicrons from the cell. (If 
the vesicles fused with the apical membrane of the enterocyte, the effect would be 
a futile transfer of the dietary lipids back to the lumen of the small intestine.) 

The secreted chylomicrons diffuse through the spaces between surrounding 
cells, through pores and channels, and enter a structure called a lacteal, shown in 
Figure 2.36. A lacteal is a capillary-like structure located at the center of the 
intestinal villus. One end is at the tip of the villus; the other end joins a network 
of branching tubules that eventually leads to the large thoracic duct. The chylomi- 
crons are forced slowly through the lymphatic system, up the thoracic duct to the 
top (anterior) end, located near the left shoulder (see Figure 2.37). At this point, 
where the thoracic duct is connected to the left subclavian vein, the chylomicrons 
enter the bloodstream. 

Bile Salts 

Bile salts are required for supporting the activity of pancreatic lipase as well as for 
maintaining the polar products of fat hydrolysis in solution. While in the lumen 
of the small intestine, a fraction of the bile salts is modified by the bacteria present. 
If the taurine or glycine moieties are removed by microbial enzymes, they are 
replaced in the liver after reabsorption of the bile salts in the distal ileum. 

Cholate precipitates under mild acidic conditions, destroying its detergent 
effect. However, the protonated amino groups of glyco- and taurocholate maintain 
the solubility of these bile salts in acidic environments. The highly charged sulfonic 
acid group of taurocholate further enhances its hydrophilicity and maintains its 
solubility even at pH 1.0. (The term highly charged describes a group that maintains 
its positive or negative charge over a wide pH range, or that it does not resonate 
between charged and uncharged structures.) A biological difference has been 
noted in the behavior of glyco- and taurocholate. Some glycocholate appears to be 
absorbed by diffusion at any point in the small intestine, but taurocholate is highly 
dependent on the bile salt transport system in the distal ileum. The pepfide link 
of conjugated bile salts resists hydrolysis by human proteases and peptidases, but 
is cleaved readily by enzymes produced by the gut microflora. 
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FIGURE 2.36 Two villi in the small intestine. The left villus shows components of the 
bloodstream. Oxygenated blood enters via the arteriole, travels through the capillaries, and 
exits via the venule. The blood leaving by the venule contains water-soluble nutrients 
absorbed from the diet. These nutrients travel to the liver in the portal vein, and eventually 
are distributed throughout the body. The right villus illustrates components of the lym- 
phatic system. The central lacteal, which ends near the tip of the villus, receives lipid-sol- 
uble nutrients, absorbed from the diet, that are packaged in chylomicrons. These chylomi- 
crons travel slowly through the lymphatic system to a main vessel the thoracic duct, which 
directs the lymph to the bloodstream. The lacteals are so named because, after a fat-con- 
taining meal, they contain a milky fluid. Lymphoid nodules occur in clusters called Peyer's 
patches and as isolated nodules. All nodules are part of the immune system discussed in 
Chapter 3. (Redrawn with permission from Weiss, 1983.) 

Enterohepatic Circulation 

Bile salts, after being used to support  the migration of polar lipids in mixed 
micelles to the enterocyte, may diffuse back to food particles for reuse. Eventually; 
however, they travel down the small intestine to the far end of the ileum, called 
the distal ileum. Here the bile salts are absorbed into the bloodstream and travel 
through the portal vein to the liven Absorption in the ileum is via the Na+/bi le  
acid co-transporter (Oelkers et al., 1997). Sodium ions occur at higher concentra- 
tions in the gut lumen than in the enterocyte, and it is this gradient that drives the 
bile acid through the apical membrane of the entrocyte, and into the enterocyte. 
The bile salts in the bloodstream are absorbed by the liver, and the liver directs 
them back to the gall bladder for storage and eventual release back into the 
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FIGURE 2.37 Thoracic duct and other vessels of the thorax. Lymphatic capillaries are most 
numerous just beneath body surfaces, such as the skin and the mucus membranes of the 
gastrointestinal and respiratory tracts. The mucus membrane of the gastrointestinal tract 
is called the gut mucosa. The general function of these capillaries is to absorb interstitial 
fluid that has leaked from the circulatory system and to return it to the bloodstream. The 
function of the lymphatic capillaries that end in the lacteals of the small intestine is to 
transport absorbed dietary lipids. These capillaries coalesce and eventually deliver their 
contents to the thoracic duct. The lymph collected from other parts of the body, as indicated 
by the "collecting think," also is transferred to the thoracic duct. [Redrawn with permis- 
sion, from "Grant's Atlas of Anatomy;" Williams & Wilkins Co., Baltimore, 1978.] 

duodenum.  This recycling of bile salts is called enterohepat ic  circulation. The total 
quant i ty  of bile salts in the h u m a n  body is 2-4 g, but  the equivalent of 20-30 g 
enters and leaves the small intestine each day via enterohepatic circulation, that is, 
each bile salt molecule enters and leaves the lumen of the gut  about  10 times each 
day. The enterohepatic circulation of bile salts is illustrated in Figure 2.38. 
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FIGURE 2.38 Enterohepatic circulation of bile salts. Bile salts from the liver enter the 
duodenum at the ampulla of Vater, the same opening through which material from the 
exocrine pancreas is released. Most of the gall bladder is hidden within the lobes of the 
liven After varying degrees of utilization and reutilization for lipid absorption, the bile salts 
reach the distal ileum, where they are reabsorbed and returned to the liver via the portal 
vein. The portal vein is very important because it also carries water-soluble nutrients 
absorbed from the diet. 

Enterohepatic Cycle and Cardiovascular Disease 

A molecule of bile salt may circulate many times per day through the enterohepatic 
system. This process can be interrupted by consumption of a special powdered 
resin that binds to the bile salts. Neither the resin itself nor the complex of resin 
and bile salt is absorbed by the intestines. Consequentl~ the complex is excreted 
in the feces. This resin, cholestyramine, is a synthetic compound used as a drug 
to lower serum cholesterol levels in the treatment of cardiovascular disease. 

The human body turns over about 800 mg of cholesterol per day. Most of this 
turnover (synthesis, degradation, or loss from the body) involves bile salts. More 
specificall~ about 400 mg cholesterol is used to manufacture new bile salts to 
replace those that have been lost in the feces. About 80 mg cholesterol is lost 
through the skin; about 50 mg is used for synthesis of steroid hormones. 
Cholestyramine can stimulate the loss of much more than the equivalent of 400 
mg, and can produce clinically significant decreases in serum cholesterol. 
Cholestyramine alone does not drastically lower serum cholesterol, because the 
liver senses any depletion and responds by increasing its rate of cholesterol bio- 
synthesis. However, use of the drug in combination with other drugs that inhibit 
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this biosynthetic pa thway  has proven useful with many  patients. To place this 
drug  in perspective, cardiovascular disease is treated by: (1) diet low in saturated 
fat; (2) statin (a drug); (3) nicotinic acid (a drug); and (4) cholestyra.,nine, where the 
treatments are listed in order of importance. 

Experiments Demonstrating Lipid Absorption and Bile Salt Recirculation 

The experiments discussed in this section demonstrate a role for bile salts in 
promot ing the absorption of cholesterol, as well as the fact that bile salts are 
reabsorbed in the distal part  of the small intestine. The experiments focus on ducts 
leaving or entering the small intestine. The first s tudy involves measurement  of 
material passing through the thoracic duct. The second s tudy involves measure- 
ment  of material passing through the bile duct. 

Table 2.3 presents the results of an experiment involving cannulation of the 
thoracic ducts of rats. Cannulat ion is the insertion of a tube into the duct to collect 
the fluid flowing out. Various test meals were fed to the rats. Each rat received only 
one type of meal. Lymph was collected for a 24-hour period; the amount  of 
cholesterol in the collected material was measured. Following a test meal of 
a lbumin only, the collected lymph contained 10 mg cholesterol (Expt. 1). With the 
albumin plus cholesterol meal, 8 mg cholesterol was collected (Expt. 2). The 
amount  of cholesterol collected clearly was elevated when  the test meal contained 
taurocholate, albumin, and cholesterol (Expt. 6). This experiment demonstrated 
that including bile salt in the test meal could enhance the absorption of dietary 
cholesterol. 

EXERCISE 
Was the cholesterol entering the thoracic duct in Experiments 1, 2, 4, and 7 absorbed by the 
gut with or without the aid of bile salts? (This may seem to be a trick question, but the 
answer should be obvious.) 

TABLE 2.3 Amount of Cholesterol Collected from the Thoracic Duct 

Experiment Test meal 

Cholesterol 
collected 

(mg/24 hr) 

Albumin in 3 ml salt water 
Albumin + cholesterol (50 mg) 
Albumin + taurocholate 
Albumin + oleic acid 
Albumin + taurocholate + oleic acid 
Albumin + cholesterol + taurocholate 
Albumin + oleic acid + cholesterol 
Albumin + taurocholate + oleic acid + cholesterol 

10 
8 

11 
9 

14 
17 
15 
27 

Source: Vahouny et al. (1957). 
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FIGURE 2.39 Release of bile salts through the bile duct after placing bile salts in different 
regions of the small intestine. Pieces of thread were tied around different regions of the 
small intestine to isolate the jejunum from, the ileum. The thread prevented the mixing of 
the contents of the jejunum with those of the ileum, but permitted the flow of nutrients 
from the gut up the portal vein to the liver. A solution of taurocholate was injected into the 
lumen of the jejunum (O) or ileum (@). Recovery of the bile salt in the bile duct was 
measured over the course of a few hours. The experiment was repeated with small and 
large doses of bile salt. (Redrawn with permission from Weiner and Lack, 1962.) 

EXERCISE 
Cholesterol is thought to be absorbed more efficiently from a mixed micelle containing bile 
salts and fatty acids than from a micelle of bile salts onl)a Give evidence for the stimulatory 
effect of fatty acids. 

Figure 2.39 describes an experiment involving caPmulation of the bile ducts of 
guinea pigs to permit  collection of bile salts flowing from the liver. The data 
demonstrate two points. First, bile salt introduced into the gut can be transported 
to the liver and then secreted through the bile duct. Second, the bile salt is absorbed 
not by the proximal small intestine, but by the distal small intestine. 

Taurine 

Taurine is a rather specialized topic in the nutritional biochemistry of digestion. 
Taurine, 2-aminoethane sulfonic acid, is synthesized from cysteine, as shown in 
Figure 2.40. The taurine molecule contains an amino group as well as an acidic 
group. Taurine has not been found in proteins, although some evidence suggests 
that it occurs in certain polypepfides. Taurine occurs as a component of bile salts 
and plays an important role in the transport and absorption of lipids. 

Taurine is found in animals and thus in animal foods and milk. It is not found 
in plants. Most animals, including hm'nans, can synthesize sufficient taurine for 
their metabolic needs. The major use of taurine is attachment to (conjugation of) 
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FIGURE 2.40 The major pathway for taurine biosynthesis in the liver. First, cysteine is 
converted to cysteine sulfinic acid in an oxygen-requiring reaction catalyzed by an iron 
metalloenzyme. The second step, catalyzed by a vitamin Bs-requiring enzyme, is a decar- 
boxylation reaction. The final step appears to be catalyzed by a copper metalloenzyme and 
to require oxygen. Apparently; about one-fourth of the cysteine in the liver eventually is 
converted to taurine. 

bile salts. Glycine is used for bile salt conjugation also. In the adult human, the 
glycocholate/taurocholate ratio in the bile varies from 1.0 to 4.0. Unconjugated bile 
salts, such as cholic acid (cholate), account for a very small proportion of the total. 

The human neonate has a limited ability to synthesize taurine. Despite this 
limitation, neonates tend to conjugate bile salts exclusively with taurine. Mother's 
milk is a rich source of taurine. Feeding a taurine-free diet to human infants causes 
a decrease in the proportion of bile salts that occur as taurocholate, with a corre- 
sponding increase in glycocholate. Whether the shift from tauro- to glycocholate 
results in changes in bile salt function, that is, in their ability to support the 
digestion and absorption of lipids, is not clean Controlled studies involving two 
groups of human infants, fed taurine-free and taurine-containing diets, revealed 
little or no effect on absorption of dietary fats (Galeano et al., 1987). 

Cats, unlike humans, dogs, and rats, have little ability to biosynthesize taurine 
because of low levels of the enzyme that catalyzes the first step of the pathway. 
However, cats conjugate their bile salts almost exclusively with taurine. Cat bile 
salts contain about 80% taurocholate, 15% taurodihydroxycholate, 1% glycocho- 
late, and 1% cholate. Feeding cats a taurine-free diet was shown to result in a 50% 
drop in the concentration of bile salts in the gall bladder, but only a small increase 
in the concentration of glycocholate. For comparison, the bile salts present in the 
human infant consist roughly of 23% taurocholate, 19% taurochenodeoxycholate, 
8% taurolithocholate, 34% glycocholate, and 17% glycochenodeoxycholate. These 
proportions differ widely among different infants and among children of various 
ages (Challacombe et al., 1975). 

Since humans manufacture taurine, the data in cats might be of little interest. 
However, although cats remain in general good health with the consumption of a 
taurine-free diet, there are a few exceptions: 
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1. They become blind. A taurine deficiency results in degeneration of 
the retinas; the tapetum lucidum, a layer of cells behind the retina, 
degenerates. 

2. The reproductive capacity of female cats is compromised. A taurine 
deficiency provokes frequent fetal resorptions and abortions. 

3. The survival of the newborn kittens is poor, and they have retinal 
and neurological abnormalities. 

Changes in gait and reflexes indicates malfunctions of the cerebellum (Sturman et 
al., 1985). (The cerebellum is the part of the brain used to control the coordination 
of movements of the extremities.) Apparenfl~ taurine serves some unique func- 
tions in the nervous system. These findings have prompted food companies to 
include taurine in their infant formulas and in solutions intended for parenteral 
feeding. However, whether humans can benefit from taurine in the diet is not clear. 

The concentration of free taurine in certain tissues of the body may be higher 
than that of the classical amino acids. Typical concentrations are muscle, 50-80 
mM; the retina, 42 mM; liver, 10 mM; and plasma, 0.02-0.1 mM. Although taurine 
in the liver might be expected to be used mainly for bile salt conjugation, its use 
in muscle is not clear. Evidence suggests that high intracellular levels of taurine 
help regulate osmotic pressure within the cell. (Osmotic pressure is a function of 
the rates of entry and exit of water from the cell.) Taurine appears to play a key 
role in controlling the pressure of the fluids within the eye (Vinnakota et al., 1997). 

DIGESTION AND ABSORPTION OF CARBOHYDRATES 

General 

Carbohydrates generally supply about 45% of our energy requirement. Dietary 
carbohydrates include monosaccharides (such as glucose and fructose), disaccha- 
rides (such as sucrose and lactose), and the longer-chain oligo- and polysaccha- 
rides. (Polysaccharides with fewer than 15 monosaccharide units are classed as 
oligosaccharides.) Dietary polysaccharides include starches, such as amylose and 
amylopectin, and some of the dietary fibers. 

Sucrose is a disaccharide composed of a molecule of glucose and a molecule of 
fructose. Lactose, or milk sugar, is composed of glucose and galactose, and maltose 
of two molecules of glucose. Amylose is a straight-chain polymer of glucose 
residues. Amylopectin is also a polymer of glucose units, but contains many 
branch points, giving rise to additional chains of glucose. (Amylopectin should not 
be confused with pectin, a polymer consisting of galacturonic acid residues.) The 
structures of some of these carbohydrates appear in Figures 2.41 and 2.42. The 
three commonly used modes of depicting monosaccharide structures are shown 
for glucose at the top of Figure 2.41. 

As shown in Tables 2.4, 2.5, and 2.6, fruits and vegetables are excellent sources 
of carbohydrates. Sucrose accounts for about half the solid material of a beet or 
peach. Sucrase, a membrane-bound enzyme of the small intestine, catalyzes the 
hydrolysis of sucrose, yielding one molecule each of glucose and fructose. Meat is 
a poor source of carbohydrate. However, milk, an animal product, has a high 
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FIGURE 2.41 Sugars. 

Lactose 

content of lactose. The lactose content of human milk is 50-70 g per liter; longer- 
chain tri- and tetrasaccharides occur at lower concentrations (about 10 g per liter). 
Lactase, a membrane-bound enzyme of the small intestine, catalyzes the hydroly- 
sis of lactose to glucose and galactose. (Lactose should not be confused with the 
3-carbon carbohydrate lactic acid.) The monosaccharide galactose generally is not 
found in the diet. However, this sugar may be liberated from lactose by the 
bacterial enzyme [~-galactosidase, present in yogurt because it is produced during 
culturing of the product. Hydrolysis of lactose to glucose and galactose probably 
occurs not in the yogurt itself, but in the human gut after yogurt consumption. 
This hydrolysis may account for the lower incidence of lactose intolerance with 
the consumption of yogurt (derived from milk) than with milk itself. Lactose is not 
present in significant amounts in plants. 
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T A B L E  2.4 S u g a r  C o n t e n t  of  P l a n t  F o o d s  

Total 
solids 

Food (%) Glucose 

Sugar content 
(% of solids) 

Fructose Sucrose Maltose Raffinose Stachyose 

Apple  16 7.3 37.8 23.7 - 
Apricot 14 12.0 8.9 40.4 - 
Peach 13 7.1 9.2 54.1 0.9 
Pear 14 7.0 49.9 11.9 2.3 
Plum 18 19.4 8.5 27.5 0.8 
Beet 11 1.6 1.4 54.6 - 
Carrot 12 7.1 7.1 35.3 - 
Sweet corn 23 1.5 1.4 13.4 - 
Squash 13 7.3 8.9 12.3 - 
Sweet potato 23 1.5 1.3 15.0 - 
Lima bean 27 0.1 0.3 9.7 - 
Snap bean 8 13.9 15.4 3.2 - 
Pea 26 - 0.3 11.7 - 

Source: Anderson  (1982). 
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TABLE 2.5 Composition of Various Foods 
,, 

Percentage by weight 

Food Starch Protein Fat Moisture Other 

Corn 60 9 4.0 16 11 
Potato 18 2 0.1 78 2 
Wheat 64 13 2.0 14 7 
Cassava root 26 1 0.3 66 7 
Rice 78 8 0.5 12 2 

Source: Vam Beynum and Roels (1985). 

Some beans contain significant quantities of the sugars raffinose and stachyose 
(Table 2.4). These sugars are not digestible by enzymes produced by humans, 
although they can be used by the gut microflora, producing gaseous waste prod- 
ucts. The increase in microbial metabolism provoked when undigested sugars 
reach the large intestine results in an increase in the rate of production of various 
gases in the gut lumen. Carbon dioxide is the gas produced in the greatest amount. 

Starches are the major carbohydrates of such foods as corn, wheat, and rice 
(Table 2.5). Potatoes and legumes are also rich in starches. Most starches are a 
mixture of amylose and amylopectin, as shown in Table 2.6. In general, amylose 
constitutes about one-third of the starch in various foods; the remainder is amy- 
lopectin. Of the dry matter of the plants listed in Table 2.4, 70-90% consists of 
starch. These plants are called starchy foods. Take special note of the general 
constituents of the cassava root. (Tapioca is made from cassava.) This food has the 
lowest protein/carbohydrate ratio of any of the foods listed in Table 2.5, about 
1/25 for cassava compared with about 1/5 for wheat. 

The starch in plants occurs in small microscopic granules that have a core of 
starch surrounded by a network of protein. In the granules, amylopectin has an 
orderly crystalline structure, whereas amylose is somewhat amorphous. The or- 
derly structure of the starch molecules may impair digestion by pancreatic amy- 
lase. The occurrence of starch in granules, whether in wheat, potatoes, bananas, or 
other foods, may prevent the digestion of up to 50% of the starch in these foods 

TABLE 2.6 Proportion of Food Starch that Occurs as Amylose and Amylopectin 

Amylose Amylopectin 
Food (%) (%) 

Corn 28 72 
Potato 21 79 
Wheat 28 72 
Cassava root 17 83 
Rice 17 83 

Source: Van Beynum and Roels (1985). 



Digestion and Absorption of Carbohydrates 107 

when they are consumed in the raw state. Cooking results in hydration of the 
starch molecules and in the swelling and gelatinization of the starch granules, 
increasing the susceptibility of the starch to enzymatic hydrolysis, with a conse- 
quent increase in digestibility. 

Starches and Other Polysaccharides Used by the Food Industry 

Starches and modified starches are used by the food industry for cake mixes, pie 
fillings, frozen and canned foods, and jellies (Chinachoti, 1995). When starch 
granules are heated at 56-68~ (or higher) in water, all of the hydrogen bonds 
between its chains lose contact with each other and, instead associate with water. 
The result of heating is a viscous suspension, or gelatination. To prevent the 
re-formation of a solid gel, with heating, the food industry adds phosphate groups 
to the hydroxyl residues of starch, to add a repelling force between adjacent chains 
of sugars, thus maintaining the starch in gel form. 

Polymers from seaweed, such as agar, carrageenan, and alginates, are also used 
to form gels in foods, by the food industry. Agar and carrageenan are polymers of 
galactose, while alginates are polymers of two different sugars, mannuronic acid 
and glucuronic acid. Alginate gels are distinguished in that they may consist of 
nearly 100% water, i.e., 99% water and 1.0% polymer. Alginates have found use in 
making jelly that spreads easil~ pie fillings that do not crack, ice cream that stays 
smooth with storage, and pudding that rapidly gels. Gums are polymers acquired 
from shrubs and trees from Africa and Asia. Gums are complex polysaccharides 
made of units of galactose and mannose. Gums are used by the food industry to 
prevent ice crystal formation in ice cream and candy; to prevent separation of oils 
and water in various beverages, and to prevent the leakage of water from proc- 
essed cheese. 

Modified Starch 

The starches purified from some plants, such as cassava (tapioca starch) or potato, 
are too viscous for use by the food industry. They create a gummy texture in foods 
and reduce their palatability. These root starches develop a rubbery texture when 
cooked. Some starches, such as corn starch and wheat starch, form the desired 
texture when cooked, but with cooling these starches form a gel that eventually 
loses its water-binding properties. This process, which results in water separation, 
is called syneresis. Syneresis occurs with freezing or storage at low temperatures. 
The foregoing problems (gumminess and syneresis) can be avoided by modifying 
food starch prior to adding it to the food. Modification can be effected by acid 
treatment, hypochlorite treatment (oxidation), and by drying the starch and heat- 
ing it (Wurzburg, 1995). 

Acid treatment results in partial hydrolysis of the sugar-to-sugar bonds in the 
starch, i.e., an event similar or identical to that catalyzed, during digestion, by 
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amylase. Hypochlorite treatment results in the conversion of hydroxyl groups to 
carboxyl groups, aldehyde groups, or ketones. 

In making candy (gumdrops), corn starch is added to the hot, liquified product. 
Pouring this liquid into the candy mold is difficult, unless the starch is first 
processed by acid treatment. Oxidized starches are mainly used in breaded foods. 
This additive improves adhesion of the batter to fish or meat. Dry heat converts 
starch to a product called dextrin. Dextrins are used for coating candies, for 
imparting a gloss to baked goods, and for encapsulating oils and oily flavors to 
form a dry powder (Wurzburg, 1995). 

Carrageenan and Agar 

Carrageenan is a generic term for various polysaccharides isolated from red 
seaweed. These seaweeds include Hyphae and Eucheuma, which come from the 
shores of Indonesia and the Philippines, as well as Gigartina and Chondrus (Irish 
Moss), which come from the shores of the northern Atlantic Ocean. Several types 
of carrageenan, which differ by the amount and distribution of sulfate groups, are 
used by the food industry. The sulfate groups are attached to the hydroxyl residues 
of the galactose groups. 

~-Carrageenan (lambda-carrageenan) is unique in that it works as a thickening 
agent without causing gel formation, even under extreme conditions (high sugar or 
salt content in the food), and is used in salad dressings, sauces, and fruit drinks. 
~c-Carrageenan (kappa-carrageenan), in contrast, forms strong gels and is used to 
make milk gels (custards), yogurt, chocolate milk shakes, ice cream, and meat 
preserves. Carrageenans are added to foods to give concentrations of 0.03 to 3.0%. 

Carrageenan and agar are both made of repeating disaccharides, consisting of 
[~-galactose groups linked with 0~-galactose groups. However, the former polymer 
occurs as units of repeated ~-D-galactose-c~-D-galactose, while the latter polymer 
is made of units of repeated ~-D-galactose-0~-L-galactose. 

Agar, which is also extracted from various red seaweeds, is used in cake 
frosting, donut glazes, cand36 meat and dairy products, and beverages. When used 
in cake frosting (icing) and glazes, agar prevents the frosting from becoming sticky. 
Here the polymer is used at 0.2-1.0%. Agar has the property of heat resistance (it 
does not dissolve except at high heat), and hence is used (rather than carrageenan) 
at a level of 2% in the broth of canned meat and fish, since it resists breakdown 
during heat sterilization (Stanley; 1995). 

Digestibility 

Alginate may be partiall~ though not completely, digested, as indicated by the 
finding that the consumption of 15 g alginate has a laxative effect in humans 
(McNeely and Kovacs, 1975). Carrageenan is thought not to be digested or ab- 
sorbed by humans or animals. The typical daily intake of carrageenan is only 25-35 
mg/day.  Hence, there is little reason to believe that our intake of this seaweed 
polysaccharide contributes to or detracts from normal metabolism (Stancioff and 
Renn, 1975). 
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Enzymes Used to Digest Carbohydrates 

Saliva and pancreatic juice both contain 0~-amylase. The activity of this enzyme in 
saliva is not significant compared with that in the pancreatic juice released into the 
gut. Release of amylase from the pancreas is controlled by a mechanism similar or 
identical to the one that stimulates the release of trypsinogen, namely by the 
influence of CCK on the exocrine pancreas. Amylase catalyzes the hydrolysis of 
starch at interior positions rather than at the ends of the polymer. This activity 
yields products such as maltose and longer-chain-length oligomers of glucose. 
Also, amylase does not catalyze the hydrolysis of starches at branching points. 
Therefore, small branched-chain structures called dextrins are formed that are not 
hydrolyzed by the enzyme. 

Dextrins are hydrolyzed by a membrane-bound enzyme, isomaltase, which 
occurs in the same polypeptide chain as sucrase, the enzyme that hydrolyzes 
sucrose. Two active sites (catalytic sites) reside on one polypeptide chain. The 
entire protein is called sucrase-isomaltase. Enzymes containing more than one 
active site on one polypeptide chain are called multifunctional. The orientation of 
sucrase-isomaltase in the gut cell, or enterocyte, is shown in Figure 2.43. Both 
active sites are situated in the lumen of the gut; the N-terminal region is anchored 
in the membrane. Each of the active sites of sucrase-isomaltase is capable of 
hydrolyzing maltose. Perhaps a better, although cumbersome, name for the en- 
zyme would be sucrase/maltase-isornaltase/maltase. The isomaltase catalytic site 
is closest to the membrane, whereas the sucrase site is the C-terminal portion of 
the enzyme. 

Lactase, which catalyzes the hydrolysis of lactose, is also a bifunctional enzyme. 
Lactase resides on the same polypeptide chain as phlorizin hydrolase. The entire 
protein is called lactase-phlorizin hydrolase. The N-terminal end of the polypep- 
tide resides in the lumen, and bears the lactase activity. The central portion of the 
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FIGURE 2.43 Orientation of sucrase-isomaltase, a membrane-bound enzyme. 
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Saliva and pancreatic Brush 
juice Oligosaccharide border Monosaccharide 

= Maltose . . . . .  ~ Glucose Amylose Amylase Maltase 

. . . .  ~ Glucose A m y l o p e c t i n  A m y l a s e  -~  D e x t r i n s  Isomaltase 

. . . .  > Glucose + Sucrose Sucrase fructose 

Lactose = Glucose + 
Lactase galactose 

FIGURE 2.44 Carbohydrate-hydrolyzing enzymes. Starch-hydrolyzing enzymes act prior 
to the oligosaccharide- and disaccharide-hydrolyzing enzymes. 

polypept ide  bears phlorizin hydrolase activity, while the C-terminal end crosses 
one time through the plasma membrane  (Keller et al., 1995). Phlorizin hydrolase 
catalyzes the hydrolysis  of sugars bound  to lipids. Sugar-containing lipids, called 
ceramides, occur in milk and other foods. They are discussed in the section on 
sphingosine-based lipids. The activities of some of the enzymes discussed in this 
section are summar ized  in Figure 2.44. 

The regulation of the activities of sucrase and lactase has been the subject of 
several studies. A s tudy of rats, depicted in Figure 2.45, addressed differences in 

o 

,-- 0 . 2  0 

. u ~  o.1 
'~ o 
�9 0 

m ~  

.-1 

0 
I , I I ,, . l  . . ,  I I , i 

-10 0 10 20 30 40 50 60 
Birth Age, Days 

FIGURE 2.45 Activity of sucrase and lactase in samples of intestines taken from animals 
of different ages. The intestines of rats were removed at various stages of life and used for 
the sucrase- (0) and lactase- (O) sensitive assays plotted in this figure. Lactase activity is 
greatest at birth, which is consistent with the milk-drinking behavior of rats prior to 
weaning. In contrast, sucrase activity is low at birth but increases dramatically at 3 weeks 
of age, the time of weaning in rats. Separate experiments revealed that, if milk feeding was 
continued past the normal weaning time, sucrase activity still increased on schedule and 
lactase activity still declined. Lactase activity also declines in children as they grow older. 
As in rats, lactase activity in humans cannot be maintained at high levels or restored in 
adults by feeding milk or lactose-containing diets. (Redrawn with permission from Hen- 
ning and Kretchmer, 1973.) 
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the activities of the two enzymes at various stages of development. The results are 
relevant to the loss of lactase activity known to occur with development in hu- 
mans. The intestines of rats were removed at various stages of life and used for 
the sucrase- and lactase-sensitive assays depicted in Figure 2.45. Lactase activity 
is greatest at birth, which is consistent with the milk-drinking behavior of rats 
prior to weaning. In contrast, sucrase activity is low at birth but increases dramati- 
cally at 3 weeks of age, the time of weaning in rats. Separate experiments revealed 
that if milk feeding was continued past the normal weaning time, sucrase activity 
still increased and lactase activity still declined. Lactase activity also declines in 
children as they grow older. As in rats, lactase activity in humans cannot be 
maintained at high levels or restored in adults by feeding milk or lactose-contain- 
ing diets. Sucrase activity may change somewhat in response to the diet, as 
indicated by a study involving adult rats. Enzyme activity was assessed in two 
different regions of the small intestine: the jejunum and the ileum (see Figure 2.46). 

EXERCISE 
Would ceramide-hydrolyzing activity change in response to the level of sucrose in the diet? 
Why or why not? 

Absorption of Carbohydrates 

Glucose, a monosaccharide, does not require hydrolysis prior to absorption by the 
gut. Its absorption is followed by increases in the level of sugar in the plasma, 
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FIGURE 2.46 Activity of sucrase. Rats were fed diets that were high in sucrose (open bars) 
or were carbohydrate free (filled bars). The sucrose diet contained 650 g sucrose per 
kilogram of food. The carbohydrate-free diet contained a mixture of nonnutritive fiber and 
corn oil rather than sucrose. The animals were fed the diets for 4 days; then the intestines 
were removed for assay of enzyme activity. The results demonstrate that enzyme activity 
was about threefold greater with the sucrose diet than with the carbohydrate-free diet. 
Separate experiments revealed that maximal adaption of sucrase activity to the diet re- 
quired 0.5-1.0 days. (Redrawn with permission from Riby and Kretchmer, 1984.) 
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FIGURE 2.47 Change of plasma glucose concentration after meals of wheat (A) and cas- 
sava (@) starch. Samples of blood, withdrawn at 30-min intervals, were analyzed for 
plasma glucose. The data indicate slight increases in the plasma glucose levels; wheat 
starch produced a slightly greater increase than cassava starch. (Redrawn with permission 
from Bornet et al., 1989.) 

particularly when large quantifies are consumed. The rise in plasma glucose is 
illustrated in Chapter 4. For example, consumption of a dose of 75 g glucose by a 
human can produce an increase in plasma glucose from a normal fasting level of 
about 4.0 mM to a level of about 6.0 mM. 

Figures 2.47 and 2.48 show the effects of starch digestion and absorption on 
human subjects. In Figure 2.47, a meal consisting of 35 g raw wheat starch or 
cassava starch was consumed in a suspension of water. Samples of blood, with- 
drawn at 30-minute intervals, were analyzed for plasma glucose. The data indicate 
slight increases in the plasma glucose levels; wheat starch perhaps produced a 
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FIGURE 2.48 Change of plasma glucose concentration after meals of boiled wheat (A) and 
cassava (@) starch. These data demonstrate a dramatic increase in plasma glucose levels 1 
hr after the meal. These results are consistent with the fact that uncooked starch resists 
digestion in the small intestine. (Redrawn with permission from Bornet et al., 1989.) 
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greater increase than cassava starch. Figure 2.48 shows a similar study using 
cooked starch, consumed after it was boiled in water. These data demonstrate a 
dramatic increase in plasma glucose level I hour after the meal. These results are 
consistent with the fact that uncooked starch resists digestion in the small intestine. 

Interest in the rise in plasma glucose levels following consumption of different 
starchy foods arose because of health concerns for diabetes. Certain diabetics 
require a specific schedule of energy intake throughout the day. These patients 
require a constant supply of carbohydrate but must avoid drastic increases or 
fluctuations in the concentration of plasma glucose. Consequently, their nutri- 
tional treatment includes instructions to avoid rapidly absorbed sugars (mono- 
and disaccharides) and to consume the more slowly absorbed starches. 

EXERCISE 
Which diet would result in a more rapid absorption of carbohydrate from the gut: a dry 
baked potato or a baked potato flavored with a generous amount of butter or oil? Why? 

Special Topic: Sugar Transporters 

Sugar transport proteins are membrane-bound proteins that are required to allow 
the passage of glucose, and other sugars, across phospholipid membranes. During 
passage from the lumen of the gut and into the bloodstream, dietary glucose must 
cross two membranes. Glucose crosses the apical membrane of the enterocyte via 
one type of transporter. Once inside the enterocyte, the glucose travels through the 
cytosol and exits across the basolateral membrane via a different transporter, 
followed by passage through the portal vein to the liver (Figure 2.49). These two 
transporters, respectively; are called the Na+-dependent glucose transporter and 
GLUT-2. 

The Na+-dependent glucose transporter consists of 665 amino acids (Lee et al., 
1994). When Na + occurs at greater concentrations outside the cell than inside, the 
concentration gradient drives the passage of glucose across the membrane and 
into the enterocyte. In the absence of sodium, the driving force for glucose trans- 
port is absent. 

The Na+-dependent glucose transporter also occurs in the kidney; i.e., in the 
renal tubule. The renal tubule is a microscopic structure that resembles a tiny 
intestinal tract. To introduce renal (kidney) physiology; the kidney creates urine by 
using a filter that retains the blood cells and proteins. The immature urine is rich 
in amino acids, salts, and sugars. During passage through the renal tubule, various 
transport proteins serve to reclaim (reabsorb) all of these nutrients through the 
renal tubule cell and back to the bloodstream. The resulting urine, which is poor 
in nutrients, is called mature urine. GLUT-2 occurs in the basolateral membrane 
of the renal tubule cell. In the enterocyte and renal tubule cell, one can see that two 
different transport proteins work hand-in-hand to shuttle glucose across an epi- 
thelial cell membrane. 

GLUT-5 is the fructose transporter. It was named GLUT-5 before its true func- 
tion was known. It occurs in the apical membrane of the enterocyte, allowing 
dietary fructose to be absorbed. GLUT-5 also occurs in skeletal muscle, adipocytes, 
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FIGURE 2.49 An absorptive cell of the villus. The part of the plasma membrane facing the 
lumen is the apical membrane, whereas that facing the blood supply is the basal and lateral 
(basolateral) membrane. The membrane-bound proteins used to mediate the uptake of a 
variety of nutrients requires the simultaneous co-transport of sodium ions. The diagram 
reveals that the transport of glucose and amino acids is dependent on sodium ions. 
Sodium-independent transport systems also exist for many nutrients. The sodium depicted 
in the figure is supplied by intestinal secretions and need not be supplied by any particular 
diet. 

and sperm cells. Once absorbed into the enterocyte, fructose is thought to cross 
over into the bloodstream via one of the other GLUT transporters. 

Sugar Transport into Brain Cells 

The goal of sugar is not simply to cross layers of epithelial cells, but to enter cells 
and be oxidized to produce energy. GLUT-1 and GLUT-3 work hand-in-hand for 
this purpose in the brain. GLUTol occurs in the blood capillaries in the brain and 
allows glucose to exit the capillaries and enter the extracellular space, while 
GLUT-3 occurs in the membranes of nerve cells, allowing them to acquire their 
preferred energy food (glucose) (Zeller et al., 1995; Seatter et al., 1997; Taha et al., 
1995). 

Sugar Transport into Muscle during Rest and Exercise 

GLUT-1 is responsible for the transport of glucose into muscle under basal condi- 
tions, while another transporter, GLUT-4, allows the increased transport that 
occurs when muscle is stimulated by hormones or by a signal from nerves (Hansen 
et al., 1995). GLUT-1 occurs in a wide variety of tissues, including skeletal muscle, 
the blood vessels of the brain, and red blood cells. GLUT-4 occurs only in tissues 
where glucose transport is stimulated by insulin. These tissues are skeletal muscle, 
heart muscle, and adipocytes (fat cells). GLUT-4 is distinguished in that it occurs 
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in the membranes of tiny vesicles that reside in the cytoplasm. With stimulation 
by insulin or by a nervous impulse, the vesicles fuse with the plasma membrane, 
thereby increasing the number of glucose transporters in this location. Eventuall~ 
the vesicles are re-formed, removing the GLUT-4 from the plasma membrane, thus 
returning the rate of glucose transport to the basal level. 

Sugar Transport in and out of the Liver 

The liver serves a "motherly function" in the body. One of its motherly functions 
is that it helps makes sure that the other organs acquire suitable meals, and at the 
proper time. To do this, the liver takes up glucose from the bloodstream via 
GLUT-2, and converts the glucose to animal starch (glycogen). During fasting, the 
liver breaks down the glycogen back to glucose units, and transports the glucose 
back into the bloodstream via GLUT-2. During starvation, the liver manufactures 
glucose from other molecules, and transports the glucose out via GLUT-2. Glucose 
is a nutrient required by the brain and central nervous system. Other organs, such 
as muscle, do not have this sort of reliance on a steady supply of glucose. 

GLUT-2 is a 524-amino acid protein. In a rare genetic disease, a mutation in the 
GLUT-2 gene results in a nonfunctional protein of about half the normal length 
(Santer et al., 1997; Efrat, 1997). What are some of the metabolic consequences of 
this disease? With feeding, the patients have abnormally high levels of plasma 
glucose. This situation occurs because of impaired glucose uptake by the liver. 
With fasting, the patients have an abnormally low plasma glucose level since the 
liver cannot adequately release glucose. These results highlight the view that 
GLUT-2 mediates the transport of glucose in, as well as out, of the cell. 

GLUT-7 occurs in the liver and allows the passage of glucose through an 
intracellular membrane, i.e., into the endoplasmic reticulum (Klip et al., 1994). 

The proteins GLUT-l, GLUT-2, GLUT-3, GLUT-4, GLUT-5, and GLUT-7 form a 
family of membrane-bound proteins having a similar structure. GLUT-6 exists 
only as a gene, and there is no corresponding protein. This type of gene is called 
a pseudogene. Pseudogenes that correspond to a large number of functional genes 
occur within the human genome. There is no reason to believe that they have any 
immediate value to the organism. 

Issues in Carbohydrate Nutrition 

Carbohydrate nutrition is different in nature from the nutrition of amino acids, 
fats, vitamins, and minerals. Humans have no dietary requirement for any specific 
type of carbohydrate. All carbohydrates of the body can be synthesized from 
dietary glucose or fructose, the major sugars in the diet. The body stores sugar in 
the form of glycogen, a polysaccharide composed of glucose units. 

Ribose is a vital sugar used for molecules of energy transfer, as it is a component 
of the ATP molecule. Ribose is also an integral part of a molecule used for infor- 
mation transfer (RNA), while deoxyribose occurs as a part of DNA, the molecule 
used for information storage. 
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Glycoproteins occur as two types. The first type might be considered to be a 
"garden variety" glycoprotein that consists of typical proteins bearing a small 
chain of sugars attached to residues of arginine, serine, or threonine. Nearly all of 
the proteins of the bloodstream, and of the plasma membrane, are glycoproteins. 
The second type of glycoprotein, which is secreted from cells and is extracellular, 
consists of a linear protein backbone bearing vast networks of sugar chains. This 
second type of glycoprotein includes proteoglycans (used for controlling cell-to- 
cell contact) and mucus (used for protecting cells from the external environment, 
and for lubricating surfaces). 

Ribose and the sugars of glycoproteins and proteoglycans can be synthesized 
from a number of dietary sugars, such as glucose, fructose, and galactose. The 
conversion of glucose to ribose is shown in the Thiamin section in Chapter 9. 

Most aspects of carbohydrate nutrition are simpler than those of other nutrients. 
(For example, fat nutrition is complicated by the fact that the metabolism of fats 
requires bile salts to maintain solubility during digestion and lipoproteins and 
albumin during distribution in the body.) On the other hand, the nutrition of the 
carbohydrates that take the form of dietary fibers is very complicated. This com- 
plexity is due to the fact that they are metabolized by enzymes of the gut mi- 
croflora. 

Reliance on carbohydrates as the only source of energy can lead to a number of 
problems. Omitting fats from the diet for a prolonged period can cause a defi- 
ciency of essential fatty acids. Omitting protein for prolonged periods of time 
while continuing to consume carbohydrates can lead to an imbalance in the 
breakdown of the body's emergency source of protein, namely muscle tissue. 
Normally, the breakdown of muscle, during fasting and starvation, can replace the 
gradual net oxidation and the loss of amino acids that occurs. However, the 
imbalance provoked by a diet that contains carbohydrate but is protein-free results 
in a condition called kwashiorkor. 

Carbohydrates are more plentiful and constant in food supplies throughout the 
world when compared to other nutrients, such as proteins, vitamin A, folic acid, 
and iodine. A naturally occurring deficiency specifically in carbohydrates is un- 
known. However, deliberate omission of carbohydrates from the diet with contin- 
ued consumption of fat as an energy source can lead to specific problems. Glucose 
is required as an energy source by the central nervous system. When there is a 
deficiency of glucose, the body adjusts its metabolism to provide ketone bodies, 
nutrients derived from fat, which can be utilized by the brain and other parts of 
the central nervous system. However, excessive production of the ketone bodies 
can result in acidosis, a lowering of the pH of the blood, which is potentially toxic. 

Carbohydrates are of major interest in food science. The monosaccharides and 
starches present in natural and processed foods have a marked effect on their color, 
texture, consistenc~ and palatability. Lactose, the major carbohydrate of milk, can 
limit its acceptability as a food for those with lactose intolerance. Slowly digestible 
carbohydrates are used in the diets of certain diabetics, who must eliminate or 
restrict their intake of foods containing rapidly absorbed carbohydrates such as 
candies, honey; syrup, and jam. 
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ABSORPTION PHYSIOLOGY 

Crypt and Villus: Structures of the Mucosa of the Small Intestine 

In the small intestine, absorption occurs through the lumenal face of the mucosa, 
which is covered with finger-like projections called villi. Each villus is bordered 
by several pouches or invaginations called crypts. On the average, each villus is 
surrounded by eight crypts. The cells of the villus are primarily absorptive and are 
used for absorbing dietary nutrients, material originating from pancreatic secre- 
tions, and damaged cells sloughed off from the mucosa. The cells covering the 
villus, mainly enterocytes, contain enzymes used for triglyceride and chylomicron 
synthesis, as well as membrane-bound and intracellular digestive enzymes and 
membrane-bound transport proteins. These transport proteins include those used 
for the co-transport of sodium and glucose and of sodium and amino acids (see 
Figure 2.49). 

The transport of sodium ions is coupled to both glucose and amino acids. The 
passage of sodium ions from the gut lumen, through the apical membrane, 
through the cytoplasm, and out of the basolateral membrane drives the co-trans- 
port of the coupled nutrient. The several different sodium/amino acid co-trans- 
port proteins include those that are specific for basic, acidic, and neutral amino 
acids. Sodium/nutrient co-transporters also exist for bile salts and for glucose. 
Further details of sodium metabolism are given in the section on sodium, potas- 
sium, and water in Chapter 10. For example, the driving force for transit of sodium 
ions through the cell membrane is the activity of Na,K-ATPase (the sodium pump). 

The cells of the crypt secrete water and bicarbonate. Water aids in the dispersion 
and solubilization of the solid material in food. Bicarbonate neutralizes gastric 
acid. The cells of the crypt rapidly divide and proliferate and are enriched with 
enzymes used for the synthesis of DNA and other cell components. These cells 
move up out of the crypt and up the surface of an adjacent villus. At the same time, 
they differentiate, develop microvilli, and increase their content of hydrolytic 
enzymes. Once situated on a villus, the cells continue to migrate toward the top 
of the villus where they are sloughed off eventually. The time from cell division 
through travel up the villus to sloughing off is 2-3 days. This process takes place 
constantly throughout life. The migrating cells covering the villus undergo little 
cell division. 

The crypt contains a group of about 150 rapidly dividing cells. Each cycle of cell 
division requires 9-13 hours. Studies with mouse guts revealed that each crypt 
contains 25-30 cells, and that 25-30% of these cells are in the process of dividing 
at any given point in time (if they are in the small intestines), and that only 8-9% 
of the cells are in the process of dividing (if they are in the large intestines) (Fleming 
et al., 1994). 

Cell division and the subsequent differentiation give rise to several different 
types of cells, including the enterocyte and goblet cells. Other types that account 
for only about 1.0% of the epithelial cells of the gut include endocrine cells, which 
produce hormones, and Paneth cells, which produces lysozyme, an antibacterial 
enzyme. The reason for the rapid turnover of the epithelial surface of the gut is the 
necessity of maintaining its function in the harsh environment of pancreatic en- 
zymes. 
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The composition of the plasma membrane of the epithelial cells of the crypt and 
villus has been a subject of interest. The rapidly changing function of these cells 
during their differentiation provides an opportunity to examine the possible roles 
of plasma membrane (PM) composition in changing or controlling its activities. 
The PM of the crypt cell is more flexible or "fluid" than that of the villus cell. All 
biological membranes, including the PM, mitochondrial membrane, and nuclear 
membrane, contain phospholipids. Generally, only the PM contains a significant 
amount of cholesterol, which increases the rigidity of the membrane. The PM of 
the villus cell contains a larger cholesterol/phospholipid ratio (0.85) than the PM 
of the crypt cell (0.60) and is more rigid (Meddings et al., 1990). 

The normal functioning of the cells of the crypts and villi is disrupted in certain 
malabsorptive diseases such as celiac disease, which involves a flattening of the 
intestinal mucosa. This flattening results from disappearance of the villi, as shown 
in Figure 2.50. The depth of the crypt may or may not change. (Figure 2.50 indicates 
a slight increase in crypt depth.) Extensive disappearance of intestinal villi leads 
to malabsorption and serious malnutrition. 

Another nutritional issue concerns the crypts. Certain bacterial and viral infec- 
tions can provoke vast increases in the secretory activity of the crypts, resulting in 
excessive losses of salts and water, as well as diarrhea. Secretory diarrheas that 
continue for a week or longer may be life threatening, as discussed in Chapter 10 
in the section on Sodium, Potassium, and Water. 

Sodium and Chloride Absorption by the Gut 

Adequate dietary intakes of sodium and chloride for the adult are estimated to be 
1.1-1.3 and 1.7-5.1 g per day~ respectively. These dietary salts are needed to replace 
obligatory losses in the urine and small losses in the sweat. Most of the sodium 
and chloride ions in the diet are absorbed by the jejunum and ileum; only about 
5% is lost in the feces. 

FIGURE 2.50 Crypts and villus. (Left) A normal crypt and villus. Two crypts are shown 
on either side of the villus. Malabsorptive diseases may involve degeneration of the villi. 
(Center) A short villus. (Right) Complete disappearance of a villus. The disease may involve 
an enlargement of the crypts, which is shown. The figure does not show the lacteal and 
other structures of the villus. (Redrawn with permission from Riecken, 1988.) 
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The mechanisms of absorption of Na and C1 differ in different organs and in 
different regions of the small and large intestines. The transport proteins respon- 
sible for mediating transfer of the ions across cell membranes are only beginning 
to be understood. The mechanism thought to operate in the ileum shares the 
following features with the acid pump of the parietal cell: (1) electroneutral ex- 
change of protons for potassium ions; (2) use of carbonic anhydrase to generate 
protons and bicarbonate ions; and (3) electroneutral exchange of chloride anions 
for bicarbonate anions. 

The mechanisms for Na and C1 absorption is shown in Figure 2.51. The top of 
the enterocyte (A), the apical side of the cell, faces the lumen of the gut. The bottom 
of the cell, which faces the interstitial fluid and the bloodstream, is the basal side. 
To the right and left are other enterocytes. Figure 2.51A depicts a simple process: 
exchange of Na + for a proton. This process is electroneutral because an ion with a 
positive charge is exchanged for another ion with the same charge. In a more 
complicated diagram (Figure 2.51B), carbonic anhydrase supplies the cell with 
protons by catalyzing the reversible reaction of water with CO2. The resulting 
carbonic acid dissociates to produce a proton and a bicarbonate anion. The proton 
can be used by the N a / H  exchange mechanism shown in the apical membrane. 
Figure 2.51C reveals that the function of the bicarbonate anion is permitting 
electroneutral exchange for a chloride anion. This event explains the transport of 
sodium and chloride ions from the lumen into the enterocyte, but the mechanism 
is not yet complete. The complete mechanism is shown in the most complicated 
drawing (Figure 2.51D). This figure depicts the passage of Na and C1 through 
channels in the basal membrane of the cell, and also shows CO2 diffusion through 
the cell membrane. Passage of these chemicals through the basal membrane main- 
tains their concentrations in the cell at fairly constant levels. 

EXERCISE 
Acetazolamide can be used to inhibit the activity of carbonic anhydrase. Would treatment 
with this drug impair sodium transport only, chloride transport only; or both? (See Turnberg 
et al., 1970.) 

EXERCISE 
In a study of salt absorption, a solution of NaC1 was placed in the lumen Of the gut with a 
tube, and the absorption of ions was monitored by withdrawing samples of fluid at various 
times. Devise a mechanism by which the enterocyte can absorb sodium ions from a solution 
of sodium sulfate in the lumen. Sulfate ions are absorbed poorly by the gut, so the 
mechanism should depict sulfate ions staying in the lumen. Would the contents of the 
lumen become more acidic or more basic as more and more sodium is absorbed? (See 
Turnberg et al., 1970). 

Passage of Water Through Membranes 

Water molecules are able to diffuse through phospholipid membranes, i.e., bilay- 
ers composed of phospholipids and cholesterol. The term permeability is used to 
express the degree to which water can cross a particular membrane. Laboratory 
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FIGURE 2.51 A mechanism for sodium chloride uptake, as explained in four steps of increasing 
complexity: (a) The sodium/proton exchanger. (b) The sodium/proton exchanger with catalysis 
of acid production by carbonic anhydrase. (c) The sodium/proton exchanger with catalysis of 
acid production and utilization of bicarbonate by the bicarbonate/chloride exchanger. (d) The 
finished model for transport of sodium and chloride ions. 
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studies with various biological membranes, such as layers of epithelial cells, 
revealed that the permeability to water could be up to 100-fold greater than that 
of an artificial phospholipid membrane. This increased permeability is due to the 
presence of specific membrane-bound proteins called water channels or aquapor- 
ins. 

Aquaporins are on the small side, consist of about 260 amino acids, and have a 
molecular weight of about 30 kDa. They weave six times in or out of the plasma 
membrane (Preston et al., 1994; Raina et al., 1995; Deen et al., 1994). The aquaporins 
are related to each other, and constitute a family of proteins. This means that if one 
were to line up all the polypeptides, one on top of the other, one would find that 
about half of all amino acids occur at identical positions, when viewing their order 
from the N terminus to the C terminus. The technical term for measuring related- 
ness in any protein is sequence homology. 

Aquaporin-1 (AQP-1) and AQP-3 are used for basal water transport in many 
tissues. The term constitutive is used to refer to any basal activity. The term 
regulated is used to refer to any activity that is increased or decreased by hor- 
mones or other components of the environment. AQP-5 is required to produce the 
water in tears and saliva. AQP-4 occurs in the brain, where it is used in the 
mechanism that senses if one needs to drink more or less water. 

In epithelial cells, AQP-2 resides in the apical membrane, while AQP-3 occurs 
in the basolateral membrane. AQP-2 is distinguished by the fact that it is regulated 
by the hormone vasopressin. During times of dietary water deficienc~ vasopressin 
provokes an increase in AQP-2 activity in the renal tubule, resulting in an increased 
rate of water reabsorption. If AQP-2 did not exist, our daily output of water (in 
urine) would be many times greater than normal. To focus on the mechanism of 
regulation, AQP-2 resides in tiny vesicles in the cytoplasm of the renal tubule cell. 
Vasopressin provokes the fusion of these vesicles with the apical membrane, thus 
causing the insertion of more AQP-2 in the membrane facing the immature urine, 
with the consequence that more water is reabsorbed (Ishibashi et al., 1997; Kanno, 
1995; Marples et al., 1996). 

Further details on renal physiology and water regulation appear in the Sodium, 
Potassium, Chloride, and Water section. 

B I O C H E M I C A L  M E C H A N I S M S  

The process of digestion and the activity of carbonic anhydrase are major everyday 
concerns in the medical profession. A clearer understanding of the concepts of 
protein digestion and carbonic anhydrase activity is provided by simplified de- 
scriptions of the relevant biochemical mechanisms. Protein digestion involves the 
addition of water to a peptide bond. Carbonic anhydrase activity involves the 
addition of water to CO2. A related process, the phosphorolysis of glycogen, is also 
described. 

Hydrolysis and Phosphorolysis 

Hydrolysis means the reaction of a molecule of water with a chemical bond that 
results in the breaking of that bond. The process of hydrolysis results in the lysis 
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of the target bond, association of the hydroxyl group of water with the structure 
on one side of that bond, and association of the proton of water with the structure 
on the other side. 

Proteins, nucleic acids, and starches are among the biological polymers hydro- 
lyzed in the body. Proteases catalyze the hydrolysis of proteins, DNases and 
RNases catalyze the hydrolysis of nucleic acids, and amylase catalyzes the hy- 
drolysis of starches. Sucrase, maltase, and isomaltase catalyze the hydrolysis of 
specific sugars. 

Phosphorolysis of glycogen is one notable exception to the generalization that 
biological polymers are broken down by hydrolysis. Glycogen, a polymer consist- 
ing of glucose units, occurs in the liver and muscle. This polymer is one of the 
energy stores of the body. When the body needs to mobilize or liberate the units 
of glucose, the mechanism of hydrolysis is not used. Instead, the enzyme glycogen 
phosphorylase catalyzes the reaction of a molecule of phosphate with each of the 
bonds connecting the glucose units. The mechanism of phosphorolysis is similar 
to that of hydrolysis, as shown in Figure 2.52. 

Simplified mechanisms of peptide hydrolysis and glycogen phosphorolysis are 
outlined as follows: 

Step 1: Water molecules (HOH) are partially dissociated into hydroxyl 
groups (HO-) and protons (H§ The first step in enzyme-cata- 
lyzed hydrolysis may involve the attack of a proton on the target 
bond. Molecules of phosphoric acid (H3PO4) dissociate to give 
phosphate anions (PO43-) and protons. The first step in enzyme- 
catalyzed phosphorolysis may involve the attack of a proton. 

Step 2: The attack of the proton on the target bond results in the devel- 
opment of a positive charge, which attracts an electron from an 
adjacent atom of the polymer. In the case of the peptide bond, the 
electron is drawn away from the carbonyl carbon. In the case of 
the carbohydrate (sugar) bond, the electron is drawn away from 
the carbon adjacent to the oxygen. The result of this electron 
withdrawal is breaking of the bond, resulting in formation of a 
carbonium ion (shown at the left) and a stable byproduct (shown 
at the right). 

Step 3: Carbonium ions are unstable reactive molecules. As the car- 
bonium ion is formed, the hydroxyl group (HO-) or phosphate 
anion quickly condenses with it. 

In the case of the phosphorolysis of glycogen, condensation of the phosphate 
group with the carbonium ion results in production of a molecule of phosphory- 
lated glucose. The glucose phosphate is ready to participate in the energy-gener- 
ating pathway of glycolysis. If hydrolysis were used instead of phosphorolysis, a 
separate step would be required to phosphorylate the glucose molecule. This step 
would require ATP and thus would be energy expensive. Another reason for 
phosphorolysis is that glucose (and other molecules) in phosphorylated form does 
not tend to cross phospholipid membranes and is thus retained in the cell more 
readily. 
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FIGURE 2.52 Simplified mechanisms of enzyme-catalyzed hydrolysis and phosphoro- 
lysis. The end-result of both mechanisms is the splitting of a covalent bond. 

Action of Proteases 

This discussion of chymotrypsin illustrates several biological concepts: (1) En- 
zymes greatly increase the rate at which a particular reaction occurs over the rate 
of a spontaneous reaction in the absence of a catalyst. (2) The amino acids that 
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constitute a particular enzyme occur in a specific arrangement to form a catalytic 
system. The catalytic system may consist of several sites on the enzyme that may 
be hydrogen bonded to each other and to the substrate. The various sites act 
together (in concert) during the event of catalysis. (3) Enzymes that catalyze 
similar, or identical, reactions may be members of the same family of enzymes. If 
two different enzymes catalyze a similar reaction, the amino acids that form the 
catalytic systems may be identical. However, the amino acids that govern which 
substrates bind to the catalytic site may differ. In short, the events of substrate 
binding and of catalysis may be governed by different regions of an enzyme. 

Chymotrypsin contains serine at residue 195 (Ser 195) from the N terminus. The 
hydroxyl group of Ser 195 is reactive and participates in the chemistry of catalysis. 
Asp 102 (asparagine) and His 57 (histidine) act together to draw off the proton 
from the hydroxyl group of Ser 195, as shown in Figure 2.53. The hydroxyl group 
of serine normally is not acidic; in free serine, it has a very high pK (pK = 14). 
However, in chymotrypsin, the proton of Ser 195 is drawn off by His 57. In turn, 
a proton from His 57 is drawn off by Asp 102. These combined actions, called a 
charge-relay system, are activated by the binding of a substrate (a dietary protein). 
The binding of substrate to enzyme, and operation of the charge-relay system, is 
shown in Figure 2.53A-D. 

Chymotrypsin contains glycine at position 193 (Gly 193). The amino group of 
Gly 193 attracts electrons from a carbonyl oxygen of the substrate. This attraction, 
which involves hydrogen bonding, promotes the development of a positive charge 
on the carbonyl carbon of the substrate (Figure 2.53C). In short, the carbonyl group 
becomes more highly polarized than usual. This condition enables Ser 195 to attack 
the substrate. This attack results in the splitting in two of the dietary protein 
(Figure 2.53E,F). One part is discharged from the enzyme, while the other part 
remains (temporarily) covalently bound. 

Finall~ a molecule of water participates in the chemistry of catalysis. The HO- 
group attacks the covalently bound part of the substrate (dietary protein), result- 
ing in its discharge from the chymotrypsin molecule (Figure 2.53F). The H + of 
water then binds to Ser 195, regenerating the serine group to its initial non-ionized 
state. 

Proteins are hydrolyzed very slowly with storage in water at neutral pH. 
However, addition of proteases can increase the rate of hydrolysis about 10 billion 
times over the spontaneous rate. The chymotrypsin mechanism depicted in Figure 
2.53 is shared by trypsin and elastase. These three proteases are members of a 
family called the serine proteases (named after Ser 195). Carboxypeptidase A and 
pepsin catalyze peptide hydrolysis by different mechanisms and are not part of 
this family. 

EXERCISE 
Carboxypeptidase A contains a zinc ion at its active site. This Zn 2+ functions in a manner 
similar to Gly 193 in chymotrypsin, but its action is more powerful. Explain more fully the 
function of zinc in this enzyme. 
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FIGURE 2.53 Catalytic mechanism for hydrolysis of a peptide bond by chymotrypsin...(a) 
Four amino acids in the polypeptide chain of chymotrypsin have been shown to participate 
in the chemistry of catalysis: His 57, Asp 102, Gly 193, and Ser 195. (b) Binding of the 
substrate, a dietary polypeptide, to the active site of chymotrypsin. (c) The carbonyl group 
of the target peptide bond of the substrate becomes more polarized. (d) A charge relay 
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Addition of Water to Carbon Dioxide 

Carbonic anhydrase is an enzyme of central importance to the production of 
gastric acid. This enzyme, which contains zinc, accelerates the naturally occurring 
reversible reaction of CO2 with water. Before considering the mechanism of action 
of the enzyme, note the resonating structure of CO2. The carbon-to-oxygen bonds 
are polar; the molecular structure can be represented by the resonance hybrids 
shown in Figure 2.54. Note that in two of the three forms shown the central carbon 
atom has a positive charge. 

Figure 2.55 shows a simplified mechanism for the action of carbonic anhydrase. 
This diagram depicts the events that occur at the active site of the enzyme. The 
active site contains a zinc ion and a residue of histidine, part of the polypeptide 
chain that constitutes the enzyme. The positively charged zinc ion attracts the 
oxygen atom of a water molecule. The oxygen atom of water carries a partial 
negative charge. Histidine contains a nitrogen in its side chain group. One prop- 
erty of nitrogen atoms is that they can be protonated (accept H§ As shown in 
Figure 2.55, the enzyme mechanism involves three steps: 

Step 1: A water molecule is attracted to the zinc ion at the active site of 
carbonic anhydrase. The positively charged zinc ion displaces a 
proton from the water molecule. The displaced proton finds a 
new place of residence m the histidine residue. This histidine 
residue probably aids in the removal of the proton from the water 
molecule, in concert with the action of the zinc ion. Combination 
of the zinc ion (Zn 2+) with the hydroxyl group does not form a 
complex with the structure Zn+OH. The zinc atom does not 
change its valence (its number of charges). Instead, the complex 
has the structure Zn2+(OH-). [Calcium ions (Ca 2+) behave simi- 
larly to zinc ions. In contrast, iron and copper ions readily change 
their valences when they participate in biochemical reactions.] 

Step 2: A molecule of carbon dioxide approaches the active site of the 
enzyme. The carbon atom of CO2 attracts the hydroxyl group 
associated with the zinc ion. The hydroxyl group leaves the zinc 
ion for the CO2 molecule. 

system involving Asp 102 and His 57 provokes dissociation of a proton from the hydroxyl 
group of Ser 195. (e) Ser 195 attacks the hyperpolarized carbonyl group of the substrate 
and forms a covalent bond with the substrate. (f) The peptide bond is broken and a product 
is discharged. Expressed as "paper chemistry," the negative charge on the oxygen flips 
down to the carbon atom. Since a carbon atom cannot have five bonds, the bond between 
the carbon and nitrogen is broken and the nitrogen has a negative charge. At the same time, 
the charge relay reverses itself and the negatively charged nitrogen immediately receives 
a proton from His 57. (g) Water enters the active site and is used as a substrate. The OH of 
water attacks the carbonyl carbon, forming a carboxylic acid, and a second product is 
discharged from the enzyme. The H + of water immediately binds to Ser 195. At this point, 
the active site is identical to that in (a). 
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FIGURE 2.54 Resonance of carbon dioxide. 

Step 3: Condensation of the hydroxide anion with C O  2 yields a bicar- 
bonate anion (HCO3). The bicarbonate anion leaves the active 
site of the enzyme. The proton bound to the histidine residue 
dissociates, producing a proton and a bicarbonate ion. Combina- 
tion of these two products produces carbonic acid (H2CO3). 

As discussed earlier, carbonic acid is a source of protons in gastric acid (HC1) 
production. The bicarbonate anion, which might be considered a byproduct of 
gastric acid production, is transported out of the parietal cell into the bloodstream. 

Family of Carbonic Anhydrases 

Mammalian cells contain not one, but seven, carbonic anhydrases. All of these 
enzymes catalyze the same reaction, but they have slightly different structures, 
occur in different tissues, and serve different physiological roles. These roles 
include the dehydration of bicarbonate in the lungs (before exhalation as CO2), 
acid production by the stomach, blood pH regulation by the kidney; and reclama- 
tion of bicarbonate from the urine (Baird et al., 1997). 
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FIGURE 2.55 The active site of carbonic anhydrase and simplified mechanism of action 
of the enzyme. The enzyme is shown catalyzing the hydration of CO2, although the 
dehydration of bicarbonate also is catalyzed freely by the enzyme. 
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SUMMARY 

The digestive and absorptive system of the human body includes the digestive 
tract and the organs that provide the chemicals needed for its action and control. 
These chemicals include enzymes synthesized by the salivary glands, the stomach, 
the pancreas, and the liver; gastric acid to produce the proper pH for denaturation 
of proteins in the stomach; and bicarbonate to neutralize the acid to the neutral pH 
required by the enzymes of the small intestine. Some enzymes are secreted in 
active form, others as zymogens that are activated in the stomach or small intes- 
tine. Some enzymes are present at all times; others are secreted only as required. 
Secretion is stimulated by hormones that travel in the bloodstream or by signals 
from the brain that are transmitted through the vagus nerve. Another class of 
chemicals, the bile salts synthesized by the liver, is required for transport and 
absorption of insoluble nutrients. Three of the most important hormones in diges- 
tion are gastrin, cholecystokinin, and secretin. Ion exchange mechanisms are re- 
quired for gastric acid production as well as salt absorption. 

Specific chemical reactions and catalysts are required for digestion of the three 
major classes of nutrients m proteins, fats (lipids), and carbohydrates. Others are 
required for the absorption of digestive products through the wall of the small 
intestine. Hydrolysis, phosphorolysis, and the condensation of CO2 with water are 
important biochemical mechanisms in digestion and absorption. 
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OVERVIEW 

Nutrients that may resist or 
escape digestion include pro- 
teins (specifically maternal 
antibodies), carbohydrates 
(lactose, starches), dietary fi- 

bers, and - -  in malabsorption syndromes - -  
lipids. This chapter begins with a discussion of 
the antibodies of mother 's  milk, a description 
of that part of the immune system located in 
the gut, and a recommendation for avoiding 
food allergies. Problems related to lactose and 
sucrose intolerance, that is, the inability to hy- 
drolyze dietary disaccharides, are then dis- 
cussed. Data revealing that hydrogen gas can 
be produced in the gut introduces the topic of 
the ecology of the gut microflora. The gut mi- 
croflora metabolize lactose and dietary fibers. 
Dietary fiber consists of a diverse group of 
organic polymers that, with the exception of 
lignin, contain units of various sugars. Their 
role in digestion and health is discussed. Fi- 
nally, malabsorption syndromes involving un- 
digested lipids are addressed. 
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RESISTANCE OF PROTEINS TO DIGESTION 

Dietary proteins may escape digestion in the mildly acidic stomach of the human 
newborn. After feeding, the pH of the infant's stomach may remain near neutral 
or drop to only pH 4.0, in contrast with the pH of 2.0 reached in children and adults 
after eating. The output of pepsin, the protease of the stomach, also may remain 
low for the first several months of life. Consequently; proteins may escape acid 
denaturation and proteolysis in the stomach of the newborn. Therefore, proteoly- 
sis by pancreatic proteases assumes increased importance. 

The lack of digestive powers of the neonatal stomach may have the benefit of 
allowing increased survival of the antibodies in mother's milk. Survival of these 
antibodies during passage through the newborn's digestive tract is required to 
help prevent infections in the lumen of the gastrointestinal tract. Several classes of 
antibodies, including immunoglobulin A (IgA) and immunoglobulin G (IgG), are 
present in the milk produced during the first few days of lactation. The antibody- 
rich milk produced during the first few days of lactation, whether from humans 
or animals, is called colostrum. The antibody present in highest concentration is 
IgA, which can recognize and bind to bacteria, aiding in their eventual phagocy- 
tosis by white blood cells. For example, IgA binds to Escherichia coli, a common 
pathogen of the neonate. IgG is also present, but at a lower concentration than IgA. 
For comparison, human milk contains 12 g total protein per liter, 1-2 g IgA/liter, 
and 70 g lactose/liter. 

As shown in Figure 3.1, the concentrations of IgA and IgG decline in human 
breast milk in the weeks following birth. These antibodies tend to survive diges- 
tion in the infant's stomach because of its poor digestive powers and because the 
antibodies have structures that resist proteolysis. Breast-fed infants are more resis- 
tant to enteric (intestinal) infections than formula-fed infants. Breast milk is espe- 
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FIGURE 3.1 Concentration of antibodies in milk. The concentrations of IgA (@) and IgG 
(O) decline in breast milk in the weeks following birth. (Redrawn with permission from 
Miranda et al., 1983.) 
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cially important for this reason to infants in underdeveloped countries, where the 
water supply may be contaminated with animal and human feces. Enteric infec- 
tions and the associated diarrhea are thought to be responsible for one-fourth of 
infant deaths on a global level. These infections can be minimized by public health 
measures and by breast-feeding. 

Antibodies are released by the mammary gland both as free antibody molecules 
and as white blood cells that synthesize antibodies in the milk. The antibodies 
consumed by the human infant probably are not absorbed by the infant's intestines 
and transferred to the bloodstream, but pass through to fight bacterial infections 
within the lumen of the gut. However, the bloodstream of the newborn does 
contain antibodies, such as IgG, and these were transferred to the fetus via the 
placenta prior to birth. Hence, the newborn receives antibodies from the mother 
both before and after birth. This situation is in contrast with that of calves. The cow 
does not transfer antibodies to the fetal call  so the entire transfer of immunoglobu- 
lins occurs through the colostrum. The newborn calf is able to absorb these 
immunoglobulins into the bloodstream, but only during the first day of life. After 
the first day of life, the ability of the calf to absorb antibodies is curtailed sharply. 
The mortality of calves due to infections is a chronic farm problem, so it is 
imperative that a newborn calf receive colostrum during its first day. 

Immunology of the Intestinal Tract and the Breast 

What controls the specificity of the antibodies released by mother 's milk? How 
can a molecule (an antibody) released by the mammary gland be able to recognize 
and bind to bacteria of the gut? What factor is responsible for this relationship 
between two seemingly remote parts of the body; the breast and the gut lumen? 
The small intestine contains a variety of types of cells: enterocytes, goblet cells, 
endocrine cells, and white blood cells. The white blood cells occur in clusters called 
Peyer's patches. Approximately 20 such clusters occur in the small intestine. 
Another term for this cluster is a follicle. The white blood cells face the lumen of 
the gut and are exposed to its contents. They interact with bacteria in the gut and 
synthesize antibodies against components of the bacterial cells. The white blood 
cells in the mother 's Peyer's patches can leave their location in the gut mucosa and 
migrate to other parts of the mother 's bod~ for example, to the mammary gland. 
The mammary gland is able to secrete antibodies that recognize and bind to 
structures of the gut bacteria because of the migration of the white blood cells from 
the gut to the breast. 

Each Peyer's patch consists of a group of various cells, including M cells, 
lymphocytes, and macrophages. The M cells serve to take up foreign proteins and 
microorganisms from the lumen of the gut, so that the lymphocytes can respond 
and create antibodies (Kemeis et al., 1997). Peyer's patches acquire lymphocytes 
from the bloodstream by a specific homing or targeting mechanism. In brief, the 
lymphocyte contains a membrane-bound protein called integrin. The integrin 
recognizes and binds to proteins of the extracellular matrix of the Peyer's patch, 
and other target locations, such as breast tissue. Actuall~ two different integrins 
are involved, and these are integrin o~4~7 and integrin 0~E[~7 (Wagner et al., 1996). 
The first integrin acts as a lasso, and loosely tethers the lymphocyte to the surface 
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cells (epithelial cells) of the Peyer's patch. Then the second type of integrin 
develops a strong bond with the extracellular matrix. Eventuall~ the lymphocyte 
pushes itself in between the epithelial cells and makes its home inside of the 
Peyer's patch. 

As mentioned earlier, the lymphocytes within the Peyer's patches eventually 
leave, migrate to other parts of the body via the bloodstream, and bind to sites 
dispersed throughout the gut mucosa, to the female genital tract, to the lungs, and 
to the female breast during pregnancy (Kagnoff, 1993). After taking residence in 
these new locations, the lymphocytes produce antibodies that protect these vul- 
nerable areas from infection. The preceding scenario is sometimes called enteric 
immunization. 

Food Allergies 

An unfortunate consequence of the survival of proteins in the gastrointestinal tract 
of the infant is the development of food allergies. Some of the proteins fed to an 
infant may come from mother 's milk, whereas others may have a nonhuman 
origin, such as cow's milk. A foreign protein, once hydrolyzed to small peptides 
and amino acids, is no longer able to provoke an immune response. The small 
peptides and amino acids are no longer recognized as having a foreign origin and 
do not stimulate the synthesis of antibodies. However, when foreign proteins are 
fed to the infant, the proteins can escape digestion and retain enough "foreign- 
ness" to generate an immune response. This response may take the form of an 
allergic reaction. 

Cow's milk is a food known to give rise to allergies. Perhaps 0.3% of infants 
develop allergies to cow's milk because of consumption at a young age. After the 
age of 6 months, the danger of developing new allergies ceases to be a problem in 
infant nutrition. In general, continuing breast-feeding infants to the age of 6 
months is thought to be a wise practice, especially if food allergies tend to "run in 
the family." 

C A R B O H Y D R A T E S  THAT ESCAPE D I G E S T I O N  

Lactose 

Lactose, the primary sugar found in milk, is a disaccharide composed of glucose 
and galactose. With age, many children lose their ability to digest large amounts 
of lactose, leading to lactose intolerance. This permanent condition, which occurs 
in adolescence and adulthood, is not an important health concern, although it may 
lead to an aversion to milk, an important food. 

The enzyme lactase catalyzes the hydrolysis of lactose in the lumen of the gut. 
General136 intestinal lactase activity occurs at a maximal level from birth through 
early childhood. Then activity declines to a residual level of 5-10% by the age of 
5 or later in most populations of the world. In persons of European descent, lactase 
activity can remain at a high level throughout adulthood. Low levels of lactase 
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result in lactose intolerance, evidenced as diarrhea and flatulence after consump- 
tion of milk or after a test dose of lactose. The symptoms of lactose intolerance can 
be avoided by drinking milk at a slower rate than usual. 

Lactose intolerance is not an absolute condition. Some persons display symp- 
toms after drinking one glass of milk, whereas others can tolerate up to a quart 
before suffering from abdominal cramps or diarrhea. The degree of lactose intol- 
erance can be assessed by measuring the release of hydrogen gas in the breath 
following consumption of lactose. This hydrogen, a product of bacterial metabo- 
lism, is produced in the large intestine. Part of the gas is absorbed in the blood- 
stream, allowing it to be exhaled in the breath. 

High incidences of lactose intolerance are found throughout East Asia and 
Southeast Asia and among Australian aborigines and Native Americans. Anthro- 
pological work has demonstrated that lactose intolerance is most common in 
regions of the world where adults do not drink milk. One particularly interesting 
study was conducted in Nigeria. This country contains tribes that traditionally 
have been either milk drinkers or non-milk drinkers. Members of the Fulani tribe 
in the north lead a pastoral lifestyle, raising livestock. Apparently; members of this 
tribe have consumed milk for thousands of years and tend to be lactose tolerant. 
However, the Yoruba in western Nigeria are an agricultural people. They tend not 
to raise cattle, are not milk drinkers, and show high incidences of lactose intoler- 
ance. Figure 3.2 shows the results of a study of the lactose tolerance of Australian 
aborigines compared with that of European students living in Australia. A rise in 
the concentration of hydrogen gas (H2) in breath samples was used as an indica- 
tion that lactose had not been digested (lactose intolerance). The results reveal 
striking differences between persons of different ancestral backgrounds; they also 
show considerable variations among individuals with the same background. 

The study shown in Figure 3.3 addresses the biochemical mechanism of lactose 
intolerance and uses the technique of breath collection and H2 analysis. Breath H 2 
rose after a lactose-intolerant child consumed a dose of lactose, but did not rise 
after a dose of equal weights of glucose and galactose. These results are consistent 
with the fact that lactose intolerance arises from a deficiency in lactase. 

An interesting phenomenon is seen in the far reaches of the northern hemi- 
sphere, where sucrose intolerance occurs among Eskimos. About 10% of the 
native population of Greenland is sucrose intolerant. The occurrence of sucrose 
intolerance among these populations is consistent with the lack of availability of 
sucrose-containing staples. People in Greenland traditionally have consumed 
meat as the major food source, and not fruits or sugar cane. 

EXERCISE 
Devise a test for lactose intolerance that involves the measurement of plasma glucose levels. 

EXERCISE 
Fatty foods may prolong the gastric emptying time. How might the consumption of fat with 
milk affect lactose intolerance? 
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FIGURE 3.2 Rise in concentration of exhaled hydrogen gas after a test meal. Australian aborigi- 
nes and European students living in Aust~ralia consumed a test dose of 50 g lactose. Breath samples 
were taken before and 2 hr after the test dose. Gas analysis revealed that, whereas most of the 
aborigines experienced a rise in breath hydrogen, most of the students exhibited no rise at all. 
The data reveal that strikingly different responses to milk sugar can occur in persons of different 
ancestral backgrounds. The data also show that considerable variations in H 2 production occur 
in different individuals. (Redrawn with permission from Brand et al., 1983.) 
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FIGURE 3.3 Rate of exhalation of hydrogen gas. A lactose-intolerant child consumed a test dose 
of lactose (@) or a test dose containing equal weights of glucose and galactose (~]). The rate of 
release of hydrogen gas in the breath was measured at intervals of time after each of the test doses. 
The data demonstrate that breath H 2 increased following the dose of lactose but not after con- 
sumption of the two monosaccharides. These results are consistent with the fact that lactose 
intolerance arises from a deficiency in lactase. (Redrawn with permission from Femandes et al., 
1978.) 
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TABLE 3.1 Change of Starch and Sugar Content of Bananas during Ripening 
, , ,  . . . . . . . . . . . . . .  , 

Percentage of dry matter of a banana 

Carbohydrate Green (unripe) Yellow (ripe) Black (overripe) 

Starch 82 26 3 
Sugar 7 63 88 

Reprinted with permission from Englyst and Cummings (1986). 

Resistant Starch 

Starch is the major energy source in the diet. Since starch consists of polymers of 
glucose residues joined by (x-glycosidic linkages, one might expect starch to be 
completely digested and absorbed by the small intestine. However, its digestibility 
is influenced by the physical form of the starch in the food. About 15-20% of the 
starch in the diet is amylose; the remainder is amylopectin. 

The starch content in plant foods changes with the age of the plant, that is, it 
decreases during the ripening process, with the concomitant production of free 
glucose. Starch may account for 3-82% of the dry matter of bananas, depending 
on ripeness (Table 3.1). Apparentl~ bananas are good sources of carbohydrate, 
whether unripe or overripe. However, are unripe bananas really good sources of 
carbohydrates? The ripening process involves the hydrolysis of the starch in the 
ripening plant. This activity is a form of autolysis (self-digestion). The starch also 
can be broken down after consumption via the action of pancreatic (x-amylase, as 
well as other enzymes. The effect of amylase in cleaving banana starch is illus- 
trated in Table 3.2. The data show the effects of attempts to digest banana starch 
in a test tube. The starch was mixed with hog pancreas amylase and incubated. 
Then the extent of hydrolysis was measured. As indicated in the table, different 
treatments were used. About half the starch in a raw banana resisted hydrolysis, 
but all the starch in a cooked banana was hydrolyzed. On cooling a cooked banana, 
a small fraction of the starch lost its susceptibility to hydrolysis. 

The starch in starchy foods, such as bananas, potatoes, and rice, occurs in 
structures called grains. The starch molecule occurs in an organized arrangement 
in such grains. The grains are not soluble in water and are somewhat resistant to 
attack by digestive enzymes. The starch in the grains is hydrolyzed during the 
process of ripening (in the case of bananas) or with storage (in the case of potatoes). 

TABLE 3.2 Percentage of Banana Starch Resisting Hydrolysis by Hog Pancreatic c~-Amylase 

Raw banana 54 
Freshly cooked banana 0 
Cooked and cooled 8 
Cooked, cooled, and reheated 5 

. . . . . .  , , ,  , , , ,  . . . . . .  , ,  J ,, , . . . . . . . . . .  

Source: Englyst and Cummings (1986). 
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Cooking disrupts the structure of the starch molecules in the grains, resulting in a 
marked increase in their digestibility. With cooling, the starch molecules regain a 
more orderly structure, resulting in a slight increase in resistance to enzymatic 
hydrolysis, as illustrated in the study with banana starch. The reversion to an 
organized structure with cooling is called the "crystallization" of starch. Although 
this process may not result in a significant effect on the nutritional value of the 
food, it may detract from its aesthetic value. For example, freshly baked bread may 
be quite appealing. With storage for a day or so, the bread loses its appeal and is 
called "stale." The original consistency of the bread can be revived by heating it. 
The staling effect occurs because of the crystallization of the bread starch. The 
revival by heating results because of the disruption of its orderly structure. 

DIETARY FIBERS 

The average daily intake of fiber in the United States is about 12 g. The Food and 
Nutrition Board has not established a requirement for fiber but states that fiber 
intake should be derived from fruits, vegetables, legumes, and cereals, not from 
fiber concentrates. If a recommended dietary allowance for fiber is established, it 
will refer to specific types of fiber rather than to fiber in general. 

The American Dietetic Association recommends an intake of 25-30 g fiber/day 
for adults, on the basis of the demonstrated benefit of reducing the risk for 
diverticular disease, and possible benefit of reducing the risk for colorectal cancer 
and breast cancer (Marlett and Slavin, 1997). 

The National Cancer Institute recommends an intake of 20-30 g fiber/day 
because of its association with reduced risk for certain types of cancer (Labarthe, 
1996). 

Classes, Sources, and Biochemistry 

Dietary fiber includes all the polysaccharides and lignin of the diet that are not 
digested by human enzymes. Plant cell walls are the major source of dietary fibers. 
The major fibers of foods are cellulose, [~-glucans, hemicellulose, and pectins. 
Gums are minor fibers of foods. Lignin is another minor food fiber. Dietary fibers 
may be classified as resistant starches, nonstarch polysaccharides, and lignin. 
About 75% of the fibers in cereals are polysaccharides other than cellulose, 17% 
are cellulose, and 7% are lignin. In fruits, the fiber consists of roughly 63% carbo- 
hydrates other than cellulose, 20% cellulose, and 17% lignin. In vegetables, the 
fiber consists of roughly 68% polysaccharides other than cellulose, 31% cellulose, 
and 3% lignin (Slavin, 1987). Note that vegetables are relatively rich in cellulose. 

Resistant starch resists hydrolysis not because of its chemical structure but 
because of its physical structure, as illustrated by the study of bananas. Resistant 
starch occurs in raw starch granules and can accumulate during freeze-drying of 
foods or during prolonged cooling of some cooked foods. This form of starch 
escapes digestion in the small intestine but may be degraded substantially by 
bacterial enzymes in the large intestine. Various studies with human subjects have 
shown that about 18% of the starch in beans escapes breakdown in the small 
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intestine. The values for other starch sources are combread, 6%; oat bread, 8%; 
white bread, 10-20%; and potato, 13% (Cummings and Englyst, 1987). 

Nonstarch polysaccharides include pectins, gums, hemicelluloses, cellulose, 
~-glucans, and other polysaccharides. The nonstarch polysaccharides are not hy- 
drolyzed by human enzymes but may be degraded substantially by the gut 
microflora, especially during passage through the large intestine. Nonstarch poly- 
saccharides constitute about 2.0% by weight of foods such as brown rice, potatoes, 
apples, cabbage, and carrots. Of the weight of whole wheat flour, oats, and barle~ 
7-10% consists of nonstarch polysaccharides; the value for wheat bran is about 
40%. 

Figure 3.4 shows the structures of pectin and cellulose. Also shown are the 
sugars that make up the polysaccharide backbone and side chains of the hetero- 
geneous compound hemicellulose. 

Pectin is a polymer of galacturonic acid, with side chains that contain a number 
of other sugars such as glucose, galactose, and rhamnose. As shown in Figure 3.4, 
pectin contains methoxy groups (---OCH3). In plants, pectin occurs as a layer in 
between cells. The linear chain of pectin contains an occasional residue of the sugar 
rhamnose (which interrupts the chain), and, where the rhamnose is attached, there 
may grow a branch of polygalacturonic acid. Pectin is used to control the move- 
ment of water in plant fluids, especially during the growth of the plant. The pectin 
polymers reside in between fibers of cellulose and may even be covalently linked 
at various points to the cellulose. The softening of some fruits, such as tomatoes, 
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that make up the polysaccharide backbone and side chains of the heterogeneous com- 
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is due to the activity of the enzyme polygalacturonase (Thakur et al., 1997). The 
pectin found in citrus fruits and apples is degraded almost completely by the gut 
microflora. The methoxy groups of pectin are metabolized by the gut microflora 
to generate methane gas. 

Cellulose, the most abundant organic molecule in nature, is a linear polymer of 
several thousand glucose units connected by 13(1 ~ 4) linkages. Cellulose occurs 
in tightly packed aggregates in plants and tends to resist microbial hydrolysis. The 
extent of degradation of cellulose may range from 25 to 75%. 

Hemicelluloses and gums are heterogeneous polymers that occur with a variety 
of chemical structures. Hemicellulose, a major fiber of corn and wheat bran, is 
50-80% degraded by the gut bacteria. Gums, which are degraded substantially; are 
not major fibers of the diet. Gums are used as thickening agents in the food 
industry. For example, the gum isolated from the Indian cluster bean is used as a 
stabilizer for ice cream. 

Lignins, three-dimensional networks built of units of phenylpropane (Figure 
3.5), are components of the tough or woodlike portions of plants and seeds. Bran 
and other cereal products are the main sources of dietary lignin. This fiber is 
distinguished by the fact that it is not degraded by enzymes produced by the 
human or by the gut microflora (Adlercreutz, 1984). 

~ H2OH 

HC-O-R R I HCl =0 ~ CH2OH! H C O ~  
HC HC-O-  OH 

II CH30 I CH20H OCH3 
CH O i CH I 

c, o ~ T 
CH,O, CIH,O" I] "! HCO. CH'O"K~ l~ I " H  \ 

O ~ C H  I HOCH 2 OH ~ HOH2C--C-% 
HCOH - - O C H 2  , , .  / O ~ ,  

H2C CH I = . . . . .  0 

I c,,o-'.~-oc,. , . , ~  ~o. 
HC �9 O OCH j~  ,,~j OCH2 

HOC,~ HOH2C CH,O- ' ~  i i O 
HC- - 0 HC OCH3 I 

HC-- 0 HC- OH 

c. o. .,io. 
0 CH HC .... 0 I I 

HCOH C = O 

CH30 ~ ~ OCH.) 
OH OH 

Lignin 

~ ' -  CH2CH2CH 3 P h e n y ( p r o p a n e  

FIGURE 3.5 Lignins, three-dimensional networks built of units of phenylpropane. 



Dietary Fibers 143 

Fuel for the Host 

The primary fate of dietary fibers is digestion and catabolism by the gut microflora 
to short-chain fatty acids and carbon dioxide. The major products of this microbial 
metabolism ~ acetic, propionic, and butyric acid ~ are important sources of 
energy for ruminants (sheep, cows). Dietary fiber is retained in a chamber of their 
gastrointestinal tracts, called the rumen, where it is converted to short-chain fatty 
acids by the gut microflora. The fatty acids produced may supply 35-75% of the 
energy requirement of the ruminant. 

Short-chain fatty acid production is minimal in carnivores (dogs), in which the 
gastrointestinal tract is relatively short and the transit time of material through the 
gut is short also. Production is moderate in omnivores (humans, pigs), in which 
these acids are produced throughout the large intestine (Bergman, 1990). Short- 
chain fatty acids supply 50-75% of the energy requirement of the colonocytes of 
animals such as rats and humans, but only about 5% of the overall energy require- 
ment of the animal itself. 

The fluids of the colon and feces contain short-chain fatty acids at an overall 
concentration of 100-240 mM. Acetic, propionic, and butyric acids are present at 
molar ratios of about 60/25/15. Studies with rats suggests that butyrate is used 
preferentially by the colonocyte, whereas acetate and propionate preferentially 
appear in the bloodstream to be used by organs of the body. Less than 10% of the 
short-chain fatty acids produced in the gut are excreted in the feces. 

The initial step in the metabolism of short-chain fatty acids, whether in cells of 
the gut lining or in the liver, is conversion to the coenzyme A derivative. For 
example, acetate is converted to acetyl r A (acetyl CoA). The acetyl CoA 
formed in the cytoplasm can be used for the synthesis of fatty acids, whereas that 
formed in the mitochondria can be used for immediate oxidation. Propionyl CoA 
can be metabolized as shown in Figure 8.7 in Chapter 8. Butyric acid can enter the 
mitochondria for conversion to butyryl CoA and oxidation in the pathway of fatty 
acid oxidation. 

Fiber as a Nutrient and Protective Agent on the Dairy Farm 

Fiber is a major energy source for ruminants, as mentioned earlier, but fiber also 
serves to protect the health of dairy cows. Fiber is needed in the diets of dairy cows 
and, to a lesser extent, in the diets of beef cows. Reduced levels of fiber can lead 
to impaired health, i.e., acidosis (lowered blood pH), liver damage, erosion of the 
lining of the rumen and a lower fat content in the milk (Mertens, 1997). The rumen 
is an organ that is roughly equivalent to the stomach. The goal of the dairy farmer 
is to feed as much cereal grain as possible, and thus acquire as much milk as 
possible. However, cereal grain has the effect of stimulating the metabolism of 
various rumen bacteria, with the consequence that large quantities of short-chain 
fatty acids are created. The short-chain fatty acids are absorbed through the lumen, 
appear in the bloodstream, and are absolutely required by the cow as a source of 
energy. However, overproduction of this nutrient can cause acidosis and possibly 
even death. High levels of short-chain fatty acids also impair the metabolism of 
rumen bacteria that degrade cellulose (Russell and Wilson, 1996; Weimer, 1996). 
These bacteria are Ruminococcus albus, Ruminococcus fiavefaciens, and Fibrobacter 
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succinogens. The foregoing problems can be solved by feeding dairy cows a diet 
containing about 20% fiber. Alfalfa, dried ha~ and beet pulp are used as sources 
of dietary fiber. Grain cereal is somewhat low in fiber. It contains only 10% 
cellulose (fiber). With under 20% fiber, the farmer risks harming the cows. With 
over 20% fiber, the farmer risks lesser milk production. 

Dietary Fiber and Health of the Small and Large Intestines 

Dietary fiber can be classed according to its molecular structure, but also according 
to its solubility or dispersibility. Pectins, gums, and certain hemicelluloses are 
soluble fibers. Soluble fibers tend to have little effect on fecal bulk. They decrease 
the rate of passage of material through the upper gastrointestinal tract and tend to 
delay the rate of absorption of nutrients, probably because of their ability to form 
viscous solutions. Soluble fibers may decrease the rate of absorption of glucose by 
the small intestine and may reduce the rate of rise of plasma glucose that follows 
a meal. Also, they may reduce plasma cholesterol levels. Fruits, oats, barle~ and 
legumes are relatively high in soluble fibers. 

Cellulose, lignin, and many hemicelluloses are insoluble fibers. These fibers 
result in greater fecal bulk and an increase in the rate of passage of material 
through the large intestine. This effect on passage rate is called a "decrease in the 
transit time." Vegetables, wheat, and most grain products are relatively high in 
insoluble fibers. 

Dietary fiber is commonly used for the treatment of various maladies of the 
gastrointestinal tract, such as constipation, diverticular disease, irritable bowel 
syndrome. 

Dietary Fiber and Constipation 

Insoluble fiber is used to treat constipation, defined as defecation less frequent 
than every third day. Constipation may arise from a number of causes, such as 
excessive bedrest, depression, and confusion. 

A major complication of constipation in the elderly is fecal impaction, a poten- 
tially serious condition that can result from ignoring impulses to defecate. Impac- 
tion is the buildup of fecal mass that becomes too large to expel. Increasing dietary 
fiber is part of the management program for chronic constipation of the elderly. 
Addition of bran (6-20 g/day) increases fecal weight and increases the frequency 
of defecation. When wheat bran is not effective, the laxative lactulose is recom- 
mended. Lactulose is a disaccharide composed of galactose and fructose con- 
nected by a 13(1 --~ 4) bond. This compound is absorbed poorly in the small intes- 
tine because of the absence of enzymes that catalyze its hydrolysis. 

Dietary Fiber and Diverticular Disease 

Dietary fiber is used to prevent and treat diverticular disease. This disease occurs 
in the human colon and involves outpouchings (diverticuli) where small regions 
of the gut mucosa slip in between belts of muscle and extend into the body (Figure 
3.6). The belts of muscle constitute a layer in the wall of the large intestines. 
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Figure 3.6. Formation of a diverticulum. (A) A cross-section of the wall of the colon reveals 
the mucosal layer (top surface of diagram), part of the belt of muscle that encircles the gut, 
and an artery passing through a naturally occurring gap in the muscle. (B) As middle age 
approaches, weak spots may develop in places where there exist gaps between muscles. 
(C) Diverticuli develop. The artery follows the path of the outpouching, and it is this part 
of the artery that may rupture and bleed and produce rectal bleeding in persons with 
diverticular disease. (Redrawn with permission from Meyers et al., 1976.) 

Another diagram of this layer of muscle appears in the Diet and Cancer chapter. 
Diverticuli occur because of weaknesses in the wall of the colon, and because of 
internal pressure due to contractions occurring both upstream and downstream of 
the weak area. 
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Diverticular disease consists of diverticulosis (presence of at least one diver- 
ticulum) and diverticulitis (diverticulosis with inflammation). Diverticulosis is a 
precursor of diverticulitis (Quirk and Barr~ 1997). Diverticular disease occurs in 
about half the persons over 50 years of age in the United States, with the propor- 
tion increasing with further aging (Deckmann and Cheskin, 1993). It is thought 
that only about 20% of persons with the disease are ever aware of it. The disease 
presents by severe abdominal pain, sometimes with painless bleeding from af- 
fected areas. The disease can be correctly diagnosed by a barium enema along with 
an X-ra~ or by looking into the colon with a tube (endoscope). Fiber is used to 
prevent and to treat diverticular disease. Fruit and vegetable fiber seem to prevent 
the disease, while cereal fiber (especially bran) is used to reduce the symptoms of 
existing diverticular disease (Aldoori et al., 1994). Five slices of whole wheat bread 
can supply an effective amount of bran (10-25 grams of wheat bran). Diverticuli 
are not the same things as adenomas, another pathological structure of the colon, 
which may also be sites of bleeding. Adenomas are growths that extend into the 
colon, and that begin to be common in persons over 50 years old (see Diet and 
Cancer chapter). 

Dietary Fiber and Irritable Bowel Syndrome 

Irritable bowel syndrome, which results in constipation in the young and middle 
aged, involves severe abdominal pain, nausea and vomiting, and rock-hard feces. 
Fiber may or may not be effective in improving the course of this disease. Irritable 
bowel syndrome is not a distinct disease, but a collection of symptoms. Dietary 
fiber is often used to treat some of these symptoms. In addition to abdominal pain, 
the syndrome involves a pattern of alternating constipation and diarrhea. With 
attempted defecation, a sense of incomplete evacuation may occur, and this is 
accompanied by continuing pain, perhaps for some hours, until feces are actually 
produced. In irritable bowel syndrome, the feces may be like hard marbles, due to 
extensive water removal during periods of constipation, or they may occur as long 
ribbons, due to rectal spasms. Fiber (12-16 grams of bran/day)  is used to treat the 
constipation. Drugs are used to treat the diarrhea and spasms. Various stress-re- 
duction techniques, such as relaxation exercises, are a vital part of the treatment 
of irritable bowel syndrome (Schuster, 1989). 

Dietary Fiber or Short-Chain Fatty Acids Are Needed for Health of Enterocytes 

Whether dietary fiber is required for the health of the colonocytes has not been 
proven, although evidence suggests such a requirement. Absorption of salts and 
water is a major function of the large intestine. Short-chain fatty acids stimulate 
the absorption of sodium, chloride, and water in the colon (Hoverstad, 1986). In 
the absence of short-chain fatty acids, the mucosa of the colon may become 
inflamed or atrophied. 

Total parenteral nutrition (TPN) means supplying all nutrients to a patient 
through a liquid diet fed intravenously. With TPN, food is not consumed, although 
one might expect continued sloughing off of enterocytes into the lumen. TPN often 
is used in the treatment of pancreatic diseases and in the care of very-low-birth- 
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weight infants. (The intestinal tracts of such infants may not be able to accept a full 
daily diet.) Patients with severe loss of functioning intestines may require TPN to 
remain alive. Those with less than 0.6 meters small intestine require TPN. The cells 
of the colon atrophy with TPN, possibly because of the lack of dietary fiber and 
the resultant lack of short-chain fatty acid production. This atrophy is a medical 
problem, since it results in diarrhea when oral feeding is resumed. This diarrhea 
may result in part from the inability of the atrophied colon to perform its major 
function, water absorption. 

Dietary Fiber and Diabetes 

Fiber may help in the management of diabetes. Diets that are high in fiber and 
digestible starches may be used to minimize the elevation of blood sugar that 
generally occurs after a meal. In some patients, diets that supply 55-60% of the 
body's energy from these carbohydrates result in improvement in the clinical 
picture, that is, they improve the control of plasma glucose levels and reduce the 
requirement for injected insulin. The soluble fibers used in these diets are supplied 
by guar gum, wheat bran, and apples. Additional details on diabetes appear in 
Chapter 4. 

Dietary Fiber and Colon Cancer 

Epidemiological studies have indicated that dietary fiber is a contributing factor 
in lowering the incidence of cancer of the colon. Colon cancer is the leading cause 
of cancer death in the United States. The increase in the bulk of material in the 
colon provided by insoluble fibers has been speculated to reduce the concentration 
of chemicals in the colon that promote the conversion of a normal colonocyte to a 
cancerous one. An increase in flow rate through the colon, generated by dietary 
fibers, would reduce the time of exposure of the colonocytes to these chemicals. 
These effects should reduce the levels of cancer-producing chemicals supplied 
directly by the diet, as well as those produced by microbial metabolism. Further 
details are revealed in the Diet and Cancer chapter. 

MICROORGANISMS AND DIGESTION 

Gut Microflora 

The gut microflora consist of microorganisms, mainly bacteria, of the gastrointes- 
tinal tract. The small intestine of the adult human is about 4.0 m long. Tb.e large 
intestine, or colon, is about one-third this length (1.5 m). The colon receives 1.5-2.0 
liters of water per day; most of which is absorbed. Only 150-200 ml of water is lost 
in the feces. The colon also absorbs sodium and chloride originating from the diet 
and from. secretions of the small intestine. The lumenal surface of the large intes- 
tine secretes mucus, as does the small intestine. However, the mucosa of the colon 
contains crypts but lacks villi. 
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FIGURE 3.7 Approximate concentrations of bacteria in various regions of the gastrointes- 
tinal tract. The density of bacteria in the human stomach and small intestine is relatively 
low compared with that in the large intestine, unlike other species shown. The human 
stomach contains about 100 bacteria per g contents, whereas the large intestine contains 
about one billion per gram. For comparison, a sample of pure bacterial cells contains about 
one trillion cells per gram. (Redrawn with permission from Rowland, 1988.) 

In humans, the density of bacteria in the stomach and small intestine is rela- 
tively low compared with that in the large intestine, as shown in Figure 3.7. The 
human stomach contains about 100 bacteria per gram of contents, whereas the 
large intestine contains about one billion per gram. For comparison, a sample of 
pure bacterial cells contains about one trillion cells per gram. 

The microflora of the gastrointestinal tract, which develop shortly after birth, 
are found in the lumen, associated with remnants of food, on the mucosal surface, 
and in the crypts. These microorganisms, including prokaryotic and eukaryotic 
species, tend not to use oxygen in their energy metabolism since they exist in an 
environment that is essentially anaerobic. Over 99.9% of the bacterial cells are 
anaerobic, meaning they are unable to use oxygen even when it is provided for 
them. Of these bacteria, 5-20% are unable to tolerate 02 and die in its presence. 

The human large intestines contains at least 400 different species of bacteria. 
Most are anaerobes, such as Bacteroides, Eubacterium, and Bifidobacterium. Lactoba- 
cilli and Clostridia are also present. Anaerobes cannot utilize oxygen gas as an 
electron acceptor. Protozoa, yeasts, and other fungi occur only in very low num- 
bers in the human gut (Cummings and Macfarlane, 1991). The most highly publi- 
cized bacterium of the gut is Eschericia coli, which is a species of Enterobacteria. 
However, the Enterobacteria occur in numbers that are 100 to 10,000-fold less than 
the Bacteroides. E.coli is able to use 02 as an electron acceptor, but it is also able to 
grow fermentatively (in the absence of 02). The Enterobacteria consume the avail- 
able oxygen and help produce an oxygen-free environment that is required by 
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many of the anaerobes. Methane-producing organisms (methanogens) also occur 
in the gut. As one might recall, the three forms of life which exist on earth are 
Eucarya, Bacteria, and Archae. Methanogens are Archae. 

The human infant's gut microflora begins to establish itself after birth, and 
consists mainly of Bifidobacteria when its food is breast milk. However, with 
formula feeding the gut microflora consists of a mixture of bacterial species 
resembling that in the adult gut (Gibson and Roberfroid, 1995). 

The relationship between different microbial species in the gut is an intriguing 
topic. These species include carbohydrate-fermenting bacteria, pectinolytic bacte- 
ria, and methanogens (methane-generating bacteria). The gases produced by bac- 
terial metabolism include CO2, H2, and CH 4 (methane). Analysis for these gases 
has proven useful in assessing the extent to which various dietary fibers are used 
by the gut microflora and in assessing the variability in microfloral ecology in 
different human subjects. 

Different species of gut bacteria can supply nutrients to each other. For example, 
the pectinolytic bacterium Bacteroides produces methanol during the course of 
pectin degradation, which originates from the methoxy groups of pectin. This 
methanol is taken up by methanogenic bacteria and reduced to methane gas. In 
this reaction, methanol serves as an electron acceptor. The methanogens utilize H2 
as a reductant during this conversion, which is provided by another group of 
bacteria, the carbohydrate fermenters. Some highlights in the ecology of the gut 
microflora appear in Figure 3.8. Some of the hydrogen gas produced by the 
carbohydrate fermenters may be released unchanged from the host. Methane 
production is variable in humans. About one-third of adult humans are methane 
producers. 

The major gaseous product of the gut bacteria is CO2, a gas also produced by 
the metabolism of the human host. Hydrogen gas is produced exclusively by the 
gut bacteria and not by the host. The studies of lactose metabolism shown in 
Figures 3.2 and 3.3 revealed that the rate of H2 production can be used to assess 
lactase status in human subjects. In a study involving two human subjects (shown 
in Figure 3.9), H 2 production was used to follow the time of passage of dietary 
gum through the small intestine and its eventual attack by bacterial enzyme. The 

Methoxy ~ H2 
residues ~ ~ Methanol ~ ~ CH 4 
of pectin 

H2 
Carbohydrate ~ ~ + 

CO z 
+ ~ ~ CH 4 

CO z 

FIGURE 3.8 Pathways of gas formation due to fiber fermentation in the intestines. Some 
of the hydrogen gas produced by the carbohydrate fermenters may be released unchanged 
from the host. Methane production is variable in humans. About one-third of adult humans 
are methane producers. Some of the H2 may be used by methanogens for CH4 production. 
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FIGURE 3.9 Concentration of hydrogen in the breath. In two human subjects, H 2 produc- 
tion (O,@) was used to follow the time of passage of dietary gum through the small 
intestine and its eventual attack by bacterial enzymes. The subjects each consumed 25 g 
gum arabic. The concentration of H 2 in their exhaled gases was measured at various times 
afterward. The study revealed that the initial rate of H 2 production was different in the 
two subjects, that fermentation of the gum started to take place within 3 hr of the test dose, 
and that the rate of gas production fluctuated over the course of time. (Redrawn with 
permission from Ross et al., 1983.) 

results indicate that fermentation of the gum started within 3 hours of consump- 
tion of the test dose. The initial rate of H 2 production was different in the two 
subjects, and fluctuated significantly during the experiment. In general, studies of 
the passage, absorption, or excretion of various nutrients yield results that cannot 
be reproduced closely in different experimental subjects. 

Microbe -Host  Interactions 

The gut microflora produce a vast array of compounds in addition to gases and 
short-chain fatty acids, including vitamins (biotin and vitamin K) that are ab- 
sorbed by the intestines and supply part of the dietary requirement. The functions 
of biotin and vitamin K are detailed in the Vitamin chapter. 

Queuine is included in the list of potentially useful products synthesized in the 
gut. Queuine is a nucleoside base that resembles a modified form of guanine. 
Queuine is incorporated into certain types of tRNA in a reaction catalyzed by 
tRNA-guanine transglycosylase, resulting in the ribonucleotide queuosine (Fig- 
ure 3.10). The enzyme catalyzes the replacement of an existing residue of guanine 
by queuine, where the targets of the reaction are tRNAs used for carrying the 
amino acids Asn, Asp, His, and Tyr (Slany et al., 1993). The existence of this unusual 
base in transfer RNA should not be regarded as unusual, since a total of 80 types 
of modified bases have been found in the tRNAs of eucarya and bacteria. These 
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bases include altered versions of adenine, uracil, guanine, and cytosine, tRNA 
molecules have a greater density of modified bases than other types of nucleic 
acids. The function of queuosine is not established, but evidence suggests that it 
is required for the biosynthesis of tyrosine (Marks and Farkas, 1997). If a vital 
function for queuine is found, it may be classed as a vitamin. 

The gut microflora metabolize the bile acids produced by the human host. Their 
enzymes catalyze the deconjugation of the bile acids, that is, removal of the taurine 
and glycine groups. These enzymes also catalyze dehydroxylation, converting 
cholic acid to deoxycholic acid. Gut bacteria convert bile acids to compounds that 
appear to be carcinogenic and possibly contribute to cancer of the colon. 

MALABSORPTION SYNDROMES 

Several diseases, called malabsorption syndromes, result in the lack of absorption 
of a number of nutrients. Their consequent loss in the feces clearly is not desirable. 
Malabsorption of lipids, which occurs more frequently than malabsorption of any 
other class of nutrient, can result in diarrhea and steatorrhea. Steatorrhea, produc- 
tion of feces with a high fat content, derives its name from "stearic acid," a fatty 
acid. With severe steatorrhea, over 30 g fat may appear in the feces per day. The 
problem can be elicited by liver diseases that prevent the production of bile salts 
and thus impair the absorption of fats. 

OH 

NH 
o I 

N.~~N .,'~N" H 2 
HO 

HO OH 

FIGURE 3.10 Structure of queuosine. Queuosine is incorporated into certain types of 
transfer RNA. The importance of queunosine to human health is not certain. A great 
quantity of compounds are synthesized by the gut microflora, including vitamin B12, 
vitamin K, and biotin (a vitamin). In some cases, these sources of vitamin contribute to the 
nutritional requirements of the host animal. Essentially all of our vitamin B12 is acquired 
from bacteria, but indirectly via meat. Beef cattle acquire their vitamin B12 from their gut 
bacteria, and people, in turn, acquire this vitamin from meat. 
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Several malabsorption diseases involve defects of the intestinal mucosa. Celiac 
disease results from damage to the intestinal mucosa, provoked by cereal proteins, 
in susceptible individuals. The symptoms of the disease include watery diarrhea, 
bleeding of the intestines, and iron deficiency (due to iron malabsorption or to the 
iron lost in the blood) (Arranz et al., 1993; Fine, 1996). Abnormally low pancreatic 
secretions can also occur in a third of persons with celiac disease, resulting in 
abnormally low digestion, lack of absorption of nutrients, and a lowered growth 
rate (Carroccio et al., 1997). The disease, which involves atrophy of the villi on the 
enterocytes, is diagnosed by taking a biopsy of the jejunum. Biopsies are taken 
before and after treatment with a diet that is free of cereal protein. The term for a 
partially purified preparation (solubilized in alcohol) of the cereal protein in 
question is gluten. Gluten consists of proteins called gliadin, and other proteins. 
Hence, the diet is called a gluten-free diet. Celiac disease can be treated with the 
gluten-free diet. With treatment, the weight loss and watery diarrhea experienced 
by sufferers is prevented in most patients (Gray, 1997). 

Celiac disease is due to an abnormal immunological response to the gliadin 
proteins, especially to (x-gliadin (Tighe and Ciclitira, 1995). Cereals that contain 
gliadin, or related proteins, include wheat, barle)~ rye, and oats. Nontoxic cereals 
include rice and corn. The disease can also be diagnosed by measuring the abnor- 
mally high secretion of the antibodies IgM and IgA into the lumen of the small 
intestines. These antibodies recognize and bind to gliadin. 

Crohn's disease involves inflammation of the gut. Its cause is not known, but 
evidence suggests that infection with Mycobacterium paratuberculosis may be a 
contributing factor (Hermon-Taylor, 1993). The inflammation results in steator- 
rhea, diarrhea, abdominal pain, and weight loss. Crohn's disease is usually treated 
with drugs (corticosteroids), but it may also be treated by the elimination of a 
normal diet and its replacement with an elemental diet. The elemental diet consists 
of oligosaccharides, amino acids, and short-chain fatty acids. This diet is not very 
palatable, but it can result in relief of symptoms and a reduction in inflammation 
of the intestines. Two weeks of dietary treatment may be sufficient to allow 
inflammation to subside (Lochs et al., 1991). 

Tropical sprue is a malabsorptive disease thought to be generated by specific 
types of infections. The disease involves diarrhea and is associated with the 
malabsorption of folate. Hence, its treatment may involve supplements of folic 
acid. 

Nutrient malabsorption also occurs in the genetic disease cystic fibrosis. This 
disease arises from a mutation in the chloride ion transporter, and results in 
pancreatic insufficiency as well as respiratory difficulties. Treatment of the malab- 
sorption symptoms of cystic fibrosis involves supplementation with pancreatic 
enzymes and synthetic water-soluble versions of the fat-soluble vitamins. The 
labored breathing and respiratory infections due to the disease cannot be treated 
by dietary intervention. 

SUMMARY 

The antibodies supplied by mother 's milk serve the useful purpose of combating 
intestinal diseases in the infant. This role is important when the infant is raised in 
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an environment contaminated with fecal matter, as often occurs in underdevel- 
oped countries. In infants, intestinal diseases resulting from a contaminated food 
or water supply can involve severe vomiting and diarrhea, which, if continued for 
several weeks, can lead to death by dehydration. 

Lactose intolerance is not a serious condition. This condition tends to be present 
in late childhood in persons of non-European descent. The symptoms can be 
provoked by quickly drinking several cups of milk. 

The digestibility of starch depends on source, physical condition, and food 
preparation. With the exception of lignin, dietary fibers may be partially or fully 
hydrolyzed by enzymes of the microflora present in the colon. Some products are 
absorbed into the bloodstream, but most serve as energy sources for the colono- 
cytes. Specific dietary fibers can influence fecal bulk, the rate of passage of material 
through the intestines, and certain maladies such as constipation. 
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REGULATION 

OF ENERGY 

METABOLISM 

OVERVIEW 

The subject of energy regula- 
tion involves a huge array of 
interrelated facts. These in- 
clude symbiotic relationships 
between the brain, liver, mus- 

cle, pancreas, and energy stores such as fat in 
adipose tissue and glycogen in muscle and 
liven These relationships change with the 
body's activities, including feeding, brief exer- 
cise, prolonged exercise, fasting, and starva- 
t-ion. Relationships both within and between 
these organs change during these activities. 
The complexity of these interactions is de- 
picted in Figure 4.1, which shows some of the 
main pathways of energy flux. 

The overall (net) direction of energy flux is 
controlled mainly by two hormones: glucagon 
and insulin. The phrase direction of energy flux 
can mean, for example, towards storage or oxi- 
dation. Both hormones are polypeptides, and 
both are secreted into the bloodstream by the 
pancreas. Glucose is the main regulator of 
insulin secretion, while certain amino acids 
such as arginine have a minor effect in provok- 
ing insulin secretion. The nervous system (i.e., 
cephalic phase) also is a minor stimulus of in- 
sulin secretion. Glucagon secretion is inhibited 
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Brain )~ ~ Glycogen stores 

Fat ~ Muscle 
and other stores j tissues 

FIGURE 4.1 Thoroughfares of energy flux. The arrows show some of the main thorough- 
fares of energy flux. For example, the brain may receive energy directly from the diet as 
well as from glucose liberated from glycogen stored in the liven No arrow points from fat 
stores to the brain, because the brain does not derive an appreciable amount of energy from 
the triglycerides stored in fat. In contrast, muscle and other tissues receive energy directly 
from the diet, from glycogen, and from the fat stores, as indicated by the arrows. 

by glucose and insulin and stimulated by amino acids (Philippe, 1991; Teff et al., 
1991). Other hormones of importance in regulating energy metabolism include 
norepinephrine, epinephrine, and thyroid hormone. 

The Brain Needs Glucose 

A major topic of this chapter is the supply and maintenance of the brain's source 
of energy. The brain stores very little of its own energ~ and relies almost exclu- 
sively on a constant supply of glucose from the bloodstream. The concentration of 
plasma glucose is finely controlled by glucagon and insulin. The role of these two 
hormones is demonstrated in this chapter by experiments involving human sub- 
jects. The goal of maintaining the brain's supply of glucose is used as a reference 
point in the discussions that follow. 

Various Pathways May Have a Twin, Which Operates in the Reverse Direction 

First considered are metabolic pathways that occur with a reverse version of the 
same pathway. Separate pathways exist for the degradation and synthesis of 
glycogen. Separate pathways exist for the degradation of glucose-6-phosphate 
(glycolysis) and for the synthesis of glucose-6-phosphate (gluconeogenesis). 
Separate pathways also exist for the synthesis and catabolism of fatty acids. All 
these pathways are controlled in a coordinated manner by glucagon and insulin. 
The effects of these hormones are most easily understood by considering not their 
concentrations in the plasma, but the ratio of their concentrations, (glucagon)/(in- 
sulin). 



Overview 159 

Energy Metabolism Takes Various Styles 

Different types of energy metabolism are illustrated by the different interactions 
that occur between the liver, muscle, and adipose tissue during the states of rest, 
exercise, and carbohydrate consumption. Aerobic metabolism and anaerobic me- 
tabolism (fermentation) are two types of metabolism. Two other styles are illus- 
trated by that of the liver, which tends not to consume much glucose for its own 
purposes but combusts fat, and that of the brain, which usually consumes only 
glucose and is not capable of burning fat. Skeletal muscle uses different types of 
energy metabolism under different conditions. The energy fuels used by skeletal 
muscle may be arranged in a hierarch~ with those depleted in the early stages of 
exercise occurring first and those used in later stages of exercise last. This list 
includes creatine phosphate, glycogen, fat, and ketone bodies. 

This chapter focuses on a number of issues involving the aforementioned fuels. 
Topics include regulation of fatty acid synthesis at the enzymatic and genetic 
levels, the role of carnitine in fatty acid oxidation, long- and medium-chain fatty 
acids, and serum albumin as a fatty acid carrier. The concept that oxygen con- 
sumption is related to the rate of energy use is illustrated by a feeding experiment 
involving food oils. The precise quantitative nature of the relationships between 
oxygen consumption and fuel combustion are revealed in the next chapter, on 
Energy Requirement. 

Glycolysis Produces Pyruvate; The Krebs Cycle Produces C02 

The glycolysis pathway comprises a series of reactions involving the breakdown 
and partial oxidation of carbohydrates and the conversion of some of our food 
energy to ATP and heat. Glycolysis results in the conversion of sugars to pyruvate, 
a 3-carbon metabolite. During oxidative metabolism, pyruvate is transported into 
the mitochondrion, where it is converted, via pyruvate dehydrogenase, to a 2-carb- 
on metabolite, the acetate group. The acetate group is bound to a molecule of 
coenzyme A and thus occurs as acetyl-coenzyme A. The acetate group then enters 
the Krebs cycle, where it is completely oxidized to CO2. The Krebs cycle comprises 
the series of reactions required for converting most of our food energy to ATP and 
heat. The enzymes that catalyze these reactions occur in the mitochondrion. Nu- 
trients enter the Krebs cycle and, in a stepwise manner, are oxidized and broken 
down to yield carbon dioxide. Nearly all of the carbon from fats and carbohydrates 
enters the Krebs cycle in the form of a 2-carbon unit, the acetate group. A number 
of nutrients, such as citrate and malate, can enter the Krebs cycle intact (not as 
acetate groups) for oxidation and breakdown. 

Water Is an End-Product of the Respiratory Chain 

The electrons released from nutrients, in turn, are transferred to oxygen, resulting 
in its reduction to water. These electrons, which initially have a high reducing 
power, are not directly transferred from nutrients to oxygen. Instead, the reducing 
power of the electrons is captured in a series of discrete steps catalyzed by a series 
of proteins known as the respiratory chain. This process is called electron trans- 
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port. The electrons reduce oxygen to water at the terminus of the respiratory chain, 
where they reach their lowest level of reducing power. Organisms that require 
oxygen for life do so because of this particular step in metabolism. 

The Final Goal of the Respiratory Chain Is to Produce ATP 

The operation of the respiratory chain is coupled with the transport of hydrogen 
ions (protons) out of the mitochondrion. This transport, which is mediated by 
specific transport proteins embedded in the membrane, results in a higher concen- 
tration of H § ions outside the organelle. Concomitantly; the protons reenter the 
organelle by means of a separate membrane-bound protein complex. This complex 
is called ATP synthase. The passage of protons through ATP synthase is driven by 
the higher concentration of H § that is maintained outside the mitochondrion. The 
protons seek to equilibrate their concentrations on both sides of the membrane, 
resulting in the synthesis of ATP. 

Most of the electrons removed from fuels during energy metabolism are trans- 
ferred via nicotinamide adenine dinucleotide (NAD). NAD collects electrons from 
many different energy fuels in reactions catalyzed by specific enzymes. These 
enzymes are dehydrogenases. Reduced NAD, in turn, shuttles the electrons to the 
respiratory chain. Flavin adenine dinucleotide (FAD) also acts as an electron 
shuttle. In each reaction involving NAD (or FAD), two electrons are transferred; 
that is, two electrons are carried or shuttled. NAD and FAD are small molecules 
with molecular weights of 663 and 785 and are manufactured in the body from the 
vitamins niacin and riboflavin, respectively. These molecules are called N.A.D. and 
EA.D., not "nad" or "fad." 

THE BRAIN AND ENERGY METABOLISM 

The brain and central nervous system are of highest priority relative to energy 
metabolism. The relationship between the brain and the energy stores of the body 
is unique. The central nervous system is fastidious in its requirement for glucose. 
Unlike most other organs, the brain does not use free fatty acids (FFAs) for energy. 
Also unlike other organs, it cannot regulate its nutrient uptake systems or reduce 
its energy requirements in response to deficiencies in the diet and in the fuel 
supply. These, and other points, are summarized as follows: 

1. The brain uses a large amount of energy. With the human body at rest, it 
accounts for about 20% of total energy consumption. The energy consump- 
tion of the brain is disproportionately large, on a per-weight basis, compared 
with that of other organs. 

2. The brain does not have appreciable reserves of energy. It contains only a 
small amount of glycogen and is dependent on a continuous supply of 
glucose from the bloodstream. 

3. The brain is dependent on glucose as an energy source. It cannot take up 
fatty acids, which are abundant in the circulation. 
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4. The brain, apparentl~ is not sensitive to glucagon or insulin. Changes in the 
glucagon/insulin ratio in the bloodstream serve to coordinate responses of 
various organs to changes in the energy suppl~ but the brain does not seem 
to be one of these organs. 

5. The brain, however, is not completely inflexible. After a few days of fasting 
and long after the body's supplies of glycogen have been depleted, the brain 
readily makes use of a new fuel that appears in the bloodstream: ketone 
bodies. With prolonged fasting, the brain can derive an increasing propor- 
tion of its energy requirement from this fuel; the greatest proportion that has 
been measured in humans is 50%. 

Ketone body metabolism is a normal energy pathway for the neonatal infant. 
The supply of glucose may be somewhat precarious, and the infant may not have 
large supplies of glycogen (glucose stores) in its tissues. Infants, who may not have 
food available during their first day of life, more readily form ketone bodies with 
brief fasting than adults. Use of these ketone bodies by an infant's brain protects 
its central nervous system during times when the supply of blood glucose is 
borderline. 

G L U C A G O N  A N D  I N S U L I N  

The central nervous system requires a constant supply of glucose, and we have 
noted the importance of maintaining constant levels of this nutrient in the plasma. 
But before detailing the styles of energy metabolism of other organs, we shall view 
the hormones used to control plasma glucose levels, and document the mecha- 
nisms used to control entry of glucose, from the plasma, into muscle and other 
organs. 

The pancreas plays a central part in controlling plasma glucose levels. The 
pancreas detects changes in the concentration of plasma glucose, and responds by 
altering its rates of secretion of glucagon and insulin into the bloodstream. These 
hormones are used to maintain plasma glucose at a constant level. Glucagon 
stimulates its target organs to mobilize and liberate fuel stores and to increase their 
rate of fuel oxidation. Insulin stimulates its target organs to store and conserve 
energy fuels and to decrease their rate of fuel oxidation. 

What Glucagon Does 

In many cases, glucag0n is the primary effector of biochemical changes within a 
cell or tissue. Glucagon induces an increase in the concentration of cyclic adeno- 
sine monophosphate (cAMP) in the cell, with the consequent activation of a 
number of protein kinases. Protein kinases are enzymes that catalyze covalent 
attachment of a phosphate group to specific target enzymes, resulting in their 
activation or inactivation. The source of these phosphate groups is the terminal 
phosphate group of adenosine triphosphate (ATP). Cyclic AMP is a slightly modi- 
fied version of AMP where the phosphate group on the 5' position of adenosine 
forms an ester linkage with the hydroxyl group at the 3' position. The preceding 
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relationships are outlined in the following diagram. The diagram is meant as a 
prelude to a more detailed commentary; and illustrates the influence of a hormone 
(glucagon), which acts at the cell membrane, on changes in the activities of various 
enzymes within the cell: 

Increase in 
plasma glucegon Increase in activity of 

protsln Idnue 

Change in activity of 
regulated enzymes 

. . . . .  

TARGET CELL 

What Insulin Does 

Insulin antagonizes the effects of glucagon by inducing a reduction in the level of 
cAMP and thus preventing activation of the protein kinases. The action of insulin 
is dependent on the glucagon-cAMP-kinase pathway; where insulin's role is to act 
as an antagonist; however, insulin also has a variety of effects that are independent 
of glucagon, that is, actions that do not oppose the effects of glucagon. One such 
independent effect is activation of glucose transport systems. Insulin stimulates 
the transport of glucose from the plasma into adipose tissue and muscle, but not 
into liver, brain, or red blood cells. 

Insulin transmits a signal into its target cell. The signal takes the form of a series 
of events involving the modification of specific proteins and phospholipids. These 
proteins may be altered by phosphorylation or by de-phosphorylation, depending 
on the protein. The phospholipid that is specifically altered is phosphatidylinositol 
(PI). PI is the lipid that has gained fame and renown as the source of inositol-l,4,5- 
trisphosphate (IP3). IP3 is a modified sugar that has proven to be a versatile and 
often utilized molecule that participates in signaling events within most types of 
cells in the body. 

The following diagram illustrates some themes that will be developed later on, 
namely that a hormone (insulin), which acts at the membrane, can influence other 
events in the membrane (nutrient transport), as well as events in the cytosol (fat 
synthesis): 
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Glucose 

timulation of 
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Hormonal Picture with Exercise and Fasting 

The hormonal picture, as far as glucagon and insulin are concerned, is similar 
during exercise and fasting. The concentration of plasma glucagon increases dur- 
ing both states, and this elevation stimulates the synthesis of cAMP in cells and 
the phosphorylation of various enzymes involved in energy metabolism. The 
arrays of enzymes that become phosphorylated are largely identical for both 
conditions, and the resultant patterns of activation or inactivation of enzymes are 
similar or identical. 

Hormonal Picture with Feeding 

Feeding provokes an increase in the concentration of plasma insulin. This eleva- 
tion counteracts the effects of glucagon mentioned earlier. Insulin also has a variety 
of effects independent of glucagon action and of cAMP. The most well-known 
glucagon-independent effect is an increase in glucose transport into muscle for the 
purpose of glycogen synthesis and into adipose tissue for the purpose of fatty acid 
synthesis. 

During feeding, insulin counteracts the effects of glucagon on the fatty acid 
biosynthetic pathway by stimulating the activity of the first enzyme of fatty acid 
biosynthesis, acetyl-CoA carboxylase. During feeding, transport of glucose into 
adipose tissue is stimulated, which is consistent with the enhanced activity of 
acetyl-CoA carboxylase. This enhanced glucose transport supplies the adipose 
tissue with more carbons from carbohydrate, and the greater acetyl-CoA carboxy- 
lase activity allows the adipose tissue to process glucose, and to convert it to fat at 
a greater rate. Because of its role in shifting energy metabolism toward the synthe- 
sis of energy stores, insulin might be thought of as the "after-dinner hormone." 

Synthesis of Glucagon and Insulin 

The actions of glucagon and insulin at the cell membrane have been introduced. 
Before continuing with this theme, let us view the sources of these two hormones. 
The pancreas is both an exocrine and an endocrine gland. The exocrine cells 
(acinar cells) constitute about 80% of the volume of the organ. These cells synthe- 
size vast amounts of digestive enzymes and release copious quantities of fluid. The 
endocrine cells, which occur in clusters called islets of Langerhans ("the islets," 
for short), account for only about 2.0% of the volume of the pancreas. Each islet (a 
few cells) contains both 0~-cells and ~-cells. The c~-cells are responsible for the 
synthesis and secretion of glucagon; the [3-cells synthesize and secrete insulin. The 
smaller volume of the endocrine cells is reasonable, as they synthesize substances 
(glucagon and insulin) present in only trace amounts in the bloodstream. 

The arrangement of the acinar cells and of the c~-cells and [3-cells in an islet is 
shown in Figure 4.2. Because both 0~-cells and ~-cells are present in each islet and 
each islet is surrounded by acini, it is difficult for researchers to remove any one 
type of cell from the pancreas. An alternative approach for selectively manipulat- 
ing the function of the [3-cells has, however, been devised. This method involves 
chemical, not surgical, removal of these cells. Injection of the drug streptozotocin 
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FIGURE 4.2 Arrangement of the cells of the pancreas. The exocrine cells (acinar cells) of 
the pancreas occur in groups called acini (singular, acinus). The endocrine cells ((~- and 
~-cells) occur in groups called islets of Langerhans. The islets, which constitute only 2.0% of 
the organ's volume, are dispersed in the acini. (Redrawn with permission from Guyton, 
1971.) 

into an experimental animal causes chemical ablation of the ~-cells, resulting in 
cessation of insulin synthesis and secretion. This drug thus chemically induces 
diabetes, a disease in which the primary defect is an impairment in insulin func- 
tion. The goal of inducing diabetes in an animal is not to produce illness, of course, 
but to learn how the body responds to the lack of insulin and how to treat the 
disease. 

Streptozotocin is isolated from a fungus. Its structure, shown in Figure 4.3, 
resembles that of glucose. Prior to the development of streptozotocin, alloxan was 
used to induce diabetes in animals; however, streptozotocin is superior because it 
has fewer side effects. 

Changes in Levels with Exercise and Fasting 

The normal basal concentration of glucagon in the bloodstream is about 30 pM; 
that of insulin is about 100 pM. The normal basal concentration of plasma glucose 
is about 5 mM, 50 million times greater than the concentrations of the hormones. 
An appreciation of metabolite quantities is needed to understand data acquired in 
the research and clinical settings. 

The following discussion of the behavior of plasma glucagon and insulin is 
presented prior to more detailed descriptions of the enzymes and pathways that 
are regulated by these hormones. Five studies, all involving human subjects, are 
presented. The first concerns exercise; the second, fasting; the third, feeding in the 
form of a glucose infusion; the fourth, response to an injection of glucagon; and 
the fifth, response to an infusion of insulin. An infusion is a "slow injection," taking 
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FIGURE 4.3 Structures of streptozotocin and glucose. 

place over the course of several minutes  or hours. Infused fluids are usually 
introduced into a vein; injections m a y  be intramuscular  or intravenous. 

The data plotted in Figure 4.4 show the effect of 250 minutes  of exercise on 
concentrations of p lasma glucose, glucagon, and insulin. Plasma glucose remained 
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FIGURE 4.4 Changes in plasma metabolite and hormone levels with exercise. The human 
subjects were at rest at time zero. Exercise was continued for 250 min, and concentrations 
of plasma glucose (O), glucagon (A), and insulin (@) were measured at the indicated times. 
(Redrawn with permission from Felig and Wahren, 1975.) 
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nearly constant during the first 2 hours and fell slightly thereafter. Plasma glu- 
cagon remained fairly stable during the first 2 hours but increased dramatically 
thereafter. Plasma insulin appeared to decrease at a constant rate from the onset 
through termination of exercise. 

In summary, the data demonstrate that plasma glucose levels are maintained 
during an activity that greatly increases the use and oxidation of glucose stores 
within the body. The data also reveal that exercise is associated with an increase 
in the glucagon/insulin ratio and, a more subtle point, that plasma glucagon levels 
may fluctuate in a manner independent of insulin levels. 

EXERCISE 

During the course of exercise, one of the body's major energy stores was nearly completely 
depleted. Did that store consist of fat or of carbohydrate? Hint: Have you ever heard of 
anyone depleting all of their body fat during a marathon race? 
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FIGURE 4.5 Changes in plasma metabolite and hormone levels during fasting. The con- 
centrations of plasma glucose (O), glucagon (z~), and insulin (@) in a human subject were 
measured before and on each day during a 4-day fast. Plasma glucose levels decreased 
somewhat early in the fast, but then stabilized at about 80% of the normal value. Plasma 
glucagon and insulin levels changed in opposite directions during the first 2 days of the 
fast, resulting in a sharp increase in the glucagon/insulin ratio. This ratio continued to 
increase with further fasting as a result of a continued drop in insulin levels. (Redrawn 
with permission from Aguilar-Parada et al., 1969.) 
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The study depicted in Figure 4.5 involved fasting human subjects over a period 
of 4 days. Plasma glucose levels decreased somewhat early in the fast, but then 
stabilized at about 80% of the normal value. Plasma glucagon and insulin levels 
changed in opposite directions, resulting in a sharp increase in the glucagon/in- 
sulin ratio during the first 2 days, followed by a slower increase during the last 2 
days. 

Changes in Insulin Levels in Response to Glucose 

The study reported in Figure 4.6 involved infusion of glucose into human subjects. 
This experiment represents a refined version of consumption of a diet containing 
starch or sugar. A solution of glucose was introduced into a vein at a controlled, 
defined rate for 200 minutes, and concentrations of plasma insulin and C-peptide 
were measured in blood samples taken at regular intervals. Basal levels of C-pep- 
tide are about tenfold greater than those of insulin. Infusion of glucose provoked 
a dramatic increase in the plasma levels of both molecules, indicating that a 
decrease in the glucagon/insulin ratio had occurred. 

C-peptide (connecting peptide) is originally part of the insulin molecule and is 
packaged in secretory vesicles, along with insulin, in ~-cells. It is secreted into the 
bloodstream along with insulin, but has no known biological function and may 
represent a waste product. Recent research has shown that large doses (above the 
physiological range) of C-peptide seem to have various effects beneficial to health 
(Steiner and Rubenstein, 1997). C-peptide is described in more detail under Matu- 
ration of Proteins in Chapter 1. 

In clinical practice, concentrations of C-peptide can give a more accurate picture 
of pancreatic function than those of insulin itself, because levels of plasma insulin 
are more subject to changes in the health status of another organ, the liven Most 
of the insulin in the circulation is rapidly taken up by the liver and degraded, 
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FIGURE 4.6 Plasma insulin and C-peptide concentrations during infusion of glucose. A 
glucose solution was introduced into a vein of a human subject at a controlled, defined 
rate for 200 minutes. Concentrations of plasma insulin and C-peptide were measured in 
blood samples taken at the indicated times. The basal levels of insulin (@) and C-peptide 
(A) were 0.046 nM (6.4 ~tU/ml) and 0.54 nM, respectively. Basal levels of C-peptide are 
about tenfold greater than those of insulin. Infusion provoked a dramatic increase in the 
plasma levels of both molecules, indicating that a decrease in the glucagon/insulin ratio 
had occurred. Glucagon levels were not available from the study. (Redrawn with permis- 
sion from Rudenski et al., 1988.) 
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whereas C-peptide is not rapidly taken up by the liven Its slower catabolism 
probably takes place in the kidneys. 

EXERCISE 
By how many fold did the concentrations of insulin and C-peptide increase with the glucose 
infusion (Figure 4.6)? 

EXERCISE 
Patients suffering from alcoholic cirrhosis may have a markedly reduced amount of func- 
tional liver tissue. Would you expect the concentrations of insulin to be high or low in these 
patients? 

Effect of a Glucagon Injection 

Figure 4.7 gives results of a relatively manipulative study in which both normal 
and diabetic human subjects were injected with glucagon. The resulting changes 
in plasma glucose and C-peptide levels were measured before and at various 
intervals during the 30 minutes following the injection. The rise in plasma glucose 
induced by the glucagon injection might conceivably result from one of two 
events: an increase in the rate of release of glucose into the bloodstream or a 
decrease in its rate of uptake from the bloodstream. Glucagon stimulates an 
increase in the rate of release of glucose, and this is illustrated by the continued 
increase in the plasma glucose level during the 20-30 min after injection. The data 
also demonstrate a second point: plasma glucose levels were higher in the diabetic 
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FIGURE 4.7 Plasma glucose levels after a glucagon injection. Normal (@) and diabetic (O) 
human subjects were injected with 1.0 mg of glucagon. Plasma glucose and C-peptide 
levels were measured before and at the indicated times following the injection. (Redrawn 
with permission from Marchesini et al., 1985.) 
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FIGURE 4.8 Plasma C-peptide levels after a glucagon injection. The increases in plasma 
C-peptide reflect changes in the rate of release of insulin from the pancreas. The C-peptide 
level more than doubled in the normal subject (@), and increased more moderately in the 
diabetic (O). (Redrawn with permission from Marchesini et al., 1985.) 

than in the normal subject. These high levels result from the impairment in the 
uptake of glucose that occurs in this disease. 

Figure 4.8 illustrates the changes in plasma C-peptide that occur after an injec- 
tion of glucagon. These changes reflect changes in the rate of release of insulin from 
the pancreas. The level of C-peptide more than doubled in the normal subject, 
whereas a more moderate increase occurred in the diabetic. The increases in 
insulin secretion did not result directly from the injected glucagon, but from the 
glucagon-induced rise in plasma glucose. 

Effect  o f  an  Insul in  In ject ion  

The study depicted in Figure 4.9 continues the discussion of the delicate relation- 
ships between plasma levels of glucose, glucagon, and insulin. In this study; 
normal human subjects were infused with insulin for the 1-hour period indicated 
by the black bar at the top. Glucose and hormone levels were measured prior to, 
during, and after the infusion. 

Shortly after infusion commenced, the plasma insulin concentration increased 
well above its basal level. The simultaneous, precipitous drop in plasma glucose 
may have resulted, in part, from stimulation by insulin of glucose transport into 
muscle and adipose tissue. There may have another reason for this drop: insulin 
counteracts glucagon's stimulation of glucose synthesis (or glycogen mobilization) 
in the liven The data cannot be used to distinguish between these possibilities. The 
increase in plasma glucagon occurs in response to hypoglycemia (low plasma 
glucose). 

EXERCISE 
Compare the rise in plasma insulin that occurred with insulin infusion (Figure 4.9) with the 
rise that occurred with glucose infusion (Figure 4.6). Was the rise in insulin supplied by 
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FIGURE 4.9 Plasma glucose and hormone levels before, during, and after insulin infusion. 
Normal human subjects were infused with insulin for the 1-hour period indicated by the 
black bar. Glucose, insulin, and glucagon levels were measured at the indicated times. 
While plasma insulin increased to six times its basal level, plasma glucose fell precipitously 
and plasma glucagon rose. (Redrawn with permission from Bolli et al., 1984.) 

exogenous hormones (Figure 4.9) similar to the rise that could be provoked by a glucose 
infusion? In short, did the insulin infusion result in plasma insulin levels within the 
physiological range? 

EXERCISE 

Cancer is a disease involving an increased rate of division and multiplication of a particular 
type of cell. In one type of cancer, an increased number of ~-cells in the pancreas may result 
in overproduction of insulin. Would you expect the brain to have a deficient or overabun- 
dant supply of energy? (See Townsend and Thompson (1985).) 

EXERCISE 

An increased concentration of a metabolite in the bloodstream (hyperemia) often results in 
an increased concentration in the urine (hyperuria). If a rat is injected with streptozotocin, 
how might the flavor of the rat's urine be affected? 
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Diabetes Mellitus 

An overview of the disease diabetes mellitus will be used to supply motivation 
prior to starting our journey through the pathways of energy production. Diabetes 
mellitus is a major health concern on a global basis. This disease takes two forms, 
i.e., insulin-dependent diabetes meUitus (IDDM) and non-insulin-dependent 
diabetes mellitus (NIDDM). Nutritional intervention is used in the treatment of 
diabetes, as revealed later in this chapter and in the Obesity chapter. IDDM is 
easily treated by injections of insulin, while NIDDM is more difficult to treat. 
NIDDM is treated with insulin and by weight reduction in obese patients. Use of 
soluble fiber in the diet may be used in the treatment of both types of diabetes. 

How Does Diabetes Make You Feel Sick? 

Diabetes mellitus is a major cause of blindness, renal failure, and cause for surgical 
amputation of legs or feet. The risk of cardiovascular disease is doubled in a person 
with diabetes mellitus. Thus, diabetes is a serious health hazard. How does diabe- 
tes first present itself? The initial symptoms of the disease include excessive thirst, 
excessive food consumption, excessive urination, weight loss, and blurred vision., 
Diabetes often results in neuropathies leading to impotence (in males) and numb 
feet. Foot ulcers may occur, and in extreme cases, the foot must be amputated. 
Diabetes is a leading cause of blindness in adults. Diabetes often accelerates the 
development of cardiovascular disease, but the mechanism of this acceleration is 
not clean 

Tests for Diabetes 

Diabetes can be detected by elevated levels of glucose in the plasma and in the 
urine. High urinary glucose was probably first suspected when it was noted that 
the urine attracted flies. A more sensitive test for diabetes involves a test meal of 
glucose and measurement of the resultant increase in plasma glucose, with atten- 
tion paid to the body's ability to control or deal with the rise in plasma glucose. In 
this glucose tolerance test, the patient slowly drinks a solution of 75 g of glucose 
in water, with blood samples withdrawn before and at intervals afterward. In the 
healthy subject, plasma glucose levels rise and then promptly fall back to normal, 
because rising insulin levels stimulate uptake of the consumed glucose into vari- 
ous tissues. In a diabetic, the rise in plasma glucose may be much greater than 
normal, and its subsequent fall may take much longer than normal. 

Frequency of lDDM and NIDDM Throughout the World 

The frequency of IDDM in Europe and in the United States is 0.2 to 2.4 occurrences 
per 100 persons. Diabetes occurs much less frequently in Japan and is very rare in 
tropical countries. NIDDM is quite common. Its frequency in adults is 3 to 6% in 
Europe and the United States. Its frequency is much higher among certain Poly- 
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nesian populations, Native Americans (Pima Indians), Mexican-Americans, and 
Australian aborigines. 

IDDM, also called Type I diabetes, generally presents in persons by the age of 
30 years, and accounts for only 5-10% of all persons with diabetes mellitus. The 
symptoms of IDDM occur somewhat abruptly and require prompt treatment. The 
disease results in the loss of ~-cells of the pancreas and the consequent absence of 
the insulin that is synthesized by the ~-cells. IDDM is an autoimmune disease. This 
means that the body produces antibodies that recognize and bind to various 
proteins of the J3-cells. This is followed by the infiltration of the [~-cells with white 
blood cells. The white blood cells destroy the [~-cells graduall3~ over the course of 
several years. IDDM makes the patient feel sick only after most of the ~-cells have 
been destroyed. This disease can be easily controlled with drugs. Insulin is com- 
mercially available, and persons with the disease can easily learn to administer the 
injections at home (Bach, 1994, 1997; Tisch and McDevitt, 1996). 

NIDDM, also called Type II diabetes, generally presents in persons over 30 years 
of age. NIDDM is associated with obesity. Perhaps two-thirds of all persons with 
NIDDM are also obese. The overall defect in NIDDM is that the muscle and 
adipose tissue tend not to respond to insulin. NIDDM is a product of multiple 
biochemical defects that result in impaired glucose metabolism. Apparentl3~ each 
of these defects accounts for no more than 5--10% of the population of those with 
NIDDM. NIDDM develops initially because of defects in insulin's ability to trans- 
mit a signal, rather than by a lack of insulin in the bloodstream, and for this reason 
the disease is called non-insulin-dependent diabetes mellitus. 

Mechanism of lDDM, As Revealed by a Case Study of a Child 

The study depicted in Figure 4.10 concerns a child examined periodically over the 
course of a decade. The gradual onset and development of diabetes in this child 
are demonstrated by progressively more abnormal glucose tolerance curves. The 
child became less and less able to control the rise in plasma glucose that followed 
the test dose. The reduction in plasma glucose concentration following a test dose 
is called the clearance of glucose. In short, the child developed an impaired 
clearance rate. A normal clearance rate is shown in the test conducted in 1969, but 
abnormal rates were found in 1979 and 1980. Figure 4.11 shows plasma insulin 
levels measured from samples taken during the glucose tolerance tests depicted 
in Figure 4.10. A normal insulin response occurred in 1969, but dampened insulin 
responses occurred in 1979 and 1980. 

The mechanism of this child's diabetes was as follows. Impaired insulin pro- 
duction resulted from destruction, by antibodies, of many of the ~-cells of the 
pancreas. Antibodies are proteins synthesized by cells of the immune system that 
recognize and tightly bind to macromolecules to form antibody-target complexes. 
These complexes are then destroyed by white blood cells. A normally acting 
immune system produces only antibodies that recognize foreign structures; how- 
ever, this child produced antibodies that recognized components of the child's 
own ~-cells. 

A disease in which antibodies that recognize proteins made by one's own body 
are produced is called an autoimmune disease, and the undesirable antibodies 
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FIGURE 4.10 Glucose clearance curves. Glucose tolerance tests were performed on the 
same human child over the course of a decade. The gradual onset and development of 
diabetes are demonstrated by progressively more abnormal glucose tolerance curves. The 
reduction in plasma glucose concentration following a test dose of glucose is called the 
clearance ofglucose. A normal clearance rate is shown for 1969, but abnormal rates are shown 
for 1979 and 1980. (Redrawn with permission from Srikanta et al., 1983.) 

produced are called autoantibodies.  Tests can detect autoantibodies in the blood- 
stream, just as they can detect other types of protein. These tests detected no 
anti-islet antibodies in the child's plasma in the years between 1967 and 1973, but 
revealed their presence in 1975 and thereafter. 

EXERCISE 
Which autoimmune disease results in damage to the parietal cell of the stomach? 

Mechanism of N I D D M  

The progress of NIDDM is divided into three steps: 

1. First, insulin resistance occurs. Muscle and adipose tissue fail to respond 
normally to this hormone. The development of insulin resistance tends to 
be enhanced by obesity and by lack of exercise. This step begins at about 
the age of 30, i.e., after childhood. 

2. With the development of insulin resistance, the pancreas compensates by 
increasing its secretion of insulin into the bloodstream, resulting in increased 
plasma insulin and in normal levels of plasma glucose. At this stage of the 
disease, one may not be aware that one has NIDDM. 
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FIGURE 4.11 Plasma insulin levels during glucose tolerance tests. Plasma insulin levels 
were measured during the glucose tolerance tests shown in Figure 4.10. A normal insulin 
response occurred in 1969, but insulin responses were dampened in 1979 and 1980. (Re- 
drawn with permission from Srikanta et al., 1983.) 

3. Over the course of many years, the ~-cells of the pancreas fail, which leads 
to insulin deficiency (Patti and Kahn, 1996). The disease presents itself as 
the [3-cells begin to fail. 

Non-insulin-dependent diabetes mellitus seems to result from a sizable number 
of defects. Perhaps no one defect accounts for more than 10% of all persons 
suffering from NIDDM. In humans with NIDDM, mutations have been detected 
in the genes coding for several proteins. Just to document the variety of affected 
proteins, mutations in human genes have been found in those coding for IRS, 
glucose transporters, glucokinase, transfer RNA (tRNALEU), and for glycerol-P 
dehydrogenase (Gerbitz et al., 1996). Mutations have also been found in the insulin 
receptor, but this exact mutation rarely occurs. The notion has developed that 
NIDDM is not one disease but many, where the major defect differs in different 
people. A specific single genetic defect responsible for most cases of NIDDM, if 
any; has not been found. 

The term mutation is defined. All genes consist of a sequence of nucleotide 
bases (A, T, G, and C), where successive groups of three bases (codons) code for 
the sequence of amino acids in the corresponding polypeptide. Any change in the 
exact sequence of bases can rightfully be called a mutation. Where a change in 
a codon results in a change in the coded amino acid, the mutation can result in 
a change in one or more of the amino acids in the polypeptide. Mutations and 
changes in an amino acid often result in little or no change in the function of the 
polypeptide. A mutation that results in a drastic change in the functioning of a 
polypeptide is very likely to be detected as a genetic disease. 

Diet Therapy in Diabetes 

Controlling plasma glucose levels is an issue with both IDDM and NIDDM. 
Elevations in plasma glucose can be controlled with drugs, as well as by dietary 
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tactics. Eating many small meals during the day (rather than 3 meals) can help 
reduce plasma glucose levels throughout the day. Consuming soluble fibers (guar 
gum and oat gum) may have a small influence on controlling plasma glucose. 
Soluble fibers form a viscous gel in the gut and slow the rate of gastric emptying 
and intestinal transit. Soluble fibers have a more significant, but still modest, effect 
on lowering plasma lipid levels (Franz et al., 1994). Diet therapy plays a major part 
in the treatment of NIDDM, where the patient is obese (see Obesity chapter). 

Insulin at the Cell Membrane  

The mechanisms by which insulin antagonizes the effects of glucagon and exerts 
its glucagon-independent effects are not clean Much attention has been given to 
the insulin receptor, a protein embedded in the plasma membranes of insulin-sen- 
sitive cells. Binding of plasma insulin to a receptor results in phosphorylation of a 
tyrosine residue present in the polypeptide chain of the receptor protein. It also 
results in activation of kinases that catalyze phosphorylation of serine residues of 
specific proteins. Another effect is a decline in the degree of phosphorylation of a 
number of other proteins. 

Insulin stimulates the rate of transport into various cells, such as those of 
adipose tissue and muscle. How does a rise in this hormone in the plasma provoke 
an increase in flow of glucose to the cell's interior? Insulin stimulates the fusion of 
vesicles with the plasma membrane. These vesicles contain membrane-bound 
proteins that can transport glucose; thus, the fusion event results in the insertion 
of glucose transporters into the plasma membrane, with the consequent increase 
in glucose transport into the cell. This scenario is illustrated in Figure 4.12, in which 
the signal transmitted into the cell by insulin is represented by a spark. 

The effect of insulin in stimulating glucose transport is illustrated in the study 
reported in Table 4.1. Data from both normal and diabetic subjects are used to 
compare the functions of hormones in health and disease. Adipocytes were taken 
from living human subjects and glucose transport was assessed by measuring the 
rate at which these cells absorbed radioactive glucose from the surrounding cell 
medium. The data show that addition of insulin to the medium containing cells 
from normal subjects stimulated a threefold increase in the transport rate, from the 
basal rate of 43 to 134. Addition of insulin to the diabetic cell medium doubled the 
transport rate, from 20 to 42. The data indicate that there may have been more than 
one defect in the adipocytes from the diabetics. First, the basal rate of glucose 
transport was subnormal; second, the stimulability by insulin was impaired. 

The experiment was repeated using another marker for glucose transport, the 
glucose analogue 3-O-methylglucose. Again, transport was assessed by measuring 
the rate of accumulation of radioactivity in the adipocytes, after 3-O-methylglu- 
cose labeled with radioactive carbon was added to the medium. Results paralleled 
those obtained with radioactive glucose. The analogue was used to avoid the 
interference expected with radioactive glucose. A fraction of the glucose would be 
expected to be oxidized to carbon dioxide. Discharge of radioactive CO2 into the 
cell medium could interfere with the measurement of glucose uptake. The ex- 
pected consequence would be an artificially low value for glucose transport. Use 
of the nonmetabolizable glucose analogue avoids this potential spurious result. 
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FIGURE 4.12 Action of insulin at a target cell. The figure shows three separate processes: 
(1) formation of insulin/receptor complex; (2) stylized version of intracellular signal; and 
(3) insertion of glucose receptors into the plasma membrane. Insulin and its receptor are 
represented by rectangles with tabs. The signal transmitted into the cell is represented by 
an imaginary spark. The transporters are represented by black dots. 

EXERCISE 

Compare the transport data from studies using glucose and 3-O-methylglucose (Table 4.1). 
Do the results from these two studies yield similar or different conclusions? 

Fine Details of the Mechanisms of Insulin Release and Insulin Action 

Figure 4.13A, B lets us step back and review the big picture, whereby  an increase 
in p lasma  glucose (due to feeding) provokes  a rise in p lasma  insulin, which  in turn  
provokes  an the insert ion of glucose t ransporters  into the p lasma  membrane .  

TABLE 4.1 Transport of Glucose and a Glucose Analogue into Cells 

Transport of Transport of 
glucose a analogue 

Subjects Basal +Insulin Basal +Insulin 

Normal 43 134 57 152 
Diabetic 20 42 25 55 

Source: Foley et al. (1983). 
aThe transport rate is the amount of glucose or analogue contained within one femtoliter per cell per 
second. 
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FIGURE 4.13. Release of insulin from the pancreas, travel through bloodstream, and 
action of insulin at a target cell. (A) Mechanism by which elevated plasma glucose provokes 
release of insulin from the ~-cell. Glucose enters the cell, where it is oxidized by the 
pathways of glycolysis and the Krebs cycle (detailed later in this chapter). The result is an 
increase in the concentration of ATP in the cell. ATP is a sort of molecular battery that can 
be used by thousands of different enzymes in the cell, in order to drive their enzymatic 
reactions. In the ~-cell, the increase in ATP levels provokes a change in a membrane-bound 
protein called the potassium channel (K channel). This change provokes a change in 
another membrane-bound protein, the calcium channel (Ca channel). The end-result is a 
momentary increase in calcium ions inside the cell, which in turn provokes the fusion of 
insulin-containing vesicles with the plasma membrane, and the release of this hormone 
into the bloodstream. (B) Mechanism by which insulin binding to its receptor stimulates 
the transport of glucose into the cell. Insulin binds to its receptor, but does not enter the 
cell. The event of binding provokes the activation of the receptor. The receptor is actually 
an enzyme. It is a kinase, meaning that it utilizes ATP as a source of a phosphate group, 
and catalyzes the attachment of this phosphate group to a target protein. The target, or 
substrate, of the insulin receptor is a protein called IRS. Once phosphorylated, IRS provokes 
two activation pathways: (1) the activation of a number of other proteins, resulting in the 
increased transcription of several genes (see arrow pointing upwards); and (2) the fusion 
of vesicles (containing glucose transporters) into the plasma membrane (see arrow pointing 
downwards), resulting in the stimulation of glucose transport into the hungry muscle cell 
or into the glutinous adipose tissue cell. 

Figure 4.13A depicts events that occur only in the pancreas. Figure 4.13B depicts 
events occurring in all insulin-sensitive tissues, and reveals some of the events that 
are represented by the spark. The spark appeared in Figure 4.12. 

Insulin Release from the Pancreas 

H o w  does an increase in plasma glucose provoke a rise in plasma insulin? Feeding 
(eating food) elevates the level of plasma glucose, provided that the food con- 
tained sugar or starch. This increase results in an increased entry of glucose into 
many  cells of the body; including the ~-cells of the pancreas. Consequent  metabo- 
lism of the glucose results in an increase in ATP levels in the cell. The increased 
ATP has a direct influence on the regulation of a special pore in the plasma 
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membrane of the ~-cell, the potassium channel. Further details appear in the 
legend to Figure 4.13A. The mechanism involves an increase in calcium ions in the 
cell, which in turn provokes the fusion of vesicles with the plasma membrane. 
These vesicles contain insulin. Thus, the fusion event results in the contents of the 
vesicles (insulin) being dumped into the extracellular fluid (Figure 4.13A). The 
insulin circulates about the body in the bloodstream. 

Insulin Action at the Plasma Membrane of Muscle and Other Tissues 

How does insulin exert its effects on insulin-sensitive tissues? Insulin binds to 
receptors in the membranes of the skeletal muscle and adipose tissue. The insulin 
receptor has two 0~-subunits (each 135 kDa) and two ~-subunits (each 95 kDa). 
Insulin binds to the 0~-subunit, which is extracellular, and provokes the ~-subunit, 
which contacts the cytoplasm, to catalyze its own phosphorylation. Phosphoryla- 
tion occurs on residues of tyrosine. This sequence is summarized by the following 
flowchart: 

Insulin/ 
Insulin + ~ Insulin/Receptor-Tyr ~ Receptor-Tyr-P 

Receptor-Tyr (Complex formation) (Autophosphorylation) 

After the insulin receptor catalyzes its own phosphorylation, the receptor is acti- 
vated in a way that provokes it to phosphorylate other proteins. The main sub- 
strate is a cytoplasmic protein called IRS. IRS stands for insulin responsive sub- 
strafe. IRS has a molecular weight of 131,000 (131 kDa). The phosphorylation of 
IRS is represented by (Mothe and Obberghen, 1996): 

Activated Receptor-Tyr-P 
I R S  - - . . . . . . . . . .  ~.. IRS-phosphate 

After being phosphorylated, IRS provokes the activation of two separate pathways 
within the cell. From the IRS branching point come two signaling pathways, in the 
manner of two branches. These two branches are the PI 3-kinase signaling path- 
way and the RAS signaling pathway (Lawrence and Roach, 1997; Taha et al., 1995) 
(Figure 4.13B). The branching point is represented by 

IRS-phosphate 

Activation of RAS and other proteins 

Activation of vesicle fusion 
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Details of the RAS Signaling Pathway 

Once IRS occurs as IRS-phosphate, the GRB2/SOS complex also binds to it. This 
event of binding results in activation of such proteins as RAS, MAP kinase, and 
other signaling proteins. The end-result of this branch includes the activation of 
glycogen synthase, the enzyme that catalyzes the conversion of glucose to its storage 
form, glycogen. The GRB2/SOS complex is a complex of two proteins. Our goal, 
in this chapter, is not to reveal the functions of GRB2/SOS, RAS, and MAP kinase, 
but only to reveal that a distinct pathway for relaying insulin's signal has been 
discovered. A cure for diabetes will require a knowledge of these, and other 
signaling proteins. 

Details of the PI 3-Kinase Signaling Pathway 

Once IRS occurs as IRS-phosphate, PI 3-kinase binds to it. (PI means phospha- 
tidylinositol, a common lipid.) The activity of PI 3-kinase is increased by over 
tenfold when it binds to IRS-phosphate. Evidence suggests that PI 3-kinase acts on 
the membranes of intracellular vesicles that contain GLUT-4 (Heller-Harrison et al, 
1996; Elmendorf et al., 1997). The association of the activated PI 3-kinase with these 
vesicles catalyzes the addition of phosphate groups to the 3 position of phospha- 
tidylinositol, with the consequence that the vesicles are stimulated to fuse with the 
plasma membrane. These events are depicted by the following diagram. The 
diagram depicts events occurring in the lower half of Figure 4.13B: 

l =3- NA=E I 

I ~  , , .  

VESICLE 

VESICLE 
STIMULATED 
TO FUSE 
WITH PLASMA 
MEMBRANE 

Glucagon at the Cell Membrane 

Increased levels of plasma glucagon result in increased binding to the glucagon 
receptor. The glucagon receptor is a membrane-bound protein that weaves seven 
times through the plasma membrane. The glucagon receptor is a polypeptide of 
485 amino acids. The N-terminal third of the protein is entirely extracellular, and 
is used to bind the hormone (Carruthers et al., 1994). The glucagon receptor is 
coupled to another enzyme, called adenylyl cyclase (also called adenylate cyclase). 
Adenylyl cyclase is a large protein of about 1100 amino acids, which weaves in or 
out of the plasma membrane twelve times (Cooper et al., 1995). The glucagon 
receptor stimulates adenylyl cyclase to catalyze the synthesis of cyclic AMP. 
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This stimulation occurs via an intermediary protein called G protein. In gen- 
eral, all 7-transmembrane domain proteins, including the glucagon receptor, act 
directly on a protein called G protein. With activation, G protein can stimulate 
adenylyl cyclase, or one of a variety of other enzymes. The orientation of the three 
membrane-bound proteins, mentioned earlier, is shown in the following diagram: 

Glucagon 
in blood ~ 

II/Iiil " 

U U M~COOH ~ cyclic AMP in cytoplasm 

Summary 
Insulin and glucagon have opposite influences on energy metabolism. Insulin is 
the "after-dinner hormone," as it promotes the storage of the energy acquired from 
the diet. Glucagon is used for the mobilization of energy stores, and provokes the 
release of carbohydrate and fat stored in the bod~ for use during exercise and 
fasting. The opposite actions of these two hormones should be kept in mind when 
viewing their influence on the attachment (and removal) of phosphate groups 
from various enzymes, as revealed on the succeeding pages. The covalent attach- 
ment of phosphate groups (to enzymes) is used throughout all biology in the 
regulation of various events in the cell. A view of the disease diabetes mellitus 
provides motivation for exploring the major pathways of energy metabolism in 
the body. These pathways are: (1) glycolysis; (2) glycogen synthesis and degrada- 
tion; (3) the Krebs cycle; and (4) fatty acid synthesis and fatty acid oxidation. 

DIFFERENT TYPES OF ENERGY METABOLISM 

The digestion of food, its absorption into the bloodstream, and the regulation of 
glucose uptake has been described. Now it is time to embark on the pathways of 
oxidation of glucose, fatty acids, and other nutrients. 

Several Types of Energy Metabolism 

The major fuel for most organs is fatty adds. Events that control their liberation 
from triglycerides (TGs) and their oxidation are described in subsequent sections 
of this chapter. A variety of control points encountered during the complete 
oxidation of glucose and of fatty acids to CO2 are revealed. A number of well- 
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FIGURE 4.14 Styles of energy metabolism - -  complete oxidation of glucose to carbon 
dioxide, and complete oxidation of ketone bodies to carbon dioxide. 

known intermediates occur in these oxidation pathways, including phos- 
phoenolpyruvate, pyruvate, lactate, acetyl-CoA, and citrate. 

The way in which energy is metabolized differs with the organ and under 
different conditions. The brain derives energy by the conversion of glucose to 
carbon dioxide via the pathway of glycolysis followed by the Krebs cycle, as 
shown in Figure 4.14. During fasting, the brain also uses ketone bodies, which are 
produced in elevated amounts at this time. The neonatal infant naturally produces 
and uses ketone bodies, whether fasting or not. 

The liver uses fatty acids as its main fuel by the pathway shown in Figure 4.15: 
conversion to units of acetyl-CoA followed by oxidation to CO2. The liver also 
derives a small amount of its energy requirement from glucose, as depicted in 
Figures 4.16 and 4.17; however, a main function of the liver is to synthesize, store, 
and release glucose for the benefit of other organs, not for itself. As far as glucose 
consumption is concerned, the liver does not have a "sweet tooth." 

In the third type of energy metabolism, partial oxidation of glucose by the 
pathway of glycolysis (Figure 4.16), glucose is oxidized only as far as pyruvate. 
The pyruvate is reduced to lactic acid, which is released into the bloodstream for 
further processing by the liver. This type of metabolism is called fermentation, 
which is derived from a French verb meaning "to close"; fermentation occurs in a 
closed environment where there is no supply of oxygen. An organ that takes up 
glucose from the bloodstream and converts it to lactate that it releases into the 

Acetyl-CoA -~  

C02 

Fatty acids 

FIGURE 4.15 Styles of energy metabolism - -  complete oxidation of fatty acids to carbon 
dioxide. 
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FIGURE 4.16 Styles of energy metabolism - -  partial oxidation of glucose by the pathway 
of glycolysis. 

bloodstream is utilizing fermentative metabolism. Under certain conditions, mus- 
cle utilizes fermentative metabolism, rather than the styles illustrated in Figures 
4.15 and 4.17. 

The fourth type of metabolism is complete oxidation of glucose and fatty 
acids (Figure 4.17). Exercising muscle generally uses this style of metabolism, 
whereas resting muscle tends to derive energy through the complete oxidation 
of fatty acids (Figure 4.15). Most tissues derive their energy primarily by the latter 
scheme. 

An increase in the glucagon/insulin ratio, as occurs in exercise or fasting, 
provokes the coordinated actions used to mobilize energy stores. In most cases, 
the key enzymes involved in the relevant biochemical pathways are regulated by 
phosphorylation. Specific pathways, their functions, and their responses to an 
increase in glucagon/insulin ratio are listed in Table 4.2. The arrangement of the 
pathways in pairs stresses the fact that these pairs have physiologically opposite 
functions. Simultaneous operation at maximal rates of both pathways of any 
particular pair leads to simultaneous storage and mobilization of energ3r an event 
known as a "futile cycle." 

Glucose 

I Glycolysis 

Pyruvate 

AcetyI-CoA ~ , Fatty acids 

C02 
~ Krebs ~ 

FIGURE 4.17 Styles of energy metabol ism- complete oxidation of glucose and fatty 
acids. The role of oxygen in this pathway, as well as in those pathways shown in Figures 
4.14, 4.15, and 4.16, is as follows. The Krebs cycle and, to some extent, glycolysis produce 
reduced molecules of NAD. These molecules are reoxidized by mitochondrial proteins 
(cytochromes), resulting in reduced cytochromes. The reduced cytochromes, in turn, cata- 
lyze the reduction of oxygen to water. 
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TABLE 4.2 Pathways with Roughly Opposite Functions 
, , ,  , , , , , 

Pathway or enzyme Function 

Change in activity 
with an increase in 

[glucagon]/[insulin] 

Glycogen phosphorylase Breaks down glycogen to liberate glucose 
units 

Glycogen synthetase Synthesizes glycogen from glucose units Decrease 
Gluconeogenesis Synthesizes glucose from lactic acid, the Increase 

carbon skeletons of amino acids, and 
glycerol 

Glycolysis Oxidizes glucose units to pyruvate Decrease 
Hormone-sensitive lipase Liberates fatty acids from the TGs stored in Increase 

vesicles in adipocytes 
Lipoprotein lipase Transfers fatty acids from TGs circulating in Decrease 

lipoproteins to cells 
Carnitine acyltransferase First and limiting step in the oxidation of free 

fatty acids 
Fatty acid synthetase Synthesizes fatty acids from units of acetyl- Decrease 

CoA 

Increase 

Increase 

Synthesis and Degradation of Glycogen 

Carbohydrate is stored in the liver and muscle in the form of glycogen. Glycogen 
is called animal starch, though its content in organs is less than that of plant starch 
in plants. The synthesis of glycogen, catalyzed by glycogen synthetase, and re- 
lease of glucose units from glycogen, catalyzed by glycogen phosphorylase (phos- 
phorylase, for short), are shown in Figure 4.18. Glycogen is broken down in the 
mechanism of phosphorolysis, rather than by hydrolysis, as previously discussed. 

The immediate substrate of glycogen synthetase is UDP-glucose, an activated 
form of glucose. The immediate source of glucose-l-phosphate, used for the 
synthesis of muscle glycogen, is glucose derived from the blood plasma. The 
immediate sources of most of the glucose-l-phosphate, used for the synthesis of 
liver glycogen, are gluconeogenic precursors, converted in the liver via the inter- 
mediates of the glucogenic pathway. In other words, the pathway resulting in 
energy storage involves the following sequence: gluconeogenic precursors and 

Glycogen UDP ~ 

UDP-glucose 
PPi ~ 
UTP i -~ 

Glucose -1-Phosphate 

FIGURE 4.18 Synthesis and breakdown of glycogen. The synthesis of glycogen (w is 
catalyzed by glycogen synthetase; the release of glucose units from glycogen (~[) is cata- 
lyzed by glycogen phosphorylase. 
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glucose --~ glucose-l-phosphate --~ UDP-glucose -~ glycogen. The activity of gly- 
cogen synthetase and glycogen phosphorylase is controlled in a coordinated man- 
ner. An increase in plasma glucagon stimulates a simultaneous decrease in glyco- 
gen synthetase activity and an increase in phosphorylase activity. These changes 
result from the activation of adenylate cyclase (a membrane-bound protein) by 
the hormone, and the consequent conversion of cytoplasmic ATP to cyclic AMP 
and inorganic pyrophosphate (PPi). The cyclic AMP, in turn, binds to a protein 
kinase in the cytoplasm and activates it. The activated protein kinase catalyzes the 
phosphorylation of a number of proteins, including the enzymes indicated in 
Figure 4.19. 

Catalytic and Regulatory Subunits Bind or Dissociate 

How does cyclic AMP (cAMP) provoke the activation of protein kinase? A few 
details of the mechanism may prove intriguing. Protein kinase in resting muscle, 
for example, occurs in the inactive form. It occurs as a complex of catalytic and 
regulatory subunits. When intracellular cAMP increases, cAMP binds to the regu- 
latory subunits. This event provokes a sharp drop in the binding of the two types 

Glucagon 

Increase in cytosolic cAMP 

Protein kinase Protein kinase/cAMP 
(active) 

Phosphorylase kinase Phosphorylase kinase-P 
(active) 

Phosphorylase Phosphorylase-P 
(active) 

/ 
Glycogen + Pi Glycogen (minus one residue) 

+ Glucose-l-P 

Protein kinase/cAMP 
(active) 

glycogen synthetase glycogen synthetase-P 
(inactive) 

FIGURE 4.19 Cyclic AMP-dependent signaling pathways of glycogen. The sequence of 
events can be summarized as follows: (1) Glucagon increases in concentration in the 
bloodstream. (2) Glucagon binds to glucagon receptors of target ceils. (3) Binding results 
in activation of adenylate cyclase, the enzyme that catalyzes the synthesis of cyclic AMP. 
(4) Cyclic AMP, in increased concentrations in the cell, binds to protein kinase and activates 
it. (5) Activated protein kinase catalyzes the phosphorylation of phosphorylase, resulting 
in its activation and consequent breakdown of the glycogen stored in the cell. 
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of subunits for each other, and the complex dissociates (Sowadski et al., 1984). The 
free catalytic subunit is active (it does not bind cAMP) and catalyzes the phospho- 
rylation of various target proteins. 

Glycogen Phosphorylase Occurs as a Dimer or Tetramer 

To complete the preceding short stor~ a few words should be added regarding 
glycogen phosphorylase. In its nonphosphorylated form, the enzyme is not active. 
Glycogen phosphorylase ("phosphorylase" for short) occurs as a dimer (two 
subunits), and each subunit consists of 841 amino acids. Protein kinase catalyzes 
the phosphorylation of an amino acid residue near the amino terminus of phos- 
phorylase (serine 14), resulting in the association of two dimers to form a tetramer. 
The phosphate group provokes shifts in the overall structure of the enzyme, 
resulting in the exposure of new amino acid residues at the surface of the protein 
and the materialization of sites that promote the adhesion of the two dimers. In its 
tetrameric form, glycogen phosphorylase is catalytically active (Barford et al., 
1991). 

We have been discussing the sequence of events occurring with an increase in 
plasma glucagon. What happens with a decline in plasma glucagon? A drop in 
glucagon results in a decrease in intracellular cAMP, the removal of the covalently 
bound phosphate groups on phosphorylase, and a drop in the rate of glycogen 
breakdown. 

Epinephrine and norepinephrine, hormones called catecholamines, are re- 
leased from the adrenal medulla during exercise. Epinephrine and, to a lesser 
extent, norepinephrine stimulate effects in muscles and the liver similar to those 
produced by glucagon. Epinephrine activates adenylate cyclase, resulting in such 
events as the breakdown of glycogen and fatty acids. 

Glycolysis and Gluconeogenesis 

The term glycolysis refers to the pathway by which glucose-6-phosphate is con- 
verted to pyruvate. This term is also used to refer to the conversion of glucose to 
pyruvate. Gluconeogenesis refers to the series of reactions resulting in the conver- 
sion of lactate, pyruvate, glycerol, malate, oxaloacetic acid, or related compounds 
to glucose. Some of the enzymes in the gluconeogenic pathway are identical to 
those of the glycolytic pathway; but other enzymes are not shared. Keeping in 
mind that glycolysis and gluconeogenesis do not represent strict reversals of each 
other, one might summarize the effects of the two pathways by the simple diagram 
shown in Figure 4.20. 

Glycolysis probably takes place in all cells of the body; but gluconeogenesis 
takes place only in the liver and kidneys. The liver's capacity for gluconeogenesis 
is about 10 times that of the kidneys. In the liver, glycogen can be converted to 
glucose-6-phosphate, which can be used in glycolysis or hydrolyzed to glucose, 
which is transported into the bloodstream. In muscle, glycogen can be converted 
to glucose-6-phosphate for use in glycolysis, but cannot be hydrolyzed to glucose. 
Thus, muscle cannot supply glucose to the bloodstream. 
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FIGURE 4.20 Simplified diagram of the gluconeogenic and glycolytic pathways. 
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FIGURE 4.21 Conversion of glucose to glucose-6-phosphate. This process takes place in 
glucose-using organs. 

The glycolytic and gluconeogenic pathways are depicted in Figures 4.23 to 4.25. 
The glucose-6-phosphate (G-6-P) molecule, shown in Figure 4.24, has several 
origins. In glucose-using organs such as the brain and muscle, glucose entering the 
organ is converted to G-6-P by the action of hexokinase (Figure 4.21). Although the 
liver also contains hexokinase, it is mainly a fat-burning organ, not a glucose-burn- 
ing organ. The origin of the phosphate group of G-6-P is the terminal phosphate 
of ATP. 

As shown in Figure 4.23, G-6-P can materialize within a tissue from two other 
sources. The G-l-P, released during breakdown of glycogen, can be converted to 
G-6-E It can be produced via the gluconeogenic pathway involving conversion of 
pyruvate to OAA, to PEP, to glyceraldehyde-3-phosphate, and finally to G-6-P. 

Glucose-6-Phosphate and the Liver's Role in Supplying Free Glucose to 
Other Tissues 

In the liver, G-6-P is hydrolyzed to glucose by the action of glucose-6-phosphatase 
(see Figure 4.22). The free glucose produced in this way can enter the bloodstream 

Glucose--6--Phosphate 
glucose--6--phosphatase 
' S ~ k  , ,~ Glucose 

H20 Pi 

FIGURE 4.22 Conversion of glucose-6-phosphate to glucose. This process takes place in 
the liver. 
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FIGURE 4.23 Pathways of glycolysis and gluconeogenesis. 
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for use by other tissues. Glucose-6-phosphatase is distinguished from other en- 
zymes of the gluconeogenic pathway in that it is a membrane-bound enzyme. It 
is bound to the endoplasmic reticulum with its active site facing the lumen of the 
organelle. Cytosolic G-6-P enters the endoplasmic reticulum, where its phosphate 
group is removed by hydrolysis. Glucose-6-phosphatase activity increases with an 
increase in the glucagon/insulin ratio. 

The numbers in Figure 4.23 identify four points: (1) the point at which hepatic 
glucose leaves the liver; (2) the point at which G-6-P enters glycolysis for conver- 
sion to pyruvate; (3) the point where lactic acid from the bloodstream enters the 
liver for conversion to pyruvate; and (4) the point at which every molecule of 
glucose entering the pathway yields two molecules of each of the substances listed 
later. 

The pyruvate produced at point (3) can be used to produce energy within the 
liver or for gluconeogenesis. Pyruvate produces energy when it is oxidized in the 
mitochondria by the Krebs cycle. It is used for gluconeogenesis when it is con- 
verted in the mitochondria to OAA, then to malate, which, after exit from the 
mitochondria, is converted to PEP and eventually to glucose. 

Muscle Can Supply the Bloodstream with Lactate but not Glucose 

Figure 4.23 illustrates the patterns of metabolism in the liven In muscle, the 
directions of nutrient flux at points (1) and (3) are opposite those shown; that is, 
glucose derived from the bloodstream is converted to G-6-P, then to pyruvate. This 
pyruvate can then be completely oxidized in the mitochondria or can enter the 
bloodstream in the form of lactate. Muscle does not contain glucose-6-phosphatase 
and thus cannot export glucose units stored as muscle glycogen. 

The enzymes marked with the section symbol (w are regulated by covalent 
phosphorylation. In short, changes in the plasma glucagon/insulin ratio produce 
changes in the phosphate group content of these enzymes. Addition or removal of 
the phosphate group regulates the enzyme's activity, in accordance with the 
body's metabolic needs. 

Structures of Intermediates 

Figure 4.24 shows the molecular structures of compounds in the glycolytic path- 
way. The same compounds occur in gluconeogenesis. Generally; G-6-P and pyru- 
vate are considered to be the first and final compounds, respectively; of glycolysis. 
The triose phosphate intermediate, dihydroxyacetone phosphate, is of special 
interest to nutritional scientists, because both dietary fructose and glycerol enter 
the pathway at this point. 

The 3-carbon intermediate compound 3-phosphoglycerate is also of interest in 
nutrition, because it is a precursor to serine. In the body; conversion occurs as 
follows: the 2-hydroxyl group is oxidized to a 2-keto group, which when converted 
to a 2-amine yields phosphoserine. This conversion is catalyzed by a vitamin 
B6-dependent enzyme. Finally; hydrolysis of the 3-phosphate by a phosphatase 
yields serine. 
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FIGURE 4.24 Structures of the metabolites of glycolysis and gluconeogenesis. 

An Increase in Plasma Glucagon Does This 
Complete oxidation of glucose involves conversion to pyruvate, followed by entry 
into the mitochondrion for conversion to carbon dioxide. An increase in the 
glucagon/insulin ratio stimulates the following changes in the liver (Figure 4.25): 
glycogen synthetase (1), phosphofructokinase (2), and pyruvate kinase (3) activi- 
ties decrease. Glycogen phosphorylase (4) and PEPCK (5) activities increase. All of 
these changes result in a shift of energy metabolism from the utilization of glucose 
in the liver (for oxidation or for glycogen synthesis) to the mobilization and 
production of glucose (for use by other organs). 

The pathway of glucose breakdown is indicated in Figure 4.25 by heavy dots. 
Steps that are inactivated by a rise in the glucagon/insulin ratio are indicated by 
boldface Xs. As explained, PEPCK (more accuratel}~ cytosolic PEPCK) activity is 
controlled by cellular levels of cAMP in the following manner. Cyclic AMP com- 
bines with a special protein (CREBP) to form a complex that binds to DNA. Where 
does the cAMP/CREBP complex bind? The complex binds to a short stretch of 
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FIGURE 4.25 Regulation of various steps of glycolysis. The pathway of glucose breakdown is 
indicated by heavy dots. Steps that are inactivated by a rise in the glucagon/insulin ratio are 
indicated by boldface Xs. The activity of PEPCK (more accurately, cytosolic PEPCK) appears to 
be controlled by cAMP as follows: A rise in cellular cAMP results in formation of a complex 
between cAMP and a special protein. This complex appears in the nucleus, where it binds to 
regions of DNA next to genes that respond to the cAMP-protein complex. The event of binding 
provokes an increase in the rate of synthesis of the mRNA of the target gene, resulting eventually 
in an increase in the enzyme coded by the mRNA. The PEPCK gene (and a number of other 
genes) responds in accordance to changes in cellular cAMP levels. 

DNA called the cAMP response element,  which resides near the gene coding for 
PEPCK. The binding provokes an increase in the rate of transcription of the gene, 
resulting in an increase in the synthesis of PEPCK. The rate of transcription of a 
number  of genes are controlled by cAMP, and one might  expect to find a cAMP 
response element residing in the chromosome nearby the regulated gene. 

EXERCISE 
A patient with a rare genetic disease lacks glucose-6-phosphatase and is dependent on 
exogenous sources of glucose. The patient cannot maintain normal levels of plasma glucose 
by means of gluconeogenesis or glycogen breakdown. Would you recommend that the 
patient consume fruit juice, cooked barley, or raw barley prior to going to sleep at night? 
(See Smit et al., 1988.) 
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FIGURE 4.27 Liver tissue levels of fructose-2,6-bisphosphate during running. Concentra- 
tions of F-2,6-P2 were measured in the livers of running rats after 0 to 3 hours of exercise. 
A dramatic drop occurs during the first half-hour. (Redrawn with permission from Dohm 
et al., 1985.) 

A species specificity might be pointed out with respect to the location of PEPCK, 
an enzyme used for gluconeogenesis. OAA is converted to PEP by PEPCK in the 
liver cytoplasm of rats and mice, because PEPCK is a cytosolic enzyme in these 
animals. In the livers of chickens and rabbits, however, OAA is converted to PEP 
in the mitochondria, because PEPCK is mitochondria] in these animals. PEP must 
then be transported to the cytosol. PEPCK is evenly distributed between the 
mitochondria and the cytosol in human and cow livers (Pilkis et al., 1988). 

Special Topic: Running Rat Experiment and F-2,6-P2 

The coordinated regulation of glycolysis and gluconeogenesis can be more easily 
understood when related to something concrete, such as an exercising rat. It is well 
established that changes in cellular cAMP levels result in changes in the state of 
phosphorylation of various proteins. One of the most interesting fine points is that 
cAMP-dependent protein phosphorylation controls the enzyme that converts F-6- 
P to fructose-2,6-bisphosphate (F-2,6-P2). Although F-2,6-P2 is present at low levels, 
compared with the main intermediates in the glycolytic pathwa~ it is an important 

f r u c t o s e - - 6 - - p h o s p h a t e  2 - - k i n a s e  
Fruc tose- -6- - -Phosphate  ....... ~ . . . . .  ~ Fructosem2, 6 - - - B i s p h o s p h a t e  

ATP A D P  

FIGURE 4.26 Synthesis of fructose-2,6-bisphosphate (F-2,6-P2). 
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regulator of energy metabolism. For convenience of reading, this regulatory com- 
pound will be called "2-6." 

The synthesis of "2-6" is shown in Figure 4.26. The following studies, involving 
living rats, liver cells in culture, and purified enzymes, illustrate the multiple 
approaches that may; and sometimes must, be taken to yield a convincing biologi- 
cal story. The first stud~ depicted in Figure 4.27, involves exercising (running) rats. 
The concentration of "2-6" in the liver after 0 to 3 hours of running shows a 
dramatic drop after the first half-hour. The fact that the concentration of a meta- 
bolite in plasma or an organ changes does not in itself suggest that the metabolite 
is a regulatory molecule. For example, the concentration of fatty acids can change 
with exercise, but fatty acids are not regulatory molecules. Their major function is 
to provide energy. 

The second study concerns the enzyme that catalyzes the synthesis of "2-6," 
fructose-6-phosphate 2-kinase. The liver is composed of several types of cells. The 
major cell, the hepatocyte, constitutes about 80% of the cell population and con- 
tains about 99% of the protein. Hepatocytes carry out most of the metabolic 
functions of the liven Casteno et al. (1979) added glucagon to hepatocytes in culture 
and found that fructose-6-phosphate 2-kinase decreased within the first minute of 
addition of the hormone. Addition of the hormone was intended to simulate, in 
part, hormonal changes that occur in the body during exercise. The observed 
decrease in enzyme activity is consistent with the dramatic drop in "2-6" that 
occurred in the running rat experiment. The work described thus far shows that 
"2-6" levels in the liver increase or decrease under certain conditions. These facts, 
though interesting, do not directly indicate a function for "2-6." 

The third study involves the purified enzymes fructose-l,6-bisphosphatase and 
phosphofructokinase. This study brings discussion of "2-6" to a concl.usion by 
demonstrating its effects on these enzymes. Fructose-l,6-bisphosphatase, an en- 
zyme of the gluconeogenic pathwa}~ catalyzes the conversion of F-1,6-P2 to F-6-P. 
Ekdahl and Ekman (1984) showed that the activity of this enzyme is maximal in 
the absence of or presence of low concentrations of "2-6." These researchers 
showed that its activity is inhibited by "2-6" at concentrations of 10 micromolar 
and higher. The running rat experiment showed that the resting rat liver contained 
"2-6" at a concentration of about 12 ~M. Their data also indicated that this level of 
"2-6" is sufficient to inhibit the activity of the enzyme, but that the levels found in 
the running rat would be expected to permit near-maximal activity. 

Phosphofructokinase, an enzyme of the glycolysis, catalyzes a reaction that is, 
in effect, the reverse of that catalyzed by fructose-l,6-bisphosphatase. Uyeda et al. 
(1981) examined phosphofructokinase activities at various levels of "2-6" and 
found activity to be very low in the absence of "2-6" but high at about 4.0 ~ d  "2-6." 
This suggests that phosphofructokinase is inactive in the liver during exercise but 
active during resting. These data are consistent with the picture that the liver is 
geared toward gluconeogenesis, not toward glycolysis, during exercise. 

Please be aware that the levels of "2-6" that occur in the cell are in the micro- 
molar range, and not in the millimolar range. Generall}~ hormones occur in the 
micromolar concentrations, or less, while enzymes and metabolites used for major 
metabolic pathways occur in the millimolar range. 
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Resting Resting 

FIGURE 4.28 Oxidation of carbohydrate and fatty acids for the production of energy. In 
the resting state, glycogen in the liver is broken down to glucose units; however, both liver 
(left) and muscle (right) derive most of their energy from fatty acids released from adipose 
tissue into the bloodstream and oxidized via the Krebs cycle. When carbohydrate is oxi- 
dized in the liver, it tends to be released into the bloodstream as pyruvate and lactate. 

Relationships between the Liver and Other O r g a n s  

What Happens When You Rest 

Figures 4.28, 4.29, and 4.30 can be used as a guide to unders tanding the changes 
in energy metabolism occurring in transitions between rest and exercise and 
between rest and feeding. In Figure 4.28, resting state styles of energy metabolism 

Gluiose--6--P---~ Glucose Gluco 

--Pyrivate -~"-- Lactate ~,- Lactate 7 Lictate "~"- t'yriva~e 
a c e t y l - - C o A  - r . 

Exercise Exercise 
FIGURE 4.29 Oxidation of carbohydrate and fatty acids and operation of the Cori cycle 
during exercise. Conversion of glucose to lactate in muscle (right) and subsequent conver- 
sion of lactate back to glucose in the liver (left) constitute the Cori cycle. During exercise, 
fatty acids are still a major energy fuel, but consumption of glucose by muscle increases. 
Some is oxidized to carbon dioxide, some only to pyruvate. Most of the glucose, oxidized 
in exercising muscle, arises from the muscle's own glycogen. 
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FIGURE 4.30 Synthesis of glycogen and fatty acids and storage of energy fuels after 
feeding. Much of the dietary glucose taken up by muscle (right) is converted to glycogen; 
some is metabolized via glycolysis; and some is transferred, as lactate, to the liver (left) for 
conversion to glucose. Relatively little glucose from the diet is used by the liver for 
glycogen synthesis. The lipoproteins, VLDLs and chylomicrons, are defined in Chapter 6. 

in the liver are shown at the left, those in muscle at the right, and those in the 
bloodstream in between. In the resting state, liver and muscle derive most of their 
energy from fatty acids released from adipose tissue into the bloodstream. The 
fatty acids bind to albumin and are carried throughout the circulatory system, 
eventually to be taken up by the liver, muscle, and other organs. Some of the fatty 
acids taken up by the liver enter the mitochondria for oxidation; others are con- 
verted to TGs, packaged into very-low-density l ipoproteins (VLDLs), and sent 
back to the bloodstream. The TGs in the VLDLs are then cleaved as they pass 
through the capillaries in various tissues, liberating the fatty acids. 

In the resting state, glycogen in the liver is broken down to glucose units. It is 
not clear what proportion of these units enters the bloodstream as glucose and 
what  proportion is burned in the liver itself; however, the former is probably 
greater than the latter. Here, the term "resting" means the most typical state of our 
m e t a b o l i s m -  the interval between feeding and fasting. 

What Happens When You Exercise 

Figures 4.29 and 4.30 depict some of the dramatic shifts in energy metabolism that 
occur with transitions to exercise or to feeding. Fatty acids continue to be a major 
energy fuel in exercise, as in rest, but the overall consumption of glucose by muscle 
increases. Some of this glucose is oxidized to carbon dioxide, some only to pyru- 
vate. Most of the glucose oxidized in exercising muscle arises from the muscle's 
own glycogen. A portion of the glucose oxidized to pyruvate may be converted to 
lactic acid. This lactate enters the bloodstream, is carried to the liver, and is used 
for the synthesis of glucose, which reenters the bloodstream (see Figure 4.29). 

The conversion of glucose to lactate in muscle, the subsequent conversion of 
lactate back to glucose in the liver, and the reentry of glucose into the blood 
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constitute the Cori cycle. It should be noted that two molecules of lactate are 
required for synthesis of one molecule of glucose. 

What Happens When You Eat 

Events that occur after feeding are shown in Figure 4.30. Much of the dietary 
glucose taken up by muscle is converted to glycogen, some is metabolized via 
glycolysis, and some exits the muscle in the form of lactate for transport to the liver 
and conversion to glucose. Apparentl}~ relatively little of the glucose entering the 
bloodstream from the diet is used by the liver for glycogen synthesis. This is 
consistent with the liver's tendency to provide glucose to other tissues, rather than 
use it for its own purposes. 

With the breaking of a fast, dietary carbohydrates are used first, mainly for the 
synthesis of muscle glycogen. Following the replenishment of this energy store, 
liver glycogen begins to be restored. Following replenishment of liver glycogen, 
the remaining dietary carbohydrate may be converted to fat. The liver is the main 
site of fat biosynthesis in some animals; adipose tissue is the main site in others 
(Bergman, 1990; Louveau et al., 1991). Lipid synthesis occurs mainly in the liver in 
humans and birds. In ruminants and pigs, it occurs almost exclusively in adipose 
tissue. In rodents, fat synthesis occurs in both tissues. The proportion of dietary 
carbohydrate converted to fat is thought to be small compared with that used for 
glycogen synthesis. Dietary fat is the major source of the fat in our fat stores. Fat 
is stored in specialized cells called adipocytes and, in the form of droplets, in other 
cells. 

EXERCISE NUTRITION 

The different fuels used by exercising muscle are discussed in subsequent sections. 
These fuels may be arranged in the following "hierarchy," where the order of 
appearance approximates relative importance during exercise: (1) creatine phos- 
phate, (2) muscle and liver glycogen, (3) gluconeogenesis, and (4) fatty acids. 

Fatty acids are the major fuel of muscle at all times. Creatine phosphate is 
important only during the early stages of exercise (i.e., during sudden bursts of 
work). Glycogen tends to become depleted during exercise of moderate duration. 
With this depletion, the importance of gluconeogenesis as a source of glucose 
increases. During prolonged exercise, FFAs supply most of the energy require- 
ments of muscle. Ketone bodies, which are made by the liver, are also used as fuel 
by exercising muscle, but their contribution is quite small compared with fatty 
acids. 

Elucidation of muscle energy metabolism is complicated by several factors. 
Muscle can receive glucose and fatty acids from internal sources as well as from 
the bloodstream. The relative importance of internal versus external sources can 
be difficult to determine. Muscle is a heterogeneous tissue. Some muscle types 
carry out mainly aerobic forms of energy metabolism; other types are fermenta- 
tive; and still others are composed of mixtures of cells, some aerobic and some 
fermentative. 
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One technique for assessing energy metabolism involves measurement of oxy- 
gen consumption; another involves measurement of arteriovenous (AV) differ- 
ences. (A third technique, measurement of the respiratory quotient, is discussed in 
detail in Chapter 5.) 

An experiment monitoring the use of muscle creatine phosphate, muscle glyco- 
gen, liver glycogen, and glucose produced by gluconeogenesis in the liver, muscle 
fat, and adipose tissue fat during a 5-hour marathon would be instructive. No such 
experiment has been performed, and such data are not available. Parts of this 
experiment have, however, been performed, and the available results are pre- 
sented here. 

The first study concerns the use of external sources of fatty acids and glucose 
by exercising muscle. The main external source of fatty acids is adipose tissue. The 
main external sources of glucose are liver glycogen and hepatic gluconeogenesis. 
The experiment depicted in Figure 4.31 involves human subjects exercising on a 
stationary bicycle. Concentrations of oxygen and of energy fuels were measured 
in blood samples withdrawn at various times during the indicated period. Sam- 
ples were taken from two sources: blood entering (arterial) and exiting (venous) 
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FIGURE 4.31 Energy fuels oxidized by muscle metabolism during prolonged exercise. 
Concentrations of oxygen, free fatty acids, and glucose were measured in blood samples 
withdrawn from human subjects exercising on a stationary bicycle. Samples were taken 
from two sources, blood entering (arterial) and blood exiting (venous) the muscle. The rate 
of blood flow through the artery entering the muscle was also measured. Oxygen uptake 
was calculated from concentrations in arterial blood minus simultaneous concentrations 
in venous blood, arteriovenous differences, and flow rates. (Redrawn with permission from 
Ahlborg et al., 1974.) 
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the muscle. Metabolite analyses revealed the concentrations of FFAs and glucose. 
The concentration in arterial blood minus the simultaneous concentration in ve- 
nous blood is the AV difference. The rate of blood flow through the artery entering 
the muscle was also measured. 

AV differences and blood flow rates were used to calculate the overall rates of 
use of oxygen, arterial FFAs, and arterial glucose by exercising leg muscles. Rates 
were calculated using the formula: 

rate of use = rate of blood flow x AV difference 
(mole/min) (ml/min) (mM) 

The AV differences used in this calculation are: 

[arterial 02]- [venous 02] 
[arterial FFAs]- [venous FFAs] 

[arterial glucose]- [venous glucose] 

Using brackets around the name of a metabolite indicates that the "concentration 
of the metabolite" is meant. 

Experimental results indicate that the overall rate of oxygen uptake increased 
by about 15-fold with exercise. At rest, 02 uptake was 1.25 mmol/min.  With 
bicycling, 02 uptake increased to about 15 mmol/min,  as shown in the histogram. 
Oxygen uptake by a tissue means that a fuel from an internal store or bloodstream 
is undergoing oxidation. The histogram indicates what percentage of oxygen 
uptake is due to oxidation of each of the following fuels: internal stores (open 
segment); plasma FFAs (hatched segment); plasma glucose (stippled segment). 

At rest, the muscle's main fuel is its store of fat. At rest, the brain is the major 
consumer of glucose in the body. With mild exercise (at about 25% maximal 02 
utilization), most of the muscle's energy (80%) is supplied by the adipose tissue, 
that is, in the form of free fatty acids liberated from this tissue and released into 
the bloodstream. With moderate exercise (about 65% maximal 02 utilization), the 
muscle's energy is supplied in roughly equal proportions from muscle glycogen, 
fat stores within the muscle, and from the free fatty acids liberated from adipose 
tissue. Where moderate exercise is continued for two hours, or longer, the energy 
supplied by adipose tissue becomes increasingly important. With short bursts of 
extreme exercise (85% maximal 02 utilization) muscle glycogen supplies most 
(60%) of the energy for muscle (Holloszy and Kohrt, 1996). 

To summarize, the more intense the exercise, the greater the importance of 
muscle glycogen; the more mild the exercise, the greater the importance is adipose 
tissue. 

Measuring Body Fuel Use in Specific Organs 

Rates of energy fuel use can be determined in several ways. Internal energy fuel 
use can be measured by a tissue biopsy. A special probe is inserted into the tissue, 
enabling the researcher to cut out and withdraw a small sample. Biopsies are 
sometimes taken from liver and muscle by exercise physiologists. Biopsies per- 
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formed during exercise or recovery from exercise can be used to estimate concen- 
trations of an internal energy store in the tissue. 

AV differences can be used to measure rates of use of external energy fuels. This 
technique involves withdrawal of samples of arterial and venous blood and deter- 
mination of the concentration of fuel in each. AV difference measurements are 
sometimes repeated at intervals over time to track consumption of external fuels 
such as glucose and FFAs. 

AV differences also can be used to measure the rate of use of oxygen by a tissue. 
Oxygen is an external component; however, its rate of use by a tissue or organ is 
a function of the rates of consumption of both external and internal energy fuels. 
Oxygen is consumed by the respiratory chain in the mitochondria. An increase in 
the rate of oxidation of fatty acids or of carbohydrates occurs with increased use 
of either internal or external energy fuels. All that is required is that the fuel enter 
the mitochondrion. However, the use of oxygen consumption measurements has 
a slight drawback, in that it is sensitive only to energy fuel consumption that is 
oxidative. It is not sensitive to fermentative energy metabolism. 

Arteriovenous Differences 

Knowledge of metabolite levels in the bloodstream allows assessment of many 
changes in metabolism. For example, during fasting or exercise, the concentration 
of FFAs may increase from a basal level of about 0.5 mM to about 1.0 mM. With 
exercise, the concentration of lactic acid can increase from 1.0 to 2.0 mM. These 
changes alone, however, reveal little definite information about either the organs 
that produce the metabolites or the organs that use them. An increase in plasma 
FFAs could result from an increase in lipolysis in adipose tissues and their release 
into the bloodstream. This increase occurs with exercise, but an increase also can 
occur with a sudden decrease in their rate of use, as in a sudden cessation of 
exercise. 

The technical term for the rate of uptake of a metabolite by an organ is its 
clearance rate. The clearance rate of a specific metabolite may change in response 
either to a change in regulation of the relevant biochemical pathway or to a change 
in blood flow through the organ. For example, the clearance rate of bloodborne 
energy fuels in muscle may increase with exercise because of an increase in the rate 
of blood flow through the muscle. Epinephrine, one hormone that controls blood 
flow through specific tissues, stimulates the constriction of blood vessels in the 
skin, restricting blood flow to this tissue during exercise; however, it also stimu- 
lates relaxation of the arterioles in skeletal muscle, resulting in dilation and an 
increase in blood flow. 

Determination of clearance rates requires measurement of both AV differences 
and blood flow rates. The AV difference alone can demonstrate only whether there 
is a net uptake or release of a metabolite from an organ. The blood flow rate is also 
needed if the data are to be expressed in terms of the quantity of metabolite used 
per minute. 

AV differences have been measured for a variety of organs (e.g., brain, forearm, 
leg, and liver). To assess brain metabolism, it is customary to take blood samples 
from the carotid artery and the hepatic vein. Forearm metabolism can be examined 
using blood samples from the brachial artery and a deep vein. Leg metabolism can 
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FIGURE 4.32 Major blood vessels of the liver. Blood enters the liver via the portal vein 
and hepatic arter3a Blood leaves the liver via the right and left hepatic vein, which direct 
the blood into the vena cava. 

be assessed with blood samples taken from the femoral artery and femoral vein. 
Measurement of AV differences across the liver is, however, quite difficult because 
the liver is in an inaccessible part of the body and because blood enters from the 
two majors sources, not just one. As shown in Figure 4.32, blood from the general 
circulation enters the liver via the hepatic artery and blood from the intestines 
enters via the portal vein. The portal vein contains water-soluble nutrients ab- 
sorbed from the diet, and accurate assessment of nutrient uptake by the liver 
requires measurement of metabolite concentrations in the hepatic artery, portal 
vein, and hepatic vein. The hepatic artery branches out of the aorta (just below the 
diaphragm) from the small coeliac trunk. The portal vein drains blood from the 
gut, as well as from the pancreas and spleen. 

Special Topic: Nitric Oxide and Vasodilation 

No discussion of blood flow during exercise can be complete without an account 
of nitric oxide. Nitric oxide is one of the hormones involved in controlling the rate 
of flow of blood through arteries that supply nutrients to muscles, brain, lungs, 
and other organs. In all cases, nitric oxide (NO) provokes the dilation of the 
arteries. About 1.0% of the arginine in the body is used per day for making nitric 
oxide (Castillo et al., 1996). NO also plays a role in signaling in the nervous system 
(Morris, 1996). 

Nitric oxide (NO) is made from the amino acid arginine by the catalytic action 
of NO synthase. Citrulline contains the carbon skeleton and 0~-amino acid of 
arginine, and is a byproduct of the reaction, as shown here: 

Arginine .... NO Synthase "~ NO 
v -Z 

Citrulline 
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NO synthase is a fascinating enzyme to researchers interested in cofactors. The 
enzyme utilizes four different cofactors, i.e., FAD, FMN, heme, and biopterin 
(Saura et al., 1996). Cofactors are accessories that help many enzymes do their job, 
and are detailed in the Vitamin chapter. 

The following study clearly indicates the contribution of NO production to the 
regulation of blood flow. Hickner et al. (1997) studied humans exercising on a 
stationary bicycle. These researchers provided evidence that NO is utilized as a 
signal that provokes much of the increase in blood flow through the leg. Blood 
flow through the leg was measured by inserting a probe into the leg muscle. The 
possible role of NO in controlling blood flow was studied by injecting an inhibitor 
of NO synthase into the muscle. The inhibitor was an analogue of arginine. The 
result of the injection was that the rise in blood flow occurring with cycling was 
only half the expected value. 

To view the numbers, resting blood flow was 14 ml/min.  Exercising blood flow 
was 400 ml /min  m an increase of about 25-fold. But exercise with administration 
of the enzyme inhibitor resulted in a rate of blood flow of 200 ml/min.  These 
numbers refer to the rate of blood flow through 100 grams of muscle. 

In addition to provoking the dilation of the muscles that encircle blood vessels, 
NO plays a part in controlling glucose uptake by the muscle. As mentioned 
elsewhere in this chapter, glucose uptake by muscle can be stimulated under two 
entirely different physiological states, where the immediate stimulants in these 
two conditions are: (1) elevated insulin in the bloodstream; and (2) contraction of 
muscle. In both cases, stimulation results in a glucose transporter, called GLUT-4, 
being inserted into the plasma membrane. NO is used as an intermediary only in 
the case of contraction-stimulated contraction (Roberts et al., 1997). 

Nitric oxide is made in the endothelial cells of the blood vessels. However, NO 
does not provoke a change in these cells. The hormone, occurring at concentrations 
of 10-1000 nM, diffuses through the endothelial cell membrane and into nearby 
smooth muscle which encircles the blood vessel (Beckman and Koppenol, 1996). 
Once inside the muscle cell, NO binds to guanylate cyclase, and activates it. 
Guanylate cyclase catalyzes the conversion of GTP to cyclic GMP (cGMP), as 
shown here: 

Protein kinase 
inactive 

Guanylate 
cyclase Guanosine ,.= 

triphosphate (GTP) w.- cGMP ... ~ Protein kinase/ ~ ~ F  cGMP (activated) 

PPi 

Cyclic GMP, at increased levels in the cell, binds to a protein kinase, and activates 
it. This protein kinase is called cGMP-activated protein kinase. The kinase cata- 
lyzes the attachment of a phosphate group to a protein called the IP3 receptor. The 
IP3 receptor, in its modified state, then provokes a decline in the level of calcium 
in the cytoplasm of the muscle cell. The decline in intracellular calcium ions 
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provokes relaxation of the artery's muscle. (The role of IP3, the IP3 receptor, and 
calcium in regulating muscle contraction is detailed in the Calcium section.) The 
biochemistry of cyclic GMP, and its role in intracellular signaling, is quite similar 
to that of cyclic AMP. However, cAMP is used for signaling in a great variety of 
cells, whereas cGMP is used for only a few types of specialized cells. For this 
reason, cGMP and nitric oxide are detailed along with our discussion of smooth 
muscle dilation and exercise. 

CREATINE PHOSPHATE 

Creatine phosphate (creatine-P) serves as an "energy buffer" in muscle. (A buffer 
is a chemical that maintains a near-constant pH in a solution or fluid, even when 
acid or base is added.) Creatine-P helps maintain a constant concentration of ATP 
in muscle during sudden bursts or exercise that would otherwise deplete ATP 
concentration in the cell. A sudden burst of exercise or a brief period of exhaustive 
movements may deplete cellular ATP before hormonal changes can activate gly- 
cogen phosphorylase or hormone-sensitive lipase. Plasma glucose is a readily 
available energy source that might be used during sudden or exhaustive exercise. 
However, a decrease in plasma glucose is not desirable, because glucose is re- 
quired by the central nervous system. 

Creatine is a small molecule synthesized in the liver from glycine by the biosyn- 
thetic pathway depicted in Figure 4.33. Glycine is modified by addition of a 
guanidino group from arginine and a methyl group donated by S-adenosyl- 
methionine (SAM). Creatine biosynthesis is thought to represent the primary use 
of methyl groups donated by SAM. (SAM metabolism is discussed further in the 
section on Folate in Chapter 9.) 

The creatine synthesized in the liver is transported through the bloodstream to 
skeletal and heart muscle. It enters the mitochondria, where it is phosphorylated 
to creatine-P. Creatine kinase catalyzes this reversible addition of a phosphate 
group, as shown in Figure 4.34. Creatine-P is unique in that its only known 
function is as an energy buffer. The creatine-P formed in the mitochondria travels 
to the contractile proteins in the cytoplasm of the muscle fiber. The polymer, or 
complex, of contractile proteins is called a myofibril. Contraction of a myofibril is 
coupled to the hydrolysis of ATP to ADP. The immediate replenishment of ATP is 
catalyzed by a second creatine kinase, residing on the myofibril, that catalyzes the 
conversion of creatine-P to creatine. This reversal of the reaction takes place in the 

Methylase 
CH2COOHI S ~ ' ~  =__r CH2COO H I  f ~  "r= /CH2COOH 
NH2 arginine ornithine NH SAM SAH N-methyl 

glycine "1 "1 
H2N'.f' +C'~*N H2 H2N'.~ +C '~'NH2 

guanidinoacetic acid creatine 

FIGURE 4.33 Biosynthesis of creatine from glycine. Arginine donates the guanidinium 
group; SAM donates the methyl group. 
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FIGURE 4.34 Use of creatine as an energy buffer and degradation of creatine phosphate. 

mitochondrion. This reaction, as well as the product formed by gradual spontane- 
ous degradation of creatine-P, is shown in Figure 4.34. 

The scenario depicted in Figure 4.35, conversion of the creatine-P energy buffer, 
bound to myofibrils, to creatine and regeneration of creatine-P in the mitochon- 
drion, is called the creatine phosphate shuttle. 

The time course of use and replenishment of creatine-P is shown in the study 
of exercising human subjects reported in Figure 4.36. The subjects exercised on a 
stationary bicycle that was adjusted so that exhaustion would be reached after 6 
minutes. Muscle biopsies, taken before and after exercise, from the quadriceps 
femoris muscle of the leg were used for analysis of creatine-P. The data demon- 
strate that the reservoir of creatine-P, substantially depleted by the end of the 
exercise period, was rapidly repleted during the subsequent resting period. 

CREATININE 

Generally; about 1.6% of the body's content of creatine spontaneously breaks down 
daily to form creatinine. This creatinine enters the bloodstream and is excreted by 

ATP 
~.~ . ~  Creatine 

ADP ~ /.roC~eat~ne ~ , ~  
Creatine---P / '~'~ "~--~ / 

(bound to myofibri 

FIGURE 4.35 The creatine phosphate shuttle. Conversion of creatine phosphate bound to 
myofibrils to creatine, followed by regeneration of creatine phosphate in the mitochondria, 
constitutes the creatine phosphate shuttle. 



Creatinine 203 

40 

*" "~ 30 ,--=~ 

O E  
r..  

=..== 
r 20 .=- ~ 
|  

10 

- 6  - 4  -2  0 2 

Exercise to 
exhaust ion 

(rain) 

1 . , ,  I, I. I _1 = I I I I 
4 6 8 10 12 14 16 18 20 

Period of recovery 
(min) 

FIGURE 4.36 Creatine phosphate concentrations before and after exercise. Human sub- 
jects exercised on a stationary bicycle, adjusted so that exhaustion was reached after 6 min. 
Muscle biopsies, taken from the quadriceps femoris muscle of the leg, were used for 
analyses of creatine phosphate. (Redrawn with permission from Harris et al., 1976.) 

the kidneys into the urine. As muscle contains 3 to 5 g of creatinine per kilogram 
of tissue, the muscle mass can be estimated from the quantity of creatine excreted. 
That is, the amount of creatine excreted closely reflects the body's skeletal muscle 
mass; 1 g of urinary creatine per day represents about 18 kg of muscle. These 
measurements are useful in estimating the body composition of healthy persons 
as well as those suffering from malnutrition. 

A fraction of urinary creatinine arises from the diet. Meat contains muscle and 
therefore contains creatine. Cooking meat results in the conversion of creatine to 
creatinine, which, after ingestion, is rapidly excreted into the urine. The human 
body generates and excretes about 1.7 g of creatinine per day. Dietary creatinine 
may reach 0.5 g per day. Thus, researchers studying creatinine excretion should 
control or limit meat intake by their subjects. 

Creatinine excretion is intimately related to a relatively constant part of the 
body, the muscle mass. When studying the excretion of any metabolite, such as 
urea, calcium, or riboflavin, it might be undesirable to relate the amount of urinary 
metabolite to bodily weight, because the body contains compartments that are of 
minimal importance relative to metabolism. The body of an obese person contains 
a large amount of tissue (adipose tissue) that is metabolically and biochemically 
irrelevant to the metabolism of compounds such as urea, calcium, and riboflavin. 
A person -whose body contains excess body fluids also has extra mass that may be 
irrelevant to the metabolism of these as well as other compounds. A meaningful 
comparison of excretion data from different subjects or from one subject at differ- 
ent times is facilitated by relating the data to urinary creatinine. 

The data in Tables 4.3, 4.4, and 4.5 illustrate the broad applicability of urinary 
creatinine measurements in the nutritional sciences. These studies concern the 
excretion of urinary nitrogen (Table 4.3), calcium (Table 4.4), and riboflavin (Table 
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TABLE 4.3 Excretion of Urinary Nitrogen 

Urinary N loss 
Subject (mg/mg creatinine) 

C.G. 2.2 
M.S. 2.0 
E.D. 2.3 
L.I. 2.0 

Source: Scrimshaw et al. (1976). 

TABLE 4.4 Excretion of Urinary Calcium 

Condition 
Calcium excreted 

(mol/mol creatinine) 

Urinary calcium (baseline) 
Increase in urinary calcium after ingestion of calcium phosphate 
Increase in urinary calcium after ingestion of calcium citrate 

Source: Schuette and Knowles (1988). 

0.10 
0.19 
0.49 

4.5). In all cases, the amount  of metabolite is expressed per mill igram of creatinine 
excreted, rather than on a "per-volume" or "per-day" basis. Another  reason for 
expressing excretion data in terms of creatinine is that, a l though a researcher might  
want  to determine excretion data on a per-day basis, collection of an entire day 's  
ur inary output  may  be difficult or inconvenient. This difficulty can be overcome 
by using creatinine measurements.  

No discussion of creatinine is complete without  reference to the g lomerular  
filtration rate (GFR). Up to one-quarter of the heart 's  blood output  is delivered to 
the kidneys. The rate of blood flow through the kidneys is about 1200 ml /min .  
Much of this blood passes through tufts, or circles, of special capillaries that reside 
within a structure called the g lomeru lus  (Figure 4.37). A proport ion of the water, 
ions, creatinine, glucose, and amino acids that pass through these capillaries leaks 
into an area called Bowman 's  space. Blood cells and medium-  and large-sized 

TABLE 4.5 Excretion of Urinary Riboflavin 

Riboflavin excretion 
Age group (mg/g creatinine) 

10-12 0.33 
13-15 0.34 
16-19 0.33 

Source: Ajayi and James (1994). 
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FIGURE 4.37 The glomerulus. Much of the blood that flows through the kidneys passes 
through tufts, or circles, of special capillaries that reside within a structure called the 
glomerulus. Part of the plasma water, ions, creatinine, glucose, and amino acids leaks into 
an area called Bowman's space, in the first step in the creation of urine. Tubules leading 
from all the glomeruli function to reabsorb nearly all of the valuable nutrients that occur 
in the new urine. These nutrients include glucose, amino acids, minerals, and water. 
Creatinine is not reabsorbed by the renal tubules. As the urine matures, it becomes more 
and more depleted of nutrients that the body wishes to retain. The tubules of the kidney 
coalesce and direct the mature urine to ureters and, thus, to the bladder. 

proteins do not leak into Bowman's space. Tubules leading from all the glomeruli 
coalesce and direct fluid to the ureters and, thus, to the bladder. 

The capillaries in the glomerulus are more permeable than most other capillar- 
ies. Their pore size is about 10 nm. For comparison, a red blood cell is about 8000 
nm in diameter. The volume of fluid entering Bowman's space and flowing into 
the renal tubules is about 20% of the total flow of blood plasma through the 
capillaries, 125 ml/min.  This rate is called the GFR. 

If all the fluid entering Bowman's space traveled to the bladder, the volume of 
urine would be well over 100 liters/day. Clearly; producing 100 liters of urine per 
day would be quite an unusual feat. Most of the water, along with metabolites such 
as ions, glucose, and amino acids, are reabsorbed by transport mechanisms in the 
walls of the renal tubules. These tubules form a continuous channel (or duct) from 
Bowman's space to collecting regions in the kidney that direct urine to the ureter. 
The reabsorptive mechanisms of the renal tubules limit daily urine production to 
about 2 liters. Glucose, ions, and other metabolites are reabsorbed with varying 
degrees of efficiency. 

Creatinine, a notable exception, is not reabsorbed by the tubules. All of the 
creatinine entering Bowman's space enters the bladder, without being reabsorbed 
and reentering the bloodstream. The amount of creatinine found in the urine thus 
accurately reflects the GFR. In medical practice, plasma and urinary creatinine 
levels are used on a day-to-day basis for detection of renal diseases. Figure 4.37, a 
diagram of the glomerulus, illustrates the flow of fluids to the urinary bladder. 
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GLYCOGEN 

The body's stores of glycogen may be depleted by about an hour of strenuous 
exercise. Therefore, glycogen is listed after creatinine phosphate in the hierarchy 
of energy fuels. A "typical 70-kg man" contains about 350 g of muscle glycogen, 
80 g of liver glycogen, and 20 g of glucose in extracellular fluids. 

The study depicted in Figure 4.38 illustrates the use and replenishment of 
muscle glycogen stores in human subjects. The subjects exercised for 2 hours (black 
bar) by swimming, skiing, running, or exhaustive bicycling; then, during the 
recovery period, they consumed typical lunches and dinners and engaged only in 
slow walking. Biopsies taken from the thigh muscle at the indicated times demon- 
strate that the glycogen content decreased to less than 20% of its initial, resting 
concentration during the 2 hours of exercise. Much of the glycogen was restored 
over the course of half a day; full restoration required about 2 days. 

Carbohydrate Loading 
Exhaustion, during prolonged exercise, occurs coincidentally with the depletion 
of muscle glycogen. There is some thought that with exhaustion there is some 
depletion of the intermediates of the Krebs cycle, thus impairing the oxidation of 
the available free fatty acids. The athlete motivated to perform beyond the ex- 
pected point of exhaustion might consider it reasonable to eat sugar, during 
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FIGURE 4.38 Concentration of glycogen before and after exercise. Human subjects exer- 
cised for 2 hr (black bar) by swimming, skiing, running, or exhaustive bicycling consumed 
typical lunches and dinners, then engaged only in slow walking. Glycogen concentrations 
were determined from biopsies taken from the thigh muscle. Much of the glycogen was 
restored in the first half-day; full restoration required about 2 days. (Redrawn with per- 
mission from Piehl, 1974.) 
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running or cycling, in order to take the place of the depleted muscle glycogen. 
However, this tactic does not work, and is not consistent with how the body is 
regulated. A variation of this tactic does work, that is, temporarily shifting to a 
mild rate of exercise (or complete rest), to allow the re-synthesis of muscle glyco- 
gen, and then resuming vigorous exercise. 

The practice of exercising, then resting and eating sugar, has the end-result of 
building up muscle glycogen stores to twice the usual size. This practice has the 
benefit of increasing endurance during subsequent prolonged and vigorous exer- 
cise. This practice is called carbohydrate loading or glycogen supercompensa- 
tion. Glycogen supercompensation occurs only in muscles that have been recently 
exercised. If you cycle for an hour with one leg only; on an exercycle, and then 
carbohydrate load, the resting leg will not acquire glycogen stores that are greater 
than normal (Holloszy and Kohrt, 1996). 

Let us view more details of carbohydrate loading procedure. With fasting after 
exercise, muscle glycogen is restored, but only at a slow rate. A maximal rate of 
muscle glycogen restoration occurs with glucose or sucrose consumption. Fructose 
consumption can also restore muscle glycogen, but only at half the rate produced 
by glucose or sucrose. 

The American Dietetic Association (Smith, 1987) recommends the following 
carbohydrate loading procedure for maximizing muscle glycogen deposits during 
the week before athletic competition. This procedure is beneficial only to athletes 
participating in endurance events lasting more than 1.5 hours. About 350 g of 
carbohydrate is consumed for each of 3 to 4 consecutive days; this amount is 
increased to about 550 g for the 3 days prior to the event. The athlete should begin 
a tapered rest period at the start of the week and have complete rest the day before 
the event. To put things in perspective, one should realize that water nutrition (not 
sugar) is the major concern during prolonged athletic events. 

EXERCISE 
During exercise, is glycogen phosphorylase in its phosphorylated or nonphosphorylated 
form? 

EXERCISE 
Controlled studies of recovery from exercise demonstrated that the maximal rate of muscle 
glycogen replenishment is close to 7.0 mmol of glucose units (as glycogen) per hour. How 
does this rate compare with that of the subjects fed the uncontrolled diets described in 
Figure 4.38? (See Blom et al., 1987.) 

GLUCONEOGENESIS 

Gluconeogenesis occurs primarily in the liver. It can also occur in the kidne)~ but 
this contribution is relatively small. The carbon skeletons used for glucose synthe- 
sis can be derived from lactate, glycerol, or amino acids. During exercise, the 
lactate produced and released by fermentative muscle is taken up by the liver and 
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TABLE 4.6 Metabolism of the Liver before and during Exercise 
i 

Exercise 

Rest 40 min 240 min 

Overall glucose production (mmol/min) 0.82 1.86 1.46 
Uptake of glucogenic nutrients (glucose equivalents, 

mmol/min) 
Lactate 0.13 0.23 0.29 
Pyruvate 0.01 0.02 0.03 
Glycerol 0.02 0.10 0.21 
Amino acids 0.05 0.09 0.12 

Source: Ahlborg et al. (1974). 

used for glucose production via the reactions of the Cori cycle. The glycerol 
released from TGs by the action of lipase in adipose tissue is also glucogenic. 
Glycerol is not used by adipose tissue, but enters the bloodstream, where it may 
accumulate during exercise. Therefore, in many studies of exercise, glycerol meas- 
urements have been used to assess the rate of lipolysis in adipose tissue. 

Amino acids are also used for gluconeogenesis. The amino acids released from 
skeletal muscle and sent to the liver are converted to glucose during exercise. For 
example, the carbon skeleton of alanine enters the gluconeogenic pathway at the 
point of pyruvate; aspartic acid enters at the point of oxaloacetic acid. (The break- 
down of amino acids is covered in some detail in Chapter 8.) It may be surprising 
that muscle is broken down (to amino acids) during exercise to help maintain 
plasma glucose concentration. The muscle proteins broken down during exercise 
appear not to be those of the myofibrils (i.e., not contractile proteins), which resist 
the action of intracellular proteases. 

The role of the liver in gluconeogenesis during exercise is outlined in Table 4.6. 
The data were taken from a study of human subjects exercising on a stationary 
bicycle. Catheters inserted into vessels entering and leaving the liver were used to 
withdraw blood samples for analysis of various metabolites. These analyses pro- 
vided data for calculating AV differences. During rest, the net production of 
glucose by the liver was 0.82 mmol /min;  after 240 minutes of exercise, it was 1.46 
mmol/min.  The values for net uptake of lactate, pyruvate, glycerol, and amino 
acids were used to calculate their contributions to glucose formation. During rest, 
the estimated contribution of lactate to glucose production was equivalent to 0.13 
mmol of glucose/m in, about one-sixth the total glucose output. With prolonged 
exercise, plasma lactate taken up by the liver also accounted for about one-sixth 
of total glucose output. 

These data suggest that, during rest, the glucogenic nutrients taken up by the 
liver account for only about one-fifth of glucose output; however, with 240 minutes 
of bicycling, this proportion increases dramatically to about 50% of glucose output. 
During both rest and exercise, the remaining glucose output results from release 
of glucose units from hepatic glycogen stores. 
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Alanine and Transport of Waste Nitrogen to Liver 

Net breakdown of muscle can occur with either exercise or prolonged fasting. The 
mechanisms that control the breakdown of the various types of protein found in 
muscle are not well understood. It has, however, been established that while the 
branched-chain amino acids (BCAAs) released tend to be oxidized for energy in 
the muscle cell, other released amino acids enter the bloodstream for catabolism, 
and perhaps gluconeogenesis, in the liver. Examination of the amino acids released 
from skeletal muscle reveals an apparent anomaly; alanine accounts for only about 
6% of the amino acids of muscle, but for about 35% of the amino acids released 
from muscle during exercise. 

The initial step in the catabolism of BCAAs, as well as of most amino acids, 
involves removal of the (z-amino group. As depicted in Figure 4.39, BCAA ami- 
notransferase catalyzes transfer of the (z-amino group of BCAA to (z-ketoglutarate, 
producing glutamate. The (z-amino of glutamate, in turn, can be transferred to 
pyruvate, producing alanine. Hence, the amino group that initially was part of a 
BCAA becomes part of alanine. As indicated, aminotransferases require vitamin 
B 6 as a cofactor. (The "(z" refers to the 2 position on the carbon chain of any linear 
organic molecule.) 

Figure 4.40 depicts the overall directions of alanine carbon movement in muscle 
and liver during exercise. Fermentative catabolism of glucose in muscle yields 
pyruvate. Pyruvate acquires an amino group, with catabolism of BCAAs and other 
amino acids, forming alanine. Alanine travels through the circulation to the liver, 
where it is converted back to pyruvate. In the hepatocyte, pyruvate then enters the 
gluconeogenic pathwa~ in which two molecules are needed to form one molecule 
of glucose. (The fate of the amino group released from alanine is covered under 
The Urea Cycle in Chapter 6.) The contribution of the body's protein stores to 
energy requirements during exercise is relatively small: about 5% of the total 
energy expanded. 

Branched chain 
amino acid 

CH3CHCH2CH COOH - -~  -Ketoglutarate Alanine 
I I 

CH 3 NH 2 

CH3CHCH2CCOO H . . ~ . /  ~ Glutamate yruvate 

I II 
CH 3 0 

Branched chain 
keto acid 

FIGURE 4.39 First step in catabolism of BCAAs and transfer of (z-amino groups to pyru- 
vate. 



210 4 Regulation of Energy Metabolism 

Glycolysis in muscle 
Glucose - ..~ Pyruvate -.. ~ Alanine 

Bloodstream T Bloodstream 1 
Glucose ~ -.- Pyruvate ~ Alanine 

Gluconegenesis in liver 

FIGURE 4.40 Use of alanine for carrying waste nitrogen from muscle to the liver. 

Glucose Transport into Muscle during Exercise: A Contradiction? 

The rate of consumption of external glucose can increase during exercise. This 
increase may be supported by dilation of the blood vessels supplying the working 
muscles with oxygen and energy fuels. The increase may also be supported by an 
increase in the rate of transport of glucose into these muscle cells. Glucose trans- 
port is stimulated by the increase in the number of glucose transporters in the 
plasma membrane that occurs after eating, when the glucagon/insulin ratio de- 
creases. The purpose of the increased glucose transport is to facilitate the synthesis 
of glycogen; however, because the glucagon/insulin ratio increases during exer- 
cise, the hormonal picture might be expected to impair glucose transport. 

The study reported in Table 4.7 involved a skeletal muscle dissected from a rat. 
The data illustrate the role of insulin and electrical impulses in stimulating glucose 
transport into muscle. Glucose transport was assessed using a 3-O-methylglucose, 
a nonmetabolizable analogue of glucose whose rate of transport can be followed 
without interference by metabolism in the cell. Transport was measured under 
three conditions: the nonstimulated basal state, the electrically stimulated state, 
and the insulin-stimulated state. Electrical stimulation involved provocation of 
muscle contraction once a minute for 10 minutes prior to measurement of glucose 
transport. The data indicate that electrical stimulation and insulin treatment pro- 
duce a doubling of the transport rate. The results show that an exercising muscle 
can increase its use of plasma glucose, even when the glucagon/insulin ratio 
increases. The increase in transport of glucose into muscle during exercise does not 
conflict with the hormonal picture, as transport is stimulated by the nervous 
system. 

TABLE 4.7 Glucose Transport into Skeletal Muscle of a Rat 

Condition 
Transport rate 

(~tmol/ml per hr) 

Nonstimulated 1.2 
Electrically stimulated, no insulin 3.3 
Plus insulin 3.2 

Source: Wallberg-Hendriksson and Holloszy (1985). 
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FRUCTOSE 

The material presented in the preceding sections concerns mainly carbohydrate 
metabolism during exercise. Before considering fatty acid metabolism in exercise, 
a special carbohydrate should be covered m fructose. 

Fructose, present in fruits and vegetables, is a major carbohydrate of the diet. 
Daily intake is estimated at about 7 g from foods and 10 g from high-fructose corn 
syrup. Comparison of glucose metabolism and fructose metabolism represents a 
study in contrasts. Fructose does not provoke a release of insulin by the pancreas; 
glucose does. However, ingestion of fructose may be followed by a rise in plasma 
insulin, because conversion of fructose to glucose in the liver results in a rise in 
plasma glucose levels. This conversion is quite rapid. Entry of glucose and fructose 
into the liver occurs freely and seems not to be hormonally regulated. In contrast, 
entry of glucose, but not fructose, into muscle and adipose tissue is regulated. 
Another difference is that glucose contains an aldehyde group, which can con- 
dense with amines in the bloodstream to form a Schiff base. This reaction can result 
in the formation of small amounts of glucosylated hemoglobin and other plasma 
proteins. Fructose does not contain an aldehyde group and cannot react with 
amines in this way. 

EXERCISE 
Explain how ingestion of a dose of fructose can lead to a rise in plasma glucose higher than 
the rise in plasma fructose. Hint: the explanation might take this form: "The rate of 
metabolism by pathway X is greater than metabolism by pathway Y." 

As outlined in Figure 4.41, fructose is phosphorylated in the cell to produce 
fructose-l-phosphate (F-l-P). F-l-P, in turn, can then be cleaved to form glyceral- 
dehyde plus 1,3-dihydroxyacetone phosphate. Glyceraldehyde can be converted 
to glyceraldehyde-3-phosphate. The products mentioned are intermediates in the 
pathways of glycolysis and gluconeogenesis, and hence might be expected to be 
converted to either pyruvic acid (glycolysis) or to glucose (gluconeogenesis) in the 
cell. F-1-P can be metabolized by an alternative pathwa~ namely by phosphory- 
lation to produce fructose-l,6-bisphosphate. A rare genetic disease resulting in a 
deficiency in F-1-P aldolase (Figure 4.41) leads to sickness and death in affected 
infants, especially when fed dietary fructose (Gopher et al., 1990). 

The initial metabolism of fructose tends to occur in liver, not in muscle. The 
opposite situation holds for glucose. The study reported in Table 4.8, involving 
human subjects, compares the metabolism of glucose with that of fructose. Fasting 

ATP ADP 
4 (  

Fructose X , , ~ _ =  _ . ~ ' . =  Fructose-- -  1 - - -  P ~ Glyceraldehyde + 1, 3----dihydroxyacetone 

Keto h exo ki nase F ruct0se- 1 -phosphate phosph ate 
aldolase 

FIGURE 4.41 Pathway for introduction of fructose into the pathway of glycolysis. 
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TABLE 4.8 Effects of Glucose and Fructose Infusions on Human Subjects 

Glycogen concentration in tissues 
(mmol of glucose units/kg tissue) 

Liver Muscle 

Fasting Increase Fasting Increase 
range w/infusion range w / infusion 

Glucose 260-280 76 88-93 24 
Fructose 260-280 275 88-93 23 

Source: Nilsson and Hultman (1974). 

subjects were infused with solutions of glucose or fructose. They received 23 mmol 
sugar /kg  body weight over the course of 4 hours. Each sugar had several options, 
upon infusion, including oxidation to CO2, conversion to liver glycogen, or con- 
version to muscle glycogen. Liver and muscle biopsies were taken before and after 
infusion, and the contents of tissue glycogen was measured. The most striking 
result is the value showing that the fructose infusion resulted in a doubling of liver 
glycogen. 

A mild fructos~ malabsorption syndrome may occur in certain individuals. 
These persons experience abdominal pain and diarrhea following consumption of 
high-fructose foods. These symptoms are thought to be caused by poor absorption 
of the sugar. The consequent high osmolality of the gut contents draws fluids into 
the lumen, which provokes abdominal distension, cramps, and an increase in the 
motility. Glucose appears to have a protective effect. Although the mechanism is 
not clear, it is thought that glucose can enhance the rate of absorption of fructose. 
Therefore, apple juice, which is relatively high in fructose and low in glucose, may 
provoke abdominal cramps to a greater extent than other foods. 

FATTY A C I D S  

Hormone-Sensitive Lipase 

The hydrolysis of TGs to FFAs and glycerol is catalyzed by a lipase in adipocytes 
called hormone-sensitive lipase. This enzyme catalyzes the hydrolysis of fat 
deposits in adipose tissue or wherever adipocytes are found. The rate of liberation 
of fatty acids and of the byproduct glycerol from the adipose tissue may be greater 
than the rate at which they can be oxidized by other tissues. Under these condi- 
tions, the concentrations of FFAs and glycerol increase in the plasma. The data in 
Table 4.9 are from a study of human subjects who exercised on a stationary bicycle. 
Blood samples withdrawn during rest and at the indicated times during exercise 
show that FFA concentrations increased from 0.43 mM at rest to nearly 2.0 mM 
after 3 hours of work. 

The glycerol released during lipolysis in adipose tissue can be used for the 
synthesis of TGs or oxidized within the adipose tissue. Both of these uses would 
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TABLE 4.9 Concentrations of Metabolites and Hormones before and during Exercise 

Rest 40 min 90 min 120 min 180 min 

Free fatty acids (mM) 0.43 0.66 0.83 1.11 1.92 
Glycerol (raM) 0.05 0.24 0.38 0.46 0.57 
Glucagon (pg/ml) 77 66 111 158 257 
Epinephrine (pg/ml) 75 262 - 627 754 

Source: Ahlborg and Felig (1982). 

be expected to be minimized during exercise, when the pathway of gluconeogene- 
sis becomes increasingly important. With exercise, most of this glycerol travels to 
the liver for conversion to glucose. The glycerol released by hydrolysis of TGs 
stored in muscle cannot be used directly by the muscle, because muscle lacks 
glycerokinase, the enzyme required for introduction of glycerol into the glycolysis 
pathway. Table 4.9 demonstrates a dramatic tenfold increase in the glycerol con- 
centration during the course of the bicycling. 

Table 4.9 also shows increases in plasma glucagon and epinephrine, hormones 
that stimulate an increase in the rate of cAMP synthesis in the cell. Cyclic AMP 
acts as an intracellular signal to provoke the phosphorylation of a number of 
proteins, resulting in an increased mobilization of energy fuels. Glucagon in- 
creases with both exercise and fasting, but epinephrine increases only during 
exercise. Only moderate changes in plasma epinephrine levels have been noted 
with fasting (Jensen et al., 1987) and after eating (Thorne and Wahren, 1989). 

EXERCISE 
Muscle glycogen cannot directly supply glucose to the bloodstream. This is due to the lack 
of what enzyme in muscle? 

Figure 4.42 depicts the relationship between hormone-sensitive lipase (phos- 
phorylated and active), represented by a black dot, and the fatty acids released into 
the bloodstream. The data in Table 4.10 illustrate the changes in plasma FFAs that 

r 

Bloodstream 
FFA 

FIGURE 4.42 Adipocyte, with lipid droplet inside, and capillary. Hormone-sensitive li- 
pase, represented by black dots, in its active (phosphorylated) state catalyzes the release 
of FFAs from the lipid droplet (large circle) inside an adipocyte into the bloodstream. 
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TABLE 4.10 Effect of Insulin Infusion on Concentrations of Plasma Insulin, Free Fatty 
Acids, and Palmitate 

Insulin Total FFAs Palmitate 
(I~U/M1) (mM) (mM) 

Control a 4.3 0.45 0.11 
Insulin infused 9.3 0.12 0.03 

Source: Jensen et al. (1989). 
aControl subject was infused with saline. 

occur with an increase in plasma insulin. Hence, the results from this study might 
be expected to be opposite those obtained from the bicycling experiment, in which 
an increase in plasma glucagon occurred. Human control subjects were infused 
with saline, whereas experimental subjects received insulin. One might consider 
that insulin infusion mimics the hormonal changes that occur with feeding. Blood 
samples were withdrawn and used for assays of insulin, FFAs, and palmitate (one 
of the major fatty acids). The data show a striking decrease in FFA levels, consistent 
with the general view that insulin counteracts the effects of glucagon. 

Glycerol  

Increased mobilization of TGs in adipose tissue with exercise is implied by 
increases in plasma concentrations of both FFAs and glycerol. Glycerol, but 
not fatty acids, can be used for gluconeogenesis. As shown in Figure 4.43, glycerol 
is converted to glycerol phosphate by the action of glycerol kinase; it is 
then oxidized to dihydroxyacetone phosphate by the action of glycerophosphate 
dehydrogenase. Dihydroxyacetone phosphate enters the gluconeogenic pathway 
at the point catalyzed by aldolase or is converted to pyruvate for oxidation in the 
Krebs cycle. 

CH 2 - - -  OH CH 2 ---- OH CH 2 - - OH 
I Glycerol I Glycerophosphate I 

kinase dehydrogenase 
CH ---OH ..~ CH ---OH ,- -~ C'--'O 

CH 2 - - -OH CH 2 - - - O  NAD* NADH+H*  CH 2 - - - -O  

FIGURE 4.43 Pathway for introduction of glycerol into the pathway of glycolysis. 
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Difference between Hormone-Sensitive Lipase and Lipoprotein Lipase 

Peripheral tissues such as muscle, adipose tissue, and the lactating breast contain 
both hormone-sensitive lipase and lipoprotein lipase. This second lipase, men- 
tioned in the lipoprotein section of Chapter 6, requires apolipoprotein C-II as a 
cofactor. The lipase is secreted by cells and migrates through the interstitial fluid 
to the capillar3~ where it becomes bound to the membrane with its active site 
exposed to the bloodstream. This binding to the luminal wall of the capillary 
occurs by attachment to a polymer called glycosaminoglycan. 

Figure 4.44 depicts the relationship between lipoprotein lipase and the FFAs 
liberated from TGs in chylomicrons and VLDLs in the plasma. The enzyme is 
represented by black squares. The FFAs are packaged into TGs within the cell 
which are deposited in a lipid droplet. 

Lipoprotein lipase may be activated by changes in plasma glucagon and insulin. 
This activation appears to occur by an increase in migration of the enzyme to the 
capillary wall. For example, a decrease in the glucagon/insulin ratio, as with 
feeding, may provoke an increase in the proportion of enzyme located on the 
luminal wall and a decrease in the proportion that is intracellular. Feeding appears 
to provoke activation of the enzyme in adipose tissue, but not of the enzyme 
located in muscle or other tissues. 

Serum Albumin and the Transport of Fatty Acids 

Transport and metabolism of lipids are complicated by the fact that lipids are not 
soluble (or only sparingly soluble) in water. Nature has devised a number of 
mechanisms for facilitating the handling of lipids, including the use of bile salts 
and apolipoproteins. The use of "retinol-binding protein" for carrying a fat-soluble 
vitamin is described under the Starvation section of this chapter and under Vita- 
min A in Chapter 9. Albumin is used in the transport of FFAs in the bloodstream. 

TG J Bloodstream 

FIGURE 4.44 Adipocyte, with lipid droplet inside, and capillary. Lipoprotein lipase, rep- 
resented by black squares, catalyzes the conversion of plasma TGs to FFAs, which enter an 
adipocyte, are packaged into TGs, and deposited in a liquid lipid droplet. 
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TABLE 4.11 Solubility of Fatty Acids and Cholesterol in Water 
, ,  

Fatty acid Maximal solubility 
(no. of carbons) (mM) 

4 575 
6 107 
8 19.8 
10 3.7 
12 0.68 
14 0.13 
16 0.024 
18 0.0044 
20 0.00081 
22 0.00015 
Cholesterol 0.00004 

, ,  

Source: Westergaard and Dietschy (1976). 

Table 4.11 lists the maximum solubilities of various fatty acids in salt water. 
Butyric acid, a short-chain fatty acid with 4 carbons, is quite soluble in water and 
can be dissolved, in the laboratory; to a concentration of about 600 mM. Octanoic 
acid (8 carbons) is slightly soluble and can be dissolved to about 20 mM. Fatty 
acids containing 8 to 10 or 12 carbons are medium-chain fatty acids. Palmitic (16 
carbons), oleic (18 carbons), and longer fatty acids are long-chain fatty acids. The 
highest concentration attainable for long-chain fatty acids range from 0.1 ~ to 0.1 
mM. 

Data presented in previous sections revealed that the concentration of FFAs in 
plasma may reach 2.0 mM during exercise. How is this possible when the highest 
attainable concentration in water is only about 0.1 mM? This problem was re- 
solved by nature by use of albumin as a vehicle for the transport of FFAs within 
the circulation. Albumin constitutes about 60% of the protein of blood plasma. It 
is a major carrier of FFAs, other metabolites, hormones, and drugs. Serum albumin 
has the capacity to carry several fatty acids. Figure 4.45 shows results from an 
experiment using purified albumin. The number of fatty acid molecules bound per 
protein molecule is plotted versus the concentration of unbound fatty acids in 
solution. The study; conducted with lauric acid (12 carbons) and myristic acid (14 
carbons), demonstrates that one protein molecule is able to bind at least 8 or 9 
molecules of fatty acid. Albumin has a molecular weight of 69 kDa and occurs in 
human plasma at a concentration of about 0.6 mM (40 mg/ml )  (Halliwell, 1988). 

Control of Fatty Acid Synthesis and Oxidation 

A number of enzymes have been described that are regulated via phosphorylation. 
Acetyl-CoA carboxylase is now added to the following list: 
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FIGURE 4.45 Number of bound fatty acid molecules per albumin molecule at various 
concentrations of fatty acid. Several fatty acid molecules can bind to one serum albumin 
molecule. The number of bound lauric or myristic acid molecules per molecule of purified 
albumin is plotted versus the concentration of unbound fatty acid in solution. (Redrawn 
with permission from Spector, 1975.) 

Phosphorylase kinase 
Glycogen synthetase 
Fructose-6-phosphate 2-kinase 
Pyruvate kinase 
Hormone-sensitive lipase 
Acetyl-CoA carboxylase 

Figure 4.46 shows the first step (acetyl-CoA carboxylase catalyzed) in the fatty acid 
synthesis pathway. The enzyme is biotin-requiring, and the product is malonyl- 
CoA. Note that the activities of about 100 different enzymes have been found to 
be controlled by phosphorylation (Shacter et al., 1986). In all cases, the phospho- 
rylation is reversible. The phosphate donor may be ATP or GTP. 

The rate of fatty acid synthesis is controlled, at this point, by the activity of 
acetyl-CoA carboxylase. Activity is regulated at the "enzyme level" by phospho- 
rylation and, at the "genetic level" by control of the rate of synthesis of mRNA 
coding for the enzyme. Regulatory changes occurring at the enzyme level gener- 
ally can be effected more promptly than those at the genetic level. 

0 
II 

CH3C --- CoA 

(acetyl-CoA) 

C02 

o 
II 

ATP ADP + Pi (malonyI-CoA) 

FIGURE 4.46 First step of the fatty acid synthesis pathway. 
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Glycolysis and gluconeogenesis are coordinately regulated by changes in the 
concentration of "2-6," as well as by phosphorylation. The pathways of fatty acid 
synthesis and oxidation are also regulated in a coordinated manner. This means 
that an increase in the activity of the carboxylase (and in the rate of fatty acid 
synthesis) coincides with a decrease in the rate of fatty oxidation. What is respon- 
sible for this coordination of energy flux? Acetyl-CoA carboxylase catalyzes the 
synthesis of malonyl-CoA, a compound that, once formed, is committed to fatty 
acid synthesis. In increased concentrations in the cell, malonyl-CoA slows the 
oxidation of fatty acids by inhibiting their transport from the cytoplasm into the 
mitochondrion. These events are summarized in Figure 4.47. 

The rat study shown in Figure 4.48 illustrates regulation of acetyl-CoA carboxy- 
lase by phosphorylation. After fasting for up to 2 days, livers were removed and 
the activity and phosphate group content of the enzyme measured. Enzyme 
activity was highest prior to fasting and progressively decreased during the fast. 
The number of phosphate groups increased, particularly during the second day of 
the fast. In this study, phosphorylation of the enzyme occurred in vivo. In vitro 
studies using purified enzyme confirmed the fact that phosphorylation controls 
the activity of the enzyme. 

Acetyl-CoA carboxylase levels are controlled at the genetic level. This means 
that conditions such as feeding and fasting can change the rate of synthesis of 
mRNA coding for the enzyme. In general, the greater the number of mRNA 
molecules in the cell, the greater the amount of protein coded by the mRNA 
synthesized. Therefore, changes in regulation at the genetic level can be measured 
indirectly by measuring changes in the activity of the enzyme coded by the mRNA. 
This method cannot, however, distinguish between changes in activity caused by 
enzyme activation and changes caused by activation of transcription. Regulation 
at the genetic level can be assessed more directly by measuring changes in the 
number of mRNAs in the cell. 

The mRNA coding for any particular enzyme can be determined by the dot blot 
technique, described in detail in Appendix B. The data take the form of photo- 
graphic images on film. A dense image means that the cell or tissue extract, used 

Carboxylase #2 Fatty acid synthesis 
AcetyI-CoA - ~ MalonyI-CoA ..... ~ Fatty acid 

#1 

Oxidation Krebs cycle 

Fatty acyI-CoA ~ /  Fatty acyI-CoA -~- AcetyI-CoA 
#3 #4 

Cytosol Mitochondria 

C02 
#5 

FIGURE 4.47 Regulation of fatty acid oxidation by malonyl-CoA. Carboxylase catalyzes 
the first step of fatty acid synthesis (#1). An increase in its activity results in an increase in 
the levels of malonyl-CoA in the cell (#2). Increased levels of malonyl-CoA inhibit the 
transport of fatty acids into the mitochondria (#3), which limits or controls their oxidation. 
The fatty acid oxidation pathway involves the degradation to units of acetyl-CoA (#4), 
followed by conversion to CO2 in the Krebs cycle (#5). 
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FIGURE 4.48 Activity of acetyl-CoA carboxylase and number of covalently bound phos- 
phate groups at various times during fasting. During fasting for up to 2 days, rat livers 
were removed at the indicated times, and the activity (@) and phosphate group content 
(O) of acetyl-CoA carboxylase measured. (Redrawn with permission from Thampy and 
Wakil, 1988.) 

as the source of the mRNA, contained large amounts of the message. A faint image 
means that relatively small amounts of message are present. 

The following experiment illustrates use of the dot blot technique for measuring 
changes in the amount of message coding for acetyl-CoA carboxylase. Each rat was 
exposed to one of three different conditions, all mRNAs were extracted from its 
liver, and the amount of mRNA coding for acetyl-CoA carboxylase was deter- 
mined. The first group of rats were fed, the second group were fasted for 2 days, 
and the third group were fasted for 2 days then fed on the third day. The results 
(Figure 4.49) demonstrate that the livers of the fed and fasted animals contained 
about the same levels of message. This indicates that the rate of transcription of 
the mRNA coding for the enzyme was about the same in both groups. However, 
the dot blot test image produced by the mRNA extracted from the third group was 
darken This means that the rate of transcription of mRNA for the enzyme is greatly 
increased during feeding after a fast. Generally; an increase in mRNA coding for a 
particular protein results in increased production of that protein in the cell. These 
results indicate that packaging of dietary carbohydrate in the form of body fat is 
"upregulated" with the conclusion of a fast. 
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Transport of Fatty Acids into the Mitochondria 

The following brief overview describes the modes of transport of FFAs in the body 
and serves as a preview to the description of the mitochondrial transport system. 
FFAs are generated by lipolysis of TGs stored in lipocytes of adipose tissue 
(adipocytes) and in lipocytes of other organs. Fatty acids are also released by the 
action of lipoprotein lipase in the bloodstream. Special membrane-bound proteins 
mediate the transfer of FFAs across the membranes of various cells, such as 
enterocytes and hepatocytes. Within the cell, FFAs are carried on special proteins 
called fatty acid-binding proteins. These proteins have low molecular weights, 
about 15,000, and can account for 5% of cytosolic protein (Bernlohr et al., 1997). 

A unique mechanism used for mediating the transfer of fatty acids into the 
mitochondrion involves the conversion of FFAs to fatty acyl-CoA. Here, the fatty 
acid molecule is connected to a molecule of coenzyme A in the thiolase-catalyzed 
reaction shown in Figure 4.50. The structure of coenzyme A is shown in Figure 
4.51. Fatty acids enter the mitochondrion, not as fatty acyl-CoA, but as fatty 
acyl-carnitine. A special transferase catalyzes the exchange of the coenzyme A 
moiety for carnitine (Figure 4.52). The bond between the fatty acid and coenzyme 
A is a thiol ester linkage, whereas that involving carnitine is an oxygen ester. 

Carnitine is used mainly for facilitating the transport of long-chain fatty acids 
into the mitochondria. As shown in Figure 4.53, this transport system requires the 
participation of two different carnitine acyltransferases. One is located on the 
outside of the mitochondrial membrane, the other on the inner side. Once fatty 
acyl-camitine is inside the organelle, its camitine is released. A separate transport 
system is used to transport this camitine from the interior of the mitochondrion 
back to the cytoplasm for reuse. 

Fed Fasted Fasted, 
then refed 

FIGURE 4.49 The dot blot test. The dot blot test is used to measure the amount of mRNA 
coding for a specific protein. The test requires the use of a unique tool provided by the 
methods of molecular biolog~ the DNA probe. The probe consists of a molecule of radio- 
active DNA having a sequence complementary to the mRNA coding for the protein of 
interest. The complementary sequence makes possible the hybridization (or binding) of the 
DNA probe to the mRNA of interest, even when this mRNA is mixed with hundreds of 
different types of mRNAs in a cell homogenate. The DNA probe does not bind strongly to 
mRNAs coding for other proteins. The method involves several steps. The total population 
of mRNAs is extracted from the tissue and connected to a solid matrix. The DNA probe is 
then mixed with the matrix, where it is able to mingle freely with all of the different types 
of mRNA, and given enough time to allow maximal binding to the specific mRNA to which 
it is complementary. This binding is tight and resists attempts to wash it away. Then, after 
nonbound DNA probe is washed away; high levels of remaining bound DNA probe 
produce a strong signal in the dot blot test. If no mRNA coded for the protein of interest 
is present, little or no DNA probe will bind, resulting in a weak signal or no signal. 
(Redrawn with permission from Bai et al., 1986.) 
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FIGURE 4.50 Conversion of a free fatty acid to fatty acyl-CoA. 
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FIGURE 4.51 Coenzyme A. The vitamin, pantothenic acid, occurs as part of the structure of 
coenzyme A. 
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FIGURE 4.52 Exchange of a coenzyme A moiety for carnitine. 

Malonyl-CoA Acts as a Regulatory Molecule 

Transport of fatty acids into the mitochondrion is regulated by a mechanism that 
plays a major role in controlling the overall rate of oxidation of fatty acids. This 
mechanism is in "communication" with the pathway for fatty acid synthesis. The 
fatty acid transport system is sensitive to the concentration of one fatty acid 
synthesis intermediate, malonyl-CoA. 

The study described in Figure 4.54 illustrates the role of cytosolic malonyl-CoA 
in controlling the entry of fatty acids into the mitochondrion. The activity of 
carnitine acyltransferase was measured after adding various concentrations of 
fatty acyl-CoA (0-250 laM) to a suspension of mitochondria both with and without 
malonyl-CoA. Transferase activity increased with increasing concentrations of 
fatty acyl-CoA until a plateau was reached. At this point, the transferase was 
saturated and unable to operate at a faster rate when presented with higher 
concentrations of its substrate. The activity of the transferase was impaired in the 
presence of malonyl-CoA. This indicates that an increase in the rate of fatty acid 
synthesis, with the resultant increase in concentration of malonyl-CoA, will impair 
the oxidation of fatty acids. Therefore, the pathways of fatty acid oxidation and 
synthesis are coordinated. Figure 4.54 also indicates that malonyl-CoA inhibition 
can be overcome by higher levels of fatty acyl-CoA. Other studies have revealed 

Mitochondrial 
Cytosol Transferase membrane Transferase Mitochondria 

FattyACYL--CoA ~ - ~  FattyACYL--carnitine ~ ~ - F a t t y A C Y L - - C o A  

Carnitine CoA CoA Carnitine 

FIGURE 4.53 Transport mechanism for introducing fatty acids into the mitochondrion. 
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FIGURE 4.54 Activity of carnitine acyl transferase versus concentration of fatty acyl-CoA, 
with and without added malonyl-CoA. This study illustrates the role of cytosolic malonyl- 
CoA in controlling the entry of fatty acids into the mitochondrion. The activity of camitine 
acyltransferase was measured after adding various concentrations of fatty acyl-CoA (0-250 
j~M) to a suspension of mitochondria. The fatty acid used (oleic) was added in the form of 
oleoyl-CoA. Incubations were carried out in the absence (O) and presence (@) of malonyl- 
CoA. (Redrawn with permission from Cook, 1984.) 

that the malonyl-CoA levels present in living animals are similar to that used in 
this study. In a fasted rat, the malonyl-CoA concentration in the liver is about 6 
mmol/kg.  This level should permit a maximal rate of fatty acid oxidation, because, 
in the fasted state the liver converts carbohydrates to fatty acids at a low rate (i.e., 
for storage as TGs). The concentration of malonyl-CoA in the liver of a fed rat has 
been found to reach about 25 mmol/kg.  This level could inhibit camitine acyl- 
transferase and thus prevent or limit the oxidation of the fatty acids newly synthe- 
sized from dietary carbohydrates. 

Experimental Incubations with and without Carnitine 
The study reported in Table 4.12 illustrates the role of carnitine in fatty acid 
oxidation and introduces the topic of medium-chain fatty acids. This stud~ con- 
ducted before the role of carnitine in fatty acid transport was realized, involved 
addition of radioactive fatty acids to suspensions of liver mitochondria. The fatty 
acids used included [14C]octanoic acid (medium-chain) and [14C]palmitic acid 
(long-chain). The suspensions were incubated for 30 minutes to permit uptake of 
the fatty acids, their subsequent oxidation, and discharge of radioactive carbon 
dioxide. The 14CO 2 produced in the Krebs cycle diffuses out of the mitochondria 
into the surrounding fluid. 
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TABLE 4.12 Effects of Camitine on Fatty Acid Oxidation 

14C-labeled fatty acid 14CO2 produced (nmol) Carnitine-induced change 

[14C]Butyric acid 
[14C]Octanoic acid 
[14C]Lauric acid 
[14C]Palmitic acid 
[14C]Stearic acid 

Source: Fritz (1959). 

1478 -9% 
698 -7% 
166 +16% 
218 +78% 
34 +66% 

The incubations were conducted under two conditions: in the presence and in 
the absence of carnitine. When evaluating the data, one should assume that the 
mitochondrial suspensions contained small amounts of carnitine in the medium, 
and within the organelle, derived from the mitochondrial preparation itself. The 
data indicate that 698 nmol of radioactive CO2 was released with the incubation 
of [14C]octanoic acid. Adding camitine to the incubation mixture resulted in very 
little change in the amount of 14CO 2 released. Incubation with [14C]palmitic acid 
resulted in the release of 218 nmol of 14CO2. Here, adding camitine resulted in the 
stimulation of fatty acid oxidation. Experiments performed in the 1970s revealed 
that long-chain fatty acids required the participation of carnitine acyltransferase 
to enter mitochondria, whereas medium- and short-chain fatty acids were able to 
pass into these organelles without being transiently modified with carnitine 
(McGarry and Foster, 1980). 

EXERCISE 
Why was ATP added along with the 14C-labeled fatty acids (Table 4.12)? What would the 
results have been if ATP had been omitted? 

Sources of Carnitine 

Camitine is required for transport of long-chain fatty acids into mitochondria; 
hence, carnitine plays an essential role in normal oxidative metabolism as well as 
in the formation of ketone bodies. The concentration of free carnitine in muscle is 
about 4.0 mmol/kg.  The concentration of carnitine bound to long-chain fatty acids 
(fatty acyl-camitine) is lower, about 0.2 mmol/kg.  Short-chain fatty acids, includ- 
ing acetic, are also esterified to camitine, but the functions of these complexes are 
not clear. There is some indication that keto forms of BCAAs (BCKAs) can also 
be esterified to carnitine. These complexes can then be transported into the mito- 
chondria for complete oxidation of the BCKAs. The importance of this mode of 
BCKA transport is not clear (Takakura et al., 1997). 

Camitine acts catalytically and might be considered to be a cofactor of carnitine 
fatty acyltransferase. Unlike most cofactors, however, carnitine is not a vitamin 
and is not derived from a vitamin. Generalljfi all of the carnitine needed by the 
body can be synthesized by the body. The biosynthesis of carnitine begins in an 
unusual manner. The starting material, the lysine residues of a variety of proteins, 
undergo post-translational methylations, as shown in Figure 4.55. The methyl 
donor is S-adenosylmethionine. Trimethyllysine, liberated from the protein by 
intracellular hydrolysis, is hydroxylated and then converted to carnitine in three 
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FIGURE 4.55 Carnitine biosynthetic pathway. 

more steps. The muscle content of protein-bound trimethyllysine is about 0.4 
mmol/kg;  that of free trimethyllysine is about 0.02 mmol/kg.  The final step in 
carnitine synthesis is catalyzed by an iron metalloenzyme. This iron is not part of 
a heme cofactor. The enzyme uses oxygen as a cosubstrate and requires vitamin C 
to maintain the iron in its reduced state. Several proteins identified as containing 
residues of trimethyllysine are myosin, actin, calmodulin, cytochrome c, and his- 
tones. The function of the trimethyllysine residue in these proteins is not clean 

The typical Western diet supplies about 100 mg of carnitine per day. Meat and 
milk are good sources; beef contains about 500 mg/kg,  and cow milk contains 5 
to 40 mg /kg  of fluid. Hen eggs and plant food contain little or no carnitine. The 
trimethyllysine present in food proteins contributes, to a very small extent, to the 
carnitine made in the body. There is, however, some concern about a transient 
deficiency of camitine in newborn infants fed carnitine-free diets. Soy-based infant 
formula may lack carnitine, and the neonate seems to have a lesser capacity to 
synthesize the cofactor than adults. Breast milk contains high levels of camitine; 
after about a month of lactation, the content declines to about half of its initial 
value. There is little evidence that the lowered levels of plasma camitine found in 
infants fed soy formulas are associated with an impairment of the oxidation of 
long-chain fatty acids. 

Another topic of occasional concern is the camitine status of people in the 
Middle East and India who consume cereal-based diets. Although these diets 
supply only about 15 mg of carnitine per day; there is little reason to believe that 
the rate of carnitine synthesis in these persons is inadequate to supply the body's 
needs. 

Lysine and methionine are both required for the synthesis of carnitine. This 
situation has sparked interest among researchers about the possibilities that a 
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deficiency in either of these two indispensable amino adds can cause a carnitine 
deficiency and that carnitine supplementation can reduce the requirements for 
these amino acids. Results from studies of these possibilities have been variable. 
The relative deficiency of lysine in cereal grains may contribute, in part, to the low 
levels of plasma camitine found in people consuming diets composed solely of 
grains. 

Long-Chain versus Medium-Chain Fatty Acids 
Triglycerides are a major component of the diet. Most people consume 100 g of fat 
and oil per day. The fatty acid constituents of these TGs are mainly long-chain (i.e., 
16-24 carbons long). Medium-chain TGs are minor components of the diet. Even 
in foods known to contain medium-chain TGs, such as coconut milk and mother's 
milk, long-chain TGs predominate. 

Differences in bodily absorption and metabolism of medium- and long-chain 
TGs and FFAs are summarized in Table 4.13. In some cases, differences are relative, 
not absolute. The properties of fatty acids 12 and 14 carbons in length are between 
those of the medium- and long-chain fatty acids. The most striking difference 
between medium- and long-chain TGs is that the former are more water soluble 
than the latter. There has been some interest in supplying persons suffering from 
fat-malabsorption syndromes with medium-chain TGs as a source of energy. 
Medium-chain TGs are normally absorbed by mechanisms independent of those 
used by long-chain TGs that bypass steps involving bile salts, chylomicrons, and 
the lymphatic system. Another difference is the greater tendency of medium-chain 
fatty acids to be metabolized immediately in the mitochondria, rather than stored 
as fat. Oxidation of any nutrient in the mitochondria entails consumption of 

TABLE 4.13 Properties of Medium- and Long-Chain Fatty Acids 

Medium-chain FFAs (8-10 carbons long) Long-chain FFAs (16-24 carbons long) 

TGs are hydrolyzed rapidly in the gut, at a rate 
perhaps fivefold greater than that of long-chain 
TGs. 

FFAs are absorbed at a faster rate than long-chain 
FFAs, possibly twofold faster. 

FFAs enter the enterocyte, but they are not rees- 
terified to glycerol. 

FFAs are transported from the gut via the portal 
vein to the liver, along with other water-soluble 
nutrients. 

Fatty acids tend to bind to albumin on entering 
the bloodstream. 

Fatty acids are thought not to be esterified to 
coenzyme A on entering the cell. This lack of 
formation of the CoA derivative prevents their 
incorporation into TGs, minimizes their storage 
as TGs in adipose tissue, and promotes their 
immediate oxidation in the mitochondria. 

FFAs tend not to be converted to the carnitine 
derivative. They can pass freely into the mito- 
chondrion, bypassing the carnitine-dependent 
step. 

TGs are hydrolyzed relatively slowly in the 
intestines. 

FFAs are absorbed at a relatively slow rate. 

FFAs enter the enterocyte where they are con- 
verted back to TGs. 

TGs are packaged into chylomicrons and trans- 
ported through the lymphatic system. 

TGs enter the bloodstream as a component 
of chylomicrons. 

TGs entering the body in chylomicrons may be 
hydrolyzed by lipoprotein lipase and taken up 
by skeletal muscle, adipose tissue, and other 
tissues of the body for storage or immediate 
oxidation. Fatty acids entering the liver may be 
packaged into VLDLs, as TGs, and shunted back 
to the bloodstream to be used for oxidation or 
storage by other tissues. 
FFAs require esterification to CoA and transfer to 
carnitine, prior to entry into the mitochondrion. 
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oxygen. The experiment  depicted in Figure 4.56 illustrates differences in 0 2 con- 
sumpt ion caused by eating foods containing long- or medium-chain  TGs. 

In this stud}~ h u m a n  subjects consumed a meal containing 45 g of a long-chain 
TG oil (corn oil) or medium-chain  TG oil. The basal rate of oxygen consumption 
as measured prior to the meal was 250 ml /min .  During rest after the meal, the rate 
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FIGURE 4.56 Rate of oxygen consumption after a meal. Human subjects consumed a meal 
containing 45 g of long-chain TG oil (corn oil) (@) and medium-chain TG oil (O), then 
rested. The basal rate of oxygen consumption, as measured prior to the meal, was 250 
ml/min. Rates were determined at the indicated intervals after the meals. About 13% of 
the medium-chain TGs were completely oxidized; only 4.0% of the long-chain TGs were 
oxidized. (Redrawn with permission from Seaton et al., 1986.) 
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of 02 consumption increased slightly in the subjects fed the corn oil; larger in- 
creases occurred in those fed the medium-chain TG oil. These results are consistent 
with the postulate that dietary medium-chain TGs tend to be oxidized immedi- 
ately; whereas long-chain TGs are first stored as fat. In the 6 hours following the 
test meals, about 13% of the medium-chain TGs and 4.0% of the long-chain TGs 
were completely oxidized. This indicates that differences in the fates of long- and 
medium-chain fatty acids are relative, not absolute. 

THE KREBS CYCLE 

The Krebs cycle is a series of reactions catalyzed by seven enzymes in mitochon- 
dria. Its function is to catalyze removal of electrons from nutrients and to transfer 
them to NAD + and FAD, producing NADH plus H § and FADH2, respectively. 
These reduced cofactors exist only momentarily in their reduced (or oxidized) 
forms as they continually accept and then donate electrons to the respiratory chain. 
The respiratory chain, composed of a number of cytochromes, uses electrons for 
reduction of 02 to water. This reduction process is accompanied by or coupled 
with the regeneration of ATP, that is, conversion of ADP back to ATP. The overall 
effect may be summarized thus: The Krebs cycle and respiratory chain are used for 
oxidizing nutrients to C02 and for the production of energy. 

The Krebs cycle, which is also called the citric acid cycle or the tricarboxylic 
acid cycle, was discovered by Hans Krebs in 1937, at Cambridge University in 
Great Britain (Holmes, 1993). 

The Krebs cycle is presented in three figures. The first (Figure 4.57) depicts the 
cosubstrates and cofactors used in each reaction. The second (Figure 4.58) gi'ves 
names for the intermediates. The third (Figure 4.59) lists the names of the enzymes. 

Carbohydrates are introduced into the Krebs cycle at the point where pyruvate 
dehydrogenase catalyzes conversion of pyruvate to acetyl-CoA with the concomi- 
tant reduction of NAD. Citrate synthase catalyzes introduction of the 2-carbon unit 
of acetyl-CoA into the Krebs cycle. Pyruvate can arise from glucose, fructose, 
lactate, alanine, and glycerol. Acetyl-CoA can arise from pyruvate, as well as from 
fatty acids. Oxidation of fatty acids results in production of acetyl-CoA, which 
enters the Krebs cycle at the point catalyzed by citrate synthase. Breakdown of 
ketogenic amino acids also results in the production of acetyl-CoA, which enters 
the Krebs cycle at this point. Citrate and malate occur in high concentrations in 
certain fruits and vegetables. These chemicals directly enter the Krebs cycle at the 
indicated points. 

A number of amino acids can be broken down to produce (x-ketoglutarate, 
succinyl-CoA, or oxaloacetic acid, intermediates of the Krebs cycle. In this process, 
the carbon skeletons of the amino acids are broken down to form intermediates of 
the Krebs cycle. The glucogenic amino acids also can be metabolized in this way. 

Aconitase catalyzes the isomerization of citrate to isocitrate, isocitrate dehydro- 
genase catalyzes the oxidative decarboxylation of isocitrate to 0~-ketoglutarate, and 
0~-ketoglutarate dehydrogenase catalyzes the oxidative decarboxylation of (x-keto- 
glutarate to succinyl-CoA. Succinyl-CoA and the remaining intermediates are the 
4-carbon intermediates of the Krebs cycle. Succinyl thiokinase catalyzes the release 
of coenzyme A from succinyl-CoA and the production of GTP. Succinate dehydro- 
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FIGURE 4.57 The Krebs cycle --cofactors and cosubstrates. The energy-producing steps of the cycle 
function by producing chemical transformations of cofactors and cosubstrates. Much of the energy 
discharged during the oxidation of'substrates entering the Krebs cycle is collected in the form of GTP, 
reduced NAD, and reduced FAD. Both FADH 2 and reduced NAD donate energy to cytochromes for 
the production of ATP. 
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FIGURE 4.59 Enzymes of the Krebs cycle and removal of malate for gluconeogenesis. The 
enzymes that catalyze each step of the Krebs cycle are named; all are mitochondrial. The 
section symbol (w indicates the two points in the Krebs cycle, and a gluconeogenesis step 
occurring in the cytoplasm, where carbon is lost as CO2. 

genase catalyzes the oxidation of succinate to fumarate, fumarase catalyzes the 
hydration of fumarate to malate, and malate dehydrogenase catalyzes the oxida- 
tion of malate to OAA. 

OAA appears at the beginning and end of each turn of the Krebs cycle; however, 
the carbons of the starting OAA are not the same atoms as those in OAA at the 
end. This point is obvious from the molecular formulas in the diagrams of the cycle 
(Figures 4.57-4.59). The 2-carbon unit entering the cycle from acetyl-CoA survives 
two decarboxylation reactions and constitutes two of the carbons of the OAA 
molecule at the end of the cycle. 

During the complete oxidation of pyruvate, carbon dioxide is discharged at 
three points: the reactions catalyzed by pyruvate dehydrogenase, isocitrate dehy- 
drogenase, and ~-ketoglutarate dehydrogenase. Reducing power, in the forms of 
NADH + H § and FADH2, is produced at five points: the reactions catalyzed by 
pyruvate dehydrogenase, isocitrate dehydrogenase, ~-ketoglutarate dehydro- 
genase, succinate dehydrogenase, and malate dehydrogenase. The section symbol 
(w in Figure 4.59 marks the specific carbon in a molecular structure that is dis- 
charged in the next enzymatic step of the cycle. Note that the two carbons intro- 
duced by acetyl-CoA are not discharged during their first "trip" around the Krebs 
cycle; however, they are discharged during later turns of the cycle. 
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Demographics of Metabolites and Enzymes 

The pathways of glycolysis and gluconeogenesis are cytosolic. All of the enzymes 
are water soluble. An exception is glucose-6-phosphatase, which occurs in the 
endoplasmic reticulum. The concentrations of the enzymes in the cytosol (of 
muscle) are generally 50 to 1000 jxM, depending on the enzyme (Srivastava and 
Bernhard, 1986). The approximate levels of the following metabolites in resting 
muscle are indicated. The unit of concentration in all cases is mmol /kg  of dried 
whole muscle. This level might be expected to be very roughly similar to the actual 
intracellular mM concentration: glucose (2.5); glucose-6-phosphate (0.6); glucose- 
1,6-bisphosphate (0.15); fructose-l,6-bisphosphate (0.03); phosphoenolpyruvate 
(0.7); pyruvate (1.3); lactic acid (9.0); citric acid (1.5); a-ketoglutarate (1.3) (Salmons 
et al., 1996). One use of the preceding numbers is to compare the concentration of 
a specific metabolite to that of the enzyme that uses the metabolite as a substrate. 

The mitochondrion is bounded by two phospholipid membranes. The outer 
membrane is freely permeable to molecules, including water, with a molecular 
weight of up to about 5000. The inner membrane is rich in membrane-bound 
proteins and consists, in terms of membrane area, of 50% phospholipid and 50% 
protein (Lenaz, 1988). Pyruvate dehydrogenase, a mitochondrial enzyme, is water 
soluble. The proteins of the respiratory chain, as well as ATP synthase, are all 
bound to the inner mitochondrial membrane. The enzymes of the Krebs cycle are 
water soluble, with the exception of succinate dehydrogenase. This enzyme is 
bound to the mitochondrial membrane, where it directly funnels electrons, via 
FAD, to the respiratory chain. 

Krebs Cycle Supplies Electrons to the Respiratory Chain 
The proteins of the respiratory chain are NADH dehydrogenase, cytochrome b, 
cytochrome cl, cytochrome c, cytochrome a 1, and cytochrome a 3. Cytochromes a 1 
and a 3 form a complex known as cytochrome c oxidase. The proteins are listed in 
the order in which they are used in the electron transport pathway. The proteins 
are all membrane-bound proteins, though cytochrome c is only weakly bound to 
the outer surface of the inner membrane. Its polypeptide chain is not inserted in 
the membrane. Electrons are delivered in pairs, via NAD, to_the respiratory chain. 
It is thought that three protons are driven out of the mitochondrion for each pair 
of electrons from NAD passing down the respiratory chain and through cyto- 
chrome oxidase to oxygen (Cross, 1981; Hatefi, 1985). Further details are given in 
Chapter 5 and under Iron in Chapter 10. 

ATP synthase catalyzes the synthesis of most of the ATP produced in the body. 
This enzyme is a membrane-bound protein of the mitochondrion. The passage of 
protons, through the mitochondrial membrane (via ATP synthase) is required 
for driving the synthesis of one ATP (by ATP synthase) (Ferguson, 1986; Weber 
and Senior, 1997). Oxygen reduction and ATP synthesis are not directly coupled. 
The coupling is indirect, in that operation of electron transport is required 
for pumping protons out of the mitochondrion, and the passive return of protons 
back into the organelle is used to drive the synthesis of ATP. The full name 
of ATP synthase is FIF0-ATP synthase. ATP synthase consists of about 16 differ- 
ent polypeptides. Some of these are grouped to form the F1 unit, while others form 
the F0 unit. F0 resides within the inner mitochondrial membrane, while F1 resides 
in the interior of the mitochondrion and contacts the aqueous environment within 
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this organelle. The F0 and F1 subunits are connected with a stalk. Further details 
are in Chapter 5. 

Modes of Flux of 2-Carbon Units in the Krebs Cycle 

The Krebs cycle is an intriguing group of reactions that can be discussed from a 
number of viewpoints. The major function of the cycle is catalytic oxidation of 
2-carbon units produced during oxidative breakdown of dietary and stored fats 
and of carbohydrates, both dietary and stored as glycogen. Two relatively minor 
functions are oxidation of the carbon skeletons of amino acids undergoing catabo- 
lism and conversion of amino acids to glucose (i.e., gluconeogenesis). Gluconeo- 
genesis from an amino acid involves entry of its carbon skeleton into the cycle in 
the form of OAA, succinyl-CoA, or (z-ketoglutarate. These molecules are con- 
verted to malate, which leaves the Krebs cycle and enters the cytoplasm at the 
point indicated in Figure 4.59. Cytoplasmic malate can be converted to glucose as 
discussed. 

One point of special interest to the nutritionist is that fatty acids cannot be used 
for the synthesis of glucose (gluconeogenesis). The 2-carbon unit entering the 
Krebs cycle is depicted in Figure 4.58 as the "top part" of citric acid, to increase its 
visibility. This 2-carbon unit remains intact during the two steps that result in the 
discharge of CO2: those of isocitrate dehydrogenase and ~-ketoglutarate dehydro- 
genase. Note that for gluconeogenesis this 2-carbon unit leaves the mitochondrion 
for the cytoplasm. This would seem to indicate that fatty acids can be used for 
gluconeogenesis; however, the following material explains why this is not so. 

The argument that fatty acids cannot contribute to the net synthesis of glucose 
can be stated in several ways. The main goal of following these arguments is to 
gain some understanding of the Krebs cycle: 

1. For every 2-carbon unit entering the cycle, two carbons leave as CO2. Thus, 
the Krebs cycle is not an efficient conduit for the conversion of acetyl groups 
to malate groups. The carbons entering as acetyl groups are, in effect, only 
lost as CO2. 

2. The introduction of each 2-carbon unit ties up one molecule of OAA, be- 
cause the acetyl group condenses with OAA to form citric acid, which then 
travels through the cycle and becomes malate. Malate then leaves for the 
cytosol, and OAA is not regenerated. Consequently; continued use of acetyl 
groups for gluconeogenesis would lead to depletion of some of the interme- 
diates of the Krebs cycle. This point introduces the concept that the interme- 
diates in the Krebs cycle act in a catalytic manner in the conversion of energy 
fuels to CO2. 

3. Use of acetyl groups for gluconeogenesis results, in effect, in withdrawal of 
intermediates from the Krebs cycle. If continued, this withdrawal would 
result in cessation of the cycle. The total quantities of these intermediates 
present in the liver are relatively small, compared with the amount of pro- 
tein in the body available for breakdown and conversion to glucose. Hence, 
it would make little sense to deplete the intermediates in the liver for use in 
gluconeogenesis. 
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Glutamate is a glucogenic amino acid. Its conversion to c~-ketoglutarate is 
detailed in Chapter 8. Introduction of the carbon skeleton of glutamate into the 
Krebs cycle followed by its withdrawal as malate does not result in depletion of 
intermediates. The 5-carbon skeleton of this amino acid enters the cycle at 0~-keto- 
glutarate and still exits at malate, which has four carbons. Note that two molecules 
of glutamate are required for the synthesis of one molecule of glucose. 

FERMENTATIVE A N D  A E R O B I C  ENERGY M E T A B O L I S M  

Skeletal muscle is composed of two different types of cells: white and red muscle 
fibers. Some muscles are fairly homogeneous and contain mainly one type of fiber; 
others contain mixtures of both types. White muscle fibers contain relatively few 
mitochondria, are mainly glycolytic, and produce lactic acid as an end-product of 
fermentation. Red muscle fibers are relatively rich in mitochondria and are well 
adapted to oxidizing fatty acids and glucose to CO2. Their energy metabolism is 
dependent on an ample supply of oxygen. 

Lactate dehydrogenase is closely associated with the final step in fermentative 
metabolism: conversion of pyruvate to lactate. Citrate synthase is closely associ- 
ated with oxidative metabolism, because this enzyme catalyzes the introduction 
of acetyl groups into the Krebs cycle. Continued operation of the Krebs cycle is 
dependent on the continued transfer of electrons from reduced NAD and FAD to 
the respiratory chain, which catalyzes the reduction of 02 to H20. Table 4.14 lists 
lactate dehydrogenase/citrate synthase activity ratios for muscles that contain a 
large proportion of white or red muscle fibers. The data demonstrate that the ratio 
is relatively high in white cell muscles but low in red cell muscles. 

EXERCISE 
Would you expect carnitine, which is made in the liver, to be more important to cardiac 
muscle or to white skeletal muscle? 

TABLE 4.14 Enzyme Activity Ratios for Muscles that Contain Large Proportions of 
White or Red Muscle Fibers 

Muscle 

Ratio of activities of 
lactate dehydrogenase/ 

citrate synthase 

White skeletal 
Psoas 
Adductor magnus 

Red skeletal 
Soleus 
Masseter 
Cardiac muscle 

Source: Bass et al. (1969). 

1100 
1090 

18 
16 
6 
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g l yce ra l dehyde - -3~P  
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FIGURE 4.60 Oxidation of an aldehyde group to a carboxylic acid group. The smiling face 
represents the glyceraldehyde-3-phosphate dehydrogenase, happily catalyzing its reaction 
in the presence of an ample amount of NAD § 

EXERCISE 
If you were a long-distance marathon runner, would you expect to have more highly 
developed white muscle fibers or red muscle fibers? Hint: Consult Figure 4.31. (Also se ,~ 
Gollnick and Hodgson, 1986.) 

Special Function of Lactate Dehydrogenase 

One of the more interesting steps in glycolysis is that catalyzed by glyceraldehyde- 
3-phosphate dehydrogenase. This reaction involves oxidation of an aldehyde 
group to a carboxylic acid group, with the concomitant reduction of NAD +. The 
enzyme is depicted in Figure 4.60 as a smiling face. Continued action of this 
enzyme in the cytoplasm might deplete the supply of NAD +. The problem at hand 
is then to regenerate NAD § In Figure 4.61, the enzyme is shown in an unhappy 
state, because lack of the cosubstrate, NAD +, prevents it from catalyzing the 
oxidation of glyceraldehyde-3-phosphate. 

The concentration of cytoplasmic NAD + can be maintained by the action 
of lactate dehydrogenase (LDH) or by the malate-aspartate shuttle. With fermen- 
tative metabolism, LDH regenerates NAD + by catalyzing the reduction of pyru- 
vate. As depicted in Figure 4.62, this permits the continued action of glyceralde- 
hyde-3-phosphate dehydrogenase. This action contributes to the overall flux of 
energy metabolism, because the electrons removed from glyceraldehyde-3-phos- 
phate during fermentative metabolism in muscle are transported, in the form of 
lactate, to the liver, where they are used to reduce NAD. The NADH + H +, 
produced by this circuitous route in the liver can then be used to produce ATP in 
the mitochondria. 

g lyceraldehyde--3---P //•--•1, 3---bisphosphoglycerate 

NADH + H* 

FIGURE 4.61 Oxidation of an aldehyde group to a carboxylic acid group. The unhappy 
face indicates that the reaction cannot continue without NAD § 
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Pi 

glyceraldehyde--3--P ~ 1, 3--bisphosphoglycerate 

NAD* NADH + H§ 

Lactate-= ~ J - Pyruvate LDH 

FIGURE 4.62 Regeneration of NAD § The concentration of cytoplasmic NAD § can be 
maintained by a reaction, by the concomitant reduction of pyruvate, catalyzed by lactate 
dehydrogenase (LDH). This permits continued action of glyceraldehyde-3-phosphate de- 
hydrogenase. Once again, the enzyme is happy. 

Special Function of Malate Dehydrogenase  

NAD + is reduced by glyceraldehyde-3-phosphate dehydrogenase during both 
fermentative and oxidative metabolism. In oxidative metabolism, the electrons of 
the NADH + H + reduced in the cytoplasm are transferred to the mitochondrion 
by the malate-aspartate shuttle. As shown in Figure 4.63, NADH + H + is not 
directly transferred into the organelle. Transfer of its reducing power involves a 
number of components, including cytoplasmic and mitochondrial malate dehy- 
drogenase (MD), glutamate-oxaloacetate aminotransferase (B6), and membrane- 
bound proteins used for exchanging metabolites. 

The overall effect of the malate-aspartate shuttle is to transfer the equivalent of 
two electrons from the cytoplasm to the mitochondrion. The cycle is thought to be 
driven by cytoplasmic acid (H+). The concentration of protons in the cytoplasm is 
greater than that in the mitochondrion, which has an alkaline interior. This con- 
centration gradient is thought to drive the membrane-bound glutamate/aspartate 
exchanger. 

Tumors 

Tumors are composed of cancer cells, clustered together in a visible mass. The 
blood supply of certain tumors may be poor, due to a lack of blood vessels within 
the tumor. Tumor cells may utilize a unique style of energy metabolism. They can 
employ glycolysis, rather than the Krebs cycle, for making ATP. Metabolic studies 
conducted with tumor cells, dispersed in a layer in a culture dish, have shown that 
glycolysis may be preferably used, even when given an ample supply of oxygen. 
This style of energy metabolism is called aerobic glycolysis. In aerobic glycolysis, 
the two shuttles that normally transport hydrogen to the mitochondrion (the 
malate-aspartate and glycerol-3-phosphate shuttles) occur at a level that is lower 
than in normal cells. This forces the cells to use lactate dehydrogenase in order to 
regenerate NAD. The tendency to rely mainly on glycolysis to supply ATP is 
thought to ensure survival of migrating tumor cells, as they invade various parts 
of the body and to survive, prior to acquiring their own complement of arterioles 
and venules (Mazurek et al., 1997). 
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FIGURE 4.63 Malate-aspartate shuttle. The net effect is the oxidation of cytoplasmic 
NADH and the reduction of mitochondrial NAD § Amino groups are transferred from 
amino acids to keto acids by vitamin B6-requiring enzymes (indicated by B6). Membrane- 
bound transport proteins are indicated by large black dots. The shuttle is driven by a proton 
gradient, as detailed later. The mitochondrion is bounded by a phospholipid membrane 
that is not permeable to hydrophilic metabolites. Specialized proteins embedded in the 
membrane allow certain molecules to pass through the membrane. An important transport 
protein is the ATP/ADP exchanger. For each molecule of cytoplasmic ADP that enters the 
mitochondrion a molecule of ATP leaves the organelle for the cytoplasm, thus enabling 
ATP-requiring reactions in the cytoplasm, in the nucleus, and at the plasma membrane to 
continue. Two transport systems in the figure are the ~-ketoglutarate antiport and the 
glutamate/aspartate exchanger. The antiport allows the strict exchange of (~-ketoglutarate 
for malate. The exchange is passive and does not require the expenditure of energy; that 
is, of ATE The glutamate/aspartate exchanger permits the exit of one molecule of aspartate 
with the entry of one molecule of glutamate. The exchange is driven by; or coupled to, the 
entry of a proton. A number of other mitochondrial transport reactions are driven by the 
entry of protons. This entry occurs spontaneously because of the pH gradient between the 
interior and exterior of the organelle. 

Ketone  Bodies  

The molecular structures of the ketone bodies acetoacetate, ~-hydroxybutyrate,  
and acetone are shown in Figure 4.64. Acetone is formed by nonenzymatic  break- 
down  of acetoacetate. Between 20 and 75% of the acetone formed can be metabo- 
lized to usable energy by humans.  Experiments with rats determined that acetone 
is metabolized via acetyl-CoA (Kosug et al., 1986). Unmetabolized acetone is 
excreted in the urine or released in the breath. The odor of acetone on a person's  
breath reveals that the person either has uncontrolled diabetes or is fasting. The 
acetoacetate and ~-hydroxybutyrate formed in the body  can be an important  
source of energy; acetone is relatively unimportant .  
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FIGURE 4.64 Structures of ketone bodies. The term "ketone" is accurate, as the structures 
shown are ketones. However, the term "body" is not relevant to any aspect of the structure 
or metabolism of these compounds, and is not meant to indicate any unusual property of 
the compounds. 

The most important property of the major ketone bodies, acetoacetate and 
~-hydroxybutyrate, is their availability as an energy source for the brain. In times 
of fasting, the supply of glucose stored as glycogen is depleted, and the central 
nervous system must rely on the glucose formed from glycerol and from amino 
acids via gluconeogenesis. These latter sources of glucose are limited and must be 
supplemented by energy from ketone bodies. Fat is the major energy source 
during fasting. Fatty acids derived from TGs are broken down to acetyl-CoA, 
which is then used for synthesis of ketone bodies. 

The starting material for ketone body synthesis and catabolism, shown in 
Figure 4.65, is acetyl-CoA. Ketogenesis occurs in the mitochondria of the liven 
Hence, ketone body synthesis is, for acetyl-CoA, an alternate fate to immediate 
oxidation in the Krebs cycle. This pathway results in the formation of acetoacetate 
and ~-hydroxybutyrate. Both appear in the bloodstream (the latter at higher 
concentrations) and are taken up by various organs, such as the brain and muscle. 
Here, they are converted back to acetyl-CoA and then oxidized in the Krebs cycle. 

The structure of the intermediate, hydroxymethylglutaryl-CoA (HMG-CoA), is 
shown in Figure 4.66. The mechanism of formation of this compound from ace- 
toacetyl-CoA and acetyl-CoA may not be obvious. Under Thiol Esters in this 
chapter, the 2-carbon of thiol esters is shown to acquire a negative charge. The 
negative charge on the 2-carbon of acetyl-CoA attacks a carbonyl carbon of ace- 
toacetyl-CoA, generating HMG-CoA. The HMG-CoA formed here is mitochon- 
drial and should not be confused with that formed in the cytoplasm by the 
cholesterol biosynthetic pathway. 

The rise in plasma ketone bodies is illustrated by studies with both humans 
(Figure 4.67) and rats (Figure 4.68). Plasma concentrations of FFAs, ~-hydroxy- 
butyrate, and acetoacetate are shown at the indicated times before and 
during fasting. Under nonfasting conditions, ketone body levels are negligible. 
However, during the course of fasting, the concentration of ~-hydroxybutyrate 
becomes larger than the concentrations of the FFAs. Note that these FFAs are 
noncovalently bound to albumin in the bloodstream, whereas the ketone bodies 
are freely soluble. 
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FIGURE 4.65 Synthesis, circulation, and degradation of ketone bodies. Ketone body me- 
tabolism involves synthesis in the mitochondria of the liver, distribution via the blood- 
stream, and oxidation by the Krebs cycle in various organs, such as the brain and muscle. 

A comparison of fatty acid and ketone body levels in the bloodstream may 
overemphasize the importance of the latter compounds as energy sources for the 
following reasons. First, fatty acid molecules contain 16 to 18 carbons, whereas 
ketone bodies contain only four carbons. Therefore, the weight of I mmol of fatty 
acid is several times that of I mmol of ~-hydroxybutyrate. Second, fatty acids are 
highly reduced, alkane-like structures, whereas ketone bodies are partially oxi- 
dized. This means that on a per-weight basis complete oxidation of fatty acids 
yields more energy than complete oxidation of ketone bodies. 

Under normal conditions, glucose is the exclusive fuel of the brain; however, 
when ketone bodies accumulate in the bloodstream, they are also used by the 
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FIGURE 4.66 Formation and reaction of the intermediate, hydroxymethylglutaryl-CoA 
(HMG-CoA). The arrow pointing from the 2-carbon of acetyl-CoA to the carbon-3 of 
acetoacetyl-CoA depicts the position of attack of the 2-carbon on the carbonyl carbon 
during the reaction. 

brain. The study reported in Table 4.15 involved obese human subjects fasting for 
a lengthy period. After I month, extraction of fuels by the brain was measured by 
the AV difference technique. Samples of blood entering and leaving the brain were 
taken and AV differences of the nutrients determined. The concentration of glucose 
in venous blood was 0.26 mM less than that in arterial blood, indicating its removal 
and catabolism by the brain. The concentration of lactate was higher in the venous 
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FIGURE 4.67 Plasma concentrations of ketone bodies in fasting humans. Plasma concen- 
trations of FFAs (O), ~-hydroxybutyrate (A), and acetoacetate (z~) are shown before and 
during fasting. (Redrawn with permission from Owen et al., 1969.) 
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FIGURE 4.68 Plasma concentrations of ketone bodies in fasting rats. Plasma concentra- 
tions of FFAs (O), ~-hydroxybutyrate (&), and acetoacetate (4) are shown before and 
during fasting. (Redrawn with permission from Parrilla, 1978.) 

blood, indicating its production (from glucose) by the brain. These AV differences 
indicate that in fasting subjects the brain may derive up to about half of its energy 
from ketone bodies. 

A major factor in stimulating ketone body production is increased availability 
of FFAs. An increased rate of FFA mobilization from the adipose tissue, with the 
consequent increase in FFA levels in the liver, may be sufficient to enhance ketone 
body formation. Increased release of FFAs occurs when the glucagon/insulin ratio 
increases, as in fasting. 

The newborn infant is especially prone to ketone body formation because of its 
limited supply of glycogen. The rate of ketone body turnover in a newborn infant 
fasted for several hours may be equivalent to that in an adult fasted for several 
days. The term "turnover" refers to the rates of synthesis and oxidation. Compari- 
son is on a per-kilogram-of-body-weight basis. With either brief or extended 
fasting in an adult, about 30% of the FFAs released from adipose tissue is converted 
to ketone bodies in the liver for use by other organs. Another factor leading to 
ketone body utilization in the infant is the large proportion of the energy in milk 

TABLE 4.15 Brain Arteriovenous Differences 
,,,  

mmol/liter whole blood 

Glucose 0.26 
Lactate -0.20 
Pyruvate -0.03 
~-Hydroxybutyrate 0.34 
Acetoacetate 0.06 

, , , . . . . .  

Source: Reprinted with permission from Owen et al. (1967). 
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supplied in the form of fat. About 55% of the energy in human milk, and 69% in 
rat milk, is in the form of TGs. It is thought that the relatively large proportion of 
fat in milk contributes to ketone body formation in newborns. 

A few more words might be said concerning the regulation of ketone body 
synthesis. An increase in FFA levels, in itself, may not be sufficient to provoke the 
synthesis of ketone bodies. Regulatory changes may occur in the liver, as well as 
in adipose tissue, to promote ketone body synthesis. Fasting induces an increase 
in the plasma glucagon/insulin ratio, which stimulates the rate of transport of 
fatty acids into the mitochondria. This stimulation results from the drop in cytoso- 
lic malonyl-CoA. Increased transport of fatty acids into the mitochondria, and the 
consequent increase in production of acetyl-CoA, may overwhelm the Krebs cycle. 
Production of acetyl-CoA at a rate greater than it can be utilized by citrate synthase 
can stimulate its channeling into alternate pathways of metabolism. 

An additional factor may result in the use of acetyl-CoA for ketone body 
synthesis rather than for oxidation by the Krebs cycle. Fasting may result in a 
decrease in the concentration of OAA in liver mitochondria. Such a drop in OAA, 
a cosubstrate of citrate synthase, would impair the use of acetyl-CoA by this 
enzyme. Thus, a drop in OAA may provoke the synthesis of the ketone bodies. 

The glucagon/insulin ratio can rise under certain pathological conditions (i.e., 
insulin-dependent diabetes). A small percentage of diabetics develop ketoaci- 
dosis, a condition that results from the overproduction and underutilization of 
ketone bodies. Increased concentrations of ~-hydroxybutyrate and acetoacetate, 
which are acids, can cause a drop in the pH of the blood. This acidification, known 
as acidosis, can impair the ability of the heart to contract and result in a loss of 
consciousness and coma, which, in rare cases, may be fatal. Diabetic ketoacidosis 
may manifest as abdominal pain, nausea, and vomiting. A subject may hyperven- 
tilate (breathe quickly and deeply) to correct acidosis, as described under Sodium, 
Potassium, and Water in Chapter 10. It is the responsibility of the clinician, when 
confronted with a subject whose breath smells of acetone or who is hyperventilat- 
ing, to facilitate prompt treatment. 

Elevated ketone body levels in the bloodstream (ketosis) can be caused by 
fasting, exercise, or consumption of a high-fat diet. A diet that provides over 85% 
of its energy as fat can result in ketosis. Intentional induction of ketosis with a 
ketogenic diet is sometimes useful in the treatment of cases of epilepsy resistant 
to drugs. Epilepsy is not a rare disease. The effect of ketosis was discovered during 
times of starvation, when it was noticed that ketotic epileptics were relieved of the 
symptoms of their disease (i.e., seizures). Drug-resistant forms of epilepsy are 
treated with medium-chain TGs. The medium-chain fatty acids liberated form 
these TGs are not stored as fat but are immediately transported into the mitochon- 
dria. Apparentl~ the high rate of influx caused by this diet overwhelms the 
catabolic capacity of the Krebs cycle, resulting in an alternative f a t e -  formation 
of ketone bodies. The medium-chain TG diet is most often prescribed for epileptic 
children 2 to 5 years of age. One problem with the diet is its unpalatability. 

Evidence suggests that ketone bodies reduce epileptic seizures by changing the 
metabolism of certain amino acids (glutamate and aspartate) in the brain (Yudkoff 
et al., 1997). These two amino acids are neurotransmitters, that is, they act as 
hormones that relay signals from one nerve to another adjacent nerve. 
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TABLE 4.16 Masses of Utilizable Energy Stores of a Standard 70-kg Man 

Mass Energy 
Energy store or source (kg) (kJ) 

Fat 15 590 
Protein (muscle) 6 100 
Glycogen (muscle) 0.15 2.51 
Glycogen (liver) 0.075 1.25 
Plasma glucose 0.020 0.33 
Plasma triglycerides 0.003 0.125 
Plasma free fatty acids 0.0003 0.012 

Source: Cahill (1970). 

Body Fuels Available during Fasting 

The preceding discussion of ketone bodies leads to the topic of fasting. Prolonged 
fasting produces symptoms of deficiencies in many nutrients, most notably water 
(if water is omitted), energ~ protein, and potassium. An evaluation of energy 
supplies available during fasting requires information on body composition. Ta- 
bles 4.16 and 4.17 present data on the body composition of the standard 70-kg man. 
Masses of the different energy stores or usable sources appear in Table 4.16; Table 
4.17 lists the weights of the organs. Fat (15 kg) constitutes 80 to 85% of the energy 
stores in the nonobese man. During starvation, this energy source can sustain life 
for 50 to 60 days. An obese person can live over 100 days using internal fuels as 
the sole energy source. At rest, skeletal muscle accounts for 35 to 40% of the body's  
total consumption of oxygen. Resting muscle depends mainly on fat, not carbohy- 
drates, as an energy fuel. 

About 20% of the body's  muscle mass (28 kg) consists of protein (6 kg). Muscle 
protein accounts for about 17% of the body's  energy reserves; however, not all 
muscle protein can be used for energy production. It is thought that the use of 
more than 50% of the 6 kg available is fatal. Muscle mass decreases during fasting. 

TABLE 4.17 Organ Masses of a Standard 70-kg Human 

Mass 
Organ (kg) 

Source: Forbes (1987). 

Skeletal muscle 28.0 
Adipose tissue 15.0 
Skeleton 10.0 
Skin 4.9 
Liver 1.8 
Brain 1.4 
Heart 0.33 
Kidneys 0.31 
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Noncontractile proteins are catabolized first, because contractile fibers resist pro- 
teolysis and breakdown. With prolonged starvation, however, contractile fibers are 
broken down, and it is not clear what mechanisms control the catabolism of muscle 
proteins. 

Glycogen is a minor energy store. The amount stored in the body is sufficient 
to supply the energy needs of the brain for only 3 days of fasting. Clearly; th e 
energy value of the nutrients in the bloodstream itself is minimal. 

STARVATION 

Severe malnutrition is a complex problem. Factors involved include the overall 
availability of food; the availability only of starchy, protein-deficient foods; and 
contaminated water supplies. Infants and young children are special targets be- 
cause they are rapidly growing, are unusually susceptible to infections, and may 
not be able to find food for themselves. 

There are two general types of severe malnutrition. The first, marasmus, is an 
overall lack of energy and protein and results in overall wasting of the body. The 
second type occurs with chronic consumption of a diet supplying ample amounts 
of carbohydrate but little or no protein. This diet results in preservation of fat 
stores but, unfortunate135 also in a tendency to preserve the stores of amino acids, 
the proteins of skeletal muscle. This failure to mobilize muscle protein results in 
continued turnover of proteins that are vital to survival, such as serum albumin 
and immunoglobulins (antibodies). Continued failure to consume protein leads to 
gradual depletion of these essential proteins, a condition called kwashiorkor. 
Malnutrition can occur as marasmus, kwashiorkor, or a range of intermediate 
forms. All forms, both mild and severe, are called protein-energy malnutrition. 

Severe protein-energy malnutrition often occurs after weaning, the transition 
from nursing to the consumption of foods from other sources (i.e., solid foods). 
The marasmus common in Latin America is caused by early weaning, followed by 
use of overdiluted commercial milk formulas. Kwashiorkor occurs in Africa, 
where babies are fed starchy roots, such as cassava, that are low in protein. It also 
occurs in the Caribbean, where babies are fed sugar cane. The major symptom of 
kwashiorkor is edema, mainly of the feet and legs. Edema is the condition pro- 
duced when water normally held in the bloodstream by osmotic pressure leaks 
into other extracellular spaces. It can result from reduced osmotic pressure in the 
bloodstream caused by catabolism and depletion of serum albumin. 

Kwashiorkor is thought to involve "confused hormones." An adequate supply 
of carbohydrates, in the form of starchy roots or sugar cane, can result in mainte- 
nance of high levels of plasma insulin, which can prevent the net proteolysis that 
otherwise would supply the liver and immune system with amino acids. The 
mechanism by which insulin controls muscle turnover is not well understood; 
however, in marasmus the body's stores of fat and muscle are broken down and 
mobilized in a more coordinated fashion, resulting in a relatively gradual decline 
in overall health. 

All proteins in the bod35 whether occurring in the plasma, as membrane-bound 
proteins, or inside the various compartments of the cell, are degraded or hydro- 
lyzed. The rate of hydrolysis of any specific protein is characteristic of and unique 
for that protein. Albumin, transferrin, thyroxine-binding protein, and retinol-bind- 
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ing protein (RBP) are blood plasma proteins. Each has a specific half-life in the 
circulation. The half-life of albumin is about 19 days, which means that any given 
molecule of albumin in the bloodstream has a 50% chance of being degraded 
within any 19-day period. The relevance of this degradation rate to malnutrition 
is that a total halt in protein synthesis by the liver would be expected to result in 
a 50% drop in the concentration of plasma albumin in a 19-day period. 

Transferrin, an iron-transport protein in the plasma, has a half-life of about 8 
days; thyroxine-binding protein, 2 days; and retinol-binding protein, 0.4 days. 
Because of the relatively long half-life of albumin, the serum albumin level is not 
a particularly sensitive indicator of dietary protein status. Therefore, retinol-bind- 
ing protein and thyroxine-binding protein have been used to assess malnutrition 
in poorly nourished populations. Note that these two proteins occur together as a 
complex in the bloodstream. 

The study reported in Table 4.18 reveals the decline in plasma proteins, includ- 
ing retinol binding protein (RBP), that occurs with severe malnutrition. The liver 
secretes a great variety of proteins into the plasma, including RBP. RBP is required 
for the transport of one form of vitamin A (retinol) from its storage site in the liver 
to other needy tissues. The study involved children in Egypt; similar studies have 
been conducted in Senegal, India, Indonesia, and Central America. Table 4.18 fists 
serum protein levels in healthy children and in those suffering from kwashiorkor. 
The overall concentrations of serum protein were 7.2 and 4.0 g/100 ml, respec- 
tively. Levels of albumin and RBP were reduced to similar extents by malnutrition. 
The concentration of vitamin A was also reduced. 

A consequence of the lower levels of plasma RBP produced by protein malnu- 
trition is impairment of vitamin A transport from the liver to other tissues; how- 
ever, vitamin A deficiency can also result from heavy reliance on foods that are 
extremely poor sources of vitamin A, such as rice or cassava. Both factors (lack of 
RBP or of vitamin A) can lead to deterioration of the epithelial cells of the gastro- 
intestinal tract, respiratory tract, and eye, all signs of vitamin A deficiency. Another 
sign is nightblindness. Table 4.19 illustrates how feeding protein to malnourished 
children can result in an improvement in vitamin A status, even when the source 
of proteins contains little or no vitamin A. Some children with kwashiorkor were 
fed skim milk. The concentrations of RBP and vitamin A measured in the serum 
of these children before and after feeding show an increase in plasma RBP. A 
dramatic rise in plasma vitamin A also occurred, probably as a result of the liver's 

TABLE 4.18 Effect of Severe Malnutrition on Plasma Composition 

Heal thy Kwashiorkor 

Number of children 15 21 
Average age (yr) 1.6 1.8 
Serum protein (g/100 ml) 7.2 4.0 
Albumin (g/100 ml) 4.0 1.9 
Retinol-binding protein (rag/100 ml) 2.4 1.5 
Vitamin A (~tg/100 ml) 22 10 

Source: Smith  et al. (1973). 
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Alcohol 245 

Retinol-binding protein Vitamin A 
(mg/lO0 ml) (~g/lO0 ml) 

Before 1.3 13 
After 3.9 39 

Source: Smith et al. (1973). 

increased ability to synthesize the transport protein used for distributing the 
vitamin throughout the body. 

Children suffering from malnutrition sometimes accumulate deposits of fat in 
the liver. This condition, called a fatty liver, may result from failure to synthesize 
specific proteins (apolipoproteins) used for the packaging and export of fat from 
the liven These proteins are components of the VLDLs, as discussed in Chapter 6. 

The issues of starvation and malnutrition are raised again in Chapter 8, where 
foods rich in energy but poor in protein are discussed. Malnutrition is discussed 
under Sodium, Potassium, and Water in Chapter 10, where the problem of infant 
diarrhea is outlined. This problem often occurs with weaning in underdeveloped 
countries, when pathogenic bacteria and parasites are inadvertently introduced 
into the infant's diet. The problem is compounded when basic supplies, such as 
firewood for boiling drinking water, are missing. Malnutrition and infection are 
also discussed under Vitamin A in Chapter 9. 

A L C O H O L  

Alcohol accounts for about 5% of energy intake when averaged over the entire 
American population. Consumption of 5 to 10% of energy intake as alcohol is 
common practice, but consumption of 35 to 50% or more, on a chronic basis, is 
self-destructive. This practice is called alcoholism. Most of the ethanol consumed 
in the United States, about 50%, is in the form of beer; 40% as distilled spirits; and 
the remainder as wine. Alcohol may be completely used as a useful energy source, 
with intakes of less than 25% of the total energy intake. At higher levels, alcohol 
tends to be metabolized by pathways that do not produce ATP. Here, it is partially 
metabolized by pathways that generate mainly heat. More than 90% is metabo- 
lized, mainly in the liver; and 2 to 10% is eliminated unchanged via the lungs or 
urine. 

The energy content of pure ethanol is 29.7 kJ/g (7.1 kcal/g). One can of Ameri- 
can beer (12 oz, 354 ml) contains 13.4 g of alcohol, about 400 kJ of energy. The 
alcohol in three cans can provide 1200 kJ, nearly 10% of the daily energy require- 
ment of the adult male. A typical serving of wine, about 150 ml, contains 16 g of 
alcohol; one jigger of whisky (45 ml), 18 g. These values are given greater meaning 
in Chapter 5. (Ethyl alcohol is another name for ethanol, CH3CH2OH.) 

Alcohol is metabolized by the catalytic action of alcohol dehydrogenase, alde- 
hyde dehydrogenase, and the ethanol-oxidizing system of the endoplasmic reticu- 
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lum (ER). Alcohol dehydrogenase is a zinc metalloenzyme containing two 
subunits; each subunit has a molecular weight of 40,000 and contains two zinc 
atoms. One zinc atom, bound to the enzyme via residues of histidine and cysteine, 
is required for catalytic activity. The function of the second zinc atom, bound to 
residues of cysteine only; is structural. 

Alcohol dehydrogenase, a cytosolic enzyme, catalyzes the oxidation of ethanol 
to acetaldehyde with the generation of NADH. The energy from this NADH is 
transferred to mitochondria, primarily by means of the malate-aspartate shuttle. 
When an alcoholic consumes over 50% of his or her energy in the form of alcohol, 
this shuttle becomes vastly important. Most of the acetaldehyde is oxidized in the 
mitochondria by mitochondrial aldehyde dehydrogenase, though a cytosolic ver- 
sion of the enzyme also exists. These reactions are shown in Figure 4.69. 

An interesting sidelight, Asians are often deficient in aldehyde dehydrogenase. 
About 50% of Japanese and Chinese people lack the mitochondrial enzyme. About 
40% of native South Americans also lack the enzyme. This results in a number of 
adverse reactions to drinking alcohol, including facial flushing from dilation of 
peripheral blood vessels and increased heart rate. Apparentl~ these reactions are 
provoked by an unusual buildup of plasma acetaldehyde. 

Family of Alcohol Dehydrogenases 

Alcohol dehydrogenase contains two atoms of zinc. One atom participates in the 
catalytic mechanism, while the other serves a structural role. The enzyme actually 
is a dimer, and is composed of two subunits. Several types of alcohol dehydro- 
genase occur in the body. The enzymes have closely related amino acid sequences, 
and thus consist of a family of related enzymes. 

Class I alcohol dehydrogenase catalyzes the metabolism of most dietary etha- 
nol. This enzyme occurs in the liver. The class IV enzyme occurs in the mucosa of 
the stomach, and thus may begin catabolism of dietary ethanol even before the 
alcohol is absorbed by the gut. However, in comparing the weight of the human 
stomach mucosa (50 g), the weight of the human liver (1500 g), and the levels of 
enzyme activity in these two organs, it appears that the liver has 300 times the 
capacity for ethanol oxidation than does the stomach (Yin et al., 1996). Class III 
alcohol dehydrogenase occurs in all tissues and tends not to oxidize ethanol, but 
instead is used in vitamin A metabolism. Specifically; this enzyme catalyzes the 
conversion of retinol (an alcohol) to retinaldehyde. The class IV enzyme requires 
glutathione as a co-substrate, and catalyzes the oxidation of formaldehyde to 
formic acid. Please note that formaldehyde is not an alcohol, but an aldehyde. This 
activity serves the useful purpose of eliminating a naturally occurring toxic com- 

Alcohol O Acetaldehyde 
dehydrogenase II dehydrogenase 

CH3CH2OH S ~ - N I  ~ CH3CH / / ~  ~ CH3COOH 

N A D  § N A D H  + H § N A D  § N A D H  + H § 

FIGURE 4.69 Formation and oxidation of acetaldehyde. 
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pound (formaldehyde) from the body. The enzyme is also called formaldehyde 
dehydrogenase (Uotila and Koivusa]o, 1996). 

Alcohol Catabolism in the Endoplasmic Reticulum 

A second pathway of alcohol oxidation becomes important with consumption of 
large amounts of alcohol or with chronic alcoholism. This pathwa~ called the 
ethanol-oxidizing system of the ER, involves the heme enzyme cytochrome P450 
and one other protein. Cytochrome P450 alone cannot catalyze the oxidation. As 
homogenization of the liver results in disruption of the ER to form tiny vesicles 
called microsomes, the system has also been called the microsomal ethanol-oxi- 
dizing system. 

At moderate concentrations of alcohol, oxidation is mostly catalyzed by alcohol 
dehydrogenase. At high alcohol concentrations, this enzyme becomes saturated 
and cannot function at a greater rate. The ethanol-oxidizing system becomes 
increasingly important at these high concentrations, because it is not saturated by 
moderate concentrations of alcohol and is induced by chronic alcohol consump- 
tion. Electron microscopy shows that this induction involves an increase in the 
amount of ER present in the cell. Induction of the ethanol-oxidizing system in the 
regular drinker can result in more than a 50% increase in the rate of ethanol 
metabolism, which may account, in part, for the greater tolerance of alcohol by 
regular drinkers. Of greater importance is the adaption of the nervous system to 
alcohol, which allows the chronic alcoholic to remain sober despite blood alcohol 
levels (220 mM) that would ordinarily prove fatal. 

The conversion of ethanol to acetic acid, by sequential action of the ethanol-oxi- 
dizing system of the ER and acetaldehyde dehydrogenase, is shown in Figure 4.70. 
The conversion of acetic acid to acetyl-CoA, as catalyzed by thiokinase, is shown 
in Figure 4.71. Thiokinase accepts short-chain fatty acids, as well as acetic acid, as 
its substrate. Acetyl-CoA is a substrate of the Krebs cycle. 

Human Subject Study with Alcohol Feeding 

The experiment reported in Figure 4.72 illustrates production of acetaldehyde and 
acetate from ethanol. Human subjects received a dose of ethanol via a stomach 
tube (0.15 g of ethanol/kg of body weight). Blood samples indicated that plasma 
ethanol reached a peak concentration of 1.5 mM after a half-hour. Acetate reached 

1 
2" 02 H20 O Acetaldehyde 

CH3CH2OH J II dehydrogenase 
f - ~  " CH3CH f , ' ~  ~ ,  ~ CH3COOH 

NADPH + H* NADP* NAD § NADH + H* 
Ethanol oxidizing 

system 

FIGURE 4.70 Reaction catalyzed by the ethanol-oxidizing system. 



248 4 Regulation of Energy Metabolism 

A c e t a t e  - 

C o e n z y m e  A 

~ h i o k i n a s e  
f ~ . ~  ~ A c e t y I - - C o A  

ATP PPi + A M P  

I Phosphatase 

2 Pi 

FIGURE 4.71 Short-chain fatty acid reactions catalyzed by thiokinase. 
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FIGURE 4.72 Plasma concentrations of alcohol and related metabolites after a dose of alcohol. 
Human subjects received a dose of ethanol via a stomach tube (0.15 g of ethanol/kg body weight). 
Plasma concentrations of ethanol (@), acetaldehyde (O), and acetate (A) were measured at the 
indicated times. Acetaldehyde concentrations were one-thousandth those of ethanol, about 1.0 
~M. (Redrawn with permission from DiPadova et al., 1987.) 
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somewhat lower levels. Acetaldehyde concentrations were one-thousandth those 
of ethanol, about 1.0 ~M. 

Alcohol Toxicity 

Evidence suggests that some of the toxic effects of alcohol may result from the 
generation of acetaldehyde, and that this acetaldehyde can condense with the 
amino groups of DNA and proteins (Singh and Kim, 1995). Clearly, these types of 
condensation products would be expected to be harmful to the cell. However 
though, the low concentrations of acetaldehyde which occur in the body may make 
it difficult for the researcher to pinpoint the nature of any consequent damage. 

As is the case for other aldehydes, acetaldehyde can condense with amino 
groups to form a Schiff base. Schiff base formation occurs in a number of patho- 
logical conditions. For example, breakdown of polyunsaturated fatty acids may 
generate malondialdehyde, which reacts with proteins to produce damage. To 
review another example, the elevated plasma glucose levels in diabetes results in 
an increased condensation of glucose, via a Schiff base, with various proteins in 
the bloodstream. Aldehyde damage to proteins has been reviewed by Stadtman 
(1990). 

EXERCISE 
In the experiment reported in Figure 4.72, was the amount of ethanol consumed large or 
small? How would you define a large or small amount of dietary ethanol? 

EXERCISE 
Imagine a situation where the alcohol is first oxidized to acetaldehyde in the cells of the 
stomach, and then the acetaldehyde moves to the liver for oxidation to acetate. Do the data 
in Figure 4.72 support or refute this scenario? 

A distinction should be made between the actions of alcohol dehydrogenase 
and the ethanol-oxidizing system in the production of usable energy. The former 
results in generation of NADH + H § which can be used to produce ATP in the 
mitochondria; however, the latter does not produce a product that can be used to 
generate ATP. This distinction may account for the fact that chronic alcoholics can 
sometimes consume more energy than required without gaining weight. In a 
controlled study; human subjects who doubled their normal energy intake by 
consuming ethanol did not gain weight, but other subjects who doubled their 
energy intake by consuming a large amount of chocolate gained 3 kg over the 
course of 2 weeks (Lieber, 1973). 

A number of problems areassociated with drinking alcohol. A blood alcohol 
concentration greater than 5.4 mM produces mild intoxication in nonalcoholics; 22 
mM may cause neurological dysfunctions. In the United States, intoxication is 
legally defined as a blood alcohol level greater than 21.7 raM. Concentrations 
above 109 mM may be fatal, because of respiratory failure. The major problem 
related to alcohol consumption is death from automobile accidents. About 50,000 
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fatal auto accidents occur in the United States each year. More than half involve a 
driver who had recently been drinking alcohol. Disease problems of alcoholism 
include alcoholic hepatitis, cirrhosis of the liver, fetal alcohol syndrome (FAS), and 
pancreatitis. Alcohol drinking is also associated with an increased risk of cancer of 
the mouth and esophagus, and breast cancer in women. For example, the rate of 
breast cancer may be about 30% greater than normal in women who consume one 
drink per day (Thun et al., 1997). 

Alcoholic liver disease has three stages. In the first stage, fat accumulates in the 
liver, producing a fatty liven Fatty liver and the associated enlargement of the liver 
are completely reversible by discontinuing alcohol consumption. Histological ex- 
amination of an enlarged liver may reveal a ballooning effect, in which the hepa- 
tocytes increase in diameter two- to threefold. Cellular disorganization and mito- 
chondrial deformities are other features of the livers of alcoholics. The fatty liver 
condition is illustrated by the experiment in Table 4.20. For 18 days, human 
subjects consumed a nonalcoholic diet from which about 25% of the energy was 
derived from protein, 25% from fat, and 50% from carbohydrate. The protein foods 
were ground beef, fish, eggs, and turkey. Then, for about 2 weeks the same diet 
was consumed, except that alcohol replaced the carbohydrates; that is, pure alco- 
hol replaced sugar, bread, cereals, and fruits. Liver biopsies taken after each dietary 
period were used for measurement of liver TGs. The results demonstrated a 
striking increase in liver TGs when 50% of the energy had been supplied by 
ethanol. 

The second stage of alcoholic liver disease, alcoholic hepatitis, is characterized 
by the death of a number of liver cells and inflammation of the affected areas. The 
damage in this stage sometimes proves fatal. 

In the third stage, cirrhosis (fibrous structures and scar tissue) forms in the liven 
In humans, development of cirrhosis requires 5 to 20 years of steady consumption 
of a high-alcohol diet. It is not clear whether the hepatitis stage is required for 
formation of cirrhotic tissue. About 75% of the cases of cirrhosis of the liver result 
from alcoholism. Alcoholism does not always cause cirrhosis. Only about one- 
quarter of heavy drinkers develop cirrhosis. 

TABLE 4.20 Effect of an Alcohol Diet on the Fat Content of the Liver 

Triglyceride 
(rag TG/100 mg protein) 

Subject Nonalcoholic diet Alcohol diet 

1 3.2 48.3 
2 2.5 13.8 
3 3.1 10.4 
4 6.7 54.4 
5 1.5 10.7 

Source: Lieber and Rubin (1968). 
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The fatty liver condition can be described as follows. With alcohol consumption, 
the liver's main source of energy (fatty acids) is replaced by alcohol. This results 
in accumulation of unused fatty acids, in the form of triglycerides, with the 
consequent deposition of these TGs as fat. This mechanism is different from the 
fatty liver provoked by kwashiorkor, where a fatty liver results from the failure to 
synthesize the apolipoproteins needed for exporting TGs from the liven The fatty 
liver of kwashiorkor is not associated with cirrhosis, but that of alcoholism is 
associated with conversion of stellate cells to cells resembling those of connective 
tissue, i.e., fibroblasts. Stellate cells are fat-storing cells that occur in the interstitial 
space between the capillaries and hepatocytes, called the space of Disse. 

Fetal alcohol syndrome (FAS) occurs in the fetuses of chronic alcoholic mothers 
who drink heavily during pregnancy. The frequency of FAS births ranges from 2.5 
to 10% of alcoholic mothers. For the pregnant woman, heavy drinking is defined 
as occasional consumption of 5 drinks, or 45 drinks per month. Consumption of 
one drink per day has not yet been associated with FAS or with milder forms of 
the syndrome. FAS is characterized by growth retardation, characteristic facial 
abnormalities, and mental retardation. It is a major cause of mental retardation, 
and its effects do not correct themselves as the child grows older. 

A minority of alcoholics develop nutrient deficiencies. In Western countries, 
alcoholics represent the largest population segment that can benefit from dietary 
intervention. Alcoholics are at risk for deficiencies in folate, thiamin, riboflavin, 
vitamin B6, vitamin A, and magnesium, particularly when the intake of these 
substances is low. In some cases, absorption of the nutrient is impaired; in others, 
catabolism of the nutrient is increased. Thiamin deficiency is a firmly established 
consequence of alcoholism, as discussed in the Thiamin section. 

The case of vitamin A is particularly interesting. Alcoholism induces an increase 
in the level of cytochrome P450 in the liver, which in turn catalyzes the conversion 
of vitamin A to inactive products. Drugs such as phenobarbital can also induce 
increased production of cytochrome P450. Thus, an alcoholic who chronically 
takes this drug may be at risk of developing a vitamin A deficiency. 

Alcohol can stimulate the absorption of iron, probably because it increases 
gastric acid secretion. Gastric acid enhances the solubility of ferric iron, thereby 
enhancing its absorbability. Some alcoholics suffer from iron-deficiency anemia; 
others absorb too much iron, resulting in excess iron stores. 

EXERCISE 
Why might one expect the activity of the malate-aspartate shuttle to be changed by alcohol 
consumption? (See Sugano et al., 1990.) 

EXERCISE 
The action of cytochrome P450 can result in conversion of components of cigarette smoke 
to cancer-producing chemicals, called carcinogens. Explain how alcoholism can increase 
one's risk of developing cancer. (See Lieber, 1988.) 



252 4 Regulation of Energy Metabolism 

Alcohol and the Nervous System 

Drinking alcohol affects the nervous system in five different ways: (1) intoxication 
(loss of physical coordination); (2) memory loss (blackouts; amnesia); (3) tolerance 
(loss of ability to become intoxicated); (4) addiction (uncontrolled craving); and (5) 
withdrawal symptoms (seizures and tremors) (Diamond and Gordon, 1997). These 
five effects may all be due to the interaction of ethanol with membrane-bound 
proteins of the brain. Ethanol is unique among most metabolites, in that it is both 
water soluble and lipid soluble. Hence, it has the ability to pass directly from the 
bloodstream into various regions of the brain. 

Interest has focused on possible interactions between alcohol and various ion 
channels, various G proteins, and the receptors for various neurotransmitters. An 
ion channel is like an ion transporter, except that it facilitates the temporary 
accumulation of an ion, such as Ca 2§ in the cytoplasm, for the purpose of trans- 
mitting a nervous impulse. In contrast, an ion transporter may serve to maintain 
the flow of an ion across a membrane, continuously over the course of several 
hours. 

Glutamate (the amino acid) is a neurotransmitter. The receptor for this neuro- 
transmitter is a membrane-bound protein that occurs in a complex with a calcium 
channel. The binding of glutamate to its receptor provokes the momentary open- 
ing of the Ca-channel, allowing extracellular calcium to enter the cell and to 
provoke the activation of various enzymes within the cell. Ethanol inhibits one 
type of glutamate receptor, called the NMDA receptor (Diamond and Gordon, 
1997). Chronic and continual drinking results in the continual inhibition of the 
NMDA receptor in the brain. Ethanol's inhibition of the NMDA receptor is thought 
to be responsible for the amnesia that occurs in alcoholism. 

Tyrosine kinase is an enzyme that catalyzes the attachment of phosphate groups 
to target proteins. One type of tyrosine kinase, called Fyn kinase, is involved in 
the intoxicating effects of alcohol. Fyn kinase catalyzes the attachment of phos- 
phate to the NMDA receptor. As indicated earlier, alcohol makes certain nerves 
less active. The purpose of Fyn kinase is to overcome the inhibiting action of 
alcohol on the NMDA receptor. Studies with mice have revealed that alcohol 
causes them to become briefly intoxicated. Studies with mice that are genetically 
lacking in Fyn kinase have shown that these mice remain intoxicated for a longer 
period of time (Pennisi, 1997). Hence, changes in the NMDA receptor may be 
responsible for the ability of alcohol to provoke intoxication. 

Attention has also focused on the influence of alcohol on other neurotransmit- 
ters, such as ~,-aminobutyric acid, serotonin, and dopamine, and their receptors. 
The study of alcohol and the nervous system is a puzzle whose pieces are only 
beginning to be known. 

METABOLIC Z O N I N G  IN THE LIVER 

Metabolic zoning has proven to be a crucial concept for researchers studying 
hepatic metabolism over the course of time, and under different metabolic states. 
Metabolic zoning involves the sharing of biochemical tasks by different regions 
within one organ. This form of compartmentation has been documented for gly- 
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colysis and gluconeogenesis (Pilkis et al., 1988) and ammonia metabolism (Hauss- 
inger, 1986). 

Water-soluble metabolites are absorbed by the gut and initially carried, via the 
portal vein, to the liven The hepatocytes that surround the portal vein and its 
arterioles are the first cells of the body (beyond the enterocytes) that are able to 
metabolize or store the nutrients of the diet. These hepatocytes are called peripor- 
tal. The portal vein accounts for 80% of the blood entering the liver, while the 
hepatic artery accounts for the remaining 20%. The hepatic artery brings blood 
from the general circulation into the liven The blood acquired from the portal vein 
and hepatic artery continues to pass through the network of arterioles in the liven 

The hepatocytes that are the last to be exposed to the blood traveling through 
the liver are called perivenous. Final136 the perivenous blood leaves the liver via a 
vessel called the vena cava. Researchers who ask questions about metabolic zona- 
tion study the properties of the periportal and perivenous hepatocytes by the 
techniques of biochemistry; molecular biology; and histology. 

Gluconeogenesis tends to occur in the periportal zone. PEPCK and fructose-l,6- 
bisphosphatase occur mainly in the periportal zone. With eating food, any lactic 
acid, pyruvate, and alanine acquired from the gut tends to be converted to glu- 
cose-6-P, and then stored as glycogen, within the periportal hepatocytes. The 
glucose acquired from the diet tends to be stored in muscle as muscle glycogen. 
With fasting, periportal glycogen is hydrolyzed and released into the bloodstream 
as glucose. The perivenous cells tend to be the glucose-oxidizing cells of the liver, 
and here glucose catabolism occurs to the point of pyruvate, with the release from 
the liver in the form of lactate. This lactate enters the general circulation, and may 
eventually reenter the liver for conversion back to glucose. 

To review the curious behavior of the liver, and its handling of glucose: when 
the liver synthesizes glycogen, it does so from gluconeogenic precursors. But when 
the liver oxidizes glucose, it tends to do so only to the point of pyruvate. 

Metabolic Zonation of Nitrogen Metabolism 

Amino acid catabolism is zoned as follows. Periportal cells convert ammonia to 
urea. Carbamyl phosphate synthase is periportal. Some of the ammonia escaping 
this form of packaging continues to pass through the liver, and then acquired by 
perivenous cells, where it is packaged as glutamine and then released as glutamine 
into the bloodstream. Glutamine synthase is perivenous (Jungermann and 
Kietzmann, 1996). The meaning of this material should become more apparent 
after reading the Protein chapter. 

T H I O L  ESTERS 

The thiol ester linkage has been mentioned at various points in this text, most 
frequently in the material on energy metabolism. This bond occurs when a carbox- 
ylic acid is conjugated with a sulfhydryl group, such as the one on coenzyme A. 
The thiol ester linkage is an important concern to those studying the mechanisms 
of action of acetyl-CoA carboxylase, citrate synthase, propionyl-CoA carboxylase, 
and HMG-CoA synthase. 
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FIGURE 4.73 Condensation of positive and negative carbons to form a covalent bond. The 
carbanion does not normally occur in solution. It is formed at the active site of enzymes 
where it exists only momentarily. 

Acetyl-CoA carboxylase and propionyl-CoA carboxylase catalyze the conden- 
sation of CO2 with the 2-carbon of the thiol ester substrate. Citrate synthase 
catalyzes the condensation of OAA at the 2-carbon of the thiol ester substrate. 
These condensation reactions involve attack of an atom with a partial positive 
charge (the carbon of CO2 or the keto group of OAA) on an atom with a negatively 
charged character (the 2-carbon of the substrate). Condensation of positively and 
negatively charged carbons to form a stable, covalent bond is shown in Figure 4.73. 

The central role of thiol ester compounds in nutritional biochemistry is illus- 
trated by considering some features of the mechanisms of the reactions catalyzed 
by citrate synthase and acetyl-CoA carboxylase. A brief background on the prop- 
erties of the thiol ester bond is first presented. This material has been simplified 
and is intended only to clarify why the reactions employ thiol esters of carboxylic 
acids, rather than oxygen esters or the free, unesterified carboxylic acid. 

Carboxylic acids resonate in the manner shown in Figure 4.74, allowing the 
negative charge to be shared by both oxygen atoms. Oxygen esters (Figure 4.75) 
tend to resonate in a similar manner. The oxygen atom of the ester linkage contains 
a pair of electrons not involved in covalent bond formation. These electrons can 
participate in the resonance shown, though the degree of resonance is much less 
than that of a free carboxylic acid. Thiol esters (Figure 4.76), however, do not tend 
to resonate, as indicated by the large X. Although the sulfur atom has an electronic 
structure similar to that of the oxygen atom, its atomic weight is twice that of 
oxygen. It is thought that sulfur's larger size prevents it from resonating with the 
keto group. This lack of resonance is useful, because it permits the keto group of 
the thiol ester to participate in electron shifts involving the R group of the mole- 
cule. 

The reactions catalyzed by citrate synthase and acetyl-CoA carboxylase are 
thought to begin with dissociation of a proton from the 2-carbon of the acetyl 
moiety of acetyl-CoA (Figure 4.77). This produces a carbanion (a carbon atom 
carrying a negative charge) centered on the 2-carbon. This carbanion is stabilized 
by the resonance with the keto group also shown in Figure 4.77. Stabilization of 
the carbanion facilitates removal of the proton. Occurrence of the acetyl group as 
a free acid or oxygen ester would be expected to prevent resonance and thus deter 
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FIGURE 4.74 Resonance of a carboxylic acid. 
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FIGURE 4.75 Resonance of an oxygen ester. 
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FIGURE 4.76 No resonance in a thiol ester. 
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FIGURE 4.77 Development of a negative charge at the (x-carbon of a thiol ester. 

proton removal. Resonance involving the 2-carbon of a keto group is called eno- 
lization. 

Stabilization of the 2-carbanion by enolization is thought to be a critical step in 
the reactions catalyzed by citrate synthase and acetyl-CoA carboxylase. With the 
former enzyme, the carbanion attacks an incoming molecule of OAA. As shown 
in Figure 4.78, condensation of acetyl-CoA with OAA forms citryl-CoA. Hydroly- 
sis of citryl-CoA then produces citric acid and acetyl-CoA. In the case of acetyl- 
CoA carboxylase, the carbanion attacks an incoming molecule of CO2, resulting in 
formation of malonyl-CoA (Figure 4.79). 

SUMMARY 

The glucagon/insulin ratio was used to introduce the chapter and to provide a 
theme or reference point for the more complex matters to come. This ratio is of 
central importance to those interested in energy regulation during working, fast- 
ing, feeding, and diabetes. Simple diagrams were used to introduce the major 
types of energy metabolism, and these were followed by diagrams of biochemical 
pathways and some of the loci where regulation occurs. 

Glucagon and insulin are secreted by endocrine cells of the pancreas into the 
bloodstream in response to fluctuations in plasma glucose. These hormones, in 
turn, act at various target organs to influence energy metabolism. Glucose meta- 
bolism is regulated at the points of glucose transport and at various points in the 
pathways of glycolysis and gluconeogenesis, including glycogen synthesis and 
breakdown. Triglyceride (TG) metabolism is regulated at the points of TG hydroly- 
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FIGURE 4.78 Condensation of a keto group carbon at the (z-carbon of a thiol ester. 
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FIGURE 4.79 Condensation of carbon dioxide at the (z-carbon of a thiol ester. 

sis in the cell, fatty acid synthesis, and fatty acid transport into the mitochondrion, 
as well as at other points. 

The various types of regulation described should be viewed within the follow- 
ing framework. Enzyme regulation can occur by the reversible, noncovalent bind- 
ing of small molecules such as cyclic AMP. Regulation can also occur by the 
reversible, covalent binding of small molecules such as phosphate. A more in- 
volved form of regulation involves the reversible binding of a regulatory protein, 
as in the case of the cAMP-dependent mechanism. Some enzymes are simultane- 
ously regulated by both noncovalent and covalent mechanisms, or even by two or 
more types of noncovalent effectors. 

Metabolites that accumulate in the cell to high levels may bind to regulatory 
sites of enzymes that catalyze their synthesis, resulting in a slowdown of enzyme 
activity. This type of regulation results in a drop of metabolite levels back to a more 
normal concentration. This is called feedback inhibition. In some cases, the target 
enzyme is the enzyme that synthesized the metabolite. But if the metabolite is the 
end-product of a multistep pathwa~ the target enzyme may be that responsible 
for the first step of the pathway. In other cases, a metabolite that accumulates to 
an undesirable or deleterious level in the cell can bind to the regulatory site of an 
enzyme that catalyzes its removal. Where the binding provokes an increase in 
enzyme activity, the event is called activation. 

The region of binding of a regulatory metabolite is, in some cases, within the 
catalytic site. Here, the bound metabolite can block the entry of the substrate, 
resulting in inhibition of enzyme activity. In other cases, the binding may occur at 
a part of the enzyme remote from the active site. Here, the bound regulatory 
metabolite influences the overall shape of the enzyme in a manner that changes 
the structure about the active site, that is, the orientation of amino acid residues. 
This change in shape, which can involve twisting or tilting of different regions of 
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the polypeptide chain, is called a conformational change. The form of regulation 
involving conformational changes is called allosteric regulation. Regulation of 
protein kinase by cAMP, of phosphorylase by phosphorylation, and of a handful 
of other enzymes has been demonstrated to be allosteric. 

The complete oxidation of glucose involves glycolysis, which is cytosolic, and 
the Krebs cycle, which is mitochondrial. The hepatocyte, for example, contains a 
few hundred mitochondria. Complete oxidation of TGs involves glycolysis, for the 
glycerol moiety, and the [~-oxidation pathway (Chapter 5) and the Krebs cycle, for 
the fatty acid groups. In some cases, the oxidation of specific fuels is shared by 
different organs. In fermentative metabolism, glucose is catabolized to the point 
of lactate, then released into the bloodstream. Because mammals, as a group, are 
not fermentative organisms, the lactate is then oxidized in other tissues to carbon 
dioxide. In ketone body metabolism, ketone bodies are produced from fatty acids 
in the liver, released into the bloodstream, and then oxidized in muscle and brain 
to carbon dioxide. In the case of liver glycogen, this energy store can be burned in 
the liver, but mainly is released into the blood for use by other organs. In the case 
of muscle glycogen, this energy store cannot be released as free glucose but is used 
for glycolysis in muscle. 

The sharing of the tasks of energy metabolism within the cell involves the 
mitochondria. The Krebs cycle and the ~-oxidation pathway of fatty acids operate 
in these organelles. These pathways result in the reduction of the cofactors NAD 
and FAD. In other words, oxidation of energy fuels results in the transfer of their 
electrons to these cofactors. These cofactors occur in low concentrations in the cell 
and act in a catalytic manner. They do not store electrons, but transfer them to the 
respiratory chain. The respiratory chain consists of a series of proteins tightly 
bound to the membrane of the mitochondrion. The chain accepts electrons from 
reduced NAD and FAD and shuttles them to oxygen, resulting in the reduction of 
oxygen to water. The preceding process drives the transport of protons out of the 
organelle to form a pH gradient, where the interior of the mitochondrion is 
relatively alkaline. The reentry of protons across the mitochondrial membrane 
occurs at the point of a membrane-bound protein, ATP synthase, and drives the 
synthesis of ATP (see Chapter 5). 

The thermodynamics of energy metabolism may be summarized. The break- 
down of glucose, fatty acids, and other metabolites results in their conversion to 
products of lower energy. This means that the products either have more stable 
bonds (lower-energy bonds) or more entropy (more freedom of movement, as 
when reactants are split into smaller more numerous products). The energy re- 
leased with metabolite breakdown may be released only as heat. In other cases, 
the energy released is captured by the concomitant formation of a high-energy 
bond, such as the phosphate-phosphate bond (phosphodiester bond) formed with 
the conversion of ADP + Pi to ATP. Glycolysis and the Krebs cycle both contain 
steps where this type of high-energy bond is formed; however, most of the ATP 
produced in the body is synthesized by ATP synthase on the mitochondrial mem- 
brane and, hence, is coupled to the continued operation of the respiratory chain. 
This intimate relationship between the respiratory chain and ADP phosphoryla- 
tion is called oxidative phosphorylation, "ox-phos" for short. Most of the ATP 
produced in mitochondria is transported out to the cytoplasm and elsewhere for 
the synthesis of proteins, nucleic acids, lipids, and other metabolites, as well as for 
driving the transport of ions across membranes. 
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OVERVIEW 

The main goal of this chapter 
is to learn how to determine 
the body's overall style of en- 
ergy metabolism, via respira- 
tory quotient (RQ) measure- 

ments, and to derive the daily energy require- 
ment. A view of the stoichiometries of the gly- 
colytic pathwa~ Krebs cycle, and pathways of 
fatty acid synthesis and oxidation will allow 
RQ calculations for each individual pathway. 
Glycolysis and the Krebs cycle were presented 
in Chapter 4. Fatty acid synthesis and oxida- 
tion are detailed here. The locations, at points 
along various metabolic pathways, where CO2 
is produced (in the Krebs cycle) and 02 is con- 
sumed (in the respiratory chain), are points of 
focus in this chapter. 

Presented first are definitions of energy and 
power, followed by a discussion of the energy 
content of different classes of foods. A descrip- 
tion of the respiratory gases and tabulation of 
the stoichiometry of these gases in chemical 
and biochemical formulas constitute a back- 
ground for understanding data on gas meta- 
bolism in humans. Respiratory gas data for 
persons at rest, during exercise, and with over- 
eating are shown and interpretations pre- 
sented. A description of the bomb calorimeter 
reveals the connection between respiratory gas 
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data and the food energy requirement. This machine measures heat released from 
food burning in pure oxygen. The food energy requirement can also be determined 
with no knowledge of respiratory gases, by measuring the heat produced by a 
human subject, who is in a calorimetric chamber, during the course of several 
hours or days. The doubly labeled water technique, which represents an alternate 
technique to the calorimetric chamber, is outlined. 

UNITS OF ENERGY 

The energy requirement is expressed as the number of kilojoules that must be 
consumed per day to support growth and maintenance. The joule (J) is a unit of 
energy. Another unit of energy; the calorie, is being phased out in the scientific 
community. One calorie is equal to 4.184 J. The daily energy requirement of an 
adult 70-kg man is 11,300 kJ. This requirement is expressed in terms of power (the 
rate of energy consumption). It can be expressed in terms of joules per second or 
joules per da~ for example. The unit of power is the watt (W). One watt is equal 
to 1 J/sec. A roaring bonfire might be considered to be powerful, as it rapidly uses 
wood for the production of heat and light. A steaming locomotive might be 
considered to be powerful, as it rapidly uses coal for the production of heat and 
work. The term power cannot be used to describe a cold, resting locomotive, as it 
is not actively consuming energy. 

EXERCISE 
How powerful is a man compared with a light bulb? The rate of energy consumption is 
usually inscribed on the glass bulb. 

An animal consuming and absorbing an amount of energ~ as food, identical to 
the amount of energy used has achieved energy balance. An animal that consumes 
more energy than used is in positive energy balance. An animal in positive energy 
balance is one that is growing, is pregnant, or is depositing energy in the form of 
fat. An animal consuming less energy than used is in negative energy balance. In 
negative energy balance, an animal loses weight. 

The use of energy fuels by an animal may be compared with the use of energy 
fuels by a fire. In both cases, the fuel donates its electrons to oxygen; the fuel is 
converted to CO2 and the oxygen to water. Heat is produced in both cases, and the 
amounts of heat produced per gram of fuel oxidized are identical. 

The energy content of food carbohydrate and food protein is 17 kJ/g, whereas 
that of food fat is 38 kJ/g. The energy content of ethanol is 30 kJ/g. Though fairly 
accurate, these values are only generalizations. For example, consider the energies 
of different carbohydrates: 17.2 kJ/g of starch, 16.6 kJ/g of sucrose, 15.9 kJ/g of 
glucose. 

EXERCISE 
Ten potato chips contain 8 g of fat and 10 g of carbohydrate. How many potato chips can 
satisfy the daily energy requirement of the adult woman? (See Table 5.5.) 
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The use of energy fuels by animals and by a flame may be compared by 
considering the stoichiometry of the chemical reactions. They may also be com- 
pared by noting the amount of energy produced with complete oxidation of the 
fuel in question. The following discussion begins with the stoichiometry of com- 
bustion of simple compounds w such as paraffin, methane, and m e t h a n o l -  and 
then continues onto the combustion of more complex m a t e r i a l s -  such as glucose 
and fat. The study of the stoichiometry of various reactions requires the counting 
of the number of molecules of CO2 produced per molecule of fuel combusted, the 
number of water molecules produced, and the number of oxygen atoms (or 
molecules) consumed. 

The stoichiometry involved in the combustion of fuels can be used to calculate 
a very interesting ratio: the number of CO2 molecules discharged from the body 
per number of oxygen molecules consumed. This ratio (CO2//O2) is called the 
respiratory quotient (RQ). The biochemical events of CO2 production and 02 
utilization are a direct result of the oxidation of various fuels such as fat and 
glucose. The amount of 02 used is also influenced by the rate of synthesis of new 
fat in the body. Respiratory gases can be measured and analyzed quite easily. These 
measurements can be used to calculate the amount of CO2 produced and 02 used 
by the body over any given period. Calculating the RQ for a subject is quite easy 
and can provide remarkable insight into the overall behavior of energy fuels in the 
body. The RQ can provide only limited information on metabolism, but it is a 
powerful measurement. 

The RQ is different for different fuels. For example, the RQ for the complete 
combustion of glucose is 1.0, and that for the complete combustion of fat is 0.7. 
These values are determined in three ways: 

1. On paper, by balancing chemical formulas, with no knowledge of metabolic 
pathways. 

2. By consideration of the biochemical pathways of the bod~ providing that 
these pathways have been memorized or are available in some format. 

3. Experimentall~ by use of a furnace. The furnace contains an atmosphere of 
pure oxygen. A mechanism for igniting the fuel or food in question, as well 
as devices for measuring the amount of CO2 produced and 02 consumed, 
is available. 

Knowledge of the RQ for different energy fuels can be used to determine the 
predominant fuel used by a particular organ of the body; such as the muscle or 
brain. To determine the RQ for a particular organ, the blood entering and exiting 
that organ must be analyzed. Most of the oxygen entering and exiting the organ 
is bound to hemoglobin. Most of the CO2 entering and exiting the organ is in the 
form of bicarbonate. 

EXERCISE 
Would you expect the RQ of resting muscle to be closer to 1.0 or 0.7? 
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EXERCISE 
Which should be higher, the RQ of a person engaging in an exhaustive 10-minute race or 
that of a person completing a 5-hour marathon? 

C A L C U L A T I N G  THE RESPIRATORY Q U O T I E N T  
FROM C H E M I S T R Y  

A brief consideration of bacteriology introduces a simple calculation of the RQ. 
A variety of microorganisms can use long-chain alkanes (paraffin wax) or short- 
chain alkanes as an energy source (Van Eyk and Bartels, 1968). The complete 
oxidation of alkanes has the same outcome, whether catalyzed by a flame at a 
candlewick, a spark inside a furnace, or enzymes within a living cell. Complete 
oxidation of hexane means that all of the carbon atoms are oxidized to carbon 
dioxide: 

CH3CH2CH2CH2CH2CH3 ~ 6 CO2 (5.~) 

For simplicity, the discharged hydrogen atoms and consumed oxygen molecules 
are not written in Eq. (5.1). The discharged hydrogen atoms are shown in the next 
reaction. For convenience in working through the calculations, they may be writ- 
ten as H2: 

CH3CH2CH2CH2CH2CH 3 --) 6 CO2 + 7 H 2 (5.2) 

The reducing equivalents released from aerobically consumed fuels are transferred 
to oxygen, producing water. Including water in the formula for hexane oxidation 
yields 

CH3CH2CH2CH2CH2CH3 ~ 6 CO2 + 7 H20 (5.3) 

The final step is to add the correct number of oxygen molecules. The right-hand 
side of Eq. (5.3) shows 19 oxygen atoms. This means that there must be 19 oxygen 
atoms on the left-hand side. As the atmosphere contains 02, rather than oxygen 
atoms, it is more appropriate to write the 19 oxygen atoms as 19/2 02, or 9.5 02: 

9.5 02 + CH3CH2CH2CH2CH2CH3 ----) 6 CO2 + 7 H20 (5.4) 

The RQ of hexane, as calculated from Equation (5.4), is C O 2 / / O 2  - 6/9.5 = 0.63. 
Hexane is an alkane. Fatty acids are quite similar in structure to alkanes. The RQ 
for the complete combustion of fatty acids has a value close to 0.6. 

Methane and methanol provide more simple examples of fuel oxidation. Meth- 
ane, CH4, is natural gas. Methanol, CH3OH, is a liquid sometimes used as a 
cooking fuel. The steps in the calculation of the RQ for methane combustion 
follow: 
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1. Balance the carbons. With complete combustion, one molecule of methane 
produces one molecule of CO2: 

CH4 ~ CO2 (5.5) 

2. Balance the hydrogens. Four hydrogens appear on the left-hand side of the 
equation. Thus, four hydrogens must be writtec, on the right-hand side: 

CH4 ----) CO2 + H2 + H2 (5.6) 

3. Add oxygen. The end-product of fuel combustion in animal cells is not H2, 
but water: 

CH4 ---) CO2 + H20 + H20 (5.7) 

4. Balance the oxygens. This involves calculation of the number of oxygen 
molecules consumed during the complete oxidation of methane: 

2 02 + OH4 --') 002 + H20 + H20 (5.8) 

The RQ for methane, as determined by these calculations, is 0.5. This value 
is lower than that for fat. 

Methanol is partially oxidized compared with methane. Hence, one might expect 
that the RQ of methanol differs from that of methane. "What does it mean to state 
that "methanol is more oxidized than methane"? The extent of oxidation of a 
particular carbon may be described by its oxidation number or state. The oxidation 
number is calculated according to the types of atoms bonded to the carbon. A 
hydrogen atom contributes -1 to the oxidation number of the carbon. A carbon 
atom makes no contribution to the number. Hydroxyl groups contribute +1, and 
keto groups contribute +2. The oxidation states of the carbons in a variety of 
organic molecules are listed in Table 5.1. The steps in the calculation of the RQ for 
methanol combustion follow: 

1. Balance the carbons. Methanol contains only one carbon. Thus, only one 
molecule of CO2 is produced: 

CH3OH --) CO2 (5.9) 

2. Balance the hydrogens. Methanolcontains four hydrogens. Thus, one might 
write two H2s on the right-hand side: 

CH3OH ~ CO2 + H2 + H2 (5.1o) 

3. Add oxygen to the hydrogens. This yields two molecules of water: 

CH3OH ---) CO2 + H20 + H20 (5.11) 
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TABLE 5.1 Oxidation States of Specific Carbons in Various Organic Molecules 

Oxidation state Structure of 
Molecule of each carbon molecule 

Methane -4 

Ethane -3 

Ethylene -2 

Ethanol 

-3 and-1 

Acetic acid 

-3 and +3 

Formic acid +2 

CH4 

CH3---CH3 

CH2--CH2 

CH3--CH2---OH 

-3 -1 

J 
CH3--C 

-3 +3 OH 

O / /  
HC \ 

OH 

Carbon dioxide +4 O--C--O 

4. Balance the oxygens. Four atoms of oxygen occur on the r ight-hand side of 
the equation. Methanol contains one atom of oxygen. Thus, three more 
atoms of oxygen must  be added to the left-hand side: 

1.5 02 + CH3OH ~ CO 2 -I.- H20 + H20 (5.12) 

The RQ for methanol,  as determined by these calculations, is 0.666. 

The stoichiometries involved in the complete oxidation of glucose and of fat are: 

C6H1206 + 6 02 ~ 6 CO2 + 6 H20 RQ = 1.0 (5.13) 
(glucose) 

C55H10406 + 78 02 ~ 55 CO2 + 52 H20 
(fat) 

RQ = 0.7 

These stoichiometries are the same whether  oxidation occurs in a clean burning 
flame or inside a living cell. The fat in formula (5.13) is the triglyceride palmitoyl- 
stearoyl-oleoyl-glycerol. 

E L E C T R O N  T R A N S P O R T  A N D  ATP P R O D U C T I O N  

Food and internal energy stores serve as electron donors. Oxygen functions as the 
final electron acceptor in metabolism. The overall scheme of energy metabolism 
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Food 

02 

02 H20 

FIGURE 5.1 Food is an electron donor. 

involves the transfer of electrons from food to 0 2 . This transfer occurs in many  
small steps, some of which result in the capture of energy and its storage in a 
useful, versatile form, namely ATP. Many of the steps also result in the product ion 
of heat. A simplified scheme of energy metabolism is shown in Figure 5.1. This 
figure illustrates the use of food and oxygen and the product ion of CO2 and water. 

The following material focuses on the reduction of oxygen to water and ATP 
production, events that take place at the mitochondrial  membrane.  Energy fuels 
are electron donors. The coenzymes NAD + and FAD accept these electrons and 
mediate their transfer to the respiratory chain. The respiratory chain is a series of 
iron-containing proteins associated with the mitochondrial  membrane.  Transfer of 
four electrons through this series of proteins can result in the reduction of one 
molecule of oxygen to water. This electron transport  chain is shown in Figure 5.2. 

2 NADH + H * ~  

2 NAD * ~  

2 FADH z 2 FAD 

2H20 

FIGURE 5.2 Diagram of the respiratory chain. Electrons are donated to the respiratory 
chain by reduced NAD and reduced FAD. Each reduced cofactor donates four electrons to 
the respiratory chain, a series of proteins associated with the inner membrane of the 
mitochondrion. Electrons, donated by either or both cofactors, are transferred from protein 
to protein with their eventual transfer to water. The proteins do not seem to occur as a 
single complex, but move about in a more or less random manner in the phospholipid 
bilayer of the membrane. Collisions between the different proteins allow the electron to 
pass down the entire chain (Lenaz, 1988). Coenzyme Q is a lipid-soluble coenzyme with a 
structure similar to that of vitamin K. Coenzyme Q, also called ubiquinone, is synthesized 
in the body and is not a vitamin. NADH dehydrogenase catalyzes the transfer of electrons 
from reduced NAD § to coenzyme Q. Coenzyme Q reductase catalyzes the transfer of 
electrons from the FAD-using dehydrogenases, such as succinate dehydrogenase and that 
in fatty acid oxidation, to coenzyme Q. The sequential transfer of electrons from one protein 
to another, as shown in this figure, is called electron transport. 
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The four electrons can all arise from two molecules of reduced NAD +, two mole- 
cules of reduced FAD, or a combination of these two cofactors. 

The electrons from reduced NAD + are delivered to N A D H  dehydrogenase.  At 
this point, the electrons are of relatively high energy. With transfer to ubiquinone, 
to the complex of cytochromes b and Cl, to cytochrome c, to cytochrome c oxidase, 
and finally to water, the energy level of the electrons progressively decreases. The 
energy released in the step-by-step transfer of electrons between the different 
components  of the respiratory chain is used to do work. This work  takes the form 
of transport  of protons out through the inner mitochondrial membrane.  The points 
at which proton transport  occurs are shown in Figure 5.3. One consequence of this 
transport  is that the interior of the mitochondrion becomes somewhat  more alka- 
line than the cytoplasm. More important,  protons are allowed to flow back 
through the inner mitochondrial  membrane,  where this inflow is coupled to the 

Cv~ocdum 

H" 2 FADH a 2 FAD H" H ~ 

2 NADH + H" -~  --.. | 
\ ' / /  NADH " \  i 

. , / /~.QhY; '7 e_~na.,.~' - -  C ~ zyrnll - -  O 
2 NAD" ",.._Ji\.___J 

H" H" 

Interior of Mitochondrion (Mitoplnrn) 

- 2H,O \ j 

" ADP J+///P~ I AT)+ HzO 

FIGURE 5.3 Diagram of respiratory chain, proton pumps, and ATP synthase. The diagram 
represents a more complete version of Figure 5.2. The flow of electrons is used as the source of 
energy for driving protons out, through the inner mitochondrial membrane, at the indicated 
proteins or protein complexes. The return of the protons, via ATP synthase, is used as the energy 
source to drive the synthesis of ATP, which occurs inside the organelle. The mitochondrion is 
bounded by two membranes, not just one membrane. The proteins of electron transport, as well 
as ATP synthase, are all bound to the inner mitochondrial membrane. The outer membrane allows 
the passage of many metabolites, including those of the glycerol-phosphate shuttle (dihy- 
droxyacetone-P and glycerol-P). The inner membrane does not allow passage of these molecules. 
ATP synthase is composed of two major subunits, F 0 and F1. F0 acts as a pore and allows protons 
to flow into the orgahelle. F1 is the catalytic subunit. F1 couples the flow of protons to the synthesis 
of ATP. F1 itself is a complex and is composed of five different proteins. The catalytic subunit (F1) 
is situated at the inside face of the membrane. The two subunits are connected to each other by 
a stalk, i.e., a connector protein. Protons moving through the F0 subunit provoke a conformational 
change in this subunit, which is relayed over a distance of about 8 nm through the stalk, to the 
F 1 subunit. This relayed energy is needed to drive ATP synthesis. Surprisingly, the relayed energy 
is not directly used to connect Pi to ADP. ADP and Pi spontaneously connect when they bind to 
the F1 subunit, and the ATP produced remains bound to the F1 subunit. The energy coming 
through the stalk is used to discharge the newly made ATP, for use by the cell (Weber and Senior, 
1997). 
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synthesis of ATP. The net result is that electron transport drives the synthesis of 
ATP. This roundabout production of ATP was discovered by Peter Mitchell in 
England (Futai et al., 1989). 

Extrusion of Protons from the Mitochondrion to the Cytoplasm 

Protons are extruded from the mitochondrion at the sites of NADH dehydro- 
genase, at the cytochrome b/Cl complex, and at cytochrome c oxidase. The exact 
number of protons driven out per electron at each of these steps has been difficult 
to determine. The ratio can vary under different experimental conditions. Extru- 
sion of a proton at any particular step does not seem to be tightly coupled to the 
passage of an electron down the respiratory chain; however, it is generally ac- 
cepted that the passage of two electrons down the entire respiratory chain results 
in the translocation of 12 protons. 

Passage of Protons from the Cytoplasm Back into the Mitochondrion 

The passage of protons through the mitochondrial membrane, via ATP synthase, 
is also shown in Figure 5.3. Four protons reenter the mitochondrion for 
the synthesis of each molecule of ATP. Three of these protons are used to drive 
the continued process of ATP synthesis. Another proton is used to drive the 
ATP/ADP exchanger. The exchanger allows the entry of one molecule of ADP 
for the exit of one molecule of ATP. Inorganic phosphate enters the organelle by a 
separate phosphate carrier. Assuming that 2 electrons result in the exit of 
12 protons, one can calculate that 2 electrons can be used to drive the synthesis 
of 3 ATPs. 

Summary 

To summarize, the reduction of oxygen to water involves donation of four elec- 
trons and four protons. The electrons arrive via the respiratory chain; the protons 
are supplied by the catalytic action of cytochrome c oxidase (Figure 5.3). The exact 
number of protons that pass through ATP synthase per molecule of ATP synthe- 
sized is actually not clean The number could be three or four protons per ATP 
molecule. Accurate knowledge of this number is important for calculating the 
amount of energy that can be captured (as ATP, rather than heat) per gram of 
glucose or fat that is oxidized to CO2 (Weber and Senior, 1997). Another confusing 
factor is that most of the protons extruded via the respiratory chain return via ATP 
synthase; however, some protons leak back into the mitochondrion due to the 
slight permeability of the phospholipid bilayer. There have been claims that about 
20% of our food energy is used to drive the extrusion of protons from the mito- 
chondria, which then leak back without the production of ATP (Rolfe and Brand, 
1996; Porter et al., 1996). 
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Accounting for Water Molecules 

The overall scheme for glucose oxidation was given in Eq. (5.13). Reduction of 6 
02 in the body results in the production of 12 molecules of water. However, Eq. 
(5.13) shows that only 6 H20 are produced. Why are 12 H20 not listed? The 
catabolism of one molecule of glucose results in the production of two molecules 
of pyruvate. Complete oxidation of two pyruvates results in the use of six molecules 
of water. Water is used by citrate synthase for the hydrolysis of coenzyme A from 
acetyl-CoA, by succinyl thiokinase for the hydrolysis of coenzyme A from suc- 
cinyl-CoA, and by fumarase for the hydration of fumarate. 

An additional point might be added concerning water. Water is produced at the 
steps involving the production of ATP and GTP: 

ADP+Pi~ATP+H20 and GDP+Pi--->GTP+H20 

Water is produced in this manner at such points as succinyl thiokinase and ATP 
synthase. The water molecules involved are not included in the calculation of the 
waters of oxidation. 

Complete oxidation of one molecule of glucose results in the production of the 
equivalent of 38 molecules of ATP. This results in the production of 38 molecules 
of water, because formation of the phosphodiester bond between ADP and inor- 
ganic phosphate involves the splitting off of a molecule of water. These water 
molecules, however, are not included in the RQ calculations. This is because ATP 
occurs in catalytic amounts in the cell; it is continuously formed in the glycolytic 
pathway and mitochondria, and continuously hydrolyzed in various ATP-requir- 
ing reactions in the body (Figure 5.4). Glucose does not act catalytically. When it 
is oxidized it is not recycled back to glucose. 

TALLY OF THE ATPs P R O D U C E D  

The number of ATPs produced by complete oxidation of a molecule of glucose can 
be calculated at this point. This calculation is not directly relevant to determination 
of the energy requirement. NADH from the Krebs cycle is responsible for the 
production of many more ATPs than is glycolysis. In glycolysis, an ATP is ex- 
pended at the points of hexokinase and phosphofructokinase. For each molecule 

/,~ATP~ 

FIGURE 5.4 One molecule of water is involved in the hydrolysis and synthesis of ATP. 
Continued synthesis of ATP during the course of the day does not result in net production 
of water in the body. This is because ATP is continuously hydrolyzed over the course of 
the day when it participates in ATP-requiring reactions. 
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of glucose entering glycolysis, four ATPs are generated at the points of phospho- 
glycerokinase and pyruvate kinase. For each molecule of glucose entering gly- 
colysis, two NADHs are produced at the point of glyceraldehyde-3-phosphate 
dehydrogenase. These two NADHs can result in the generation of six ATPs in the 
mitochondrion. The tally of ATPs produced at this point is eight ATPs. 

For every molecule of glucose entering metabolism, the action of pyruvate 
dehydrogenase results in the reduction of two NADs to two NADHs. Two NADHs 
are equivalent to six ATPs. The NAD + and FAD reducing steps of the Krebs cycle 
produce the equivalent of 22 more molecules of ATP per molecule of glucose. The 
production of two GTPs, at the point of succinyl thiokinase, yields the equivalent 
of two molecules of ATP per molecule of glucose. The energy contained in the 
phosphate bonds of GTP is equivalent to that in ATP. Thus, oxidation of two 
molecules of pyruvate to CO2 produces 30 ATPs. The sum of the ATPs produced 
per molecule of glucose via glycolysis (8 ATPs) and those produced in the mito- 
chondria (30 ATPs) is 38 ATPs. 

A slight adjustment of the number 38 is required. The transport of electrons 
from the cytoplasm to the mitochondria requires a small amount of energy. This 
energy is used to drive the malate-aspartate shuttle. It is thought that 0.5 mole- 
cules of ATP are consumed with each turn of the malate-aspartate shuttle. Hence, 
transport of the electrons from the two NADHs generated by glycolysis into the 
mitochondria requires the input of I ATP. The sum of the ATPs (or ATP equiva- 
lents) produced by complete oxidation of glucose to CO2 is 37. 

The malate-aspartate shuttle is important in the liver. The malate-aspartate 
shuttle (see Figure 4.63 in Chapter 4), allows the delivery of electrons to the very 
first step in the respiratory chain (this step is NADH dehydrogenase) (Figure 5.3). 
Another shuttle, the glycerol-phosphate shuttle, is more important in muscle. The 
glycerol-phosphate shuttle does not yield the cell as much energy as the malate- 
aspartate shuttle, since the glycerol-phosphate shuttle delivers electrons at the 
point of coenzyme Q reductase, not at the point of NADH dehydrogenase (Figure 
5.3). Reduced NAD in the mitochondrion is worth 3 ATPs, whereas reduced FAD 
is worth only 2 ATPs. Hence, complete oxidation of each glucose in muscle results 
in the generation not of 38 ATPs, but of 36 ATPs. 

The glycerol-phosphate shuttle is shown in Figure 5.5. In the electron's joumej6 
the starting point is reduced NAD (in the cytoplasm), while the ending point is at 
CoQ reductase. With reduction of the FAD cofactor of CoQ reductase, the electrons 
are, in turn, transferred to the respiratory chain. The FAD cofactor remains bound 
to the mitochondrial G3P dehydrogenase, when it changes back and forth, from 
FAD to FADH2 and back, though the cofactor is not bound covalently to the 
enzyme (Brown et al., 1994, Garrib and McMurra~ 1986). 

Complete Oxidation of Glucose to CO2 

Complete oxidation of glucose to C O  2 yields 6 C O  2 and 12 H2, as shown in Table 
5.2. The 12 H2 are transferred to 6 02 by cytochrome c oxidase. Therefore, the RQ 
for the complete oxidation of glucose to CO2 in the cell is 6.0/6.0 = 1.0. 
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FIGURE 5.5 Glycerol-phosphate shuttle. The glycerol-phosphate shuttle enables energy 
produced by glycolysis, in muscle, to be utilized for ATP synthesis. The shuttle serves to 
transfer electrons, initially occurring in reduced cytoplasmic NAD, to reduced mitochon- 
drial FAD. The black dots represent glycerol phosphate dehydrogenase, which occurs as a 
soluble form in the cytoplasm, and as a membrane-bound version in the mitochondrion. 
The open circle represents coenzyme Q reductase, which occurs along with the respiratory 
chain in the inner membrane. Dihydroxyacetone phosphate (DHAP) and glycerol-3-phos- 
phate (G3P) can pass freely through the outer nxitochondrial membrane,  but not through 
the inner membrane. 

TABLE 5.2 Points in Glycolysis and the Krebs Cycle at which Cofactors Are Reduced 
and Carbon Dioxide Is Released 

NADH + H § or FADH2 CO2 produced 
Enzyme produced per glucose per glucose 

Glyceraldehyde-3-phosphate dehydrogenase 
Pyruvate dehydrogenase 
Isocitrate dehydrogenase 
(x-Ketoglutarate dehydrogenase 
Succinate dehydrogenase 
Malate dehydrogenase 

2 NADH + H + 0 
2 NADH + H § 2 
2 NADH + H + 2 
2 NADH + H + 2 
2 FADH2 0 
2 NADH + H + 0 

Equivalent of 12 H2 6CO2 
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TABLE 5.3 Points in the Krebs Cycle at which Cofactors Are Reduced and Carbon 
Dioxide Is Released 

Enzyme 

, , , , , ,  

NADH + H + or FADH 2 CO2 produced 
produced per acetyl-CoA per acetyl-CoA 

Isocitrate dehydrogenase 
o~-Ketoglutarate dehydrogenase 
Succinate dehydrogenase 
Malate dehydrogenase 

1 NADH + H + 1 
1 NADH + H + 1 
1 FADH2 0 
1 NADH + H + 0 

Equivalent of 4 H2 2 CO2 

Complete Oxidation of the Acetyl Group of Acetyl-CoA to CO2 

The steps in the Krebs cycle generating the equivalent of an H 2 (NADH + H + or 
FADH2) or producing CO2 are listed in Table 5.3. The RQ of the acetyl group 
introduced into the Krebs cycle is 1.0. The value of 1.0 was calculated from the 
knowledge that 2 CO2 are produced, and 2 02 are required to accept the equivalent 
of 4 H2. These hydrogens are produced in the steps catalyzed by dehydrogenases. 

Complete Oxidation of Free Fatty Acids to CO2 

Free fatty acids are converted to fatty acyl-CoA by fatty acid thiokinase (Figure 
5.6). The fatty acids are broken down, not when in their free form but in the thiol 
ester form. Breakdown of fatty acids results in step-by-step discharge of two-carb- 
on units as acetyl-CoA. This breakdown also results in the production of FADH2 
and NADH + H § For each two-carbon unit liberated, one molecule each of FAD 
and NAD + is reduced (Figure 5.7). 

The fatty acid oxidation pathway comprises a sequence of steps frequently 
encountered in biology: (1) oxidation of an alkane to produce an alkene; (2) 
hydration of the alkene to form a hydroxyl group; and (3) oxidation of the hy- 
droxyl group to form a keto group. This three-step sequence is also found in the 
Krebs cycle and the isoleucine catabolic pathway. 

Free fatW acid . . . . . .  ~ _  Fatty acyl-CoA 

Coenzyme A 

FIGURE 5.6 Fatty acid thiokinase. 
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FIGURE 5.7 One cycle in the oxidation of a long-chain fatty acid. 

The final step in fatty acid catabolism involves the attack of a molecule of 
coenzyme A at the 3-carbon of the fatty acid, resulting in the discharge of a 
two-carbon unit (acetyl group). The sole breakdown product of even-carbon-num- 
bered fatty acids, such as palmitic acid, is acetyl-CoA. A small fraction of the fatty 
acids encountered in the diet have an odd number of carbons. The catabolism of 
these fatty acids yields a number  of molecules of acetyl-CoA plus one molecule of 
propionyl-CoA. 

The cycle of reactions resulting in the discharge of a two-carbon unit from a fatty 
acid as acetyl-CoA produces no CO2 and the equivalent of 2 H 2. These 2 H 2 can be 
used for the reduction of one molecule of oxygen. Hence, activation of the fatty acid 
oxidation pathway in a tissue or animal would be expected to result in a decrease 
in the RQ for the organism. The breakdown of fatty acids followed by the oxidation 
of acetyl-CoA in the Krebs cycle results in the production of 2 CO2 and the 
consumption of 3 02. Thus, the RQ for an organ or animal relying primarily on 
fatty acid oxidation as an energy source would be expected to be 2.0/3.0, or 0.66. 
The RQ for fat is about 0.66. 
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Summary of Three Methods for Acquiring RQ Values 

The method for calculating the RQ from chemistry was illustrated by simple 
examples involving paraffin wax and methanol. Although the details for calculat- 
ing the RQs of glucose and fat were not shown, these RQs are known to be 1.0 and 
0.70, respectively. Calculation of the RQs of glucose and a fatty acid on the basis 
of biochemical pathways yielded values of 1.0 and 0.66, respectively. The RQ can 
also be determined from analysis of gases produced by the combustion of fuels in 
a furnace or in a living animal. Next, data from human subjects at rest and during 
exercise will be presented. One might be surprised to see that the RQ of a human 
being changes, over the course of time, during prolonged rest and prolonged 
exercise. These RQ values change with no alteration in the overall rate of energy 
consumption or in the metabolic rate. These RQ value changes are due to shifts in 
the types of body fuels being oxidized. 

THE RESPIRATORY QUOTIENT DURING REST AND EXERCISE 

The following studies involve human subjects. The first study depicts the results 
from periodic RQ measurements during rest after an overnight fast. The subjects 
spent the entire day in bed. Breath samples were taken at hourly intervals. The 
data illustrate a steady decrease in the RQ over the course of 4 to 5 hours (Figure 
5.8). From the chemical and biochemical considerations presented earlier, one 
might deduce that the RQ data indicate a trend away from the use of carbohydrate 
fuels and toward the combustion of fat fuels, as the initial RQ was about 0.80 and 
the final RQ was about 0.75. The RQ never reached 0.70, indicating that fat was 
never the sole source of energy. In the second stud)~ the RQ was measured prior 
to exercise, during a 45-minute period of bicycling, and during a subsequent 
30-minute recovery period. The results indicate that the major source of energy at 
rest was fat, whereas that during the initial stages of exercise was glycogen. The 
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FIGURE 5.8 Respiratory quotient during rest after an overnight fast. (Redrawn with 
permission from Left et al., 1987.) 
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FIGURE 5.9 Respiratory quotient prior to exercise, during bicycling, and during a sub- 
sequent recovery period. The RQ increases with exercise, indicating a shift from fat oxida- 
tion to glycogen oxidation. (Reprinted with permission from Murray et al., 1977.) 

data in Figure 5.9 illustrate a trend back toward fat oxidation and away from 
glycogen oxidation with prolonged exercise. 

FATTY A C I D  BIOSYNTHESIS  

The RQ is influenced by the net rate of fatty acid biosynthesis. Fatty acid synthesis 
involves the conversion of carbohydrate, via the acetyl-CoA intermediate, to long- 
chain fatty acids. The synthesis of fatty acids requires reduced NADP § as a cofac- 
tor. It involves the consumption of two molecules of NADPH + H § for each 
2-carbon unit incorporated into the fatty acid. The NADPH + H § is supplied by 
two separate pathways: the pentose phosphate pathway (PPP) and the malic 
enzyme/citrate lyase pathway. 

The overall stoichiometry of the pentose phosphate pathway is: 

Glucose-6-P + 12 NADP + + 7 H20 ~ 6 0 0 2  + 12 NADPH + 12 H + + Pi (5 .14 )  

The pathway is cytoplasmic and results in the production of CO2,  but no consump- 
tion of oxygen. The NADPH + H + is used in fatty acid synthesis. Hence, an increase 
in activity of the PPP would be expected to result in an increase in the value of the 
RQ. The two enzymes of the PPP directly involved in NADP + reduction are 
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, as 
shown under Thiamin in Chapter 9. 

The malic enzyme/citrate lyase pathway is shown in Figure 5.10. The 2-carbon 
units (acetyl groups) for fatty acid synthesis are supplied by the activity of citrate 
lyase, which may be considered an enzyme of fatty acid biosynthesis. The reduced 
NADP + is supplied at the point of malic enzyme. Figure 5.10 reveals no net 
production or utilization of NAD § in the cytoplasm. The NADPH + H + generated 
in the cytoplasm is used for fatty acid synthesis, which regenerates NADP § One 
molecule of CO2 is produced in the cytoplasm. The diagram reveals no net pro- 
duction or utilization of CO2 in the mitochondrion. One molecule of NAD § is 



Fatty Acid  Biosynthes is  289 

Malic enzyme Malate Citrate lyase 
dehydrogenase 

CO 2 ADP + Pi ATP 

Pyruvate C Malate ~" OAA ~ ' ~  J Citrate 

�89 Glucose 

~ NAD § 

~r / Mitoch~ 

) / 

Pyruvate ~ 

ADP + Pi 
,, j 

FIGURE 5.10 Malic enzyme/citrate lyase pathwa3a Citrate lyase is used for producing 
acetyl-CoA in the cytoplasm, the site of fatty acid synthase. Acetyl-CoA is used by fatty 
acid synthase for the synthesis of fatty acids. Malic enzyme catalyzes the reduction of 
NADP § which is required as a cofactor by fatty acid synthase. 

reduced in the mitochondrion. Each 2-carbon unit used for fatty acid synthesis 
results in the net production of one molecule of CO2 and one NADH + H +. A shift 
toward this type of metabolism would be expected to result in a rise in the RQ. 

EXERCISE 
The synthesis of an 18-carbon fatty acid requires the supply of nine 2-carbon units by citrate 
lyase. This would be expected to result in the concomitant generation of nine molecules of 
NADPH + H +. Would you expect the cycle (Figure 5.10) to supply most, or only a small 
fraction, of the reduced NADP + required for fatty acid synthesis? 
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FIGURE 5.11 Increase in mRNA coding for glucose-6-phosphate dehydrogenase over 
time. (Redrawn with permission from Prostko et al., 1989.) 

Regulation of NADPH Production 

Before continuing with the matter of RQs and the energy requirement, the impor- 
tance of malic enzyme and the PPP in supplying reduced NADP + for fatty acid 
synthesis should be emphasized. Two studies are explored. They involve the 
fasting of animals for 2 days, followed by refeeding with a fat-free high-carbohy- 
drate diet. This particular manipulation results in maximal increases in the rate of 
fatty acid biosynthesis and in the activity of acetyl-CoA carboxylase. The response 
to dietary changes was monitored using the dot blot method. Figure 5.11 provides 
data from an experiment with rats. The data show the increases in mRNA coding 
for glucose-6-phosphate dehydrogenase over the course of time (O). The response 
to feeding was also monitored in chickens, as shown in Figure 5.12; these data 
show increases in mRNA coding for malic enzyme, but no increase in the amount 
of mRNA coding for glyceraldehyde-3-phosphate dehydrogenase. The dot blot 
specific for the latter enzyme was intended as a control. The control indicated that 
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FIGURE 5.12 Dot blot assay for concentrations of specific types of messenger RNA (con- 
sult Appendix 2 for details). The amount of mRNA coding for malic enzyme is low during 
fasting (since there would be no purpose in synthesizing fat during this period), and 
increases with refeeding (since this is the time to restore energy stores by synthesizing fat 
from dietary sugars). (Redrawn with permission from Xiao-Jun et al., 1990.) 
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refeeding resulted in increases in the mRNA coding for enzymes of fatty acid 
synthesis, rather than all types of mRNA. 

Fatty Acid Synthase 

The reactions catalyzed by fatty acid synthase are shown in Figure 5.13. Synthesis 
of fatty acids involves the step-by-step addition of two-carbon units to a growing 
chain. Initiall~ fatty acid synthase contains an acetyl group (#1). Acetyl-CoA 
carboxylase catalyzes the ATP-dependent synthesis of malonyl-CoA, which is 
transferred to fatty acid synthase (#2). At this point, an acetyl group resides at one 
site of the enzyme, bound to a sulfhydryl group, whereas a malonyl group resides 
at a second site of the enzyme, also bound to a sulfhydryl group. In moving from 
Step 2 to Step 3, the acyl group at the first sulfhydryl group attacks the malonyl 
group. The attack occurs at the central carbon of the malonyl group. This results 
in the discharge of CO2 and elongation of the growing fatty acid chain by two 
carbons. At this point, the chain is four carbons long. 

The next few steps involve reduction of the four-carbon chain. The process takes 
the form of a reduction step, a dehydration step, and another reduction step 
(#3-#6). The reduced chain is transferred to the first sulfhydryl group (#6, #7). 
Finally, another malonyl group is transferred to the enzyme (#7, #8). The malonyl 
group is transferred to the second sulfhydryl group. Transfer of the four-carbon 
unit residing at the first sulfhydryl group to the malonyl group generates a 
six-carbon unit. The process is continued until a long-chain fatty acid is formed. 

The final step in fatty acid synthesis is the discharge of the fatty acid from the 
sulfhydryl group of fatty acid synthase. This discharge involves the attack of a 
molecule of coenzyme A, resulting in the release of the fatty acid as fatty acyl-CoA, 
as shown in Figure 5.14. 

In a discussion of fatty acid synthase, the swinging arm of the enzyme should 
not be overlooked. One of the sulfhydryl groups of the enzyme takes the form of 
a residue of cysteine. But the other takes the form of phosphopantetheine. Phos- 
phopantetheine is covalently bound to the enzyme. It has a structure similar to 
that of coenzyme A. Both phosphopantetheine and coenzyme A contain sulfhydryl 
groups. Phosphopantetheine, however, is covalently bound to a residue of serine. 
The growing fatty acid chain is bound to phosphopantetheine during Steps 3 
through 6. The phosphopantetheine acts as a swinging arm, allowing the growing 
fatty acid to come in contact with the many active sites of fatty acid synthase. 

The RQ for the conversion of glucose to fatty acids can be calculated from the 
biochemical considerations presented so far. This RQ would not be expected to 
occur in any living tissue or in any animal, because this RQ represents an extreme 
case in which there is no oxidation of fatty acids or of carbohydrates in the Krebs 
cycle. Where the rate of fatty acid synthesis is equal to the rate of fatty acid 
oxidation, the RQ would be expected to be 1.0. Where the rate of fatty acid 
synthesis is twice as great as the rate of fatty acid oxidation, the RQ would be 
greater than 1.0. One would not, however, expect to encounter a tissue in which 
there is only fatty acid synthesis and no fatty acid oxidation. 
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FIGURE 5.13 Fatty acid synthase catalyzes the addition of 2-carbon units to the acyl end of a 
growing long-chain fatty acid. The cyclic nature of the fatty acid biosynthetic pathway is indicated 
by the return of that enzyme, at step 7, back to step 2. (Redrawn with permission from Wakil and 
Stoops, 1983.) 
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FIGURE 5.14 Removal of the finished fatty acid from the enzyme. 

RESPIRATORY QUOTIENT DATA FROM HUMAN STUDIES 

RQ Values from Humans Consuming Excess Energy 

An RQ greater than 1.0 indicates net synthesis of fatty acids and triglycerides. 
Under these conditions, triglycerides are mobilized from adipose tissue and fatty 
acids are oxidized in various tissues. But the rate of fatty acid synthesis from 
carbohydrates is greater than the rate of fatty acid oxidation. The net synthesis of 
fatty acids means that there is an accumulation of fat in the body. The accumulation 
of fat may seem relatively innocuous, but it can have deleterious effects. For 
instance, when intravenous feeding includes excessive glucose for prolonged 
periods, fat may accumulate in the liver. This pathological condition is known as 
"fatty liven" Although reversible, it may trigger various problems. 

The following study involves human subjects who were fed intravenously with 
a low-energy diet (64 kJ/kg body weight) for 4 days, a medium-energy diet (157 
kJ/kg) the next 4 days, and then a high-energy diet (245 kJ/kg) for the final 4 days. 
Breath samples taken on each day were used for analysis of CO2 production and 
02 utilization and, hence, calculation of the RQs. The data (Figure 5.15) demon- 
strate that the RQs rose above 1.0 with the medium- and high-energy diets. This 
indicates that there was a net synthesis of fat in the body. The increased amount 
of fat was not synthesized from the body's stores of glycogen, but from the glucose 
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FIGURE 5.15 Increase in respiratory quotients with increase in energy content of diet. 
(Redrawn with permission from Elwyn et al., 1979.) 
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in the diet. The data indicate the value of RQ measurements in helping patients to 
achieve an energy balance, particularly patients who are not able to feed them- 
selves. 

RQ Data from Humans Consuming Equal-Energy Diets that Are High in 
Carbohydrate or in Fat 

A variation of the preceding study involved the transition from a carbohydrate- 
based diet to a fat-based diet, where both diets supplied equal amounts of energy 
per day (Schrauwen et al., 1997). As indicated in Figure 5.16, the subjects consumed 
the carbohydrate-based diet up to and including day 6 of the feeding period, and 
then consumed the fat-based diet for the next 7 days. Both diets supplied 10.0 
MJ /day  to each human  subject. The body weights of the subjects did not change 
over the course of the 2 week feeding period. On the other hand, the RQ values 
for the subjects, which were initially about 0.88, declined to about 0.80 with feeding 
of the high-fat diet. The RQ of the subjects were found to be similar to the food  
quotient. The food quotient is the RQ of the food, as determined by burning the 
food in an atmosphere of pure oxygen. 
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FIGURE 5.16 Respiratory quotient measurements of human subjects (O); food quotient values (@). 
Human subjects consumed a low-fat diet for 6 days, followed by a high-fat diet for 7 days. Subjects 
lived inside separate respiratory chambers for days 4-10, then left the chambers, and returned for days 
12-14. Each respiratory chamber was a small room ventilated at a measured rate with air. In-going air 
was sampled and measured every 15 min, and outgoing air was sampled and measured every 5 min, 
for the entire period that the subjects lived in the chambers. The RQ values for each subject was 
calculated for each day; as indicated in the figure. (Redrawn with permission from Schrauwen et al., 
1997.) 
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A question that arises is: "Why did the abrupt switch in diet result in only a 
gradual change in the RQ?" The researchers thought that the gradual change in 
RQ was due to the body's temporary increase in glycogen combustion during the 
transition period. 

Horton et al. (1995) performed still another variation of the preceding sort of 
study. All human subjects were fed a baseline or maintenance diet for one week. 
The baseline diet was designed to result in a maintenance of body weight. Then, 
the diet was changed to a diet that provided an additional 50% of energy as fat, or 
an additional 50% of energy as carbohydrate. This study is similar to the first study 
described earlier (Elwyn et al., 1979), in that overfeeding was used. This study is 
similar to the second study detailed (Schrauwen et al., 1997), in that two groups 
were fed diets of equivalent energy. RQ measurements were taken. However, 
researchers were interested in determining more than simply the style of energy 
metabolism used by the body. They wanted to determine if the switch to overfeed- 
ing resulted in the accumulation of fat via fatty acid biosynthesis or in the accu- 
mulation of fat via direct deposition of the fats in the diet. The body's total energy 
expenditure was calculated from the RQ and from O2 consumption, as detailed 
later in this chapter, and body composition was determined by the underwater 
weighing technique (see Obesity chapter). 

Horton et al. (1995) found that, with carbohydrate-overfeeding, much of the 
excess energy (75-85%) seemed to be stored as fat. But with fat-overfeeding, nearly 
all (90-95%) of the excess energy was stored as fat. Surprisingly; the fat storage 
which occurred with carbohydrate overfeeding seemed to be due to a decline in the 
ongoing basal level of fat oxidation and not to an increase in conversion of carbo- 
hydrate to fat. 

What Happens in the Body When Overeating Leads to Obesity? 

The picture that seems to be emerging regarding overeating and obesity is as 
follows: Eating too much fat can result in obesity because of the direct deposit of 
the fat from the diet, while eating too much carbohydrate can result in obesity 
because of a tendency to spare the fat that exists in the diet, and direct deposition 
of this dietary fat in the adipose tissue. The preceding conclusions extend some- 
what beyond the bounds of this chapter, but are intended to illustrate the power 
of RQ measurements and related techniques. 

PROTEIN OXIDATION AND THE RESPIRATORY QUOTIENT 

The influence of protein oxidation on the RQ is generally ignored in clinical and 
experimental studies involving respiratory measurements. Hence, the RQ deter- 
mined in these studies is sometimes called the nonprotein RQ. The contributions 
of CO2 produced and 02 consumed by protein oxidation are small compared with 
those made by fat and carbohydrate oxidation. The hydrolysis of proteins to amino 
acids does not contribute to the RQ. The RQ associated with the oxidation of 
mixtures of different amino acids is 0.80. The oxidation of protein (70 g) produces 
2.4 moles of CO2 and consumes 3.0 moles of 02 (King et al., 1984). The RQ 
associated with the oxidation of leucine, for example, can be calculated as follows. 
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The calculation assumes that all of the nitrogen released is excreted as urea. Urea, 
as mentioned in Chapter 8, is the excretory form of most of the nitrogen resulting 
from protein and amino acid catabolism. 
1. Oxidation of leucine results in the production of CO2 and urea: 

O 
II 

2 CH3CHCH2CHCOOH--~ 1 H2N---C---NH2 + 11 CO2 
I I 

CH 3 NH2 
(Leucine) (Urea) 

(5.15) 

2. The hydrogens may be balanced by adding water to the products: 

2 Leucine--~ 1 urea + 11 CO2 + 11 H20 (5.16) 

3. The oxygens can be balanced by adding 02  to the substrates: 

15 0 2 + 2 leucine ~ 1 urea + 11 CO2 + 11 H20 (5.17) 

4. The RQ for the oxidation of leucine is: 

CO2/O2 = 11/15 = 0.73. 

The total volumes of 0 2 consumed and C O  2 produced with the oxidation of I g of 
glucose, fat, and protein are listed in Table 5.4. With protein catabolism, 1 g of 
urinary nitrogen is associated with the consumption of 6.04 liters of 02 and the 
production of 4.89 liters of CO2. 

Respiratory measurements alone can be used to determine the amounts of 
carbohydrate and fat oxidized in the body over a given period. These amounts can 
be more accurately determined by including data from urinary nitrogen measure- 
ments in the calculations. According to Frayn (1983), the grams of carbohydrate 
(c) and fat if) oxidized per minute can be calculated from the formulas 

c = 4.55 Vco2- 3.21 Vo2- 2.87n 

f = 1.67 Vco2- 1.67 Vo2- 1.92n 

TABLE 5.4 Total Volumes of 02 Consumed and Produced upon Oxidation of Glucose, 
Fat, and Protein 
. . . . .  

Volume of Volume of 
02 consumed (liters) CO2 formed (liters) 

Glucose 0.746 0.746 
Fat 2.03 1.43 
Protein 0.966 0.782 

. . . . . . . . . . . .  

Source: Frayn (1983). 
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where n is the grams of urinary nitrogen excreted per minute and Vo2 and Vco2 are 
the volumes of 02 consumed and CO2 produced per minute (liters/min), respec- 
tively. 

EXERCISE 
Calculate the RQ for the complete oxidation of glutamic acid where all of the nitrogen is 
excreted in the form of ammonia. Calculate the RQ where all of the nitrogen is excreted in 
the form of urea. 

CALCULATING ENERGY EXPENDITURES 

The amount of energy expended during an entire day can be determined by 
measuring the liters, or moles, of oxygen consumed by a subject for the entire day. 
The subject can maintain an energy balance by consuming an amount of food with 
an energy content similar to that expended. Energy expenditure can be measured 
during specific activities, such as sleeping, "walking, tennis playing, and coal 
mining. In these cases the liters or moles of oxygen consumed over the course of 
a 10-minute period might be determined. The amount of energy can be determined 
fairly accurately by measurhng the oxygen consumed. A more accurate estimate 
can be made using the rate of oxygen consumption and the RQ during the test 
activity. 

The concentrations of CO2 and 02 in the atmosphere are fairly constant at sea 
level. However, the concentrations of these molecules in exhaled air differs from 
that in the inhaled air. The concentration of CO2 is greater, while that of 02 is lessen 
The rate of CO2 production can be calculated from the formula: 

Difference in CO2 concentration in 
inhaled and exhaled air 

(moles/liter) 

Liters of air exhaled per minute 
(liters/rnin) 

The unit "liter(s)" will cancel when the two quantities are multiplied, with the 
consequence that the rate of CO2 production is expressed in moles/min. This rate 
may also be expressed in liters of CO2 per minute; one mole of a gas has a volume 
of 22.4 liters. 

The rate of 02 consumption can be calculated by formulas similar to the pre- 
ceding. A portable machine called a respirometer can be used to collect samples of 
exhaled gas during various types of work. The samples are automatically collected 
at intervals and stored in a bag. The machine also records the total volume of gas 
exhaled during the time it is worn. An agricultural worker is shown wearing the 
machine in Figure 5.17. 

How is the rate of oxygen consumption and the RQ used to calculate the energy 
used by the body? The connection between complete combustion of glucose (or 
fat) to carbon dioxide and energy is determined with a bomb calorimeter. The 
bomb calorimeter is a machine used for the combustion of various foods in an 
atmosphere of pure oxygen and, consequently, measurement of the heat produced. 
The amount of heat produced is expressed in joules. Any fuel - -  such as paraffin, 
methane, starch, pork, or b e a n s -  can be placed in the bomb calorimeter. A spark 
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FIGURE 5.17 Agricultural worker wearing a portable respirometer. 

ignites the fuel. The fuel rapidly and completely burns in the oxygen atmosphere, 
producing carbon dioxide and water. The water jacket surrounding the combus- 
tion chamber absorbs the heat released from the combustion. The rise in tempera- 
ture of the water and the amount of energy released from the test food are related 
by the following definition: One kilocalorie (4.184 kJ) is the amount of heat neces- 
sary to raise I kg of water by 1~ 

The technique of bomb calorimetry has revealed that complete combustion of 
1 g of glucose results in the discharge of 15.9 kJ, and complete combustion of I g 
of fat results in the discharge of 38 kJ. A diagram of a bomb calorimeter is shown 
in Figure 5.18. Use of the chemical considerations outlined at the beginning of this 

i 

Thermometer 

Combustion chamber 

Water jacket 

Insulation 

FIGURE 5.18 Bomb calorimeter. The cartoon depicts ignition of a dried food sample in 
the bomb calorimeter. 
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FIGURE 5.19 Data from oxygen consumption measurements and RQ calculations can be 
used to determine the internal energy fuels being used. 

chapter can reveal the amount (moles or liters) of 0 2 consumed per gram of fuel 
combusted. 

Combination of all of the preceding material leads to values for the amount of 
energy discharged per liter of oxygen consumed when glucose is combusted: 21 
kJfliter of 02. The preceding information can also be used to calculate the amount 
of energy discharged per liter of oxygen consumed when fat is combusted: 19.5 
kJ/liter of 02. In periods when the body has an RQ of 1.0, it can be inferred that each 
liter of oxygen consumed represents the burning of 21 kJ in the body. In periods 
when the body has an RQ of 0.7, it can be inferred that each liter of oxygen 
consumed represents the burning of 19.5 kJ. In periods of rest or work when the 
RQ is between 0.7 and 1.0, Figure 5.19 may be used to calculate the energy 
expenditure from the rate of oxygen consumption. 

The amount of energy expended by the body varies from about 19 to 21 kJ/liter 
of oxygen consumed by the body. For orientation, one might recall that nearly all 
of the oxygen in the body is consumed in a reaction catalyzed by cytochrome 
oxidase. Because of the small difference in energy expended per liter of 02 con- 
sumed with different types of energy metabolism, a shortcut can be used. This 
shortcut consists of measurement only of the amount of 02 consumed, while 
ignoring the amount of CO2 produced and assuming that each liter of 02 con- 
sumed is equivalent to about 20 kJ. 

The methods described for measuring the rate of 02 consumed by the body~ 
correlating it to the energy released and oxygen consumed in the bomb calorime- 
ter, and calculating the amount of energy consumed by the body constitute indi- 
rect calorimetry. It is called "indirect calorimetry" because the amount of energy 
consumed by the body is measured only indirectly; the calculation was dependent 
on data from the complete combustion of glucose and fat in the bomb calorimeter. 
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D I R E C T  C A L O R I M E T R Y  

The energy expenditure of an animal or human may also be determined by the 
method of direct calorimetry. Direct calorimetry requires the use of an insulated 
room, chamber, or suit for the human or animal. The enclosure contains a water 
jacket. The water passes from one end of the jacket to the other, maintaining the 
room, chamber, or suit at a constant temperature. The temperature of the water 
leaving the jacket is used to calculate the energy expended by the subject. The 
principles behind the use of the chamber are identical to those behind the use of 
the bomb calorimeter. The major difference is that in bomb calorimetry combus- 
tion is catalyzed by a small spark. In addition, in the bomb calorimeter oxygen is 
present at a high pressure to facilitate combustion. With direct calorimetr~ com- 
bustion is catalyzed by enzymes. This combustion proceeds more slowly than that 
catalyzed by a spark, and the temperature of the subject does not increase much 
over the normal resting body temperature with the various activities. 

Figure 5.20 illustrates the general principles behind direct calorimetry. The 
subject (an animal or human subject) resides in the calorimeter and engages in a 
number of activities, such as sleeping, resting, and exercising. The rise in tempera- 
ture in the surrounding water jacket during a given period is used to calculate the 
energy discharged (fuel oxidized) during that period, as in direct calorimetry. 

The methods of indirect and direct calorimetry may not always result in the 
same values for energy expenditure. Indirect calorimetry is a measure of the heat 
produced by oxidative processes. Direct calorimetry measures the rate of dissipa- 
tion of heat from the body. An increase in the rate of heat production, as with 
exercise, may not always result in an immediate, measurable increase in heat 
released by the body (from the skin). Instead, the increase in heat production may 
result in a rise in body temperature. That part of the energy requirement used to raise 
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FIGURE 5.20 Direct calorimetry. The cartoon depicts an empty calorimeter, one containing 
a sleeping rat, and one containing an exercising rat. Data from temperature measurements 
can be used to calculate the energy requirement per unit of time during any sort of physical 
activity. In actual practice, the temperature of the calorimeter is maintained at a fairly 
constant temperature by water flowing through the insulating jacket. The rate of rise in 
temperature of the outflow water is measured and used to calculate the energy discharged 
per unit of time. 
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the b o d y  tempera ture  over its initial, resting tempera ture  can be detected by  
indirect calorimetry, but  not  by  direct calorimetry. To obtain an accurate value for 
energy expendi ture  wi th  exercise using the me thod  of direct calorimetry, one 
w o u l d  have to continue measuring heat output until the body reached its original, resting 
temperature (Jequier, 1987). When  the b o d y  tempera tures  immedia te ly  pr ior  to and  
after the interval of interest are identical, the methods  of indirect and  direct 
calorimetry should  yield nearly identical values. 

METABOLIC RATE 

Calorimetric methods  were  used for de termining the recommended daily al low- 
ances (RDAs) for food energy (Table 5.5). The energy expended  dur ing  typical 
daily activities (Table 5.6) was  totaled and  used to calculate the RDAs for persons 
of var ious ages (Table 5.5). RDAs were  calculated for light or modera te  activities. 
Those w h o  are immobi le  should  consume less food energ~ and those wi th  physi-  
cally s t renuous occupations should  consume more  food energ}~ to remain in 
energy balance. The reference point  in address ing the energy needs of an individ- 

TABLE 5.5 Recommended Daily Energy Intake for Persons with Lightly to Moderately 
Active Lifestyles Having the Median Weight and Height for the U.S. Population 

, ,  

Weight Height 
Age Energy needs 

Category (years) kg lb cm in. (kJ/day) 

Infants 0-0.5 6 13 60 24 2720 
0.5-1.0 9 20 71 28 3556 

Children 1-3 13 29 90 35 5439 
4-6 20 44 112 44 7531 
7-10 28 62 132 52 8368 

Males 11-14 45 99 157 62 10460 
15-18 66 145 176 69 12552 
19-24 72 160 177 70 12133 
25-50 79 174 176 70 12133 
51+ 77 170 173 68 9623 

Females 11-14 46 101 157 62 9205 �9 
15-18 55 120 163 64 9205 
19-24 58 128 164 65 9205 
25-50 63 138 163 64 9205 
51+ 65 143 160 63 7950 

Pregnancy 1st trimester +0 
2nd trimester +1255 
3rd trimester +1255 

Lactation 1st 6 months +2090 
2nd 6 months +2090 

Source: Food and Nutrition Board (1989). 
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TABLE 5.6 Approximate Rates of Energy Expenditure for Various Activities 

Activity 
Tunes greater 
than the BMR 

Lying at rest 1.0 
Very light: typing, driving, painting, sewing, cooking, playing cards 1.5 
Light: walking on a level surface, carpentry, house cleaning, golf, ping-pong 2.5 
Moderate: garden work, tennis, carrying heavy boxes, dancing (country dancing 5.0 

or clogging) 
Heavy: carrying heavy boxes uphill, chopping down trees, digging a deep hole, 7.0 

basketball, football 

Source: Food and Nutrition Board (1989). 

ual is the basal metabolic rate (BMR). The BMR is measured under  s tandard 
conditions. Another  reference point  is the resting metabolic rate (RMR). The RMR 
is measured under  resting conditions within an hour  or a few hours of consuming 
a meal. The RMR is somewhat  higher than the BMR but  is more variable. It is more 
convenient to measure the RMR than the BMR when  surveying populations. 

The basal metabolic rate (BMR) is the rate of use of the body ' s  energy stores. 
The BMR is determined while at rest after an overnight fast. Generall~ the BMR 
is determined soon after awakening and 14 hours after the last meal. The BMR is 
fairly constant over the course of a da~ as illustrated in Figure 5.21. These data are 
from a s tudy of a human  subject. Respiratory gas samples were taken at various 
intervals and used for 02 and CO2 analyses. The results of the analyses were used 
to calculate the rate of 02 consumption,  the RQ, and the metabolic rate at the 
indicated times. The results demonstra te  that the BMR during the first hour  of rest 
was about  190 kJ/hr. 
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FIGURE 5.21 Basal metabolic rate. (Redrawn with permission from Left et al., 1987.) 
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EXERCISE 
The rate of energy consumption of an aerobic tissue is roughly proportional to its rate of 
oxygen consumption. What is the rate of energy consumption of resting muscle compared 
with exercising muscle? 

EXERCISE 
Skeletal muscle represents about 40% of the mass of an adult 70-kg man. Imagine that the 
man spent I to 2 hours per day in strenuous exercise and engaged in sedentary activities 
for the remainder of the day. Comment on the difference in the expected energy require- 
ments of a sedentary person and a person who exercises I to 2 hours per day. 

EXERCISE 
Express the BMR of the subject in the preceding study (see Figure 5.21) in watts. 

The metabolic rate changes under different conditions. For example, in 
the event that the subject falls asleep during an attempt to measure the BMR, 
the metabolic rate may fall by 10%, as reflected by a decrease in the rate of 
02 consumption. An increase of about 30% may occur when changing from a lying 
to a standing position. An increase of 5 to 10% may occur shortly after consump- 
tion of a meal. This increase is called the specific dynamic action of the food. It 
is due to the mobilization of energy from the body's stores for the secretion of 
gastric acid and pancreatic juices. The metabolic rate can change quite dramati- 
cally with physical activity, as shown in Table 5.6. The metabolic rate changes with 
aging, as reflected in changes in the energy requirements for persons of different 
ages (Table 5.5). 

DOUBLY LABELED WATER T E C H N I Q U E  FOR D E T E R M I N I N G  
ENERGY EXPENDITURE 

The use of direct calorimetry is not a convenient technique, since it requires a 
specially constructed room and the confinement of human subjects for a day or 
longer in the room. The doubly labeled water technique offers a convenient 
alternative, providing that one has a machine to perform isotope ratio mass 
spectrometry. The doubly labeled water technique is used to measure the rate of 
total CO2 production in the body. This number alone is not sufficient to allow one 
to calculate the total energy expenditure. But the value for CO2 production (moles 
CO2/day), along with the RQ, allows one to calculate the oxygen consumption 
using the following formula: 

Moles of 02 = [moles CO2 produced]/[RQ] 

A knowledge of 0 2 consumption and RQ can be used to calculate the total amount 
of megajoules expended per day; as outlined earlier in this chapter. 

The RQ can be determined directly, by taking breath samples during the course 
of the day. However, this method of determining the RQ is confining, and defeats 
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the advantage of the doubly labeled water technique, that is, the fact that subjects 
can engage in their usual daily activities without being confined. Alternatively, the 
RQ (of the human subject) can be estimated by determining the food quotient. In 
this way; analysis of samples of food can be used to estimate the RQ values of 
human subjects. One might ask, "Why not determine human energy expenditure 
simply by using a bomb calorimeter and measuring the energy content of the food 
itself?" This method would work, but it would be imprecise, due to difficulties in 
tabulating the exact quantities of food consumed, by free-living subjects, over the 
course of several days. 

The doubly labeled water method is used to determine the moles of CO2 
produced as follows. The human subject drinks a known quantity of deuterated 
water (2H20) and oxygen-18 labeled water (H2180). Hydrogen-2 is deuterium. 
Samples of blood are taken every day for a week. The amount of deuterium and 
oxygen-18 found in aliquots of blood are measured in each of the samples. The 
rates of loss of deuterium (hydrogen-2) and oxygen-18 over the course of the one 
week study are then calculated. The hydrogen-2 can leave the body as water in the 
urine, or as vapor from the lungs. This fractional rate is called "K2." The oxygen-18 
can escape in two totally different guises, i.e., as the water in urine or lung vapor, 
or as carbon dioxide from the lungs. This fractional rate is called "K18." 

The value of K18 must be greater than the value of K2, since K18 represents the 
oxygen escaping from the body as water and the oxygen escaping from the body 
as CO2. K2 only represents the oxygen escaping from the body as water. 

Subtraction is then performed. This subtraction (K18- K2) yields the fractional 
rate of loss of H 2180 that is due to escape in the form of carbon dioxide. The value 
of (K18 - K2) represents the rate of loss of H2180 due to total CO2 production and 
total body CO2 loss from the lungs. Please note that carbon dioxide contains two 
oxygen atoms, but that water contains only one oxygen atom. Because of this, (K18 
- K2) represents the fractional loss of water, but [(0.5) (K18 - K2)] represents the 
fractional loss of carbon dioxide. 

The fractional loss of carbon dioxide in an aliquot of blood is not really the 
number that we are pursuing. We are really interested in a value for the rate of 
production (same value as the rate of loss) of total CO2 in the entire body. The rate 
of production of total CO2 in the body is 

(N) (0.5)(K18- K2) 

where N is the total body water in moles. 

Total Body Water 

Total body water is calculated by comparing the specific activity of the oxygen-18 
in the sample of H2180 used for dosing, with the specific activity of the oxygen- 
18 in the sample of bodily fluid (in a blood sample taken 4 hours after drinking 
the H2180 (Goran et al., 1994). For example, imagine that 100% of the oxygen in the 
100-ml swallowed dose of water is oxygen-18. Also, imagine that oxygen-18 was 
found to account for only 1/100th of the oxygen in the sample of bodily fluid. One 
can use these numbers to calculate that the total body water is 100 x 100 ml = 10 
liters. 
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Equilibrium of Total Body Water with C02 in Bodily Fluids 

An equilibrium that occurs in the body is shown in the following. The oxygen-18 
introduced into the body as H2180 is shown, in the equilibrium, to become rapidly 
incorporated into the carbon dioxide that is dissolved in the bodily fluids. The CO2 
(C160160) that is produced in the body via the Krebs cycle is not expected to 
contain any oxygen-18. However, one would expect an equilibrium to be reached 
between this CO2 within moments, because of the action of carbonic anhydrase. 

Injection Krebs cycle Sample of blood assayed for 
~ ,,~ oxygen-18 in the CO 2 

H2180 + 0160160 ~ H2160 + 0160180 

Please view an imaginary example to help understand how changes in the body's 
production of CO2 can result in a change in the amount of C160180. Imagine that 
one could step up one's oxidation of fat in the mitochondria. The increased CO2 
would act to dilute the oxygen-18 in the H2180, and thus sweep out the body's 
H2180 at a greater rate. In this way; the researcher looking at changes in the amount 
of water that contains oxygen-18, with repeated samplings ofblood, can acquire a 
value for the total body's production of CO2. 

Using the value for CO2 production (moles CO2/day) and the RQ, the rate of 
oxygen consumption can be calculated using the formula 

Moles of 02 = [moles C02 produced]/[RQ] 

The doubly labeled water technique measures  CO 2 production, and not 02 pro- 
duction. Because the heat created per mole of expired CO2 differs between the 
three major fuels (carbohydrate, fat, protein), the calculation of energy expenditure 
requires a knowledge of the i~temal fuel being oxidized. Thus, the doubly labeled 
water technique, coupled with information from RQ measurements, may be used 
instead of the method of indirect calorimetry (using an insulated chamber to 
measure heat production) to determine total energy production over the course of 
several days. 

Since the doubly labeled water technique can be used to determine total body 
water, the method can be used to estimate the fat-free mass, as defined in the 
Obesity chapter. In brief, with a knowledge of the amount of total body water, and 
the assumption that normal subjects have a fat-free mass that is about 73% water, 
one can calculate the amount of fat-free mass. Further details are in the Obesity 
chapter. 

ISSUES IN ENERGY N U T R I T I O N  

The study of energy nutrition is highlighted by a number of interesting issues, such 
as obesity, lactation, and diseases of the thyroid gland. One aspect of obesity is the 
question of the energy cost involved in the formation of energy stores. Deposition 
of various nutrients into energy stores requires the expenditure of energy. Energy 
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is required for the synthesis of glycogen and triglycerides. The energy cost of 
depositing dietary fats into adipose tissue is relatively low; the energy used for 
this process is equivalent to about 3.0% of the total amount of energy contained in 
the triglyceride. The cost of depositing dietary carbohydrates as glycogen is 
equivalent to about 7.0% of the energy contained in the carbohydrate. The energy 
cost of converting dietary carbohydrate to triglycerides is, however, relatively 
high; it is equivalent to about 23% of the energy of the carbohydrate (Sims and 
Danforth, 1987). These figures indicate that a person desiring to build up his or 
her stores of fat could more efficiently do so by consuming excessive amounts of 
fat rather than excessive amounts of glucose. The mechanisms that control the 
three major fates of ca rbohydra te s -  immediate use for oxidation, glycogen 
synthesis, and fat synthesis m are of obvious interest to the nutritionist. 

Of particular interest are the energy requirements for pregnancy and lactation. 
The energy requirements during these two periods are increased by about 14 and 
23%, respectively (Table 5.5). Food consumed is used directly for the synthesis of 
new maternal and fetal tissues, is oxidized to provide energy for the increase in 
biosynthetic activity, and is used for the deposition of maternal fat. The total 
weight gain of a woman during pregnancy may be about 11 kg. The infant 
represents about one-third (3.3 kg) of this weight gain. The increase in maternal 
fat stores may also be about 3.3 kg (King, 1985). This amount of fat represents 
125,000 kJ (30,000 kcal) of energy. 

The increase in the energy requirement during lactation is 2090 kJ/day (500 
kcal/day). The energy content of the milk produced per day is about 2400 kJ. The 
typical volume of milk produced is 800 ml/day. As measured in the bomb calo- 
rimeter, the energy content of milk is about 300 kJ per 100 ml, yielding a value of 
2400 kJ/day. One might expect, in addition, the need for more energy to support 
the biosynthetic and secretory events in the lactating breast. How is it possible that 
the consumption of the recommended energy supplement is 2090 kJ/day can 
support the production of milk containing 2400 kJ, mainly in the form of the 
triglycerides in milk globules? One might also wonder about the origin of the extra 
energy needed to support biosynthesis and secretion of the milk. The answer to 
this question is simple. Apparent136 the extra fat deposited during pregnancy is 
mobilized during lactation to provide about 800 kJ/day (Prentice and Prentice, 
1988). 

Diseases of the thyroid gland are also of interest to those studying energy 
metabolism. The BMR was once commonly used in the diagnosis of diseases 
involving the thyroid gland. At present, the measurement of plasma thyroid 
hormone levels is the diagnostic technique of choice. Persons with hypothyroid- 
ism have BMRs ranging from 60 to 80% of the normal value. Those with hyper- 
thyroidism usually have BMRs from 120 to 150% the normal value. Hyperthyroid- 
ism results in an abnormally high rate of fuel oxidation and heat production. The 
BMR is sometimes used in evaluating a patient's response to antithyroid drugs or 
to replacement therapy with thyroid hormones (Becker, 1978). For example, a 
person with hypothyroidism may be given replacement therapy with thyroid 
hormone. Analysis of plasma thyroid hormone levels may reveal that the therapy 
resulted in normal levels of the hormone; however, it would not reveal if the 
person's metabolism was corrected by the treatment. Measurement of the BMR 
would provide this information. 
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EXERCISE 
Do you think that the rate of energy oxidation of energy fuels in an infant is increased by 
5, 50, or 500% when crying? (See Muffin et al., 1925. 
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LIPIDS 

OVERVIEW 

Dietary lipids are used as an 
energy source, as a structural 
component  in the membranes  
of cells, as structural compo- 
nents of a small fraction of the 

proteins in the cell, and, in the case of choles- 
terol, for the synthesis of detergents that facili- 
tate digestion and absorption of dietary lipids. 
Unlike most  other nutrients, lipids are distin- 
guished by their occurrence as energy storage 
deposits (fat), which are tapped during the 
course of the day; and which can allow sur- 
vival for many  weeks wi thout  eating food. 

The simplest topic covered in this chapter is 
that of choline, a compound  with a 2-carbon 
backbone, which occurs in the diet and in the 
body  mainly in the form of the structural lipid 
phosphatidylcholine. Choline is an issue in 
the metabolism of other lipids, namel~  of 
phosphatidylserine, phosphatidylethanola- 
mine, and sphingomyelin. Phosphatidylino- 
sitol is a lipid that has received enormous at- 
tention from cell biologists because of its role 
in transmitt ing signals within the cell. Sphin- 
gomyelin is a structural lipid in the plasma 
membrane,  but  it has received increased atten- 
tion because of its role in regulating the 
growth, differentiation, and death of cells. 
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Cholesterol is a structural lipid that is not required in the diet, since ample 
amounts are synthesized in the body. This lipid is a required component of most 
cells of the body. Cholesterol has received a great deal of attention in the nutritional 
and biochemical communities because of its strange metabolism in certain regions 
of the body; for example, the arteries that supply oxygen and other nutrients to the 
heart muscle. This unusual metabolism may result in the pathological accumula- 
tion of cholesterol in the artery wall, which gradually creates a sequence of defects 
that lead to atherosclerosis and cardiovascular disease. 

The topic of lipoproteins is the most complicated issue presented in this chap- 
ter. Lipoproteins are complexes of specific proteins and lipids. Each lipoprotein 
contains different proportions of various lipids. The constant component of any 
one type of lipoprotein is the protein; hence, the structure or function is described 
by first naming the protein. Lipoproteins are synthesized primarily in the intes- 
tines and liver and are secreted into the plasma, where their function is to transport 
various lipids. Lipoproteins are water soluble because of their outside coat of 
proteins and the hydrophilic phosphate groups of their phospholipids. This water 
solubility enables lipoproteins to transport the triglycerides and cholesteryl esters 
that reside within their cores. An understanding of lipoproteins is useful to indi- 
viduals interested in energy metabolism and essential to those concerned with 
cardiovascular disease. 

Various types of lipoproteins exist in the bloodstream. Two of these have 
entered the vocabulary of the layperson, where they are known by their initials. 
These two lipoproteins are the HDLs and LDLs. Both of these lipoproteins contain 
protein and cholesterol. The HDLs are said to contain "good cholesterol," whereas 
LDLs are said to contain "bad cholesterol." These terms are, of course, gross 
simplifications because the cholesterol in both LDLs and HDLs is absolutely 
essential for life. On the other hand, a high concentration of LDLs in the blood- 
stream is a risk factor for acquiring cardiovascular disease. The converse is true of 
HDLs. The LDLs act as biochemical taxicabs for transporting cholesterol from one 
part of the body to another. However, abnormally high levels of LDLs can some- 
times result in the pathological deposit of cholesterol in the arteries of the heart. A 
high level of HDL-cholesterol is associated with a lower incidence of cardiovascu- 
lar disease. HDLs act as biochemical vacuum cleaners to remove cholesterol from 
various organs of the body. Evidence suggests that increased concentrations of 
HDLs in the bloodstream can counteract the pathological deposit of cholesterol in 
the walls of arteries in the heart. 

When speaking about health, the terms "LDL" and "LDL-cholesterol" mean the 
same thing, and the terms "HDL" and "HDL-cholesterol" mean the same thing. 
But to the biochemist, the terms "LDL" and "HDL" mean a specific combination 
of proteins, cholesteryl esters, triglycerides, and phospholipid - -  and not just the 
cholesterol component. 

PHOSPHOLIPIDS 

The major components of cell membranes are proteins, cholesterol, lipids 
with a glycerol backbone, and lipids with a sphingosine backbone. The glycerol- 
based lipids are phospholipids with fatty acids esterified at the 1 and 2 posi- 
tions of the glycerol, and a molecule of phosphocholine, phosphoethanolamine, 
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TABLE 6.1 Phospholipid Composition of One Type of Plasma Membrane 
, , , ,  , , , 

Lipid Lipid (~tg)/protein (mg) 

Cholesterol 43 
Total phospholipid 180 
Phosphatidylcholine 90 
Phosphatidylethanolamine 45 
Phosphatidylserine 16 
Phosphatidylinositol 10 
Sphingomyelin 5 
Other phospholipids 12 

, , 

Source: Thi-Dinh et al. (1990). 

phosphoserine, or phosphoinositol at the 3 position. The sphingosine-based lipid 
sphingomyelin is also a phospholipid, since it contains phosphocholine. 

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the major 
phospholipids of cell membranes. Table 6.1 lists the amount of lipid in cell 
membranes, expressed as micrograms of lipid per milligram of membrane-bound 
protein. The membranes were isolated from cells of adipose tissue from rats that 
had been raised on a diet containing sunflower oil (100 g oil/kg diet) as the source 
of lipids. The diet was essentially free of cholesterol and phospholipids because 
plants do not contain cholesterol and the phospholipids of vegetable oils are 
removed during the refining process. 

PC can come from the diet or be synthesized in the body. Dietary PC is cleaved 
by a pancreatic enzyme, phospholipase B, that catalyzes hydrolysis of the fatty 
acid from carbon-2 (C-2) of the glycerol backbone. This hydrolysis produces a free 
fatty acid and 1-acyl-3-phosphocholine glycerol. The latter compound is called 
lysolecithin, because its parent compound PC is known as lecithin. Lysolecithin 
and the free fatty acid are absorbed by the enterocyte, converted back to PC, and 
then packaged into chylomicrons that are released into the lymphatic system. A 
small fraction of the choline derived from dietary PC enters the bloodstream as 
free choline. 

PC is synthesized in the body by two different pathways, the CDP-choline 
pathway (Figure 6.1) and the PE methylation pathway. Most of the enzymes of 
phospholipid biosynthesis are bound to the endoplasmic reticulum (ER), with 
their active sites facing or exposed to the cytosol. Choline kinase is cytosolic, but 
cytidylyltransferase is both cytosolic and of the endoplasmic reticulum. Regula- 
tion of the activity of the enzyme is thought to involve binding of the cytosolic 
enzyme to the surface of the ER, which activates the enzyme. Phosphocholine 
transferase is bound to the ER. Cytidine triphosphate (CTP) also is used in the 
biosynthesis of a variety of other phospholipids. The energy released by hydroly- 
sis of the phosphoanhydride linkages of CTP drives CTP-dependent reactions. 
Energy is released with the hydrolysis of the linkages between the phosphate 
groups of CTP, just as it is when ATP is hydrolyzed. 

The CDP-choline pathway to PC (Figure 6.1) occurs in a number of tissues, but 
the PE methylation pathway (Figure 6.2) occurs mainly in the liver and accounts 
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Choline 

Choline 
kinase 

Phosphocholine 

ATP ADP 

CTP:PC 
Cytidylyl- Phosphocholine- 

transferase transferase 
~ ~  CDP-choline f r  --~- PC + CMP 

CTP PPj Diacylglycerol 

2P~ 

FIGURE 6.1 Phosphatidylcholine (PC) synthesis by the CDP-choline pathwa3a First, 
choline is converted to phosphocholine; then the CMP moiety of CTP is transferred to 
phosphocholine to form CDP-choline. Cleavage of the pyrophosphate (PPi) produced by 
phosphatases markedly reduces its concentration in the cell and ensures that the reaction 
is driven in the forward direction. The phosphocholine moiety of CDP-choline then is 
transferred to diacylglycerol, generating PC. The total number of phosphate-phosphate 
bonds (phosphodiester bonds) broken in this pathway is three. This number determines 
the energy cost of PC synthesis. All cells containing a nucleus can make PC via the 
CDP-choline pathway. 

for 20-30% of the PC synthesized there. This reaction involves transfer of three 
methyl groups to the nitrogen of PE; the function of the methyl donor S-adenosyl 
methionine (SAM) is similar to that of CDP-choline, that is, just as the nucleotide 
moiety of CDP-choline is required for participation of choline in choline transfer 
reactions, the nucleotide moiety of SAM is required for involvement of the methyl 
group of methionine in methyl transfer reactions. 

PE can be synthesized by several pathways, including one that is dependent on 
CTP. The CDP-ethanolamine pathway shown in Figure 6.3 is similar in outline to 
the CDP-choline pathway of PC synthesis. The ethanolamine can originate from 
the diet or from catabolism of phosphatidylserine. PE also can be synthesized 
from phosphatidylserine (PS) by two different pathways. In the first, shown in 
Figure 6.4, an enzyme requiring calcium ions for activity catalyzes a "base ex- 
change" reaction. The second, shown in Figure 6.5, is catalyzed by the vitamin 
Bs-requiring enzyme, PS decarboxylase. The contributions to PE synthesis by the 

PE 

PE methyl- 
transferase 

3 SAM 3 SAH 

HO - "  CH2CH2-'- NH 2 Ethanolamine 

CH 3 

HO--- CH2CH2-'- - -  CH 3 Choline 
I 
CH 3 

FIGURE 6.2 Phosphatidylcholine (PC) synthesis by the CDP-ethanolamine pathway. 
Structures of ethanolamine and choline. The nucleotide moiety S-adenosyl methionine 
(SAM) is required to transfer the methyl group of methionine to phosphatidylethanolamine 
(PE) to form PC. In the process, SAM is converted to S-adenosyl homocysteine (SAH). The 
nitrogen atom of PC has four covalent bonds and is called a quaternary amine. It bears a 
positive charge that is not influenced by changes in the pH of the surrounding fluids. The 
PE methyltransferase pathway of PC synthesis occurs only in the liver. 
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CTP:PE 
Ethanolamine Cytidylyl- Phosphoethanolamine- 

kinase transferase transferase Ethanolamine S ~ =  Phosphoethanolamine -, ~ =  CDP-Ethanolamine - - y  = PE+CMP 

ATP ADP CTP PP, Diacylglycerol 

2 P~ 

FIGURE 6.3 Phosphatidylethanolamine (PE) synthesis by the CDP-ethanolamine path- 
way. 

PS ~-  . . . .  = PE 

Ethanol- Serine 
amine 

FIGURE 6.4 Phosphatidylethanolamine (PE) synthesis by base exchange. Calcium ion is 
required for catalytic activity. 

base exchange and PS decarboxylation pathways are minor compared to that by 
the CDP-ethanolamine pathway. The base exchange reaction is freely reversible. 
However, decarboxylation reactions generally are not reversible. Phosphatidyl- 
serine, a minor component of cell membranes, can be derived from the diet or it 
can be synthesized by the base exchange reaction depicted in Figure 6.4. A similar 
reaction involving PC also occurs. A CDP-serine pathway for PS biosynthesis has 
not been found, although a pathway for PS synthesis involving CDP-diacyl- 
glycerol occurs in microorganisms. 

The pathway shown in Figure 6.6 could generate unlimited supplies of PC in 
the body. Phosphatidylserine is not used up in this pathway because it is used only 
in catalytic amounts in the cycle of reactions. The 2-carbon skeleton of the choline 
of the PC generated originates from the carbons 2 and 3 of serine. This pathway is 
thought to be used for making fine adjustments in the phospholipid composition 
of the body; but does not operate at a sufficient rate to generate the required 
amounts of PC, the major phospholipid of the body. 

CDP-diacylglycerol is also part of the phosphatidylinositol (PI) synthesis path- 
wa3~ shown in Figure 6.7. The PI formed can be phosphorylated on the inositol 
group to produce phosphatidylinositol-4,5-diphosphate. This lipid is a minor 

PS 

PS Decarboxylase 
(mitochondrial) 

B6 ~ ~ .  PE 

CO 2 

FIGURE 6.5 Phosphatidylethanolamine (PE) synthesis by decarboxylation of phospha- 
tidylserine (PS). Vitamin B 6 is required for catalytic activity. 
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Ba~ 
exchange 

PE S ~ ~  Ethanolamine 

Serine PS 

J 
CO 2 

PE ~ ~  PC 

FIGURE 6.6 Phosphatidylcholine (PC) synthesis by phosphatidylserine (PS) decarboxyla- 
tion and base exchange. Serine serves as the source of the carbon skeleton of choline. 

component of the plasma membrane, but it plays a vital role in the transmission 
of some hormonal signals. 

C H O L I N E  A N D  E T H A N O L A M I N E  

Choline, supplied as dietary PC or as free choline, is required in the diet by rats. 
Although it has not been established that choline is required by humans, it is 
probably an essential nutrient and may; in the future, be classified as an essential 
amine or vitamin. Its possible requirement is a concern to clinicians feeding 
patients by total parenteral nutrition (TPN). In this type of feeding, which may 
be used for a year or longer, the patient is sustained intravenously with an 
artificial, chemically defined diet. The choline in foods occurs mainly as PC rather 
than as free choline. PC is a more desirable dietary component because, when free 
choline is consumed in large amounts, it is degraded by the gut bacteria to produce 
trimethylamine, an odoriferous compound (Magil et al., 1981). 

The concentrations of choline in various foods are given in Table 6.2. This 
nutrient occurs as free choline, PC, and sphingomyelin. Concentrations are ex- 
pressed on a molar basis, allowing direct comparison of choline levels, because 1 
mol PC or sphingomyelin contains I mol choline. 

Ethanolamine occurs in the diet mainly as PE, not as free ethanolamine. PC and 
PE are present in similar quantities in some foods. PE can be converted to PC in 
the liven Therefore, the PE normally present in the diet should reduce the require- 

1, 2-diacyl-3-phospho-glycerol 
(Phosphatidic acid) S 

~ , ~ =  CDP-diacylglycerol 

CTP PPi 

1 
2 Pi 

F 
Inositol 

FIGURE 6.7 Phosphatidylinositol synthesis. 

- ~  PI + CMP 



Choline and Ethanolamine 317 

TABLE 6.2 Content of Free and Bound Choline in Foods 

Approximate choline content (gmol/kg food) 

Food Choline Phosphatidylcholine Sphingomyelin 

Apple 27 280 15 
Banana 240 37 20 
Beef liver 5831 43500 1850 
Beef steak 75 6030 506 
Butter 42 1760 460 
Cauliflower 1306 2770 183 
Coffee 1010 15 23 
Corn oil 3 12 5 
Egg 42 52000 2250 
Human milk 200 200 200 
Lettuce 2930 132 50 
Orange 200 490 24 
Peanut butter 3895 3937 9 
Whole wheat bread 968 340 11 

Source: Zeisel (1990). 

ment for PC, although this possibility does not appear to have been tested by 
researchers. The significance of the PS decarboxylation/base exchange cycle in 
supplying the body's need for choline and ethanolamine is not known. 

Choline Deficiency 

The effects of choline deficiency can be demonstrated easily using animals. One of 
the earliest is a fatty liver. Feeding rats a choline-free diet for 1 day doubles the 
fat (triglyceride) content of their livers. Rats that survive the continued consump- 
tion of such diets can accumulate over 50 times the normal level of hepatic fat. This 
condition results from impairment of the normal secretion of fat-containing pro- 
teins by the liven These proteins, called lipoproteins, consist of a large core of 
triglycerides (TGs) coated with a thin shell of phospholipid and protein. 

One explanation of these results is that choline deficiency causes production of 
lipoproteins with abnormal structures, which results in an inability of the liver to 
export TGs to the bloodstream. Another theory is that choline deficiency produces 
defects in the structure of the endoplasmic reticulum, the network of tubules used 
for the synthesis of proteins and protein complexes destined for secretion from the 
cell. The membrane walls of the ER consist of phospholipids. Because all mem- 
branes contain phosphatidylcholine, a choline deficiency might be expected to 
result in defects in all membranes of the body; including those of the ER. 

Electron microscopy studies have revealed that choline deficiency results in 
disorganization of the structures of the ER and of the Golgi, a small organelle 
required for the secretion of proteins from the cell. Proteins destined for secretion 
are synthesized in the ER. Most such proteins are modified by covalent attachment 
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of oligosaccharide chains before transfer to the Golgi, where the structures of the 
oligosaccharide chains may be altered by the addition or subtraction of sugar 
residues. Then the proteins are packaged in secretory vesicles and leave the Golgi. 
These secretory vesicles travel to, then fuse with, the plasma membrane to release 
their contents into the bloodstream. Lombardi (1971) showed that choline defi- 
ciency produced defects in the structure of the ER and Golgi, a 50% decrease in the 
amount of PC in the ER, and an impairment in the secretion of a number of 
different proteins. 

Lombardi and colleagues (1968) studied the uptake of fatty acids by the liver, 
packaging as TGs in lipoproteins, and release back into the bloodstream of fatty 
acids in choline-sufficient and choline-deficient rats. This study involved injection 
of a radioactive fatty acid (tagged with 14C) into a blood vessel. After a 30-minute 
waiting period, the lipoproteins of the plasma were analyzed. The appearance of 
radioactivity in the lipoproteins was impaired in the deficient rats. This experiment 
is illustrated in Figure 6.8. Additional material on the lipoproteins is presented 
later in this chapter. 

Choline deficiency produces renal as well as hepatic damage. This damage 
takes the form of degeneration of the renal tubules and bleeding, which may lead 
to death of the animal within 1 week of feeding the diet (Keith and Tryphonas, 
1978). Under certain conditions, the liver and kidneys develop scar tissue. Cirrho- 
sis is a term used to describe the conversion of normal tissues to scarlike fibrous 
tissues. 

J O Exiting blood 
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FIGURE 6.8 Packaging of fatty acids by the liver. (1) The radioactive fatty acid is injected 
into a vein and enters the cells of the liver. Most of the cells of the liver manufacture 
lipoproteins (circles). (2) Fatty acids in the liver, including the injected radioactive fatty 
acid, are converted to triglycerides and packaged into the lipoproteins. (3) Lipoproteins are 
secreted continuously by the liver into the bloodstream. Most of the lipoproteins in the 
blood have been in the circulatory system for several hours. Blood sample removal after 
various time periods following injection of the radioactive tracer facilitates generating a 
minute-by-minute picture of the secretory processes, both in normal animals and in those 
that are choline deficient. 



Choline and Ethanolamine 319 

Choline O 
+ acetyltransferase II + 

Ho ---CH2CH2--- N(CH3) 3 , ~  ~ CH3C - - -  O - - -  CH2CH~--- N(CH3) 3 

Acetyl- Coenzyme A 
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FIGURE 6.9 Synthesis of acetylcholine. 

Acetylcholine 

A very small fraction of the body's  choline is used to synthesize the neurotrans- 
mitter acetylcholine by the pathway outlined in Figure 6.9. Acetyl coenzyme A acts 
as a donating agent in the transfer of the acetyl group to choline. Acetylcholine is 
stored in secretory vesicles located in nerve cells in the region known as the nerve 
ending, where the nerve contacts a muscle fiber. The arrival of an electrical impulse 
at the nerve ending provokes fusion of the vesicles with the plasma membrane, 
which results in release of acetylcholine into the extracellular fluid in the synaptic 
cleft. The acetylcholine diffuses to receptors in the membrane of the muscle cell, 
causing electrical impulses to travel along the muscle cell. The electrical impulses 
that travel along the nerve cells are chemically and electrically similar to those that 
travel along muscle cells. The role of acetylcholine as an intermediary in the 
stimulation of muscle cells by nerve cells is outlined in Figure 6.10. 

N~176 
. . . . . .  O| 

of muscle cell 

FIGURE 6.10 The neuromuscular junction. The region of contact between one nerve and 
another nerve, or between a nerve and a muscle cell is called a synaptic cleft. The secretory 
vesicles are represented by circles in which acetylcholine is represented by dots. The nerve 
impulse provokes the entry of calcium ions (not shown) from the extraceilular fluid into 
the nerve cell. Calcium ions act as a signal that stimulates the fusion of vesicles with the 
plasma membrane, releasing acetylcholine into the extracellular fluid. Acetylcholine binds 
to membrane-bound proteins (acetylcholine receptors) on the plasma membrane of the 
muscle cell, resulting in stimulation of the muscle cell. Acetylcholinesterase of the 
neuromuscular junction catalyzes the destruction of acetylcholine in the moments after 
transmission of the nerve impulse. The enzyme is extracellular and is bound to proteogly- 
can, a molecule of extracellular matrix. 
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INFLUENCE OF DIETARY FATS O N  P H O S P H O L I P I D S  
IN THE BODY 

Dietary fats and oils are important for several reasons. They are excellent sources 
of energy and generally supply at least 30-40% of the body's energy requirement. 
They contribute to the palatability of the diet. A diet consisting solely of protein 
and carbohydrate would not be accepted readily by most persons. Dietary fats and 
oils are deposited in adipocytes for storage as triglycerides and in membranes as 
structural phospholipids. Adipocytes, the major cell type of adipose tissue, are 
found in other organs also. Phospholipids are structural elements of plasma mem- 
branes and membranes of the various organelles. 

Dietary triglycerides (TGs) are packaged into chylomicrons in the enterocyte 
and delivered to the circulatory system via the thoracic duct. Normall~ the lacteals 
and thoracic duct contain a clear, yellowish fluid. After a fat-containing meal, 
however, they are filled with an opaque white liquid that contains chylomicrons 
laden with TGs. A rise in the plasma concentration of chylomicrons can be detected 
after a meal of fat or oil by assays for particulate matter or for one constituent of 
the chylomicrons, the TGs. The rise in chylomicron concentration usually is fol- 
lowed by a fall to very low basal concentrations. However, defects in the mecha- 
nisms that facilitate this decline are revealed when the levels of particulate matter 
or of plasma TGs remain elevated. These defects, which can present a serious 
health risk, are illustrated by data from patients suffering from hypertri- 
glyceridemia. (The prefix "hyper" means higher than normal; "hypo" means 
lower than normal.) 

Fatty acids are classed as short chain, medium chain, or long chain. Short-chain 
fatty acids are 2-6 carbon atoms long. One such acid, acetic, is designated 2:0 
because it is 2 carbons long and contains no double bonds. Medium-chain fatty 
acids are 8 to 12 carbons long. Long-chain fatty acids are 14-24 carbons long. 
Palmitic acid, a long-chain fatty acid, is designated 16:0 because it contains 16 
carbons and no double bonds. Oleic acid (18:1) contains 18 carbons and I double 
bond. Linoleic acid (18:2) contains 18 carbons and 2 double bonds. 

The nature of a fatty acid influences its fate. Short- and medium-chain fatty 
acids tend to be oxidized immediately to carbon dioxide, rather than deposited as 
TGs or phospholipids. The presence of double bonds ("unsaturations") in long- 
chain fatty acids influences the immediate fate of the acid. Some evidence suggests 
that unsaturated fatty acids, such as 18:2, tend to be oxidized at a slightly faster 
rate in the hours following a meal than saturated fatty acids, such as 18:0 (Jones et 
al., 1985; Jones and Schoeller, 1988). More specifically; about 2% of a test meal of 
18:0 may be oxidized in the 9 hours following ingestion, whereas about 10% of a 
test meal of 18:2 may be oxidized in the same period. The mechanisms that 
influence the fates of unsaturated and saturated fatty acids are only beginning to 
be understood. 

The nature of the fatty acids in the TGs stored in adipose tissue and those in the 
phospholipids in membranes can be influenced by the diet. The rat study reported 
in Table 6.3 assessed the plasma membranes of the liver. Diets containing 10% oil 
or fat by weight were fed to young and rapidly growing rats. Rapidly growing 
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TABLE 6.3 Effect of Diet on the Fatty Acid Content of Plasma Membrane Phospholipids 
. . . . . . .  , . . . . . . . .  m 

Diet content (10% lipid) Membrane fatty acid content 

Fatty acid Corn oil Butterfat Corn oil diet Butterfat diet 

12:0 0 3.7 0 0 
14:0 0 12.6 0 0 
14:1 0 1.5 0 0 
16:0 10.7 33.3 24.2 27.5 
16:1 0.2 2.2 1.7 3.5 
18:0 1.5 12.8 16.7 19.0 
18:1 25.2 28.2 15.0 22.3 
18:2 62.4 3.4 15.6 5.0 
20:4 0 0 19.3 12.9 
22:5 0 0 1.9 0.3 
22:6 0 0 2.1 5.4 

Source: H a m m  et al. (1988). 

animals are influenced more by changes or deficiencies in their diets than are adult 
animals. After 4 weeks on the test diet, the livers of the rats were removed and the 
plasma membranes isolated for analysis. The fatty acids present in the dietary TGs 
and in the membrane phospholipids are listed in Table 6.3. 

Several observations can be made. One of the major fatty acids of butter is 14:0. 
Obviously~ this fatty acid was not incorporated into the phospholipids of the 
membrane. Fatty acids with 14 carbons were essentially absent from the mem- 
branes. The food lipids did not contain long-chain fatty acids of 20 or 22 carbons; 
however, the membranes contained substantial amounts of these acids. For exam- 
ple, about 20% of the fatty acid content of the membranes of the corn oil-fed rat 
was 20:4. 

Certain lipids, although present in the diet, may not be incorporated into 
membranes. However, other lipids that are present from the diet may be present. 
A closer look at the data reveals a striking difference in the 18:2 content of the 
membranes. The 18:2 content of corn oil is 18 times greater than that of butterfat. 
However, the 18:2 content of the membranes of the corn oil-fed rats was not 18 
times greater than that of the membranes of butterfat-fed rats, but  was only about 
three times greater. This result indicates that dietary fat can influence the compo- 
sition of membranes, but an extreme change in the diet may result in only a 
moderate change in the membrane. 

Other changes should be noted. The data in Table 6.3 show that the 20:4 
membrane content is greater with corn oil feeding. This increase results from the 
fact that animals can convert 18:2 to 20:4. The data also demonstrate that, when 
greater amounts of 18:2 are present in the diet, greater amounts of 20:4 accumulate 
in the membranes. The explanation for this result is that animals cannot synthesize 
18:2. This fatty acid must  be supplied in the TGs or phospholipids of the diet. 
Conversion of 18:2 to 20:4 involves the addition of a 2-carbon group and introduc- 
tion of two additional double bonds into the molecule. The responses of mem- 
brane lipids to the diet as specified in Table 6.3 are similar (although not identical) 
to changes found in other studies. 
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SPHINGOSINE-BASED LIPIDS 

Sphingosine-based lipids contain a backbone of sphingosine to which a fatty acid 
and, in some cases, phosphocholine, a monosaccharide, an oligosaccharide, or a 
sulfate group are attached. Sphingosine-based lipids have names that reflect struc- 
tures of the nervous system. A sphingosine-based lipid that contains phospho- 
choline is called sphingomyelin (SPM) and is considered a phospholipid. Myelin 
is the lipid coating that covers nerves. If the lipid contains a monosaccharide, it is 
called a cerebroside. Cerebral means "pertaining to the brain." If the lipid contains 
an oligosaccharide consisting of a number of different sugars including sialic acid, 
it is called a ganglioside. A ganglion is a special type of nerve cell from which 
nerve fibers branch. 

Sphingosine-based lipids are not present just in the nervous system. They are 
components of the plasma membranes of most cells and are involved in regulation 
of cell growth, cell-to-cell adhesion, and transmission of signals from an outside 
stimulus to the interior of the cell. The study of these lipids has been complicated 
by the fact that they exist in over 100 forms in mammalian tissues. 

Biosynthetic Pathway for Sphingolipids 

The biosynthetic pathway for the sphingolipids lipids uses readily available com- 
ponents such as serine, palmitic acid, and a variety of sugars. The initial three steps 
(Figure 6.11) are catalyzed by enzymes that utilize cofactors made from three 
vitamins (B6, niacin, and riboflavin). The required cofactors are pyridoxal phos- 
phate, NADPH, and FAD, respectively. As shown in Figure 6.12, sphingosine can 
be modified by a long-chain fatty acid, donated by acyl CoA, to yield ceramide. 
Ceramide can be further modified to sphingomyelin by donation of a phospho- 
choline group from phosphatidylcholine. Ceramide can also be modified to pro- 
duce cerebrosides, gangliosides, or sulfated gangliosides. 

Sphingolipids in Food and Milk 

Sphingosineobased lipids do not appear to be required in the diet. They are 
catabolized in the body and provide only a minimal amount of the energy require- 
ment. Dietary SPM is a valuable source of choline. The sulfated gangliosides are a 
source of sulfate, although sulfate is not required in the diet. Beef contains about 
13 g PC per kg meat and nearly the same amount (9 g/kg) of SPM (Weihrauch and 
Son, 1983). The corresponding figures for chicken breast (4 g PC/kg; 0.5 g 
SPM/kg) and for tuna muscle (1.6 g PC/kg; 2.1 g SPM/kg) are lower than for beef. 
Hen eggs contain about 27 g PC/kg and 0.8 g SPM/kg. Essentially all the lipid of 
eggs is found in the yolk rather than in the white. 

Human milk contains about 38 g lipid/kg, nearly all in the form of TGs. 
Approximately 0.25% of the lipids of the fat globule of milk are phospholipids, 
about one-third each of phosphatidylcholine, phosphatidylethanolamine, and 
sphingomyelin. Triglycerides make up the bulk of the milk globule, forming its 
core, whereas phospholipids coat the surface. The sphingomyelin of milk has 
very-long-chain fatty acids 20, 22, or 24 carbons in length bound to its amino 
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FIGURE 6.11 The sphingosine biosynthetic pathway. As is the case for most biochemical path- 
ways, this pathway utilizes several cofactors that are made from vitamins. The vitamins pan- 
tothenic acid, vitamin B6, niacin, and riboflavin are used to make the cofactors indicated in the 
figure. 
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FIGURE 6.12 The biosynthetic pathway for sphingosine-based lipids. Sphingosine can be modi- 
fied by a long-chain fatty acid, donated by acyl-CoA, to yield ceramide. Ceramide can be modified 
further to sphingomyelin by donation of a phosphocholine group from phosphatidylcholine. 
Ceramide also can be modified to produce cerebrosides, gangliosides, or sulfated gangliosides. 
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group. These long-chain fatty acids have been proposed to be important to the 
newborn rat, whose brain undergoes very rapid growth and development in the 
weeks following birth, as mentioned in the section on Essential Fatty Acids in 
Chapter 9. 

Sphingosine as a Structural Element in Membranes 

The plasma membrane of most or all cells contains sphingosine. The example of 
epithelial cells is discussed. Epithelial cells, by definition, are polar, i.e., one side 
(apical side) faces an outside environment, while the other side (basolateral side; 
basal and lateral sides) faces an organ or tissue. The apical side of the enterocyte's 
plasma membrane, which faces food particles, is enriched in sphingosine, while 
the basolateral side has a sphingosine typical of most other types of cells. To view 
the numbers, the contents of sphingosine and phospholipid are equal, on a molar 
basis (Schulthess and Hauser, 1995). The membrane on the opposite side of the 
enterocyte (basolateral membrane), which faces the capillaries that carry nutrients 
away from the intestines, has a sphingosine/phospholipid ratio of I to 2.6. Sphin- 
gosine molecules in membranes form a hydrogen-bonded network with each 
other, which adds strength to the membrane. In other words, sphingolipids 
strongly self-assemble, in contrast to the picture with other lipids. The following 
statement applies to all cells. The plasma membranes of all cells consist of a lipid 
bilayer. In general, sphingosine resides in the outer leaflet of the membrane, and 
contacts the extracellular fluid. In contrast, phosphatidylserine is a phospholipid 
that generally resides in the inner leaflet, and contacts the cytosol. 

Sphingolipids and Cell Signaling 

The most well-known components of the various signaling pathways in the cell 
include G protein, inositol-l,4,5-trisphosphate, cyclic AMP, MAP kinase, and pro- 
tein kinase C, as discussed at various points in this text. Sphingosine represents a 
newcomer to the science of cell signaling. 

As mentioned above, sphingomyelin consists of a ceramide group (sphingosine 
backbone plus a long-chain fatty acid) and a phosphocholine group. Sphingo- 
myelinase is an enzyme that catalyzes the hydrolysis of the phosphocholine 
group, resulting in its release into the extracellular fluid. The ceramide byproduct 
then serves to activate various enzymes that reside within the plasma membrane. 
These events represent the heart of the sphingomyelin-based cell signaling path- 
way. 

The free ceramide group activates various kinases and phosphatases. These 
target enzymes have names that are easy to understand, i.e., ceramide-activated 
protein kinase (CAPK) and ceramide-activated protein phosphatase (Testi, 1996; 
Reyes et al., 1996). Activation of the above protein kinase can result in the phos- 
phorylation of various proteins, including RAF, MAPK, and JUN. These proteins 
are discussed in the Diet and Cancer chapter. The eventual result of ceramide-de- 
pendent signaling may be a change in the rate of growth of the cell, a change in 
the cell's state of differentiation, or in the activation of apoptosis (Santana et al., 
1996; Hannun, 1996). Apoptosis is a regulated event, which can be activated in 
most cells, and results in the cell's own death. 

A variety of external events can provoke the activation of sphingomyelinase. 
These include hormones, such as tumor necrosis factor, interleukin, interferon, and 
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vitamin D 3 (Zhang et al., 1997; Reyes et al., 1996). An integrated and well-rounded 
picture of sphingolipids and cell signaling is not yet available. 

COVALENT BINDING OF LIPIDS TO PROTEINS 

A number of lipids are used for the covalent modification proteins (Gelb, 1997). 
The modifications occur shortly after the synthesis of the polypeptide chain and 
tend to be a permanent part of the protein. The lipids used are palmitic acid (16:0), 
myristic acid (14:0), the famesyl group, the geranylgeranyl group, and phospha- 
tidylinositol (PI). PI is connected to the protein by means of a linker composed of 
a tetrasaccharide and ethanolamine. The ethanolamine is bound to the C-terminal 
carboxyl group of the protein in an amide bond. In general, the above lipids are 
thought to be used to maintain adhesion of the protein to the cell membrane, but 
a role in supporting specific protein-to-protein interactions is also possible 
(Marshall, 1993). In some cases, a protein is membrane-bound because of trans- 
membrane regions in its polypeptide chain where the protein also contains the 
covalently bound lipid. In other cases, the protein contains bound lipid, but 
remains soluble in the cytoplasm. The function of the lipid is not clear in many 
cases. A small number of proteins modified by lipids have been discovered, and 
some of these are described below. 

The PI anchor maintains adhesion of acetylcholinesterase (of the red blood cell) 
and of some proteoglycans (sulfated proteins of the extracellular matrix) to the cell 
membrane. Palmitic acid is bound via thiol-ester bonds to Cys 322 and Cys 323 of 
rhodopsin (see the section on vitamin A), a 327-amino-acid protein. The polypep- 
tide chain of rhodopsin loops in and out of the membrane several times, leaving 
the possible function of the lipid as an anchor in question. Myristic acid is bound 
to the catalytic subunit of the cAMP-dependent protein kinase, though this protein 
is cytosolic and soluble. 

Myristic Acid Is Bound to the ~-Subunit of G Protein 
G Protein is a class of proteins, occurring at the plasma membrane, that partici- 
pates in transmitting signals from the extracellular fluid to various enzymes 
within the cell. Myristic acid is bound to G protein. Specifically; myristic acid is 
attached to the 0~ subunit of G protein. This lipid is bound via an amide linkage to 
the N-terminal glycine. A geranylgeranyl group is attached via a thiol-ester bond 
to a cysteine residue on the 7 subunit of G protein (Casey and Seabra, 1996). 

Farnesyl Is Bound to RAS 

RAS is a type of G protein that is also used in cell signaling. A famesyl group is 
bound to RAS protein. RAS protein, which helps control the rate of cell growth, is 
important to the study of cancer because specific mutations in its gene result in 
slight changes in its polypeptide sequence. Some of these mutations in RAS, which 
naturally occur during human life, result in continuous generation of abnormal 
signals that cause the cell to become a cancer cell. There is some interest in 
designing inhibitors of the farnesylation reaction, which in turn would impair the 
activity of the mutated RAS protein and thus prevent it from causing cancer. In 
short, the inhibitor is expected to be effective as a drug for curing cancer. Some 
RAS proteins contain a geranylgeranyl group, rather than a farnesyl group. 
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Cholesterol Is Bound to Hedgehog 

Cholesterol is covalently bound to some proteins, as revealed by studies of various 
animals (Porter et al., 1996). Specifically; cholesterol is attached to hedgehog. 
Hedgehog is a 44-kDa protein that is used to control or guide the formation of the 
embryo. It is signaling protein that is secreted by various cells. Although the 
protein might be expected to exist in hedgehogs (a small animal), it received this 
trivial name in order to make it easy to remember. A nontrivial issue is that in the 
human population mutations occur naturally in hedgehog. These mutations result 
in severe birth defects (cyclops eye) and affect I in 16,000 newborn infants (Belloni 
et al., 1996; Roessler et al., 1996). 

C H O L E S T E R O L  

Cholesterol is a lipid that occurs in food and in the body mainly as free cholesterol 
or as a covalent complex with a fatty acid bound to its hydroxyl group. Such 
complexes are called cholesterol esters or cholesteryl esters. Cholesterol is used 
by many organisms as a structural element in membranes and as the starting 
material for synthesizing bile salts and steroid hormones, including aldosterone, 
estrogen, testosterone, and vitamin D. Although most cells seem to synthesize 
most of the cholesterol that they need, cells that make cholesterol-based hormones 
have an increased tendency to acquire cholesterol from the bloodstream. Plants do 
not contain cholesterol, but do synthesize similar compounds such as sitosterol, 
ergosterol, and digitalis. A small portion of the body's cholesterol is obtained from 
food, but the molecule is completely dispensable in the diet. Dietary cholesterol is 
absorbed fairly well (60--80%), but plant sterols are absorbed poorly (<5%). 

The average daily intake of total dietary cholesterol is 400-500 mg. Cholesterol 
also enters the gastrointestinal tract via the bile. Between 800 and 1200 mg of free 
cholesterol is secreted in the bile per day. By weight, bile consists of 92% water, 6% 
bile salts, 0.3% cholesterol, and small amounts of bilirubin, fatty acids, phospha- 
tidylcholine, and salts. The cholesteryl esters of the diet are hydrolyzed to free 
cholesterol and a fatty acid by pancreatic cholesterol esterase. After entry into the 
enterocyte, the free cholesterol is converted back to cholesteryl esters by acyl 
CoA:cholesterol acyltransferase. Some evidence suggests that the absorption of 
dietary cholesterol (from the bile salt micelles) is mediated by a membrane-bound 
transport protein of the brush border (Thurnhofer and Hauser, 1990). 

Regulation of the Quantity of Cholesterol in the Body 

Plasma cholesterol levels are not changed very much by changes in the quantity 
of cholesterol in the diet for a number of reasons. First, reduction of dietary intake 
below typical levels results in a change in available cholesterol that is small 
compared with the rate of endogenous synthesis: 9-12 mg/kg  body weight per 
day. Hence, a 70-kg man synthesizes about 700 mg per day. Second, a reduction in 
the dietary intake may result in an increase in the rate of cholesterol biosynthesis 
in the body. This increase is due to an increase in the activity of one of the enzymes 
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of the cholesterol biosynthetic pathwa~ hydroxymethylglutaryl CoA reductase 
(HMG-CoA reductase). Third, increasing dietary cholesterol above its typical level 
may not result in a corresponding increase in absorption. Apparently, the greatest 
amount that can be absorbed by the gut is about 1.0 g per day. An increase in 
dietary cholesterol causes a decrease in HMG-CoA reductase activity, resulting in 
less endogenous synthesis. 

Cholesterol in Cell Membranes 

The most vital function of cholesterol in animals is as a structural element in cell 
membranes. About 90% of the unesterified cholesterol in the cell is located in the 
plasma membrane. Only a small proportion occurs in internal membranes and in 
the lipid droplets of the cytoplasm. For example, the cholesterol:phospholipid 
ratio in the plasma membrane (PM) is about 1.0:1.0 but that in the ER is about 
0.1:1.0 (Straka et al., 1990). The cholesterol:phospholipid ratio controls the viscosity 
of the membrane. Higher ratios result in a more viscous, less fluid membrane. The 
ER consists of a network of branching tubules. A fluid-like behavior has been 
observed in the ER of living cells observed under a microscope. Individual 
branches may move along the tubules and migrate over the surfaces of neighbor- 
ing branches (Lee and Chen, 1988). 

In the laborator~ synthetic membranes can be made from phospholipids alone. 
They cannot be made from cholesterol alone, but can be made from combinations 
of phospholipid and cholesterol. Cholesterol stabilizes the structure of a mem- 
brane. A minor form of cholesterol, cholesterol sulfate, may prevent the membrane 
from fusing with other membranes. Cholesterol sulfate is especially prevalent in 
the PM of sperm (Cheetham et al., 1990). 

The major sites of cholesterol synthesis are the liver and the intestines. Gener- 
all~ about 1/3 of our cholesterol arises from the diet, while 2/3 is made in the 
body (Jones, 1997). Most of the cholesterol in the body is manufactured by extra- 
hepatic tissues. This statement applies to most animals, except for rats and mice, 
where the liver makes most of the body's cholesterol (Dietschy, 1997). Nearly all 
the cholesterol synthesized in the liver is used for bile salt synthesis. The high 
contribution of the intestines to the body's synthesis of cholesterol is due to their 
large surface area and rapid turnover, as discussed in the section on the crypt and 
villus in Chapter 2. 

Intermediate Biochemicals in the Cholesterol Biosynthetic Pathway 

The multistep pathway of cholesterol biosynthesis is shown in Figure 6.13. The 
acetyl group of the starting material, acetyl CoA, is acquired readily by breakdown 
of dietary sugars or fats. Three molecules of acetyl CoA are used in the synthesis 
of hydroxymethylglutaryl CoA (HMG-CoA), which is reduced to mevalonic acid 
in a reaction catalyzed by HMG-CoA reductase using the cofactor NADPH that is 
used in the synthesis of fatty acids also. (HMG-CoA is synthesized in the mito- 
chondrion also, but in that organelle the purpose is to make the ketone bodies.) 
Mevalonic acid is converted to famesyl pyrophosphate (FPP) at a branching point 
in the cholesterol synthetic pathway. 
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FIGURE 6.13 The cholesterol biosynthetic pathway. Two molecules of acetyl-CoA, readily ac- 
quired by breakdown of dietary sugars or fats, undergo a condensation reaction to produce 
acetoacetyl-CoA. A third molecule of acetyl-CoA is used in the synthesis of hydroxymethylglu- 
taryl-CoA (HMG-CoA). The keto group of HMG-CoA is reduced to an alcohol group, generating 
mevalonic acid. This reaction is catalyzed by HMG-CoA reductase, which, like the enzymes that 
catalyze subsequent reactions, is a membrane-bound enzyme of the ER. However, the pathway 
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is cytosolic because the catalytic sites of the enzymes are immersed in the cytosol of the ER, not 
the lumen. As a source of reducing power, HMG-CoA reductase uses NADPH, a cofactor used in 
reactions involving the transfer of two electrons. Mevalonic acid is modified further by phospho- 
rylation and decarboxylation to yield isopentenyl pyrophosphate. The size of the intermediate 
then doubles with condensation of two 5-carbon intermediates to yield geranyl pyrophosphate, 
a 10-carbon compound. Another 5-carbon compound is added to form a 15-carbon compound, 
farnesyl pyrophosphate (FPP). FPP is formed at a branching point in the cholesterol synthetic 
pathway. Two molecules of FPP can condense to form the 30-carbon compound squalene. Alter- 
nativel~ FPP can be used to synthesize ubiquinone or dolichol. As shown, squalene is converted 
to lanosterol in two steps. The subsequent conversion of lanosterol to cholesterol involves 19 steps 
(not shown). 
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Famesyl pyrophosphate is used for the synthesis of ubiquinone, dolichol, and 
squalene. Ubiquinone is a cofactor in the respiratory chain of the mitochondrion. 
Dolichol phosphate serves as a biochemical "handle," and is used to hold the core 
oligosaccharide, and to facilitate its transfer to newly made proteins in the en- 
doplasmic reticulum, to form glycoproteins. Squalene is the product of conden- 
sation of two FPP molecules. 

As shown in Figure 6.13, squalene is converted in two steps to lanosterol. 
Conversion of lanosterol to cholesterol involves 19 steps that are not shown. 
(Although cholesterol contains several rings, it is not an aromatic compound 
because its rings do not resonate.) 

Regulation of Hydroxymethyl glutaryl-CoA Reductase 

Cholesterol synthesis is regulated at the step involving HMG-CoA reductase. The 
enzyme activity is regulated at the transcriptional level, that is, by changing the 
rate of synthesis of the mRNA encoding the enzyme. HMG-CoA reductase is 
regulated by phosphorylation and dephosphorylation also. Phosphorylation, 
which inactivates the enzyme, appears to be controlled by two different signaling 
systems, cyclic AMP and a calcium-dependent system. An increase in the level of 
cyclic AMP in the cell stimulates the activity of a kinase that phosphorylates 
HMG-CoA reductase. (Kinases are enzymes that catalyze the phosphorylation of 
enzymes using ATP as the source of the phosphate group.) An increase in the level 
of calcium ions stimulates a number of kinases, including the one that acts on 
HMG-CoA reductase. The physiological relevance of these changes in HMG-CoA 
reductase activity is not clear. 

HMG-CoA reductase is inhibited by the drug lovastatin, a natural product 
synthesized by a fungus (Figure 6.14). Lovastatin does not inhibi t the enzyme 
directly; it is converted to a compound (similar to the structure of HMG-CoA) that 
inhibits the enzyme. Lovastatin, as well as several related compounds in a family 
of chemicals called statins, have found use in the treatment of cardiovascular 
disease throughout the world. The study outlined in Figure 6.15 shows the effec- 
tiveness of lovastatin in the treatment of cardiovascular disease. The drug lowers 
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FIGURE 6.14 Lovastatin. Lovastatin is one of the "statin" drugs. 
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FIGURE 6.15 Concentration of cholesterol that is associated with low-density lipoprote- 
ins. The data show that an inhibitor of HMG-CoA reductase can be used as a drug to lower 
LDL-cholesterol levels in humans. (Redrawn with permission from Garg and Grundy~ 
1988).) 

the concentration of cholesterol in the bloodstream. Cholesterol, which is not water 
soluble, circulates as cholesterol and cholesteryl esters in complexes with proteins 
and other lipids called lipoproteins. In this stud~ blood samples from 16 patients 
were analyzed for plasma cholesterol associated with low-density lipoproteins 
(LDLs) after treatment with a placebo for 1 month (data on the left). Then, after 
treatment with lovastatin for I month, the quantity of cholesterol associated with 
LDLs in blood samples was measured (data on the right). The data reveal the 
ability of the enzyme inhibitor to reduce the concentration of cholesterol (associ- 
ated with LDL) in the bloodstream. 

Various Fates of Cholesterol in the Liver 

In the liver, cholesterol has three major fates: conversion to bile acids, secretion into 
the bloodstream (packaged in lipoproteins), and insertion into the plasma mem- 
brane. Conversion of cholesterol to cholic acid, one of the bile acids, requires about 
10 enzymes. The rate of bile synthesis is regulated by the first enzyme of the 
pathway; cholesterol la-hydroxylase, one of the cytochrome P450 enzymes (see 
the section on Iron in Chapter 10). Cholesterol, mainly in the form of cholesteryl 
esters, is exported to other organs, after packaging in particles called very-low- 
density lipoproteins. Synthesis of cholesteryl esters is catalyzed by acyl CoA:cho- 
lesterol acyltransferase, a membrane-bound enzyme of the ER. Free cholesterol is 
used in membrane synthesis, where it appears as part of the walls of vesicles in 
the cytoplasm. These vesicles travel to the plasma membrane, where subsequent 
fusion results in incorporation of their cholesterol and phospholipids into the 
plasma membrane. 
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LIPOPROTEINS 

The lipids of the diet include TGs, phospholipids, cholesteryl esters, cholesterol, 
and the fat-soluble vitamins. These nutrients require special types of biochemical 
machinery to facilitate their assimilation and distribution within the body. The 
biochemical apparatus used includes bile salts, apolipoproteins, serum albumin, 
and vitamin-binding proteins. Apolipoproteins are the primary subject of this 
section. The term apolipoprotein is used when referring only to the protein, whereas 
the term lipoprotein refers to the complex of apolipoprotein and lipid. 

Lipoproteins are quite large, ranging in molecular weight from 150,000 to 30 
billion. For comparison, t h ~ o l e c u l a r  weight of a typical enzyme subunit is about 
50,000. The diameter of the largest lipoprotein is 0.0005 mm. Although smaller 
than the starch granules in plant food and smaller than blood cells, lipoproteins 
are large enough to be called particles. One definition of a particle is a piece of 
matter that, when suspended in a fluid or gas, scatters light (appears cloudy). The 
molecular weights and general compositions of lipoproteins are listed in Table 6.4. 

Lipoproteins are assembled in two organs, the small intestine and the liver. The 
lipoproteins assembled in the intestine contain the lipids assimilated from the diet. 
These lipoproteins, called chylomicrons, leave the enterocyte and enter the blood- 
stream via the lymphatic system. The lipoproteins assembled in the liver contain 
lipids originating from the bloodstream and from de novo synthesis in the liver. The 
term de novo simply means "newly made from simple components" as opposed to 
"acquired from the diet" or "recycled from preexisting complex components." 
These lipoproteins, called very-low-density lipoproteins (VLDLs), are secreted 
from the liver into the bloodstream. The liver also synthesizes and secretes other 
lipoproteins called high-density Upoproteins (HDLs), which interact with the 
chylomicrons and VLDLs in the bloodstream and promote their maturation and 
function. The data in Table 6.4 show that chylomicrons contain a small proportion 
of protein, whereas HDLs have a relatively high protein content. Of greater interest 
is the identity and function of the proteins that constitute these particles. These 
proteins confer specific properties to lipoprotein particles, as detailed later in this 
chapter. 

EXERCISE 
Is there any correlation between lipid content and density of lipoproteins? 

TABLE 6.4 Gross Composition of Lipoprotein Particles 
, ,  

Weight % 
Molecular 

Lipoprotein weight Protein Lipid 

Chylomicron 30 x 109 1 99 
Very-low-density lipoprotein 5-10 x 106 10 90 
Low-density lipoprotein 2.2-3.5 x 106 25 75 
High-density lipoprotein 1.5-4.0 x 105 50 50 
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EXERCISE 
Would you expect chylomicrons to be more dense or less dense than VLDLs? 

Al though various lipoproteins have specific names,  such as "chylomicrons" 
and "VLDLs," they are not static unchanging particles. Chylomicrons receive 
apolipoprotein C-II on entry into the thoracic duct and bloodstream. Apo C-II 
functions in the bloodstream, and is required for the activity of a special lipase that 
catalyzes removal  of TGs from the chylomicrons. During the progressive loss of 
TGs from a chylomicron, it becomes smaller until it reaches a stage where it is 
called a chylomicron remnant. A chylomicron remnant  can no longer deliver 
dietary TGs to tissues, because it has been largely depleted of this nutrient. The 
fate of a chylomicron remnant  is that it too is taken up by a tissue, the liver. 
Chylomicron remnants  do not return to the gut cells to be used over again, but  are 
hydrolyzed in the liver to yield free amino acids and lipids. Uptake of a chylomi- 
cron remnant  by the liver requires two proteins. One, apol ipopro te in  E, resides on 
the remnant  itself. The other resides on the p lasma membrane  of the hepatocyte 
and is called the apo E receptor. After a chylomicron remnant  is bound  to an apo 
E receptor, the resulting complex undergoes endocytosis. 

Properties of the Individual Lipoproteins 

The complement  of apolipoproteins present in each of the major lipoproteins is 
listed in Table 6.5. The chylomicrons contain apol ipoprote in  B-48 (apo B-48), apo 
C-II, and apo A-I. (Apo B-48 is also known as the intestinal form of apo B.) The 
VLDLs contain apo B-100, apo C-II, and apo E. The HDLs contain apo A-I and 

TABLE 6.5 Major Apolipoproteins in Lipoprotein Particles 
, 

Major constituent 
Lipoprotein apolipoproteins 

Chylomicron apo B-48, apo C-II, apo A-I 
Very-low-density lipoprotein apo B-100, apo C-II, apo E 
Low-density lipoprotein apo B-100 
High-density lipoprotein apo A-I, apo A-II 

,, 

Two of the proteins in the table, Apo-B48 and Apo B-100, are discussed. Apo B-48 is synthesized only 
in the small intestines of humans, but in rats, mice, dogs, and horses it is also produced in the liver. 
Apo B-48 contains 2152 amino acids and is identical to the N-terminal half of apo B-100. Apo B-100 
does bind to the LDL receptor, but apo B-48 does not bind to it. Apo B-100 is synthesized only in the 
liver and is one of the largest proteins known, as it contains 4536 amino acids. The mRNAs coding 
for apo B-48 and apo B-100 are identical to each other, immediately after transcription. However, sub- 
sequent processing of the mRNA can result in a shortening of the coding sequence, with the conse- 
quent production of the shorter polypeptide of apo B-48. A mechanism called mRNA editing is used to 
create the shorter polypeptide. A special enzyme catalyzes the conversion of a residue of cytidine to 
uridine. This results in the change of a codon specifying glutamine (CAA) to a stop codon (UAA). 
The mRNA editing enzyme requires zinc (Xiong et al., 1992; Innerarity et al., 1996). To compare some 
sizes, Apo B-48 (which is smaller than Apo B-100) is used to make chylomicrons (which are larger than 
VLDLs). 



334 6 Lipids 

apo A-II. The reader might skim quickly through the detailed information in the 
following paragraphs, read through the section on Life History of Chylomicrons 
and VLDLs (and subsequent sections), and then return to these paragraphs. Most 
of the genetic diseases mentioned below are rare. 

Apo B-48 and Apo B-IO0 are the Defining Proteins of the Chylomicron 
and VLDL 

Apolipoprotein B-48 (apo B-48) and apo B-100 are the main structural components 
of the lipoproteins secreted by the intestines and liver, respectively. Apo B is not 
absolutely essential for human life, as a rare genetic disease in humans results in 
smaller versions, or in the complete absence, of the protein, yet allows survival 
(Linton et al., 1993; Farese et al., 1995). The smaller versions of the protein have 
names, such as Apo B-37, Apo B-39, Apo B-74, and Apo B-89. The names refer to 
the percentage of their length, relative to that of Apo B-100 (100%). The genetic 
disease results in the malabsorption of dietary fats and in neurological disease. 
About a third of the fat consumed in the diet is not absorbed, resulting in steator- 
rhea (greasy feces). The consumption of 100 g of fat, over several hours, results in 
nausea, vomiting, and diarrhea (fatty food intolerance). 

Apo C-II Is Needed for the Transfer of Energy from Lipoproteins to Muscle 
and Other Tissues 

Apo C-II functions in the transfer of energy from lipoproteins to various tissues of 
the body. This energy (food energy) consists of TGs. These TGs are hydrolyzed, 
from the lipoprotein particles, at the walls of capillaries passing through the 
tissues, thus releasing free fatty acids as energy sources. This TG hydrolysis is 
catalyzed by the enzyme lipoprotein lipase. Lipoprotein lipase alone cannot act 
on TGs or diglycerides, but requires apo C-II as a cofactor. The letter "C" in apo 
C-II should serve as a reminder of its function as a cofactor. 

Apo C-II activates lipoprotein lipase. A diagram of a chylomicron particle and 
a VLDL particle about to pass through a capillary is shown below. Chylomicrons 
are relatively large, having a diameter of 500 nm, while VLDLs are smaller, with a 
diameter of 100 nm. Lipoprotein lipase is shown as small dots adhering to the 
lumen of the capillar35 and the chylomicron is shown contacting one of the lipases 
(Goldberg, 1996). The released free fatty acids (FFA) are taken up and used by cells 
that reside near the capillary: 

FFA 
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The enzyme sticks to a protein of the extracellular matrix of the endothelial cell, 
called a proteoglycan. Proteoglycan is a glycoprotein, containing chains of sul- 
fated sugars. More specificall~ the proteoglycan adhering to the capillaries is 
heparan sulfate, which contains the sugars glucosamine and glucuronic acid or 
iduronic acid (Goldberg, 1996). The major organs that produce lipoprotein lipase 
are muscles, adipose tissue, and mammary gland (Camps et al., 1991). 

Apo C-II is a very small protein, as it consists of only 79 amino acids (Streicher 
et al., 1996). A rare genetic disease involving mutations at single nucleotides results 
in the conversion of a codon specifying an amino acid to a codon that specifies a 
translation stop signal. The consequence of these mutations is the lack of detect- 
able Apo C-II in plasma, high levels of chylomicrons (even with fasting), and high 
plasma TGs. The patient is aware of the disease because of episodes of abdominal 
pain. Xanthomas and inflammation of the pancreas (pancreatitis) may also occur 
(Parrott et al., 1992). 

Persons with genetic mutations in the gene coding for lipoprotein lipase may 
or may not be at greater risk for atherosclerosis, depending on the exact nature of 
the mutation. Severe deficiency in the enzyme results in premature atherosclerosis, 
abdominal pain, xanthomas, and sometimes pancreatitis. Mild deficiencies in the 
enzyme appear to occur in about 5% of white people (European descent). Over 60 
different naturally occurring mutations have been found in people, where the most 
common seems to be a genetic mutation leading to the conversion of Asn 291 to 
Ser 291 (Reymer et al., 1995; Benlian et al., 1996). 

Apo B and Apo E are Used For Uptake of Lipoprotein Particles by Organs 

Apo B-100 is the hepatic form of apo B, which facilitates the uptake of its associated 
lipoprotein by the liven Apo E also facilitates the uptake of its associated lipopro- 
tein by the liven The rate of uptake mediated by apo E is greater than that mediated 
by apo B. Uptake of lipoproteins by the liver is by endocytosis, a process that 
involves binding of a protein or particle to a cell via a receptor located on the cell 
membrane. This binding is followed by invagination of part of the membrane to 
form a vesicle that surrounds the complex of protein and receptor. The vesicle then 
buds off and freely enters the cytoplasm. 

Although apo B and apo E may be constituents of certain lipoproteins and may 
be used for endocytosis, their mere presence on the surface of a lipoprotein particle 
does not guarantee that the particle will be taken up promptly by the liver or other 
organs that have apo E or apo B receptors. The uptake of the various lipoproteins 
tends to occur at specific times during the life of the particle, as it matures in the 
bloodstream. 

Apo E consists of 299 amino acids. A genetic disease, called type III hyperlipo- 
proteinemia, results from naturally occurring mutations in the apo E gene. The 
disease results in high plasma cholesterol, high plasma TGs, premature 
atherosclerosis, and xanthomas. Xanthomas are lumpy accumulations of choles- 
terol in the wrists, elbows, knees, and other parts of the body. The most common 
mutation is one that results in the conversion of Arg 158 to Cys 158 (Lohse et al., 
1991). Other naturally occurring mutations result in a truncated polypeptide, or in 
the complete absence of apo E. 
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Apo A-I 

Apo A-I, which consists of 243 amino acids, is the major protein of the HDLs 
(Schmidt et al., 1995). Apo A-I accounts for about 70% of the protein in the HDL. 
This protein serves as a cofactor for lecithin:cholesterol acyltransferase (LCAT), 
and also to facilitate the binding of HDLs to plasma membranes, and to facilitate 
the removal of cholesterol from tissues. A number of genetic mutations in apo A-I 
have been discovered. Where the genetic mutation results in the complete absence 
of apo A-I, the result is atherosclerosis and xanthomas. For example, one patient's 
mutated apo A-I was tnmcated and consisted of only the first 84 amino acids, of 
the normal 243 amino acid polypeptide (Matstmaga et al., 1991). 

Apo A-II 

Apo A-II accounts for about 20% of the protein in HDL. Apo A-II's function is not 
clean When rare genetic mutations in the gene coding for apo A-II do occur, they 
seem not to lead to atherosclerosis. In fact, humans and mice lacking apo A-II have 
reduced levels of plasma cholesterol (Weng and Breslow, 1996). Apo A-II seems to 
function to regulate the size of the HDL particles. 

Life History of Chylomicrons and VLDLs 

Chylomicrons contain a large core that consists of thousands of TG molecules and 
cholesteryl esters. The cholesterol is esterified to fatty acids such as palmitic or 
oleic acid. Long-chain TGs and cholesterol esters are among the most highly 
lipophilic biological molecules. The core of a chylomicron is sometimes described 
as greasy or oily; although it is much too small to feel with the fingers. The core of 
a chylomicron is surrounded by a shell of more hydrophilic compounds m phos- 
pholipids, free cholesterol, and apolipoproteins. The hydrophilic parts of the 
phospholipid molecules include phosphate, choline, and ethanolamine groups. 
The hydrophilic parts of the cholesterol molecules are the hydroxyl groups. Fat- 
soluble vitamins of the diet are absorbed via chylomicrons. The general structure 
of a chylomicron, as well as that of other lipoProteins, is depicted in Figure 6.16. 
The proteins that reside on the outside surface of the particle constitute a small 
fraction (1.0%) of the weight of the chylomicron. In contrast, protein constitutes a 
substantial fraction (50%) of the weight of another type of lipoprotein, the HDL. 

~ Core of triglycerides 

~ S h e l A i  Po o r I IiP a ~ r r~ ~ tf eip nhospholipids 

FIGURE 6.16 Simplified cross-section of a lipoprotein. 
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Chylomicrons and VLDLs share a common fate once they enter the blood- 
stream. Both particles acquire additional apolipoproteins and both are attacked by 
lipoprotein lipase, resulting in partial or substantial loss of the TGs carried within 
the particle. 

HDLs Donate Apo C-II 

As chylomicrons enter the lymphatic system and the bloodstream, they encounter 
other lipoprotein particles, such as HDLs. HDLs have a number of functions. One 
HDL protein, apolipoprotein C-II (Apo C-II), is transferred from an HDL to a 
chylomicron after it leaves the enterocyte. Apo C-II is a cofactor of lipoprotein 
lipase, an enzyme that resides on the wall of the capillaries in tissues such as 
muscle and adipose. This enzyme is loosely bound to the lumenal side of the 
capillar3~ exposed to the bloodstream. In conjunction with the apo C-II of a 
chylomicron, it catalyzes the hydrolysis of the TGs of the chylomicron. The free 
fatty acid products then pass through the wall of the capillary and enter the tissue. 

The free fatty acids that enter muscle tissue can undergo immediate oxidation 
to be used as an energy source. Those that enter adipose tissue undergo immediate 
conversion back to TGs for storage in the adipocyte. These stored TGs are mobi- 
lized eventually for use as an energy source. Some are destined for immediate 
removal, whereas others may remain stored as TGs for more than one year. The 
fatty acids of chylomicrons also are released into lactating breast tissue. Here, they 
are converted to TGs and secreted in the form of milk lipoproteins. 

HDLs Donate Apo E, a Molecular Traffic Signal 

Passage of a chylomicron through the bloodstream results in the eventual deple- 
tion of most of its complement of TGs and its conversion to a chylomicron 
remnant. Maturation of the chylomicron also involves acquisition of apo E, which 
may be donated by HDLs during initial passage through the lymph from the gut 
to the circulatory system. Apo E is required by the chylomicron remnant because 
it mediates the uptake of this lipoprotein by the hepatocyte. Apo E binds to the 
chylomicron surface and acts as a traffic signal, directing the nutrient-depleted 
particle to enter the liven After entry; the particle is degraded and the cholesteryl 
esters that may still be present are hydrolyzed to yield cholesterol and used for the 
synthesis of the bile acids. 

Fatty acids occurring as TGs in the VLDLs are derived from three sources: (1) 
free fatty acids taken up by the liver from the bloodstream; (2) TGs derived from 
chylomicron remnants, intermediate-density lipoproteins (IDLs), LDLs, and HDLs 
taken up by the liver via the process of endocytosis; and (3) fatty acids synthesized 
de novo in the liver from carbohydrates. Note that the free fatty acids in plasma are 
tightl~ although not covalentl~ associated with plasma albumin. 

On secretion, the VLDLs acquire apo C-II, which is donated by HDLs. Partial 
depletion of TGs from a VLDL via action of lipoprotein lipase results in its 
conversion to a VLDL remnant, also called an IDL. This IDL circulates in the 
bloodstream until it is taken up by the liven The apo E that a VLDL receives from 
an HDL resides on the surface of the lipoprotein and is recognized by receptor 
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proteins bound to the plasma membrane of hepatocytes. The interaction between 
this receptor and apo E mediates the uptake of IDLs. 

The fact that animals do not need to eat continuously throughout the course of 
the day indicates that chylomicrons are not necessarily actively distributing nutri- 
ents during the entire day. Free fatty acids are supplied to tissues via the chylomi- 
crons, but also from the adipose tissue, which supplies energy to the body 
throughout the day. The dry matter of adipose tissue consists of 5% protein and 
over 90% lipids. About 95% of the lipids are TGs; the rest consists of 1-2% 
diglycerides, 0.25% phospholipids, and 0.25% cholesterol. Adipose tissue may 
contain 5-30% water by weight. 

The TGs stored in human adipose tissue provide sufficient energy to sustain life 
in a fasting human for 1-2 months, depending on the initial quantity of fat present. 
In contrast, the TGs stored by rats are sufficient to maintain survival during fasting 
for only I week. Mobilization of the TGs in adipose tissue does not occur by the 
release of intact TGs into the plasma. Instead, hormone-sensitive lipase catalyzes 
release of free fatty acids and the glycerol backbone from fat stores. The fatty acids 
and glycerol are released into the circulation and are taken up by tissues of the 
muscle, liver, kidne~ and other organs. When the body is at rest, the liver takes up 
about one-third of these free fatty acids. Most are used for the liver's own energy 
needs, but the excess fatty acids are packaged as TGs in VLDLs and secreted back 
into the bloodstream. To repeat, a small fraction of the free fatty acids taken up by 
the liver is converted back to TGs, packaged into VLDLs, and then secreted into 
the plasma. 

Conversion of VLDLs to VLDL Remnants in the Bloodstream 

How do VLDLs remain in the bloodstream long enough to donate their lipids to 
needy cells before being taken up by the liver? The apo C of the VLDLs appears 
to prevent their uptake by the liver by covering or obscuring apo E. (The apo C of 
chylomicrons also prevents their uptake before they are converted to chylomicron 
remnants.) However, with continued residence in the circulation, the apo C even- 
tually is transferred to HDLs. This loss of apo C exposes both apo E and apo B to 
the environment. Each VLDL remnant molecule contains several molecules of apo 
E, which, when exposed, bind avidly to LDL receptors. The VLDL remnant then 
is taken up by the liver within minutes or hours. 

An alternative metabolic pathway is available to a VLDL. In this process, the 
particle loses its apo E as it matures to an IDL. Without apo E, the particle is not 
efficiently taken up by the liver but continues to circulate in the bloodstream. 
Continued removal of TGs from an IDL produces a lipoprotein particle called an 
LDL that is enriched in cholesteryl esters. After conversion to an LDL, only a single 
apo B molecule remains on the surface of the particle. This protein binds only 
relatively weakly to an LDL receptor. Consequentl~ LDLs have residence times in 
the circulation of about 3 days. Eventual136 LDLs are taken up by various tissues. 
The receptor that binds an LDL, called an LDL receptor, is similar, or perhaps 
identical, to the receptors that bind circulating IDLs and mediate their entry into 
hepatocytes. 

The events described are illustrated in Figure 6.17, which shows the acquisition 
of apo E and apo C-II by chylomicrons and VLDLs. The figure also shows cleavage 
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FIGURE 6.17 Pathways of maturation of the chylomicrons and VLDLs and of release of 
the fatty acids from these particles. 

of the TGs, release of free fatty acids, and uptake by the liver of particles that are 
relatively poor in TGs but rich in cholesteryl esters. 

Several of the concepts described in this section are illustrated on the lipopro- 
tein map (Figures 6.18 and 6.19). The map depicts the synthesis of chylomicrons 
in the gut and their flow up the thoracic duct to the circulation. The figure also 
shows the release of fatty acids from these particles in various tissues and the 
uptake of the remnants by the hepatocytes of the liven A similar fate is shown for 
the VLDLs synthesized in the liven As shown, they mature to LDLs, which deliver 
cholesterol to various tissues. 

HDLs and the Cycling of Cholesterol 

Apo A-I Is the Defining Protein of the HDL 

HDLs are the smallest of the lipoproteins. The HDL particle is synthesized mainly 
by the liver, and also by the intestines. When excess cholesterol occurs in extra- 
hepatic tissues, it is picked up by HDLs by a process called reverse cholesterol 
transport. Apo A-I is the vital and defining protein of the HDL. Each HDL particle 
contains 2-4 molecules of Apo A-I. When secreted by the liver, HDLs are lipid-poor 
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FIGURE 6.18 The lipoprotein map illustrates the fact that tissues can derive energy from 
lipoproteins formed by cells of the gut as well as by cells of the liver (hepatocytes). The 
chylomicrons and VLDLs are mixed together throughout the circulatory system. Not 
shown is the contribution of apo C-II and apo E to these particles by the HDLs. The map 
shows that cholesterol is taken up by the peripheral tissues from the LDLs, but not to a 
large extent from the chylomicrons or the chylomicron remnants. The map also shows that 
TGs are removed from lipoproteins by lipoprotein lipase, whereas cholesterol is removed 
after endocytosis of the particle. Also shown is the delivery of bile, which contains bile 
salts, cholesterol, and phospholipids, to the small intestine. The drawing is stylized and 
does not closely represent the anatomy. 

and contain only a few molecules of phospholipid and sphingomyelin (Fielding 
and Fielding, 1995) (Figure 6.20). HDLs are involved in transferring cholesterol 
from cells that contain excessive amounts to the liver or to tissues that are growing 
and need cholesterol (Huston, 1997). HDLs are involved only in that part of the 
cholesterol transport and cycling pathway called reverse cholesterol transport. 

HDL Changes from a Disk to a Sphere 

The cholesterol in cell membranes occurs as free cholesterol, rather than as 
cholesteryl esters. As illustrated in Figure 6.21, this cholesterol can be removed and 
transferred to circulating HDLs in a reaction catalyzed by lecithin:cholesterol 
acyltransferase (LCAT). Continued insertion of cholesteryl esters into an HDL 
changes its initial disk shape to a sphere shape. The lipid-poor HDLs (disk- 
shaped HDLs) account for only a few percent of the HDLs in the bloodstream. 
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FIGURE 6.19 The lipoprotein map. The eyes represent cholesteryl esters and the smile 
represents TGs. The R group on the cholesterol molecule represents the esterified fatty acid. 

When the disks become 10 nm wide, the LCAT that is bound by Apo A-I becomes 
activated by Apo A-I, and the LCAT springs into action. LCAT is an enzyme of 416 
amino acids, and thus is a protein of a typical size (Kuivenhoven et al., 1997). LCAT 
catalyzes the transfer of a fatty acid from the carbon-2 of the glycerol moiety (in 
lecithin) to the 3-HO group of cholesterol, producing cholesteryl ester. With the 
packing of cholesteryl esters into the core of the HDL, the HDL acts as a "choles- 
terol-sponge." LCAT is required to support this sponge function. HDLs pick up 
most of their free cholesterol from special structures (invaginations) on the plasma 
membrane called caveolae (Oram and Yokoyama, 1996). LCAT is not absolutely 
needed for human life. A rare genetic disease (fish-eye disease) exists where people 
do not have active LCAT. The disease results in corneal opacity and blindness, and 
in reduced levels of HDL-cholesterol. 

The cholesteryl esters that reside in HDLs eventually are transferred to VLDLs, 
which are processed to form IDLs, then LDLs. Cells in need of cholesterol express 
LDL receptors on their plasma membranes, enabling them to take up an entire 
LDL, including its cholesteryl esters. 

A series of reactions resulting in removal of excessive cholesterol from some 
cells and delivery of it to cholesterol-hungry cells is shown in Figure 6.22. For 
example, an HDL may pick up cholesterol from a macrophage, a type of white 
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FIGURE 6.20 Changes in the shape of the HDL particle. The defining protein of the HDL particle 
is Apo A-I. This means that Apo A-I is always present during the life cycle of the HDL. When the 
HDL is initially secreted by the liver, it occurs in the lipid-poor form, as shown at the apex of the 
figure. Apo A-I is the only protein occurring in the lipid-poor form. Lipid accounts for 10-40% of 
this particle. During passage through the circulatory system, the lipid-poor form acquires phos- 
phatidylcholine and changes to the disk form. With continued residence time in the bloodstream, 
the disk form is changed to the spherical HDL. Most of the HDL particles in the bloodstream are 
of the spherical form. Once in its spherical form, several reactions can result in its conversion back 
to the lipid-poor form. Hepatic lipase, an enzyme loosely bound to the lumen of blood vessels, 
probably catalyzes most of the depletion of lipid from the spherical form. (Redrawn with permis- 
sion from Fielding and Fielding, 1995.) 
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FIGURE 6.21 Transfer of cholesterol to an HDL. Cholesterol can be removed from cell mem- 
branes and transferred to circulating HDLs in a reaction catalyzed by lecithin:cholesterol acyl- 
transferase (LCAT). The substrates of LCAT are cholesterol and phospholipid; the products are 
the cholesteryl ester and 1-acyl-3-phosphocholine glycerol. In the course of the reaction, the 
membrane-associated cholesterol is changed to an HDL-associated cholesteryl ester. Continued 
insertion of cholesteryl esters into an HDL changes its initial disk shape to spherical. The disk is 
a bilayer of phospholipids and protein; the sphere is a monolayer of phospholipids and protein 
surrounding a core of cholesteryl esters. HDL contains two major proteins, where 70% is Apo A-I 
and 20% is Apo A-II. Apo A-I is used to extract or remove lipids from cells. Apo A-I has 243 amino 
acids. The s-helical regions of this protein are used to bind to the outside surfaces of cells. Each 
helix is a coil that is 22 amino acids long. These regions are used to bind cells, while other regions 
of Apo A-I are used to activate LCAT. 
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FIGURE 6.22 Shuttling of cholesterol from one type of cell to another. An HDL may pick 
up cholesterol from a macrophage, a white blood cell that phagocytizes debris in the 
bloodstream (e.g., dead red blood cells). A dead red blood cell contains cholesterol since 
it contains a plasma membrane. (1) The macrophage can donate the cholesterol (that it has 
"eaten") to a passing HDL. (2) The cholesteryl ester that is formed is then transferred, in 
the circulation, to a VLDL. This transfer is catalyzed by an enzyme in the bloodstream 
called cholesteryl ester transfer protein (CETP). (3) Eventually, the cholesteryl ester can be 
delivered to the liver and excreted as a bile salt or (4) delivered to a cholesterol-needy cell. 
This cell may be a premature red blood cell that is engaging in membrane synthesis and 
mitosis. 

blood cell that phagocytizes (eats) debris in the bloodstream. The cholesteryl ester 
that is formed then might  be transferred to a VLDL. The transfer of cholesteryl 
esters from HDLs to VLDLs is catalyzed by an enzyme in the bloodstream called 
cholesteryl ester transfer protein (CETP). CETP is not absolutely essential for 
h u m a n  life. About  1% of persons in Japan are deficient in this enzyme (Tall, 1993). 

EXERCISE 

Please explain why persons deficient in CETP may be protected from atherosclerosis. (See 
Tall, 1993.) 

HDLs Have Two Different Fates in the Bloodstream 

The following diagram summarizes  the intermediate position of the HDL during 
the event of reverse cholesterol transport.  The flow of cholesterol is shown by the 
arrows of the diagram. The bifurcating arrow indicates that HDLs may  be proc- 
essed by two different means: (1) uptake of HDLs by the liver; and (2) catalytic 
removal  of the cholesteryl esters by CETP. 

Peripheral ~ HDL ~ Uptake of HDLs by liver 
tissues L C A T  ~ VLDL ~ LDL ~ Uptake by 

various tissues 

Most tissues are thought  to be able to synthesize all the cholesterol they need, 
and do not need to rely on the liver or diet as sources of this vital molecule. 
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TABLE 6.6 Components of Various Lipoproteins 

Weight % 

Phospho- Trigly- F r e e  Cholesteryl 
Lipoprotein Protein lipid ceride cholesterol ester 

Chylomicron 1-2 3-8 80-95 1-3 2-4 
VLDL 10 15-20 55-65 10 5 
IDL 18 22 31 7 23 
LDL 25 20 4 9 42 
HDL 42-55 25-30 1-2 3-5 16-20 

Source: Vance and Vance (1985). 

However,  growing and regenerating tissues require large amounts  of cholesterol. 
Organs (e.g., the adrenal gland and gonads) that synthesize steroid hormones  also 
require cholesterol because it is a starting material for steroid hormone biosynthe- 
sis. These cells express extra LDL receptors on their plasma membranes  to take up 
more LDLs from the bloodstream. A cell adjusts the number  of LDL receptors on 
its membrane  according to its need for cholesterol. 

Lipids in Lipoproteins 

Table 6.6 gives compositions for several of the lipoprotein types that have been 
discussed in this chapter. The high TG contents of chylomicrons (80-95%) and 
VLDLs (55-65%) are consistent wi th  their function in distributing this energy-rich 
nutrient  to various tissues. The low TG content of HDLs implies that these parti- 
cles are not used to supply  energy to cells. 

Figure 6.23 depicts the morphology  of a lipoprotein. All lipoproteins are spheri- 
cal except HDLs (prior to acquiring cholesteryl esters), which are discoidal. The 

Apolipoprotein 

Phospholipid 

l Triglyceride 

Cholesterol 

/ - / -  Cholesteryl 
ester 

FIGURE 6.23 Cross-section of a lipoprotein. The proteins, phospholipids, and free choles- 
terol of a lipoprotein reside on its surface with their hydrophilic components facing the 
plasma. The core consists of a relatively disorganized mass of TGs and cholesteryl esters. 
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proteins, phospholipids, and free cholesterol reside on the surface of the particle 
with their hydrophilic components facing the plasma. The core of the particle 
consists of a relatively disorganized mass of TGs and cholesteryl esters. 

STUDIES ON THE BEHAVIOR OF LIPOPROTEINS 

Concepts concerning the behavior of lipoproteins are somewhat abstract. There- 
fore, four relevant studies are presented in this section. The first study concerns 
the acquisition of apo E by newly made chylomicrons that are entering the blood- 
stream. The high-density lipoproteins donate apo E to these nascent chylomicrons. 
The second study concerns the detection of differences in the amount of apo E in 
the plasma of normal persons and in that of those suffering from hyperlipoprote- 
inemia. This study addresses the question of why the disease involves elevated 
levels of lipoproteins in the bloodstream. The third study concerns a disease in 
which apo E is present in normal quantities, but has a defective structure. The final 
study concerns very-low-density lipoproteins isolated from the blood of normal 
persons and of those suffering from hypertriglyceridemia (high plasma TGs). High 
plasma TGs is an important risk factor for cardiovascular disease. The study 
addresses the question of what provokes the associated rise in plasma TGs (TGs 
contained in VLDLs). This study also illustrates the ability of the HDLs to transfer 
apo C-II to VLDLs. In one experiment, the deficiency in apo E is shown using a 
type of chromatography called electrophoresis. Although this is a powerful tech- 
nique, it may fail to reveal subtle defects in the apo E of some patients with 
hyperlipoproteinemia. In another experiment, the function of apo E is tested using 
competitive binding. The competitive binding test can reveal biological defects 
that are too subtle to detect by electrophoresis or by common chemical assays. The 
final experiment, concerning the function of apo C-II, uses enzyme assays to 
illustrate the role of apo C-II in supporting the activity of lipase. Before considering 
the above studies, some general properties of plasma lipids will be revealed by 
feeding experiments. 

Appearance of Chylomicrons in the Bloodstream Following a Meal 
of Fat or Oil 

The experiments depicted in Figure 6.24 involved human subjects. In the first 
stud~ subjects consumed a breakfast containing 50 g fat. Blood samples were 
taken at the indicated times; the concentration of particulate matter present was 
assessed by measuring the amount of light scattering by the plasma. Light scatter- 
ing in layperson's terms is cloudiness. The results from four normal subjects are 
shown by the shaded area of Figure 6.24. The results from four different patients 
suffering from hyperlipoprotenemia are shown also. The rise in light scattering 
following the breakfast was the result of the appearance of chylomicrons in the 
bloodstream. 
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FIGURE 6.24 Cloudiness of serum samples taken at various times. Comparison of four 
normal subjects (shaded area) and four hyperlipoproteinemic subjects (symbols). (Re- 
drawn with permission from Berger, 1986.) 

EXERCISE 
At what time after breakfast did the plasma of the normal subjects scatter the most light 
(Figure 6.24)? State evidence that the disease hyperlipoproteinemia involves defects in the 
ability of tissues of the body to process chylomicrons. 

EXERCISE 
A woman suffered a gunshot wound just below the left side of the neck. A ceaseless leakage 
of fluid issued from the unclosed wound. After eating, the leaking fluid became milky. The 
patient lost 5 pounds per week over the course of 1 month. What structure had been 
ruptured? (Consult Crandall et al., 1943.) 

In the s tudy depicted in Figure 6.25, normal  and hypertr iglyceridemic subjects 
consumed a meal consisting of corn oil. The blood plasma of both subjects con- 
tained substantial amounts  of triglyceride prior to the test meal. This triglyceride 
was contained in lipoproteins such as the VLDLs and LDLs. The rise in plasma TG 
levels following the test meal was due to an increase in the rate of chylomicron 
synthesis in the enterocyte and their subsequent  passage through the lymphatic 
system to the circulation. Note that corn oil contains long-chain fatty acids in its 
TGs. 
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FIGURE 6.25 Concentration of TGs in blood plasma after a meal of corn oil. Normal (@) 
and hypertriglyceridemic (O) subjects consumed a meal of corn oil. The TG concentrations 
in blood samples withdrawn before and at the indicated times after the meal are plotted. 
(Redrawn with permission from Barr et al., 1985.) 

Results of a similar study using medium-chain triglyceride oil are depicted in 
Figure 6.26. Here, plasma TG levels did not increase after the meal. Medium-chain 
TG oil consists of TGs as does long-chain TG oil (corn oil). However, the mode by 
which the body absorbs medium-chain TGs is different from that used for long- 
chain TG absorption, as described in the section on long-chain and medium-chain 
triglycerides in Chapter 4. Long-chain TGs are hydrolyzed to polar products in the 
gut, reformed to make other TGs, and then packaged into chylomicrons. Medium- 
chain TGs also are hydrolyzed in the gut, but most of the medium-chain free fatty 
acid products are not resynthesized into TGs. Instead, they directly enter the 
bloodstream bound to albumin rather than being shuttled up the thoracic duct. 

Transfer of Apo E from One Particle to Another after Eating 

In this study; blood samples taken before and after human subjects consumed a 
breakfast of corn oil (100 g) were analyzed for the total TG and apo E content. A 
more subtle parameter was measured also, namely the proportion of apo E asso- 
ciated with HDLs and with chylomicrons. This parameter can be measured by 
molecular sieve chromatography. (Details of this method are presented in the next 
section.) Results from three normal subjects appear in Table 6.7. The data in Table 
6.7 demonstrate that the plasma TG levels increased postprandially (after eating), 
as expected. The data also show that the overall concentration of apo E in the 
bloodstream was fairly constant before and after eating. This constancy should not 
be interpreted to mean that apo E is not changing in any way. The proportion of 
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FIGURE 6.26 Concentration of TGs in blood plasma after a meal of medium-chain TG oil. 
Normal (O) and hypertriglyceridemic (O) subjects consumed a meal of medium-chain TG 
oil. The TG concentrations in blood samples withdrawn before and at the indicated times 
after the meal are plotted. (Redrawn with permission from Barr et al., 1985.) 

apo E in the bloodstream that is associated with chylomicrons and with other 
proteins changes after eating the meal of oil. For example, in the first subject, the 
fraction of apo E associated with chylomicrons increased from 35 to 60%. 

Figure 6.27 presents data from a molecular sieve chromatographic separation 
of plasma proteins according to their molecular weights. This experiment  supplies 
evidence that the change in location of apo E resulted from transfer of this protein 
from HDLs to chylomicrons. The data show that, in the fasting subject (@), the 
amount  of apo E associated with HDLs was somewhat  greater than that associated 
with chylomicrons. However,  with corn oil feeding (O), the amount  of apo E 

TABLE 6.7 Effect of Eating on Plasma Triglycerides and Apolipoprotein E 

Total TGs Apo E 
Subject (mg/100 ml plasma) (gtg/100 ml plasma) 

Apo E with 
chylomicrons (%) 

1 Fasting 70 32 
After oil 188 32 

2 Fasting 123 41 
After oil 183 38 

3 Fasting 133 31 
After oil 207 35 

Source: Blum (1982). 

35 
60 
51 
61 
42 
65 
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FIGURE 6.27 Pattern of separation of lipoprotein particles by chromatography using a 
molecular sieve column. A sample was introduced into one end of a cylinder packed with 
the molecular sieves. Then a flow of water was maintained through the cylinder. The 
effluent was collected at the opposite end into a succession of hundreds of test tubes, each 
receiving an identical volume of effluent. Chylomicrons were separated from HDLs, as 
indicated by the arrows. (Redrawn with permission from Blum, 1982.) 

associated with chylomicrons increased dramatically. Closer inspection of the data 
indicate that chylomicron particles were eluted from the cylinder when about 75 
rnl fluid had flowed through; HDLs were eluted when about 110 ml fluid had 
flowed through. As detailed in the next section, proteins with larger molecular 
weights migrate more rapidly through the cylinder and are recovered after a 
smaller volume of fluid has passed through. Proteins with smaller 'molecular 
weights are retained by the column and elute only after a greater volume of fluid 
has passed. 

Molecular Sieve Chromatography 

Molecular sieve chromatograph~ useful for separating proteins of different sizes, 
operates as follows. The protein sample solution is placed in the top of a cylinder 
(or column) packed with molecular  sieves,  as shown at the left of Figure 6.28. The 
sieves consist of tiny balls (or beads) that contain small pores (or holes) of uniform 
size. The size is small enough to permit the entry (or passage) of a small protein 
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FIGURE 6.28 Molecular sieve column chromatograph3a A protein sample solution is 
placed in the top of a cylinder (or column) packed with molecular sieves, tiny balls (or 
beads) that contain small pores (or holes) of uniform size. The hole size is small enough to 
permit entry of a small protein molecule but not of a large protein molecule. Then, as a salt 
solution flows through the column, the smaller protein molecules are trapped momentarily 
in the pores or holes, resulting in their slower rate of passage through the column. The 
larger protein molecules pass right over the holes, avoiding momentary entrapment, and 
pass out of the bottom of the column prior to the smaller proteins, yielding a separation 
of proteins according to their molecular weights. The pinball machine (right) illustrates the 
ability of holes to separate spheres according to their size. The machine contains small holes 
or dimples on its surface. The larger spheres pass right over the dimples and tend to travel 
faster, whereas the smaller spheres tend to become trapped momentarily3 leading to a 
separation of the spheres according to their size. The enlargement (left) shows the proteins 
(black dots) filtering around and within the beads. The smaller proteins tend to become 
trapped within the beads momentarily3 impairing their rate of passage in the direction 
indicated by the arrow. 

molecule but  not of a large protein molecule. The larger protein molecules, ex- 
cluded from the holes, are then washed through the column by a steady flow of 
liquid, typically a solution of salts and buffer. The smaller proteins are repeatedly 
and momentar i ly  t rapped in the pores, and take a longer time to pass through the 
column. 
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Genetic Diseases Involving Apo E or Apo C-II 

The functions of various apolipoproteins can be brought into focus by case histo- 
ries on the genetic diseases that alter these proteins. To review, a change in one or 
more of the nucleotides in a gene coding for any protein can result in a change in 
the amino acid sequence of the protein. Most genes occur in two copies in the 
genome, since two copies of each of the numbered chromosomes exist in the cell. 
Where the change in DNA sequence occurs in only one of the chromosomes, the disease 
is often of a mild variety. Where the change in DNA sequences occurs on both 
chromosomes, the disease may be severe. A change in a single base within the 
sequence of any gene can result in no change at all in the polypeptide that is coded, 
in a switch of one amino acid for another, in a shortened version (truncated) of the 
polypeptide, or in the complete absence of the polypeptide. 

One genetic disease involves the production of a defective mutant form of apo 
E or, in some cases, the complete absence of apo E. The fact that life is possible 
despite the absence of apo E production suggests that other proteins can perform 
the function of apo E, but with lesser efficiency. 

The following case history concerns apo E. The absence of apo E prevents 
efficient uptake of chylomicron remnants and IDLs by the liver; thus, the concen- 
trations of these particles and their constituent TGs and cholesteryl esters can 
increase dramatically in the plasma. The following comment concerns LDLs, and 
not the remnants of IDLs. The uptake of LDLs is not affected by the disease, 
because their uptake is mediated by interactions with the apo B receptor (LDL 
receptor). 

A normal subject and a patient with high levels of plasma lipids (hyperlipopro- 
teinemia) were examined. Blood samples were taken and the lipoproteins in blood 
samples analyzed by a type of chromatography called gel electrophoresis. This 
method, like molecular sieve chromatography; separates proteins according to 
their molecular weight. In molecular sieve chromatography, proteins are examined 
after they have been eluted from the solid matrix. However, in electrophoretic 
methods such as gel electrophoresis, proteins in a fluid are forced by an electric 
field to migrate through a solid gel matrix and usually are examined while they 
still reside in the solid matrix. The term "hyperlipoproteinemia" reveals only a 
little about the patient; but analysis of plasma proteins by electrophoresis reveals 
quite a bit more. 

The amount of apo E associated with VLDLs, IDLs, and LDLs was analyzed 
separatel~ as indicated in regions 1, 2, and 3 of Figure 6.29. The positions of 
migration of apo B and apo E on the electrophoretic gel are indicated by arrows. 
The data from the normal subject show that the VLDLs and IDLs contained readily 
detectable amounts of apo E, whereas the LDLs contained very little. The data 
from the hyperlipoproteinemic patient demonstrate that no detectable amount of apo 
E was associated with any of the three types of particles. This lack of apo E 
accounts for the hyperlipoproteinemic condition (for the disease). 

Tests of Apo E from Patients with Cardiovascular Disease 

Detection of the presence of a specific apolipoprotein in a blood sample is a 
relatively simple task, because gel electrophoresis is a routine procedure. How- 
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FIGURE 6.29 Separation of apo E from apo B by electrophoresis. The test samples were 
separated VLDLs, IDLs, and LDLs taken from a normal subject (left) and from a patient 
with hyperlipoproteinemia (right). The migration positions of apo B and apo E on the 
electrophoretic gel are indicated by arrows. The samples from the normal subject show 
readily detectable amounts of apo E in the VLDLs and IDLs, but very little in the LDLs. 
The samples from the hyperlipoproteinemic patient showed no detectable amount of apo 
E associated with any of the three types of particles. (Redrawn with permission from 
Ghiselli et al., 1981.) 

ever, clinicians and researchers may also be interested in the presence of proteins 
that are defective in function because of a mutation in the gene. Gel electrophoresis 
generally cannot distinguish normal from genetically defective proteins, but this 
distinction can be made with techniques known as functional tests that are based 
on the biological function of the protein. One such technique used to study the 
membrane-binding properties of apo E is the competitive binding assay. 

An understanding of the competitive binding assay can provide a clear picture 
of the alterations that can pose a risk for cardiovascular disease. In the study 
depicted in Figure 6.30, apo E preparations isolated from the plasma of one normal 
subject and two patients were subjected to competitive binding assays. In begin- 
ning the study, the researchers used standard methods for connecting atoms of 
radioactive iodine (iodine-125) to apolipoprotein E. 

Iodine-125, phosphorus-32, phosphorus-33, carbon-14, and tritium are isotopes 
that are commonly used in the research and clinical laboratory. However, it should 
be noted that iodine-125 and phosphorus-32 are particularly dangerous when 
handled at close range. 

The data demonstrate that adding apo E from the normal subject effectively 
prevented the 125I-labeled apo E from binding. In contrast, the apo E from patient 
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FIGURE 6.30 Competitive binding assay. Apo E preparations isolated from the plasma of 
one normal subject (@) and two patients, 1 (m) and 2 (A), were subjected to competitive 
binding assays. Different concentrations of the apo E samples were mixed in a series of test 
tubes with solutions containing the same quantity of liver membranes. After a brief waiting 
period, an equal quantity of normal [125I]apo E was added to each test tube. The apo E 
from the human subjects and the radioactively labeled apo E were allowed to compete for 
binding to the membrane. (Redrawn with permission from Hui et al., 1984.) 

I competed very poorly with the 125I-labeled apo E, allowing near-maximal bind- 
ing to the membranes. The apo E from patient 2 competed, but not as effectively 
as that from the normal subject. Therefore, the results indicate that the structure of 
the apo E from patient 2 may have been abnormal, but strongly suggest that the 
structure of the apo E from patient I was abnormal. 

Competitive Binding Assay 

The three components of a competitive binding assay are (1) the test protein under 
scrutiny; (2) the same protein from a normal human subject, chemically tagged (or 
labeled) with a radioactive atom, and (3) a suspension of cells to which both 
proteins can bind. The assa}~ carried out in a test tube filled with buffer and salts 
to mimic the physiological milieu, requires the two main steps shown in Figure 
6.31. The mechanism of the assay is illustrated by its effect on two test proteins: 
apo E from a normal subject and apo E from a subject with cardiovascular disease. 
The binding efficiency of a test sample of apo E is determined by measuring the 
amount of 125I-labeled apo E bound to the cell membranes. A small amount of 
bound iodine-125 indicates efficient normal binding of the protein being tested; a 
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FIGURE 6.31 Competitive binding assay. The assay mechanism is illustrated by its effect 
on two test proteins: apo E from a normal subject (left) and apo E from a subject with 
cardiovascular disease (right). The rectangles represent liver cells or liver cell membranes; 
the small dots represent apo E receptors; the big circles represent the apo E proteins to be 
tested for binding activity. The large dots represent radioactively tagged, normally func- 
tioning apo E. (1) The test protein is mixed with a suspension of cells, such as hepatocytes, 
that contain apo E receptors in their membranes. The test protein from the normal subject 
(left) binds avidly to the receptor, whereas that from the patient (right) binds poorly. (2) The 
radioactively tagged apo E, prepared from normal human subjects, is added to the both 
suspensions. (The radioactive atom used is iodine-125, so the radioactive protein is desig- 
nated [125I]apo E.) The radioactive protein binds poorly to the cells shown at the left, 
because it is in competition with the test protein. However, the [12SI]apo E binds quite well 
to the cells shown at the right because, in this case, the test protein taken from the patient 
does not bind well to the membranes and, hence, does not compete. The amount of [125I]apo 
E bound to the cell membranes can be determined easily by subsequent experimental steps. 

large amount  of bound  iodine-125 indicates inefficient abnormal binding. Hence, 
the quality of apo E from patients suspected of having cardiovascular disease can 
be assessed. 
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Molecular Defects and Binding Properties of Apo E 

Apolipoprotein E purified from plasma from a variety of patients with hyperlipo- 
proteinemia has been studied in detail. Amino acid sequences were determined 
and reported (position numbers increase from the N terminus to the C terminus). 
When the disease involved a failure of apo E to bind to its receptor, the genetic 
mutations involved changes in the amino acids located at positions 142, 145, 146, 
and 158. Figure 6.32 shows a silhouette of the apo E molecule, with these geneti- 
cally altered amino acid positions highlighted and numbered. All these positions 
contain amino acids that are positively charged and occur at the apo E binding site, 
that is, at that portion of the molecule recognized by an apo E receptor. One form 
of hyperlipoproteinemia involves production of apo E with a cysteine residue in 
place of arginine at position 145. Another form of the disease involves replacement 
of the lysine at position 146 with glutamine. A third involves replacement of the 
arginine at position 158 with cysteine. 

ARG 
142 

LYS 
146 

158 

FIGURE 6.32 Apolipoprotein E. A silhouette of the apo E molecule is shown. The amino 
acid positions that have been found to be altered genetically in patients with cardiovascular 
diseases are highlighted and numbered. All the highlighted amino acids are positively 
charged and occur at the apo E binding site, that is, that portion of the molecule recognized 
by an apo E receptor. (Redrawn with permission from Innerarity et al., 1984.) 
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FIGURE 6.33 Lipase-catalyzed release of fatty acids. This study; conducted in a series of 
test tubes, compared the action of normal lipase on two different substrates. The substrates 
were VLDLs from two different people, that is, VLDLs from a normal subject (O,@) and 
VLDLs from a patient with hypertriglyceridemia (A,A). Lipase was added to the test tubes 
containing a solution of VLDLs. The test tubes were incubated for the indicated times (0 
to 45 min) to allow catalytic action. Then the amounts of free fatty acids liberated were 
determined. The results demonstrate a steady increase in free fatty acids from the normal 
VLDLs but no detectable release from the abnormal VLDLs. The entire protocol was 
repeated with an identical amount of normal HDLs added to each test tube before incuba- 
tion. The results demonstrate that the HDL supplement provoked a slight increase in the 
rate of liberation of fatty acids from the normal VLDLs (@) but a dramatic increase in fatty 
acid liberation from the abnormal VLDLs (A). (Redrawn with permission from Brecken- 
ridge et al., 1978.) 

Details  of the Function of A p o l i p o p r o t e i n  C-I I  

Apolipoprotein C-II serves as a cofactor for lipoprotein lipase. This situation 
resembles that of colipase, which is required for the activity of pancreatic lipase. 
When chylomicrons or VLDLs pass through the capillaries of an organ, they 
encounter  lipoprotein lipase. About  half the fatty acids liberated by the action of 
this enzyme are taken up by the tissue, whereas the rest remain in the circulation 
and return (bound to albumin) to the liven Apo C-II is par t  of the structure of 
chylomicrons and VLDLs. 

The s tudy depicted in Figure 6.33 illustrates the attack of lipase on VLDLs 
isolated from the plasma of normal  subjects and from patients suffering from 
hypertr iglyceridemia.  The VLDLs from the normal  subject would  be expected to 
contain TGs as well as apo C-II. Those from the patient with hypertr iglyceridemia 
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would be expected to contain TGs, but little or no apo C-II. The results of the study 
show a steady liberation of free fatty acids from the normal VLDLs after addition 
of lipase but no detectable release from the abnormal VLDLs. 

When the entire protocol was repeated with addition of identical amounts of 
normal HDLs to each sample, a slight increase in the rate of liberation of fatty acids 
from the normal VLDLs was observed but a dramatic increase was observed from the 
abnormal VLDLs. These results illustrate the role of HDLs in transferring apo C-II 
to VLDLs that have been newly secreted into the bloodstream by the liven 

CARDIOVASCULAR DISEASE 

Cardiovascular diseases account for about half of all deaths in the United States 
each year. The main risk factors include heredity, male gender, cigarette smoking, 
high blood pressure, obesity, and a sedentary lifestyle. The main biochemical risk 
factors are high plasma LDL-cholesterol, low plasma HDL-cholesterol, and high 
plasma triglycerides. Diabetes is also an important risk factor. 

The study of cardiovascular disease can be divided into two parts: (1) mecha- 
nisms of atherosclerosis; and (2) mechanisms of blood clotting. Atherosclerosis 
involves the accumulation of cholesterol in arteries, the narrowing of the arteries, 
and the formation of abnormal surfaces on the lumenal surface of the arteries. 
Regions of the artery containing the more severe changes in this scenario are called 
atherosclerotic lesions. A term that is similar, but different, from atherosclerosis is 
arteriosclerosis. This latter term refers to a late step in atherosclerosis, where the 
lesions acquire deposits of calcium salts and become hard. The narrowing of 
arteries results in cardiovascular disease, as it can result in ischemia (lack of 
oxygen to heart muscle). Blood clotting is required for a healthy life, but patho- 
logical blood clotting can occur, as a consequence of atherosclerosis, to create blood 
clots within the bloodstream. The blood clots do not close a bleeding wound. 
Instead they occlude the lumen of the affected arter~ prevent the flow of blood, 
and cause a heart attack. The more or less separate existence of these two parts is 
demonstrated by the fact that pravastatin is used as a drug to prevent the accu- 
mulation of cholesterol in arteries, while warfarin is used as a drug to prevent 
blood clots (see Vitamin K section). Warfarin does not reduce the lesions of 
atherosclerosis, but it does reduce the tendency of an advanced lesion to trigger 
clot formation. 

A few of the genes and proteins involved in lipid metabolism were mentioned 
above. The genetic diseases resulting from mutations in some of these genes were 
also revealed; however, the diseases mentioned afflict only a very small portion of 
the population. In contrast, the early stages of atherosclerosis occur in essentially 
all adults, and a large proportion of adults eventually die of cardiovascular dis- 
ease. As far as the general human population is concerned, the specific genes and 
proteins that govern who will acquire severe atherosclerosis and who will not 
remain undiscovered. It is expected that many of these genes will be found to 
regulate the behavior and structure of endothelial cells, the immune system, and 
the extracellular matrix. Researchers are presently conducting large-scale screen- 
ing tests in an effort to discover all of the genes that influence the course of 
atherosclerosis. 



358 6 Lipids 

Steps in Atherosclerosis 

The coronary artery is one of the arteries which deliver oxygen and other nutrients 
to the heart muscle. Although atherosclerotic lesions may occur in a variety of 
blood vessels, those that occur in the coronary artery are most often responsible 
for fatal heart attacks. To summarize the steps resulting in atherosclerosis: 

1. LDLs Are Especially Susceptible to Damage. VLDLs circulate in the blood- 
stream, and some of these particles are eventually converted into LDLs. With 
continued residence of LDLs in the circulatory system, damage may occur to the 
lipid component, as well as to the protein component. Damage may involve 
oxidative damage to the lipids, resulting in byproducts that attack and damage the 
protein component. This oxidative damage involves free radicals. Damage may 
also occur directly to the protein component, for example, by the condensation of 
glucose with lysine residues of the protein component, generating a Schiff base, or 
by reaction with hypochlorite (a chemical made by some white blood cells). 

Diabetics are at special risk for cardiovascular disease apparently because dia- 
betes results in chronically elevated levels of plasma glucose. Glucose exists in ring 
and open-chain forms that are in equilibrium. The open-chain form has an alde- 
hyde group that readily can condense with amino groups such as those of proteins. 
The condensation product formed by an aldehyde and an amino group is called a 
Schiff base. 

The glucose/apo B condensation product in the bloodstream is easy to detect. 
Studies with diabetics have revealed that 2-5% of the lysine residues of apo B are 
glucosylated (Curtiss and Witztum, 1985). Glucosylation at this level, and at higher 
levels, progressively impairs the ability of apo B to be bound by the LDL receptor. 
Plasma LDLs modified in this way in diabetics are avidly taken up by the Kuppfer 
cells (macrophages) in the liver, and also by macrophages in the arterial walls. 
Uptake of LDLs bearing a damaged protein coat, by macrophages in arterial wails, 
is an ominous early step in the pathway to atherosclerosis. 

Further details on oxidative damage to LDLs, and the possible role of hypo- 
chlorite and lipid breakdown products, are revealed in the Vitamin E section. 

2. Damaged LDLs Are Phagocytized via a Receptor Called Scavenger Receptor 
A. The LDLs containing a damaged protein component may be removed from the 
circulation, eventuall~ by white blood cells called macrophages. Macrophages 
reside in the liver, where they are called Kuppfer cells, as well as elsewhere in the 
body. LDLs that bear an oxidative damaged protein coat are essentially undetect- 
able free in the circulation. The LDLs bearing an oxidatively damaged protein coat 
accumulate within the layers of cells that constitute the artery. Macrophages take 
up these damaged LDLs by scavenger receptor A (Steinberg, 1997a,b). The LDL 
receptor is not used for this process. Scavenger receptor A is not regulated by the 
amount of cholesterol in the cell, unlike the LDL receptor, which responds to the 
cell's need for cholesterol. LDLs containing damaged amino acids are rapidly 
cleared from the bloodstream via scavenger receptor A, i.e., within a few minutes 
(Steinberg, 1997a,b). This is in contrast to the residence time of an undamaged LDL 
particle, which is a few days. 

3. LDLs Enter the Endothelial Cell Layer, and Become Oxidized. As LDLs 
circulate through the bloodstream, they pass in between the cells of the endothelial 
layer of the arteries, where they are exposed to toxic oxygen released by the 
endothelial cells and by white blood cells. These white blood cells make their home 
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FIGURE 6.34 Cross-section of an artery; and participants in atherosclerosis. The lumen of 
the artery contains the blood and circulating blood cells. The tissue of the artery contains 
three major layers: (1) the intima; (2) the media; and (3) the adventitia. The intima is the 
layer that contacts the flowing blood, and consists of endothelial cells and a layer of 
connective tissue. The endothelial cells are distinguished in that they occur only as a 
monolayer, i.e., the layer is one cell thick (Ross, 1993). The internal elastic lamina separates 
the intima from the media. The media is composed of numerous layers of smooth muscle 
cells. The external elastic lamina separates the media from the adventitia. The adventitia 
is a loose network of connective tissue. During the early steps of atherosclerosis, monocytes 
cross the epithelial layer and invade the intima, where they adhere and differentiate into 
macrophages. Eventually; the internal elastic lamina fragments and smooth muscle cells 
from the media invade the intima. In atherosclerosis, it is the intima that accumulates fat, 
and eventually becomes calcified (Schwartz et al., 1995; Steinberg, 1997a,b). The above 
scenario, as described, should be used as a reference point, rather than an established fact, 
since the events described probably will never be directly observed (in the human coronary 
artery) in real time. The internal elastic lamina and external elastic lamina do not consist 
of cells; they consist mainly of extracellular proteins (extracellular matrix proteins). 

among the endothelial cells. These white blood cells enter from the bloodstream, 
squeeze in between the endothelial cells, and reside just under  the layer of endo- 
thelial cells (Figure 6.34). These white blood cells produce and secrete two types 
of toxic oxygen, i.e., H O O H  and hypochlorite. 

4. Damaged LDLs Provoke the Arrival  of More Monocytes  and Their Differen- 
tiation. The presence of the damaged  LDLs attracts white blood cells. The type of 
white blood cells attracted by the damaged  LDLs are the monocytes.  The mono- 
cytes bind and adhere to the epithelial cell layer by the following special interac- 
tions. Monocytes contain integrins in their cell membrane,  as do many  other types 
of cells. Integrins are membrane-bound  proteins that are used for cell-to-cell 
recognition. The monocyte membrane  contains integrin (X4~ 1 and integrin (XL~ 2 
(Kling et al., 1995; Tian et al., 1997). These integrins mediate  the binding and 
adhesion of the monocytes to proteins of the extracellular matrix, occurring on the 
lumenal  surface of the endothelial cells. The damaged  LDLs can indirectly provoke 
the monocytes to differentiate and be converted to macrophages  (the macrophages  
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have increased amounts of scavenger receptor A). Scavenger receptor A does not 
much take up undamaged LDLs. The big picture that has been proposed is one of 
a vicious circle: White blood cells provoke oxidative damage to LDLs; the dam- 
aged LDLs attract more white blood cells into the lining of the arter~ resulting in 
still greater rates of damage to LDLs. 

5. Foam Cells Consist of a Mixed Population of Endothelial Cells, Macro- 
phages, and Smooth Muscle Cells. The increased uptake of damaged LDLs results 
in accumulation of vast quantities of cholesteryl esters, which form lipid droplets 
within the macrophages. At this point, the macrophages are called foam cells. The 
endothelial cells are lined by the internal elastic lamina, and just beyond this layer 
resides the media. The media consists of numerous layers of smooth muscle cells 
(Figure 6.34). After monocytes invade the endothelial cells, and after the mono- 
cytes differentiate into macrophages, the internal elastic lamina becomes frag- 
mented, and smooth muscle cells from the media invade the intima (Steinberg, 
1997a,b). The foam cells in the arterial wall form what is called a fatty streak. The 
fatty streak, which often develops in childhood, is itself harmless, but over the 
years it may become converted to a pathological structure, the atherosclerofic 
lesion. About half of all children in their early teens contain fatty streaks in their 
coronary arteries (Ross, 1993). Eventuall~ most or all adults acquire fatty streaks 
in this location. As the atherosclerotic lesion progresses, the region just under the 
endothelial cells contains alternating layers of lipid-filled macrophages and 
smooth muscle cells (Ross, 1993). 

6. The Fibrous Plaque Is Formed. The fatty streak is a precursor to a structure 
called the fibrous plaque. The cells of the fatty streak produce collagen, an 
extracellular protein. Collagen is a fibrous protein consisting of polypeptide chains 
twisted and linked together. An artery containing an atherosclerotic lesion in the 
fibrous plaque stage contains a narrowed lumen, which obstructs the flow of 
blood. Where the lumen is 50% obstructed, for example, one finds a corresponding 
decrease in blood flow to the heart muscle, a reduction in the body's ability to do 
exercise, and cardiac arrhythmias. Atherosclerotic lesions may also contain crystals 
of cholesterol and deposits of calcium phosphate that cause the artery to lose its 
usual elastic structure and become stiff and brittle. (Details of collagen appear in 
the section on ascorbic acid; details of calcium phosphate deposits appear in the 
sections on Vitamin D, Calcium, and Magnesium). 

7. Heart Attacks and Brain Attacks. Constrictions caused by fibrous plaque can 
result in stagnation of blood flow, which is dangerous because blood clots tend to 
form in slow-moving blood. Formation of a clot that blocks the flow in arteries 
supplying nutrients to the heart results in a heart attack. Blood clots can arise in 
areas of stagnant blood but also from exposure to deteriorating tissues. Digestive 
enzymes (metalloproteases) may damage the surface of the fibrous plaque, result- 
ing in exposure of underlying structures. This event is called the erosion of the 
fibrous cap. The resulting uneven surface can provoke the formation of a blood 
clot. Once formed, the clot may travel through the bloodstream and block an artery 
supplying nutrients to the heart or to the brain. A clot that blocks nutrients from 
part of the brain, resulting in a loss of function of that part of the brain, causes a 
stroke or "brain attack." A blood clot is called a thrombus; a traveling clot is called 
an embolus. 
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EFFECTS OF DIET AND DRUGS ON ATHEROSCLEROSIS 

The events leading to atherosclerotic lesions and cardiovascular disease are mani- 
fold and not known with certainty. Therapy has been based on the goals of 
reducing the concentration of LDL-cholesterol and increasing that of HDL-choles- 
terol in the plasma. Reduction of LDL-cholesterol is expected to limit the uptake 
of cholesterol by cells in fatty streaks. An increase in HDL-cholesterol is considered 
to be of value because its presence indicates an increased rate of removal of 
cholesterol from the walls of arteries. 

Diet therapy and drugs often result in dramatic reductions in LDL-cholesterol 
levels and a striking and definite reduction in the rate of heart attacks. Studies have 
shown that lowering cholesterol shrinks the lesions (the plaques) of the coronary 
arter36 but that the effect of shrinking is only slight (Levine et al., 1995). The size of 
these lesions can be measured in living patients by angiography, and monitored 
during the course of diet and drug therapy. Apparentl~ a slight reduction of 
cholesterol content of existing lesions leads to a significant reduction in the ten- 
dency of the lesions to weaken, tear, and rupture. A ruptured plaque produces 
turbulence (uneven blood flow) in the bloodstream, which directly provokes the 
formation of a blood clot. Drugs or dietary changes that result in a reduction of 
irregularities in the lumen of blood vessels would be expected to reduce the rate 
of clot formation. 

Diet Can Influence LDL-Cholesterol Levels 

A typical American diet contains about 40% of its total energy content as fat. About 
half this energy is in the form of saturated fatty acids, one-fourth as monounsatu- 
rated fatty acids, and one-fourth as polyunsaturated fatty acids (PUFAs) 
(Ginsberg et al., 1990). The quantity and nature of dietary fats can influence the 
level of plasma cholesterol. A reduction in total fat from the typical 40% of energy 
intake to 30% can result in a decrease in plasma cholesterol. 

High levels of saturated fats in the diet result in an increase in plasma LDL-cho- 
lesterol. The mechanism of this effect is not clear, but it appears that these fats 
interfere with the ability of LDL receptors to clear LDLs from the bloodstream. 
Further details on the mechanism appear at a later point in this chapter. 

Monounsaturates Can Reduce LDL-Cholesterol 

Maintenance of the 40% contribution of fat to energy intake with substitution of 
monounsaturated for saturated fats can lead to a reduction in plasma cholesterol 
also. The level of LDL-cholesterol is reduced, and the level of HDL-cholesterol is 
unchanged. Olive oil is a well-known source of monounsaturated fatty acids. This 
oil contains about 12% 16:0 and 2% 18:0 (saturated), 75% 18:1 (monounsaturated), 
2% 16:1 (monounsaturated), and 8% 18:2 (PUFA). 
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PUFAs Can Reduce LDL-Cholesterol 

D i e t a r y  PUFAs  dec rea se  the  p l a s m a  LDL-cho les te ro l  level.  Vege tab le  oils con t a in  
h i g h  levels  of PUFAs  such  as l inoleic ac id  (18:2), w h i c h  cons t i t u t e s  a b o u t  25, 50, 
63, a n d  75% of the  fa t ty  ac ids  in  p e a n u t ,  s o ~  sunf lower ,  a n d  sa f f lower  oils, 
respect ively .  T h e  q u a n t i t y  of 18:2 in  beef  a n d  p o r k  fat is o n l y  5 -10% a n d  is u n d e r  
3% in  t ropica l  oils. PUFAs  p r o d u c e  dec reases  in  LDL-choles te ro l ,  p o s s i b l y  b y  the  
s a m e  ( u n k n o w n )  m e c h a n i s m  as m o n o u n s a t u r a t e s .  The  q u e s t i o n  of w h e t h e r  die-  
t a ry  PUFAs  h a v e  a g rea te r  or  s imi la r  effect on  LDL-cho les t e ro l  r e m a i n s  unse t t l ed .  

Comparison of Dietary Saturated Fatty Acids 

Palmi t ic  acid  (16:0) is the  p r i m a r y  s a t u r a t e d  fa t ty  ac id  in  m o s t  diets .  This  com-  
p o u n d  cons t i t u t e s  a b o u t  25% of the  fa t ty  acids  of beef  or  p o r k  fat, b u t  o n l y  6 -10% 
of the  fa t ty  ac ids  of  sun f lower ,  saff lower,  p e a n u t ,  or  soy  oils (see Table 6.8). D ie t a ry  
pa lmi t i c  ac id  increases  LDL-cho les t e ro l  ( G r u n d y  a n d  D e n k e ,  1990). Myr is t ic  ac id  
(14:0) is p r e s e n t  a t  h i g h  levels  in  b u t t e r f a t  a n d  in the  " t rop ica l  oi ls"  p a l m  oil a n d  
c o c o n u t  oil. A l t h o u g h  myr i s t i c  ac id  e l eva tes  LDL-choles te ro l ,  it is g e n e r a l l y  a 
r a t h e r  m i n o r  c o m p o n e n t  of the  diet .  Stearic ac id  (18:0) is a lso a m a j o r  c o m p o n e n t  

TABLE 6.8 Fatty Acids Occurring in the Triglycerides of Various Foods 

Soy- Saf- 
Chicken Chicken Beef Olive Canola Corn bean flower 
breast ~ skin b fat c oil r oil c oil r oil c oil c 

14:0 0.8 0.3 3.7 - - - 0.1 0.1 
16:0 21.4 32.3 24.9 11.0 4.8 10.9 10.3 6.2 
16:1 4.9 1.9 4.2 0.8 0.5 - 0.2 0.4 
18:0 5.9 22.4 18.9 2.2 1.6 1.8 3.8 2.2 
18:1 46.3 19.9 36.0 72.5 53.8 24.2 22.8 11.7 
18:2 17.1 0.1 3.1 7.9 22.1 58.0 51.0 74.1 
18:3 1.4 - 0.6 0.6 11.1 0.7 6.8 0.4 
20:0 0.8 2.8 . . . . . .  
20:1 - - 0.3 0.3 0.1 - 0.2 - 
21:0 - 0.6 - 0.3 0.1 - - - 
22:0 - 0.2 . . . . . .  

aAhn et al. (1995). 
bWertz et al. (1986). 
CMcNamara (1992). 
Compare the content of saturated fatty acids (12:0, 14:0, and 16:0) in the various foods. The vegetable 
oils are notable for having the lowest content of these fatty acids, where canola and safflower oil have 
the lowest levels. Compare the mono- and unsaturated fatty acids. Olive oil is highest in the monoun- 
saturate 18:1, while safflower oil is highest in the polyunsaturate 18:2. In the event that monounsatu- 
rates prove to be best for reducing atherosclerosis, then olive oil may be an energy source of choice. 
In the event that polyunsaturates are found to be the best source of fat, with the goal of reducing 
atherosclerosis, then safflower oil may be the oil of choice. Presently; it is recommended to replace 
saturated fats with a mixture of fats containing monounsaturates and PUFAs. One can see, for exam- 
ple, that at least 80% of the fatty acids of corn oil, canola oil, soybean oil, olive oil, and safflower oil 
occur as the recommended fatty acids (monos and PUFAs). 
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FIGURE 6.35 Conversion of stearic acid to an 18:1 fatty acid. Through formation of a 
double bond, stearic acid (18:0), a saturate, is converted to acid (18:1), a monounsaturate. 

of many fats and oils. It constitutes 15--20% of the fatty acids of beef or pork fat, 
but only 4-5% of those in vegetable oils. Stearic acid seems not to increase LDL- 
cholesterol levels. One explanation is that, after absorption, this molecule is con- 
verted rapidly to the monounsaturate 18:1 by the mechanism shown in Figure 6.35. 

Palmitic acid (16:0) is not much converted in the body to 16:1. However, palmi- 
tic acid (16:0) is converted readily to 18:1 by the pathway shown in Figure 6.36. 
This conversion is much slower than that of dietary 18:0 to 18:1, and thus accounts 
for the LDL-cholesterol raising effect of palmitic acid. 

HDL-Cholesterol Levels Can Be Altered by the Diet 

LDL-cholesterol ("bad cholesterol") is reduced when saturated fats are replaced 
with PUFAs or with carbohydrates. However, HDL-cholesterol ("good choles- 
terol") also tends to be reduced when saturated fats are replaced with PUFAs or 
with carbohydrates. These responses indicate that dietary monounsaturates may 
be of more value than PUFAs or carbohydrates. However, this statement should 
be viewed with caution because it has not been established that an elevated 
HDL-cholesterol level in humans prevents formation of atherosclerotic lesions and 
cardiovascular disease. High levels of saturated fatty acids in dietary fats are a risk 
factor for cardiovascular disease. The percentage of energy derived from fat is 
recommended to be reduced to 30%, but not much below this level. 

Do We Need to Watch Dietary Cholesterol ? 

The foods that are high in saturated fats tend to be animal products, and thus 
contain cholesterol. Foods that are high in unsaturated fats tend to be plant 
products, and thus contain no cholesterol. Apparentl~ these relationships have led 
to the notion that reducing the intake of cholesterol will result in lower levels of 
plasma LDL-cholesterol. As discussed earlier, altering the level of dietary choles- 
terol generally has little influence on the plasma cholesterol level, although it 

Formation of 
16:0 Two-carbon addition 18:0 a double bond 18:1 

(saturate) (slow) r (saturate) (fast) (monounsaturate)  

FIGURE 6.36 Conversion of palmitic acid to an 18:1 fatty acid. Palmitic acid (16:0), a 
saturate, is converted in the body to the monounsaturate acid (18:1) by a two-step process 
involving initial conversion to stearic acid (18:0). 
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should be noted that some people are more cholesterol sensitive than the general 
population. In humans, the amount and type of fatty acids consumed is more 
important than the amount of cholesterol consumed. Dietary cholesterol has a 
much greater influence on the lipoprotein picture in animals than in humans (Mus- 
tad et al., 1996). 

EXERCISE 
Anabolic steroid hormones are sometimes self-administered by power lifters and body- 
builders. This practice results in changes in the plasma levels of both LDL-cholesterol and 
HDL-cholesterol. Each of these changes creates an increased risk for atherosclerosis. Are 
these changes increases or decreases? (Consult Webb et al., 1984.) 

The Mediterranean Diet 

Ancel Keys noticed, during the early 1950s, that populations living in southern 
Ital~ Greece, and Crete tended to have unusually low rates of cardiovascular 
disease (Keys, 1995; Nestle, 1995). Upon conducting epidemiological studies, he 
traced this effect to what is known as the "Mediterranean diet." This diet is largely 
vegetarian, where olive oil is used for cooking, where bits of meat are eaten only 
occasionally during the week, and where sprinkles of cheese are used as flavoring. 
The Mediterranean diet can be contrasted with the American version of Italian 
cooking, where pasta is smothered with ground beef, where pizzas are thick with 
cheese and pepperoni, and where bread is coated with butter. The Mediterranean 
diet also includes 1-2 glasses of wine per day. 

Epidemiological data on cardiovascular disease, biochemical data on plasma 
lipoproteins, and nutritional data on dietary energy sources have generated infor- 
mation on the biochemical and dietary risk factors for cardiovascular disease. 
Three risk factors for cardiovascular disease can be arranged in a hierarchy: 

1. Elevated LDL-cholesterol is a risk factor that is highly associated with car- 
diovascular disease. Epidemiologists have estimated that for each 10% in- 
crease in LDL-cholesterol there is a 20-30% increase in risk for cardiovascu- 
lar disease (Gaziano et al., 1996). 

2. High plasma TGs are moderately associated. 
3. Lowered HDL-cholesterol are only somewhat established as a risk factor. 

The composition of the plasma lipids and lipoproteins vary according to our 
genetic makeup, but in most people can be altered by diet. 

Diets rich in saturated fat provoke an increase in LDL-cholesterol, increase TGs, 
and lower HDL-cholesterol - -  these diets worsen all three risk factors. This state- 
ment applies to the saturated fatty acids 12:0 (lauric acid), 14:0 (myristic acid), and 
16:0 (palmitic acid). In realizing the tendency of these three fatty acids to provoke 
cardiovascular disease, a question often asked is, "Should we replace the saturated 
fats in the diet with other saturated fatty acids (such as stearic acid; 18:0), with fats 
containing monounsaturated fatty acids (such as oleic acid; 18:1), with fats con- 
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taining polyunsaturated fatty acids (PUFAs such as linoleic acid), or with carbo- 
hydrates (sugars and starches)?" 

When compared to dietary 12:0, 14:0, and 16:0, dietary stearic acid (18:0) lowers 
LDL-cholesterol. With this substitution, a 25% drop in LDL-cholesterol occurs in 
many people. Clearl~ this picture would be expected to be favorable to long term 
health. However, the substitution of stearic acid for 12:0, 14:0, and 16:0 can also 
result in a drop in HDL-cholesterol ("good cholesterol"). Hence one might take 
caution in being overly enthusiastic about diets high in stearic acid (Aro et al., 1997; 
Kris-Etherton and Yu, 1997). 

When compared to 12:0, 14:0, and 16:0, oleic acid (18:1) or linoleic acid (18:2) 
provokes a drop in LDL-cholesterol of about 15%. When directly comparing 
monounsaturated fatty acids with PUFAs, one finds that monounsaturated fatty 
acids seem to raise plasma TG levels. A slight increase in plasma TG may occur 
with the oleic acid. In addition, PUFAs seem to be more consistent at raising 
HDL-cholesterol than oleic acid. In these respects PUFAs may be more desirable 
than monounsaturated fatty acids (Kris-Etherton and Yu, 1997). 

Trans Fatty Acids  

Triglycerides containing saturated fatty acids easily form a compact structure, 
when placed together, and form a solid at room temperature. Where the fatty acids 
contain double bonds in the usual cis conformation, the cis double bonds create 
bends in the fatty acid, which impair close packing, and result in a liquid (oil). 
Where the fatty acids are in the trans conformation, the ability to pack closely is in 
between triglycerides with saturated and cis fatty acids. Oleic acid, a cis fatty acid, 
is 18:1, as noted earlier. The corresponding 18:1 trans fatty acid is called elaidir 
acid. Elaidic acid is abbreviated as trans 18:1. 

The fat in beef, mutton, milk, and cheese contains 2-8% trans fatty acids. These 
naturally occurring trans fatty acids are formed in the rumen of the stomach (of 
ruminants) by the action of bacterial enzymes. Most of the trans fatty acids of the 
diet arise from the industrial hydrogenation of food oils. During this process, most 
of the unsaturated cis fatty acids are converted to saturated fatty acids, but a 
fraction is converted to trans fatty acids. In relation to all fatty acids present in the 
indicated food, salad oils contain 8-17% trans fatty acid, shortening contains 
14-60%, and margarines 16-70% (Simopoulos, 1996). Overall, about 6% of our 
dietary fatty acids are trans fatty acids, where most of these are elaidic acid 
(McKeigue, 1995). 

As far as the lipoprotein profile is concerned, trans fatty acids have an effect in 
between that of saturated fatty acids and cis unsaturated fatty acids. Most scientific 
studies have shown that trans fatty acids raise LDL-cholesterol, while some studies 
have shown that they lower HDL-cholesterol (Katan et al., 1995b). Trans fatty acids 
constitute a minor component of the diet and, as a health issue, are of lower 
importance than avoiding smoking, obesit~ and saturated fatty acids. The prudent 
consumer who avoids the regular consumption of butter, lard, shortening, and 
hard margarine (stick margarine) will also, by this practice, avoid major sources 
of trans fatty acids (shortening, hard margarine) (Willet and Ascherio, 1995). 
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Carbohydrates and Atherosclerosis 

The Question of Replacing Saturated Fats with a Non-Fat Energy Source 

Let us turn to the issue of carbohydrates. Replacing 12:0, 14:0, and 16:0 with 
carbohydrates lowers LDL-cholesterol levels. Hence, it is easy to argue that carbo- 
hydrates are a better energy source than 12:0, 14:0, and 16:0 for long-term health. 
Replacing 12:0, 14:0, and 16:0 with carbohydrates does lower LDL-cholesterol, but 
it may also provoke a decrease in HDL-cholesterol and an increase in fasting 
plasma TG levels. 

What about the choices between carbohydrates, monounsaturated fatty acids, 
and PUFAs? Studies on monounsaturated fatty acids versus carbohydrates have 
shown that monounsaturated fatty acids provoke a decrease in plasma TGs and an 
increase in HDL-cholesterol, with not much difference in effect on LDL-cholesterol. 
Studies on PUFAs versus carbohydrates have revealed that PUFAs result in lower 
LDL-cholesterol, with not much difference in effect on plasma TGs or HDL-choles- 
terol. 

The above trends were acquired from studies of humans fed naturally occurring 
oils and fats. The studies were not conducted with oils containing homogeneous 
fatty acids because these types of oils do not yet exist in any plant. Although a food 
oil containing only monounsaturated fatty acids or PUFAs may some day become 
available, one might wonder if the complete elimination of saturated fatty acids 
from the diet might lead to undesirable changes in membrane structure or energy 
metabolism. 

There is some genuine interest in promoting monounsaturated fatty acids and 
PUFAs over carbohydrates, where one has an eye solely on preventing cardiovas- 
cular disease (Kris-Etherton and Yu, 1997; Katan et al., 1997). How much carbohy- 
drate should be reduced, and replaced by these oils? Some researchers believe that 
the quantity involved should be equivalent to 10% of our daily energy requirement 
(2 tablespoons of oil), while others believe that this amount should be equivalent 
to 15% of our daily energy requirement (3 tablespoons of oil). As discussed in the 
section on Vitamin E in Chapter 9, there is some thought that monounsaturated 
fatty acids may be better for long-term health than polyunsaturated fatty acids. 

Food Choices in Everyday Living 

How Should I Choose Foods for my Menu? 

The recommended effective diet contains 30 percent or less of energy from total 
fat, with under 7% of this from saturated fat, and under 200 mg cholesterol per 
day. Since high LDL-cholesterol is more prevalent than high plasma triglycerides, 
it is generally recommended that saturated fat be reduced by replacement with 
carbohydrate foods. This can be accomplished, for example, by eliminating frying 
during cooking, and instead using baking or roasting. 

For persons with high LDL-cholesterol and also high plasma triglycerides, one 
might prefer to replace some saturated fat with monounsaturated fatty acids or 
polyunsaturated fatty acids. A desired level of vegetable oil intake might be 2 
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tablespoons per da~ while maintaining the contribution of fats and oils at about 
30% of our energy intake per day. The oil can be used for stir-frying, in making 
salad oil, in spaghetti sauce, in grav~ and to make muffins. Since it is not yet clear 
if 18:1 or 18:2 is the most preferred fatty acid, one might alternate between corn 
oil, olive oil, and safflower oil. 

How Should I Choose Foods for My Child's Menu? 

Another question that arises is whether one should limit the fat in the diets of 
children. One trend in thought suggests that for children dietary fat should not be 
restricted to below 30% of energy intake. Restriction of fat below a level of 30% 
may inhibit growth. There is some agreement that the fat intake should account 
for 50% of energy for infants and toddlers, with a gradual decrease to 30% towards 
the arrival of adolescence. Hence, a diet containing meat, eggs, dairy products, 
cereals, fruits, and vegetables is desirable for children (Krauss et al., 1996; Olson, 
1995; Lifshitz and Tarim, 1996; Kleinman et al., 1996). 

Alcohol and Cardiovascular Disease 

In addition to the effects of fats, the composition of the Mediterranean diet sug- 
gests a relationship between alcohol and lower cardiovascular disease. Scientific 
studies have conclusively demonstrated that moderate alcohol intake (1-2 
drinks/day) results in increases in HDL levels. No consistent change, or a possible 
decline, in LDL levels occurs with moderate alcohol intake. It might be reasonable 
to recommend that the general population drink 1-2 glasses of wine or beer per 
day. On the other hand, it is not reasonable to expect many people, upon hearing 
this recommendation, to limit their intake to only two glasses of alcohol. A proven 
problem with high alcohol intake is automobile accidents and fetal alcohol syn- 
drome. A potential problem with moderate or high alcohol intake is the increased 
risk for certain types of cancer. Specificall~ cancers of the breast (in women), 
mouth, esophagus, larynx, and liver increase with daily consumption of one or 
more drinks of alcohol per day (Thun et al., 1997). 

Mechanism of the Influence of Dietary Fatty Acids 
on LDL-Cholesterol 

The concentration of LDL-cholesterol in the blood is a function of its rate of 
production and rate of removal from the bloodstream. Diet influences LDL-cho- 
lesterol by changing its rate of removal or clearance, according to the following 
scenario. Let us briefly return to the topics of proteins and DNA. A transcription 
factor called sterol response element binding protein (SREBP) binds to a stretch 
of DNA called the sterol response element. The sterol response element has the 
structure CACCCCAC. In discussing any sequence of DNA, it is conventional to 
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show the sequence of only one strand of the DNA double helix. The entire struc- 
ture of the sterol response element is 

CACCCCAC 

GTGGGGTG 

The sterol response element occurs about 60 base pairs upstream of the transcrip- 
tion start site for the LDL receptor gene. SREBP is a protein of 1150 amino acids 
that is attached to the endoplasmic reticulum (ER). Most of SREBP resides within 
the cytoplasm, but part of its polypeptide chain loops in and out of the ER. This 
loop tethers SREBP to the membrane of the ER. SREBP is activated when cells 
sense that they contain reduced levels of free cholesterol, i.e., when they need more 
free cholesterol. What does it mean to "activate" the SREBP? In sterol-depleted 
cells, a special enzyme catalyzes the cleavage of SREBP at a specific site, releasing 
the protein from its tether (Brown and Goldstein, 1997). The freed portion of 
SREBP travels to the nucleus, where it finds the sterol response element and binds 
to it. This binding provokes an increase in rate of transcription of several genes, 
including those for the LDL receptor and 3-hydroxy-3-methylglutaryl-CoA syn- 
thase (Sakai et al., 1996). An increase in LDL receptor transcription results in an 
increase in the amount of this protein in the plasma membrane, and a consequent 
increase in acquisition of LDLs from the bloodstream. 

A mechanism has been proposed for the influence of various dietary fatty acids 
on plasma LDL-cholesterol levels. The scenario where oleic acid (18:1) can provoke 
a decline in LDL-cholesterol is as follows (Woollett and Dietschy; 1994; Rumsey et 
al., 1995): 

1. An increase in dietary 18:1 leads to an increase in 18:1 delivered to the liver 
cell. 

2. An increase in 18:1 in liver cells results in an increased availability of this 
fatty acid to acyl-CoA:cholesterol acyltransferase (ACAT). ACAT is the en- 
zyme that catalyzes the attachment of free fatty acids to cholesterol, creating 
cholesteryl esters. 

3. Oleic acid may have a unique action in increasing the activity of ACAT. 
4. An increased activity of ACAT provokes a decline in the concentration of 

free cholesterol in the liver cell. 
5. Decreased free cholesterol in the cell provokes cleavage of SREBP from its 

tether (cholesteryl esters do not influence the activation of SREBP). 
6. An increase in free SREBP stimulates transcription of the gene coding for 

the LDL receptor, resulting in an increase in LDL receptor in the plasma 
membrane, and the consequent decline in plasma LDLs. 

Effect of Drugs 

Drugs and diet counseling are routinely used for preventing atherosclerosis in 
persons over the age of 40 in whom biochemical tests have revealed the presence 
of high LDL-cholesterol. The three main drugs that are used are inhibitors of 
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HMG-CoA reductase (the "statins"), nicotinic acid, and bile-acid binding resins 
(cholestyramine). 

Clinical studies report various effects of these drugs, and the physician needs 
to determine which effect is most relevant to long-term health of the patient. A 
hierarchy of importance is as follows. A drug that lowers LDL-cholesterol is 
important, but a drug that reduces lesions in the coronary artery is even more 
important. A drug that reduces lesions is important, but a drug that is shown to 
reduce the occurrence of heart attacks (or fatal heart attacks) is even more impor- 
tant. In other words, two different drugs may be found to reduce LDL-cholesterol 
levels by 15%, but only one of these may have the effect of reducing the rate of 
heart attacks. 

Drugs that inhibit HMG-CoA reductase have a potent cholesterol-reducing 
action, and are relatively free of side effects. These drugs include pravastatin, 
lovastatin, and simvastatin (the "statins"). Therapy with pravastatin results in an 
improvement in biochemical risk factors, a reduction in thickness in 
atherosclerotic lesions, and a reduction in the rate of heart attacks (Levine et al., 
1995; Treasure et al., 1995; Sacks et al., 1996). The option of including nicotinic acid 
or resin with statin therapy is usually decided by the physician. Studies with 
patients with high cholesterol have shown that, when more than one of these drugs 
are taken, the cholesterol-reducing effects of the drugs are additive. 

An interesting species difference might be pointed out. The above HMG-CoA 
reductase inhibitors inhibit HMG-CoA reductase from a variety of animals, and 
reduce serum cholesterol in humans, rabbits and dogs, but do not reduce serum 
cholesterol in rats and mice (Sakono et al., 1996). 

Nicotinic acid (the vitamin) is another drug of choice. Therapy with nico- 
tinic acid alone improves the biochemical risk factors for cardiovascular disease 
(Illingworth et al., 1994; McKenney et al., 1994; Holvoet and Collen, 1995; 
Schectman and Hiat, 1996). Useful doses of this drug are 1.5-4.0 grams/day. 
Nicotinic acid is not the drug of choice for patients with non-insulin dependent 
diabetes (NIDDM). This is because niacin can provoke a worsening of the diabetes. 
During therapy with nicotinic acid, the patient needs to be monitored carefull~ as 
this drug may provoke liver damage in up to half of treated patients. In addition, 
nicotinic acid therapy leads to flushing of the skin (vasodilation) and gastrointes- 
tinal upset in many patients. Often the flushing effect disappears with continued 
therapy. 

Therapy with nicotinic acid plus bile acid binding resin revealed improvements 
in the biochemical risk factors, and also proved to reduce the thickness of 
atherosclerotic lesions (Blankenhorn et al., 1993). 

Bile-acid-binding resin results in an interruption of the enterohepatic circulation 
of bile salts and in their increased excretion in the feces. This drug therapy can 
produce a 20-25% decrease in plasma LDL-cholesterol. A side effect of 
cholestyramine is constipation, but this problem can be relieved by a high fiber 
diet. 

One might note the dose differences for the above drugs: statins (20-40 
rag/day); nicotinic acid (1.5-4.0 g/day); and resin (30 g/day). 

Some gender differences for adults may be of interest. Where a given man and 
woman have the same values for LDL- and HDL-cholesterol, they will have the 
same risk for cardiovascular disease. However, women (before menopause) gen- 
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erally have higher HDL-cholesterol and lower LDL-cholesterol values than men. 
After menopause, women's LDL-cholesterol levels tend to rise to men's levels, or 
higher. After menopause, women's HDL-cholesterol levels fall slightly. 

Guide to Preventing Cardiovascular Disease 

The American Heart Association recommends the following behaviors in order to 
reduce the risk for cardiovascular disease (Grundy et al., 1997): 

1. Do not smoke cigarettes. 
2. Prevent obesity. 
3. Encourage regular physical exercise, such as walking or moderate-intensity 

exercise. 
4. Reduce dietary intake of cholesterol and saturated fats. Replace saturated 

fats with unsaturated vegetable oils. 
5. If high blood pressure is present, use various methods to reduce blood 

pressure to the desired level. [Further details on high blood pressure (hy- 
pertension) appear in the Sodium and Potassium section.] 

6. Use drug therapy where biochemical risk factors suggest a benefit. Statin 
drugs are the drugs of choice. Where statin therapy alone does not work, it 
is recommended that statin be used in combination with one other drug. 
The primary goal is to reduce LDL-cholesterol to levels lower than 160 
mg/100 ml. The secondary goal is to reduce plasma triglycerides to levels 
lower than 200 mg/100 ml, and to raise HDL-cholesterol to levels over 35 
mg/100 ml (Grundy et al., 1997). 

Newly Discovered Risk Factors 

High plasma LDL is firmly established as a risk factor for cardiovascular disease. 
High plasma HDL has been somewhat less firmly established as a protective factor. 
A clearer protective role for HDLs was provided by recent experiments with mice. 
Edward Rubin and co-workers used standard genetic techniques to create a mouse 
having increased amounts of Apo A-l, and increased amounts of HDLs (Castro et 
al., 1997). Remember that Apo A-1 is the defining protein of HDLs. Feeding normal 
mice diets high in saturated fat and cholesterol produces fatty streaks. Recent 
studies with the mice containing elevated Apo A-1 and elevated HDLs revealed 
that the extra Apo A-I protected the mice from acquiring atherosclerotic lesions. 

Newly emerging predictors for atherosclerosis concern the sizes of the lipopro- 
tein particles, and the heterogeneity of Apo E. People can differ according to the 
size (diameter) of their LDL particles and HDL particles. The size of the LDL 
particles has been related to risk for cardiovascular disease. Persons with larger 
LDLs (26-27 nm) are at lesser risk, while those with smaller LDLs (24-25 nm) are 
at greater risk (Dreon et al., 1994; Stampfer et al., 1996; Tribble and Krauss, 1993). 
Furthermore, people with smaller LDLs tend, with eating a low fat diet, to acquire 
a more healthy plasma picture (Krauss and Dreon, 1995). The results suggest that 
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diet therapy will be of greater benefit to people who naturally have smaller LDLs. 
A similar, but weaker, prediction may be made with regard to the type of Apo E 
contained in any person. Apo E exists as Apo E2, Apo E3, or Apo E4 in different 
persons. These forms of Apo E differ only in the amino acids at residues 112 and 
158 in the polypeptide chain. People with Apo E2 tend to have low levels of 
LDL-cholesterol, while those with Apo E4 tend to have high LDL-cholesterol levels 
(Kallio et al., 1997). Apo E4 people tend to respond to diet, while Apo E2 people 
tend not to respond. To propose a consistent "big picture" for good health, it would 
be one with low LDL-cholesterol, high HDL-cholesterol, low plasma TGs, large 
LDLs, and the Apo E2. 
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OBESITY 

OVERVIEW 

The body weight of the typi- 
cal person is stable through- 
out much of adult life. The 
yearly change in weight, in 
adults between 20 and 60 

years of age, has been estimated at One half 
pound per year (for males). Since the amount 
of energy used to deposit this weight is about 
1560 kcal, and since one eats about 900,000 
kcal per year, one can calculate that the 
amount of energy utilized to gain the half 
pound (per year) represents under 0.2% of the 
energy eaten over the course of the year 
(Weigle, 1994). This calculation can be used to 
convince oneself that there exist mechanisms 
in the body that maintain the body weight. 
Once convinced, one might wonder if some of 
these mechanisms are altered in obesity. Some 
of these mechanisms will be outlined in the 
introduction, prior to detailing methods of 
measuring and diagnosing obesity in humans. 

Classification of Fat 

Fat can be classed in several ways: (1) as 
white fat or brown fat; (2) as upper body fat 
(android fat) or lower body fat (gynoid fat); (3) 
as subcutaneous fat or visceral fat; and (4) as 

379 
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hypertrophic fat or hyperplastic fat. It is customary for people to self-diagnose 
obesity, i.e., whether one is underweight or overweight. A self-diagnosis might be 
expected to be inaccurate because the measurement of body fat requires special 
tools and because of psychological influences. At its simplest, the tool consists of 
a tape measure. At its most complex, the tool is computed tomography. 

Diseases Associated with Obesity 

Obesity is a risk factor for non-insulin-dependent diabetes mellitus, athero- 
sclerosis, and hypertension. This statement is currently being refined to the follow- 
ing form: android type obesity, rather than gynoid type obesity, is a greater risk 
factor for these diseases. The question of why obesity is a risk factor for these 
diseases remains largely a mystery. 

The question of why obesity occurs in humans is a mystery. Some partial 
answers are that obesity is due to: (1) overeating; (2) eating too much high-fat food 
and too few high-carbohydrate foods; and (3) sedentary habits, and (4) genetics. 

The definition of obesity has been refined to yield the following form. Obesity 
can be defined as a process where fat accumulates over a long period of time due 
to an increased rate of storage of triglycerides in adipose tissue, and the conse- 
quent need to overeat slightly to balance the amount of energy diverted to storage. 
To continue with the definition, a plateau in weight is finally reached where the 
percentage of body fat is maintained, and where any attempt to lose weight (or to 
gain still more weight) is resisted by a powerful drive to return to the weight 
plateau (Flatt, 1995; Leibel et al., 1995). 

An unanswered question regarding obesity is, "Why do some fat people make 
valiant attempts to become thinner by consuming diets of celery sticks and carrots, 
but fail to lose weight, whereas some thin persons consume high-fat diets of steaks, 
ice cream, and pies with flaky crusts, but remain slender?" Another unanswered 
question is, "It is obvious that some obese persons overeat, but what compels them 
to do so?" 

Early Studies of Obesity in Rodents 

Clues to answers of these questions may eventually be found with continued 
studies of obesity in rodents. Kennedy (1950) suggested that the adipose tissue 
produces a hormone that regulates body weight. This suggestion gave rise to the 
"lipostat theory" of body weight control. The lipostat theory states that each body 
has a special mechanism that maintains the amount of body fat at a certain percent 
of the body weight. Hervey (1959) produced obesity in a rat by damaging its 
hypothalamus. The rat overate and became obese. Hervey proposed that the 
hypothalamus normally responded to a "satiety factor" circulating in the blood- 
stream, that the rat with the damaged hypothalamus could not respond, and that 
this rat's adipose tissue produced greater and greater levels of the satiety factor. 
Hervey then used surgery to connect the bloodstreams of a normal rat to that of a 
brain-damaged rat. How did the normal rat respond to receiving blood from the 
obese rat? The normal rat responded by losing weight and starving to death. Converse 
experiments also suggested a role of the hypothalamus in regulating weight. 
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Injection of hormones that are specifically made by this part of the brain (hypo- 
thalamus) into rats provokes food seeking and obesity (Wang et al., 1997). 

Subsequent work revealed that the "satiety factor" is a protein called leptin and 
that its target is a receptor in the hypothalamus. Attention to the cause of human 
obesity has focused on changes in the structure of the leptin receptor, defects in 
the mechanism of transport of serum leptin to the brain (Schwartz et al., 1996; Caro 
et al., 1996), and on mutations that affect the signaling proteins that respond to the 
leptin receptor. 

Short-Term and Long-Term Controls of Body Weight 

Cholecystokinin Seems Involved in Short-term Control of Body Weight 

Various feedback mechanisms exist to control eating and body weight. Short-term 
feedback mechanisms are activated by eating food. Long-term feedback mecha- 
nisms are produced by adipose tissue. The various signals are gathered by the 
brain, processed, and used to increase or decrease food intake. These signals 
include various polypeptide hormones that are made in the brain and in the 
intestines. Cholecystokinin (CCK) is a short-term satiety signal. Injecting animals 
with CCK during feeding results in the animal eating a smaller meal. However, 
the animal compensates by eating more meals during the da~ thus maintaining 
long-term energy intake (Figlewicz et al., 1996; Woods et al., 1998). 

Neuropeptide Y and Leptin Seem Involved in Long-Term Body Weight 

Neuropeptide Y (NPY) and leptin are long-term hunger and satiety signals. NPY 
is a hormone that is made in the hypothalamus, where its synthesis increases when 
an animal is deprived of food. Repeated injection of NPY into the brain results in 
eating larger meals, in weight gain, and in obesity (Figlewicz et al., 1996). Leptin 
is a polypeptide that is made in adipose tissue and secreted into the bloodstream. 
The chronic, artificial treatment of animals with leptin provokes a decline in 
feeding and a loss in body weight. Leptin acts at the hypothalamus to reduce the 
synthesis of NPY. 

Human Psychology of Obesity 

Special techniques for the measurement of obesity are used for the diagnosis of 
individuals, as well as for data-taking in epidemiological studies. Although many 
epidemiological studies use questionnaires, assessment of obesity by means of a 
questionnaire would not be reliable, because many people of normal body com- 
position (especially girls and women) tend to view themselves as obese. From 
where might this unfortunate view arise? There is an occasional tendency to view 
thinness in women as a sign of competence, motivation, and sexual attraction, and 
to view obesity as a sign of laziness and self-indulgence (Wilfley and Rodin, 1995). 
This tendency has contributed somewhat to the practice of "dieting." "Dieting" 
usually means the consumption of a low-energy diet with the intention of losing 
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weight. Obese persons may be stigmatized or discriminated against in present-day 
Western society (Maurer and Sobel, 1995). The stigma attached to obesity is 
thought to be to blame for the occurrence of such eating disorders as anorexia 
nervosa and bulimia nervosa. 

A number of studies have revealed that obese persons tend not to have any 
greater psychological problems (anxiety, depression, rigidity, suspicion) than the 
general public (Wadden and Stunkard, 1985). However, psychological problems 
do tend to emerge when an obese person attempts to diet. Prolonged dieting is 
associated with the acquisition of eating disorders, such as anorexia nervosa and 
bulimia. Among young female adults, for example, the prevalence of anorexia 
nervosa has been found to be about 0.28% of the population in America, while the 
prevalence of bulimia is about 1.0% (Hoek, 1995). The prevalence of eating disor- 
ders in males is only 10% that of females (Anderson, 1995). 

Anorexia nervosa involves dieting, induced vomiting, laxative abuse, and ob- 
sessive exercising. The desire to become thinner is thought to arise from the 
victim's perception that her body is obese or fat. People suffering from anorexia 
nervosa are usually about 85% their normal, desired weight. Bulimia involves 
binging, i.e., consuming large amounts of food in short periods, followed by 
"purging" via vomiting and laxative abuse, and finally a period of strict dieting. 
Persons with bulimia may be of normal weight, obese, or underweight. About 15% 
of those with these mental illnesses eventually die because of metabolic imbal- 
ances caused by their abnormal eating behavior. At best, only 50% of victims of 
anorexia nervosa or bulimia nervosa can benefit from antidepressant drugs, such 
as fluoxetine or desipramine (Walsh and Devlin, 1998). 

Summary of Techniques Used for Measuring Adipose Tissue 

Several techniques have been devised for measuring fat and its distribution in 
living humans. Terms used to refer to fat's distribution include subcutaneous fat, 
visceral fat, android (male type) obesity, and gynoid (female type) obesity. The 
science of measurement of body size, weight, and proportions is called anthro- 
pometry. Hence, the following techniques are methods of anthropometry. 

1. Height and weight. These are measured using a ruler and balance, or scale. 
2. Waist to hip ratio. This ratio is acquired using a tape measure and by dividing: 

(circumference at the waist) / (circumference at the hip). This method is 
commonly used by nutrition researchers to assess if a subject has a male- 
type obesity or female-type obesity. 

3. Body mass index (BMI) or Quetelet's Index. The BMI is (weight) / (height) 2, and 
has the units of k g / m  2. The BMI is a measure of total body fat. This method 
is commonly used by nutrition researchers, especially in epidemiological 
surveys. 

4. Skinfold measurements. Skinfold thickness is measured by pinching the skin 
and using calipers to measure the layers of skin and subcutaneous fat that 
are located to the side of the pinch. The skinfold measurement is a fairly 
direct measure of the subcutaneous fat at the location of the pinch, but the 
usual goal of the method is to gain an indication of total body fat. 
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5. Densitometry. Densitometry involves underwater weighing. By weighing the 
subject in air, and when totally submerged in water, one can calculate the 
density of the subject's entire body. Work over the course of the decades has 
produced a formula that relates this density to the total amount of body fat. 

6. Ultrasound. The technique of ultrasound is familiar to pregnant women who 
have had their fetus examined, i.e., to determine the growth and position of 
the fetus. In nutritional studies, ultrasound is used to determine the thick- 
ness of subcutaneous fat. The technique gives results that are similar, but 
not quite identical, to those acquired from skinfold measurements. Skinfold 
measurements tend to be difficult to acquire in very obese subjects, and here 
ultrasound may be the preferred technique. 

7. Bioelectrical impedance. This technique involves connecting electrodes to the 
hands and feet and passing a mild electric current through the body. Most 
organs and tissues conduct the electric current, as they contain water and 
salts. However, adipose tissue contains only about 14% water, by weight, 
and does not readily conduct electricity. The results give an indication of 
total body fat. 

8. Computed tomography (CT). Computed tomography utilizes X-rays to acquire 
cross-sectional views of the body. The result is a photograph with areas of 
dark and light, corresponding to the different tissues, including adipose 
tissue. The analyst can easily use the pictures for assessing the percentage 
of fat that is just under the skin (subcutaneous fat) or deeper within the body 
(visceral fat). 

TYPES OF FAT 

White Fat and Brown Fat 

The terms "fat" and "adipose tissue" are used interchangeably in this chapter, 
though one might recall that, to the biochemist, fat means triglycerides, which 
form a solid at room temperature. Adipose tissue, or fat, consists of a mass of 
adipocytes (fat cells) that are loosely held together by collagen fibers. Adipose 
tissue occurs in two f o r m s -  white fat and brown fat. White adipose tissue is 
colored white or yellow and has relatively few nerves and blood vessels. Each fat 
cell contains a single large droplet of triglycerides that is coated with a protein 
called perilipin. The droplet is not surrounded by a bilayer of phospholipids, and 
thus cannot be called a vesicle. White fat is used as a site for storing energy for 
physical activity. 

Brown fat contains relatively more nerves and blood vessels. Each brown fat 
cell contains several small droplets of triglyceride, rather than one large droplet. 
Brown fat is used only for heat production. It occurs in all newborn mammals, 
including humans, apparently to assure that they keep warm. Brown fat is absent 
in adult humans, but it occurs in adult hibernating animals and in animals that are 
active in cold weather, such as rats. Brown fat does not respond much to a 
low-energy diet or to overeating. Brown fat cells have large numbers of mitochon- 
dria. Although these mitochondria utilize oxygen and pump protons (pump H + 
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outward through the mitochondrial membrane), this process tends not to be linked 
to ATP production. In typical mitochondria, the flow of protons through the 
membrane, and then back into the mitochondrion, drives ATP synthesis. But in the 
mitochondria of brown fat, the flow of protons out and back through the mito- 
chondrial membrane produces mainly heat. The influx of protons through the 
membrane occurs through channels that contain a special 32-kDa protein called 
thermogenin. The futile cycle of proton pumping and reentry generates heat for 
the hibernating animal (Trayhurn, 1996). 

Subcutaneous Fat and Visceral Fat 

Fat deposits may be classed as subcutaneous and visceral. Subcutaneous fat 
occurs as a more or less continuous layer throughout the body. A measure of 
subcutaneous fat can be acquired by pinching the skin. Typically; the pinch consists 
of two layers of skin (each about 1.5 mm thick) and two layers of subcutaneous fat 
(each about 11 mm thick) (Craig, 1969). In human females, subcutaneous fat is 
especially thick in the buttocks. In contrast, visceral fat (deep fat) is distributed 
similarly in human males and females. The visceral fat in the abdomen is fre- 
quently measured in studies of obesity. Intraabdominal fat occurs in three areas: 
retroperitoneal, mesenteric, and omental. 

Pregnant women have provided a striking illustration of subcutaneous fat 
(Taggart et al., 1967). The pinch test or, more accurately the skinfold test, was 
performed on 84 women during the course of their pregnancy. Data were taken at 
the indicated times, i.e., from week 10 of the pregnancy until 8 weeks after birth 
(Figure 7.1). Skinfold measurements were acquired at various sites of the body; 
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FIGURE 7.1. Use of anthropometry to measure changes in subcutaneous fat at various 
parts of the body during pregnancy. The changes that occur following week 10 of preg- 
nancy are shown. The skinfold measurement test at the thigh revealed that a 5-mm increase 
had occurred by the 38th week of pregnancy; and that the skinfold had shrunk back to the 
original 10-week thickness at the timepoint of 2 months after the birth. (Redrawn with 
permission from Taggart et al., 1967.) 
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including the thighs, scapula (on the back), costal (over the lowest rib), and triceps 
(on the arm). Early in the study; at the 10-week timepoint, the triceps skinfold 
thickness was measured and found to be 15.7 mm (scapula, 11.8 mm; costal; 11.4 
ram; thigh, 34.8 mm; knee 11.6 ram). Figure 7.1 reveals the deviations (increases or 
decreases) from these thickness values over the course of time. The study reveals 
that subcutaneous fat increases at some sites, but not at others, during the course 
of pregnancy. 

EXERCISE 
Is there any evidence that fat, accumulating at any site during pregnancy, can remain 
accumulated in the mother for at least two months after the birth? 

Android and Gynoid Fat 

Obesity means an excess of fat in the body when compared to lean body mass. 
Lean body mass is defined in the Protein chapter in the section on Growth. The 
distribution of fat in the body is classed as upper body fat (male-type, android, 
central type) or lower body fat (female-type, gynoid, peripheral type). As men 
become obese, they tend to accumulate fat in the android pattern. Male type fat 
occurs in the abdomen. As women become obese they may accumulate fat in either 
the android pattern or gynoid pattern. The gynoid distribution involves accumu- 
lation of fat around the hips and thighs. It may also involve accumulation of fat 
on the arms, to give a bat-wing appearance. To summarize, fat men generally 
acquire the android fat pattern, while fat women may have acquired the android 
or gynoid fat pattern. Android and gynoid obesity patterns in adult female sub- 
jects are depicted in Figure 7.2. 

Measurement of the waist-to-hip ratio has proven to be useful in diagnosing 
male-type or female-type obesity. This ratio is acquired by measuring the circum- 
ference around the waist, and about the hips, and performing division. The units 
of each measurement is centimeters, while the ratio has no unit. A waist/hip ratio 
of 1.0 or greater (for men) or 0.8 or greater (for women) is associated with a distinct 
increase in health risk for non-insulin-dependent diabetes mellitus (NIDDM), 
hypertension, and atherosclerosis (Bjorntorp, 1985). 

A clear illustration of android and gynoid fat distribution patterns is shown in 
a study of 330 obese subjects and 77 persons of normal adiposity (Krotkiewski et 
al., 1983). Figure 7.3 depicts the thickness at lower body sites and abdominal sites. 
To be more specific, the lower body sites were "gluteal" and "femoral." The 
abdominal sites were "hypogastric" and "epigastric." The lower bar indicates 
results from the normal weight subjects, while the upper bars are from obese 
subjects. The data reveal an android fat distribution in men, as the men had the 
thickest fat layers about the belly (hypogastric and epigastric sites). The data also 
reveal that the population of women had a gynoid fat distribution, as they con- 
tained the thickest fat layer in the buttocks (gluteal). Please look at the figure and 
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FIGURE 7.2. Drawings of obese women with (A) gynoid (lower body) type obesity and (B) 
android (upper body) type obesity. Gynoid obesity involves excess accumulation of fat on the 
hips and thighs, while android obesity involves excess abdominal and upper body fat. With 
android obesity in the female, the waistline is often absent. Abdominal fat tends to accumulate 
above the umbilicus in males, and below it in females. These trends begin to take place in 
adolescence. The reference contained only drawings of women. (Redrawn with permission from 
Craig and Bayer, 1967.) 
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FIGURE 7.3. Adipose tissue thickness in people in the general population (solid bars) and in 
obese persons (dashed bars). Adipose tissue thickness was measured by ultrasound measure- 
ments (not by the usual technique of skinfold measurements) at the gluteal site (G), femoral site 
(F), hypogastric site (H), and epigastric site (E). The epigastric site that was used was one-third 
the distance down from the tip of the sternum to the umbilicus. This site was somewhat thicker 
in men than in women. The femoral site was one-third the distance down from the anterior 
superior iliac spine (wide part of the pelvis) to the patella (knee). This site was much thicker in 
women than in men. Biopsies were also taken at the indicated sites and examined under the 
microscope to acquire fat cell size. (Redrawn with permission from Krotkiewski et al., 1983.) 
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decide if you think that the obese men were concerned about having too much fat 
on their thighs. 

Hypertrophic and Hyperplastic Obesity 

Fat may be classified according to the time course of development of obesity. In 
this regard, there appears to be two types of obesity, i.e., where the increase in fat 
is due mainly to increases in fat cell number, or to fat cell size. There is some 
indication that, with the development of obesity in humans, the size of individual 
cells increases until the body contains about 30 kg of total body fat. With further 
increases in body fat, there is little further increase in adipocyte size. Instead, the 
number of fat cells increases (Sjostrom, 1980). The type of obesity involving mainly 
an increase in cell size is called hypertrophic, while that involving an increase in 
cell number is called hyperplastic. 

Studies with Rats and Humans on Hypertrophic Fat and Hyperplastic Fat 

Studies with rats have revealed that, with overfeeding, existing adipocytes in- 
creased in mass until they reached a critical, maximal size (0.8 micrograms). When 
fat cells reached this mass, adipocyte precursors differentiated to form new, ma- 
ture adipocytes, and these too accumulated triglycerides up to the critical size. 
Studies with humans have revealed a similar pattern, where the critical mass was 
0.6-0.7 ~tg. One study involved humans of a range of adiposities (Krotkiewski et 
al., 1983). The study involved 930 obese persons and 77 persons of normal weight. 
The study was not an overfeeding stud~ but only acquired subjects as is. The 
percent body fat was calculated using a whole body counter to measure potas- 
sium-40. This method, which is detailed in the Protein chapter, provides a more or 
less direct number regarding lean body mass. The body fat was then calculated by 
subtracting lean body mass (kg) from body weight (kg). The thickness of subcuta- 
neous fat was determined by ultrasound, and the size and mass of the adipocytes 
were measured on biopsies. 

The results of the study; though simple to comprehend, provide an exciting 
view of how adipocytes behave in vivo. The thickness of gluteal (buttocks) (Figure 
7.4A) and hypogastric (belly) (Figure 7.4B) fat are shown. Data are shown for male 
(open circles) and female (closed circles) subjects. The x-axis shows the mass (kg) 
of total body fat, while the y-axis indicates the thickness of subcutaneous fat. For 
example, the results show that the subjects with the greatest fat at the buttocks 
were women (7 cm of fat), while those with the greatest amount of belly fat were 
men (10 cm of fat). Data on fat cell size reveal, as one views data from subjects of 
greater and greater fat mass, that the size of fat cells increases from about 0.5 ~tg 
to about 0.7 ~tg, after which a plateau in fat cell mass occurs (Figure 7.5). The results 
indicate a trend where persons who are slightly obese store their fat in existing 
cells, creating large adipocytes, while persons who are greatly obese contain 
greater numbers of adipocytes to accommodate the extra triglyceride. 
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FIGURE 7.4. Adipose tissue thickness versus body fat. Body fat was measured by sub- 
tracting lean body mass (acquired from 4~ measurements) from total body weight. Data 
from men (circles) and women (dots) are shown separately. Data from subjects of differing 
total body fat were presented separately; as indicated by the X-axis. The results show that 
fat thickness increased with total body fat. Women tended to have thicker gluteal fat than 
men, when subjects were matched for total body fat. Men tended to have thicker epigastric 
fat than women, when subjects were matched for total body fat. (Redrawn with permission 
from Krotkiewski et al., 1983.) 

T E C H N I Q U E S  F O R  M E A S U R I N G  FAT 

Measurement of Body Fat by Body Mass Index 

Various ways of classifying fat, as well as the techniques of the skinfold test and 
waist-to-hip ratio, were discussed earlier. The following material explains in detail 
a number  of techniques for fat measurement,  and illustrates their use via several 
case studies. A direct measurement of total body fat can only be made by analyzing 
cadavers (dead people). The amount  of fat was correlated with the cadaver 's  
height, width, underwater  weight, and skin surface area. These results have re- 
sulted in the creation of several techniques for indirectly assessing body fat in 
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FIGURE 7.5. Fat cell weight at various sites for men and women. The conditions were as 
in Figure 7.4. Data from men (circles) and women (dots) are shown separately. The data 
reveal that fat cell weight (or size) tends to increase to a specific plateau in size, despite a 
continued increase in adipose tissue thickness. This finding supports the theory that an 
increase in fat cell size to a certain point provokes the generation of new adipocytes. 
(Redrawn with permission from Krotkiewski et al., 1983.) 

living people. Some of the tests are easy to perform in primitive countries or in 
epidemiological studies. Other available tests, which are relatively accurate, can 
only be performed in laboratories and on small numbers  of subjects. One simple 
test involves a ratio of weight to height. This test is called Quetelet 's Index, and 
results in a value that is called the Body Mass Index (BMI). The test involves the 
use of the following formula: 

BMI = (weight)  / (height)  2 
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EXERCISE 
Please calculate the BMI of a 60-kg female who is 1.60 meters tall. Please calculate your own 
BMI. 

The BMI can be calculated using a scale, ruler, and pocket calculator. BMI values 
of 20-25 k g / m  2 are associated with the least health risk. A BMI of 30 k g / m  2 is 
associated with serious risk for premature death due to obesity. BMI values under 
16 k g / m  2 suggest an eating disorder such as anorexia nervosa or bulimia. 

Example of Use of Body Mass Index in a Study of Diabetics 
The use of the BMI is illustrated by the following example. In a broader sense, the 
example emphasizes the important connection between obesity and diabetes. The 
importance of weight loss in reducing the severity of non-insulin-dependent dia- 
betes (NIDDM) has long been recognized. However, the actual physiological 
relationship between obesity (or weight loss) and the severity of diabetes have 
been difficult to pinpoint in the laboratory. A careful study of obese and lean 
subjects revealed one real difference. In this study; lean subjects (with NIDDM) 
were found more able to take up circulating glucose than were obese subjects (with 
NIDDM) (Campbell and Carlson, 1993). 

Persons of varying obesity were examined, as indicated by the BMI values on 
the axis of Figure 7.6. Insulin was infused into all patients at a rate of 1.0 microunits 
per kilogram of body weight per minute. At the same time as the insulin infusion, 
glucose was also infused. The researchers adjusted the rate of glucose infusion to 
maintain constant levels of blood glucose. In this way; the researchers were able to 
assess the rate of glucose uptake by all of the tissues of the body. The results (Figure 
7.6) indicate a trend where lean subjects were able to utilize a higher rate of glucose 
infusion but where the obese subjects were able to utilize glucose infused only at 
lesser rates. The phrase "able to utilize" means "able to accept a higher rate of 
glucose infusion but without a rise in plasma glucose concentration." The findings 
support the notion that obesity can sometimes contribute to insulin resistance in 
persons with NIDDM. 

Diabetes and Exercise with Weight Loss 
Let us dwell on the topic of obesity and weight loss for a bit longer. The American 
Diabetes Association has recommended that adults with NIDDM exercise for at 
least 20 ra in/day at 50% of the maximal 02 consumption rate (Ruderman and 
Schneider, 1992). This recommendation was designed to promote weight loss, 
since about 85% of people with NIDDM are also obese. However, evidence also 
suggests that exercise alone, even without weight loss, can improve the body's 
sensitivity to insulin. 

Diabetes and Exercise without Weight Loss 
This concerns the influence of exercise alone, with no weight loss. Braun et al. 
(1995) studied a group of obese female diabetics. The subjects walked on a tread- 
mill to provoke 50% of their maximal rate of oxygen utilization. Six episodes of 
walking were performed over the course of 2 days. A total of 3138 kJ (750 kcal) of 
energy was expended by the 2-day exercise program. The body's response to 
glucose was measured on the third day. 
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FIGURE 7.6. Rate of infusion of glucose into human bloodstream required to maintain 
constant levels of plasma glucose. All subjects were infused at a constant rate with insulin. 
All subjects were diabetics. Insulin acts by provoking the uptake of plasma glucose, and 
its storage as glycogen. By careful infusion of glucose, and constant monitoring, the re- 
searchers were able to maintain plasma glucose at a constant level. The study illustrates 
the use of the BMI, and reveals that persons with a greater BMI require lesser rates of 
glucose infusion to maintain constant plasma glucose levels. The conclusion is that persons 
with a greater BMI are more resistant to insulin, and thus have one of the characteristics 
of diabetes. Control studies of healthy thin and obese subjects seemed not to reveal the 
trend depicted. In clinical practice, obesity is widely believed to worsen the insulin resis- 
tance of NIDDM. (Redrawn with permission from Campbell and Carlson, 1993.) 

In detail, glucose was infused into each woman at a rate of 4 mg glucose/kg 
fat-free mass per min. Blood samples were taken at intervals of 15 min. Analysis 
of the blood samples revealed that plasma glucose levels increased at the start of 
the infusion, as one might expect (Figure 7.7). In taking a close look at the data, 
one can see that glucose rose and then declined during the infusion. 

The decline occurred with the rise in insulin levels, and with the response by 
insulin-sensitive tissues, such as muscle. At 0 minutes, the glucose levels in the 
diabetic women were about 12 mM. Towards the end of the 3-hour glucose 
infusion, the glucose levels in the nonexercised group (open circles) declined to 
about 11 mM, while the glucose levels in the exercised group (black dots) de- 
creased f u r t h e r -  to about 9 mM. Separate work revealed that this effect of 
exercise wears off after 4-5 days. One might note that the same women were used 
for the study of exercised and nonexercised subjects. The results, therefore, dem- 
onstrate an effect of short-term exercise on glucose control in diabetics. Similar 
convincing results were provided by Hughes et al. (1993). 

Example of Use of Body Mass Index in a Study of Cardiovascular Disease 

Let us return to the issue of techniques used to assess obesity and body composi- 
tion. A second example also reveals how the BMI is used. The example is an 
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FIGURE 7.7. Plasma glucose concentrations during the course of an infusion of glucose. 
The study addressed the question, "Can exercise without weight loss improve health?" 
Eight obese diabetic women were studied under two conditions, i.e., with and without a 
2-day exercise program. The exercise was not enough to result in the usual benefits of a 
long-term rigorous exercise program, i.e., a reduction in body fat, increases in muscle 
capillary density; increases in glycogen stored in muscle. On the third day, the women were 
infused with glucose for 3 hours. Blood samples were removed every 15 min. Insulin was 
also infused during the 3-hour period at a rate of 40 m U / m  2 per min. The unit " m  2" m e a n s  
square meter of skin area. Exogenous insulin was infused because the women had an 
impaired ability to produce insulin, and because the goal of the researchers was to study 
the body's sensitivity to insulin. Without the insulin infusion, the researchers would have 

ctrcles, no been forced to study the body's sensitivity to very low levels of insulin. (Open " ~' 
exercise; black dots, with exercise). (Redrawn with permission from Braun et al., 1995.) 

epidemiological survey called the Nurses '  Health Study. The s tudy was directed 
to the question of whether  only severe obesity poses a health risk, or if moderate  
obesity also presents a health risk. The s tudy involved 115,195 nurses. The nurses 
were examined via questionnaires over a period of 16 years. During this period, 
881 subjects died from cardiovascular disease, 2586 from cancer, and 1259 from 
other causes. 

The data were analyzed and presented in several ways  (Manson et al., 1995). 
Figure 7.8A shows the relative risk from dying of cardiovascular disease versus 
BMI. Figure 7.8B shows the relative risk from dying of cancer versus BMI. The 
results show that the rates of death from cardiovascular disease were fourfold 
greater for w o m e n  with  high BMI values (BMI > 29.0) than for the leanest group 
of women.  Rates of death from cancer for the obese w o m e n  were twice those for 
the leanest women.  The y-axis has the units of "relative risk." Relative risk was 
calculated by dividing as follows: 
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FIGURE 7.8. Relative risk for (A) cardiovascular disease and (B) cancer versus body mass 
index. The subjects were 115,195 nurses who participated in a study over 16 years. During 
this period, a total of 4726 nurses died - -  881 from cardiovascular disease, 2586 from cancer, 
and 1259 from other causes. Only data from nurses who had never smoked are presented 
in the figure. The relative risk of those with a BMI under 19.0 was set at unity. The results 
show that death due to cardiovascular disease was four times higher in the obese women, 
when compared to the rate for the leanest women. There seemed to be some association 
of obesity with cancer, though this association was clearly less dramatic than for cardio- 
vascular disease. (Redrawn with permission from Manson et at., 1995.) 

(death rate for group nurses with a specific BMI value) 
(death rate for the leanest group of nurses) 

The au thors  of the s tudy  conc luded  that  a we igh t  gain  of 10 kg or more  (occurring 
after the age of 18) results in an increased rate of dea th  by  midd le  a d u l t h o o d  
(Manson  et al., 1995). 
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Measurement of Body Fat by Skinfold Measurements 

The skinfold measurement test was introduced earlier in the chapter during the 
illustration of subcutaneous fat in the course of pregnancy. A more comprehensive 
picture of this test follows. Skinfold measurements are made by pinching the skin 
and pulling slightly to form a pinch with roughly parallel sides. The pinch contains 
two layers of skin and two layers of subcutaneous adipose tissue. A caliper is then 
applied to the skinfold. Care should be taken to take the reading at four seconds 
after applying the caliper to the skinfold. Care should be taken to place the caliper 
tips a distance of I cm distal to the finger and thumb. The dietician should also be 
sure to perform the pinch at the correct regions of the body. 

Selection of Sites on the Body for Skinfold Measurements 

A number of different sites have been used to apply the pinch. The most commonly 
used site is over the triceps muscle of the arm. Hence, the site is called the "triceps 
skinfold" site. The measurement is taken halfway between two bones, the scapula 
and ulna. More specificall~ the measurement is taken halfway between the 
acromion process of the scapula and the olecranon process of the ulna (Figure 7.9). A 
picture of a dietician taking a triceps skinfold measurement is shown in Figure 7.9. 

One problem with the triceps skinfold test, and other single-site measurements, 
is that the results cannot be used to estimate the amount or percentage of body fat. 
Data from single-site measurements can only be used where data from one person 
(your patient) are compared with data taken from a large number of subjects. The 
result here is knowledge that your patient is fatter than 60%, for example, of the 
measured population. No useful equation has yet been devised for estimating total 
body fat from a single skinfold test. 

Multiple skinfold tests can be used to estimate total body fat (Lee and Nieman, 
1996, pp. 223-288). Two-site skinfold measurement involving the triceps and 
subscapular sites has proven to be useful. The test simply involves taking the 
triceps measurement and a measurement just below the lower border of the 
scapula, and adding the measurements. The result is a number having the unit of 
"millimeters." The sum is then input into a special table. Separate tables have been 
devised for use with boys (Figure 7.10A) and girls (Figure 7.10B). Use of the table 
gives an estimate of the percent of the child's body that is fat. A child with the 
indicated percentage of body fat (over 25% for boys; over 32% for girls) is consid- 
ered obese. 

Measurement of Body Fat by Densitometry 

Skinfold measurements reflect the thickness of layers of fat at specific points of the 
body. In contrast, the technique of densitometry is sensitive to the proportion of 
fat in the entire body. Density, whether measured by chemists, physicists, or 
dieticians always means mass/volume (grams/ml). The density of a human being 
is often measured by using underwater weighing. This technique requires a tub of 
water, a scale for measuring the subject's weight, and a special chair that is 
attached to the scale. The subject needs to have defecated and urinated shortly 
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FIGURE 7.9. (A) Anthropometry by skinfold measurements. The triceps skinfold measure- 
ment is taken halfway between the lateral projection of the acromion process of the scapula 
(point a) and the inferior margin of the olecranon process of the ulna (point b). The ulna 
is one of the two bones of the forearm. (B) When taking the measurement, the subject's 
arm should hang loosely at the side. The dietician may mark the halfway point using a 
pen, then pinch the skinfold using the left hand, while holding the caliper with the right 
hand. The tips of the caliper should be placed about I cm down from the pinched area to 
prevent the pressure from the fingers from influencing the measured value. In very obese 
subjects, it may be difficult to raise the skin by pinching. In this case, the dietician should 
grasp the obese person's skin with both hands while a partner positions the caliper and 
takes a measurement. (Redrawn with permission from Lee and Nieman, 1996.) 

before the measurement is taken. The subject then sits on the chain The chair is 
lowered into the water, and the subject is completely submerged. The subject must 
exhale as much as possible and remain still for 5-10 seconds while the dietician 
records the weight of the underwater  subject. The weight of the subject in air (not 
in water) is measured shortly before or after the underwater  weight is taken. The 
results are then placed in the following formula (Brodie, 1988): 

Density = 
[weight in air] 

[(weight in a i r -  weight in water) / (density of water)] - RV 100 ml 

The term "RV" in the density formula means "residual volume." RV is the amount 
of air remaining in the lungs after maximal exhalation. The RV can be measured 
at the same time as the underwater  weighing. A technique for measuring the air 
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B. Triceps plus subscapular skinfolds (girls) 

5 10 15 20 35 40 45 50 55 60 
Skinfolds (mm) I I i I I I . . . . . . .  , 

25 30 

I ! 

Low Optimal Moderately 
range high 

I _ I 
24 28 

High Very high 

38 
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Percent fat 4 10 15 20 30 33 35.5 40 

FIGURE 7.10. Standards for total body fat for (A) boys and (B) girls (ages 6-17). The 
graphs relate two-site skinfold measurements with percent of total body fat. This and 
similar tables were acquired by dissecting cadavers and measuring either the total amount 
of visible adipose tissue, or by extracting the body with ether and measuring the dissolved 
triglycerides. The cutoff points for very low body fat, high obesity, and very high obesity 
were developed by the life insurance industry (Metropolitan Life Insurance Company) by 
using height and weight data, and health data, of policyholders. (Redrawn by permission 
from Lohman, 1987.) 

space in the lungs (with maximal exhalation) has been described (Wilmore et al., 
1980). In brief, the subject sits in the chair, exhales as much as possible, and is 
completely submerged in water and weighed. Then the subject inhales some pure 
oxygen from a bag. The subject inhales and exhales several times from this bag of 
oxygen in order to wash out most of the nitrogen or carbon dioxide that was in 
the lungs during the underwater weighing. Then the bag is taken awa~ and the 
total amount of nitrogen (or carbon dioxide) is measured using a special machine. 
The total amount of nitrogen (or carbon dioxide) gives a direct indication of RV. 
The value of "100" in the preceding formula is an estimate of the amount of 
intestinal gases in a typical subject. 

Units in Equations Used for Densitometry 

In examining any equation involving multiple terms, one should make sure that 
the units are consistent. To see if the units are consistent, one should erase each 
term and, in its place, plug in the name of the unit. Replace "density" by (kg/ml). 
Replace "weight in air" by kg, "weight in water" by kg, density of water by 
(kg/ml), and "RV" by ml. The result will give this equation: kg /ml  = kg/ml.  Such 
a result for this type of exercise indicates that the equation makes sense. 
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Equations Used for Densitometry 

The value for the density is then placed in the following formula to give the 
percentage of body fat. This formula was developed by W. E. Siri in the early 1950s: 

P e r c e n t  body fat = [ 4 0 5 / d e n s i t y ]  - 4 5 0  

This equation rests on the assumption that the density of fat is 0.9 g /cm 3, and that 
of fat-free mass is 1.1 g / cm 3. Fat-free mass is composed of water, protein, mineral, 
and carbohydrate. Most of the fat-free mass in the human body is water, which has 
a density of 1.0 g /cm 3. About 73% of the fat-free mass is water. About 20% of the 
fat-free mass is protein (1.34 g/cm3). About 7% of the fat-free mass is mineral (3.00 
g/cm3). 

The Siri equation is somewhat less accurate when applied to persons with a 
greater (African-Americans) or lesser (people with osteoporosis) proportion of 
fat-free mass occurring as bone. Please note that, of the various components of 
fat-free mass, bone has the greatest density. Adjustments of the Siri equation have 
been suggested for use with African-Americans (Zillikens and Conway; 1990; 
Conway et al., 1995), muscular weight trainers (Modlesky et al., 1996), elderly 
persons (Dumin and Womersle~ 1974), and obese persons (Deurenberg et al., 
1989a,b). The amount of fat in the human body varies to a surprising extent, 
according to a study that employed densitometry and the Siri equation (Durnin 
and Womersle~ 1974). 

Assessment of Body Fat by Computed Tomography 

Computed tomography (CT), as applied to nutrition research, was described by 
Kvist et al. (1988). The technique involves exposure to X-rays for about 5 seconds, 
with a resulting cross-sectional picture of the abdomen called a "slice." The picture 
represents a "slice" of the bod~ where the slice is about 12 mm thick. The abdomi- 
nal slice is taken at the level of one of the lumbar vertebra. The results take the 
form of a picture where areas of variable densities can be interpreted as being 
subcutaneous fat, visceral fat, muscle, or bone. 

A study of 57 obese women illustrates the use of CT for measuring subcutane- 
ous fat and visceral fat, and the use of the data for predicting adverse risks to 
health (Zamboni et al., 1992). Forty of the women were premenopausal (24-46 
years old), while 17 were postmenopausal (52-68 years old). The results (Table 7.1) 
revealed that the younger obese women tended to have more subcutaneous fat 
and less visceral fat than the older obese women. The units of area that are used 
in CT are cm 2. The data suggest a trend in the aging process of obese women, 
where there occurs a progressive increase in visceral fat and a reduction in subcu- 
taneous fat. 

EXERCISE 
What percent of fat was found to be subcutaneous and visceral fat (Table 7.1) in the study 
of young and old women? (See Zamboni et al., 1992.) 
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TABLE 7.1 Shifts in Location of Body Fat in Pre- and Postmenopausal Women 

Premenopausal Postmenopausal 

Age (years) 35 + 11 60 + 8 
Body weight (kg) 103 + 18 96 + 15 
BMI (kg/m 2) 39 + 6 37 + 5 
Subcutaneous adipose 602 + 150 500 +113 

tissue (cm 2) 
Visceral adipose 150 +_ 75 205 _+ 60 

tissue (cm 2) 

Source: Zamboni et al. (1992). 

The main  goal in studies that  employ  compu ted  t o m o g r a p h y  is to measure  
visceral fat and  thus  de te rmine  which  persons  are at a greater  heal th  risk. A 
secondary  goal is related to me thodo log~  and  here the goal is to de te rmine  which  
inexpensive technique (BMI or w a i s t / h i p  ratio) gives results that  are mos t  similar 
to those from CT. A trend seems to be emerging.  The t rend is that  persons  wi th  a 
(visceral f a t ) / ( subcu taneous  fat) ratio of over 0.4 have  a distinct, increased heal th  
risk. 

The use of compute r ized  t o m o g r a p h y  to measure  subcutaneous  and  visceral fat 
is i l lustrated in a small  bu t  detai led s tudy  by C o n w a y  et  al. (1995) (Table 7.2). The 
s tudy  compared  obese black w o m e n  and obese whi te  women .  The terms "black" 
and  "Afr ican-American"  general ly are used  to indicate persons  of West African 
descent,  i.e., Angola,  Senegal, and  Gambia.  The te rm "whi te"  refers to persons  of 
European  descent. The ranges  of ages and  weights  of both  groups  of w o m e n  were  
similar. These, and  other parameters ,  are listed in Table 7.2. 

TABLE 7.2 Search for Differences in Body Fat Distribution in Black and White Women 

Black women White women 

Age (years) 35 + 7 39 + 6 
Weight (kg) 109 + 17 103 + 24 
BMI 40 + 5 38 + 8 
Waist/hip ratio 0.86 + 0.1 0.84 _+0.1 
% body fat 53 + 7 52 + 5 

(bioelectric impedance) 
Subcutaneous fat (cm 2) 449 + 170 446 + 152 
Visceral fat (cm 2) 105 + 25 160 + 70 
Total cholesterol (mM) 4.73 5.17 
HDL-cholesterol (raM) 1.47 1.14 
Triglycerides (raM) 0.93 1.60 

Source: Conway et al. (1995). 
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EXERCISE 
According to the CT measurements (Table 7.2), what percent of body fat of the obese 
women was subcutaneous and what percent was visceral? 

A goal of the Conway et al. (1995) study was to assess the amount of fat that 
was subcutaneous and visceral in the abdomens of obese women, because of the 
emerging picture suggesting that visceral abdominal fat is associated with risk 
factors for cardiovascular disease. Risk factors for cardiovascular disease include 
high plasma cholesterol, high LDLs, low HDLs, and high plasma triglycerides. The 
researchers examined the blood picture of the obese women. As indicated in Table 
7.2, the obese black women had more healthy blood values than the obese white 
women. An emerging picture from this, and related studies, is that in comparing 
black and white women of equal obesity, the black woman may be at less health risk 
because of the more favorable blood picture. For example, a study of 101 black and 
white children also revealed the previous trend, i.e., that blacks tend to have a 
lower proportion of visceral fat than whites (Goran et al., 1997). 

From these results, one might guess that the black population, overall, is at 
lesser risk for cardiovascular disease than whites. This notion is false because of 
the greater prevalence of obesity among blacks. Epidemiological studies have 
revealed that about one-third of white women are obese, while over half of all 
black women are obese. 

EXERCISE 
Studies of premature infants (1.2 kg body weight) revealed that they accumulated and 
retained protein at the same rate as fetuses of the same postconception age. However, the 
premature infants accumulated fat at a rate three times that of fetuses of the same age. Both 
groups gained total body weight at the same rate. Which methods would you use to 
estimate the accumulation of protein, water, and fat, over the course of time, in a premature 
infant? (See Reichman et al., 1981.) 

S I G N A L I N G  PATHWAYS FOR R E G U L A T I N G  
A D I P O C Y T E  F O R M A T I O N  

The pathway of differentiation of pre-adipocytes to adipocytes is only now begin- 
ning to be detailed. Attention has focused on the transcription factors PPAR-y and 
C/EBP. Transcription factors are proteins that bind to specific regions of DNA 
called response elements. The binding event provokes the activation of many 
genes and results in an increase in the rate of transcription. PPAR-y appears to be 
active when it is bound by prostaglandin J2 (PGJ2). Knowledge of the pre-adipo- 
cyte maturation path is only fragmentary to date, but includes the following 
six-step sequence. PPAR is further detailed in the section on RAR, VDR, and THR 
in the Vitamin chapter. 

Step 1. An excess of dietary energy somehow provokes the production of 
prostaglandin J2 within the pre-adipocyte (Forman et al., 1995). The biosynthetic 
pathway of PGJ2 from arachidonic acid is outlined in Figure 7.11. Prostaglandins 
are detailed in the Essential Fatty Acid section. 
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FIGURE 7.11. The pathway for prostaglandin biosynthesis. Arachidonic acid is a fatty acid 
occurring in phospholipids in the plasma membrane of all cells. Hydrolysis of arachidonic 
acid allows it to be converted to prostaglandin H 2 and then to other prostaglandins, such 
as PGD 2 and PGJ2. PGJ2 can bind to a transcription factor called PPAR, and provoke the 
conversion of fibroblasts to adipocytes. It is not yet proven if PGJ2 works this way in living 
animals. Fibroblasts are cells that are relatively undifferentiated. PPAR does not act alone 
as a transcription factor, but it must first bind to RXR. The PPAR/RXR complex of proteins 
is called a heterodimer. RXR Can bind 9-cis-retinoic acid. It is likely that transcription 
activation by PPAR/RXR requires bound 9-cis-retinoic acid, for some genes, but not for 
other genes. (From Forman et al., 1995.) 

Step 2. PGJ2 travels to the nucleus, where it binds to PPAR, followed by binding 
to RXR. The result is a complex composed of the hormone (PGJ2) and the two 
proteins (PPAR and RXR). The particular family of receptor proteins that includes 
PPAR and RXR is water soluble and not membrane bound. Prostaglandin J2 binds 
to an intracellular receptor (PPAR), in contrast to other types of prostaglandins that 
bind to extracellular receptors. 

Step 3. The PPAR/RXR complex binds to a special response element with the 
sequence AGGTCANAGGTCA. The sequence AGGTCA is repeated twice here 
and is separated by a single nucleotide (A, T, G, or C). The response element 
always occurs as double-stranded DNA, but the sequence of only one strand is 
shown here. The AGGTCA at the left-hand side of AGGTCANAGGTCA binds 
PPAR (of the PPAR/RXR complex), while the AGGTCA to the right binds RXR (of 
the PPAR/RXR complex). PPAR alone cannot bind to the response element. PPAR 
must  occur as the PPAR/RXR complex for binding to occur (Forman et al., 1995; 
Spiegelman and Flier, 1996). 

Step 4. AGGTCANAGGTCA resides near dozens of genes that code for proteins 
that are unique or necessary to adipocytes. The binding of the PPAR/RXR complex 
to these response elements in the cell activates the nearby genes m genes that are 
just "downstream" of the response element m and provokes the conversion of the 
pre-adipocyte to an adipocyte. 
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Step 5. C/EBP is a transcription factor of 42 kDa. It binds to a response element 
with the structure CCAAT. C/EBP forms dimers with itself to generate C/EBP- 
C/EBP. Activation by PPAR-7 is thought to be a primary event in adipocyte 
formation, with activation by C/EBP being secondary. Evidence suggests that both 
of these transcription factors act synergistically with each other. 

Step 6. The changes occurring in adipocyte formation include the synthesis and 
deposition of collagen fibers at the outside surface of the cell, and the synthesis of 
GLUT-4 transporters, PEPCK, leptin, the insulin receptor, acetyl-CoA carboxylase, 
and citrate lyase (Smas and Sul, 1995). Adipocytes make a special protein called 
perilipin, which binds to the outside of lipid droplets. The existence of this protein 
might be compared with apolipoproteins, which also coat the outside of lipid 
droplets. A simple assay used to assess conversion of a pre-adipocyte, such as a 
fibroblast, to an adipocyte is staining with a red dye that binds to lipid droplets 
(Forman et al., 1995). 

EXERCISE 
Genes include the regions of DNA that code for a particular protein or polypeptide, as well 
as regions of DNA used to control the rate of transcription. Please find the binding site for 
a transcription factor on this region of the leptin gene: 

5'-ACGTAGAAGCTTGAAATGAGGTAAAAGGTCAGAGTCCAAGCTT-3' 
(See Hollenberg et al., 1997.) 

EXERCISE 

A drug is available which binds to PPAR-~, and provokes the synthesis of adipocytes. Do 
you think that this drug would make diabetes better or worse? Hint: Ask yourself if you 
think the drug would result in a decline or increase in plasma glucose levels. (See Spiegel- 
man and Flier, 1996.) 

GENETIC FACTORS IN OBESITY 

Genetic Factors in Human Obesity 

The question whether some humans are genetically obese may be divided into two 
parts: (1) does genetics cause an obese person to deposit a greater amount of food 
energy into adipose tissue; and (2) can genetics cause an obese person to have an 
increased desire to eat food. The first question was addressed in careful studies by 
Bouchard and co-workers (Bouchard and Trembla~ 1997). These studies involved 
twelve pairs of twins. All of the subjects were males, and were fed an excess of 
energy (4.18 extra megajoules/day) for 100 days. The average gain in weight at 
the end of the study was 8 kg. The weight gain for one brother appears on the 
y-axis, while that for the twin brother is on the x-axis (Figure 7.12). The results 
show, for example, that Brothers W both gained 7 kg, that Brothers X each gained 
about 9 kg, and that Brothers Y both gained about 12 kg. The results suggest a 
genetic component in weight gain. On the other hand, Brothers Z gained dissimilar 
amounts of weight. 



402 7 Obesity 

, , ,  ,,, , , ,= , , ,  

"IX~N A 
Y 

..~ 12- $ 

._~ 
~ 10" 

._.R 8 = eO 

m 

�9 z 4= o TWINB 
. . . . . . . ,  , , . 

4 6 8 1 0  1 2  

Changes in Body Weight (Icg) 

FIGURE 7.12. Changes in body weight after a 100-day overfeeding study. Each point 
represents two persons (twin brothers). Twelve pairs of twins were studied. The weight 
increase for one brother may be read from the Y-axis, while that for the other brother is on 
the X-axis. (Redrawn by permission from Bouchard and Tremblay, 1997.) 

Bouchard and co-workers also addressed the question of weight loss. Seven 
pairs of twins exercised on cycle ergometers (exercycles) during a 93-day study. 
The exercise level was adjusted to an extra energy expenditure of 4.18 MJ/day for 
each subject. The subjects were fed a constant diet over the course of the study. The 
average loss in body weight, after the stud~ was 5 kg. The reduction in subcuta- 
neous fat and visceral fat was measured by computed tomography. Thus, the 
amount of fat is measured in square centimeters (a cross-sectional picture). The 
results of the visceral fat measurements reveal, for most sets of twins, a striking 
similarity in fat loss (Figure 7.13). The results support the notion that some dieters 
have an unusual difficulty in losing weight because of genetic factors. 

It should be noted that human genetics is exquisitely complex. Any person who 
is fat may be obese because of several, not just one, genetic changes in the body. 
In addition, the fact that two brothers are twins does not guarantee that they will 
be genetically identical. A variety of studies have shown that 40-70% of the 
features of obesity, in humans, are inherited (e.g., Comuzzie and Allison, 1998). 

Genetic Factors in Mouse Obesity 

Several strains of mice have been discovered that are naturally genetically obese. 
The genetic defects have been traced to specific genes and to changes in the 
corresponding polypeptides. These polypeptides occur in various tissues in the 
bod)~ but one thing they have in common is that they all act in the hypothalamus. 
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FIGURE 7.13. Changes in body weight after a 93-day negative energy study. Each point 
represents two persons (twin brothers). Exercise on a cycle ergometer was used to provoke 
negative energy balance. Seven pairs of twins were studied. Visceral fat was measured 
using computed tomography. The results showed a striking similarity of visceral fat loss 
among twins. Of interest to those interested in exercise nutrition is the finding that the 
subjects oxidized more lipids than carbohydrates after the 93-day stud~ as measured by 
RQ tests. Another observation is that some subjects (with exercise) tended to be high lipid 
oxidizers, while others were high carbohydrate oxidizers. (Redrawn by permission from 
Bouchard and Trembla3~ 1997.) 

Thus, an appreciation of the genetic factors of mouse obesity requires some back- 
ground in the physiology of the hypothalamus. 

Physiology of the Hypothalamus 

The hypothalamus has long been suspected as being an important regulator 
of feeding behavior. Work during the 1950s revealed that physical damage 
inflicted to parts of the hypothalamus result in increases or decreases in food 
intake and body weight. A cross-section of the hypothalamus of the rat is shown 
in Figure 7.14. 

The hypothalamus contains regions called the ventromedial hypothalamus 
and the ventrolateral hypothalamus. The following commentary serves to em- 
phasize the importance of the hypothalamus in the control of eating. Lesions 
(intentional damage) in the ventromedial region cause overeating and obesity, and 
provoke a decline in glucagon secretion. The ventromedial region is called the 
satiety center of the brain. The normal function of the ventromedial region is to 
inhibit the activity of the lateral region. Electrical stimulation of the ventromedial 
region provokes increased glucagon secretion and an increase in the activity of 
glycogen phosphorylase (and thus glycogen breakdown) in the liver. This effect is 
mediated by nerves leading to the liver. Lesions in the ventrolateral region cause 
less eating and loss in weight. The ventrolateral region is called the feeding center 
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FIGURE 7.14. Cross-section of the hypothalamus of the rat and regions used to trigger 
hunger and satiety. The hypothalamus contains regions called the ventromedial hypothala- 
mus (VMH) and the ventrolateral hypothalamus (LH). Lesions in the ventromedial region 
cause overeating and obesity. Lesions in the ventrolateral region cause less eating and loss 
in weight. The arcuate nucleus (ARN) of the hypothalamus is the site of synthesis of 
melanocortin hormones, where these hormones include POMC (pro-opiomelanocortin), 
ACTH, MSH, and LPH. POMC is a 265-amino-acid polypeptide that is the precursor of 
ACTH (39 amino acids), MSH (13 amino acids), and LPH (39 amino acids). The arcuate 
nucleus is also the site of synthesis of neuropeptide Y. Neurones extend from the arcuate 
nucleus (site of NPY synthesis) and convey NPY to the dorsomedial hypothalamic nucleus 
(DMH) and paraventricular nucleus (not shown). The DMH is also involved in melano- 
cortin metabolism, since MC4 receptors (which bind melanocortin) occur in the ventrome- 
dial nucleus (VMH). The VMH and LH are connected via the DMH. Other structures are 
the corpus callosum (CC), cerebral cortex (CCX), hippocampus (HI), and optic tract (T). 
(Redrawn by permission from Schwartz et al., 1992.) 

of the brain. The satiety center acts by inhibiting the activity of the feeding center. 
Electric stimulation of the ventrolateral region of the hypothalamus provokes an 
increase in activity of liver glycogen synthase (Rohner-Jeanrenaud, 1995; Lynch et 
al., 1997). 

The study of obesity has been aided by the occurrence of certain strains of mice 
that are genetically obese. These mice arose spontaneously in various animal 
colonies over the past few decades. Five separate strains have been maintained 
and bred. Their names and abbreviations are: (1) obese (ob), (2) diabetes (db), (3) 
fat (fat), (4) agouti yellow (AY), and (5) tubby (tub). 
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The names of these strains are used to refer to the strain of mouse, to the genetic 
makeup, to the specific gene that may be affected, and to the protein (if any) made 
by the gene. In recent years, the specific genes that are responsible for obesity have 
been identified for these strains. The obese gene (ob gene) codes for leptin, a 
hormone that circulates in the bloodstream. The hormone, in humans, is 116 amino 
acids long (Considine et al., 1995). The diabetes gene (db gene) codes for the leptin 
receptor, i.e., for a membrane-bound protein. The protein is rather large and 
consists of 1178 amino acids (Caro et al., 1996). 

Obese Gene and Leptin 

The obese gene, or the "ob gene," codes for a hormone called leptin. A lack of 
leptin provokes obesity, as revealed by the existence of the obese strain of mouse. 
An increased amount of leptin in the bloodstream provokes obesity, as revealed 
by studies in rats (Figure 7.15) (Chen et al., 1996). Plasma leptin levels were raised 
to the indicated concentrations by infecting rats with a virus that synthesizes leptin 
(Figure 7.15A; filled squares). Plasma leptin levels in control rats (Figure 7.15A; 
filled triangles) were also measured. The food intake (Figure 7.15B) and body 
weight (Figure 7.15C) in the two groups of rats was also measured. The results 
demonstrated that the high-leptin rats had a decreased food intake and decreased 
body weight, when compared with the control rats. 

Separate studies were designed to test if the lack of weight gain in the high-lep- 
tin rats was solely due to the lower food intake, or was also due to other factors 
(Chen et al., 1996). The food intake of the high-leptin rats was carefully measured 
on a daily basis. A separate group of normal rats was then fed the same amount 
of food (same amount as the high-leptin rats). These normal rats gained weight at 
the exact rate (lowered rate) as the high-leptin rats. This suggests that the effect of 
leptin is mainly on food i n t a k e -  and possibly solely on food intake. This tech- 
nique of food-weighing and feeding is called pair feeding (Appendix A). The 
researchers went a step further, and beyond the simple measurement of body 
weight. They performed surgery and discovered that the pair-fed group of normal 
rats still had substantial fat stores, while the high-leptin rats contained little or no 
adipose tissue. This means that the influence of leptin is on food intake, but also 
on other physiological events in the body. 

Leptin is synthesized by adipocytes and is secreted into the bloodstream. Secre- 
tion is proportional to the amount of triglycerides stored in the adipocytes, that is, 
leptin secretion is proportional to the amount of body fat. Body fat (percentage of 
body weight that is fat) was estimated using bioelectric impedance. Serum leptin 
levels were measured in a study of 108 normal-weight subjects and 71 obese 
subjects (Figure 7.16) (Considine et al., 1996). The average serum leptin concentra- 
tion in the normal-weight subjects was about 8.0 ng/ml.  The figure reveals that, 
once the percent body fat increases beyond 25%, the leptin levels tend to increase 
by some threefold to tenfold. 

EXERCISE 
The data in Figure 7.16 reveal an increase in serum leptin in obese persons. These data could 
mean an increase in leptin production (by fat tissue), or a decline in leptin uptake and 
degradation (by other tissues). Please devise an experiment for assessing changes in the 
rate of leptin synthesis. Please design a test for measuring changes in leptin uptake (uptake 
from blood). 
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FIGURE 7.15. Measurements of rat biochemistry and physiology during 28 days of treatment 
with leptin. (A) Plasma leptin with administration of a virus that synthesizes leptin inside of rat 
liver cells (squares), or with no virus (triangles). (B) Food intake (grams/day) where rats were 
treated with the virus (squares) or with no virus (triangles). (C) Body weight where rats were 
treated with the virus (squares) or with no virus (triangles). The results showed that the leptin- 
treated rats ate less food and gained less weight than the nontreated rats. (Redrawn by permission 
from Chen et al., 1996.) 
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FIGURE 7.16. Plot of serum leptin versus percent body fat in 275 adults. The percentage 
of the body that consisted of fat was measured using bioelectric impedance. The results 
showed that fatter persons tended to have higher serum leptin levels. Separate work 
showed that obese humans had higher levels of mRNA coding for leptin than normal 
weight subjects, suggesting that higher serum leptin is caused by its higher rate of synthe- 
sis, rather than a lower rate of uptake by various tissues and degradation. (Drawn with 
permission from Considine et al., (1996).) 

S u m m a r y  of the Physiology of Adipose Tissue Regulation 

An emerging picture suggests that the following sequence of events normally 
contributes to the regulation of food intake and storage: 

1. Increase in size or number of adipocytes. 

2. Increased expression of ob gene in adipocytes, and increased secretion of 
leptin by white adipose tissue into the bloodstream. 

3. Increased levels of plasma leptin. 
4. Increased binding of leptin to receptors (leptin receptor) in the hypothala- 

m i l s .  
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5. Reduced synthesis of neuropeptide Y in nerves in one region of the hypo- 
thalamus (the arcuate nucleus of the hypothalamus). Note that nerves ex- 
tend from the arcuate nucleus to another region of the hypothalamus (para- 
ventricular and dorsomedial nuclei of the hypothalamus) (Wang et al., 1997). 

6. Decrease in eating and loss in body weight. 

Diabetes Gene and the Leptin Receptor 

The term "diabetes gene," or "db gene," is only the name of a gene that is defective 
in a strain of genetically obese mice, and does not imply that human diabetics have 
problems with this gene. The db gene codes for a membrane-bound protein. This 
protein is the leptin receptor. The protein consists of 1178 amino acids where the 
extracellular region is 840 amino acids long, the transmembrane section is 34 
amino acids, and the cytosolic part is 304 amino acids. In the normal mouse, the 
protein crosses through the plasma membrane and contains extra- and intracellu- 
lar regions. But in the mutant mouse, the protein lacks most of the intracellular 
region. The protein is said to be "truncated." A specific change in the gene was 
traced to this defect. A guanine residue was mutated (changed) to a residue of 
thymine (Chen et al., 1996). The hypothalamus is the main site of expression for 
the leptin receptor in the bod~ but the receptor also occurs elsewhere in the brain, 
and in the liver, lungs, heart, kidne~ testes, and adipose tissue (Caro et al., 1996). 
Interest is focusing on the possibility that obese humans have leptin receptors with 
an altered structure. 

Agouti Gene and Agouti Protein 

The agouti gene codes for a 131-amino-acid protein that normally influences hair 
color in rats. Agouti mice are distinguished in that their fur is yellow, rather 
than white, and by the fact that they are obese. In the agouti mouse, the agouti 
protein is overproduced, and the overproduced protein greatly inhibits the effects 
of a hormone called melanocortin or melanocyte-stimulating hormone (MSH). 
Melanocortin is a polypeptide with the structure shown below (Adan et al., 1994). 
Those with a background in endocrinology might recognize that this sequence is 
contained within the longer sequence of the hormone ACTH (ACTH is adrenocor- 
ticotropin, a 39-amino-acid hormone, which also serves as the precursor of 
melanocortin): 

H2N-Se r-Tyr-Ser-Met-G I u-H is-Phe-Arg-Trp-G ly-Lys-P ro-VaI-COOH 
(Melanocortin) 

The agouti protein is secreted by specialized cells and is bound by adjacent 
melanocytes. These specialized cells and the melanocytes reside near each other 
in the skin. Melanocytes are cells that create skin pigment, i.e., eumelanin, which 
is black, and pheomelanin, which is yellow. The agouti protein binds to a receptor 
on the melanocyte, called the melanocortin receptor, and instructs the melano- 
cytes to switch from making the black to the yellow pigment. 
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Melanocortin Receptors 

The melanocortin receptor actually is a family of receptors with similar coding 
sequences in the DNA, and similar amino acid sequences. Five melanocortin 
receptors have been found: MC1 (melanocortin-1), MC2, MC3, MC4, and MC5. 
MC1 occurs in the skin, where it resides in the membrane of the melanocytes 
cells used to lend color to the skin. MC2 occurs in the adrenal gland, a gland 
situated just above the kidney. MC3 occurs in the hypothalamus, a region of the 
brain used for regulating food intake. MC4 is distributed throughout the brain, 
while MC5 occurs throughout the body. One might be especially interested in the 
interactions between the agouti protein and its receptors in brain (MC3 and MC4), 
since the brain has a proven role in hunger. 

The Question of Which Melanocortin Receptors Are Bound by Agouti Protein 

In the agouti strain of mouse, the agouti gene is changed in a way that causes it to 
be overexpressed in hair cells, and also expressed in cells throughout the body 
not just in hair cells (Zemel et al., 1995). This means that the agouti protein has 
acquired the ability to contact and bind melanocortin receptors throughout the 
body. It is believed that, in the agouti mouse, the agouti protein binds to the 
melanocortin receptor of the hypothalamus and of skeletal muscle. Since skeletal 
muscle is the major target of insulin, it is proposed that insulin resistance (diabetes) 
in the agouti mouse results from the agouti protein's action on muscle. 

The following commentary concerns the obesity that occurs in the agouti 
mouse. MC1 and MC4 are unique among all the melanocortin receptors, as they 
bind the agouti protein very tightly. Using standard genetic techniques, a mouse 
lacking the melanocortin-4 receptor (MC4 receptor) was created (Huszar et al., 
1997). The genetic technique produced what is known as a "knock-out mouse," 
since the gene was knocked out. The mouse lived and thrived. 

Would you expect the mouse to be obese or to be abnormally thin? The lack of 
the receptor would prevent any melanocortin from relaying signals to the cell. The 
scenario that results would be expected to be the same as that in the agouti mouse, 
where the agouti protein circulates throughout the entire body and actively inhib- 
its all of the melanocortin receptors. The mutant mice lacking in MC4 proved to 
overeat and to become obese. 

The interpretation arising from this is as follows. No'tmall~ melanocortin is 
produced in the hypothalamus, specifically in the arcuate nucleus of the hypo- 
thalamus. The melanocortin travels to the ventromedial region of the hypothala- 
mus, where it binds to MC4 receptors, which produce a signal that reduces eating. 
In the agouti mouse, the agouti protein travels from the skin, through the blood- 
stream, and to the hypothalamus, where it inhibits the action of melanocortin. The 
result is increased eating (Mountjoy and Wong, 1997). 

Would you expect the knock-out mouse to be white or to be yellow? The MC4 
receptor has absolutely no relevance to skin colon Only the MC1 receptor is 
relevant to skin colon The knock-out mice were white. 
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Summary of Melanocortin and Agouti Protein and Their Receptors 

To summarize, melanocortin is the normal agonist of the MC1 to MC5 receptors. 
Normall~ agouti protein is the antagonist of MC1, but, in the agouti strain of 
mouse, where agouti is distributed throughout the bod~ agouti protein is a poten- 
tial antagonist of all the melanocortin receptors (receptors MC1-MC5). To review 
some terminology used by all endocrinologists, an agonist binds to a receptor and 
provokes it to relay a signal, while an antagonist binds to a receptor and prevents 
it from relaying its signal. A number of drug companies are developing agonists 
for MC4, with the hope that it can be used as a drug to prevent obesity (Campfield 
et al., 1998). 

EXERCISE 
An agonist of melanocortin called "MTII" was injected into the brain of a mouse. Would 
you expect the mouse to eat more food or less food? (See Fan et al., 199Z) 

Let us pause to review the big picture. Normally; starvation results in low 
plasma leptin, while obesity results in increased plasma leptin. These two ex- 
tremes in hormone concentrations provoke different responses by the hypothala- 
mus. Starvation in the normal mouse results in low plasma leptin, where low 
levels of leptin binding to the leptin receptor (in the hypothalamus) provoke a 
signal in the hypothalamus that results in increases in neuropeptide Y. The hypo- 
thalamus is a major site of production of the hormone, neuropeptide Y. Neuropep- 
tide Y contains 36 amino acids and has the following structure (the one-letter 
abbreviations for the amino acids are used): 

H2N-Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp- 
Ala-Pro-Ala-Glu-Asp-Leu-Ala-Arg-Tyr-Tyr-Ser-Ala-Leu- 

Arg-His-Tyr-Ile-Asn-Leu-Ile-Thr-Arg-Gln-Arg-Tyr-COOH 

The increase in neuropeptide Y results in an increase in food intake. Obesity in the 
normal mouse results in an increase in plasma leptin, where increased levels of 
leptin at the leptin receptor (in the hypothalamus) provokes an increase in melano- 
cortin (MSH). The increase in MSH in the brain provokes an increase in stimulation 
of the melanocortin-4 receptor in the brain, which results in a decline in food 
intake. MSH is the hormone that binds to melanocortin receptors, where this 
interaction can be antagonized if agouti protein is allowed to contact the receptor. 

Neuropeptide Y may be selectively increased in two different regions of the 
hypothalamus. In mutant strains of mice that eat too much (the agouti mouse and 
the MC4 receptor knock-out mouse) neuropeptide Y was found to be produced at 
increased levels in the dorsal medial hypothalamus. In another strain of mouse that 
eats too much (the ob mouse), neuropeptide Y levels were found to be higher than 
normal in the arcuate nucleus of the hypothalamus (Spiegelman and Flier, 1996). 

Proposed Feedback Loop 

The following illustrates a feedback loop. This loop involves leptin, the leptin 
receptor, NPY, and insulin. It has been proposed to have a role in regulating hunger 
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and satiety. The onset of starvation provokes a decline to low plasma leptin levels. 
The low leptin levels, in turn, provoke an increase in NPY synthesis in the hypo- 
thalamus, where the increased NPY provokes eating and weight gain. Insulin 
completes this particular feedback loop. Insulin levels rise in the bloodstream 
shortly after a meal. One of insulin's targets is the brain. Insulin acts at the 
hypothalamus to decrease the synthesis of NPY. More specificall)~ the insulin recep- 
tors occur in the arcuate nucleus of the hypothalamus. The result is a decrease in 
feeding after a meal of food has been consumed (Figlewicz et al., 1996; Woods et 
al., 1998). 

Fat Gene and Carboxypeptidase E 

The fat gene is defective in the fat strain of genetically obese mice. The fat gene 
codes for an enzyme (carboxypeptidase E) that is used for the processing and 
maturation of hormones. The mutation of this gene in the fat strain of mice results 
in conversion of a serine residue to proline, and the resulting complete loss in 
carboxypeptidase E activity (Fricker et al., 1996). The story of the fat gene seems 
more or less fragmentary at this time. 

Tubby Gene 

The tubby gene codes for a protein that occurs in the brain, and not much in other 
organs. The tubby gene in normal mice codes for a protein that is 505 amino acids 
long. The tubby gene is also expressed in the mutant mouse, but here it codes for 
a protein that is only 485 amino acids long. The gene is expressed in the hypothala- 
mus, a region of the brain, but also in the eye and testis. The purpose of the tubby 
gene is not clear at this time. 

SUMMARY 

Obesity is a major health problem because of its prevalence and because it is a risk 
factor for cardiovascular disease and diabetes (NIDDM). The measurement and 
treatment obesity requires a knowledge of the various classifications of fat. Bio- 
chemically and geneticall~ the two types of fat that are most different are white 
fat and brown fat. However, only white fat is an obesity issue. White fat was shown 
to be classified according to its distribution or location in the body. These classes 
are lower body and upper body fat, and subcutaneous and visceral fat. Various 
techniques for measuring body fat were presented. The commentary was embel- 
lished with data acquired from studies of nurses, pregnant women, obese children, 
and African-Americans. A number of genes and proteins that may control body 
weight in people were discovered in the past few years. These developments were 
made possible because of the existence of mutant strains of mice that are geneti- 
cally obese, and because of the availability of a continuously evolving recipe book 
of techniques in molecular biology. Most of the attention has focused on the genes 
coding for leptin and the leptin receptor. 
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PROTEIN 

OVERVIEW 

Protein is composed of a poly- 
mer of amino acids. The c~- 
amino acids are molecules 
distinguished as having an 
amino group at the 2-carbon 

of carboxylic acids. This amino group is the 
(z-amino group. The nitrogen atoms of the 
amino acids occur at the 0~-amino group, as 
well as at the amide nitrogens of glutamine 
and asparagine, the guanidino group of ar- 
ginine, the c-amino group of lysine, the indole 
nitrogen of tryptophan, and the imidazole ni- 
trogens of histidine. The average ratio of pro- 
tein/nitrogen, by weight, is 6.25, for the typi- 
cal protein in the diet. This number is used as 
a conversion factor for expressing the amount 
of protein in the diet, as is the protein equiva- 
lent excreted in the urine in the form of ni- 
trogenous waste products. For example, a rat 
consuming 1.0 g of nitrogen in the form of 
protein consumes about 6.25 g of protein. 

Meat, fish, and dairy products are good 
sources of high-quality protein (Table 8.1). 
Salmon, for example, contains nearly 30 g 
of protein per 100 g of food. Skim milk is 
also a good source. Its protein content appears 
to be low (3.6 g/100 g food), but this is because 
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TABLE 8.1 Protein Content and Protein Density of Various Foods a 

Food 
Protein content Energy content "Protein density" 
(g/100 g food) (kJ/100 g food) (g/1000 kJ energy) 

Baked salmon 27 761 36 
Fried liver 26 960 28 
Skim milk 3.6 150 24 
Pork, canned ham 18 810 23 
Cooked hamburger 24 2000 20 
Hard-boiled eggs 13 680 19 
Green peas 5.1 290 18 
Cooked white beans 7.8 490 16 
Snap beans 1.6 110 15 
Cheddar cheese 25 1670 15 
Whole milk 3.5 270 13 
Peanuts 26 2380 11 
Cooked oatmeal 2.0 230 8.7 
Bread 9.1 1210 7.5 
Canned corn, drained 2.6 350 7.4 
Spaghetti 3.4 460 7.3 
Baked potatoes 2.6 390 6.7 
Raw carrots 1.1 180 6.3 
Walnuts 14.8 2720 5.4 
Raw orange 1.0 210 4.9 
Cooked white rice 2.0 460 4.4 
Orange juice 0.8 200 4.0 
Banana 1.1 360 3.1 
Beer 0.3 180 1.7 
Raw apple 0.2 240 0.8 
Soybean oil 0.0 3700 0.0 

Source: Pennington (1976). 
aThe protein contents of a variety of foods are listed. The energy content of the foods is also listed. 
The joule (J) is the unit of energy. For comparison, it might be useful to note that the energy require- 
ment for a typical "70-kg man" is 11,300 kJ/day. The foods are listed in order of their protein density. 
Foods that are richer in protein have a higher content of protein and a lesser content of carbohydrate 
or fat. The importance of including a certain amount of carbohydrate in the diet is covered under 
Sparing of Protein by Carbohydrate (the total fast versus the glucose fast). The danger of consuming 
foods with very low protein densities is described under Starvation. 

of the  re la t ive ly  h i g h  w a t e r  con t en t  of milk.  The p ro t e in  con ten t s  of b o t h  sk im a n d  
w h o l e  mi lk  are nea r l y  ident ica l  w h e n  exp re s sed  as g r a m s  pe r  100 g of food;  
howeve r ,  the  p r o p o r t i o n  of total  e n e r g y  va lue  c o n t r i b u t e d  b y  p ro t e in  is h ighe r  for 
sk im mi lk  than  for w h o l e  milk.  This is because  sk im  mi lk  is v e r y  low in fat. The  
w e i g h t  of p ro t e in  pe r  un i t  of e n e r g y  in the  food  is cal led the  protein density. The 
w e i g h t  of a n y  n u t r i e n t  in food  pe r  un i t  of ene rgy  is cal led the  n u t r i e n t  dens i ty .  
N o t e  tha t  the  t e rms  protein density a n d  nutrient density are no t  scientif ical ly accu- 
rate. Dens i ty  m e a n s  the  m a s s  pe r  un i t  of v o l u m e .  It does  no t  m e a n  m a s s  pe r  un i t  
of energy.  Loose  in t e rp re t a t ions  of the  t e r m  density are in c o m m o n  use,  however .  
For  example ,  p o p u l a t i o n  dens i t y  refers to the n u m b e r  of p e o p l e  p e r  un i t  of area.  

Beans  a n d  peas ,  w h i c h  are l egumes ,  are g o o d  sources  of pro te in .  Their  p ro t e in  
dens i t i es  are qui te  s imi lar  to tha t  of eggs.  The grains ,  i nc lud ing  rice, whea t ,  a n d  
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corn, are moderately good sources of protein. The protein densities of wheat 
products, such as bread and spaghetti, are similar to that of corn. The protein 
density of rice is a bit lower. Bananas, cassava, sweet potatoes, and taro are the 
major staples of the tropics. These foods are poor sources of protein. The protein 
density of cassava is well below that of corn, potatoes, wheat, or rice. From Table 
8.1, it can be seen that apples, beer, and vegetable oil are extremely poor sources 
of protein. It is ironic that apples, which somehow have been associated with good 
nutrition, are junk food as far as protein nutrition is concerned. 

The concerns of the nutritionist regarding protein extend well beyond protein 
content and protein density. A major concern in human and animal nutrition is the 
quality of the protein. The term protein quality refers to the ability of a particular 
protein to provide a balanced pattern of indispensable amino acids. A high-quality 
protein contains high concentrations of the indispensable amino acids. A low-qual- 
ity protein is deficient or lacking in one or more of these amino acids. Although 
beans and eggs are similar, as far as protein density is concerned, the quality of 
egg protein is considerably better than that of protein from beans. 

This chapter focuses initially on the catabolism of the amino acids. Aminotrans- 
ferases can be used to catalyze the first step in the breakdown of nearly all of the 
amino acids. Lysine catabolism, in contrast, does not begin with an aminotrans- 
ferase-catalyzed step. Some amino acids can be catabolized via more than one 
pathway. Glutamate catabolism, for example, can begin by reactions catalyzed by 
glutamate oxaloacetate aminotransferase or glutamate dehydrogenase. 

Unique biochemical pathways are followed in the catabolism of each of the 
amino acids. Some amino acids are degraded to yield carbon skeletons that are 
intermediates of the Krebs cycle. Amino acids that produce such carbon skeletons 
are called glucogenic, as the carbon skeletons can be withdrawn from the Krebs 
cycle and used for gluconeogenesis. Other amino acids are catabolized to yield 
acetyl-CoA. Acetyl-CoA cannot be used for the net production of glucose, though 
it can be used for making ketone bodies. Hence, these amino acids are called 
ketogenic. The terms glucogenic and ketogenic do not imply that catabolism of 
the amino acid in question always results in the synthesis of glucose and ketone 
bodies. It simply indicates metabolic pathways that are potentially open to the 
amino acid. 

Amino acid degradation results in the production of waste nitrogen. Most of 
the waste nitrogen produced in the body is packaged in the form of urea and 
excreted in the urine. A small fraction of the waste nitrogen is excreted as urinary 
ammonia, though this proportion can rise with prolonged fasting. Waste nitrogen 
may appear in the cell initially in the form of ammonia, as during the catabolism 
of glutamate by the action of glutamate dehydrogenase; however, the catabolism 
of most amino acids results initially in the direct transfer of waste nitrogen to a 
carrier. The carrier serves to prevent the accumulation of free ammonium ions in 
the body. Here, waste nitrogen may take the form of the c~-amino groups of 
glutamate, aspartate, or alanine, or the amide group of glutamine. The production 
of urea and ammonium ions is illustrated in this chapter by studies involving cats, 
rats, and humans. 

The second half of this chapter concerns material of a less biochemical and a 
more nutritional nature. Three types of protein nutrition are illustrated by studies 
with humans: (1) the total fast, (2) the carbohydrate-only fast, and (3) a diet 
intended to maintain nitrogen balance. 
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MILK PROTEIN 

An outline of the properties of a common food protein, namely milk protein, will 
be used to anchor the chapter in everyday dietary experience, prior to focusing on 
metabolic pathways. Human milk contains about 7.0% lactose, 3.7% fat, and 1.2% 
protein. The corresponding values for bovine milk are 4.8, 4.3, and 3.3%. The term 
percent (%) means grams of nutrient per 100 ml of fluid milk. One can see that 
human milk is higher in lactose but lower in protein than cow milk (Vorherr, 1974). 
Lactose is a disaccharide, composed of galactose and glucose. 

The terms curds and whey are in the layperson's vocabulary and are used to 
refer to specific types of proteins in milk. When acid is added to milk, to give a 
mildly acid pH of 4.6, a precipitate forms. The precipitate, which consists of a 
protein called casein, is called curds. The material that does not precipitate in mild 
acid is called whey, and consists of a fluid that contains the whey proteins. The 
whey proteins are 0~-lactalbumin, antibodies, and albumin. 0~-Lactalbumin is a 
very small protein, having a molecular weight of 14 kDa. ~-Lactoglobulin is the 
major protein of whey in bovine milk, but it does not occur in human milk. This 
protein is quite small and has a molecular weight of only 18 kDa or, to be exact, 
the molecular weight is 18,276 Da. To dwell on the characteristics of these small 
proteins, one might note that 0~-lactalbumin binds calcium, and other divalent 
metal ions. The protein serves as a cofactor for lactose synthase, allowing the 
enzyme to catalyze the synthesis of lactose. ~-Lactoglobulin is distinguished in 
that it binds retinol, a form of vitamin A. 

In the kitchen, one can acidify milk by adding bacteria that excrete lactic acid. 
The result is the formation of curds, and this is the first step in making cottage 
cheese, cream cheese, and other cheeses. The proteins of whey are distinguished 
from those of curds in that they remain soluble in mild acid, but precipitate 
(coagulate) when heated at 80~ or higher. When whole milk is heated, the scum 
that develops consists of precipitated whey proteins. With prolonged boiling, how- 
ever, the curd proteins also precipitate. 

Concentrated preparations of unheated whey protein are sometimes used to 
replace eggs in desserts, mayonnaise, and bakery items because they form a gel 
(coagulate) when cooked. 

The following commentary applies to milk proteins, but also to most other 
proteins in nature as well. When a protein precipitates in mild acid it is because 
the added hydrogen ions bind to the carboxylic acid groups of residues of gluta- 
mate or aspartate. Many proteins tend to contain more negatively charged amino 
acids (glutamate or aspartate) than positively charged amino acids (lysine). This 
binding event neutralizes some of the negative charges that are contained on the 
surface of the protein. When this partial neutralization occurs, and where the result 
is a protein with an equal number of positive and negative charges on its surface, 
the result is a protein with a zero overall charge. With this sort of neutralization, 
the proteins clump together and form a clumped mass that is too large to remain 
suspended in solution. The exact pH where a protein has no overall positive or 
negative charge is called the isoelectric point. Every protein in nature has its own 
unique isoelectric point, i.e., pH 4.2, pH 5.7, or pH 8.2. 

When proteins precipitate with heating, it is because the protein turns inside- 
out, exposing many of the lipophilic amino acid residues (residues previously 
facing the inner core of the protein) to the external aqueous environment. The 
process of turning inside-out is called denaturation. The lipophilic amino acids 
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tend not to attract water molecules, and the protein loses its interactions with the 
aqueous environment and instead binds to other denatured proteins, thus creating 
a clump of proteins. The phrase randomly oriented polypeptide is more accurate than 
"inside-out protein." A generalization kept in mind by most food scientists and 
biochemists is as follows. Protein that is precipitated by mild acidification is most 
probably not denatured. Neutralization of the pH can easily bring the proteins 
back into solution. Protein that is precipitated by heating is generally in the 
denatured state, and usually cannot easily be made soluble again. 

The casein proteins of milk are distinguished in that they occur as complexes of 
several many similar proteins. The casein proteins are assembled into clusters or 
micelles having a diameter of about 0.08 ~tm. The caseins consist of (z-casein and 
~-casein, which form the core of the micelle, and ~c-casein (kappa-casein), which 
forms a surface coating around the core. The caseins are all small proteins having 
a molecular weight of about 24 kDa, and consist of about 200 amino acids (Wong 
et al., 1996; Dev et al., 1994; Gastaldi et al., 1996; Zhang et al., 1996). 

In making yogurt, milk is initially heated at 80~ for 15-30 min in order to 
denature the whey proteins. This heating provokes the whey proteins to denature, 
and consequently associate with the casein micelles, resulting in a yogurt with 
improved viscosity and texture (Law and Leaver, 1997; Boye et al., 1997; Otte et al., 
1996). 

In addition to the proteins of the curds and whey; milk contains small droplets 
of fat that are coated with a special protein called butyrophilin (Goldfarb, 1997). 
The fat droplets of milk are about 3-6 ~tm in diameter. The coat protein consists of 
lipophilic regions that face the fat and hydrophilic regions that face the water. 

In reviewing any commentary on milk proteins, one might ask whether treat- 
ment of a particular protein with heat causes gel-formation or coagulation (clump- 
ing; aggregation) and whether exposure to acid results in gel-formation or coagu- 
lation. 

The properties of other proteins - -  such as soybean protein, egg protein, and 
meat protein - -  as well as their food sources (matrices), are major topics in food 
science. Rather than dwell on this subject, we will turn to some of the features of 
dietary protein, after digestion and acquisition of their component amino acids by 
the body. The role of dietary protein in allowing growth and the maintenance of 
health will be detailed, though the biochemical machinery (ribosomes, tRNAs, 
aminoacyl tRNA synthases) used for the assembly of amino acids into proteins will 
not be described. 

A M I N O  ACID CATABOLISM A N D  A M I N O T R A N S F E R A S E S  

The first step in the catabolism of most amino acids involves the removal of the 
(z-amino group. Removal of this group results in conversion of the amino acid to 
the corresponding keto acid. The structures of a number of amino acids and their 
corresponding keto acids are shown in Table 8.2. For example, this table lists 
pyruvate as the keto acid version of alanine and 0~-ketoglutarate as the keto acid 
of glutamate. 

The conversion of amino acids to keto acids is usually catalyzed by enzymes 
called aminotransferases. Some aminotransferases can recognize a variety of dif- 
ferent amino acids as substrates; others are more specific in their action. Ami- 
notransferases use vitamin B6 as a cofactor, and the "B6" in the figures indicates 
that the enzyme is a vitamin B6-requiring enzyme. Cofactors are small molecules 
that bind to specific enzymes and participate in the chemistry of catalysis. Some 
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TABLE 8.2 Amino Acids and Keto Acids 

Number of Amino form Keto form 
carbons (amino acids) (keto acids) 

3 CH3CHCOOH CH3CCOOH 
I II 

NH 2 O 
Alanine Pyruvate 

4 HOOC---CH2CH--COOH HOOC---CH2C--COOH 
I II 

NH 2 O 
Aspartic acid Oxaloacetic acid (OAA) 

5 HOOC---CH2CH2CH---COOH HOOC---CH2CH2C---COOH 
I II 

NH 2 O 
Glutamic acid (x-Ketoglutarate 

H3C H3C 
I I 

6 CH---CH2CH---COOH CH---CH2C--COOH 
I I I II 

H3C NH2 H3C O 
Leucine 0t-Ketoisocaproic acid 

(branched-chain amino acid) (branched-chain keto acid) 

cofactors, such as NAD, bind only momentarily to the enzyme; others, such as 
vitamin B6, remain bound to the enzyme before, after, and during the event of 
catalysis. In the case of vitamin B6-requiring enzymes, the cofactor occurs in the 
forms pyridoxal phosphate and pyridoxamine phosphate. 

The removal of the (z-amino group of an amino acid by an aminotransferase is 
illustrated in the case of glutamate-pyruvate aminotransferase (Figure 8.1). This 
enzyme is also called alanine aminotransferase. The reaction depicted in Figure 8.1 
actually involves the interconversion of amino acids and keto acids. The enzyme 
catalyzes the removal of the amino group of alanine and its transfer to (z-ketoglu- 
tarate, resulting in the production of pyruvate and glutamate. In the bod~ the 
pyruvate formed in this reaction may enter the Krebs cycle for oxidation to carbon 
dioxide. The reaction (Figure 8.1) is drawn with double-headed arrows. This 
means that the reaction is freely reversible. The reverse reaction involves conver- 
sion of glutamate to (z-ketoglutarate, with the concomitant conversion of pyruvate 
to alanine. This reaction may be useful, for example, when the body needs more 
alanine for protein biosynthesis where the cell contains adequate quantities of 
pyruvate and glutamate. 

The reactions catalyzed by aminotransferases are called transamination reac- 
tions. It might be noted that in these reactions the amino group being transferred 
initially is transferred to the cofactor pyridoxal phosphate, resulting in its conver- 
sion to pyridoxamine phosphate. In the second half of the reaction, the amino 
group residing on the cofactor is transferred to the keto acid cosubstrate, thus 
regenerating the cofactor in the pyridoxal phosphate form. As stated earlier, the 
cofactor remains bound to the enzyme when it occurs as the pyridoxal phosphate 
and pyridoxamine phosphate forms. 
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B6 Alanine ~ ~  ~~.~- Pyruvate 
(x-Ketogluterate Glutamate 

FIGURE 8.1 Reaction catalyzed by glutamate-pyruvate aminotransferase. 

A large number of aminotransferases have been discovered. They catalyze the 
reversible transfer of an amino group from specific amino acids to a cosubstrate. 
c~-Ketoglutarate is the cosubstrate used by most aminotransferases. 0~-Ketoglu- 
tarate and glutamate are used in a cyclic manner during amino acid breakdown 
in the body (Figure 8.2). A specific amino acid, such as tyrosine, donates its amino 
group to ~-ketoglutarate in a reaction catalyzed by a specific enzyme, in this case 
tyrosine aminotransferase. The keto form of the amino acid then undergoes further 
catabolism, as indicated in the figure. The glutamate product is converted back to 
(z-ketoglutarate (see Figure 8.2) in a reaction catalyzed by glutamate-oxaloacetate 
aminotransferase. This enzyme is also called aspartate aminotransferase. The 
overall picture, in this example, is as follows. The amino group initially occurring 
in tyrosine eventually appears as part of aspartic acid. The molecule of aspartate, 
then, may deliver the amino group to the urea cycle, as detailed later in this 
chapter. The preceding scenario characterizes the catabolic pathways of most of 
the amino acids. The continuation of the tyrosine catabolic pathway is shown at 
the end of this chapter. 

Aminotransferases and the Alanine Cycle 

Glutamate-pyruvate aminotransferase has received attention for its role in facili- 
tating the breakdown of muscle amino acids, as during prolonged exercise or 
fasting. With the initial step in amino acid breakdown, as catalyzed by a specific 
aminotransferase, the amino group appears on glutamate. This glutamate tends 
not, however, to leave muscle for the bloodstream. Instead, glutamate-ox- 
aloacetate aminotransferase catalyzes the transfer of glutamate's amino group to 
pyruvate, forming alanine. This alanine then leaves the muscle for the bloodstream 
(DeRosa and Swick, 1975). 

The alanine released from muscle is taken up by the liver. Glutamate-pyruvate 
aminotransferase, in liver, catalyzes the conversion of alanine to pyruvate. This 
pyruvate can then be used for gluconeogenesis. The amino group initially dis- 

(x-Ketoglutarate ~ - ~  B6--~ -~'~-- Glutamic acid ~ / f ' r  B8 ~ ,  ~- (x-Ketoglutarate 

Amino acid Keto acid Oxaloacetic acid Aspartic acid 

Further catabolism 

FIGURE 8.2 Transfer of an amino group from an amino acid to (x-ketoglutarate and then 
to oxaloacetic acid. 
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charged during amino acid catabolism in muscle eventually occurs as part of 
glutamic acid in the liven The amino group of glutamate can, in turn, be trans- 
ferred to oxaloacetic acid (see Figure 8.2). The preceding scenario illustrates some 
of the reactions that constitute the alanine cycle. 

Amino Acid Catabolic Pathways Starting with Oxidation 

Glutamic acid can be catabolized by a mode other than transamination, namely by 
oxidation via glutamate dehydrogenase (Figure 8.3). Glutamate dehydrogenase is 
a mitochondrial enzyme. It catalyzes the reversible discharge of an ammonium ion 
from glutamate, yielding (x-ketoglutarate. NAD is the cofactor of this enzyme. The 
ammonium ion released can be packaged as urea, as discussed later in this chapter. 
Specific NAD- or NADP-requiring enzymes catalyze the first step in-the break- 
down of proline (proline oxidase), lysine (saccharopine dehydrogenase), threonine 
(threonine dehydrogenase), and glycine (glycine cleavage complex), with the en- 
zymes involved given in parentheses. 

The first step in lysine catabolism is catalyzed by saccharopine dehydrogenase. 
(This enzyme is named for the reverse reaction.) The step involves the condensa- 
tion of lysine with 0~-ketoglutarate to form a Schiff base. The Schiff base is then 
reduced to form saccharopine. In this step, the Schiff base involves lysine's side- 
chain amino group and ~-ketoglutarate's keto group. In a subsequent enzymatic 
step, the c~-ketoglutarate moiety is split off, taking with it the amino group and 
occurring as glutamic acid. At this point, the lysine catabolite occurs as c~-amino 
adipic acid-6-semialdehyde. The final products of the pathway consist of two 
molecules of CO2 and one of acetoacetyl-CoA. 

Catabolism of tyrosine and tryptophan begins with oxygen-requiring steps. The 
tyrosine catabolic pathwa36 shown at the end of this chapter, results in the forma- 
tion of fumaric acid and acetoacetic acid. Tryptophan catabolism commences with 
the reaction catalyzed by tryptophan-2,3-dioxygenase. This enzyme catalyzes con- 
version of the amino acid to N-formyl-kynurenine. The enzyme requires iron and 
copper and thus is a metalloenzyme. The final products of the pathway are 
acetoacetyl-CoA, acetyl-CoA, formic acid, four molecules of carbon dioxide, and 
two ammonium ions. One of the intermediates of tryptophan catabolism, (z- 
amino-~-carboxymuconic-~-semialdehyde, can be diverted from complete oxida- 
tion, and used for the synthesis of NAD (see Niacin in Chapter 9). 

L-Amino acid oxidase and D-amino acid oxidase are oxygen-requiring enzymes 
that catalyze the conversion of amino acids to the corresponding keto acids and 
an ammonium ion. The oxygen cosubstrate is converted to hydrogen peroxide. 
Flavin adenine dinucleotide (FAD) is required as a cofactor. Both enzymes are of 
minor importance in amino acid catabolism. Note that all of the amino acids 
described in this text are L-amino acids. D-Amino acids are minor components of 

Glutamate 
dehydrogenase 

Glutamic acid -~ ~ -~  ,. ~ , ~  ~-- (x-Ketoglutarate +NH; 

NAD* NADH + H + 

FIGURE 8.3 Oxidation of glutamic acid by glutamate dehydrogenase. 
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the diet and can occur in invertebrate tissues and in certain bacteria, and with the 
cooking and processing of foods (Man and Bada, 1987). The L- and D-notation 
refers to the three-dimensional arrangement of the four bonds at the (x-carbon of 
the amino acid. 

Catabolism of Serine, Threonine, and Histidine 

Serine catabolism can be catalyzed by three different enzymes, namely serine 
dehydratase (Figure 8.4), serine aminotransferase, and serine hydroxymethyl- 
transferase (see Folate in Chapter 10). Serine can be converted to pyruvate in a 
reaction catalyzed in serine dehydratase. The molecule of pyruvate can then enter 
the Krebs cycle. The ammonium ion produced in the reaction can be packaged as 
urea, as detailed later in this chapter. Serine dehydratase, though not an ami- 
notransferase, requires vitamin B 6 as a cofactor. Rat liver contains high levels of 
serine dehydratase, whereas human liver contains relatively low levels of the 
enzyme (Snell, 1986; Ogawa et al., 1989). In human liver, the first step in serine 
catabolism may proceed via transamination to yield hydroxypyruvate. This keto 
acid can then be reduced to glyceric acid by glycerate dehydrogenase. Glycerate 
can then be phosphorylated by glycerate kinase to generate 2-phosphoglycerate, 
an intermediate in glycolysis. 

Threonine can be broken down by two separate pathways. Serine dehydratase 
catalyzes the conversion of threonine to 2-ketobutyrate plus an ammonium ion; 
2-ketobutyrate is then converted by branched-chain keto acid (BCKA) dehydro- 
genase to propionyl-CoA plus carbon dioxide. Propionyl-CoA catabolism is de- 
scribed later in this chapter. Threonine can also be broken down by a complex that 
has been suggested to be composed of threonine dehydrogenase and acetoacetone 
synthase (Tressel et al., 1986). Here, threonine catabolism results in the production 
of acetyl-CoA plus glycine. 

Histidine breakdown is initiated by histidase in a reaction somewhat similar to 
that of serine dehydratase (see Folate in Chapter 10). 

Catabolism of Glutamine and Asparagine 

Glutamine catabolism occurs by hydrolysis of the amide group from the side 
chain. Glutaminase catalyzes the reaction, resulting in the production of glutamate 
and an ammonium ion. Asparagine catabolism occurs in an identical manner, and 
here the reaction is catalyzed by asparaginase. 

Catabolism of the Branched-Chain Amino Acids 

The branched-chain amino acids (BCAAs) are leucine, isoleucine, and valine. 
Pathways for the breakdown of leucine and isoleucine appear in Figures 8.5 and 

Serine 

Serine 
dehydratase 

B6 
~-~ Pyruvate + NH* 4 

FIGURE 8.4 Serine catabolism via serine dehydratase. 
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BCAA 
Aminotrenlferase ? Hs Co, ?1-~ (Bel 

CH~CHCH~HCOOHNH, f ~ >  CH'CHCI'I2~COOH 

I.lucine (x-Katoglutarete Glutamate 

NAD" NADH + H ~ 
CoA coa I ~ 0 

CH3CI'ICHaC ~"S 
i C O A  

0 BCKA 
dehydrogenaae 
(TPP; lipoic ooid) FAD 

L Dehydrogenase 
! ~ FADFLa 

\ - - ~ , 0  
CHaC -~- CHC.~ S ~ CoA 

ATP + HzO + CO2 

ADP + P0 
_/ 

15- M othylcroton al-CoA 
oarboxylaae 

(biotin) 

CH 3 ' 
HOOCCH2C -- CHC 

CoA 

Hydratue ~ H20 

CH s 
I , i .o 

HOOCCH2? CH2c ~'S "- CoA 
OH 

Lyame 

0 

Acetoacetate Acetyl-CoA 

FIGURE 8.5 Leucine catabolic pathway. 

8.6, respectively. The first step in the breakdown of leucine, isoleucine, and valine 
is catalyzed by BCAA aminotransferase. The cosubstrate is 0~-ketoglutarate. The 
second step in the catabolism of all three BCAAs is catalyzed by BCKA dehydro- 
genase. This enzyme is similar to pyruvate dehydrogenase in its cofactor require- 
ments, in its production of carbon dioxide, and in the appearance of the product 
as the CoA derivative. In addition, it might be noted that both enzymes are 
regulated by the covalent attachment of a phosphate group to the enzyme. The 
third step in BCAA catabolism is catalyzed by dehydrogenases that use FAD as the 
cofactor. The final products of the leucine catabolic pathway are acetoacetate, 
which is a ketone body; and acetyl-CoA. 

Leucine catabolism also occurs by a second, minor pathway. The first step in 
this pathway is catalyzed by leucine aminomutase (Poston, 1984). Leucine ami- 
nomutase is one of the three vitamin B12-requiring enzymes in mammalian tissues. 
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CHaCH,CHC. HCOOH 

Isoleucine 

BCAA NAD* NAOH * H § 
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CH:) 
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OH 
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CH3 
I 

CH3~CH -- C ~O 
"~ S - -  CoA 

O 

CoA--" SH - ~  Th|olase 

0 + ?H a 
II 

CHaC--S--CoA + CH2--C ~O 
"" S --CoA 

AcetyI-CoA PropionyI-CoA 

FIGURE 8.6 Isoleucine catabolic pathway. 

The products of the isoleucine catabolic pathway are propionyl-CoA and ace- 
tyl-CoA; valine catabolism produces one molecule of propionyl-CoA and two 
molecules of carbon dioxide. Propionyl-CoA is further catabolized to succinyl- 
CoA, an intermediate of the Krebs cycle (Figure 8.7). This pathway is also used for 
catabolism of the short-chain fatty acid propionic acid, after its conversion to the 
thiol ester form by thiokinase. The first step in propionyl-CoA breakdown is 
catalyzed by propionyl-CoA carboxylase, a biotin-requiring enzyme. The second 
step is catalyzed by methylmalonyl-CoA mutase, a vitamin B12-requiring enzyme. 

Arginine Catabolism and Urea Synthesis 

The catabolic pathway of arginine is of special interest because the first step of this 
pathway is catalyzed by arginase, an enzyme noted for its participation in the 
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ATP + H20 + CO 2 AOP + Pi 

O ! ~ HOOC O O 

CH3CH2C - -  S - -  CoA - CH3CHC - -  S - -  CoA ~ ' ] ~ - -  HOOC --" CH2CH2C - -  S - -  CoA 
Carboxylase (812) 

Propionyl-CoA (biotinJ Methy,|malony/-CoA Succinyf-CoA 

FIGURE 8.7 Conversion of propionyl-CoA to succinyl-CoA. 

series of reactions known as the urea cycle. The arginine catabolic pathway results 
in the production of glutamate. Arginine is distinguished by the presence of a 
guanidino group, whose structure is shown in Figure 8.8. 

The guanidino group has one of the strongest positive charges found in biology. 
This means that it retains its plus charge at pH extremes that result in the loss of 
a proton, and hence positive charge, of other protonated compounds. The 
guanidino group was previously encountered in the section on Creatine Phos- 
phate (Chapter 4). To review, creatine synthesis involves transfer of the guanidino 
group to glycine, generating guanidinoacetic acid. In the reaction catalyzed by 
arginase, the guanidino group is not transferred to a molecule of glycine, but to 
water, resulting in the production of urea. Transfer of the guanidino group of 
arginine, whether during the synthesis of creatine or of urea, results in the produc- 
tion of ornithine, an amino acid. This amino acid is not incorporated into proteins. 

The pathway resulting in the conversion of arginine to glutamate is shown in 
Figure 8.9. The carbon skeletons of all of the structures are five carbons long. The 
first step involves hydrolysis of the guanidino group from arginine, generating 
urea and omithine. The second step is catalyzed by an aminotransferase and 
results in replacement of the terminal amino group of omithine with an aldehyde 
group. The final step is catalyzed by a dehydrogenase and results in oxidation of 
the aldehyde group to a carboxylic acid group. The proline catabolic pathway; 
which also involves five-carbon skeletons, is also shown in Figure 8.9. 

The Three-Step Series 

A series of three reactions - -  dehydrogenation, hydration, and dehydrogenation 
m is a recurring theme in biochemistry. Dehydrogenation results in the conversion 
of an alkane to an alkene group. Hydration results in the introduction of a hy- 
droxyl group (and a hydrogen) at the double bond. Dehydrogenation results in 
oxidation of the hydroxyl groupto a keto group. This sequence occurs in leucine 
catabolism (see Figure 8.5), as well as in the Krebs cycle and fatty acid oxidation. 

NH 2 NH~ NH 2 NH 2 
I II I I~ 

H ~ N ~ C - - N R  ~ H2N- - -C- - - 'NR ~ H 2 N - - C - - N + R  H 2 N ~ C ~ N R  
H H H + H 

FIGURE 8.8 The guanidino group. The three resonating forms may be represented by the 
one form at the right. 
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FIGURE 8.9 Arginine and proline catabolism. Glutamate-7-semialdehyde, an intermediate 
in the pathways of arginine and proline breakdown, received its name because its structure 
consists of glutamate, but with the y-carboxyl group reduced to the aldehyde form. 

Enzyme Specificity 
The concept that an enzyme recognizes, or shows a preference for, specific sub- 
strates is illustrated by the data in Table 8.3. Enzymes recognize specific substrates 
or classes of substrates. A very specific enzyme is glutamate dehydrogenase, which 
acts on glutamate, with little or no activity occurring with other amino acid 
substrates (Struck and Sizer, 1960). The fact that BCAA aminotransferase recog- 
nizes a particular class of substrates raises the question of how specific is the 
activity of the enzyme. Data are shown from an experiment with BCAA ami- 
notransferase purified from rat brain (Table 8.3), conducted as follows. A series of 
test tubes contained identical quantities of the enzyme, as well as identical quan- 
tities of 0~-ketoglutarate. Different test tubes contained different cosubstrates, as 
indicated. The test tubes were incubated for a period to allow the enzyme to 
catalyze its reaction. The results demonstrate that transfer of the amino group from 
the cosubstrate to c~-ketoglutarate occurred at or near the maximal rate with 
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TABLE 8.3 Substrate Specificity of BCAA Aminotransferase 

Substrate Percent maximal activity 

Isoleucine 
Leucine 
Valine 
Glutamate 
Methionine 
Phenylalanine 
Tryptophan 
Alanine 
Aspartate 

Source: Hall et al. (1993). 

100 
78 
69 
23 
5 
2 
1 
1 
1 

isoleucine, leucine, and valine. Glutamate was fairly active, whereas methionine 
and the other amino acids tested were poor substrates. 

Methylmalonyl-CoA, a Metabolite Unique in Its Sensitivity to Vitamin 
B12 Status 

Breakdown of isoleucine, valine, threonine, and methionine results in the produc- 
tion of propionyl-CoA. Propionyl-CoA, in turn, is catabolized to succinyl-CoA via 
the intermediate methylmalonyl-CoA. Methylmalonyl-CoA is a compound of 
unusual  interest to nutritional scientists. This compound accumulates in the cell 
during a vitamin B12 deficiency. Vitamin B12 deficiency is not a rare disease, as it 
appears in a common autoimmune disease called pernicious anemia. Vitamin B12 
deficiency also occurs in strict vegetarians who avoid meat, fish, poultry, and dairy 
products. Methylmalonyl-CoA can also build up with rare genetic diseases that 
involve the production of defective, mutant  forms of methylmalonyl-CoA mutase. 
Most of the methylmalonyl-CoA that accumulates to abnormally high levels in the 
cell is hydrolyzed to methylmalonic  acid (MMA), which leaves the cell for the 
bloodstream and eventual excretion in the urine. Some of the MMA is converted 
back to propionyl-CoA, resulting in the production and accumulation of propionic 
acid in the cell. The measurement of plasma and urinary MMA has proven to be 
a method of choice for the diagnosis of vitamin B12 deficiency; whether induced by 
pernicious anemia or by dietary deficiency. 

EXERCISE 
Propionyl-CoA carboxylase may be defective in a rare genetic disease. Please devise a test 
for the detection of this disease. 

EXERCISE 
Propionate is used as a preservative to retard the growth of mold in bread and cake. Please 
devise an argument that this preservative is harmless to humans. 
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EXERCISE 
A short-chain fatty acid thiokinase catalyzes the ATP-dependent conversion of propionic 
acid to propionyl-CoA. Which cells of the gastrointestinal tract might be expected to have 
high levels of short-chain thiokinase and of methylmalonyl-CoA mutase. Hint: see the 
section on Dietary Fiber in Chapter 3. 

BIOSYNTHESIS OF DISPENSABLE A M I N O  ACIDS 

The dispensable amino acids can be synthesized in the body by pathways that are 
shared, in part, by amino acid catabolism. Glutamate, aspartate, and alanine are 
synthesized by reversal of the transamination reactions detailed earlier in this 
chapter. Serine is synthesized from an intermediate of the glycolysis pathway; 
3-phosphoglycerate. 3-Phosphoglycerate is oxidized to 3-phosphohydroxypyru- 
vate by an NAD-requiring enzyme. 3-Phosphohydroxypyruvate is then transami- 
nated to yield 3-phosphoserine, which, via the action of a phosphatase, is hydro- 
lyzed to produce serine. Glycine is synthesized from serine by the action of serine 
hydroxymethyltransferase (see Folate in Chapter 9). Cysteine is synthesized in the 
body from methionine and tyrosine from phenylalanine, as shown at the end of 
this chapter. 

Proline is synthesized from glutamate. First, the y-carboxyl group of glutamate 
is oxidized, yielding an aldehyde group. The aldehyde group condenses with the 
0~-amino group, cyclizing and yielding a Schiff base. The Schiff base is then 
reduced to produce proline. The structures involved are the same as in the proline 
catabolic pathwa~ shown earlier in this chapter. 

Arginine appears to be a dispensable amino acid in humans. Evidence suggests 
that this amino acid is synthesized in the body from glutamate. The terminal 
carboxyl group of glutamate is first phosphorylated, producing phosphoryl glu- 
tamate. This compound is then reduced to yield glutamate y-semialdehyde plus 
phosphate. This step is followed by transamination to form ornithine. Ornithine 
is then converted to arginine via enzymes of the urea cycle, as detailed later. 
Arginine is only stimulatory for growth in rat and pig and is not an essential 
component of their diets. Arginine is indispensable for the growing cat and dog 
(Carey et al., 1987). 

Glutamine synthase catalyzes the ATP-dependent synthesis of glutamine from 
glutamate and ammonia. In providing energy to drive this reaction, ATP is con- 
verted to ADP plus inorganic phosphate (Pi). Glutamine synthase is regulated in 
mammalian tissues, and the amount of enzyme protein can increase when the cell 
is deficient in glutamine (Milman et al., 1975). 

Asparagine synthase catalyzes the ATP-dependent synthesis of asparagine from 
aspartate, using glutamine as the source of the amino group. In donating its amino 
group, glutamine is converted to glutamate. In providing energy for the reaction, 
ATP is converted to AMP plus inorganic pyrophosphate (PPi). 

Glucogenic and Ketogenic Amino Acids 

The amino acids can be classified according to whether they are glucogenic or 
ketogenic. This classification is based on the pathways of catabolism followed by 
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TABLE 8.4 Glucogenic and Ketogenic Amino Acids 

Purely ketogenic 
Both ketogenic and glucogenic 
Purely glucogenic 

Leucine, lysine 
Isoleucine, phenylalanine, tyrosine, tryptophan 
Alanine, serine, glycine, cysteine, aspartic acid, asparagine, 

glutamic acid, glutamine, arginine, histidine, valine, 
threonine, methionine, praline 

the amino acid. Although all of the amino acids can be completely oxidized and 
their carbon skeletons broken down to CO2, the carbon skeletons can also be 
conserved in liver metabolism and converted to glucose or ketone bodies. Amino 
acids that can be catabolized to produce glucose are called glucogenic. Amino 
acids that can be catabolized to produce acetyl-CoA or ketone bodies are called 
ketogenic. Some amino acids, when catabolized, yield two separate carbon skele- 
tons, one of which is glucogenic and the other ketogenic. These amino acids are 
considered to be both glucogenic and ketogenic. Isoleucine, for example, is both 
glucogenic and ketogenic. Leucine and lysine are purely ketogenic. The classifica- 
tion is shown in Table 8.4. 

Leucine and Lysine Purely Ketogenic 

Leucine and lysine are purely ketogenic amino acids. The catabolism of these 
amino acids does not yield intermediates of the Krebs cycle. It does not yield 
pyruvate. It does not produce compounds that can result in the net synthesis of 
glucose. Leucine catabolism results in the production of a molecule of acetyl-CoA 
and a molecule of acetoacetate; lysine breakdown produces acetoacetyl-CoA. 

Entry of Glucogenic Amino Acids into the Krebs Cycle 

The positions of entry of glucogenic components of the amino acids into the Krebs 
cycle are shown in Figure 8.10. The amino acids that can be oxidized to pyruvate 
can be converted to oxaloacetic acid (OAA), after which the carbon skeleton exits 
the mitochondrion in the form of malate and is converted to glucose. Amino acids 
that can be oxidized to (z-ketoglutarate or to succinyl-CoA can be converted to 
OAA and then to glucose. 

WASTE NITROGEN 

Many of the reactions described so far point to the concept of waste nitrogen. What 
happens to the ammonium ions discharged during catabolism of the various 
amino acids? What happens to the amino groups transferred from various amino 
acids to oxaloacetic acid, yielding aspartate? The ammonium ions and excess 
amino groups, carried in the form of aspartate, are handled in the following 
manner. They are incorporated into a small, water-soluble molecule known as 
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FIGURE 8.10 Positions of entry of amino acid carbon skeletons into the Krebs cycle. 
Amino acids that are broken down to three-carbon skeletons may enter the Krebs cycle at 
the point of pyruvate. Glycine, after conversion to serine, can enter the Krebs cycle as 
pyruvate. Alternatively, glycine can be broken down by the glycine cleavage system (see 
Folate section). The products of this reaction are carbon dioxide and an ammonium ion. 
Five-carbon skeletons enter the Krebs cycle at the point of c~-ketoglutarate, whereas four- 
carbon skeletons enter at the points of succinyl-CoA and oxaloacetic acid. 

urea. Urea is excreted in the urine. Most of the waste nitrogen produced via amino 
acid catabolism is excreted in the form of urea. A small fraction of waste nitrogen 
is excreted in the form of free ammonium ions. The cycle of reactions in which 
waste nitrogen is packaged as urea is called the urea cycle. 

Glutamate and Aspartate as Carriers of Waste Nitrogen 

The first step in the breakdown of a variety of amino acids results in transfer of 
the (z-amino group to c~-ketoglutarate, yielding glutamic acid. What happens to 
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the glutamic acid formed? The amino group of glutamate can be transferred to 
oxaloacetate in a reaction catalyzed by glutamate-oxaloacetate aminotransferase. 
Glutamate may be seen as intermediate in the pathway for disposing of the 
(z-amino groups during the breakdown of a variety of amino acids. Aspartic acid 
is produced from oxaloacetate. Aspartic acid is a carrier of the amino group 
discharged from the initial breakdown of the catabolized amino acid. Aspartate 
acts as the penultimate carrier of waste nitrogen in the body; urea is the ultimate 
carrier. 

Urea Cycle 

The urea cycle, also called the ornithine cycle, was discovered by Hans Krebs at 
the University of Freiburg in Germany; in 1932 (Holmes, 1993). The cycle is 
depicted in Figure 8.11. A priming reaction is employed for introducing the nitro- 
gen atom of the ammonium ion into the cycle. Carbamyl phosphate synthase 
catalyzes this priming, or activation reaction (Step 1). The reaction results in the 
packaging of one nitrogen atom in the form of carbamyl phosphate and requires 

O 
#1 II 

CO 2 + NH 3 ~ ' ~  ~ H2 N m C-'-O~ [carbamyl phosphate] 

2ATP + H ~ 2 0  2ADP + p, 

,o....,.., / o..,..,.. 

H2N ~ CH2CHzCH2CI HCOOH Ilinej / 
NH  2 

o 
II 

H2N - -  C m NH 2 A T P  Aspartete 
[urea] ~ #3 

H20 AMP + PPi 

HOOCCH2~HCOOH 
NH 2 
I N 

II I'I~zN ~ C --  ornithine H~N ~ C ~ ornithine 
[argininei ~ . ~ , ~  [argininosuocinate] 

FumaraW 
FIGURE 8.11 The urea cycle. The urea cycle is based on the omithine molecule. Ornithine 
acts as a chemical scaffold, on which a moiety of urea is built. The finished moiety of urea 
is discharged by hydrolysis, producing free urea and regenerating the original molecule of 
ornithine. 
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the expenditure of two ATPs. This means that energy is required for the disposal 
of waste nitrogen. The nitrogen atom is introduced into the urea cycle at Step 2. 
Omithine transcarbamylase catalyzes the reaction indicated in Step 2. Omithine is 
converted to citrulline in this step. The structure of citrulline is depicted in the form 
of carbamyl-omithine. This emphasizes the fact that the ornithine molecule is the 
basic structure used to carry the nitrogen atoms introduced into and discharged 
from the urea cycle. 

A second nitrogen atom is introduced into the urea cycle in a set of reactions 
catalyzed by argininosuccinate synthase (Step 3) and argininosuccinate lyase (Step 
4). The intermediate is argininosuccinate. Arginine is the product formed after 
introduction of the second nitrogen atom into the urea cycle. The structure of 
arginine is shown as a derivative of ornithine. Step 3 in Figure 8.11 shows that one 
molecule of ATP is used to drive the reaction. Cleavage of only one phosphate- 
phosphate bond occurs in the reaction. Hence, one might be tempted to say that 
the reaction requires the equivalent of only one molecule of ATP; however, the 
reaction is unusual in that the product is not Pi, but PPi. Whenever PPi is produced 
in the bod~ it is promptly hydrolyzed to two molecules of Pi. Hence, Step 3 
requires expenditure of the equivalent of two molecules of ATP. In other words, 
Step 3 requires the energy equivalent of the conversion of 2 ATP to 2 Pi + 2 ADP. 
The total amount of energy used in Steps I to 3 is equivalent to 4 ATP, that is, the 
conversion of 4 ATP to 4 ADP + 4 Pi. Arginase catalyzes the final step in the urea 
cycle (Step 5). The reaction involves hydrolysis of the guanidino moiety from 
arginine, producing urea. For each nitrogen entering the urea cycle at Step 3 (see 
Figure 8.11), a nitrogen must enter at Step 2 for operation of the urea cycle. 

Figure 8.12 illustrates the role of the urea cycle in accepting waste nitrogen from 
a variety of sources and in packaging it in the form of urea. 

Compartmentation of the Urea Cycle 

The urea cycle may be considered to be a mitochondrial pathway; as carbamyl 
phosphate synthase and omithine transcarbamylase are mitochondrial enzymes; 
however, the enzymes catalyzing subsequent steps of the pathway are cytosolic. 
The steps leading to conversion of citrulline to omithine occur in the cytosol. 
Hence, the pathway is shared by the mitochondrial and cytosolic compartments. 
The fumarate produced by the urea cycle is converted to malate by a cytoplasmic 
form of fumarase. Mitochondrial fumarase is part of the Krebs cycle. Cytoplasmic 
malate can enter the mitochondrion by means of a transport system, such as the 
malate/phosphate exchanger or the malate/(z-ketoglutarate exchanger. These 
transport systems are membrane-bound proteins. 

Ammonia  

Ammonium ions are produced by the catabolism of a number of amino acids. 
Glutamate dehydrogenase is the major source of ammonium ions in the body. 
Ammonium ions are also produced from the catabolic pathways of serine, histid- 
ine, tryptophan, glycine, glutamine, and asparagine. L-Amino acid oxidase and 
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FIGURE 8.12 Overall direction of flux of waste nitrogens derived from amino acid catabo- 
lism. The waste nitrogens are "funneled," via free ammonium ions and aspartate, to 
produce urea. 

D-amino acid oxidase are minor sources of ammonium ions in the body. Appar- 
entl36 most blood ammonia originates directly from the catabolism of dietary 
protein in the gut. The digestion of dietary protein and catabolism by enzymes in 
the enterocytes and gut microflora produce ammonium ions. The ammonia enters 
the circulation via the portal vein, where it travels to the liver for eventual pack- 
aging as urea. Much of the waste nitrogen produced in tissues such as skeletal 
muscle and brain is packaged as glutamine. Glutamine synthase catalyzes the 
conversion of ammonia and glutamate to glutamine (Figure 8.13). Glutamine 
serves as a temporary carrier of waste nitrogen in the bloodstream, acting to 
reduce levels of free plasma ammonia and to prevent neurotoxicity (Souba, 1987). 

NH; 

Glutamate ~-~  ~ . ~  > 

ATP ADP + Pi 

Glutamine 

Glutamine synthase 
(in muscle or brain) 

- ~- Glutamine ~ ~ .~ Glutamate 
bloodstream i 

f 
H20 NH~ 
Glutaminase 
(in kidneys) 

FIGURE 8.13 The role of glutamine in transporting waste nitrogen through the blood- 
stream. Glutamine synthase catalyzes the synthesis of glutamine in an ATP-requiring 
reaction. Glutaminase catalyzes the hydrolysis of the amide group of glutamine, producing 
glutamate and an ammonium ion. 
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The glutamine travels through the bloodstream and is taken up by a number of 
organs. The glutamine that enters the cells of the intestines and kidney tends to be 
deaminated, releasing ammonium ions (see Figure 8.13). Glutaminase catalyzes 
the hydrolysis of the ammonium group from glutamine. The ammonia produced 
in the gut can travel to the liver for packaging as urea. The ammonia produced in 
the kidney can be excreted in the urine, as ammonium ions. Glutamine, as a carrier 
of waste nitrogen, works in conjunction with the alanine cycle, as shown in Figures 
4.39 and 4.40. 

Amino acids are not the only source of ammonium ions produced in the body. 
Much of the ammonia produced, especially in the brain, arises from the hydrolysis 
of purines. Adenylate deaminase catalyzes the hydrolysis of AMP, yielding IMP 
and ammonium ions (Cooper and Plum, 1987). IMP is inosine monophosphate 
(inosinic acid). GMP may also be hydrolyzed in this manner, yielding xanthosine 
and ammonium ions. Further details on purine metabolism occur at the end of this 
chapter and under Folate in Chapter 9. 

Toxicity and Packaging of Waste Nitrogen Illustrated by 
Experimental Nutrition 

In considering the oxidation of dietary protein, or tissue protein, the fate of the 
nitrogen atoms in the protein is a major concern. Most of the nitrogen atoms are 
packaged in the form of urea, and excreted as such; the residual nitrogen is 
generally excreted as ammonium ions. It might prove interesting to view three 
nutritional studies on waste nitrogen. The first study is quite dramatic and in- 
volves cats. The second study concerns humans consuming various amounts of 
protein. The third experiment involves the intestines of rats. 

Arginine is required in the diet of growing cats, but is not required by humans. 
The cats used in the study were fed diets deficient in arginine. One group of cats 
consumed the deficient diet, while a second group consumed the diet containing 
an omithine supplement. Blood samples were taken at the indicated times follow- 
ing the meals (Table 8.5). The concentration of plasma ammonium ions was 
measured over time. The plasma ammonium concentration rose from a basal level 
of about 50 mM well over tenfold, in the hours following the consumption of the 

TABLE 8.5 Plasma Concentration of Ammonium Ions Following the Test Meal 
. . . .  

Diet 

- Arginine, - Arginine, 
Time after -omithine + ornithine 
meal (min) WVI NH 4 

0 
45 
90 

150 
,, | ,,, 

Source: Morris and Rogers (1978). 

54 50 
183 140 
638 341 
786 240 
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unsupplemented meal. At 2 to 3 hours after the meal, some of the cats suffered 
tetanic spasms and died. These effects are due to the toxic effect of ammonium ions 
on the nervous system. The increase in plasma ammonia was tempered in the cats 
whose diets were supplemented with ornithine. Here, the increase in ammonium 
levels was only about fivefold over the basal level. The cats consuming the protein 
meal with ornithine did not have spasms and did not die. 

EXERCISE 
How could ornithine have the remarkable effect just described? 

The second study concerned humans. The subjects consumed various amounts 
of a meal consisting of milk and soy protein, at levels of 1, 2, or 4 g of prote in /kg 
of lean body mass. (The term lean body  mass  refers generally to the mass of the 
metabolically active part of the body; i.e., of the cells. The lean body mass excludes 
the parts of the body that are relatively inactive metabolically; that is, fat, extracel- 
lular fluids, and mineral deposits.) Urine was collected over the course of several 
hours following the protein meal. The urinary urea was measured, as indicated in 
Figure 8.14. A steady flow of urine was induced by having the subjects drink 200 
ml of water every half-hour. Without the water, a concentrated solution of urea 
would have remained in the bladder. The data in Figure 8.14 demonstrate that 
urinary urea concentrations may increase within an hour of consuming protein. 
The amount  of urea excreted increases with the amount  of protein consumed. In 
addition, the duration of elevated excretion is longer with larger amounts of 
dietary protein. 

EXERCISE 
What percentage of the nitrogen consumed was excreted within 8 or 9 hours of consuming 
the protein meals (see Figure 8.14)? 
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FIGURE 8.14 Urea excreted following the consumption of 1, 2, or 4 g of protein. (Redrawn 
with permission from Rafoth and Onstad, 1975.) 
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EXERCISE 
Generall~ adults consume about 100 g of protein per day. Was the amount of protein 
consumed by the subjects (see Figure 8.14) higher or lower than an amount that might be 
eaten in a typical meal? 

The third study involved rats. A solution containing an amino acid was dis- 
pensed into the lumen of a rat's intestines. The amino acid was glutamine. All of 
the blood leaving the portal vein was collected for analysis. The portal vein is the 
route followed by water-soluble metabolites absorbed from the diet, from the 
small intestines to the liven To prevent a net loss of blood, the rat received a 
continual infusion of blood from donor rats. Various nitrogen-containing metabo- 
lites were detected in the portal blood. The data in Table 8.6 reveal the fate of the 
nitrogen of the glutamine instilled into the gut. The results reveal that most of the 
nitrogen appeared as ammonium ions, citrulline, and alanine. 

The recovery of much of the nitrogen in the form of ammonium ions can be 
accounted for by the reaction of glutaminase. Glutaminase catalyzes the hydroly- 
sis of the amide moiety of glutamine (see Figure 8.13). Some of the ammonium 
ions may have originated from glutamic acid via the action of glutamate dehydro- 
genase. The results also reveal that a substantial fraction of the nitrogen appeared 
in the form of alanine. The alanine probably arose via the action of glutamate- 
pyruvate aminotransferase. The data indicate that there was very little increase in 
glutamic acid, and no detectable glutamine, in the portal vein. One might wonder 
what happened to the carbon skeletons of the glutamine instilled into the lumen. 
Separate experiments showed that much of the glutamine was completely oxi- 
dized to CO2. It is thought that the complete oxidation of glutamate and glutamine 
contributes about half to the energy requirement of the enterocyte. In this manner, 
the enterocyte is different from most cells. Most cells derive their energy primarily 
from fatty acids and/or  glucose (Souba et al., 1985; Windmueller and Spaeth, 1978). 

EXERCISE 

By which biochemical pathway did the rat gut cells produce citrulline in the study depicted 
in Table 8.6? 

TABLE 8.6 Nitrogenous Metabolites from Gut Cells 

Metabolite appearing in 
portal vein after perfusing 

gut with glutamine 

Percent of total 
nitrogen released 

into the portal vein 

Ammonia 
Citrulline 
Alanine 
Glutamate 

Source: W'mdmueller and Spaeth (1978). 

40 
30 
25 

2 
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REGULATION OF PROTEIN CATABOLISM 

The regulation of the catabolism of proteins and amino acids in the body is a 
complex topic. One goal of the regulatory mechanism might be to increase the rate 
of amino acid catabolism when dietary proteins are in excess of the body's needs. 
Another goal might be to allow the selective catabolism of nonvital proteins in the 
bod~ during starvation, to support gluconeogenesis. The less vital protein in- 
cludes close to half of the body's skeletal muscle; the more vital protein includes 
that of the nervous system, for example. Mechanisms must exist during long-term 
starvation to allow the net degradation of nonvital proteins while conserving those 
that are more important for survival. 

Different Styles of Protein Catabolism 

Proteins are degraded in cells by various systems, including the ubiquitin-depend- 
ent pathway, macroautophag~ and microautophagy. Ubiquitin, a small protein of 
76 amino acids, is attached to damaged or abnormal proteins by means of an 
ATP-dependent reaction. The ubiquitin molecule serves as a tag that directs the 
faulty protein to be hydrolyzed by a particle called the proteasome. 

Macroautophagy and microautophagy are processes involving small vesicles or 
vacuoles and occur in the cytoplasm. Macroautophagy involves capture of parts 
of the cytoplasm by a membrane, followed by hydrolysis of the captured proteins 
within a vesicle. Microautophagy involves capture of smaller portions of the 
cytoplasm by very small vesicles. These vesicles deliver their contents to the 
lysosomes. Lysosomes are organelles containing a large variety of hydrolytic 
enzymes. In addition, muscle contains Ca-dependent proteases that are thought 
to be used for the degradation of contractile proteins (see Calcium in Chapter 10). 

The proteasome is a barrel-shaped particle in the cell that is used for the 
degradation of proteins to small peptides. In mammals, the proteasome consists 
of 28 polypeptides and has a molecular weight of 2,000,000. The proteins of this 
particle constitute about 1% of the all the protein in the cell (Goldberg, 1995). 

The proteasome is used for the normal turnover of all proteins, and serves to 
degrade proteins that have sustained some sort of damage during the course of 
the day. Proteasomes are vital for degrading signaling proteins (cyclins and tran- 
scription factors), which, in some circumstances, need to be present in the cell for 
brief and limited periods of time. When a protein sustains some sort of damage, it 
becomes tagged with ubiquitin, in an ATP-requiring reaction catalyzed by 
ubiquitin-conjugating enzyme. This step occurs on the cytosolic surface of the 
endoplasmic reticulum (Biederer et al., 1997; Wilkinson, 1995). The proteasome 
contains a doorwa~ or gate, which contains special proteins that recognize and 
unfold the tagged protein (Stuart and Jones, 1997). The unfolded protein then 
passes through the gate and into the interior of the proteasome, where a variety of 
proteases catalyze the degradation of the target protein to peptides of 7-10 amino 
acids in length. Five types of proteases occur in the mammalian proteasome. 
During fasting, the ubiquitin-dependent pathway is activated, thus stimulating 
the degradation of proteins (in the proteasome) and supporting enhanced glu- 
coneogenesis. 
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FIGURE 8.15 Enzyme activity versus level of protein in the diet. EaCh point represents 
enzyme activity in livers from rats fed the indicated diet. (Redrawn with permission from 
Peters and Harper, 1985.) 

Regulation of Protein Catabolism as Illustrated by Studies with Rats 

Increases in the activities of amino acid catabolic enzymes during the consumption 
of high-protein diets have been clearly documented. Examples of the adjustments 
occurring with high-protein diets are illustrated by two studies involving rats 
(Figures 8.15 and 8.16). In the first stud~ rats were fed diets containing different 
amounts of protein, as indicated in Figure 8.15. Each diet was fed for 1.5 weeks, 
after which the liver was removed and the activity of serine dehydratase deter- 
mined. The data demonstrate that the activity of the enzyme, as measured in vitro, 
increased dramatically and progressively once the protein level increased beyond 
30%, by weight, of the dry diet. This type of experiment has been used to help 
define the dietary requirement for protein. In short, a dietary protein level that 
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FIGURE 8.16 Enzyme activity versus time after feeding. (Redrawn with permission from 
Block et al., 1987.) 
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induces an increase in serine dehydratase activity might be expected to be above 
the minimal requirement, whereas a level that induces little or no increase might 
be expected to be at or below the requirement. 

The second study also involved rats. All of the rats were raised on a diet 
containing 25% protein for 2 weeks. The protein was casein. On the day of the 
experiment, the rats were fed test diets containing 9% protein (O), 25% protein (@), 
or 50% protein (z~). The rats were sacrificed at various times after the test meals, as 
indicated in Figure 8.16, and used for assays of an enzyme used for BCAA catabo- 
lism. Muscle was used as the source of enzyme. The results demonstrate that the 
enzyme activity was clearly higher in rats fed diets containing elevated amounts 
of protein. 

In addition to regulation occurring at the levels of proteolysis and amino acid 
degradation, the regulation of protein catabolism involves the regulation of en- 
zymes of the urea cycle. The urea cycle is used for packaging and disposing of 
most of the waste nitrogen formed in the body and for preventing plasma concen- 
trations of ammonium ions from rising to toxic levels. Carbamyl phosphate syn- 
thetase requires N-acetylglutamic acid for activity. This compound binds to the 
enzyme, resulting in its activation. N-Acetylglutamate is synthesized in the mito- 
chondria by acetylation of the amino group of glutamate. Studies with rats have 
revealed that injecting amino acids into the bloodstream can result, within min- 
utes, in threefold increases in the concentration of N-acetylglutamate in the liver 
and in the activity of carbamyl phosphate synthetase. Apparently; the increase in 
concentration of N-acetylglutamate parallels the increase in the concentration of 
mitochondrial glutamate arising from the conversion of various amino acids to 
glutamate, as well as from glutamate itself (Stewart and Walser, 1980). Regulation 
by N-acetylglutamate has been proposed as a means for rapidly adjusting the rate 
of urea synthesis in response to high levels of dietary protein. 

The activities of all five enzymes of the urea cycle increase with consumption 
of a high-protein diet (Kato et al., 1978; Schimke, 1962). This increase occurs 
somewhat slowly. Maximal adjustment takes place over the course of several days 
of a high-protein diet. The stimulatory effect of the high-protein diet has been 
traced to specific amino acids. Methionine, glycine, and alanine appear to be more 
potent than the other amino acids in inducing increases in the activities of the urea 
cycle enzymes (Snodgrass and Lin, 1981). The mechanisms involved in controlling 
the rates of protein breakdown and synthesis are complex. Our understanding of 
these mechanisms is rather fragmentary. This is because several different path- 
ways are used to hydrolyze proteins: macro- and microautophag~ the ubiquitin- 
dependent pathway; and the calcium-dependent proteases. In addition, the rate of 
protein breakdown is influenced by insulin and glucagon, as well as by specific 
amino acids. 

Glucagon is often associated with the stimulation of protein breakdown in the 
liver, though it may reduce protein breakdown in muscle. Insulin is often associ- 
ated with a decrease in protein degradation in liver and muscle. Studies with rats 
have revealed that brief fasting results in a large protein loss in the liver, but not 
in the muscle. More specifically; the rough endoplasmic reticulum of the liver is 
degraded with brief fasting. In muscle, the noncontractile proteins are readily 
degraded, but with prolonged fasting the contractile proteins are lost through 
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proteolysis. Apparentl~ the process of macroautophagy is regulated more than the 
other pathways. It is stimulated by an amino acid deficiency. This effect has been 
traced to specific amino acids. A deficiency in leucine, in particular, may stimulate 
macroautophagy. Apparentl~ contractile proteins are not degraded by macroauto- 
phagy. They are catabolized by the calcium-activated proteases. 

NUTRITIONAL ASPECTS OF PROTEIN CATABOLISM 

The remainder of this chapter takes on a more "nutritional" aura. It concerns the 
concepts of growth and maintenance. The material may be especially interesting 
to those involved in infant nutrition, animal science, and weight reduction by 
low-energy diets. The material reveals the techniques used for determining the 
protein requirement and the recommended daily allowance (RDA) for protein. 
Clinical issues involving protein nutrition, such as renal disease and gout, are also 
outlined. 

Nitrogen Balance 

Nitrogen balance is the difference between the amount of nitrogen consumed per 
day and the amount of nitrogen excreted per day. This definition can be expressed 
by the formula 

Nitrogen balance = ( grams of nitrogen eaten - grams of nitrogen lost ) 

Nitrogen balance experiments require measurement of the amount of nitrogen 
consumed per day for several days. This quantity is easy to measure for several 
reasons. All of the nitrogen consumed enters the body via only one opening, 
namely the mouth. The amount of N consumed can be determined from the 
weight of the amount of food consumed and a knowledge of the N content of the 
food. The N content of the food can be determined by chemical analysis. The 
amount of N consumed can be controlled in advance, at least in the case of 
humans. Nitrogen balance experiments also require measurement of the amount 
of N excreted per day for several days. This measurement requires the collection 
of urine and feces. Quantitative collection of these materials, homogenization of 
the feces, and analyses of N content of both urine and feces can be arduous, 
particularly when hundreds of samples are involved. In the hands of exacting 
researchers, the measurement of excreted nitrogen also involves the collection and 
analysis of hair, sweat, semen, menstrual loss, and tooth brushings. 

A meaningful value for N balance cannot be determined by analyzing the food 
and excreta collected during I day. Because of the biological variability involved 
in experiments involving animals and humans, samples must be collected over 
several days. The study described next involved measurement of the daily N 
balance over 5-day periods. 
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Growth  

What is growth? Growth may mean an increase in height over a period. Is it 
possible to have growth but without an increase in height? Growth may also mean 
an increase in weight with or without an increase in height. An increase in weight 
can, however, be caused by accumulation of fat or water retention. Weight in- 
creases as a result of these factors are not considered growth. Growth may be 
considered to involve an increase in the lean body mass. Lean body mass is defined 
as the total mass of the bodily tissues, excluding the adipose tissue, mineral 
deposits, and extracellular fluids such as blood plasma, lymph, and gut lumen 
fluids. Roughl}~ lean body mass is the mass of the body that is metabolically active, 
to the exclusion of tissues that are relatively inactive. 

Growth can be measured in several ways. It can be measured by counting the 
increase in the number of cells in an organism. This technique is practical only for 
animals that have a small number of cells, such as nematodes (small worms). 
Growth can be measured by measuring the amount of DNA in the organism. This 
technique has been used by nutritional scientists for measuring growth of specific 
tissues, such as the brain, with the consumption of different diets (Zamenhof et al., 
1971). The preceding techniques fail to take into account that some cells are larger 
than others. White blood cells are much larger than red blood cells. Skeletal muscle 
cells are much larger than smooth muscle cells. In measuring growth, the re- 
searcher is interested in the increase in cell numbers, but also in the contribution 
due to increase in cell size. The contribution to growth by increase in cell number 
and size can be estimated by measuring the body's level of potassium, as revealed 
in the coming paragraphs. 

Positive N Balance Indicates Growth 

Nitrogen balance data are presented in Table 8.7. This study involved human 
subjects who consumed different diets containing different mixtures of amino 
acids. The amount of N consumed (12 g) was fairly constant in the different diets. 
The amounts of nitrogen excreted daily in the urine and feces are also listed. One 
might be surprised to see that the amount of nitrogen excreted in the urine is many 
times greater than that excreted in the feces. The N balance is also recorded for 
each of the dietary periods. A positive N balance indicates that the subject is 
increasing in lean body mass. Lean body mass increases during growth, preg- 
nanc~ muscle building, and recovery from starvation. 

Accumulation of Potassium Indicates Growth 

Growth can be assessed by measuring the content of potassium ions in the body 
on the following basis. Potassium ions occur mainly in intracellular fluids, in 
which the K concentration is about 142 mM. Extracellular fluids, on the other hand, 
contain much lower levels of potassium, about 10 raM. Adipose tissue is largely 
water free and thus contains minimal amounts of fluids and salts. The potassium 
ion content may be determined in growing humans. How is it possible to measure 
the total content of K ions in a living person? A fraction of the potassium in the 
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TABLE 8.7 Nitrogen Balance Experiment 

Dietary Daily 
period nitrogen 
(days) intake (g) 

Daily nitrogen Average daily 
output (g) nitrogen balance 

Urine Feces (g) 

5 12.1 10.4 0.55 +1.2 
3 12.1 12.1 0.66 --0.63 
5 12.2 11.2 0.45 +0.57 
5 12.2 12.0 0.51 --0.25 

Source: Nakagawa et al. (1961). 

body is naturally radioactive. The natural abundance of radioactive potassium 
(4~ is 0.0118%. 4~ emits ~/-rays. The ~ radiation released by the potassium in the 
human body can be measured with a machine called a whole-body counter. The 
adult bod~ for example, contains about 0.1 microcurie of 4~ The microcurie is a 
unit of radioactivity. The whole body counter has been used in a variety of studies 
involving children and adults; however, the smaller quantities of potassium ions 
in small animals and infants makes it difficult to measure accurately the amount 
of intracellular fluid and, thus, the lean body mass in these subjects. 

Studies with pregnant teenagers revealed that the subjects stored or accumu- 
lated about 3.4 mmol of potassium per day (King et al., 1973). The rate of accumu- 
lation of potassium was determined by measuring the increase in 4~ with a 
whole-body counter. The ratio of potassium to total nitrogen in tissues is relatively 
constant. From the known, constant ratio it was calculated that the increase of 3.4 
mmol of potassium per day was equivalent to an increase of 1.6 g of nitrogen per 
day (King et al., 1973). The value of 1.6 g of N means that the subjects were in a 
state of positive N balance. Such experiments have been used to determine the 
increment in dietary protein required to support growth during various stages of 
life. Other work has revealed that the ratio of potassium to lean body mass differs 
in men and women (Lukaski, 1987). Once the total body K has been determined, 
the lean body mass can be estimated from this ratio. The lean body mass deter- 
mined at two different times reveals the growth taking place between readings. 

The 4~ technique may produce data that are not easy to interpret. The method 
requires a long period between readings to detect growth. Shorter periods, that is, 
less than a few months, may not produce usable data. Another problem is that the 
ratio of K to total body N may differ in humans at different stages of life or with 
gender. Another problem is that the values for N retention may differ when 
determined by the 4~ technique and by the N balance technique. The values for 
N retention in the study by King et al. (1973) were determined by both techniques. 
The results from the two methods were similar, though the factors leading to their 
slight disagreement remain unclean The relationships between dietary protein and 
growth are illustrated next by studies involving rats and monkeys. The studies 
concern the measurement of N balance, responses to consumption of proteins of 
differing quality, responses to consumption of incomplete proteins supplemented 
with amino acids, and responses to consumption of complementary proteins. 
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Protein Requirement during Growth 

The protein requirement can be determined from the amount of protein required 
in the diet to maintain nitrogen balance, in the case of nongrowing animals, and 
from the amount required to support a maximal positive N balance, in the case of 
growing animals. The following study involved growing animals, infant monkeys. 
Figure 8.17A depicts data from monkeys fed lactalbumin-based diets. The study 
involved 15 different monkeys. Each animal was fed a diet of milk, in which each 
milk bottle contained a formula with a different concentration of protein. All of the 
diets contained lactalbumin at a concentration of 3.8% or less, with carbohydrate 
making up the difference. This substitution is reasonable because carbohydrate 
and protein are isoenergetic; that is, one gram of either of these nutrients supplies 
about the same amount of energy. Each monkey received the diet during a 6-day 
trial. The amount of nitrogen intake was calculated from the volume of milk 
consumed by the monkey. The N balance was calculated by subtracting the 
amount of N excreted (urinary + fecal) from the amount of N consumed over the 
entire trial. The monkey drinking the milk lowest in protein, for example, received 
0.1 g of nitrogen per da~ as recorded on the x axis. The monkey drinking the milk 
highest in protein received 0.45 g N per day (see Figure 8.17A). The entire experi- 
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FIGURE 8.17 (A, B) Nitrogen balance data obtained with different diets. (Redrawn with 
permission from Ausman et al., 1986.) 
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ment was repeated using milk based on soybean protein. The results from this 
study appear in Figure 8.17B. 

EXERCISE 
What intake of lactalbumin is sufficient to maintain an infant monkey in zero N balance? 

EXERCISE 
What was the maximal rate of growth (rate of maximal accumulation of N) that could be 
supported by the lactalbumin-based diet? 

EXERCISE 
What percentage of the N consumed was retained by the monkeys that consumed the 
lactalbumin-based milk? What percentage was retained with the soy-based milk? 

EXERCISE 
Would you expect the line to intercept the same point on the y axis with the lactalbumin 
and soy groups, or a different point? 

EXERCISE 
Is there an upper limit to the line in the N balance curves? Think of two or three factors that 
may impose an upper limit on the value for the daily N balance. 

EXERCISE 
Imagine that the points in Figure 8.17A have been erased. Draw the results of an N balance 
study using adult monkeys. 

Soybean Protein versus Lactalbumin 

The study in monkeys involved lactalbumin or soybean protein-based diets. Ni- 
trogen balance was attained with the feeding of relatively low levels of lactalbu- 
min (0.15 g N /day )  but relatively high levels of soy protein (0.30 g N/day) .  Another 
point is that lactalbumin supported a positive N balance at lower concentrations 
than did soy protein. These findings indicate that lactalbumin is a higher-quality 
protein than soy protein. The concept of protein quality is explored next. Lactal- 
bumin is a higher-quality protein than soy protein, as the soy protein is somewhat 
deficient in methionine. For this reason, animal diets based on soybean protein are 
usually supplemented with methionine. 

Why Do Adults Need to Eat Protein ? 

Growing animals need to eat protein because the newly formed tissues and fluids 
of the body contain protein. But why do adult, nongrowing animals need to eat 
protein? The answer is that all of the proteins in the body are in a state of flux. The 
amide groups of asparagine and glutamine of all proteins slowly and spontane- 
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ously hydrolyze over the course of several days or weeks, resulting in abnormal 
proteins. The proteins of the body are continuously being hydrolyzed to their 
component amino acids and then resynthesized. This phenomenon of hydrolysis 
and resynthesis is called protein turnover. During the hydrolysis of a protein in 
the bod36 a fraction of the free amino acids enter the pathways of amino acid 
catabolism, thus leading to their permanent loss. Small amounts of intact protein 
and intact amino acids are also lost in the urine and feces. Fecal protein and amino 
acids arise, in part, from the proteins of the pancreatic juices and from cells 
sloughed off from the gut mucosa. Other nitrogenous compounds, such as creat- 
inine and uric acid, are lost in the urine. The amount of nitrogen lost from the body 
as a result of the breakdown of the body's own proteins and amino acids is called 
the obligatory nitrogen loss. Dietary protein must be consumed to replace these 
losses. The amount of protein required to replace the obligatory losses is called the 
protein required for maintenance. Adult animals, as well as growing animals, 
have maintenance requirements for protein, but only growing animals have the 
additional requirement of extra protein for growth. 

A species difference has been found regarding the percentage of dietary protein 
used to support growth versus maintenance (during growth). In growing rats, 
about 95% of the dietary protein is used for growth. In the growing pig, about 90% 
of the dietary protein is used for growth, with 10% for maintenance. In the 
6-month-old human infant, about 50% is used for growth (and 50% for mainte- 
nance), while in the growing 5 year old child, only 5% of dietary protein is used 
for growth (Young and E1-Khour~ 1995). 

The concept of protein turnover may seem a bit abstract. A concrete example of 
protein turnover follows. About 75 g of human protein enters the gut each day. 
Some of this protein is in the form of gastric and pancreatic enzymes. Some is in 
the form of the enterocytes that constantly slough off into the lumen of the gut. 
Eventually, most of the protein is degraded and hydrolyzed in the gut to amino 
acids. A fraction of these amino acids are broken down and then immediately 
oxidized in the Krebs cycle. The value of 75 g of human-derived protein is not very 
different from the typical daily intake of dietary protein u 100 g. The breakdown 
of protein to its constituent amino acids is part of protein turnover. The breakdown 
of the amino acids to simpler molecules, such as CO2, is amino acid turnover. The 
turnover of the body's proteins affects not only the proteins released into the gut 
lumen, but all proteins of the body. Some proteins turn over relatively rapid136 as 
shown in Table 8.8, whereas others such as collagen and other structural proteins 
turn over quite slowly. Omithine decarboxylase turns over with a half-life of about 
0.2 hr and thus has a relatively rapid turnover rate. This means that any given 
molecule of the protein has a 50% chance of being degraded during a 12-min 
period. RNA polymerase II is relatively stable in the cell and has a half-life of about 
half a day. 

What can be accomplished by protein turnover? One benefit is the removal of 
proteins that have sustained spontaneous hydrolytic damage or oxidative dam- 
age. Another benefit is that protein turnover makes possible the control of enzyme 
levels by means of genetic regulation. In a condition where an increase in the 
activity of a particular enzyme is needed, the rate of transcription of the mRNA 
coding for the enzyme can be increased. This increase results in an increase in 
translation, that is, the synthesis of the protein's polypeptide chain. In a condition 
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TABLE 8.8 In Vivo Half-Life of Various Proteins 
, 

Protein Half-life (hr) 

Ornithine decarboxylase 
RNA polymerase I 
Tyrosine aminotransferase 
Serine dehydratase 
PEPCK 
RNA polymerase II 
3-Phosphoglycerate dehydrogenase 

Source: Goldberg and St. John (1976). 

0.2 
1.3 
2.0 
4.0 
5.0 

12.0 
15.0 

where a decrease in the activity of a particular enzyme is needed, the rate of 
transcription can be decreased. If protein turnover did not occur, a decrease in the 
rate of transcription would not result in a prompt drop in the enzyme's activity in 
the cell. Enzymes whose activity can be rapidly decreased by regulation at the 
genetic level might be expected to undergo a relatively rapid rate of turnover. 

Obligatory Nitrogen Losses of the Adult 

The following study concerns nitrogen excretion data and involves humans. It was 
designed to determine the obligatory losses of nitrogen. Subjects consumed a diet 
that supplied 150 g of glucose per day. The diet contained no protein. During the 
first da~ about 11 g of nitrogen was excreted in the urine and about 0.8 g in the 
feces. Over the course of several days on the glucose-only diet, urinary N stabi- 
lized at about 3.0 g /day  and fecal N at about 0.8 g/day. With stabilization of the 
obligatory N losses, the total N losses amounted to about 3.8 g N/day. This value 
is equivalent to about 24 grams of the body's protein lost per day. The urinary 
losses of N, as urea and ammonia, during the course of the glucose-only diet are 
shown in Figure 8.18. The data demonstrate that most of the urinary N losses took 
the form of urea, not ammonium ions. 

Sparing of Protein by Carbohydrate 

The Total Fast versus the Glucose Fast 

The subjects described in the preceding study (see Figure 8.18) were not strictly 
fasting. They consumed glucose as a source of energy. The goal of the work was 
to determine the obligatory nitrogen losses; however, the purpose of the glucose 
may seem obscure at this point. Why was glucose given to the subjects? In the real 
world, diets usually contain a certain amount of protein, carbohydrate, and fat. 
The fact that diets usually contain carbohydrates suggests that the researchers 
gave the subjects glucose to simulate a real-world situation. This notion, however, 
does not rigorously justify the inclusion of the glucose. Glucose was given to the 
subjectsto reduce, or spare, the catabolism of the body's proteins and amino acids. 
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FIGURE 8.18 Amount of waste nitrogen in urine over the course of a week. (Redrawn 
with permission from Aoki et al., 1975.) 

The concept of "protein sparing" has been known since the 1940s (Gamble, 1948; 
Holliday; 1993), when it was discovered during studies designed to create a better 
life raft ration. This work demonstrated that, with total fasting, a 70-kg man loses 
an amount of nitrogen equivalent to 80 g of protein per day. The work also revealed 
that about half of these losses could be prevented by feeding carbohydrates to the 
fasted man. The maximal effect of the glucose in preventing or sparing the N losses 
was about 50%. The glucose brought the losses of protein down to the equivalent 
of about 40 g of protein per day. 

The studies depicted in Figure 8.19 illustrate changes taking place during the 
transition from a total fast to a carbohydrate-only diet. Subjects were fasted for 7 
days. The N losses were fairly constant during this period (10 g N/day).  Carbo- 
hydrate was introduced on the eighth day; the fasted subjects were fed fructose 
(100 g/day).  The data demonstrate that the fructose induced a decrease in N losses 
to about 5.0 g N / d a y  (Figures 8.19A and 8.19B). Figure 8.19B presents data that 
distinguish the amount of N lost as urea and as ammonia. The study reveals that 
the proportion of N excreted in the form of ammonia increases with prolonged 
fasting. The proportion of N lost as ammonia on the first days of fasting is quite 
small; however, it increases to about 25% of the total nitrogen by day 7 of fasting. 
The excretion of N as ammonia may serve two purposes. First, the synthesis of 
urea requires energy. The equivalent of four ATPs are expended in the synthesis of 
each molecule of urea. In contrast, the packaging of two nitrogens as glutamine in 
the liver requires only two ATPs. This glutamine then leaves the liver for the 
kidney, where it is hydrolyzed to produce ammonia (for excretion) and glutamate. 
Second, and more important, an increase in excretion of waste N as ammonium 
ions, rather than as urea, reduces the concentration of acid in the body. The 
increases in ammonium ion excretion and reduction in urea excretion help to 
counteract the acidifying effects of excessive ketone body production (ketoaci- 
dosis). 
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FIGURE 8.19 (A)Total urinary nitrogen and (B) urinary nitrogen as urea and ammonia. 
Total urinary nitrogen decreases with transition from total fast to fructose-only fast. (Re- 
drawn with permission from Gelfand and Sherwin, 1986.) 

Changing Styles of Waste Nitrogen Excretion with Fasting 

The ammonium ion (NH4) is a very weak acid. It tends to remain protonated, 
rather than dissociate, in the physiological pH range. It is excreted by the kidney 
in the protonated form, removing protons from the body. Urea, on the other hand, 
exists in the body as HaNCONH2, not as HgNCONH 2 or H3NCONH 3. The excre- 
tion of waste N in the form of urea does not result in the excretion of protons from 
the body. When waste nitrogen in the form of ammonium ion is excreted, it takes 
with it a proton; however, when the ammonium ion is packaged as urea, the 
proton is discharged within the body. A shift from urea excretion to ammonium 
ion excretion may thus aid in counteracting ketoacidosis during prolonged fasting, 
as summarized in Figure 8.20 (Atkinson and Bourke, 1984; Boon et al., 1996). Note 
that acidosis is controlled by a number of other mechanisms, such as the renal 
sodium/proton exchanger (Krapf et al., 1991). This exchanger acts to resorb a 
sodium ion from the glomerular filtrate in exchange for a proton in the renal tubule 
cell. The proton then is lost in the urine. Walser (1986) has discussed, in detail, the 
production of acid or alkali during the oxidation of protein and various amino 
acids. 



456 8 Protein 

2H + + H20 + fumarate 

a s p a r t a t e ~ ~ / ' ~  

NH I J /  CO2 
(From protein 
catabolism) 

0 
fl 

H2N - - C - -  NH~ 
(urea) 

H20 
carbonic anhydrase 

H + 

HCO~ (From protein catabolism) 

N H ; -  ~ Urine 
(ammonium ion) 

Urine 

FIGURE 8.20 Elimination of ammonium ions via the urea cycle or via direct excretion. 
With protein catabolism, the excretion of waste nitrogen via the urea cycle results in net 
production of acid in the body; however, excretion of ammonium ions by the kidney into 
the urine does not result in this production of acid in the body. 

Attaining Zero Nitrogen Balance 

The subjects in the preceding studies were in negative N balance. The next study 
concerns an attempt to produce N balance (zero N balance) in adults consuming 
a semistarvation diet. This diet contains carbohydrate and just enough protein to 
offset the daily obligatory losses of protein in the body. The material is directly 
related to the use of low-energy diets for weight reduction. Attainment and main- 
tenance of zero N balance are critical to those interested in losing weight by 
consuming energy-deficient diets. The loss of lean body mass is an undesirable 
consequence when attempting to lose weight by total fasting or by consuming 
carbohydrate-only diets. 

The study shown in Figure 8.21 concerns obese human subjects. The subjects 
consumed a semistarvation diet for 8 weeks. The diet supplied 60 g of protein (9.6 
g N/day)  and 54 g of carbohydrate per day. The energy value of these nutrients is 
2100 kJ/day. This value is quite low, considering that the recommended energy 
intake for the 70-kg man is 11,300 kJ/day. The goal of the study was to restrict the 
energy intake of the subjects while providing enough carbohydrate to spare the 
body's losses of protein and providing enough protein to replace the nitrogen lost 
via the obligatory losses. The subjects weighed about 130 kg prior to the study. 
They lost about 20 kg by the end of the 8-week period. The data in Figure 8.21 
show that the subjects were in negative N balance during the 8-week study; though 
the losses tended to decrease with time, resulting in a near-zero N balance by the 
eighth week. 
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FIGURE 8.21 Nitrogen balance of a group of subjects over time. (Redrawn with permis- 
sion from Pasquali et al., 1987.) 

Variability between Subjects 

The semistarvation study just outlined involved six subjects. Data from this study 
are averages of the data collected from all six subjects. The histograms in Figure 
8.22 show data for each of the subjects: CC, LV, PG, BT, AG, and AB. Subject LV 
was close to zero N balance from the third to the eighth weeks of the study. Subject 
PG was in negative N balance throughout the entire study. Subject BT seemed to 
be in positive N balance in the final weeks of the study. The positive value for the 
N balance suggests that the subject was gaining lean body mass during this time. 
This suggestion seems unlikely given the nature of the diet. The histograms 
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FIGURE 8.22 Nitrogen balance of different subjects over time. (Redrawn with permission 
from Pasquali et al., 1987.) 
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demonstrate the large variations in the ability of different humans to conserve 
nitrogen during fasting or semifasting conditions. These large variations have 
been noted in other studies as well (Fisler et al., 1982). Errors in sample collection 
and analysis are a major concern in metabolic balance studies as they often lead to 
erroneous results. 

Growth Assessment by Carcass Analysis 

The nutrient balance technique, whether used for measuring N balance, calcium 
balance, or balance of other nutrients, is not particularly accurate. Inaccuracies are 
introduced with feeding. It may not always be possible to measure exactly how 
much food is consumed by the animal or human subject. Inaccuracies are intro- 
duced in collecting the excreta, especially as collections must be made over the 
course of many days. An important source of error is the fact that the value for N 
balance is determined by subtraction, that is, subtracting the amount excreted 
from that consumed. The values for balance, whether positive or negative, are 
often small compared to the values for the amount of nutrient consumed. 

The aforementioned problems are reduced by the carcass analysis technique. 
This technique, sometimes used with growing rats or chickens but not with higher 
animals, requires analysis of the amount of nitrogen in groups of animals. The 
group is measured before and after the feeding trial. Before and after the trial, 
animals are sacrificed, their carcasses dissolved in acid, and the total amounts of 
nitrogen measured in the resulting solutions. Unlike the N balance technique, the 
carcass analysis technique requires destruction of the animal. 

Summary of Issues in Protein Nutrition 

To summarize, the studies of protein nutrition considered so far may be organized 
into those that represent decreasing levels of severity: 

1. Total fast: As far as protein nutrition is concerned, the total fast is the most 
severe condition. During a total fast, the loss of urinary nitrogen is equivalent to 
about 80 g of the body's proteins. 

2. Carbohydrate-only diet: A less severe condition is a carbohydrate-containing, 
protein-free diet. The obligatory losses of nitrogen may be reduced to the equiva- 
lent of about 40 g of bodily proteins per day with this diet. A diet that contains 
carbohydrate but little or no protein may be viewed as good or bad. The reduction 
of nitrogen losses, in itself, seems desirable. It is clearly desirable, from the stand- 
point of a subject interested in weight reduction, to prevent the bodily protein 
losses that occur with a low-energy diet; however, the losses of skeletal muscle 
proteins tend to be minimized, and losses of other proteins such as serum albumin 
and retinol-binding protein continue with the carbohydrate-containing, protein- 
free diet. Chronic consumption of this diet can result in kwashiorkor. Total fast 
may result in greater nitrogen losses from the bod~ but the breakdown of muscle 
protein occurring during the total fast liberates a quantity of amino acids that is 
readily used by the liver for the synthesis of more vital proteins. 
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3. Protein-containing low-energy diet: The least severe condition described, the 
protein-containing low-energy diet, supplies enough protein to replace the obliga- 
tory losses of nitrogen. 

Determination of the Daily Requirement and Recommended Daily 
Allowance for Protein 

The protein requirement of the adult human was determined as follows. Ordinar- 
ily; the requirement might be assumed to be equivalent to the amount of protein 
excreted in the form of urea and ammonia during the total fast. In the real world, 
however, humans consume carbohydrates. These carbohydrates are usually pre- 
sent in abundance. Hence, calculation of the protein requirement uses, as a starting 
point, the value of the obligatory N losses with the carbohydrate-containing, 
protein-free diet. 

Can the consumption of an amount of protein equivalent to the obligatory 
losses replace the N lost from the breakdown of the body's proteins? The answer 
to this question is "no," for the following reason. A fraction of the protein con- 
sumed in the diet is not incorporated into the body's proteins. This fraction of 
protein is catabolized and used for energy before it has a chance to be used for 
protein synthesis in the body. This value is thought to range from 30 to 50% of the 
protein consumed. Hence, the amount of protein consumed to replace the obliga- 
tory losses of N is greater than the equivalent of the obligatory losses. 

Two other correction factors follow. Obligatory N losses, as well as the amounts 
of protein required to replace these losses, differ from person to person. These 
amounts may be expressed as a range for any population. The upper value of this 
range used for calculating the RDA for protein. By use of statistical methods, a 
correction factor of 25% was used in order that the RDA for protein would supply 
the protein requirement for 97.5% of the human population. The second correction 
factor concerns the variability in quality of the proteins in the American diet. This 
correction factor is rather small and has a value of 6-10%. The quality of dietary 
proteins may be lower than that of the reference protein (ovalbumin) for two 
reasons. The first is that ovalbumin contains a complement of amino acids that 
closely matches the dietary protein needs of the body; whereas the proteins in a 
typical mixed diet may contain amino acids in proportions that do not as perfectly 
match the needs of the body. The second factor contributing to slight impairments 
in protein quality is digestibility. Protein digestibility refers to the percentage of 
consumed protein that is absorbed by the gastrointestinal tract, that is, not recov- 
ered as fecal N. Egg protein is about 95% digestible, milk protein 95%, meat 94%, 
corn protein 85%, whole wheat protein 86%, refined wheat protein 96%, oatmeal 
86%, and protein from beans 78% (Pellet, 1990). 

The protein requirement and the RDA for protein were derived by the following 
steps: 

1. Obligatory losses: The obligatory losses of protein with consumption of the 
carbohydrate-containing, protein-free diet are close to 54 mg N / k g  body 
weight/day. This is equivalent to 0.34 g protein/kg or about 24 g of protein for the 
70-kg man (FAO/WHO/UNU, 1985). 
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2. Catabolism of amino acids from dietary protein prior to use by the body: The 
efficiency of utilization of dietary protein for the replacement of obligatory losses 
has been estimated to be 54 to 75% (Young and Marchini, 1990). The catabolism of 
dietary amino acids for energy production, prior to their incorporation into the 
body's proteins, contributes to this factor. In correcting for this factor, a protein 
requirement of about 0.6 g protein/kg body weight is found. This value was 
directly determined by long-term N balance studies with human subjects consum- 
ing diets containing various levels of protein (Garza et al., 1977). 

3. The mixed quality of proteins in the diet: The values for protein, noted earlier, 
refer to high-quality proteins such as those found in eggs, fish, and meat. In the 
real world, the diet contains a mixture of proteins from plant and animal sources. 
The mixed quality of the proteins, as determined by their component amino acids 
as well as their variable digestibility, suggests a correction factor in the calculation 
of the RDA for protein. With this correction, a protein requirement of about 0.64 g 
protein/kg body weight is calculated. 

4. Biological variability: A correction factor of 25%, which was based on statistical 
considerations, was used to increase the calculated protein requirement to yield 
the RDA. The 25% correction results in a value for the requirement that would be 
expected to meet the needs of 97.5% of a normal population. With this correction, 
an RDA of 0.8 g protein/kg body weight for the adult was calculated (Food and 
Nutrition Board, 1989). 

Note that the value for obligatory N losses, as determined by several studies 
with humans, is fairly reproducible; however, the amount of dietary protein re- 
quired to produce N balance has proven difficult to pinpoint, thus lending an air 
of approximation to the RDA for protein. 

Amino Acid Requirements 

The requirements for the nine indispensable amino acids have been studied in 
detail. There is no requirement, however, for any particular dispensable amino 
acid. Maximal rates of growth are possible with diets lacking a few of the dispen- 
sable amino acids. Omission of all of the dispensable amino acids is, in fact, quite 
compatible with life. This omission results in the body's diversion of some of its 
indispensable amino acids for the synthesis of the missing dispensable amino 
acids. The presence of the dispensable amino acids in the diet ensures the efficient 
use of the indispensable amino acids for protein synthesis, rather than for conver- 
sion to other amino acids. Growth is greatly impaired when the diet is lacking in 
all of the dispensable amino acids. In some studies, the dispensable amino acids 
are supplied by glutamic acid. Glutamate has proven to be an efficient source of 
amino groups for the synthesis of the dispensable amino acids. The use of gluta- 
mate for this purpose is said to supply the requirements for nonspecific nitrogen. 
In other words, the glutamate is not used for the synthesis of a specific amino acid, 
but of a variety of other amino acids. 

An interesting species difference exists regarding the nonspecific N used for 
growth. Glutamine alone is sufficient to support maximal rates of growth in pigs 
and chicks, while a combination of several dispensable amino acids is needed for 
growing rats, mice, and cats (Hiramatsu et al., 1994). For adult humans, glutamine 
functions as well as a mixture of dispensable amino acids (Ala, Arg, Asp, Glu, Gly, 
Pro, Ser) as a source of nonspecific N (Hiramatsu et al., 1994). 
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TABLE 8.9 Glutamate Plus Glutamine Content of Various Proteins 

Protein 
Glutamate + glutamine 

(g/100 g protein) 

Gliadin (wheat) 46 
Zein (corn) 27 
Hordenin (barley) 38 
Arachin (peanut) 21 
Glycinin (soybean) 21 
Albumin (human serum) 17 
Albumin (egg white) 17 
(x-Casein (milk) 23 
~-Lactoglobulin (milk) 20 
Actin (muscle) 15 
Myosin (muscle) 21 
Collagen (tendon) 11 

Source: Filer et al. (1979). 

Some information regarding the content of glutamate in the diet follows. Glu- 
tamate is the amino acid present in greatest quantities in many proteins. The wheat 
protein gliadin is nearly 50% glutamate plus glutamine, by weight (Table 8.9). A 
major protein of corn, zein, is about 25% glutamate plus glutamine. Although 
many proteins contain more residues of glutamate than glutamine, both amino 
acids are sometimes reported as a sum. This is because the method of amino acid 
analysis involves acid hydrolysis of the protein in question, which results in 
conversion of glutamine to glutamate. Free glutamate also occurs in foods. The 
overall consumption of glutamate by various populations is shown in Table 8.10. 
The high value for Asian nations arises from the use of monosodium glutamate as 
a flavoring agent. Members of Western societies also use glutamate as a flavoring 
agent but without knowing it. Cheese contains 0.5 to 1.0% glutamate, by weight. 
The value for free glutamate in tomatoes is 0.14%. The free glutamate in these 
foods may contribute to the irresistible quality of pizza pies. 

The requirements for the indispensable amino acids are useful for several 
reasons. Several proteins have been chosen as ideal, reference proteins. These 
reference proteins are used by food scientists for comparing the qualities of differ- 
ent proteins. The ideal proteins are egg protein, cow milk protein, and human milk 
protein. These proteins, although all of high nutritional quality, differ in their 
proportions of the various amino acids. Additionall~ human milk may differ from 
source to source in its tryptophan content, leaving the optimal or ideal level of this 
amino acid unclean Another reason for determining the requirements is that they 
may differ for animals or humans during different stages of life. More specifically; 
there is some evidence that the amino acid requirements may differ for premature 
and term infants. Still another reason for determining the requirements is that the 
requirements for specific indispensable amino acids can change depending on the 
available levels of specific dispensable amino acids. This statement applies to 
methionine and phenylalanine. The requirement for methionine is directly influ- 
enced by the amount of cysteine in the diet. The requirement for phenylalanine is 
directly influenced by the amount of tyrosine. 
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TABLE 8.10 Daily Glutamate Consumption in Different Countries 

Country 

Glutamate consumed 
per day per 
person (g) 

Taiwan 
Korea 
Japan 
Italy 
United States 

Source: Filer et al. (1979). 

3.0 
2.3 
1.6 
0.4 
0.35 

Methods Available for Determining Amino Acid Requirements 

The first step in determining the requirement for a specific amino acid is to 
assemble a diet containing all of the amino acids except the one of interest. A series 
of diets containing different levels of the amino acid can be prepared and then fed 
to experimental subjects. A variety of biological parameters can be measured. In 
growing subjects, the growth rate can be used to assess the requirement. In adult 
subjects, the nitrogen balance technique can be used. The goal of the work is to 
determine the level of the amino acid in question that results in the highest-quality 
mixture of amino acids and to define the amount of the amino acid that might be 
considered excessive or deficient. 

A study of the histidine requirement of rats provides an example (Figures 
8.23-8.26). Growing rats were raised on diets that were chemically defined and 
nutritionally complete in all respects except that the content of histidine was 
varied. The diets contained 0 to 0.6% histidine; for example, a diet containing 0.6% 
histidine has 0.6 g of histidine per 100 g of diet. 
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FIGURE 8.23 Weight gain per day versus diet. The numbers within the circles indicate the 
composition of the diet fed to that particular group of rats, and refer to the percentage 
histidine, by weight, in the diet. (Redrawn with permission from Kang-Lee and Harper, 
1977.) 
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FIGURE 8.24 Weight gain per weight of food consumed versus diet. (Redrawn with 
permission from Kang-Lee and Harper, 1977.) 

The data in Figure 8.23 show that the maximal rate of growth was attained when 
the diet contained 0.33% histidine. Figure 8.24 shows that the weight gained/food 
consumed was maximal with the diet containing 0.25% histidine. Figure 8.25 
reveals the concentrations of plasma histidine with the different diets. The data 
demonstrate that the concentrations are fairly stable with 0 to 0.2% histidine. Even 
with the histidine-free diet, the plasma level of this amino acid during the feeding 
trial remained at about 40 ~M. With progressively higher levels of dietary histid- 
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FIGURE 8.25 Plasma histidine concentration versus diet. (Redrawn with permission from 
Kang-Lee and Harper, 1977.) 
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ine, the plasma concentration appears to plateau at about 120 ~V/. The plasma 
amino acid levels alone do not provide information on the histidine requirement; 
however, a knowledge of correlations between plasma histidine levels and growth 
can form the basis for defining the dietary requirement for this amino acid. 

The histidine catabolic pathway is discussed under Folate in Chapter 9. The 
material reveals that histidine is catabolized to produce glutamate. Glutamate, in 
turn, can be converted to (~-ketoglutarate and completely oxidized to CO2 in the 
Krebs cycle. In the study depicted in Figure 8.26, the dietary histidine was spiked 
with [14C]histidine. The term "spiked" means that only a very small proportion of 
the histidine contained carbon-14. The metabolic behavior of the radioactive his- 
tidine, which can be followed, mirrors the metabolic fate of nonradioactive histid- 
ine in the diet. All of the CO2 exhaled by the rats can be easily collected. The 14CO2 
present in the rat's breath can be measured by use of a liquid scintillation counter. 
The amount of 14CO 2 produced directly mirrors the proportion of histidine, ab- 
sorbed from the diet, that was degraded the rat's body. 

The results in Figure 8.26 reveal that only a tiny proportion of histidine is 
catabolized with diets containing up to 0.25% histidine. With diets containing 
more than 0.25% histidine, there is a steady increase in the proportion of absorbed 
amino acid undergoing oxidation. For example, about 25% of the absorbed histi- 
dine (both radioactive and nonradioactive) is degraded in the rats fed diets con- 
taining 0.6% histidine. 

Figure 8.23 reveals that the histidine requirement for the rat is about 0.33%. The 
data in Figure 8.26 show that dietary histidine is most effectively used at levels of 
up to 0.25% and that higher levels have an increasing tendency to be broken down. 
The amount of breakdown depends on the exact level of amino acid in the diet. 

EXERCISE 
Is there any indication that toxic, high levels of histidine were used (Figure 8.23)? 

EXERCISE 
What plasma histidine levels might be correlated with the intake of nutritionally adequate 
levels of histidine (Figure 8.25)? 
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FIGURE 8.26 Percentage of absorbed radioactive carbon (consumed as histidine) that is 
exhaled a s  14CO2 versus concentrations of histidine in the diet. (Redrawn with permission 
from Kang-Lee and Harper, 1977.) 
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Plasma Concentrations of Amino Acids 

The concent ra t ion  of a m i n o  acids in p l a s m a  is a r ecur r ing  topic in the  nu t r i t iona l  
sciences. P l a sma  a m i n o  acids h a v e  rece ived  a t ten t ion  t h r o u g h  research  on the 
control  of the appe t i t e  (Peters a n d  Harper ,  1981), the t ime  course  of p ro te in  
d iges t ion  (Adibi a n d  Mercer,  1973), g l u t a m a t e  (MSG) c o n s u m p t i o n  a n d  its poss ib le  
mi ld  side effects (Stegink et al., 1985), the toxic effects of va r ious  a m i n o  acids 
d u r i n g  l iver d isease  (Bemard in i  a n d  Fischer, 1982), and  the inf luence  of insul in  on 
a m i n o  acid m e t a b o l i s m  d u r i n g  b e d  rest, d iabetes ,  and  p r e g n a n c y  ( F u k a g a w a  et al., 
1986; S h a n g r a w  et al., 1988; Fitch and  King, 1987; Traxinger  and  Marshal l ,  1989). 
P l a sma  a m i n o  acids are also i m p o r t a n t  for the d iagnos i s  and  t r e a t m e n t  of genet ic  
diseases,  such  as p h e n y l k e t o n u r i a  (Scriver et al., 1989), h y p e r g l y c i n e m i a  (Hal ton  
and  Krieger,  1980), and  m a p l e  sy rup  ur ine  d isease  (Parsons  et al., 1987). 

The p l a s m a  concent ra t ions  of the a m i n o  acids in n o r m a l  h u m a n  subjects are 
l isted in Table 8.11. All of the concen t ra t ions  are ave rages  f rom a g r o u p  of h u m a n  
subjects. There  was  s o m e  var ia t ion  b e t w e e n  subjects,  w i th  smal l  var ia t ions  occur-  
r ing  in ind iv idua l s  d u r i n g  the course  of the day. The b lood  s ample s  w e r e  t aken  
f rom nonfas t ing  subjects,  that  is, w i th in  an  h o u r  or so of a meal .  One  s t r ik ing aspect  
of the  resul ts  is the s imi lar i ty  of concen t ra t ions  in different  s tudies.  G l u t a m i n e  
cons is tent ly  occurs  at the  h ighes t  concent ra t ion ,  abou t  0.7 m M ,  w h e r e a s  me th ion -  
ine is consis tent ly  low, at abou t  0.025 mM.  Clearl3~ homeos t a t i c  m e c h a n i s m s  

TABLE 8.11 Amino Acid Concentrations in Human Plasma 

Amino acid Concentration (~tM) 

Glutamine 656 a 600-800 b 657 c 724d _ 
Alanine 360 344 340 228 - 
Cysteine . . . .  270e 
Valine 264 212 258 266 - 
Glycine 232 215 233 204 - 
Proline - 175 215 213 - 
Lysine 192 164 - 181 - 
Threonine 145 134 131 119 - 
Leucine 133 112 143 134 - 
Serine 113 109 106 116 - 
Histidine 94 73 - 80 - 
Arginine 94 69 - 74 - 
Isoleucine 64 59 97 60 - 
Asparagine 62 - - 52 - 
Cystine 61 . . . .  
Tyrosine 64 54 74 56 - 
Phenylalanine 58 49 68 47 - 
Tryptophan - 39 - - - 
Glutamic acid 34 30-70 44 66 - 
Methionine 24 24 34 23 27 
Homocysteine . . . .  12 
Aspartic acid 7 - - 5 - 

, , , 

Data in these columns are taken from the following sources: aScriver et al. (1985); bFelig et al. (1970); 
q-Iaymond et al. (1982); dAlbert et al. (1986); eStabler et al. (1988). 
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actively regulate the levels of amino acids in the various compartments of the 
body. 

Sparing of Methionine by Cysteine and of Phenylalanine by Tyrosine 
The concept of sparing of one nutrient by another was introduced earlier, where it 
was demonstrated that dietary carbohydrate can spare protein. Similarly; cysteine 
can spare methionine and tyrosine can spare phenylalanine. A certain proportion 
of dietary methionine is converted to cysteine. Methionine normally supplies part 
of the body's needs for cysteine. With cysteine-free diets, methionine can supply 
all of the body's needs for cysteine. The methionine catabolic pathway that leads 
to cysteine production is shown in Figure 8.27. Only the sulfur atom of methionine 
appears in the molecule of cysteine; serine supplies the carbon skeleton of cysteine. 
~-Ketobutyrate is a byproduct of the pathway. 0~-Ketobutyrate is further degraded 
to propionyl-CoA by BCKA dehydrogenase or pyruvate dehydrogenase. 
Propionyl-CoA is then converted to succinyl-CoA, an intermediate of the Krebs 
cycle. 

CH 3 -- S -- CH2 CH2CHCOOH 
I 
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FIGURE 8.27 Pathway for methionine catabolism and cysteine synthesis. Methionine is 
the source of the sulfur atom of cysteine. Serine is the source of the carbon skeleton of 
serine. In methionine catabolism, the carbon skeleton of methionine is converted to 
prop.ionyl-CoA, which eventually enters the Krebs cycle at the point of succinyl-CoA. 
BCAA dehydrogenase catalyzes the oxidation of 0~-ketobutyrate to propionyl-CoA. 
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Daily Daily 
nitrogen Urinary Fecal nitrogen 
in take nitrogen nitrogen balance 
(g) (g) (g) (g) Supplement 

10.1 8.82 0.92 +0.36 2.0 g methionine 
10.1 8.89 0.89 +0.32 1.0 g methionine 
10.1 8.92 0.88 +0.30 0.9 g methionine 
10.1 9.19 0.92 -0.01 0.8 g methionine 
10.1 9.39 0.84 -0.13 0.7 g methionine 
10.1 8.97 0.75 +0.38 0.1 g methionine + 0.81 g cysteine 
10.1 9.46 0.79 -0.15 0.0 g methionine + 0.81 g cysteine 

Source: Rose and Wixom (1955) 

The influence of cysteine on the methionine requirement is demonstrated by the 
following study. The subject was a student who was awarded a Ph.D. after con- 
ducting the study on himself. The subject consumed diets that were complete 
except that the concentration of methionine was varied (Table 8.12). The dietary 
amino acids were supplied in the form of pure amino acids, rather than as protein, 
to allow full control over the levels of amino acids supplied by the diet. Cysteine 
was supplied as cystine. Cystine is a dimer of cysteine, in which the two cysteine 
residues are connected via a disulfide bond (R--S---S--R). Cystine is readily 
converted to cysteine in the body. The methionine requirement was assessed by 
determining the conditions that supported a zero or slightly positive nitrogen 
balance. 

The results demonstrate that a near-zero N balance occurred with the diet 
containing 0.8 g of methionine. Higher levels of methionine resulted in a positive 
N balance. The N balance was clearly negative with the 0.7-g methionine diet. The 
following statement illustrates the ability of cysteine to spare methionine: An 
unusually small amount of methionine (0.1 g) was able to support a positive N 
balance when cystine was included in the diet. Cysteine alone, that is, with no 
methionine, resulted in a negative N balance. Cysteine (or cystine) can replace a 
large fraction of our requirement for methionine. For this reason, the requirement 
for methionine is sometimes stated as a combined requirement for methionine 
plus cysteine. 

Tyrosine can spare the requirement for phenylalanLne. In many species, about 
50% of the phenylalanine requirement can be replaced by tyrosine. For this reason, 
the requirement for phenylalanine is sometimes expressed as the requirement for 
the sum of both amino acids. The biochemical relationship between phenylalanine 
and tyrosine is shown in Figure 8.28. Phenylalanine monooxygenase catalyzes the 
conversion of phenylalanine to tyrosine. This enzyme uses the cofactor tetrahydro- 
biopterin. Biopterin is not required in the diet. It is synthesized from GTP. Folate 
(in plants and bacteria) and molybdopterin are also synthesized from GTP. Figure 
8.28 also depicts the catabolic pathway for tyrosine. 

Phenylalanine monooxygenase is defective in persons with the genetic disease 
phenylketonuria. The name of this disease derives from the fact that some of the 
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FIGURE 8.28 Phenylalanine and tyrosine catabolism. Phenylalanine is converted to tyrosine by 
phenylalanine monooxygenase. This enzyme requires tetrahydrobiopterin as a cofactor. This 
cofactor is synthesized in the body from GTP and must be in the fully reduced, tetrahydro form 
to be active. The cofactor is converted to the dihydro form in the course of the reaction. A separate 
enzyme, which uses NADPH as a reducing agent, catalyzes the reduction of dihydroprotein back 
to tetrahydrobiopterin. Oxygen is the cosubstrate of phenylalanine monooxygenase, as well as of 
two other enzymes, in the pathway shown. 
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phenylalanine that builds up in the body is converted to the corresponding keto 
acid by the action of an aminotransferase. Tl-ds keto acid, phenylpyruvic acid, 
appears in elevated amounts in the urine. The symptoms of the disease, including 
mental retardation; are caused by amounts of dietary phenylalanine that are in 
slight excess of the requirement. The symptoms can be minimized, or even pre- 
vented, by the consumption of a low-protein diet. This diet is generally consumed 
until the age of 6, at which point the disease becomes less severe. The diet may 
also involve avoidance of special sources of phenylalanine, such as aspartame. 
Aspartame, an artificial sweetener, is a dipeptide composed of aspartic acid and 
phenylalanine (Asp-Phe-methyl). The carboxyl group of the phenylalanine is 
esterified with a methyl group. Some think that the low-phenylalanine diet should 
be resumed, in adulthood, during pregnancy. This recommendation is intended to 
avoid the possible poisoning of the fetus by the high levels of phenylalanine in the 
bloodstream of the mother who has phenylketonuria. About I in 10,000 persons 
has phenylketonuria. 

P R O T E I N  QUALITY 

Protein quality refers to the ability of a dietary protein to supply the amino acid 
needs of the body. Some foods contain high levels of protein; others contain low 
levels (see Table 8.1). The fact that a specific food is a rich source of protein does 
not indicate that the food has any particular value in supporting growth or 
maintenance. Gelatin, for example, is a protein that is sometimes used in cooking. 
This protein is available in a pure, powdered form; however, the use of gelatin as 
a food and as the sole source of protein cannot supply the body's amino acid needs. 
A diet based on gelatin and excluding other proteins cannot sustain life. This is 
because gelatin is a low-quality protein. It lacks the indispensable amino acid 
tryptophan. 

The quality of different proteins can be expressed according to their chemical 
score, protein efficiency ratio (PER), biological value (BV), and net protein utiliza- 
tion (NPU). These parameters refer to the different tests used to define the pro- 
tein's quality. The chemical score refers only to the property of the protein in 
question. The PER, BV, and NPU refer to relationships between the dietary protein 
and the consumer. The values of the PER, BV, and NPU depend on properties of 
both the protein in question and the needs of the animal. The chemical score, PER, 
BV, and NPU of proteins in various foods, including eggs, fish, rice, and maize, are 
listed in Table 8.13. 

The value of the chemical score is determined by a chemical test. The chemical 
score for a particular food or protein would not be expected to vary much when 
determined by different researchers. The PER, BV, and NPU are biological tests 
and involve animal feeding trials. The BV and NPU require nitrogen balance 
measurements, and hence their determination requires more work than the other 
tests. The values for the PER, BV, and NPU might be expected to vary somewhat 
with different determinations; however, the relative order of the different foods in 
Table 8.13 might not be expected to change much when the PER, BV, and NPU are 
determined by different researchers. 
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TABLE 8.13 Protein Quality 

Protein Chemical score PER BV NPU 

Egg 100 3.92 94 94 
Fish 71 3.55 76 80 
Beef 69 2.30 74 67 
Sunflower seed 61 2.10 70 58 
Casein 58 2.86 80 72 
Oats 57 2.19 65 66 
Rice 56 2.18 64 57 
Peanuts 55 1.65 55 43 
Soybeans 47 2.32 73 61 
Wheat 43 1.53 65 40 
Lima beans 41 1.53 66 52 
Maize (corn) 41 1.12 59 51 
Lentils 31 0.93 45 30 

Source: Committee on Amino Acids, Food and Nutrition Board (1974). 

The Chemical Score and the Concept of the Limiting Amino Acid 

The chemical score is determined as follows. The contents of the indispensable 
amino acids of egg albumin (ovalbumin), which is used as a reference protein, and 
the food protein in question are determined. Egg albumin is considered to be ideal 
and nutritionally complete. The test requires several steps. The protein must  be 
purified, hydrolyzed to the constituent amino acids, and then subjected to analysis 
using an amino acid analyzer. The values for each of the indispensable amino acids 
for ovalbumin and the test protein are then listed as shown in Table 8.14. The 
contents of the various amino acids in the two proteins are then compared. The 
amino acid in the test protein that is present in the lowest level, on a percentage 
basis, can be found by examining the table. This amino acid is called the l imit ing 
amino  acid of the protein. The value of the percentage is the chemical score. Table 
8.14 indicates that the quanti ty of lysine in oat protein is 51% that in egg protein. 
Hence, the chemical score of oat protein is 51. 

Protein Efficiency Ratio 

Determination of the PER requires growing animals. The PER is defined by the 
formula 

P E R  = 
weight gained 

weight of protein consumed 

The conditions for gathering PER data are standardized. The animals to be used 
are weanling rats; rats are generally weaned at 21 days of age. The protein is used 
at a concentration of 10% of the dry weight of the diet. The PER of the test protein 
should always be compared with that of ovalbumin, where ovalbumin is fed to a 
group of control rats. The weight gained and food consumed are recorded for a 
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TABLE 8.14 Amino Acid Composition of Two Protein Sources 

Egg protein Oat protein 
g of amino acid per 16 g of 

Amino acid protein nitrogen 

Lysine 6.9 3.5 
Histidine 2.6 1.9 
Threonine 4.9 4.7 
Methionine 3.2 2.2 
Cysteine 2.1 1.9 
Valine 7.1 4.7 
Leucine 8.8 5.8 
Isoleucine 5.9 3.3 
Phenylalanine 5.5 4.2 
Tyrosine 3.8 2.6 

Source: Maruyama et al. (1975). 

3-week feeding trial. Table 8.13 reveals, for example, that the PER for egg protein 
is about twice that for soybean protein. 

The PER is acceptable for comparing the food values of different proteins, 
though it does have shortcomings. Because the test can be conducted only with 
growing animals, it cannot be used to determine the protein requirement for 
maintenance, but only the combined requirement for growth and maintenance. 
Another problem is that the PER cannot distinguish between weight gained as fat 
and as lean body mass. An advantage of the test is that the only equipment needed 
are rat cages, food jars, water bottles, and a balance. 

Biological Value 

The BV of protein is determined by measuring the amount of N consumed and 
that excreted. First, the obligatory losses of urinary and fecal N must be deter- 
mined, which requires the feeding of nitrogen-free diets. This is followed by a 
determination of the amounts of urinary and fecal N with consumption of the test 
protein. The differences in N excreted between the two dietary conditions is 
expressed as [A fecal N] and [A urinary N]. The Greek capital delta conventionally 
means "the change in." The formula for the BV is 

retained N 
a M  --- = 

absorbed N 

[N intake] - [a fecal N] - [A urinary N] 

[N intake]-  [A fecal N] 

The BV represents the fraction of amino acids absorbed by the gut that is retained 
by the body. The BV ignores that part of the dietary protein that is not absorbed 
and appears in the feces. The change in fecal N occurring with the two diets is 
subtracted from the values of N intake, in both the numerator and denominator. 
The equation seems to state, "Let's ignore that part of the dietary protein that is 
poorly digested and appears in the feces." The equation seems to ask, "As far as 
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the absorbed amino acids are concerned, how suitable are they for the needs of the 
animal?" A high BV indicates that the amino acids occur in proportions that are 
highly compatible with the needs of the body. A protein that is completely lacking 
in one of the indispensable amino acids would be expected to have a BV close to 
or equal to zero. The formula for the BV yields a fraction. This fraction may be 
multiplied by 100 to express the BV as a percentage. 

Net Protein Utilization 

The NPU involves the same measurements used in determination of the BV. These 
measurements are of the urinary and fecal N losses and of urinary and fecal N 
losses with consumption of the test protein. The formula for the NPU is 

retained N [N intake] - [a fecal N] - [a urinary N] 
NPU = = 

[N intake] consumed N 

The equation for the NPU seems to ask, "Of the protein that is consumed, how 
much is retained?" This contrasts with the BV, which asks, "Of the protein that is 
absorbed, how much is retained?" The NPU is of practical importance in agricul- 
ture. A poultry farmer may use NPU values to evaluate new feeds and to deter- 
mine the cheapest way to produce the largest amount of poultry meat. The carcass 
analysis technique is often used to determine the NPU. 

Amino Acid Supplements  

The quality of a dietary protein may be increased by supplementing the diet with 
appropriate amino acids. This concept is illustrated by the study shown in Figure 
8.29, which involved supplementation of a wheat-based diet with lysine. The 
change in the quality of the diet was determined simply by measuring changes in 
the growth rate. 

The study involved two groups of growing rats. The first group was fed diets 
containing various concentrations of wheat protein. The levels of wheat protein 
ranged from 10 to 80% of the diet, by weight (O, Figure 8.29). The increase in 
protein content was at the expense of glucose. In short, the 10% wheat protein diet 
contained 10 g of wheat protein, 80 g of glucose, and 10 g of oil, salts, and vitamins. 
The 40% wheat protein diet contained 40 g of wheat protein, 50 g of glucose, and 
10 g of oil, salts, and vitamins. The second group of rats consumed the same diets 
with the exception that all of the diets were supplemented with 1% lysine (1.0 g 
lysine/100 g diet) (@, Figure 8.29). The feeding trial lasted 2 weeks. The results 
demonstrate that the maximal weight gain during the feeding period was about 
85 g. Maximal growth was attained with the 70% wheat protein diet (O) and the 
20% wheat protein, lysine-supplemented diet (@). 

The results from the study can be interpreted as follows. Lysine appears to be 
the first or most limiting amino acid of wheat protein. Maximal growth occurred 
with reduced levels of dietary protein where the diet was supplemented with 
lysine. If lysine was the second most limiting amino acid of wheat, the lysine 
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FIGURE 8.29 Weight gain with different diets. (Redrawn with permission from Munaver 
and Harper, 1959.) 

supplement would not be expected to overcome the lack of the most limiting 
amino acid of wheat protein. Consumption of the 70% wheat protein diet resulted 
in the same growth increases as incurred with the 20% wheat protein diet contain- 
ing 1% lysine. This suggests that the high levels of protein supplied by the 70% 
protein diet provided a sufficient amount of lysine, as well as adequate quantities 
of other indispensable amino acids, as did the 20% protein lysine-supplemented 
diet. 

The steadily increasing growth rates occurring with greater concentrations of 
wheat protein (O, Figure 8.29) may result from the increasingly ample supply of 
lysine. With increasing amounts of dietary protein, an increase in catabolism of 
amino acids other than lysine might be expected. Hence, progressively greater 
rates of urea excretion may be attained with the diets higher in protein. With the 
diets containing elevated levels of protein, regulatory changes may occur in meta- 
bolism that increase the catabolism of all of the amino acids except lysine. The 
existence of such regulatory mechanisms is not clean 

EXERCISE 
Is it possible for two different amino acids to be equally limiting in a particular dietary 
protein? 

EXERCISE 
The PER test uses test and reference proteins at a level of 10%, by weight, of the diet. Please 
state the consequences of a test conducted with protein levels of 70%, by weight. 

Complementary Proteins 

The most limiting amino acid of wheat protein is lysine. The study described 
earlier revealed the growth-promoting effects of supplementing wheat protein 
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with lysine. The most limiting amino acid of soybeans is methionine. Soybean- 
based infant formulas are supplemented with methionine. Generally; people do 
not supplement their diets with amino acids. The dinner table does not bear 
shakers containing methionine or lysine, along with the salt and pepper shakers. 
On the other hand, people do supplement their moderate-quality proteins with 
the limiting amino acids. People also supplement their moderate-quality proteins 
with other moderate-quality proteins. What does this mean? The major staples of 
the world include sweet potatoes, cassava, beans, rice, corn, and wheat. The first 
two foods in this list contain relatively little protein; however, the legumes and 
grains are moderately good sources of protein. Legumes contain ample amounts 
of lysine, threonine, and tryptophan, but are limiting in methionine. Grains con- 
tain methionine, but are limiting in lysine and sometimes threonine or tryptophan. 
A diet containing both legumes and grains supplies a mixture of amino acids that 
is of higher quality than a diet containing legumes alone or grains alone. These 
mixtures are not as high in quality as the protein of meat, milk, or fish, but they 
are better than that in legumes or grain alone. The use of both legume and grain 
proteins in a diet supplies complementary proteins. Complementary proteins are 
supplied by such time-tested food combinations as the beans and rice consumed 
in Central and South America, the tofu and rice consumed in Asia, and the peanut 
butter sandwiches consumed by American children. 

The following study illustrates the effect of using complementary proteins. 
Growing rats were fed diets containing various combinations of rice and bean 
protein (Figure 8.30). For example, one test diet consisted of 100% rice protein and 
no bean protein, whereas another diet contained 40% rice protein and 60% bean 
protein. The PER was determined for each combination. The results demonstrate 
that the most valuable sources of protein were those containing 50 to 80% rice 
protein, with the remainder consisting of bean protein. 

An interesting sidelight concerning the use of complementary proteins is that 
they must be consumed together, or at about the same time, to be of maximal 
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benefit as a protein source. For example, eating beans at breakfast and corn at 
dinner would fail to supply complementary proteins. The following description is 
paraphrased from a brief report concerning complementary mixtures of amino 
acids (Cannon et al., 1947): Protein-deficient rats recovered weight steadily when 
fed a diet containing 10 indispensable amino acids. If, however, the diet is divided 
into two portions - -  one containing arginine, histidine, leucine, lysine, and threon- 
ine and the other containing isoleucine, methionine, phenylalanine, tryptophan, 
and v a l i n e -  and these two incomplete rations are fed alternately; the recovery of 
weight is poor. Poor weight recovery occurs when the rations are offered to rats at 
alternate hours over a 14-hour period. The rats lose weight. On the other hand, the 
animals eat well and recover weight rapidly when the two incomplete rations are 
mixed together. 

A fine point might be added concerning differences in human and animal 
nutrition. Some populations seem to thrive and grow on diets containing only one 
source of a moderate-quality protein. Persians, in particular, may consume diets 
where grain may be the sole source of protein (Vaghefi et al., 1974). Although the 
growth of rats consuming diets containing only bread protein may be impaired, 
such effects are not readily detected in humans. Human children require a lower 
density of protein in the diet than do rats for supporting a maximal rate of growth. 
Rats require diets containing close to three times higher amounts of protein per 
total energy content than do children. A human infant is expected to grow at a 
near-maximal rate when its only source of protein is bread or beans. This situation 
is clearly not the case with rats. Rat growth is strikingly impaired when grain 
protein-based or bean protein-based diets are used. 

CLINICAL ISSUES IN P R O T E I N  N U T R I T I O N  

Protein nutrition is of special concern in several conditions. These include liver 
disease, protein-calorie malnutrition, diets limiting in indispensable amino acids, 
modified fasting (for the purpose of weight reduction), chronic renal disease, and 
hyperuricemia. The goal of protein nutrition in modified fasting is to supply an 
amount of protein for minimizing losses of endogenous proteins and for maintain- 
ing nitrogen balance. The goal of protein nutrition during the treatment of chronic 
renal disease is to reduce the buildup of urea and other waste products of protein 
metabolism in the bloodstream by limiting the amount of dietary protein. The 
progress of chronic renal disease may be slowed with low-protein diets. Chronic 
renal disease is usually fatal. The possibility of protein malnutrition during treat- 
ment is a concern. Uric acid is a catabolite of purines. Uric acid occurs in elevated 
concentrations in the plasma of certain populations. High plasma uric acid, or 
hyperuricemia, results primarily from genetic factors, but can be influenced by the 
diet as well. The danger of hyperuricemia is that it is a risk factor for the deposit 
of crystals of uric acid in the joints, leading to gout, and in the kidneys, leading to 
uric acid kidney stones. Hyperuricemia is treated mainly by drugs, though die- 
tary intervention is also important. Dietary intervention involves the elimination 
of certain high-purine foods, consumption of the RDA of protein, and elimination 
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of high-protein diets. Details of modified fasting, renal disease, and hyperuricemia 
are presented next. 

Modified Fasting 

Modified fasting using low-energy diets is used to treat obesity. Total fasting 
should not be used for weight reduction. The main problem with total fasting, as 
far as protein nutrition is concerned, is catabolism of the lean body mass. Muscle 
accounts for most of the lean body mass. Catabolism of lean body mass accounts 
for about 50% of the weight loss in the first month of a total fast and for 25 to 33% 
thereafter (Seim and Rigden, 1990). Total fasting can provoke cardiac arrhythmias, 
destruction of cardiac muscle fibers, and hepatic and renal damage. 

The modified fast supplies 1.2 to 1.4 g of protein per kilogram of ideal body 
weight. This amount of protein minimizes losses of the body's protein and main- 
tains nitrogen balance. The protein can be supplied by commercially available 
powders consisting of protein, carbohydrate, vitamins, and minerals. Alterna- 
tivel~ the protein can be supplied by lean meat, fish, or poultry. Potassium losses 
are a vital concern during total fasting and during modified fasting as well. Low 
plasma levels of potassium (hypokalemia) can induce cardiac arrhythmias. Pa- 
tients undergoing modified fasting are periodically monitored for cardiac arrhyth- 
mias, by use of an electrocardiogram, and for plasma potassium levels. 

Sudden death has occurred among unsupervised fasting persons consuming 
commercially available "liquid protein" diets. The chronic consumption of such 
diets has resulted in about 60 deaths. The exact cause of death is not clear, though 
it might have resulted from cardiac arrest caused by hypokalemia. It should be 
noted that the term liquid protein is not scientifically accurate. Proteins can be 
dissolved in water, and they can be suspended in water, but they generally do not 
exist in the liquid state. Many of the deaths occurred when the liquid protein diet 
was discontinued and the subject consumed large amounts of food (binging). 
Apparenfl~ the resultant increases in the levels of various metabolites in the 
bloodstream induced cardiac arrest. 

The use of low-energy diets for weight reduction is safer for markedly obese 
individuals than for the mildly obese, because the weight lost with restricting 
energy to the mildly obese consists of a greater proportion of lean body mass and 
a lesser proportion of fat, than for the markedly obese (Wadden et al., 1990). 

Weight reduction programs may involve the participation of a dietician, physi- 
cian, and psychologist. The dietician evaluates the choices of food of the subjects 
and makes sure that the diet contains sufficient amounts of protein, vitamins, 
minerals, and water and insufficient amounts of energy. The physician assesses 
cardiac function and evaluates status for a variety of nutrients. These include tests 
for plasma potassium, sodium, calcium, folate, and iron. The psychologist pro- 
vides extra motivation for the weight reduction program and suggests changes in 
lifestyle. Without counseling, the majority of patients regain much of their lost 
weight in the year following treatment. With counseling, one-third or more of the 
patients regain much of their lost weight. 

Exercise is used in weight reduction programs. Exercise helps reduce body fat 
and enhance muscle mass. The exercise program should be started when the 
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modified fast begins. It involves changes in daily activities, such as using stairs 
instead of the elevator and substituting walking or bicycling for the automobile. 
A loss of about 50 pounds can be achieved in a 3-month weight reduction program. 

Chronic  Renal  Failure 

Chronic renal failure is treated by dialysis, kidney transplants, and drugs, as well 
as by low-protein diets. For this reason, an outline of chronic renal failure occurs 
in this chapter. The normal glomerular filtration rate (GFR) is 80 to 120 ml/min.  
In severe renal disease, the GFR can be reduced to 10 ml /min  or less. This 
represents a 90% loss of renal function. Diabetes mellitus and hypertension (high 
blood pressure) are the main causes of chronic renal failure. Sustained and chronic 
injury to the kidneys leads to the destruction of the nephrons, where this destruc- 
tion is usually not reversible. The nephron, which is the smallest unit of kidney 
function, is detailed in the section on Sodium, Potassium, Chloride, and Water. The 
severe loss of nephrons results in alterations of functions of many other organs of 
the body. The collection of abnormalities that results is called uremia. 

Moderate renal failure is defined as the situation where the GFR is 30-70 
ml/min,  while severe renal failure is where the GFR is under 30 ml/min.  In 
chronic renal failure, the gradual destruction of nephrons is compensated by 
hypertrophy of the remaining nephrons. Hence, the kidney continues to excrete 
normal levels of salt and water even with a moderate reduction in the GFR 
(Martin, 1996). Eventually, however, urea and other nitrogenous compounds (am- 
monia, guanidine, urate) begin to accumulate in the bloodstream. The increase in 
some of these compounds produces the nausea, vomiting, and tiredness that 
makes the patient first aware of the renal failure. Uremia occurs when the GFR 
falls below 20-25% the normal value (Brenner and Lazarus, 1994). 

With progressing renal failure, the kidney loses its ability to excrete acid into 
the urine. The result is acidosis. Acidosis can be treated with sodium bicarbonate 
or sodium citrate (Brenner and Larazus, 1994). The kidney performs several func- 
tions not directly related with urine production, and these include the synthesis of 
calcitriol (the active form of vitamin D) and erythropoietin (a hormone that stimu- 
lates red blood cell production). Thus, treatment of chronic renal failure may 
include injections of calcitriol and erythropoietin. 

Diet modification is an important part of therapy for uremia. Dietary protein is 
restricted, and this technique reduces nausea, vomiting, and anorexia. Protein is 
restricted to no less than 0.6 g protein/kg body weight, in order to avoid negative 
N balance (Brenner and Lazarus, 1994). The normal plasma concentration of urea 
is 3.9 to 7.9 mM (0.24--0.49 mg/ml).  The normal serum urea nitrogen level is 0.11 
to 0.23 mg/ml.  The goal of restricting dietary protein is to prevent serum urea 
nitrogen from rising above 0.8 mg/ml.  Where the GFR is 20 to 25 ml/min,  protein 
may be restricted to 60 to 90 g/day. Where the GFR is 10 ml /min  or less, dietary 
protein may be restricted to 40 g /day  (Maroni and Mitch, 1997). 

End-stage renal disease is defined as the situation where the GFR falls below 20 
ml /min  (Martin, 1996). Each year, over 30,000 persons in the United States acquire 
end-stage renal disease. Hypertension is the most common complication of end- 
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stage renal failure, where the hypertension can provoke heart failure and leakage 
of fluid into the lungs (pulmonary edema). This hypertension can be treated with 
dietary restriction of salt and water, and with drugs (inhibitor of angiotensin-con- 
verting enzyme). 

EXERCISE 
In treating the uremic patient with the protein-restricted diet, would you use a protein of 
high or low biological value? 

Hyperuricemia 

Dietary purines are largely catabolized in the gut, rather than used by the body 
for the synthesis of nucleic acids. The end-product of purine catabolism in humans 
is uric acid. The diet accounts for less than half of the uric acid appearing in the 
bloodstream. Most of the plasma uric acid, or urate, originates from catabolism of 
the purines synthesized by the body (endogenous purines). The major purines are 
adenine and guanine. They occur mainly as nucleotides, such as adenosine 
triphosphate (ATP) and guanosine triphosphate "(GTP), and as parts of nucleic 
acids. For example, the adenine in RNA occurs as adenosine monophosphate, and 
the adenine in DNA occurs as deoxyadenosine monophosphate. 

Normal serum uric acid is 0.025 to 0.080 mg/ml  in males and 0.015 to 0.060 
mg /ml  in females. A uric acid level greater than 0.070 mg /ml  is associated with 
an increased risk for gout. Purine-restricted diets can result in plasma uric acid 
levels of 0.005 to 0.015 mg/ml.  About two-thirds of the uric acid in the body is 
excreted via the urine; the rest is excreted in the feces. Uric acid accounts for only 
about 5% of urinary nitrogen. 

Gout is a metabolic disease characterized by the painful inflammation of joints. 
Gout is a type of arthritis. Hyperuricemia is a risk factor for gout and for the 
development of uric acid stones in kidneys. Gout often presents as a violent attack 
of pain in the big toe. Less commonl~ it involves the wrists, ankles, or knees. The 
pain spontaneously disappears after a few days, but recurs later, with an increas- 
ing frequency. Eventuall}~ crystalline deposits of uric acid accumulate in the joints 
and appear as bumps on the skin, each with a diameter of a millimeter to a few 
centimeters. The deposits of urate lead to erosion of the bone and to destruction 
of the joints. Gout can be crippling. 

The mechanism producing the pain and inflammation of the gouty attack 
involves the neutrophils. The neutrophil is a type of white blood cell that con- 
sumes foreign objects, such as bacteria, and attacks them with toxic forms of 
oxygen, such as HOOH and HOo. High plasma uric acid results in the formation 
and deposit of uric acid crystals in joints. The urate crystals are taken up by the 
neutrophils. The neutrophils release toxic forms of oxygen, as well as hydrolytic 
enzymes. This reaction is part of the inflammatory response of gout and contrib- 
utes to the pain and fever of the gouty attack. 

Uric acid stones account for about 10% of all kidney stones in the United States. 
Most kidney stones consist of calcium phosphate or calcium oxalate. The risk for 
developing urate stones increases with increased levels of plasma urate and with 
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increased levels of urinary urate. Sometimes the stones that form in the kidney are 
excreted in the urine, where they appear as a fine gravel. A larger stone can 
obstruct the ureter, impairing the formation of the urine and leading to intense 
pain. Kidney stones are also called renal calculi. 

Hyperuricemia and gout are treated with drugs, such as allopurinol. Allopuri- 
nol inhibits one of the enzymes of the purine catabolic pathway and decreases the 
formation of uric acid. Dietary intervention may be part of the treatment program. 
Dietary intervention involves the elimination of foods containing high levels of 
purines. This reduces exogenous purines as a source of uric acid. These foods 
include glandular and organ meats, dried legumes, shrimp, sardines, and mack- 
erel. Other sources of meats and fish are restricted but not eliminated. High dietary 
protein can stimulate the formation of uric acid. The mechanism of this effect is 
not clean It is thought that high levels of dietary protein can interfere with the 
normal regulation of the pathway of purine catabolism, resulting in an increase in 
its rate. 

The following study demonstrates the effect of dietary protein on uric acid. In 
the study, human subjects consumed diets containing no protein, normal levels of 
protein, and extremely high levels of protein. The diets were chemically defined 
and did not contain purines. The protein-free diet supplied 0.9 g N/day. The 
normal-protein diet supplied 13 g N/day. The extremely high-protein diet sup- 
plied 62 g N/day. The feeding trials were 2 weeks in duration. The normal-protein 
diet contained 90 g of egg albumin, which was supplemented with 162 g of soy 
protein plus 156 g of casein in the high-protein diet. 

Table 8.15 lists the values of the nitrogenous compounds in the plasma and 
urine. The plasma values represent the levels in the bloodstream after an overnight 
fast and are in the units of milligrams/liter. The urinary values represent the daily 
output and are in the units of grams/day. Uric acid levels responded to the diets 
in the following manner. Plasma uric acid levels were nearly identical with the 
three diets (second line). Urinary uric acid levels changed little with the protein- 
free and normal-protein diets; however, the fivefold increase in protein intake with 
the high-protein diet resulted in a 2.5-fold increase in urinary uric acid levels (last 
line). Although the mechanism by which high levels of protein increase the pro- 

TABLE 8.15 Nitrogenous Metabolites in Human Plasma and Urine 
, , ,  

Nitrogen Protein free Normal protein High protein 

Plasma urea N (rag/liter) 
Plasma uric acid N (rag/liter) 
Total urinary N (g/day) 
Urinary urea N (g/day) 
Urinary ammonia N (g/day) 
Urinary amino acid N (g/day) 
Urinary creatinine N (g/day) 
Urinary urate N (g/day) 

Source: Bowering et al. (1970). 

49 147 
19 17 
2.1 9.6 
1.0 7.0 
0.04 0.18 
0.09 0.13 
0.55 0.56 
0.10 0.13 

366 
18 
52.0 
48.0 
1.11 
0.34 
0.59 
0.37 
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duction of uric acid is not clear, the data demonstrate the value of avoiding 
high-protein diets during the treatment of patients with hyperuricemia and gout. 

Studies by Clifford et al. (1976) revealed the effect of purine consumption on 
uric acid levels. The purines were supplied to human subjects in the form of 
ribonucleic acid (RNA) (4 g/day).  Purine consumption resulted in a near doubling 
of plasma levels of uric acid and a 2.5-fold increase in urinary uric acid. This 
demonstrates the need for avoiding purine-rich foods in treating hyperuricemia 
and gout. It has been recommended that the maximal safe limit of RNA in the diet 
is 2.0 g /day  (Clifford et al., 1976). This amount of RNA can be supplied by 340 g 
of sardines, 415 g of dried lentils or pinto beans, or 500 g of chicken liven As few 
people consume, or would be willing to consume, 500 g of liver per day the 
limitation of dietary RNA to safe levels would not be expected to be a common 
concern. 

The purine catabolic pathway appears in Figure 8.31. The end-product of purine 
catabolism in primates, and in some other vertebrates, is uric acid. Purine catabo- 
lism differs in other species. Urate oxidase catalyzes the breakdown of uric acid to 
allantoin. Allantoin can be further broken down to produce urea and glyoxylate. 
Allantoin is the purine excretory product in some mammals and reptiles. Urea is 
the purine excretory product in fish. Guanine is the purine excretory product in 
pigs and spiders. Uric acid is used for the packaging and excretion of waste N from 
amino acids in birds and some reptiles. 

Most of the free purines derived from the breakdown of DNA, RNA, and 
nucleotides in the diet are catabolized to xanthine and then to uric acid in the gut 
mucosa. The AMP and GMP biosynthesized in the body can also be broken down 
to free purines, such as adenine, guanine, and hypoxanthine. These purines, in 
contrast to those derived from the diet, are largely reused for the synthesis of ATP 
and GTP. They are first converted back to AMP or GMP in a pathway of reutiliza- 
tion called the purine salvage pathway. For example, adenine phosphoribosyl- 
transferase (PRPP) catalyzes the conversion of adenine to AMP. Here, PRPP serves 
as the source of the phosphoribose group. Pyrophosphate is a product of the 
reaction. 

Wasting in Cancer and AIDS 

Cancer results in anorexia (lack of interest in eating), malnutrition, and weight loss. 
Although weight loss may be due to loss of muscle and organ tissue (lean body 
mass), as well as of fat, the loss of fat is a minimal concern in cancer and other 
wasting diseases. Cachexia is a term that is often used to refer to the wasting of 
muscle and other tissues that occurs with various diseases. 

Wasting is a common feature of cancer of the lung, prostate, head, and stomach, 
to give a few examples, but not breast cancer. Weight loss is often the first detected 
sign that a patient may have cancer. In cancer, wasting tends to occur once tumors 
comprise over 0.01% of the patient's body weight (Tisdale, 1996). In famine or 
anorexia nervosa, loss of fat accounts for about three quarters of the weight loss, 
with loss of lean body mass accounting for the remaining weight loss. In contrast, 
with cancer, weight loss occurs about equally in muscle and fat. 

AIDS may be defined as the disease that occurs with infection by human 
immunodeficiency virus (HIV), where symptoms such as low white blood cell 



Clinical Issues in Protein Nutrition 481 

Adenosine monophosphate (AMP] ~ H20 
P deaminase 
NHa 

Inostne monophosphate (IMP) ~ H20 
osphatase 

P~ 

Inosine 
I 

purinPi e nucleoside phosphorylase 

i ribose- 1-phosphate 

Hypoxanthine Hypoxanthine 

~ ~ -  H20 + NAD+ 
k xanthine dehydrogenaae 
1 ""~. NADH + H* 

Xanthine 

~n H20 + NAD ~ 
thine dehyd rogenase 
NADH + H* 

Uric acid 

NH 2 

P 
ribose --(~) 

o 

I 
ribose--(~) 

IMP 

o 

I 
ribose 

Inoeine 

o 

H 

O 

H 
AIIopurino! 

O 

HN N ~  ~ N Xanthine 

O N 
H H 

O 

HN H 
O 

O N 
H H 
Uric acid 

FIGURE 8.31 Purine catabolic pathway. Purines occur in a number of forms in the body. The 
figure illustrates the pathway using the example of the degradation of AMP. AMP is degraded in 
five steps to produce uric acid. Allopurinol is a drug that inhibits the activity of xanthine dehy- 
drogenase. 



482 8 Protein 

counts and opportunistic infections also occur. Wasting is common in AIDS. With 
AIDS, for example, the patient may lose 5% of body weight over the course of a 
month. The wasting in cancer and AIDS occurs to a greater extent in lean body 
mass, when compared with the wasting of healthy persons who are fasting for 
prolonged periods of time (Hellerstein, 1996). The loss of lean body mass, with 
cancer, tends to occur more in muscle than in visceral tissues (Tisdale, 1997). 
Wasthlg increases the risk of death in cancer patients and in AIDS patients. 

Surprisingly; diet therapy; even with tube feeding directly into the gut (enteral 
nutrition) or circulatory system (parenteral nutrition), has little or no influence on 
cancer-induced loss of lean body mass (Chlebowski et al., 1996). Hence, weight loss 
is not simply due to anorexia, but also due to the failure of the body to utilize 
protein and energy to maintain the lean body mass. Where tube feeding does lead 
to weight gain, the increased weight is due to increases in body fat, and not in 
muscle. The changes in energy metabolism are striking, but the exact mechanisms 
leading to these changes are not clean Where the healthy person undergoes star- 
vation, the plasma triglyceride levels decline to low levels. In contrast, in wasting 
in cancer and AIDS, plasma triglyceride levels increase, and there is an increased 
rate of fatty acid oxidation, and increases in the basal metabolic rate. In wasting in 
AIDS, for example, the basal metabolic rate can be 7-12% higher than expected. 
The anorexia and tissue wasting in cancer is thought to result from interactions 
between tumors and normal white blood cells, where the white blood cells are 
provoked to release certain hormones called cytokines. 

A variety of drugs have been used to prevent wasting in AIDS patients. Drugs 
that have been shown to be successful include growth hormone and androgens. 
Methods unique to the science of nutrition have found use in assessing whether a 
drug that prevents loss of body weight actually prevents loss of lean body mass. 
These methods include skinfold measurements and bioelectrical impedance (Oster 
et al., 1994). These methods are detailed in the Obesity chapter. 

REFERENCES 

Adibi, S. A., and Mercer, D. W. (1973). Protein digestion in human intestine as reflected in 
luminal mucosal and plasma amino acid concentrations after meals. J. Clin. Invest. 52, 
1586-1594. 

Albert, J. D., Legaspi, A., Horowitz, G. D., Tracey; K. J., Brennan, M. F., and Lowry; S. F. 
(1986). Extremity amino acid metabolism during starvation and intravenous feeding in 
humans. Am. J. Physiol. 251, E604-E610. 

Aoki, T. T., Muller, W. A., Brennan, M. E, and Cahill, G. F. (1975). Metabolic effects of 
glucose in brief and prolonged fasting man. Am. J. Clin. Nutr. 28, 507-511. 

Arunepanlop, B., Morr, C. V., Karleskind, D., and Laye, I. (1996). Partial replacement of egg 
white proteins with whey proteins in angel food cakes. J. Food Sci. 61, 1085-1093. 

Atkinson, D. E., and Bourke, E. (1984). The role of ureagenesis in pH homeostasis. Trends 
Biol. Sci. July; pp. 297-300. 

Atkinson, D. E., and Bourke, E. (1988). Letters to the editors. Am. J. Physiol. 255, F808-F809. 
Ausman, L. M., Gallina, D., Hayes, K. C., and Hegsted, D. M. (1986). Comparative assess- 

ment of soy and milk protein quality in infant Cebus monkeys. Am. J. Clin. Nutr. 43, 
112-127. 

Bernardini, P., and Fischer, J. E. (1982). Amino acid imbalance and hepatic encephalopathy. 
Annu. Rev. Nutr. 2, 419-454. 



References 483 

Biederer, T., Volkwein, C., and Sommer, T. (1997). Role of cuelp in ubiquitination and 
degradation at the ER surface. Science 278, 1806-1809. 

Block, K. P., Aftering, R. P., Mehard, W. B., and Buse, M. G. (1987). Modulation of rat 
skeletal muscle branched-chain 0c-keto acid dehydrogenase in vivo. J. Clin. Invest. 79, 
1349-1358. 

Boon, L., Blommaart, P., Meijer, A., Lamers, W., and Schoolwerth, A. C. (1996). Response 
of hepatic amino acid consumption to chronic metabolic acidosis. Am. J. Physiol. 271, 
F198-F202. 

Bowering, J., Calloway~ D. H., Margen, S., and Kaufman, N. A. (1970). Dietary protein and 
uric acid metabolism in normal men. J. Nutr. 100, 249-261. 

Boye, J., Alli, I., Ramaswamy; H., and Raghavan, V. (1997). Interactive effects of factors 
affecting gelation of whey proteins. J. Food Sci. 62, 57-65. 

Brenner, B. M., and Lazarus, J. M. (1994). Chronic renal failure. In "Harrison's Principles 
of Internal Medicine," 13th ed. (K. J. Isselbacher, ed.). McGraw-Hill, New York. 

Cannon, P. R., Steffee, C. H., Frazier, L. J., Rowle~ D. A., and Stepto, R. C. (1947). The 
influence of time of ingestion of essential amino acids upon utilization in tissue syn- 
thesis. Fed. Proc. 6, 390. 

Carey, G. P., Kime, Z., Rogers, Q. R., Morris, J. G., Hargrove, D., Buffington, C. A., and 
Brusilow, S. W. (1987). An arginine-deficient diet in humans does not evoke hyperam- 
monemia or orotic aciduria. J. Nutr. 117, 1734--1739. 

Chlebowski, R., Palomares, M., Lillington, L., and Grosvenor, M. (1996). Recent implica- 
tions of weight loss in lung cancer management. Nutrition 12, $43-$47. 

Clifford, A. J., Riumallo, J. A., Young, V. R., and Scrimshaw, N. S. (1976). Effect of oral 
purines on serum and urinary uric acid of normal, hyperuricemic and gouty humans. 
J. Nutr. 106, 428-450. 

Cooper, A. J., and Plum, E (1987). Biochemistry and physiology of brain ammonia. Physiol. 
Rev. 67, 440-519. 

DeRosa, G., and Swick, R. W. (1975). Metabolic implications of the distribution of the 
alanine aminotransferase isoenzymes. J. Biol. Chem. 250, 7961-7967. 

Dev, B. C., Sood, S. M., DeWind, S., and Slattery, C. W. (1994). ~c-Casein and ~-caseins in 
human milk micelles: Structural studies. Arch. Biochem. Biophys. 314, 329-336. 

FAO/WHO/UNO (1985). "Energy and Protein Requirements," World Health Organization 
Technical Report Series 724, p. 56. World Health Organization, Geneva. 

Felig, P., Marliss, E., Pozefsk~ T., and Cahill, G. E (1970). Amino acid metabolism in the 
regulation of gluconeogenesis in man. Am. J. Clin. Nutr. 23, 986-992. 

Filer, L. J., Garrattini, S., Kare, M. R., Reynolds, W. A., and Wurtman, R. J. (1979). Glutamic 
acid. In "Advances in Biochemistry and Physiology" p. 28. Raven Press, New York. 

Fisler, J. S., Drenick, E. J., Blumfield, D. E., and Swendseid, M. E. (1982). Nitrogen economy 
during very low calorie reducing diets. Am. J. Clin. Nutr. 35, 471-486. 

Fitch, W. L., and King, J. C. (1987). Plasma amino acid, glucose, and insulin responses to 
moderate-protein and high-protein test meals in pregnant, nonpregnant, and gesta- 
tional diabetic women. Am. J. Clin. Nutr. 46, 243-249. 

Food and Nutrition Board (1989). "Recommended Dietary Allowances," 10th ed., p. 66. 
National Academy Press, Washington, DC. 

Fukagawa, N. K., Minaker, K. L., Young, V. R., and Rowe, J. W. (1986). Insulin dose-de- 
pendent reactions in plasma amino acids in man. Am. J. Physiol. 250, E13-E17. 

Gamble, J. L. (1948). Physiological information gained from studies on the life raft ration. 
Harvey Lect. 42, 247-273. 

Garza, C., Scrimshaw, N. S., and Young, V. R. (1977). Human protein requirements: A long 
term metabolic nitrogen balance study in young men to evaluate the 1973 FAO/WHO 
safe level of egg protein intake. J. Nutr. 107, 335-352. 



484 8 Protein 

Gastaldi, E., Lagaude, A., and Fuente, B. (1996). MiceUar transition state in casein between 
pH 5.5 and 5.0. J. Food Sci. 61, 59--68. 

Gelfand, R. A., and Sherwin, R. S. (1986). Nitrogen conservation in starvation revisited: 
Protein sparing with intravenous fructose. Metabolism 35, 37-44. 

Goldberg, A. L. (1995). Functions of the proteasome: The lysis at the end of the tunnel. 
Science 268, 522-524. 

Goldberg, A. L., and St. John, A. C. (1976). IntraceUular protein degradation in mammalian 
and bacterial cells, part 2. Annu. Rev. Biochem. 45, 747-803. 

Goldfarb, M. (1997). Two-dimensional electrophoretic analysis of human milk-fat globule 
membrane proteins with attention to apolipoprotein E patterns. Electrophoresis 18, 511- 
515. 

Goodman, M. W., Zieve, L., Konstantides, E N., and Cerra, E B. (1984). Mechanism of 
arginine protection against ammonia intoxication in the rat. Am. J. Physiol. 247, G290- 
G295. 

Hall, T. R., Wallin, R., Reinhart, G. D., and Hutson, S. M. (1993). Branched-chain amino- 
transferase isoenzymes. J. Biol. Chem. 268, 3092-3098. 

Halton, D. M., and Krieger, I. (1980). Studies of glycine metabolism and transport in 
fibroblasts from patients with nonketotic hyperglycinemia. Pediatr. Res. 14, 932-934. 

Hayase, K., Yokogoshi, H., and Yoshida, A. (1980). Effect of dietary proteins and amino acid 
deficiencies on urinary excretion of nitrogen and the urea synthesizing system in rats. 
J. Nutr. 110, 1327-1337. 

Haymond, M. W., Karl, I. E., Clarke, W. L., Pagliara, A. S., and Santiago, J. V. (1982). Dif- 
ferences in circulating gluconeogenic substrates during short-term fasting in men, 
women, and children. Metabolism 31, 33-42. 

Hellerstein, M. K. (1996). Management of nutritional and endocrinologic consequences of 
HIV infection. In "Management of the HW-Infected Patient" (S. Crowe, J. Hoy; and J. 
Mills, eds.). Cambridge Univ. Press, Cambridge. 

Hiramatsu, T., Fukagawa, N., Marchini, J., Cortiella, J., Yong-Ming, Y., Chapman, T., and 
Young, V. (1994). Methionine and cysteine kinetics at different intakes of cystine in 
healthy adult men. Am. J. Clin. Nutr. 60, 525-533. 

Holmes, E L. (1993). "Hans Krebs: Architect of Intermediary Metabolism, 1933-1937," Vol. 
2. Oxford Univ. Press, New York. 

Hulse, J. H., Rachie, K. O., and Billingsly, L. W. (1977). "Nutritional Standards and Methods 
of Evaluation for Food Legume Breeders." International Development Research Centre, 
Ottawa, Canada. 

Kang-Lee, Y., and Harper, A. E. (1977). Effect of histidine intake and hepatic histidase 
activity on the metabolism of histidine in vivo. J. Nutr. 107, 1427-1443. 

Kato, H., Mizutani-Funahashi, M., Shiosaka, S., and Nakagawa, H. (1978). Circadian 
rhythms of urea formation and argininosuccinate synthetase activity in rat liven J. Nutr. 
108, 1071-1077. 

King, J. C., Calloway, D. H., and Margen, S. (1973). Nitrogen retention. Total body 4~ and 
weight gain in teenaged pregnant girls. J. Nutr. 103, 772-785. 

Klahr, S., Schreiner, G., and Ichikawa, I. (1988). The progression of renal disease. N. Engl. 
J. Med. 318, 1657-1666. 

Krapf, R., Pearce, D., Lynch, C., Xi, X., Reudelhuber, T. L., Pouyssegur, J., and Rector, E C. 
(1991). Expression of rat renal Na /H  antiporter mRNA levels in response to respiratory 
and metabolic acidosis. J. Clin. Invest. 87, 747-750. 

Kushner, R. E (1986). Total parenteral nutrition-associated metabolic acidosis. J. Parenteral 
Enteral. Nutr. 10, 306-310. 

Law, A. J., and Leaver, J. (1997). Effect of protein concentration on rates of thermal denatu- 
ration of whey proteins in milk. J. Agric. Food Chem. 45, 4255-4261. 



References 485 

Lockwood, A. H., McDonald, J. M., Reiman, R. E., Gelbard, A. S., Laughlin, J. S., Duffy, 
T. E., and Plum, E (1979). The dynamics of ammonia metabolism in man. J. Clin. Invest. 
63, 449-460. 

Lukaski, H. C. (1987). Methods for the assessment of human body composition: Traditional 
and new. Am. J. Clin. Nutr. 46, 537-556. 

Man, E. H., and Bada, J. L. (1987). Dietary D-amino acids. Annu. Rev. Nutr. 7, 209-225. 
Maroni, B. J., and Mitch, W. E. (1997). Role of nutrition in prevention of progress of renal 

disease. Annu. Rev. Nutr. 17, 435-455. 
Martin, K. J. (1996). Renal failure. In "Textbook of Primary Care Medicine," 2nd ed. (J. 

Noble, ed.). Mosby; St. Louis. 
Maruyama, K., Shands, H. L., Harper, A. E., and Sunde, M. L. (1975). An evaluation of the 

nutritive value of new high protein oat varieties (cultivars). J. Nutr. 105, 1048-1054. 
Milman, G., Portnoff, L. S., and Tiemeier, D. C. (1975). Immunochemical evidence for 

glutamine-mediated degradation of glutamine synthetase in cultured Chinese hamster 
cells. J. Biol. Chem. 250, 1393-1399. 

Morris, J. G., and Rogers, Q. R. (1978). Arginine: An essential amino acid for the cat. J. Nutr. 
108, 1944-1953. 

Munaver, S. M., and Harper, A. E. (1959). Amino acid balance and imbalance. J. Nutr. 69, 
58-64. 

Nakagawa, I., Takahashi, T., and Suzuki, T. (1961). Amino acid requirements of children: 
Minimal needs of lysine and methionine based on the nitrogen balance method. J. Nutr. 
74, 401-407. 

Ogawa, H., Gomi, T., Konishi, K., Date, T., Nakashima, H., Nose, K., Matsuda, Y., Peraino, 
C., Pitot, H. C., and Fujioka, M. (1989). Human liver serine dehydratase. J. Biol. Chem. 
264, 15818-15823. 

Otte, J., Ju, z. Y., Faergemand, M., Lomholt, S. B., and Qvist, K. B. (1996). Protease-induced 
aggregation and gelation of whey proteins. J. Food Sci. 61, 911-923. 

Parsons, H., Fung, E., and Snyder, E F. (1987). Branched-chain 0~-keto acids for the diagno- 
sis of maple-syrup-urine disease. N. Engl. J. Med. 316, 951. 

Pasquali, R., Casimirri, F., and Melchionda, N. (1987). Protein metabolism in obese patients 
during very-low-calorie mixed diets containing different amounts of proteins and 
carbohydrates. Metabolism 36, 1141-1148. 

Pellet, P. L. (1990). Protein requirements of humans. Am. J. Clin. Nutr. 51, 723-737. 
Pennington, J. A. (1976). "Dietary Nutrient Guide." Avi, Westport, CT. 
Peters, J. C., and Harper, A. E. (1981). Protein and energy consumption, plasma amino acid 

ratios, and brain neurotransmitter concentrations. Physiol. Behav. 27, 287-298. 
Peters, J. C., and Harper, A. E. (1985). Adaption of rats to diets containing different levels 

of protein. J. Nutr. 115, 383-398. 
Poston, J. M. (1984). The relative carbon flux through the o~- and the [~-keto pathways of 

leucine metabolism. J. Biol. Chem. 259, 2059-2061. 
Rafoth, R. J., and Onstad, G. R. (1975). Urea synthesis after oral protein ingestion in man. 

J. Clin. Invest. 56, 1170-1174. 
Rose, W. C., and Wixom, R. L. (1955). The amino acid requirements of man. J. Biol. Chem. 

216, 763-773. 
Schimke, R. T. (1962). Adaptive characteristics of urea cycle enzymes in the rat. J. Biol. Chem. 

237, 459-468. 
Scriver, C. R., Gregory, D. M., Sovetts, D., and Tissenbaum, G. (1985). Normal plasma 

amino acid values in adults: The influence of some common physiological variables. 
Metabolism 34, 868-873. 

Scriver, C. R., Beaudet, A. L., Sly; W. S., and Valle, D. (1989). "The Metabolic Basis of 
Inherited Disease," 6th ed. McGraw-Hill Information Services, New York. 

Seim, H. C., and Rigden, S. R. (1990). Approaching the protein-sparing modified fast. Am. 
J. Fam. Pract. 52, 51S-56S. 



486 8 Protein 

Shangraw, R. E., Stuart, C. A., Prince, M. J., Peters, E. J., and Wolfe, R. R. (1988). Insulin 
responsiveness of protein metabolism in vivo following bed rest in humans. Am. J. 
Physiol. 255, E548-E558. 

Snell, K. (1986). The duality of pathways for serine biosynthesis is a fallacy. Trends. Biol. Sci. 
11, 241-243. 

Snodgrass, P. J., and Lin, R. C. (1981). Induction of urea cycle enzymes of rat liver by amino 
acids. J. Nutr. 111, 586--601. 

Souba, W. W. (1987). Interorgan ammonia metabolism in health and disease: A surgeon's 
view. J. Parenteral Enteral Nutr. 11, 569-579. 

Souba, W. W., Smith, R. J., and Wilmore, D. W. (1985). Review m Glutamine metabolism 
by the intestinal tract. J. Parenteral Enteral Nutr. 9, 608-617. 

Stabler, S. P., Marcell, P. D., Podell, E. R., Allen, R. H., Savage, D. G., and Lindenbaum, J. 
(1988). Elevation of total homocysteine in the serum of patients with cobalamin or folate 
deficiency detected by capillary gas chromatography-mass spectrometry. J. Clin. Invest. 
81, 466-474. 

Stegink, L. D., Filer, L. J., and Beker, G. L. (1985). Plasma glutamate concentrations in adult 
subjects ingesting monosodium L-glutamate in consomme. Am. J. Clin. Nutr. 42, 220- 
225. 

Stewart, P. M., and Walser, M. (1980). Short-term regulation of ureagenesis. J. Biol. Chem. 
255, 5270-5280. 

Struck, J., and Sizer, I. W. (1960). Oxidation of L-R-amino acids by liver microsomes. Arch. 
Biochem. Biophys. 90, 22-30. 

Stuart, D. I., and Jones, E. Y. (1997). Cutting complexity down to size. Nature 386, 437-438. 
Takiguchi, M., and Mori, M. (1995). Transcriptional regulation of genes for omithine cycle 

enzymes. Biochem. J. 312, 195-205. 
Tisdale, M. J. (1996). Inhibition of lipolysis and muscle protein degradation by EPA in 

cancer cachexia. Nutrition 12, $31-$33. 
Tisdale, M. J. (1997). Cancer cachexia: Metabolic alterations and clinical manifestations. 

Nutrition 13, 1-7. 
Traxinger, R. R., and Marshall, S. (1989). Role of amino acids in modulating glucose-in- 

duced desensitization of the glucose transport system. J. Biol. Chem. 264, 20910-20916. 
Tressel, T., Thompson, R., Zieske, L. R., Menendez, M., and Davis, L. (1986). Interaction 

between L-threonine dehydrogenase and aminoacetone synthetase and mechanisms of 
aminoacetone production. J. Biol. Chem. 261, 16428-16437. 

Vaghefi, S. B., Makdani, D. D., and Mickelsen, O. (1974). Lysine supplementation of wheat 
proteins: A review. Am. J. Clin. Nutr. 27, 1231-1246. 

Vorherr, H. (1974). "The Breast Morpholog~ Physiology, and Lactation." Academic Press, 
New York. 

Wadden, T. A., Van Itallie, T. B., and Blackburn, G. L. (1990). Responsible and irresponsible 
use of very-low-calorie diets in the treatment of obesity. JAMA 263, 83-85. 

Walser, M. (1986). Roles of urea production, ammonium excretion, and amino acid oxida- 
tion in acid-base balance. Am. J. Physiol. 250, F181-F188. 

Wilkinson, K. D. (1995). Roles of ubiquitylation in proteolysis and cellular regulation. 
Annu. Rev. Nutr. 15, 161-189. 

Windmueller, H. G. (1982). Glutamine utilization by the small intestine. Adv. Enzymol. 53, 
201-237. 

Windmueller, H. G., and Spaeth, A. E. (1978). Identification of ketone bodies and glutamine 
as the major respiratory fuels in vivo for postabsorptive rat small intestine. J. Biol. Chem. 
253, 69-76. 

Wong, D. W., Camirand, W. M., and Pavlath, A. E. (1996). Structures and functionalities of 
milk proteins. CRC Crit. Rev. Food Sci. Nutr. 36, 807-844. 



Bibliography 487 

Young, V. R., and E1-Khoury; A. (1995). Can amino acid requirements for nutritional main- 
tenance in adult humans be approximated from the amino acid composition of body 
mixed proteins? Proc. Natl. Acad. Sci. U.S.A. 92, 300-304. 

Young, V. R., and Marchini, J. S. (1990). Mechanisms and nutritional significance of meta- 
bolic responses to altered intakes of protein and amino acids, with reference to nutri- 
tional adaption in humans. Am. J. Clin. Nutr. 51, 270-289. 

Zamenhof, S., Martheus, E. V., and Grauel, L. (1971). DNA (cell number) and protein in 
neonatal rat brain: Alteration by timing of maternal dietary protein restriction. J. Nutr. 
101, 1265-1270. 

Zhang, Z. P., Fujii, M., and Aoki, T. (1996). Behavior of calcium and phosphate in artificial 
casein miceUes. J. Dairy Sci. 79, 1722-1727. 

BIBLIOGRAPHY 

Regulation of Protein Catabolism 

Dice, J. E (1987). Molecular determinants of protein half-lives in eukaryotic cells. FASEB J. 
1, 349-357. 

Driscoll, J., and Goldberg, A. L. (1990). The proteasome (multicatalytic protease) is a com- 
ponent of the 1500-kDa proteolytic complex which degrades ubiquitin-conjugated pro- 
teins. J. Biol. Chem. 265, 4789-4792. 

Dunn, W. A. (1990). Studies on the mechanisms of autophagy: Formation of the autophagic 
vacuole. J. Cell Biol. 110, 1923-1933. 

Hershko, A. (1988). Ubiquitin-mediated protein degradation. J. Biol. Chem. 263, 15237-15240. 
Holliday; M. A. (1993). Biography of James L. Gamble. J. Pediatr. 122, 156-161. 
Furuno, K., Goodman, M. N., and Goldberg, A. L. (1990). Role of different proteolytic 

systems in the degradation of muscle proteins during denervation atrophy. J. Biol. Chem. 
265, 8550-8557. 

Kato, H., Mizutani-Funahashi, M., Shiosaka, S., and Nakagawa, H. (1978). Circadian 
rhythms of urea formation and argininosuccinate synthetase activity in rat liver. J. Nutr. 
108, 1071-1077. 

Lam, Y. A., Xu, W., DeMartino, G., and Cohen, R. (1997). Editing of ubiquitin conjugates 
by an isopeptidase in the 26S proteasome. Nature 385, 737-740. 

Li, J. B., and Wassner, S. J. (1984). Effects of food deprivation and refeeding on total protein 
and actomyosin degradation. Am. J. Physiol. 246, E32-E37. 

Lund, P., and Wiggins, D. (1984). Is N-acetyl-glutamate a short-term regulator of urea 
synthesis? Biochem J. 218, 991-994. 

Mortimore, G. E., Lardeux, B. R., and Adams, C. E. (1988). Regulation of microautophagy 
and basal protein turnover in rat liver. J. Biol. Chem. 263, 2506-2512. 

Mortimore, G. E., and Poso, A. R. (1987). Intracellular protein catabolism and its control 
during nutrient deprivation and supply. Annu. Rev. Nutr. 7, 539-564. 

Schimke, R. T. (1962). Adaptive characteristics of urea cycle enzymes in the rat. J. Biol. Chem. 
237, 459-468. 

Snodgrass, P. ]., and Lin, R. C. (1981). Induction of urea cycle enzymes of rat liver by amino 
acids. J. Nutr. 111, 586-601. 

Stewart, P. M., and Walser, M. (1980). Short-term regulation of ureagenesis. J. Biol. Chem. 
255, 5270-5280. 

Takiguchi, M., and Mori, M. (1995). Transcriptional regulation of genes for ornithine cycle 
enzymes. Biochem. J. 312, 195-205. 

Turinsky; J., and Long, C. L. (1990). Free amino acids in muscle: Effect of muscle fiber 
population and denervation. Am. J. Physiol. 258, E485-E491. 



488 8 Protein 

Young, V. R., and Marchini, J. S. (1990). Mechanisms and nutritional significance of meta- 
bolic responses to altered intakes of protein and amino acids, with reference to nutri- 
tional adaption in humans. Am. J. Clin. Nutr. 51, 270-289. 

Protein Sparing and Growth 

FAO/WHO/UNO (1985). "Energy and Protein Requirements," World Health Organization 
Technical Report Series 724, p. 56. World Health Organization, Geneva. 

Fisler, J. S., Drenick, E. J., Blumfield, D. E., and Swendseid, M. E. (1982). Nitrogen economy 
during very low calorie reducing diets. Am. J. Clin. Nutr. 35, 471-486. 

Food and Nutrition Board (1989). "Recommended Dietary Allowances," 10th ed., p. 66. 
National Academy Press, Washington, DC. 

Forbes, G. B. (1987). "Human Body Composition." Springer-Verlag, New York. 
Gamble, J. L. (1948). Physiological information gained from studies on the life raft ration. 

Harvey Lect. 42, 247-273. 
Garza, C., Scrimshaw, N. S., and Young, V. R. (1977). Human protein requirements: A long 

term metabolic nitrogen balance study in young men to evaluate the 1973 FAO/WHO 
safe level of egg protein intake. J. Nutr. 107, 335-352. 

King, J. C., Callowa3~ D. H., and Margen, S. (1973). Nitrogen retention. Total body 4~ and 
weight gain in teenaged pregnant girls. J. Nutr. 103, 772-785. 

Lukaski, H. C. (1987). Methods for the assessment of human body composition: Traditional 
and new. Am. J. Clin. Nutr. 46, 537-556. 

Moore, E D., and Sastry, K. S. (1982). Intracellular potassium: 4~ as a primordial gene 
irradiatory. Proc. Natl. Acad. Sci. U.S.A. 79, 3556-3559. 

Pellet, P. L. (1990). Protein requirements of humans. Am. J. Clin. Nutr. 51, 723-737. 
Zamenhof, S., Martheus, E. V., and Grauel, L. (1971). DNA (cell number) and protein in 

neonatal rat brain: Alteration by timing of maternal dietary protein restriction. J. Nutr. 
101, 1265-1270. 

Zeman, E J., and Stanbrough, E. C. (1969). Effect of maternal protein deficiency on cellular 
development in the fetal rat. J. Nutr. 99, 274-282. 

Amino  Acids 

Adibi, S. A., and Mercer, D. W. (1973). Protein digestion in human intestine as reflected in 
luminal mucosal and plasma amino acid concentrations after meals. J. Clin. Invest. 52, 
1586-1594. 

Benevenga, N. J., and Steele, R. D. (1984). Adverse effects of excessive consumption of 
amino acids. Annu. Rev. Nutr. 4, 157-181. 

Bemardini, P., and Fischer, J. E. (1982). Amino acid imbalance and hepatic encephalopathy. 
Annu. Rev. Nutr. 2, 419-454. 

Cannon, P. R., Steffee, C. H., Frazier, L. J., Rowley; D. A., and Stepto, R. C. (1947). The 
influence of time of ingestion of essential amino acids upon utilization in tissue syn- 
thesis. Fed. Proc. 6, 390. 

Carey~ G. P., Kime, Z., Rogers, Q. R., Morris, J. G., Hargrove, D., Buffington, C. A., and 
Brusilow, S. W. (1987). An arginine-deficient diet in humans does not evoke hyperam- 
monemia or orofic aciduria. J. Nutr. 117, 1734-1739. 

DeRosa, G., and Swick, R. W. (1975). Metabolic implications of the distribution of the 
alanine aminotransferase isoenzymes. J. Biol. Chem. 250, 7961-7967. 

Fitch, W. L., and King, J. C. (1987). Plasma amino acid, glucose, and insulin responses to 
moderate-protein and high-protein test meals in pregnant, nonpregnant, and gesta- 
tional diabetic women. Am. J. Clin. Nutr. 46, 243-249. 

Fukagawa, N. K., Minaker, K. L., Young, V. R., and Rowe, J. W. (1986). Insulin dose-de- 
pendent reactions in plasma amino acids in man. Am. J. Physiol. 250, E13-E17. 



Bibliography 489 

Halton, D. M., and Krieger, I. (1980). Studies of glycine metabolism and transport in 
fibroblasts from patients with nonketotic hyperglycinemia. Pediatr. Res. 14, 932-934. 

Laidlaw, S. A., and Kopple, J. D. (1987). Newer concepts of the indispensable amino acids. 
Am. J. Clin. Nutr. 46, 593-605. 

Milman, G., Portnoff, L. S., and Tiemeier, D. C. (1975). Immunochemical evidence for 
glutamine-mediated degradation of glutamine synthetase in cultured Chinese hamster 
cells. J. Biol. Chem. 250, 1393-1399. 

Milner, J. A., Garton, R. L., and Burns, R. A. (1984). Phenylalanine and tyrosine requirement 
of immature beagle dogs. J. Nutr. 114, 2212-2216. 

Parsons, H., Fung, E., and Snyder, E E (1987). Branched-chain 0~-keto acids for the diagno- 
sis of maple-syrup-urine disease. N. Engl. J. Med. 316, 951. 

Peters, J. C., and Harper, A. E. (1981). Protein and energy consumption, plasma amino acid 
ratios, and brain neurotransmitter concentrations. Physiol. Behav. 27, 287-298. 

Poston, J. M. (1984). The relative carbon flux through the c~- and the ~-keto pathways of 
leucine metabolism. J. Biol. Chem. 259, 2059-2061. 

Scriver, C. R., Beaudet, A. L., Sly; W. S., and Valle, D. (1989). "The Metabolic Basis of 
Inherited Disease," 6th ed. McGraw-Hill Information Services, New York. 

Shangraw, R. E., Stuart, C. A., Prince, M. J., Peters, E. J., and Wolfe, R. R. (1988). Insulin 
responsiveness of protein metabolism in vivo following bed rest in humans. Am. J. 
Physiol. 255, E548-E558. 

Stegink, L. D., Filer, L. J., and Beker, G. L. (1985). Plasma glutamate concentrations in adult 
subjects ingesting monosodium L-glutamate in consomme. Am. J. Clin. Nutr. 42, 220- 
225. 

Traxinger, R. R., and Marshall, S. (1989). Role of amino acids in modulating glucose-in- 
duced desensitization of the glucose transport system. J. Biol. Chem. 264, 20910-20916. 

Tressel, T., Thompson, R., Zieske, L. R., Menendez, M., and Davis, L. (1986). Interaction 
between L-threonine dehydrogenase and aminoacetone synthetase and mechanisms of 
aminoacetone production. J. Biol. Chem. 261, 16428-16437. 

Vaghefi, S. B., Makdani, D. D., and Mickelsen, O. (1974). Lysine supplementation of wheat 
proteins: A review. Am. J. Clin. Nutr. 27, 1231-1246. 

Woo, S. L. (1989). Molecular basis and population genetics of phenylketonuria. Biochemistry 
28, 1-6. 

Clinical Issues in Protein Nutrition 

Bowering, J., Calloway, D. H., Margen, S., and Kaufman, N. A. (1970). Dietary protein and 
uric acid metabolism in normal men. J. Nutr. 100, 249-261. 

Clifford, A. J., Riumallo, J. A., Young, V. R., and Scrimshaw, N. S. (1976). Effect of oral 
purines on serum and urinary uric acid of normal, hyperuricemic and gouty humans. 
J. Nutr. 106, 428450. 

Hoffer, L. J., and Forse, R. A. (1990). Protein metabolic effects of a prolonged fast and 
hypocaloric refeeding. Am. J. Physiol. 258, E832-E840. 

Ihle, B. E., Becker, G. J., Whitworth, J. A., Charlwood, R. A., and Kincaid-Smith, P. S. (1989). 
The effect of protein restriction on the progression of renal insufficiency. N. Engl. J. Med. 
321, 1773-1777. 

Klahr, S., Schreiner, G., and Ichikawa, I. (1988). The progression of renal disease. N. Engl. 
J. Med. 318, 1657-1666. 

Puig, J. G., Anton, E M. Jiminez, M. J., and Gutierrez, P. C. (1986). Renal handling of uric 
acid in gout. Metabolism 35, 1147-1153. 

Seim, H. C., and Rigden, S. R. (1990). Approaching the protein-sparing modified fast. Am. 
J. Faro. Pract. 52, 51S-56S. 

Wadden, T. A.., Van Itallie, T. B., and Blackburn, G. L. (1990). Responsible and irresponsible 
use of very-low-calorie diets in the treatment of obesity. JAMA 263, 83-85. 





Overview 
Folate 

Biochemistry of Folate 
1-Carbon Metabolism 
Purine and Pyrimidine Biosynthesis 
Mitochondrial Folate Metabolism 
Risk Factors for Folate Deficiency 
Signs of Folate Deficiency 
Assessment of Folate Status 
Folic Acid and Neural Tube Defects 

Vitamin BTa 
Biochemistry of Vitamin B12 
Vitamin B12 Deficiency 
Causes of Vitamin B12 Deficiency 
Assessment of Vitamin B12 Status 

Vitamin K 
The Vitamin K Cycle 
History of Vitamin K Research 
The Blood Clotting Cascade 
Anticoagulation Cascade 
Difference between Warfarin and Heparin 
Hemophilias (Bleeding Disorders Not Related to 

Vitamin K Status) 
Vitamin K Deficiency 
Assessment of Vitamin K Status 

Biotin 
Biotin Deficiency 
Assay of Biotin 

Vitamin B~ 
Biochemistry of Vitamin B 6 
Vitamin B 6 Deficiency 
Assessment of Vitamin B 6 Status 
Moderate and Severe Increases in Plasma Homocysteine 

Vitamin A 
Absorption and Storage of Vitamin A 
Biochemistry of Vitamin A 
Vitamin A and Cell Differentiation 
Hormonal Effects of Vitamin A 
Vitamin A and the Visual Cycle 
Assessment of Vitamin A Status and 

Consequences of a Deficiency 
Hazards of High Intakes 

Vitamin D 
Biochemistry of Vitamin D 
Assessment of Vitamin D Status 
Action of 1,25-Dihydroxyvitamin D 3 in 

Regulating Transcription 
Vitamin D Deficiency 
Phosphate Metabolism 
Treatment of Vitamin D Deficiency and 

Hazards of High Intake 
Vitamin A, Vitamin D, and Thyroid Hormone at the Genome 

Response Elements and the Activation of Genes 
Vitamin A and Cancer 
Relation of Vitamin Binding Proteins to Other 

Transcription Factors 
Niacin 

Biochemistry of NAD 
NAD Used for Nonredox Purposes 
History of Niacin Nutrition 
Assessment of Niacin Status 
Pharmacological Use of Nicotinic Acid 

Thiamin 
Absorption and Metabolism of Thiamin 
Biochemistry of Thiamin 
Thiamin Deficiency 
Assessment of Thiamin Status 
Determination of the Thiamin Requirement 
Use of Thiamin in Maple Syrup Urine Disease 

Riboflavin 
Biochemistry of Riboflavin 
Riboflavin Deficiency 
Assessment of Riboflavin Status 

Pantothenic Acid 
4'-Phosphopantetheine and Fatty Acid Synthase 
Coenzyme Concentrations in the Cell 
Measurement of Pantothenic Acid 
Pantothenic Acid Deficiency 

Ascorbic Acid (Vitamin C) 
Vitamin C Deficiency 
Biochemistry of Ascorbic Acid 
Ascorbic Acid and Collagen Formation 
Ascorbic Acid and Hormone Synthesis 
Ascorbic Acid and Damage from Radicals 

VITAMINS 

OVERVIEW 

Vitamins are required in the 
diet for growth, maintenance, 
and reproduction. These 
qualities are shared by other 
nutrients, such as the amino 

acids and the minerals. Why are amino acids 
and minerals not called vitamins? The vita- 
mins share a family of characteristics. They 
are organic compounds required in the diet in 
only small amounts. They are not catabolized 
to satisfy part of the energy requirement 
and are not used for structural purposes. 
Many vitamins are used as cofactors for 
enzymes. Pyruvate dehydrogenase is one 
striking example. This enzyme uses five cofac- 
tors, where four of these cofactors are derived 
from vitamins. 

Vitamin E 
Chemistry of Antioxidant Action 
Biological Potency of Various Forms of Vitamin E 
Absorption and Storage of Vitamin E 
Vitamin E Deficiency 
Vitamin E, Antioxidants, and Atherosclerosis 

Essential Fatty Acids 
Metabolism and Nomenclature 
Prostaglandins and Thromboxanes 
Essential Fatty Acid Deficiency 
Relationship between Vitamin E and the Essential Fatty Acids 
Food Science and Polyunsaturated Fatty Acids 

References 
Bibliography 

491 



492 9 Vitamins 

Not all cofactors are derived from vitamins. Coenzyme Q, lipoic acid, dolichol 
phosphate, biopterin, heme, and molybdopterin are cofactors that are synthesized 
in the body from simple organic compounds. Heme and molybdopterin are rela- 
tively complex, from a nutritional point of view, because they require metal ions 
as part of their structure. 

Two of the vitamins are converted to hormones. These are vitamin A and 
vitamin D. Vitamin A also functions as a cofactor in the visual cycle. 

One quality shared by most of the vitamins is their inability to be used in the 
form in which they are absorbed. Most of the vitamins absorbed from the diet must 
be converted or modified to the active form. For example, vitamin A, in the form 
of retinyl ester, must be converted to retinoic acid to perform some of its functions. 
Thiamin must be converted to thiamin pyrophosphate to be coenzymatically 
active. Vitamin K must be reduced to dihydrovitamin K, folate must be polyglu- 
tamated, and niacin must be converted to NAD to be active in the cell. 

Some vitamins undergo a rather unique transformation prior to becoming 
functional. They are covalently attached to specific enzymes. Biotin, for example, 
is covalently bound to the biotin-requiring enzymes. Pantothenic acid, in a modi- 
fied form, is covalently bound to fatty acid synthase. Riboflavin, following conver- 
sion to the cofactor form, is bound to succinate dehydrogenase, as well as to a few 
other enzymes requiring riboflavin-based cofactors. 

Some of the vitamins in the coenzyme form associate tightly with specific 
enzymes, but not via a covalent linkage. Immediately after biosynthesis on the 
ribosome, enzymes do not contain their cofactor, and these are called apoenzymes. 
An enzyme containing its required cofactor is called a holoenzyme. With removal 
of the cofactor, the enzyme is also called an apoenzyme. The enzymes that exist in 
apoenzyme and holoenzyme forms include those that use vitamin B12 , vitamin B6, 
thiamin, and riboflavin-based cofactors. Enzymes that use niacin-based cofactors, 
folate, ascorbate, and vitamin K are not said to exist in apoenzyme and holoen- 
zyme forms. These enzymes bind their cofactors relatively weakl~ and the cofac- 
tors behave in a manner similar to substrates. 

The existence of apoenzyme and holoenzyme forms of various enzymes is of 
use to the clinician. The proportion of a specific enzyme occurring in apoenzyme 
and holoenzyme forms is used to assess vitamin status in the cases of vitamin B 6, 
thiamin, and riboflavin. Vitamin status is determined by measuring the percentage 
stimulation of enzyme activity that occurs after adding the appropriate cofactor to 
a biological sample (blood) containing the enzyme of interest. 

A r can be any chemical required by an enzyme, that is, a metal ion, 
coenzyme, lipid, or accessory protein. A r is a small organic molecule 
required by an enzyme that participates in the chemistry of catalysis. Most of the 
coenzymes work according to the following principle. They shuttle back and forth 
between two or more different forms. Here, one of the forms may be considered 
to be the coenzymatically active form, and the other may be seen as requiring 
regeneration to the active form. This is the case for folate, vitamin B6, riboflavin- 
and niacin-based cofactors, ascorbic acid, and vitamin K. The coenzymatically 
active (inactive) forms of three of these coenzymes are tetrahydrofolate (dihydro- 
folate), ascorbic acid (dehydroascorbic acid), and vitamin KH2 (vitamin K). 

The vitamins are discussed in the following order. Folate is presented first 
because deficiencies in this vitamin may be more widespread than those of other 
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vitamins. Folate, vitamin B12, vitamin K, and biotin are presented consecutively 
because they all mediate the transfer of 1-carbon units. Vitamin B 6 also mediates 
the transfer of small groups, including carboxyl groups, and thus is presented 
afterward. The relationship between folate and vitamin B12 is especially close, as 
a deficiency in vitamin B12 can induce impairments in folate metabolism. 

Vitamin A and vitamin D, which can both function as hormones, are presented 
next. Vitamin A deficiency is widespread throughout poorer regions of the world; 
the consequences of this deficiency are especially severe. Niacin, thiamin, and 
riboflavin are presented in sequence, as these vitamins are very important for 
energy metabolism. Deficiencies in these three vitamins tend to occur with poor 
dietary practices. Pantothenic acid is used for the synthesis of coenzyme A, and 
thus is of paramount importance in energy metabolism and many biosynthetic 
and catabolic reactions. Pantothenic acid deficiency is rare. Ascorbic acid and 
vitamin E are presented consecutive136 as they are used as reductants and serve to 
protect the cell from damage caused by toxic forms of oxygen. Ascorbic acid is 
used in the biosynthesis of collagen and specific hormones. The essential fatty 
acids are presented after vitamin E, as a major role for vitamin E in the body is the 
protection of essential fatty acids, and other unsaturated fatty acids, from toxic 
oxygen damage. The essential fatty acids are not considered vitamins. They are 
used for structural purposes in the cell and can contribute to a substantial propor- 
tion of our energy intake. Essential fatty acids, however, are required in the diet in 
only small amounts, when compared with the overall fatty acids in a typical diet. 
For these reasons, they are included in this chapter. 

Some vitamins are water soluble, while others are fat soluble. This classification 
is valuable as it indicates whether the vitamin is likely to be absorbed similarly to 
lipids or like other water-soluble nutrients. The fat-soluble vitamins are A, D, E, 
and K. The water-soluble vitamins are ascorbic acid, biotin, folate, niacin, pan- 
tothenic acid, riboflavin, thiamin, vitamin B6, and vitamin B12. The classification is 
also valuable, as it helps chemists decide on the best way to extract and analyze a 
particular vitamin in foods and biological tissues. Aside from having some bearing 
on the pathways of absorption and distribution throughout the body; the question 
of whether a particular vitamin is fat soluble or water soluble has little or no 
relevance to its function in the body. 

Vitamin biochemistry is a fascinating topic of knowledge. Many of the functions 
of "the vitamins," as revealed in this chapter, also take place in plants, bacteria, 
and archae. However, those interesting in delving deeper will be delighted to learn 
about further functions of "the vitamins" that take place in these life forms. One 
of the stranger functions, for example, is the role of folates as a structural compo- 
nent in some bacterial viruses. 

FOLATE 

Folate is a water-soluble vitamin. The recommended daily allowances (RDAs) of 
folate for the adult man and woman are 200 and 180 ~tg, respectively. The RDA is 
defined in the Preface. Folate is critically important for growth, and for this reason 
it is required in increased amounts during pregnancy (400 ~tg). The need for dietary 
folate remains elevated after pregnancy and during lactation because of the trans- 
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FIGURE 9.1 Structure of folic acid (pteroylglutamic acid, PteGlu). 

fer of the mother's vitamin to the milk. The RDA for infants is 3.6 ~tg/kg per day. 
Liver, egg yolk, orange juice, and green vegetables such as broccoli, spinach, and 
bell peppers are good sources of folate. 

Folate is a generic term referring to a family of related compounds. All of these 
compounds represent modifications of the simplest form of the vitamin, folic acid 
(pteroylglutamic acid, PteGlu). Folic acid does not occur in nature in appreciable 
amounts, though it is readily assimilated by the body and converted to the active 
cofactor forms of the vitamin. Folic acid is the form of the vitamin used in folate 
supplements. Folates are modified by reduction and by a polyglutamyl chain or 
tail. The reduced folates include dihydrofolate and tetrahydrofolate. 

Folates containing the polyglutamate chain are called folylpolyglutamates. The 
folylpolyglutamates in mammalian tissues consist mainly of folylpentaglutamates 
and folylhexaglutamates (Brody et al., 1976; Brody and Stokstad, 1990,1991). These 
contain five residues of glutamic acid (folylpentaglutamates) and six residues of 
glutamic acid (folylhexaglutamates). The structure of folic acid appears in Figure 
9.1. The y-carboxyl group, which is the point of attachment of the amino group of 
glutamate (in folylpolyglutamates), is indicated. 

In addition to modification by reduction and by the polyglutamyl chain, the 
vitamin is modified by 1-carbon units, such as the 5-methyl- and 10-formyl- 
groups. The cofactor forms of the vitamin present in the greatest concentrations in 
mammalian tissues are tetrahydrofolylpentaglutamate (H4PG5) (which does not 
bear a 1-carbon unit), 5-methyl-tetrahydrofolylpentaglutamate (5-methyl-H4PG5), 
and 10-formyl-tetrahydrofolylpentaglutamate (10-formyl-H4PG5). The structure 
of 5-methyl-H4PG5 is shown in Figure 9.2. The residues of glutamate in the 
polyglutamyl chain are connected via the y-carboxyl group and the (z-amino group 
of adjacent glutamate residues to form a peptide bond. This peptide bond differs 
from that involving glutamic acid in proteins. The glutamate in proteins is con- 
nected to adjacent amino acids via its (z-carboxyl and (z-amino groups. 

OH CH 3 
I 

N N"~- - -  CH2 --  NH ~ 

H 

O 
II 
C "-- Glu-'l-Glu-7-Glu-~i-Glu-l-Glu 

FIGURE 9.2 5-Methyl-tetrahydrofolylpentaglutamate (5-methyl-H4PteGlu5, 5-methyl- 
H4PG5). 



Folate 495 

Biochemistry of Folate 

Dietary folates consist mainly of folylpolyglutamates. The folylpolyglutamates of 
foods contain from four to seven residues of glutamic acid. The folates may bear 
a formyl group, a methyl group, or no 1-carbon group. The pteridine ring of folates 
in foods occurs mainly in the reduced tetrahydro- form. Other forms of the 
pteridine ring are the dihydro- and the nonreduced forms. Folylpolyglutamates 
do not readily cross cell membranes. They are poorly transported by gut, liver, and 
other cells. The folylpolyglutamates also tend to be poorly transported by folate- 
requiring microorganisms, including Lactobacillus casei and Streptococcus faecalis. 

~[-Glutamyl Hydrolase and Digestion of Folylpolyglutamates 

The enterocyte contains a membrane-bound enzyme, 7-glutamyl hydrolase, which 
catalyzes the hydrolysis of the folylpolyglutamates to folylmonoglutamates. For 
example, it hydrolyzes 5-methyl-H4PG7 to 5-methyl-H4PG1, and H4PG5 to 
H4PG1.7-Glutamyl hydrolase is required for the efficient absorption of dietary 
folates; however, the enzyme is not required for the absorption of medicinal forms 
of the vitamin, such as folic acid and 5-formyl-H4PteGlu. The enzyme recognizes 
the ~-glutamyl bond and is not able to catalyze the hydrolysis of the more typical 
c~-peptide bonds occurring in proteins and other polypeptides. 

Folates in the Bloodstream 

Once absorbed by the gut, dietary folates appear in the bloodstream in the mono- 
glutamyl form. The main form of serum folate is 5-methyl-H4folylmonoglutamate. 
The absorbed folates may be converted to the 5-methyl-form during passage 
through the enterocyte. They may be converted to the 5-methyl-form in the liver, 
with the release of 5-methyl-H4folylmonoglutamate back into the bloodstream. A 
small amount of hydrolysis of food folates to folylmonoglutamates can occur in 
the food itself. This is because most animal and plant foods appear to contain 
~/-glutamyl hydrolase. Cooking destroys the activity of the enzyme. 

Polyglutamation of Folates in the Cell 

Plasma folylmonoglutamates are transported into cells, where they are converted 
to the polyglutamyl form, an event catalyzed by folylpolyglutamate synthase. This 
enzyme uses tetrahydrofolates as a substrate. It seems not to recognize or use 
5-methyl-H4folates. Hence, the 5-methyl-H4folate absorbed from the bloodstream 
must be converted to H4folate prior to polyglutamation. The reaction occurs in a 

H4 PteGlu ~ H 4PteGlu2 - - ~  H 4PteGlu3 ~ H 4PteGiu 4 ~ H 4PteGlu s ~ H 4PteGlus 

FIGURE 9.3 Polyglutamation of tetrahydrofolic acid. 
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series of steps (Figure 9.3). Addition of each glutamate residue requires the energy 
of a molecule of ATP, that is, the conversion of ATP to ADP + Pi. 

Functions of the Polyglutamyl Group of Tissue Folates 

Essentially all cellular folates occur in the polyglutamyl form. The function of the 
polyglutamyl chain is threefold. It is required for the retention of the vitamin in 
the cell. The long, polyanionic chain tends to prevent the folate from passing 
through cell membranes. The chain may also enhance the binding of the folate 
cofactor to folate-requiring enzymes. In some cases, the enhanced binding dra- 
matically increases the catalytic rate of the enzyme. The most dramatic and un- 
usual function of the polyglutamate tail is to allow channeling, a phenomenon 
where the folate coenzyme shuttles from one active site to another (of a bifunc- 
tional enzyme) without dissociating from the surface of the enzyme (Paquin et al., 
1985). 

1 -Carbon  Metabolism 

Folates are used as cofactors in a series of reactions known as 1-carbon metabo- 
lism. 1-Carbon metabolism is presented in three diagrams of increasing complex- 
ity. The simplest diagram (Figure 9.4) depicts a cycle involving three cofactor 
forms: H4folate, 5,10-methylene-H4folate, and 5-methyl-H4folate. All of these 
forms occur mainly as the pentaglutamate in mammalian tissues. Tetrahydrofolate 
(H4folate) may be thought of as the starting and ending point of the cycle of 
reactions shown. The diagram also illustrates the methylation cycle. 

Folates function by mediating the transfer of 1-carbon units. Most 1-carbon 
units in the cell originate from the 3-carbon of serine. The point of entry of this 
carbon is indicated by an asterisk. Serine donates a carbon to H4folate, generating 
5,10-methylene-H4folate, which can then be reduced to 5-methyl-H4folate. 5- 

Methylated molecule (w ~ . . . ~  ~:, , ,  Molecule 

SAH SAM 

Homocysteine Methionine 

Methyl_H4folate ~ ~ ~ H4folate l J ~  Serine(*) 
Glycine Methylene-H4folate " 

FIGURE 9.4 The methylation cycle and its relationship to folate metabolism. 
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Methyl-H4folate is a cofactor of methionine synthase. Methionine synthase cata- 
lyzes the transfer of the 1-carbon unit from 5-methyl-H4folate to homocysteine, 
generating methionine. Methionine synthase also uses vitamin B12 as a cofactor. 

The methylation cycle proceeds as follows. Methionine can be converted to 
S-adenosylmethionine (SAM). SAM is a universal methyl donor and is required in 
most or all methylation events occurring in the body. For example, SAM is used 
in the synthesis of creatine and carnitine and in the methylation of nucleic acids 
and proteins. With the donation of the methyl group, SAM is converted to S-ade- 
nosylhomocysteine (SAH), as shown in Figure 9.4. SAH is finally broken down to 
homocysteine, completing the methylation cycle. The point of departure of the 
1-carbon unit, derived from serine, from the methylation cycle is indicated by the 
section symbol (w 

EXERCISE 
The data in Table 9.1 are from an experiment involving folylpolyglutamate synthase. The 
enzyme was obtained in purified form from liver and was mixed with glutamic acid, ATP, 
and the indicated form of folate. The mixture was incubated to permit the enzyme to 
catalyze the attachment of glutamate residues to the folate. What do you think would be 
the effect of a vitamin B12 deficiency on the rate of polyglutamation of dietary folates. Hint: 
Dietary folates occur in the bloodstream initially as 5-methyl-H4PteGlu, and enter the cell 
in this form. 

EXERCISE 
Please estimate the folate requirement of the human infant from the following data. A baby 
may consume 800 ml of milk/day. Human milk may contain folate at 40 ng/ml. 

A more complete version of folate metabolism is given in Figure 9.5. The cycle 
of reactions used to regenerate methionine is featured in the center of the diagram. 
H4folate may be considered the starting and ending point in the cycles depicted. 
The cycles involve the introduction of a 1-carbon unit, derived from serine, into 
tissue folates. This is followed by use of the 1-carbon unit for the synthesis of 
methionine, purines, and thymidylate. Conditions that result in a decline in tissue 

TABLE 9.1 Activity of Folylpolyglutamate Synthase 

Relative polyglutamation 
Folate substrate activity (%) 

H4folic acid 100 
H2folic acid 156 
10-Formyl-H4folic acid 95 
Folic acid 6.4 
5-Methyl-H4folic acid 5.6 
5,10-Methylene-H4folic acid 5.2 

Source: Cichowicz and Shane (1987). 
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FIGURE 9.5 Simplified version of folate metabolism. Serine is the source of most of the 
1-carbon units carried by folates. These 1-carbon units are used in the synthesis of thymidy- 
late (a pyrimidine nucleotide), purine nucleotides, and methionine. 

levels of H4folate might be expected to result in a decline in the rates of synthesis 
of these compounds. These conditions include dietary folate deficienc}~ vitamin 
B12 deficiency, and treatment with methotrexate. 

Impairment of 1-Carbon Metabolism by Vitamin B12 Deficiency 

Methionine synthase is a vitamin B12-dependent enzyme. It is a component of the 
cycle of reactions involved in regeneration of methionine from homocysteine. This 
regeneration is impaired by vitamin B12 deficienc~ leading to an accumulation of 
homocysteine and 5-methyl-H4folate in the cell. The accumulation of 5-methyl- 
H4folate occurs at the expense of H4folate, with the consequent impairment in the 
rate of reactions that require or depend on H4folate. Vitamin B12 deficiency can 
result in an impairment in synthesis of thymidylate and purine. It can impair 
growth, as growth requires the synthesis of new nucleic acids. A decline in growth, 
whether induced by a deficiency in folate or in vitamin B12, can most easily be 
detected by examining the bone marrow. Such an examination can reveal the 
consequent impairment in division in immature red blood cells. 

Refined Diagram of 1-Carbon Metabolism 

A more complete and refined diagram of 1-carbon metabolism is given by Figure 
9.6. The cycle of reactions that regenerate methionine is shown at the center, as in 
the previous diagrams. Thymidylate synthase (TS), at the left, catalyzes the con- 
version of deoxyuridylic acid (dUMP) to thymidylic acid (dTMP). 

Thymidylate synthase is the target of 5-fluorouracil (5FU), an anticancer drug. 
The active form of the drug, 5-fluorodeoxyuridylate, which is synthesized in the 
cell, inhibits the enzyme by forming a covalent complex with it. This inhibition 
results in a buildup of dUMP in the cell. Some of the dUMP is converted to dUTP. 
Normally; DNA polymerase recognizes dATP, dTTP, dGTP, and dCTP as substrates 
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FIGURE 9.6 Detailed diagram of folate metabolism. Serine hydroxymethyltransferase 
catalyzes the transfer of 1-carbon units to folylpolyglutmates. The enzyme requires vitamin 
B 6 as  the cofactor, as indicated by the B 6. The arrows depict the flow of 1-carbon units 
toward the synthesis of methionine, thymidylate, and purine nucleotides. A unique form 
of serine hydroxymethyltransferase occurs in the mitochondria. The interconversion of 
5,10-methylene-H4folate, 5,10-methenyl-H4folate , and 10-formyl-H4folate are catalyzed by 
one polypeptide chain. The protein is therefore called a multifunctional enzyme (Paukert 
et al., 1976). The protein also catalyzes the ATP-dependent addition of formic acid to 
H4folate, producing 10-formyl-H4folate. In bacteria, all of the above reactions are catalyzed 
by separate enzymes, and not by multifunctional enzymes. 

for the synthesis of DNA. However, with an increase in cellular levels of dUTP, 
DNA polymerase tends to accept dUTP as a substrate, and increasing amounts of 
uracil become incorporated into the DNA (in place of thymidine). The abnormal 
base (uracil) in the strand of DNA is recognized by a special DNA repair enzyme, 
which immediately proceeds to repair the abnormal base (uracil). The enzyme is 
called uracil DNA glcosylase. 

The event of DNA repair is a multistep process, and one of the steps involves 
the temporary breakage of the strand of DNA that contains the offending residue 
of uracil. After removal of the incorrect nucleotide, the strands of DNA are nor- 
mally stitched back together again. But with the unusually high accumulation of 
dUTP in the cell (which occurs with 5FU treatment) opposite strands of DNA 
accumulate nearby strand breaks, with the consequent splitting of the double- 
stranded DNA helix. Where this event occurs simultaneously at many points in 
the genome, death results. The preceding mechanism has not been proven, but it 
can account for the killing properties of 5-fluorouracil. 

Dihydrofolate reductase (DR) is shown near the top of Figure 9.6. This enzyme 
catalyzes the reduction of H2folate to H4folate. DR is part of the cycle of reactions 
in the synthesis of thymidylic acid. The enzyme also catalyzes the reduction of folic 
acid to dihydrofolic acid and then to tetrahydrofolic acid. DR is the target of the 
anticancer drug methotrexate (MTX). MTX exerts its toxic effects more on rapidly 
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growing cells than on slowly growing cells. In addition to killing some types of 
cancer cells, it inhibits the growth of immature red blood cells and of the rapidly 
growing epithelial cells that line the gastrointestinal tract. MTX can also result in 
damage to the liven 

Purine and Pyrimidine Biosynthesis 

The purine biosynthetic pathway requires 10-formyl-H4folate. 5,10-Methylene- 
H4folate is oxidized to 5,10-methenyl-H4folate, as shown in Figure 9.6. 5,10- 
Methenyl-H4folate is then hydrated to produce 10-formyl-H4folate. 10-Formyl- 
H4folate is used at two steps of the purine biosynthetic pathway; namely for 
conversion of glycinamide ribonucleotide (GAR) to formyl-GAR and of aminoimi- 
dazolecarboxamide ribonucleotide (AICAR) to formyl-AICAR. 

5,10-Methenyl-H4folate can also be generated during histidine catabolism, 
though histidine is a minor source of the 1-carbon units of folate metabolism. 
Brody and Stokstad (1991) clearly demonstrated that the ring-carbon of histidine 
is transferred to the folate cofactor in vivo, in a study that took advantage of the 
commercial availability of [14C]histidine bearing a radioactive [14C]ring-carbon. 

The exact points at which folate is used in pyrimidine metabolism are shown 
in Figures 9.7 to 9.9. Figure 9.7 shows the utilization of the carbon skeleton of 
aspartic acid for the synthesis of the pyrimidine ring. Carbamyl phosphate syn- 
thase catalyzes the synthesis of carbamyl phosphate. Carbamyl phosphate is the 
source of one of the carbon atoms and one of the nitrogen atoms of the pyrimidine 
ring. Carbamyl phosphate synthase is cytosolic, is not activated by acetylgluta- 
mate, and is different from the mitochondrial enzyme used in the urea cycle. UMP 
is the product of the pathway. It can be converted to UTP in an ATP-dependent 
reaction. The conversion of UTP to CTP is shown in Figure 9.8. The reduction of 
ribonucleotides, such as UDP, to deoxyribonucleotides, such as dUDP, is described 
under Iron in Chapter 10. Figure 9.9 shows the conversion of dUMP to dTMP. The 
reaction is catalyzed by thymidylate synthase and is folate dependent. The reac- 
tion is unusual, as far as folate metabolism is concerned, because folate serves as 
both the source of a 1-carbon unit (as usual) and a reductant (unusual). 

Figures 9.10 and 9.11 show the biosynthetic pathways for AMP and GMP. 
Phosphoribosylpyrophosphate (PRPP) is the source of the sugar group of the 
pyrimidine and purine nucleotides. A nucleotide consists of the purine or pyrimid- 
ine base connected to ribose phosphate. PRPP is synthesized as shown in Figure 
9.12. 

The purine biosynthetic pathway begins with glutamine as the source of an 
amino group. Glycine supplies two of the carbons and one of the nitrogens of the 
purine ring. Folate provides another carbon atom, and glutamine yet another 
amino group. The remainder of the purine ring is derived from carbon dioxide, 
the amino group of aspartate, and another 1-carbon unit donated by folate. The 
product, IMP, represents the completed purine ring. Figure 9.11 depicts the con- 
version of IMP to AMP and of IMP to GMP. Aspartate and glutamine, respectivel)~ 
are the sources of amino groups in AMP and GMP. 
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FIGURE 9.7 Pyrimidine biosynthetic pathway. The pathway of pyrimidine biosynthesis involves 
six steps and results in the production of uridine 58-monophosphate. Folate is not used in this 
pathway. The pathway commences with the transfer of the amide nitrogen of glutamine to 
bicarbonate to produce carbamyl phosphate. This molecule then reacts with aspartate to form the 
beginnings of the six-membered pyrimidine ring. 
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FIGURE 9.8 CTP synthase. CTP synthase catalyzes the transfer of an amino group to UTP, 
generating CTP. Glutamine serves as the donor of the amino nitrogen. Folate is not in- 
volved in the synthesis of CTP. Cytidine 5'-diphosphate (CDP) is distinguished in that it is 
used in lipid metabolism, where it takes the forms of CDP-choline, CDP-ethanolamine, and 
CDP-diacylglycerol. 

Mitochondrial Folate Metabolism 

The catabolism of choline and glycine occurs in the mitochondria of the liver. The 
choline that is not needed for the synthesis of phospholipids and other compounds  
can be catabolized by the series of reactions depicted in Figure 9.13. Choline is 
oxidized to N,N,N-(trimethyl)glycine (trimethylglycine for short). Trimethylgly- 
cine then donates one of its methyl  groups to homocysteine,  generating methion- 
ine, in a reaction catalyzed by betaine-homocysteine methyltransferase. The 
enzyme accounts for nearly 1% of the protein of the liver (Garrow, 1996). The 
reaction of betaine-homocysteine methyltransferase should not be confused with 
that of methionine synthase, a cytosolic enzyme. 
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FIGURE 9.9 Thymidylate synthase. Thymine is the pyrimidine base that occurs in 
thymidylic acid (thymidylate). Thymidylic acid (TMP) is the same as deoxythymidylic acid 
(dTMP), and both terms are in use. Thymine occurs in DNA but not in RNA. Conversely; 
uracil occurs in RNA but usually not in DNA. Thymidylate synthase is a well-known 
folate-r'equiring enzyme. 
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FIGURE 9.10 Purine biosynthetic pathway. The purine biosynthetic pathway is a 10-step path- 
way. The folate cofactor is used at Steps 3 and 9. Glutamine is used at Steps I and 4 in the donation 
of an amino group. Aspartate is used at Steps 7 and 8 to donate an amino group. The product of 
the pathway is IMP, which is subsequently converted to AMP or GMP. 
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FIGURE 9.11 Conversion of inosine monophosphate to adenosine monophosphate and guanos- 
ine monophosphate. Aspartate donates an amino group in the synthesis of AMP. Glutamine 
donates an amino group in the synthesis of GMP. Folate is not used in these steps of purine 
metabolism. 
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FIGURE 9.13 Complete oxidation of choline to carbon dioxide. The oxidation of choline to C O  2 
requires the participation of enzymes of the mitochondria and cytoplasm. This means that some 
of the intermediates are expected to leave and reenter the mitochondria in the course of the 
pathway. The pathway involves the participation of three folate-requiring enzymes. Betaine-ho- 
mocysteine methyltransferase is not a folate-requiring enzyme. 

The methyl groups of N,N-(dimethyl)glycine are then removed in two steps, 
yielding glycine. The 1-carbon units of dimethylglycine occur at the oxidation level 
of methanol. They are oxidized to the oxidation level of formaldehyde. The for- 
maldehyde groups generated apparently are not released into the surrounding 
medium, but seem to be bound by tetrahydrofolate, generating 5,10-methylene- 
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H4folate, as shown in Figure 9.13. The 1-carbon unit bound to 5,10-methylene-H4 
folate was at one time called "active formaldehyde." The FAD cofactor is cova- 
lently bound to dimethyl- and monomethylglycine dehydrogenases. Trimethyl- 
glycine is also called betaine. Monomethylglycine is also called sarcosine. 

Glycine catabolism is catalyzed by the glycine cleavage system. The glycine 
cleavage system is an enzyme that requires pyridoxyl phosphate as a cofactor. 
Thus, its reaction is reminiscent of that of serine hydroxymethyltransferase. The 
glycine cleavage system catalyzes the conversion of glycine to CO2, ammonia, and 
5,10-methylene-H4folate, as shown in Figure 9.13. Note that under physiological 
conditions ammonia is protonated and occurs as the ammonium ion. Evidence 
suggests that the serine hydroxymethyltransferase occurring in the mitochon- 
drion, rather than the version of this enzyme occurring in the cytoplasm, plays a 
major role in supplying the cell's requirement for glycine (Stover et al., 1997). 

Support of purine and thymidylate synthesis also requires that the folate cofac- 
tor exist in the triglutamate form, or as longer derivatives. However, support of 
glycine and methionine synthesis by folate cofactors does not occur with the 
triglutamate, and requires longer-chain-length folates, i.e., folylpentaglutamates 
(Lowe et al., 1993). 

EXERCISE 
Studies with rats revealed that it was possible to omit methionine from the diet and replace 
it with two other chemicals that are not classical amino acids. Describe this diet after 
consulting Figure 9.13. (See Du Vigneaud et al., 1939.) 

Risk Factors for Folate Deficiency 

Poor Diets 

Chronic alcoholism is the major cause of folate defidency in the United States. 
Alcoholics generally have poor diets D for example, one liter of whiskey per day. 
It is not clear if the alcohol induces metabolic defects that interfere with the 
metabolism and function of folate. Beer does contain folate, as this product is 
brewed with yeast, an organism containing high levels of the vitamin. Wine and 
hard liquors, on the other hand, contain little or no folate. The elderly may also be 
at risk for folate deficiency. It is thought that in the elderly the deficiency is due to 
poor diets rather than age-related defects in the absorption and utilization of 
folate. 

Food preparation is a concern because losses of the vitamin are due to destruc- 
tion on exposure to heat and dilution in cooking water. Boiling vegetables in large 
amounts of water can result in loss of more than half of the food folate in the water. 
Folate, in particular the tetrahydrofolate and 10-formyl-tetrahydrofolate forms, is 
unstable. The vitamin is destroyed by storage in water, by heating, and even with 
prolonged storage in the frozen state. Fresh and frozen foods are good sources of 
folate; canned foods are poor sources. 
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Pregnancy 

Folate deficiency occurs in pregnancy on a wide scale. The increased utilization of 
the vitamin by the fetus and related tissues, as well as the secretion in milk during 
lactation, can place an increased demand on the dietary folates consumed by the 
mother. Severe folate deficiency leads to megaloblastic anemia. This disease, in 
which the synthesis of red blood cells is impaired, tends to occur with pregnancy 
in underdeveloped countries, but usually not in North America or Europe. Goat's 
milk is a poor source of folate and vitamin B12. Overreliance on goat's milk as a 
source of food for infants can result in a deficiency in these vitamins and in anemia. 

Vitamin B12 Deficiency 

Vitamin B12 deficiency induces deficiency in folate, because vitamin B12 is required 
for the conversion of folate from a form that has limited use (5-methyl-H4folate) 
to a form (H4folate) that can be readily assimilated and used in a variety of 
reactions. Vitamin B12 is the cofactor of methionine synthase, the enzyme required 
for conversion of 5-methyl-H4folate to H4folate. The metabolism of folate and that 
of vitamin B12 are, in part, intimately related. Because of this relationship, the 
symptoms of deficiencies in both of these vitamins are shared. 

Epilepsy 

A small fraction of epileptics treated with anticonvulsants (dilantin, phenytoin, 
diphenylhydantoin) develop folate deficiency. Epilepsy is not a rare disease. 
Hence, there is an awareness of the possibility of the occurrence of megaloblastic 
anemia in epileptics treated with the aforementioned anticonvulsant. Supplement- 
ing epileptics with folate can alleviate the deficiency; however, the supplements 
may also result in an increase in the seizure rate. Thus, physicians must be 
prepared to halt folate supplementation of epileptics being treated for anemia. 

Signs of Folate Deficiency 

The hematological signs that present during a folate deficiency may also be con- 
sidered functional tests for vitamin status (see Assessment of Folate Status), as they 
reflect the tissue content of the vitamin. These hematological signs are not specific 
to folate status, as they can present in diseases other than folate deficiency. The 
hematological signs can only suggest, but do not prove, that the subject is folate 
deficient. 

The hematological signs that present during the course of progressive folate 
deficiency are depicted in the histogram in Figure 9.14, which reveals the course 
of events during consumption of a folate-deficient diet by a healthy human subject. 
The subject was the author of the study. Low serum folate levels occur with 2 
weeks of consumption of the diet. About 8 to 9 weeks are required for detection 
of the first hematological sign, hypersegmentation of the neutrophils. Continued 
consumption of the diet for about 12 weeks can result in elevated levels of urinary 
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FIGURE 9.14 Development of symptoms of a folate deficiency with consumption of a 
folate-deficient diet. (Redrawn with permission from Herbert, 1967.) 

formiminoglutamic acid (FIGLU), following the test dose of histidine. A prolonged 
deficiency can result in low levels of folate in red blood cells, as well as two more 
hematological signs, megaloblastic marrow and megaloblastic anemia. Mega- 
loblastic marrow presents prior to megaloblastic anemia. 

Assessment  of Folate Status 

Folate status can be assessed by the measurement of serum or red blood cell folate 
levels, by the histidine load test, and by hematological methods. 

Measure of Serum and Red Blood Cell Folate 

Serum folates can be determined by the competitive binding assay (as detailed 
under Vitamin B12) or by microbiological assays. Microbiological assays can be 
used to measure most vitamins, including folate, vitamins B 6 and B12, thiamin, and 
biotin. The concept behind the microbiological assay is the same in all cases. A test 
organism, such as a lactic acid bacterium, is used. Lactic acid bacteria are similar 
to animals in that they require a wide variety of nutrients, including a number of 
vitamins. Most other species of bacteria, in contrast, are able to synthesize all of 
the vitamins from glucose and other simple nutrients. A special type of growth 
medium is required. In the case of the assay for folate, the synthetic growth 
medium contains all of the required nutrients except folate. The lactic acid bacte- 
rium cannot grow on this medium; however, addition of known quantities of the 
vitamin, or of a biological sample containing an undetermined amount of folate, 
does support growth. The growth of the bacterium can reflect in a very sensitive 
and precise manner the exact amount of folate included in the growth medium. 
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FIGURE 9.15 Growth of Lactobacillus casei. Growth of L. casei in a sample containing an 
unknown quantity of folate and in a series of tubes containing known quantities of folic 
acid is shown. The growth of the cells can be easily assessed by measuring the absorbance 
of the cell suspension in a spectrophotometer. The growth data from the tubes containing 
folic acid in the concentration range 0-1.0 nM is used to form the standard curve. The 
concentration of folate in the unknown is determined by measuring the absorbance of the 
bacterial suspension in the tube and then reading the folate level from the standard curve. 

Lactobacillus casei is the bacterium used in microbiological assays for folate. A 
series of tubes containing increasing amounts of folic acid are used to construct a 
standard curve. The tubes in the standard curve contain folic acid in concentra- 
tions ranging from 0 to 1.0 nM (Figure 9.15). The tubes are inoculated with a very 
small number of bacterial cells and incubated 20 hours. In the tubes containing 
little or no vitamin, there is little or no growth. Where the tubes contain larger 
amounts of vitamin, there are corresponding increased densities of cell growth. 
The results from the standard curve are shown in Figure 9.15. Cell growth densities 
in tubes containing unknown quantities of folate were also measured and com- 
pared with the standard curve to calculate the amount of folate in the unknown 
sample. 

Serum contains folate monoglutamates. The normal level of serum folate is 6.0 
ng /ml  or greater. A value of 3.0 ng /ml  or less indicates a folate deficiency. Serum 
folate levels are sensitive to recent dietary practices and hence may not accurately 
reflect the amount of folate in tissues. True folate status is closely related to the 
tissue or cellular level of folate, rather than the serum level. 

Red blood cell folate levels closely reflect the true folate status of the subject, as 
these folates are an intracellular form. The folates of red blood cells, as well as of 
all other cells, occur mainly as folylpentaglutamates. Folylpentaglutamates, as 
well as other folylpolyglutamates, are poorly absorbed by bacterial cells. Hence, 
microbiological assays might not be expected to be useful in determining tissue 
folate levels. The problem can be avoided by treating tissue folates with ~-glutamyl 
hydrolase. This enzyme catalyzes the hydrolysis of folylpolyglutamates, produc- 
ing folylmonoglutamate. The various folylmonoglutamates, such as 5-methyl- 
H4PteGlu, H4PteGlu, 10-formyl-H4PteGlu, and PteGlu, are readily used by L. casei 
for growth. A red blood cell folate level greater than 160 ng /ml  of packed cells 
indicates normal folate status. Values of 140 ng /ml  or less indicate a deficiency. 

Histidine Load Test 

The histidine load test is not used in the clinical setting and is only sometimes used 
by researchers; however, a description of this test provides a clear-cut example of 
how folates behave in the mediation of 1-carbon metabolism. Histidine catabolism 
takes place in the liver according to the pathway shown (Figures 9.16 and 9.17). 
The intermediates, formiminoglutamic acid and 5-formimino-H4folate, bear the 
formimino group: - - C H - - N H .  
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FIGURE 9.16 Simplified diagram of histidine catabolism. FIGLU is an intermediate in the pathway of 
histidine catabolism that may appear in elevated amounts in the urine during folate deficiency. 
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FIGURE 9.17 Histidine catabolic pathway. The final two steps of the pathway are catalyzed by a folate- 
dependent enzyme, formiminotransferase/cyclodeaminase. This enzyme contains two active sites. The 
first of these sites catalyzes the transfer of the formimino group from FIGLU to H4folate. The second site 
catalyzes the conversion of 5-formimino-H4folate to 5,10-methenyl-H4folate. The reactions are distin- 
guished by the fact that the polyglutamyl chain of the folate cofactor enables the cofactor to remain bound 
to the enzyme during the course of the reaction. H4folylmonoglutamate can be used by the enzyme, but 
this form of the vitamin tends to dissociate from the active site after the first step and only inefficiently 
rebinds to the second active site, resulting in a low rate for the overall two-step reaction. The folylpoly- 
glutamate substrate tends to remain bound to the enzyme during both steps, thus facilitating the flow of 
the ring-carbon of histidine into 1-carbon metabolism. 
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FIGURE 9.18 FIGLU excretion in a healthy woman (O) and a folate-deficient pregnant 
woman (@). (Redrawn with permission from Chanarin et al., 1963.) 

Folate deficiency can result in an overall decline in the concentrations of all the 
cofactor forms of folate in the cell. Vitamin B12 deficiency can result in a decline in 
the concentration of tetrahydrofolate and an increase in that of 5-methyl-H4folate. 
Both deficiencies would be expected to result in impairment of the catabolism of 
histidine. 

Histidine catabolism was assessed in studies of folate deficiency in pregnancy 
and in experimental vitamin B12 deficienc}~ as revealed further on. Figure 9.18 
depicts a study of a healthy woman and a folate-deficient pregnant woman. In 
humans,  urinary FIGLU is difficult to detect unless the body is challenged with an 
oral dose of histidine (10 g). The histidine load is consumed in a few small doses 
to avoid nausea. Both women consumed the dose. Urine was collected over the 
course of several hours, in increments. The amount  of FIGLU excreted per hour is 
recorded in the figure. The data demonstrate that urinary FIGLU levels were 
elevated in the folate-deficient subject. The histidine load test is not used in the 
clinic because the results are influenced by other factors, such as liver disease, and 
because the urine collection is inconvenient. 

The data in Table 9.2 concern a study in rats. The animals were raised on 
nutritionally complete diets or vitamin B12-deficient diets for 3 months. Then urine 
was collected over the course of a day and used for analysis of metabolites related 
to folate and vitamin B12 (FIGLU and methylmalonic acid). The data show that B12 
deficiency induces a dramatic increase in urinary FIGLU. Rats do not require a 

TABLE 9 .2  Urinary Metabolites from Rats 

pmol/100 g body weight 
per day 

Diet FIGLU Methylmalonic acid 

+B12 0.05 7.4 
-B12 3.9 172.0 

Source: Shin et al. (1975). 
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challenge dose of histidine to induce an increase in urinary FIGLU, as do humans. 
The relationship between methylmalonic acid and vitamin B12 is discussed under 
Vitamin B12. 

Hematologic Methods 

The circulatory system contains a number of types of cells. Nearly half of the 
volume of whole blood consists of red blood cells, whereas only about 1% of the 
blood consists of white blood cells. The function of the red blood cells is to 
transport oxygen to the tissues. White blood cells are part of the immune system. 
There are several types of white blood cells: neutrophils, macrophages, and lym- 
phocytes. Neutrophils are also called polymorphonuclear leukocytes. The small- 
est type of cell in the bloodstream is the platelet. Platelets are used in the clotting 
of blood, as outlined under Vitamin K. 

The various blood cells arise and develop from one type of cell, the stem cell, 
as shown in Figure 9.19. Stem cells are located in the marrow of the bone. They are 
not often seen in the bloodstream. The stem cell can differentiate to produce 
neutrophils. The neutrophil is distinguished by its nucleus, which appears to have 
multiple lobes or segments. The stem cell can also differentiate to form macro- 
phages. One type of macrophage, the Kupfer cell, constitutes a small proportion 
of the cells of the liver. They are located in the walls of the capillaries passing 
through the liver. The stem cell gives rise to megakaryocytes. The megakaryocytes 
synthesize platelets. On discharge from the megakaryocyte, platelets initially ap- 
pear as a thread of small cells peeling off of the megakaryocyte spool. 

Neutrophil 
J J 

Stem cell x EharolbYlast Late erythroblast Reticulocyte 

i ~  B Lymphocyte 

0 T Lymphocyte 

O 
Red blood 

call 

FIGURE 9.19 Differentiation of the stem cell to various types of blood cells. (Redrawn 
with permission from Hood et al., 1984.) 
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FIGURE 9.20 Neutrophils. The examination of neutrophils is used to diagnose vitamin 
status. 

Several intermediates occur with differentiation of the stem cell to a mature red 
blood cell. These intermediates include the early erythroblast, late erythroblast, 
and reticulocyte (see Figure 9.19). The early erythroblast is relatively large and has 
a diameter of 15 l~m. This cell has a nucleus and is a dividing cell. It does not 
contain much hemoglobin, the oxygen-carrying protein of the red blood cell. The 
early erythroblast matures into the smaller late erythroblast (8-10 ~tm). The late 
erythroblast contains much hemoglobin and is red. It has lost its nucleus and 
cannot divide. The late erythroblast further matures, losing more internal struc- 
tures, such as the mitochondria, and becomes a reticulocyte. Reticulocytes are 
found in the bone marrow, as well as in the bloodstream. The reticulocyte matures 
to form the red blood cell. 

The hematological signs of folate deficiency manifest first in the neutrophils and 
then in red blood cells. Normally, close to half of the neutrophils contain three 
lobes: 20 to 40% have two lobes and 15 to 25% have four lobes. In folate deficiency; 
segmentation of the neutrophils increases; cells with 6 to 10 lobes may be detected. 
The detection of three five-lobed neutrophils in a count of 100 neutrophils indi- 
cates the possibility of folate deficiency. Diagrams of normal and hypersegrnented 
neutrophils are shown in Figure 9.20. 

The second hematological sign of folate deficiency involves the pathway of red 
blood cell synthesis. Early erythroblasts accumulate in folate deficienc}~ initially 
in the bone marrow, where they can be easily detected by the clinician, and then 
in the bloodstream. Because of the large size of early erythroblasts, the marrow 
containing the accumulated cells is called a megaloblastic marrow. Generall~ 
marrow samples are taken from the hip (pelvis), though they can also be taken 
from the sternum. 

A fraction of the early erythroblasts accumulating in the marrow escape to the 
bloodstream. The folate deficiency induces an overall decrease in the concentra- 
tion of red blood cells in the bloodstream, resulting in anemia. Because of the 
appearance of the early erythroblasts in the blood, and because of the anemia, the 
condition is called megaloblastic anemia. Normally, the mean volume of the red 
blood cell is 82 to 92 fl (~tm3). In slight or moderate megaloblastic anemia, the mean 
volume is 95 to 110 t ,  and in severe megaloblastic anemia, 110 to 130 fl or greater. 
The clinical signs of anemia are weakness and shortness of breath. These symp- 
toms occur only when the hematocrit (see Iron in Chapter 10) is markedly de- 
pressed. One important point concerning the hematological signs should be made: 
Hypersegmentation of the neutrophils and megaloblastic anemia can be induced 
by both folate deficiency and vitamin B12 deficiency. The clinician who detects 
these two signs in a patient requires further information, in the form of blood 
vitamin leyels, to determine if the patient is deficient in folate, vitamin B12, or both 
vitamins. 
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Treatment of the folate-deficient patient with folic acid permits the early eryth- 
roblast to divide, producing late erythroblasts and, eventually; reticulocytes and 
red blood cells. These effects can very easily be detected by examining blood 
samples taken before and after the injection and determining the percentage of 
reticulocytes. Normally; the concentration of reticulocytes in the bloodstream is 
quite low. A burst in the number can be induced by injecting folic acid (0.1 mg) 
into a folate-deficient patient. It should be pointed out that injecting vitamin B12 
into a B12-deficient patient, or folate into some B12-deficient patients, can also cause 
this burst. Thus, the hematological response to vitamin injections is not a reliable 
indicator of which vitamin deficiency was present. 

The coexistence of deficiencies in iron and folate (or B12 ) can produce an am- 
biguous hematological picture, as iron deficiency produces microcytic anemia. The 
combination of microcytes (small red blood cells) and megaloblasts (large red 
blood cells) that may occur can make the diagnosis of megaloblastic anemia 
difficult; however, the occurrence of hypersegrnented neutrophils during the com- 
bined deficiency clearly reveals the existence of megaloblastic anemia. If the mixed 
anemia is treated only with iron, and not with folate or B12, the megaloblastic 
features may become more clean 

Folic Acid and Neural Tube Defects 

Neural tube defects (NTDs) are a family of birth defects, involving the brain or 
spinal cord, which arise from mistakes made early in the development of the 
embryo. The neural tube is a part of the developing human embryo. It begins to 
form at 18 days after conception. The neural tube seals off and closes, thus forming 
a tube, by the 30th day after conception. To reveal more detail, during the 2nd and 
3rd week after conception, when the human embryo is 2-3 mm long, a fiat 
structure called the neural plate forms two parallel ridges. These ridges fold over 
and move towards each other and form a tube (the neural tube). Any drug, 
nutrient imbalance, or genetic defect that interferes with this stage of development 
may prevent normal closure of the tube, resulting in defects in the newborn. At its 
least severe, an NTD may be undetectable except by examination of the spine by 
the fingers of a physician. At its most severe, an NTD involves the absence of the 
brain. The most common NTDs are spina bifida (spinal cord at the lumbar 
vertebra not covered with bone), anencephaly (no brain), and encephalocele 
(tissue protruding through a hole in the skull). 

Early studies by R. W. Smithells and K. M. Laurence in Great Britain suggested 
that the rate of NTD births could be reduced by supplements of multivitamins or 
by folic acid. These results sparked a number of studies, for example: 

1. Intervention studies involving about 1800 women with a prior NTD birth 
(Wald, 1991), and 7540 women with no prior NTD birth (Czeizel and Dudas, 
1992) provided dramatic evidence that folic acid supplements reduce the 
rate of NTD births. These studies were carried out in Great Britain and 
Hungary. 
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2. John Scott and co-workers (Daly et al., 1995) collected about 56,000 blood 
samples from women attending prenatal clinics in Ireland, and measured 
the level of folate in red blood cells. Of these women, 81 produced an NTD 
infant. The results indicated a dramatic association between an NTD birth 
and low maternal red cell folate (under 0.15 ~tg folate/ml cells). 

These studies are suggestive of a protective effect of folic acid, but the final word 
regarding folic acid and NTDs is not yet available. Studies conducted with a 
general population in the United States have been less clear than those already 
mentioned. Epidemiological studies conducted in Boston and Ontario (Werler et 
al., 1996) and in California (Shaw et al., 1996) seemed not to support the notion that 
dietary folate intake influences NTD outcome, but did suggest that maternal 
obesity is a risk factor. A survey of about 600 mothers with an NTD birth revealed 
no reduction in risk factor with vitamin supplements (Mills et al., 1989). A scenario 
that seems to be emerging is as follows: 

1. Some populations, such as those found in parts of Great Britain and Hun- 
gary; have greater rates of NTDs than other groups. In Ireland, the rate of 
NTD births is 1.9 per 1000 births (Daly et al., 1995). The rates in the United 
States are lower, where the frequency of NTD births in California is 0.9 / 1000 
births (Cunningham, 1995), and that in Georgia is 1.2/1000 births (Mills et 
al., 1989). 

2. Mothers having one NTD infant are high-risk mothers. Subsequent births 
may be about 10 times more likely to be NTD births than the typical birth. 

3. Supplements of folic acid (0.4 mg/day),  or possibly less, can reduce the rate 
of NTDs. To achieve an extra 0.4 mg folic acid per day; using food, one 
would have to drink eight glasses of orange juice or eat three servings of 
Brussels sprouts per day (Wald and Bower, 1995). Since it is not likely that 
any population, as a whole, would be expected to consume folic acid 
supplements on a consistent, daily basis, food fortification has become an 
attractive option. Because neural tube formation occurs early in pregnancy; 
it is probably necessary for folic acid supplements (when taken) to be 
consumed for 2-3 weeks (every day) prior to the day of conception, and for 
2-3 weeks (every day) after conception, in order for the vitamin to produce 
its apparent effect. 

4. Folic acid seems to exert its anti-NTD effect in some mothers but not in 
other mothers. 

A consequence of these studies is that the Food and Drug Administration (FDA) 
has recommended that commercially available flour and cereal products be forti- 
fied with folic acid (1.4 mg folic acid/kg flour) for preventing NTDs (Tucker et al., 
1996). The consumer interested in the folate level in any particular food can view 
the label on the package. Folic acid supplements have the effect of reducing the 
level of homocysteine in the blood. This homocysteine effect appears directly 
relevant to the prevention of atherosclerosis, but may also be relevant to neural 
tube defects. The reader interested in continuing developments regarding neural 
tube defects and folate should take note of the relationship between folate and 
homocysteine, presented in the Vitamin B 6 section. 
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A concern with this government policy is that folic acid supplementation may 
mask the symptoms of disease in persons with pernicious anemia (PA) (see 
Vitamin B12 section). In short, PA is an autoimmune disease that involves anemia 
(low concentrations of red blood cells in the blood), nerve damage, or both anemia 
and nerve damage. A potential problem with taking folic acid pills is that the 
anemia of PA can be reversed or prevented with folic acid, resulting in an apparent 
cure. However, this supplement only masks the signs of PA, and allows the 
unsuspected nerve damage to continue. There has been some general agreement, 
however, that the amount of folic acid recommended to prevent neural tube 
defects is not sufficient to mask the anemia of pernicious anemia. 

Animals bearing genetic defects carrying various diseases have arisen sponta- 
neously in various animal colonies. Where possible, these ill animals have been 
maintained for many generations. In some cases, these mutant animals are com- 
mercially available. Several strains of mice that have NTDs have been discovered. 
Quite striking is the fact the spina bifida that occurs in offspring of one such mouse 
can be prevented by feeding extra methionine to the pregnant mother (Essien and 
Wannberg, 1993). The genes that control neural tube formation, as well as all 
embryological development, is a field of intense research. One exciting result is 
that the genetic defect, in one strain of NTD mouse, occurs in the gene coding for 
a transcription factor. This transcription factor is called PAX3 (Baldwin et al., 1992). 
More recent studies with mice bearing the mutant PAX3 gene have revealed that, 
under certain conditions (growing the embryos in a dish), adding folic acid can 
prevent NTDs (Fleming and Copp, 1998). 

V I T A M I N  B12 

Vitamin B12 is a water-soluble vitamin. Cobalamin is the term used to refer to 
compounds having vitamin B12 activity, as well as to related compounds. The RDA 
for vitamin B12 for the adult is 2.0 ~tg. The vitamin is present in animal products, 
such as meat, poultr~ milk, and fish, but is not present in plant products or in 
yeast. All of the vitamin B12 in our environment originated with synthesis in 
bacteria, fungi, and algae. 

Biochemistry of Vitamin B12 

Vitamin B12 is unique among all the vitamins in that it is the largest and most 
complex and because it contains a metal ion. This metal ion is cobalt. Cobalt occurs 
in three oxidation states: Co +, Co 2§ and Co 3§ The medicinal forms of the vitamin 
are cyanocobalamin and hydroxocobalamin. In cyanocobalamin, a molecule of 
cyanide is complexed to the Co 3§ atom. Cyanocobalamin is readily converted in 
the body to the cofactor forms methylcobalamin and 5-deoxyadenosylcobalamin. 
Methylcobalamin contains cobalt in the Co § state, where it acts as a cofactor for 
methionine synthase. 5-Deoxyadenosylcobalamin, which contains cobalt in the 
Co 2§ state, is the cofactor for methylmalonyl-CoA mutase. Vitamin B12 is also a 
cofactor for leucine aminomutase, an enzyme used in leucine metabolism (Poston, 
1984). This enzyme appears not to have a vital function in metabolism. No more 
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than three cobalamin-requiring enzymes are known to occur in mammalian tis- 
sues. 

The structure of vitamin B12 appears in Figure 9.21. The X indicates the point of 
attachment of the cyanide group in cyanocobalamin, the hydroxyl group in hy- 
droxocobalamin, and the methyl and deoxyadenosyl groups in the cofactor forms 
of the vitamin. 

Vitamin B12 Deficiency 

Vitamin B12 deficiency results in impairment in the activities of the B12-requiring 
enzymes. This impairment prevents synthesis of the enzyme's products and forces 
the accumulation of reactants in the cell. Inhibition of methionine synthase pre- 
vents the synthesis of methionine and the regeneration of tetrahydrofolate. This 
inhibition results in interruption of the methylation cycle, which involves S-ade- 
nosylmethionine. The inhibition also results in an impairment of folate-mediated 
metabolism, because of the failure to regenerate H4folate from 5-methyl-H4folate. 
The major effect of B12 deficiency is an impairment of growth, particularly of 
rapidly growing cells such as immature red blood cells. B12 deficiency also results 
in the buildup of homocysteine in the cell and bloodstream. 

Inhibition of methylmalonyl-CoA mutase can prevent the synthesis of succinyl- 
CoA from such precursors as propionic acid, valine, and isoleucine. This ef- 
fect might be expected to have no adverse consequences in metabolism, as the 
supply of succinyl-CoA derived from fats and carbohydrates is plentiful; however, 
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FIGURE 9.21 Structure of vitamin B12. Vitamin B12, also called cobalamin, contains an 
atom of cobalt. 
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inhibition of the enzyme also results in buildup of methylmalonyl-CoA and of 
intermediates prior to this compound. A fraction of the methylmalonyl-CoA is 
broken down in the cell, yielding methylmalonic acid. The accumulation of 
methylmalonic acid in the cell, which is reflected by increases in the plasma and 
urine, is of interest to the clinician. The methylmalonic acid produced as a conse- 
quence of hydrolysis of methylmalonyl-CoA is used to diagnose B12 status. 

The buildup of methylmalonyl-CoA in the cell may lead to reversal of the 
reaction of propionyl-CoA carboxylase and, as a consequence, an increase in the 
levels of propionyl-CoA. Increased levels of propionyl-CoA can lead to its use, in 
place of acetyl-CoA, by fatty acid synthase. Use of the 3-carbon propionyl group, 
rather than the 2-carbon acetyl group, by this enzyme can result in the production 
of small amounts of odd-chain fatty acids. These fatty acids contain an odd 
number of carbons, that is, 15, 17, or 19 carbons. The addition of large amounts of 
propionic acid to the diet during B12 deficiency can be used to artificially enhance 
the production of odd-chain fatty acids. 

Increased concentrations of methylmalonyl-CoA can lead to its recognition by 
fatty acid synthase in place of malonyl-CoA. The use of this abnormal substrate 
leads to the production of branched-chain fatty acids. Here, the branch consists of 
a methyl group. B12 deficiency induces the synthesis of very small amounts of 
methylated fatty acids. There is some thought that the odd-chain fatty acids and 
branched-chain fatty acids that increase in the deficiency, and become incorpo- 
rated into nerve cells membranes, may contribute to the neurological problems 
associated with the deficiency. 

The first signs of B12 deficiency include low levels of liver B12, increasing levels 
of serum and urinary methylmalonic acid (MMA), and, often, low serum B12. The 
signs that appear later in the course of the deficiency include megaloblastic mar- 
row, megaloblastic red blood cells, and anemia. Anemia means an abnormally low 
concentration of red blood cells in the blood or low hemoglobin concentrations in 
the red blood cells. Neurological symptoms present with severe deficiency. The 
neurological signs may occur, in some cases, without the presentation of anemia. 

Causes of Vitamin B12 Deficiency 

Pernicious Anemia 

Vitamin B12 deficiency is commonly caused by pernicious anemia (PA). PA is an 
autoimmune disease resulting from the body's production of antibodies that 
recognize intrinsic factor or other proteins of the parietal cell. The binding of 
antibodies to these proteins results in loss of their function. The parietal cells may 
be destroyed and be undetectable in patients with PA. The major defect in PA is 
gastric atrophy. There may be a lack of all gastric secretions, including intrinsic 
factor, gastric acid, and pepsin. 

PA is characterized by megaloblastic anemia, megaloblastic marrow, and, occa- 
sionally, neurological symptoms. The hematological characteristics of the disease 
are indistinguishable from those of folate deficiency. The biochemical signs of the 
disease include low serum B12 and elevated MMA. The neurological problems 
affect about 25% of those with the disease and include numbness of the feet and 
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hands. Left untreated, the B12 deficiency results in irreversible nerve damage and 
eventually death, hence the name pernicious anemia. 

PA is a risk factor for certain cancers of the stomach. How could the body's 
destruction of its own parietal cells be connected, somehow, to cancer in nearby 
cells? The consequent lack of stomach acid interrupts the normal feedback loop 
for gastrin secretion (see Figure 2.14). With the feedback loop no longer operating, 
the result is a continual secretion of gastrin by the G-cells of the stomach (Scully 
et al., 1997). The resulting continual, elevated concentrations of gastrin in the lining 
of the stomach constitutes an environment that allows precancerous cells to be- 
come cancer cells. In addition to its usual function, gastrin is a growth hormone, 
and thus can be a contributing factor in supporting the growth of cancer cells 
(Varro et al., 1997). 

Generall~ PA first presents among older populations. It tends to be first de- 
tected between the ages of 40 and 80. It affects about 0.1% of all persons in Great 
Britain and Scandinavia. A recent survey in Los Angeles, California, indicated that 
PA occurs in about 3% of elderly blacks and 3% of elderly whites, with a lower 
prevalence among Latinos and Asians (Carmel, 1996). Blacks and Latinos seem to 
have a tendency to acquire PA at a younger age, i.e., during their 30s (Carmel et 
al., 1987; Carmel and Johnson, 1978). A Latino is a person originating from Mexico, 
Central America, or Cuba. 

In previous decades, PA was diagnosed in the doctor's office, after the patient 
complained of feelings of weakness and tiredness. At the present time, the disease 
tends more to be detected earlier and diagnosed when the patient complains about 
gastrointestinal symptoms (dyspepsia, loss of appetite, and flatulence). 

PA can easily be treated with large oral doses of hydroxocobalamin (1 mg/day)  
or with periodic injections of the vitamin (1 mg/month).  Absorption of the small 
fraction of the large oral dose occurs by non-intrinsic factor-dependent mecha- 
nisms and can satisfy the vitamin requirement. Treatment must be continued 
throughout life. 

EXERCISE 
MMA accumulates in the bloodstream and urine in genetic diseases involving mutations 
in methylmalonyl-CoA mutase. Plasma levels of MMA may rise to very high levels, result- 
ing in acidification of the blood. The consequent acidosis may be fatal. Why are these 
genetic diseases treated with low-protein diets? (See Ampola et al., 1975.) 

Vegetarian Diets and B12 Deficiency 

Rare genetic diseases affecting intrinsic factor may occur in infants. A child will 
not show symptoms of anemia until the age of 2 years, indicating that the amount 
of vitamin present at birth can fulfill the child's needs for this period. The B12 
deficiency can be induced in normal infants by feeding the pregnant mother and 
the breast-feeding infant a B12-deficient diet. Unfortunatel~ such an "experiment" 
has been performed, as described next. 

A strict vegetarian woman consumed a plant-based diet for 8 years. Strict 
vegetarianism involves the exclusion of meat, fish, and dairy products from the 
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diet. The woman gave birth to a child who was exclusively breast-fed by the 
vegetarian mother. Symptoms of B12 deficiency presented in the infant within a 
few months of birth. The symptoms included anemia and neurological problems, 
such as flaccidity, poor muscular control, twitching, and an abnormal electroen- 
cephalogram. The infant's serum B~2 levels were well below normal (0.02 ng/ml); 
the urinary MMA levels were quite high, about 2000-fold greater than normal 
(Higginbottom et al., 1978). 

The second case history involves an adult vegetarian who complained of a sore 
tongue and fatigue that increased over 6 to 8 months. The patient was extremely 
pale. There were no neurological symptoms. The hematocrit was only 19%; thus, 
the patient was anemic. The hematocrit is the percentage of the blood volume 
consisting of red blood cells. Normal hematocrits are 47% (men) and 42% 
(women). The patient was studied for 45 days, as indicated in Figure 9.22. Treat- 
ment with vitamin B12 injections was initiated on day 28. 

Vitamin B12 deficiency due to vegetarianism may be common in some Hindu 
communities, because of their strict vegetarian practices (Chanarin et al., 1985). The 
deficiency is common in rural Mexico because of the infrequency of dietary meat 
(once a week) and because of the practice of heating cow's milk  which destroys 
the vitamin (Allen et al., 1995). 

EXERCISE 
Did the vitamin B12 injections succeed in bringing the serum B12 values into the normal 
range (Figure 9.22)? 
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FIGURE 9.22 Effect of vitamin B12 injections on hematocrit of vegetarian woman with 
anemia. (Redrawn with permission from Hines, 1966.) 
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EXERCISE 
A vegetarian diet would be expected to supply folate in ample amounts. B12 deficiency can 
provoke decreases in tissue folate levels, even with a normal intake of folate. What was the 
effect of the B12 injections on red blood cell folate levels (Figure 9.22)? 

Vitamin B12 Deficiency in the Elderly 

Diagnosis of B12 deficiency in the elderly may be difficult. Often serum B12 concen- 
trations occur in the normal range, but plasma levels of MMA and of homocysteine 
may occur at elevated levels, indicating that B12-requiring enzymes are not acquir- 
ing enough of their cofactor (Stabler et al., 1997). According to surveys using tests 
for serum MMA, about 15% of the elderly are deficient in the vitamin. Homocys- 
teine appears to be less reliable as an indicator of vitamin status (it sometimes fails 
to increase with B12 deficiency; and it is sensitive to folate status as well as to B12 
status). 

Gastric atrophy (atrophic gastritis) is the usual cause of B12 deficiency in the 
elder136 while lack of intrinsic factors is only occasionally the cause (Carmel, 1997). 
Gastric atrophy becomes especially frequent with each decade after the age of 60 
years. It results in the lack of stomach acid (achlorhydria), and the failure of gastric 
enzymes to provoke the release of cobalamin cofactors from their enzymes (Her- 
bert, 1994). The problem may be corrected by feeding acid and pepsin to the 
patient. An easier way to solve the problem is to eat B12 supplements. However, 
as gastric atrophy progresses to a more severe stage, the stomach may fail to 
produce intrinsic factor, and here B12 injections become a necessity. A difference 
between gastric atrophy and PA is that the former involves the disappearance of 
parietal cells, while the latter involves the destruction of parietal cells. 

Tapeworms 

Vitamin B12 deficiency may occur with a parasitic infection by tapeworms. Tape- 
worms, which can be many meters long, can live in the gut. They can take up 
dietary vitamin B12, thus limiting its availability to the human host. Tapeworms 
can arise from the consumption of raw fish. Although raw fish is consumed in 
several countries, the vitamin B12 deficiency arising from tapeworm infections 
occurs mainly in Finland. The infection results in megaloblastic anemia as well as 
neurological symptoms, such as paraesthesia, decreased vibration sense, and 
ataxia. 

A Warning Regarding the Use of Folic Acid 

The symptoms of B12 deficiency may be divided into two classes: (1) impairment 
of DNA synthesis and cell growth, and (2) neurological problems. Administration 
of folic acid can alleviate the hematological signs, probably by increasing the 
concentration of H4folate in the cell and its consequent use in the synthesis of 
thymidylate and purines. Folate treatment does not, however, reverse the neuro- 
logical problems. Because of this, cases of megaloblastic anemia must not be 
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treated by the indiscriminate use of folic acid. Treatment with folic acid may 
provide temporary relief from the hematological problems, while allowing the 
neurological situation to worsen. This warning originally appeared in 1947 (see "A 
warning regarding the use of folic acid," 1947). 

There is some concern that the use of high doses of folic acid supplements, such 
as 4.0 mg/day; with the goal of reducing the risk for neural tube defect birth, may 
prevent the detection of pernicious anemia (by preventing the development of the 
hematological signs). However, one might note that the population at risk for PA 
is somewhat different (older adults) than the population planning to become 
pregnant (younger female adults). 

Assessment  of Vitamin B12 Status 

A number of assay methods for vitamin B12 status, and for testing defects in the 
pathway of vitamin B12 absorption, are listed here: 

1. Test for the concentration of the vitamin in serum (direct test). 
2. Test for serum levels of methylmalonic acid (functional test). 
3. Test for vitamin B12 absorption (Schilling test). 
4. Test for vitamin B12 absorption (TC II test). 

The assay for serum B12 levels is a direct test, as it measures the concentration of 
the vitamin itself. The assay of MMA levels is a functional test of B12 status, as it 
measures a compound whose metabolism is dependent on the correct functioning 
of vitamin B12. The results of the MMA test reflect the activity of methylmalonyl- 
CoA mutase in the liven It is thought that the functional test is more valuable than 
the direct test. Serum vitamin B12 levels may not reflect the functioning of the 
B12-requiring enzymes of the cell. Serum B12 levels may sometimes be within the 
normal range despite an increased excretion of MMA. Normal serum B12 values 
range from 0.2 to 1.0 ng/ml.  Normal serum MMA levels range from 20 to 75 
ng/ml,  and normal urinary MMA levels from 0.8 to 3.0 ~tg/ml. 

Serum B12 levels can be measured by two methods: microbiological assays 
using Lactobacillus leichmannii and the competitive binding method. The competi- 
tive binding assay is detailed in Figure 9.23. A serum sample is mixed with a 
known amount of commercially available, radioactively labeled vitamin B12, 
[57Co]cobalamin. The mixture is then added to a suspension of synthetic micro- 
scopic beads containing covalently bound intrinsic factor (IF), a protein that binds 
vitamin B12 extremely tightly. The B12 originating from the blood serum and the 
synthetic [57Co]cobalamin then compete with each other to bind to the IE 

The amount of vitamin B12 in the serum sample is determined as follows. The 
amount of radioactive [S7Co]cobalamin bound to the beads is measured. The 
purpose of using the beads is to facilitate the separation of bound [57Co]cobalamin 
from the nonbound [57Co]cobalamin remaining in solution (floating around versus 
sinking to the bottom of the test tube). High levels of bound radioactivity indicate 
that the serum sample contains low vitamin levels. Low levels of bound radioac- 
tivity indicate that the serum contains high levels of vitamin. Plasma folate is 
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Serum cobalamin (quantity to be measured) 

[57 Co] Cobalamin (known quantity) 

FIGURE 9.23 Competitive binding assa~ 

conventionally measured using competitive binding assays. The agents used in 
this case are synthetic radioactive folic acid and a folate-binding protein derived 
from milk. 

PA is essentially a disease affecting the transport of vitamin B12 as a result of the 
lack of intrinsic factor. Diagnosis of the disease involves two components: (1) an 
abnormal Schilling test and (2) correction of the disease with exogenous intrinsic 
factor. The detection of anti-intrinsic factor is also used in the diagnosis. The 
Schilling test is a functional test in which an oral dose of radioactive B12 is 
administered. In normal persons, about one-third of an oral test dose of vitamin 
B12 is excreted in the urine. Urinary excretion is dependent on the prior absorption 
by the gut. In persons with PA, less than 1.0% of the test dose appears in the urine, 
reflecting an impafrment in the absorptive process. The diagnosis of PA requires 
repetition of the test dose, but with the consumption of 60 mg of intrinsic factor. 
Intrinsic factor is commercially available. 

Following absorption of dietary vitamin B12 , the vitamin is packaged in tran- 
scobalamin II (TCII), which circulates in the bloodstream, and then taken up by 
various cells in the body. The B12 bound to TCII generally accounts for only 20% 
of the total vitamin in serum, while the rest of the vitamin is bound to other 
proteins. With the onset of B12 deficiency; the levels of vitamin bound to TCII drop 
first, and holotranscobalamin II accumulates as apotranscobalamin II. Eventuall~ 
the levels of B12 bound to the other proteins decline (Herbert et al., 1990). Plasma 
holotranscobalamin II levels of under 30 pM have been used to indicate B12 
deficiency (Allen et al., 1995). Holotranscobalamin II levels reflect recent intake and 
absorption of B12, while serum vitamin B12 levels tend more to reflect the long-term 
picture of diet and absorption. 

When testing for B12 absorption by the gut, a test for holo-TCII and apo-TCII 
has an advantage over the Schilling test. The Schilling test uses pure vitamin B12, 
as a component of the test protocol. Because of this, the Schilling test cannot detect 
defects in B12 absorption due to the lack of stomach acid or the lack of activity of 
gastric enzymes. The TCII test is sensitive to the these problems, but also to the 
lack of intrinsic factor (Herbert et al., 1990). 

The biochemical "cutoff" values indicating deficiency may vary from labora- 
tory to laborator~ or when using reagents supplied by different manufacturers. In 
general, it is important for each clinical laboratory to conduct its own survey 
among a population perceived as healthy and normal, in order to establish the 
reliability of its tests for vitamin B12 status. 
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Inconsistent Nature of Signs and Symptoms of B12 Deficiency 

The patient suffering from B12 deficiency may feel sick because of the anemia, the 
neurological symptoms, or both. Variability is a characteristic of B12 nutrition. 
Often, serum B12 levels are normal with dietary or functional B12 deficiency; often 
neurological problems occur without megaloblastic anemia. In children fed vege- 
tarian diets, the consequent low serum B12, high serum MMA, and growth impair- 
ment all may occur without development of megaloblastic anemia (Stabler et al., 
1997). 

EXERCISE 
During the course of a day, one might consume about 100 mmol of isoleucine and valine, 
the two major precursors of methylmalonyl-CoA. Why is it that only about 4.0 mmol of 
MMA is normally excreted per day? (See Rasmussen, 1989.) 

VITAMIN K 

Vitamin K is a fat-soluble vitamin. It is essential for the synthesis of several 
proteins involved in blood clotting. Another word for clotting is coagulation. The 
abbreviation "K" is derived from the German word koagulation. The vitamin 
K-dependent proteins that are involved in regulating blood clotting are factor II, 
factor VII, factor IX, factor X, protein C, and protein S. Other vitamin K-dependent 
proteins are uniquely involved in regulating bone growth (osteocalcin) and in 
regulating cell growth (Gas6 protein) (Vamum et al., 1995). Other vitamin K-de- 
pendent proteins of unclear function exist (protein Z) (Hogg and Stenflo, 1991). 
Vitamin K serves as a cofactor for vitamin K-dependent carboxylase. This enzyme 
catalyzes the conversion of certain residues of glutamic acid to y-carboxy-glutamic 
acid, during the process of translation. 

There exist two naturally occurring forms of vitamin K: phylloquinone and 
menaquinone. Both forms are used with only slight modification occurring in the 
body; that is, reduction to dihydrovitamin K. Phylloquinone, also called vitamin 
K1, is synthesized in plants. Menaquinone, also known as vitamin K 2, is synthe- 
sized by bacteria. These two forms differ only in the structure of the side chain. 
The side chain is a lipophilic chain built of isoprenoid units, as shown in Figure 
9.24. Obviousl36 the vitamin is not used for blood clotting in plants and bacteria, 
as these forms of life do not have blood. Instead, the vitamin is used for electron 
transport and energy production. A third form of the vitamin is the synthetic 
compound, menadione (vitamin K3). Menadione can be alkylated in the liver by 
enzymes that attach the polyisoprenoid chain (see Figure 9.24). Phylloquinone is 
used in medicine, whereas water-soluble analogues of menadione are sometimes 
used in experimental nutrition where they are included in the drinking water 
consumed by rats. 

The RDA for vitamin K is 80 ~tg for the adult and 5 to 10 ~tg for the infant. 
Spinach, lettuce, broccoli, brussels sprouts, and cabbage are good sources of vita- 
min K. These plants may contain up to 8.0 mg vi tamin/kg of food. Cow's milk 
contains about 20 ~tg/liter; human milk contains a lower, perhaps tenfold lower, 
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FIGURE 9.24 Vitamin K and related compounds. Vitamin K1, also called phyUoquinone, 
is 2-methyl-3-phytyl-l,4-naphthoquinone. Vitamin K 2, also called menaquinone, occurs 
naturally with a polyisoprenoid tail containing from 5 to 13 isoprenoid units. The figure 
shows menaquinone-7 (MK-7), which contains a seven-isoprenoid-unit tail. Studies of 
human liver have revealed that MK-7, MK-8, MK-10, MK-11, and MK-12 account for most 
of the vitamin K in this tissue, while phylloquinone accounts for about 10% of the vitamin 
K (Suttie, 1995). Vitamin K 3 is a synthetic version of the vitamin. 

concentrations of the vitamin. It is thought that human breast milk can supply only 
20% of the infant's requirement for vitamin K. 

Vitamin K is absorbed by the small intestines, where it enters the lymph pack- 
aged in chylomicrons. A deficiency in vitamin K can occur in adults and children 
suffering from fat malabsorpfion syndromes, such as cystic fibrosis. 
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The Vitamin K Cycle 

Vitamin K-dependent carboxylase is a membrane-bound enzyme of the endoplas- 
mic reticulum. It catalyzes the incorporation of CO2 into specific residues of 
glutamate in the polypeptide chain of specific blood clotting proteins, resulting in 
their conversion to residues of y-carboxyglutamate. Dihydrovitamin K is the co- 
factor of the enzyme. Oxygen is required as the co-substrate. With each catalytic 
event, dihydrovitamin K is converted to vitamin K epoxide. Vitamin K epoxide is 
reduced back to the active cofactor by epoxide reductase (Figure 9.25) (Preusch 
and Suttie, 1983). The anticoagulant warfarin blocks the normal functioning of the 
cycle by inhibiting epoxide reductase. This inhibition results in the buildup of non- 
or undercarboxylated clotting factors within the liver or in the bloodstream. The 
structure of y-carboxyglutamate (GLA) is shown in Figure 9.25. Apparently, epox- 
ide reductase also catalyzes the reduction of vitamin K to dihydrovitamin K. 

History of Vitamin K Research 

Work on vitamin K had three independent beginnings. They were toxicological, 
nutritional, and biochemical in nature. 

Toxicology 
A hemorrhagic (bleeding) disease was noted in cattle that had been eating spoiled 
sweet clover. Clover generally contains a bitter chemical called coumarin, though 
sweet clover contains less coumarin than other forms of the plant. During spoilage, 
microbial action converts the coumarin to dicoumarol .  The dicoumarol in the 
spoiled clover caused the death of many animals, especially after procedures such 
as dehorning and castration. The structure of dicoumarol was identified by K. P. 
Link at the University of Wisconsin. His laboratory synthesized a simplified 
analogue of the compound called warfarin. Warfarin first found use as a rat poison 

Immature clotting , Carboxylated clotting 
protein protein 

Vitamin KH 2 Vitamin K epoxide 

Epoxide ~ 
~ " ~ . ~ . ~ .  red uctase 

(blocked by warfarin} 
and dicoumarol 

HOOC 
I 

HOOC m CHCH2~HCOO H 

NH 2 
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FIGURE 9.25 Vitamin K cycle. The cofactor probably remains associated with the mem- 
braned of the endoplasmic reticulum during the reactions depicted in the figure. 
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FIGURE 9.26 Structures of anti-vitamin K compounds. 

because of its delayed effect. The rat willingly consumes the poison and introduces 
it to its friends well before death occurs from internal bleeding. The structures of 
dicoumarol and warfarin are shown in Figure 9.26. Both of these compounds 
inhibit the activity of vitamin K epoxide reductase. This enzyme is required for the 
production of the active form of vitamin K, dihydrovitamin K. 

Nutrition 

Vitamin K research also has nutritional beginnings. Dam (1934) in Denmark, as 
well as Almquist (1935) at the University of California at Berkele~ fed rats diets 
deficient in lipids. These research groups discovered that the diets induced a 
previously unrecognized bleeding disease. The disease could be cured by treat- 
ment with an extract of alfalfa. It was later recognized that alfalfa contained 
vitamin K1. The disease could also be cured by treatment with spoiled fish meal; 
it was later found that the meal contained the bacterial product vitamin K2. The 
finding that phthiocol could cure the bleeding disease provided an early clue to 
the structure of the vitamin. Phthiocol has a structure that is quite similar to that 
of vitamin K3, except that it contains a hydroxyl group. 

Biochemistry 

Work during the early 1900s led to the discovery of a variety of proteins required 
for blood clotting. Most of these proteins are proteases. These proteases are not 
general proteases. They catalyze the cleavage of specific peptide bonds of specific 
proteins. The substrates of these proteases are other blood clotting proteins. The 
proteolytic event involves the cleavage of one or more peptide bonds of the 
substrate, resulting in its conversion to an active blood clotting protein. The blood 
clotting proteins include factors XII, XI, IX, VII, X, II, and XIII and fibrinogen. 
Factor II is also known as prothrombin. The activated versions of these proteins 
are factors XIIa, XIa, IXa, VIIa, X a, IIa, and XIIIa, and fibrin, respectively. 

The relationship between vitamin K and blood clotting is as follows. Generation 
of the blood clot, which is composed of cross-linked platelets and cross-linked 
fibrin, is dependent on the activity of a number of proteins. Some of these proteins 
are vitamin K-dependent proteins. This means that a vitamin K-dependent reac- 
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tion was involved in the biosynthesis of the protein in the liver prior to its secretion 
into the bloodstream. In the presence of an adequate vitamin K status, the vitamin 
K-dependent proteins are modified by the formation of residues of y-carboxyglu- 
tamic acid. With vitamin deficienc~ the proteins are synthesized in the liver, but 
fail to be modified in the normal manner, and appear in the bloodstream in an 
immature form. The deficiency tends to affect clotting proteins II and VII more 
than the other vitamin K-dependent proteins. 

The time course of blood clotting, in vitro, is illustrated in Figure 9.27. The study 
involved a plasma sample contained in a test tube. Transmission of light through 
the tube was measured with a spectrophotometer. At time zero, the transmission 
of light was low and was arbitrarily set to zero. The transmission was low because 
of the dense suspension of platelets in the sample. 

The clotting pathwa~ in vivo, is initiated by a protein called tissue factor. 
However, other macromolecules, such as collagen, can initiate blood clotting in the 
laboratory. Collagen was used in this study and was added at time zero (Figure 
9.27). The results demonstrate an increase in light transmission through the blood 
sample after addition of the collagen. This increase was due to the aggregation of 
platelets into a relatively small mass. This mass is the blood clot. 

The term plasma refers to whole blood with the red blood cells removed. 
Usuall~ plasma is prepared and stored with an added artificial anticoagulant, in 
order to prevent spontaneous formation of the blood clot inside of the blood-col- 
lection tube. Serum means plasma after formation of the blood clot, and with 
removal of the clump composed of coagulated proteins. 

The Blood Clotting Cascade 

Injury to a tissue results in exposure of tissue factor from the torn blood vessel. 
Within the wall of the arter~ tissue factor occurs in the adventitia, and not in the 
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FIGURE 9.27 Illustration of blood clotting in a test tube. (Redrawn with permission from 
Wilner et al. , 1968.) 
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intima or media (Schecter et al., 1997). These layers are detailed in the Lipids 
chapter (Figure 6.34). When tissue factor is exposed to the blood clotting proteins 
that circulate within the bloodstream, the result is the activation of the blood 
clotting cascade. The blood clotting cascade consists of two branches. One branch 
results in the cross-linking of fibrin, while the other provokes the cross-linking of 
platelets. The resulting three-dimensional network is called the blood clot. Some 
of the proteins involved in the clotting cascade are as follows. Some of these terms 
are listed as pairs, in cases where the two proteins occur as a sequence in time, or 
where the two proteins work together at the same time: 

�9 Tissue factor 

�9 Factor X and Factor Xa 

�9 Factor II (prothrombin) and Factor IIa (thrombin) 

�9 Docking proteins 

�9 Fibrinogen and fibrin 

�9 von Willebrand factor 

�9 Integrin (XiIb~ 3 

�9 Platelets and microparticles 

�9 Anticoagulation 

�9 Thrombomodulin and protein C 

Figure 9.28 shows a simplified diagram of the clotting cascade. The figure shows 
that the exposure of tissue factor to the bloodstream provokes the conversion of 
prothrombin to thrombin, and that thrombin catalyzes the cross-linking of fibrin 
and the cross-linking of platelets. The clotting cascade is shown in greater detail 
in Figure 9.29. In viewing the figure, one might consider thrombin to be a focal 
point, and ask, "Does this particular step occur prior to the activation of thrombin 
or after?" and "Is this reaction catalyzed by thrombin?" A goal of the blood clotting 
cascade is to provoke an explosive activation of thrombin. Thrombin is a protease, 
and once its active form is generated, it catalyzes the cleavage of three target 
polypeptides: (1) fibrinogen, (2) factor XIII, and (3) the thrombin receptor, a mem- 
brane-bound protein of the platelet. 

Injury 
Tissue factor - ' h~  ~,- Exposed tissue factor 

Prothrombin Thrombin 

F i b r i n o g ~  
Cross-linked 

fibrin 

Cross-linked 
platelets 

Platelets 

FIGURE 9.28 Simple diagram of the blood clotting cascade. 
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FIGURE 9.29 Detailed diagram of the blood clotting cascade. The initiating action is the 
exposure of tissue factor to the bloodstream. With exposure, tissue factor combines with 
factor VIIa, resulting in the generation of a catalytically active complex of factor VII a plus 
tissue factor. Please note that factor VII is not active, and that factor VII~ without tissue 
factor is also not active. The factor VIii/tissue factor complex provokes the activation of 
two different factors, namely factor IX and factor X. Factor IX, binds to factor VIII~ (a 
docking protein)to form the factor IXa/factor VIII~ complex. This resides on a phospholipid 
surface because of the adhesive qualities of factor VIII a. Perhaps the most significant 
phospholipid surface, in the bloodstream, which contributes to blood coagulation are the 
microparticles. The factor IX~/factor VIII~ complex cleaves specific peptide bonds in factor 
X, generating factor Xa. Factor X, spontaneously complexes with factor Va, another docking 
protein, and the active factor X~/factor V~ complex cleaves specific peptide bonds of 
prothrombin, generating thrombin. Thrombin cleaves a number of target polypeptides, 
resulting in activation events. These target polypeptides include fibrinogen, factor XIII, and 
the thrombin receptor. The end-result of the clotting cascade is a cross-linked network 
consisting of platelets and fibrin. 

Xymogens and Active Proteases 

Tissue factor is a membrane-bound protein of the epithelial cells that line the blood 
vessels. The protein is small and consists of 263 amino acids. A tear in the blood 
vessel results in the exposure of tissue factor to the bloodstream, and thus to all of 
the proteins within the plasma. Exposure of tissue factor to factor VII results in the 
formation of the factor VII/tissue factor complex. This complex catalyzes the 
cleavage of factor IX, thus generating factor IXa. The factor IXa/factor VIIla com- 
plex, in turn, catalyzes the activation of factor X. Factor IX is a xymogen, meaning 
that it is a nonactivated protein. The subscript "a" in factor IXa means that the 
factor has been activated, and is no longer a xymogen. The factor VIIa/tissue factor 
complex also catalyzes the cleavage of factor X, generating factor Xa. To summa- 
rize, factor X can be activated by two separate complexes: (1) the factor VIIa/tissue 
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factor complex, and (2) the factor IXa/factor VIIIa complex. The reason for these 
two separate pathways for activating factor X is not clear, but evidence suggests 
that they tend to act at different points in time after an injury. 

Three of the Proteases Work While Complexed with Docking Proteins 

Figure 9.29 shows factor Xa in a complex with factor Va. Factor Va is a docking 
protein; this factor does not have enzymatic activity. It serves as a biochemical glue 
that mediates the binding of factor Xa to the phospholipid surface of the platelet. 
Factor Xa, even though activated, does not have much enzymatic activity. How- 
ever, once complexed with its docking protein, and bound to a phospholipid 
surface, factor Xa is highly active. Other docking proteins used in regulating blood 
clotting are factor VIIIa and thrombomodulin. Each of the docking proteins may 
also be called a cofactor. 

Factor Xa/Factor Va Catalyzes Thrombin Formation 

Prothrombin (factor II) is a 581-amino-acid protein that contains one disulfide 
bond (Figure 9.30). Prothrombin is cleaved by factor Xa in between two specifi~ 
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FIGURE 9.30 Structures of prothrombin and thrombin. Prothrombin is a protein consist- 
ing of 581 amino acids, while thrombin consists of 308 amino acids. Prothrombin is cleaved 
within the bloodstream, at the indicated peptide bonds, by the factor Xa/factor Va complex. 
The intermediary form of thrombin is called meizothrombin. The activation peptide 
might be considered to be a waste product of the activation scheme. Please note that 
thrombin consists of two separate polypeptide chains, and that these are held together by 
a disulfide bond. Studies by researchers have revealed that prothrombin can also be 
activated by factor Xa alone, but here the pathway of peptide bond cleavage is somewhat 
different than that produced by the factor Xa/factor Va complex. 
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peptide bonds that involve arginine. These bonds, which occur at Arg(273)- 
Thr(274) and at Arg(332)-Ile(323) are indicated. The first of the two cleavages 
results in the generation of two polypeptide chains, which are held together by the 
disulfide bond. The second cleavage results in the generation of the thrombin 
(factor IIa), and a byproduct called the activation peptide (Figure 9.30). 

Thrombin Provokes Formation of the Fibrin Soft Clot, and then the Fibrin 
Firm Clot 

Thrombin itself does not constitute a blood clot. Once thrombin is produced, there 
is still quite a way to go before bleeding can be halted. Thrombin catalyzes the 
cleavage of fibrinogen to give fibrin. Please note the "gen" suffix on fibrinogen, 
which indicates that it is a xymogen. Fibrinogen is composed of three kinds of 
polypeptide chains, i.e., the 0~-chain, ~-chain, and y-chain. Actually; fibrinogen 
contains two copies of each of these chains, and thus the entire protein is more 
accurately represented as o~2[32Y2. 

Thrombin cleaves at Arg(16)-Gly(17) of the m-chain, and at Arg(14)--Gly(15) of 
the [3-chain. This results in the release of activation peptides (byproducts) from 
fibrinogen. The resulting fibrin spontaneously forms a soft clot. Thrombin also 
catalyzes the activation of factor XIII, and factor XIIIa catalyzes the covalent 
cross-linking of different fibrins with each other. The result is a firm clot. 

Once the fibrin clot has been formed, fibrin may also stimulate healing. Evi- 
dence suggests that part of the ~-cha" m of fibrin acts as a hormone to stimulate the 
spreading of cells and in the formation of new capillaries. Amino acids 15-42 of 
the ~-chain of fibrin, for example, seem especially critical for this function. To 
summarize, the blood clotting cascade functions to seal up the wound and stop 
bleeding, but also to stimulate healing of the wounded area. 

S u m l l ~  lqj 

The material detailed in this section may be summarized by the following dia- 
gram, which indicates the succession of events that occur during the course of 
several seconds: 

Tear in Production of 
blood ~ Exposure of~ssue factor ~ Activation ofthmmbin ~ fibrin and 
vessel cross-linking 

offlbdn 

Thrombin Catalyzes the Activation of Platelets 

Thrombin catalyzes the formation of the fibrin clot and, at the same time, the 
activation of platelets. Are fibrin clot formation and platelet activation totally 
separate biochemical pathways? The answer to this question is yes and no. To 
some extent, fibrin clot formation and platelet activation occur separately and 
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independently of each other. However, these two pathways do converge. Platelet 
activation results in the formation of links between the platelets and the fibrin clot. 

Thrombin initially acts by binding to the thrombin receptor, a membrane-bound 
protein in the plasma membrane of the platelet. Thrombin binds to the thrombin 
receptor, and then catalyzes the cleavage of its N-terminal region. Thrombin 
cleaves in between the residues of arginine and serine (Arg-Ser), as indicated 
herein. The following diagram depicts the first 18 amino acid residues of the 
thrombin receptor. The various features of the drawing are not to scale: 

H2N-Arg-Arg- Pro- G1 u- Ser-Lys -AI a-Thr-Asn-Ala-Th r-Leu-Asp- P ro-Arg- - - 
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The thrombin receptor is distinguished in that its polypeptide chain weaves seven 
times in or out of the plasma membrane (phospholipid bilayer), as shown in the 
drawing. Several other hormone-receptors weave seven times through the plasma 
membrane and, in common with all of these receptors, the activation of the 
thrombin receptor provokes the activation of G protein. Activated G protein, in 
turn, provokes a number of events within the platelet, as revealed later on. Acti- 
vation of G protein, by many types of hormones, relays a signal within the plasma 
membrane that provokes the activation of phospholipase A2 and of phospholipase 
C. The first of these two enzymes acts on membrane phospholipids and cleaves 
arachidonic acid, allowing this fatty acid to be converted to a number of hormones 
(prostaglandins and thromboxanes). The second of these two enzymes acts on 
phosphatidylinositol (PI), cleaves the inositol group, resulting in the release of 
inositol-l,4,5-trisphosphate (IP3). IP3, in turn, is a signal that provokes an increase 
in concentration of calcium ions within the cell (calcium signaling). The actions of 
these two enzymes are universal events in man~ or most, types of cells. Further 
details are in the Essential Fatty Acid section and the Calcium and Phosphate 
section. 

Consequences of Activation o/Signaling Pathways within the Platelet 

Cleavage of the thrombin receptor provokes several events in the platelet, includ- 
ing: 

1. Filopodia formation (tiny feet or spikes). 
2. Microparticle formation (tiny spheres). 
3. Activation of nearby platelets in the bloodstream. 
4. Activation of integrins in the platelet's membrane. 
5. Release of contents of secretory vesicles into the bloodstream. 



534 9 Vitamins 

Filopodia formation and microparticle formation are results of calcium signaling. 
Filopodia are little feet, extending from the platelet, which allow the platelet to 
make better contact with the outside environment. Microparticles are tiny vesicles 
(phospholipid spheres) that are shed from the platelet, allowing the aforemen- 
tioned docking proteins easier access to a phospholipid surface, and vastly en- 
hancing the rate of activation of further molecules of thrombin. The generation of 
free arachidonic acid, and consequent formation and release of thromboxane A2 in 
the surrounding blood, provokes the activation of nearby platelets. 

Adenosine diphosphate (ADP), released by fusion of secretory vesicles with the 
plasma membrane, acts as a hormone. In brief, the ADP provokes the activation 
of nearby platelets in the bloodstream. This use of ADP is not related to its usual 
function as a carrier of high-energy phosphate bonds. The researcher can short-cir- 
cuit the preceding process by adding chemically pure ADP to suspensions of 
platelets in a test-tube, thereby provoking activation of the platelets. ADP occurs 
within platelets in vesicles called dense granules. In contrast, the proteins that are 
secreted after platelet activation reside in vesicles called (x-granules. The (x-gran- 
ules contain von Willebrand factor, fibrinogen, and other proteins. 

Thrombin Activates Integrin, and This Activation Provokes Binding of Platelets 
to the Fibrin Network and to the Ruptured Blood Vessel 

Activation of the thrombin receptor provokes a change in another protein of the 
platelet membrane, namely to integrin. Specificall)~ this event provokes an altera- 
tion in the (xIIb~3 integrin, which allows this integrin to bind fibrin. When platelets 
bind to nearby fibrin molecules, the result is a vast network of platelets that are 
cross-linked to each other. The activated integrin also binds to a layer of extracel- 
lular matrix proteins residing under the ruptured endothelial cells. Specifically; the 
integrin binds to a protein called fibronectin. The binding of platelets to the fibrin 
network, and also to the proteins of the ruptured blood vessel, anchors the blood 
clot to the damaged area of the blood vessel. Hence, the wounded area becomes 
coated with a layer of platelets. 

Genetic Studies Revealing the Two Branches of Thrombin Action 

The elimination of the genes coding for fibrinogen or for platelet formation has 
shed light on the role of the two branches of thrombin action. Knock-out mice 
totally lacking the gene coding for fibrinogen survive and do not die. Similarly; 
knock-out mice lacking in platelets survive and do not die, though they have a 
tendency for abnormally excessive bleeding. In striking contrast, mice that are 
totally lacking in factor V, and thus who cannot produce thrombin, are born alive 
but die of massive, spontaneous bleeding within two hours of birth (Cui et al., 
1996). This work confirms the picture that thrombin's action activates two sepa- 
rate, but complementary coagulation pathways, one involving fibrin and the other 
platelets. 
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Anticoagulation Cascade 

In noting the powerful and explosive effect of thrombin in stimulating blood 
coagulation, one might wonder why the tiniest wound does not result in our 
immediate death due to coagulation of every drop of blood in our circulatory 
system. This immediate death scenario is prevented by the anticoagulation cas- 
cade. This cascade is a series of events initiated by thrombin, which provokes 
inactivation of the blood clotting cascade in regions of the bloodstream down- 
stream of the wound. To view the big picture, thrombin provokes the activation of 
blood clotting, but then provokes the inactivation of the clotting mechanism, while 
allowing the existing clot to remain. The anticoagulation mechanisms include: 

1. Antithrombin III. 
2. The protein C pathway. 

Antithrombin III is a protein that normally circulates in the bloodstream and 
serves to "mop up" existing molecules of thrombin (the active form of prothrom- 
bin). In this way; antithrombin prevents thrombin from straying too far from the 
site of injury: 

Thrombin + antithrombin III -~ Inactive complex 

Protein C serves to inactivate the clotting pathway by destroying the activity of 
the docking proteins. Specificall~ protein C cleaves factor Va and factor VIIIa, and 
prevents them from serving as cofactors. What prevents protein C from preventing 
all blood clot formation? The answer is thrombin must be created before protein 
C can act. In detail, after the generation of thrombin, thrombin eventually binds to 
a membrane-bound protein of the epithelial cells, called thrombomodulin (TM). 
The binding of thrombin to this protein results in the formation of the throm- 
bin/TM complex. Once in this complex, thrombin undergoes a change in person- 
ality that allows it to cleave protein C, and thus generate protein Ca (activated 
protein C) (see Figure 9.31). 

Protein C is a vitamin K-dependent protein. It contains GLA residues. This fact 
raises the interesting question of whether vitamin K deficiency can prevent some 
degree of blood clotting (a consequence of lack of carboxylation of prothromin), 
but result in some abnormal prolongation in the clots that do occur (an expected 
consequence of lack of carboxylation of protein C). Protein S is a protein that is a 
cofactor of protein C. Protein S contains GLA residues, and thus requires vitamin 
K for its modification, and conversion to the biologically useable protein. 

Anticoagulant Drugs 
Several drugs are used to reduce the tendency to form blood clots, and these are 
used for the treatment of cardiovascular diseases. These drugs include warfarin, 
heparin, and aspirin. They do not act by enhancing the anticlotting cascade. War- 
farin acts within the liver cell, where it inhibits epoxide reductase. Heparin acts 
within the bloodstream, where it speeds up the formation of the antithrombin 
III/thrombin complex. Aspirin acts within the platelet, where it prevents the 
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Thrombomodulin (membrane-bound protein) 

Thrombin ~ Thrombin tethered to thrombomodulin 

Protein C Protein Ca 

Factor Va Inactive factor Va 

FIGURE 9.31 The anticlotting pathway. The anticoagulation pathway is used to catalyze 
the inactivation of factor Va, and thus halt continued activation of prothrombin in regions 
of the blood downstream of the newly formed blood clot. The anticlotting pathway; along 
with antithrombin III, both serve to prevent an injury from provoking the conversion of 
the entire bloodstream into a massive clump of coagulated blood. When thrombin becomes 
tethered to thrombomodulin, it no longer recognizes its procoagulation substrates, and 
acquires the ability to activate protein C. Activated protein C, in turn, catalyzes the inacti- 
vation of factor Va. 

conversion of arachidonic acid to thromboxane. Further details are revealed in the 
Essential Fatty Acid section. 

Difference between Warfarin and Heparin 

Warfarin and heparin are both anticoagulants. They are both used to prevent the 
formation of potentially dangerous blood clots. Warfarin may be administered 
orally; heparin requires injection. Warfarin inhibits the activity of epoxide reduc- 
tase, an enzyme of the vitamin K cycle. This inhibition results in a reduction in the 
rate of synthesis of the GLA-containing blood clotting proteins and, thus, in a 
lesser tendency to form blood clots. Heparin is a naturally occurring polysaccha- 
ride, though it does not naturally circulate in the bloodstream. Warfarin and 
related drugs influence events in the liven Heparin does not interfere with the 
vitamin K cycle, but acts only in the bloodstream. Heparin enhances the rate of 
inactivation of thrombin in the plasma. This type of inactivation normally occurs 
throughout the day; and heparin enhances the rate. Stray molecules of thrombin 
are continuously mopped up by the protein antithrombin. Antithrombin forms a 
tight complex with thrombin, resulting in its inactivation. Heparin enhances the 
rate of formation of this complex. 

A functional deficiency in vitamin K occurs during treatment with warfarin or 
related drugs. The moderate functional deficiency provoked by the drug treatment 
is intentional and is used to "thin the blood" and reduce the tendency of those with 
cardiovascular disease to form undesirable blood clots. The drugs inhibit the 
normal cycling of vitamin K during synthesis of the vitamin K-dependent blood 
clotting proteins. The phrase thin the blood is not scientifically accurate. Warfarin 
treatment does not reduce the viscosity of the blood. The drug acts in the liver, 
where its effect is to reduce the production of mature, fully carboxylated clotting 
proteins. The immature clotting proteins may accumulate in the liver, as the lack 
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of carboxylation appears to impair their secretion from the hepatocytes. A fraction 
of the immature clotting proteins are secreted into the bloodstream. 

Hemophilias (Bleeding Disorders Not Related to Vitamin K Status) 

The physician confronted with a bleeding disorder must distinguish between a 
deficiency in vitamin K and one of a number of rare genetic disorders that result 
in defects in one of the blood clotting proteins. Vitamin K therapy can restore 
normal clotting in cases of vitamin deficiency but not in genetic diseases. These 
genetic diseases are called the hemophilias. Common types of hemophilias are 
those affecting factor VIII (hemophilia A) and factor IX (hemophilia B). Hemo- 
philia A occurs in I in 10,000 males and involves bleeding in soft tissues, muscles, 
and joints that bear weight. When factor VIII levels are under 5% the normal level, 
the symptoms of hemophilia A become moderate or severe. Bleeding can continue 
for hours or days after trauma. Hemophilia B occurs in 1 in 100,000 males. Its 
symptoms are the same as in hemophilia A. 

Von Willebrand factor (vWF) is a protein of the clotting cascade that was not 
mentioned earlier, vWF is synthesized by endothelial cells of the blood vessels, 
and released into the bloodstream. The protein is large (260 kDa) and consists of 
2050 amino acids. It is also found in platelets, where it resides inside secretory 
vesicles, vWF serves two functions. It tightly binds to factor VIII, and stabilizes it, 
and maintains the usual and normal levels of factor VIII in the bloodstream. Here, 
vWF and factor VIII occur in a 1:1 complex. In the absence of vWF, plasma levels 
of factor VIII decline to dangerously low levels. The second function of vWF is as 
follows, vWF is stored in special vesicles in platelets, and secreted from platelets 
with platelet activation. The secreted vWF helps the platelets to bind to the 
extracellular matrix residing under torn endothelial cells. Specificall~ vWF binds 
to integrin (XiIb~ 3 (of platelets) and to collagen (of the extracellular matrix). Genetic 
defects in vWF that are serious enough to impair blood clotting occur in about 1 
in 1000 persons. The disease (yon Willebrand disease) involves spontaneous bleed- 
ing in joints and mucosal surfaces. 

Vitamin K Deficiency 

Newborns are prone to vitamin K deficiency for three reasons: (1) they are born 
with low stores of the vitamin, (2) mother's milk is low in the vitamin, and (3) 
newborns have a sterile gastrointestinal tract. Vitamin K deficiency can lead to 
hemorrhagic disease of the newborn. The disease can present as bleeding beneath 
the skin or elsewhere in the body. It is thought to affect up to 1.0% of all newborns. 
In very rare instances, bleeding can occur in the brain with fatal consequences. One 
can imagine the confusion arising when parents are suspected of traumatizing 
their newborn when the real problem was a vitamin deficiency. It is common 
practice for all infants to be injected with phylloquinone (1.0 mg) on the day of birth. 

Vitamin K deficiency can occur during treatment with certain antibiotics that 
wipe out the gut microflora. Vitamin K synthesized and released in the large 
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intestines can be absorbed by the human host, and this source has been estimated 
to supply about half of our requirement. The finding that about 90% of the vitamin 
K in human liver consists of menaquinone and only 10% phylloquinone attests to 
the importance of the gut microflora as a source of vitamin K. Our menaquinone 
can be supplied by animal products, as animals contain a gut microflora. 

Assessment  of Vitamin K Status 

Vitamin K status can be assessed by a functional test, called the "prothrombin time 
test," which involves measuring the time required to form a blood clot. The test is 
performed as follows. A blood sample is withdrawn from a subject and immedi- 
ately mixed with citric acid. Citric acid is a chelator, which means that it can form 
a tight complex with ions, such as calcium ions. The chelator prevents the interac- 
tion of calcium ions with the blood-clotting proteins and thus prevents these 
proteins from forming a blood clot in the sample. Calcium ions, it should be noted, 
are required for supporting the activity of several blood clotting proteins. The 
"citrated blood" is placed in a machine called a fibrometer. The fibrometer is used 
to detect increases in the viscosity of the blood over a period. 

Formation of a blood clot results in a precipitous increase in the viscosity of the 
blood sample. The event of clotting is initiated by adding calcium ions, to replace 
those chelated by the citrate, and tissue factor. Tissue factor is a lipid-rich protein 
that activates the blood clotting cascade. The formation of the viscous blood clot 
within seconds indicates normal vitamin K status. Delayed formation of the clot 
indicates a deficiency. Restoration of a normal clotting time with vitamin K therapy 
is required to prove that the subject had been deficient, that is, that the defect in 
the clotting assay was the result of K deficiency; rather than some other problem. 

Traditionally; vitamin K status has been measured by the prothrombin test, 
mentioned earlier. This method is not sensitive to mild vitamin K deficienc~ as 
values acquired by the prothrombin time test do not change until the concentration 
of prothrombin (in the blood sample) declines by 50% or greater. In one recent 
study; the normal value for the prothrombin time test was 12 seconds (Sokoll et al., 
1997). 

Osteocalcin Assays as a Possible Sensitive Test for Vitamin K Status 

Osteocalcin is a vitamin K-dependent protein of bone, which also occurs, to a small 
extent, in the bloodstream. Plasma osteocalcin occurs at 10-12 rag/liter blood 
plasma. The protein is very small and consists of only 46-50 amino acids (about 
5700 Da), and thus is a very small protein. Several forms of osteocalcin exist, and 
these have either two or three residues of GLA. 

Studies with the protein in plasma of normal human subjects revealed that not 
all of the carboxylatable glutamate residues occur in the carboxylated form (Sokoll 
et al., 1997). About 75% of the potential carboxylation sites are carboxylated with 
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consumption of a typical diet supplying 0.1 mg phylloquinone per day. However, 
this value increases to about 87%, with consumption of a diet supplying a total of 
0.42 mg phylloquinone per day (Sokoll et al., 1997). Although these data do not 
necessarily indicate that we need to eat more vitamin K, the results clearly show 
that a measurement of GLA levels of plasma osteocalcin can serve as a sensitive 
indication of vitamin status. This test is especially attractive, as the protein serves 
as its own control, i.e., one can compare undercarboxylated osteocalcin with total 
osteocalcin. 

BIOTIN 

Biotin is a water-soluble vitamin. It is a cofactor for four ATP-dependent carboxy- 
lases: acetyl-CoA carboxylase, pyruvate carboxylase, propionyl-CoA carboxylase, 
and ~-methylcrotonyl-CoA carboxylase. Biotin occurs covalently bound to the 
enzymes via the terminal amino group of a lysine residue. With the normal and 
continual turnover of these enzymes in the bod~ the biotin is released, but then 
utilized again as a cofactor when the enzymes are re-synthesized. The structure of 
biotin is shown in Figure 9.32. 

The RDA for biotin has not been established. The requirement for biotin has 
been established as 30 to 100 ~tg/day. Biotin is produced by the gut microflora, 
which, it has been estimated, supplies half of our requirement. The rate of trans- 
port of free biotin by the gut cell is higher in the jejunum than in the ileum and is 
very low in the colon. Despite the low level of transport in the colon, it is appar- 
ently sufficient to allow supply by vitamin produced in the gut. The digestion of 
dietary proteins results in the release of the constituent amino acids and of biotin 
in the form of lysyl-biotin. Lysyl-biotin is further cleaved to lysine and biotin by 
biotinidase, an enzyme of the gut mucosa. The enzyme is present in milk and in 
the bloodstream as well. Biotin in human blood plasma occurs at a concentration 
of about 4 nM (Velazquez et al., 1995). Nearly all of the biotin in human milk is free 
and not bound to proteins. Breast milk contains biotin at concentrations of about 
25 nM (Mock et al., 1997a). 

O 
II 
C f N. 
2" NH 

HN~, 3, I I 
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H2 c 5 2 __ __ .~ I HC -- CH 2 CH 2 -- CH 2 --- CH 2 COOH 

FIGURE 9.32 Structure of biotin. Biotin is used as the carrier of carboxyl groups in 
carboxylation reactions. In an ATP-dependent reaction, bicarbonate is transferred to biotin, 
generating carboxy-biotin. The carboxyl group is bound to the 1'-nitrogen. The second half 
of biotin-dependent carboxylation reactions involves transfer of the carboxyl group to the 
substrate. 
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Biotin Def ic iency  

Biotin deficiency in humans is rare. The first indicator of human biotin deficiency 
appears to be a drop in urinary biotin, with a maintenance of plasma levels of the 
vitamin. The deficiency can result from a rare genetic deficiency in biotinidase. The 
disease occurs in about I in 40,000 infants and results in a rash about the eyebrows 
and cheeks and neurological symptoms, such as muscle pain, extreme tiredness, 
and numbness. Biotin deficiency may occur in persons who consume raw eggs (six 
per day) over many months. Egg white contains a protein called avidin, which 
binds to biotin extremely tightl~ though not via a covalent linkage. The physi- 
ological function of the avidin in egg white is not clear. The protein tightly binds 
the biotin released during the digestion of dietary protein and prevents its absorp- 
tion. Avidin is destroyed during cooking. The protein has proven useful in induc- 
ing experimental biotin deficiency in studies in humans and animals. Biotin defi- 
ciency has occurred during prolonged total parenteral nutrition, where biotin had 
been inadvertently omitted from the liquid formula. Persons who are taking 
antibiotics or who have had parts of their intestines surgically removed may be at 
risk for a deficiency. 

Biotin deficiency in animals results in alopecia, a scaly dermatitis, anorexia, and 
eventually death. Some of the biochemical changes occurring in rats consuming a 
biotin-deficient diet containing raw egg white are illustrated in Figure 9.33. The 
animals consumed the diet for up to 30 days. The activities of three biotin-requir- 
ing enzymes were determined in the livers of rats killed at the indicated times. The 
enzymes measured were acetyl-CoA carboxylase (O), propionyl-CoA carboxylase 
(O), and pyruvate carboxylase (A). 

The decrease in propionyl-CoA carboxylase activity during biotin deficiency 
induces the accumulation of propionyl-CoA in tissues. This compound, in elevated 
concentrations, is recognized by fatty acid synthase, resulting in the production of 
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FIGURE 9.33 Biochemical changes occurring in rats consuming a biotin-deficient diet 
containing raw egg white. (Redrawn with permission from Arinze and Mistr36 1971.) 
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small amounts of fatty acids containing an odd number of carbons, that is, 15 or 
17 carbons. 

Studies with pregnant animals have revealed that biotin deficiency tends to 
leave the mothers in a healthy state, while producing birth defects in the fetuses 
(Mock et al., 1997a). 

Assay of Biotin 

Biotin can be precisely measured in the laboratory using microbiological assays, 
where the test organism is Lactobacillus plantarum. The key to utilizing any type of 
microbiological assay is having a growth medium that contains all nutrients 
required by the test organism, but is totally lacking in the nutrient of interest, i.e., 
biotin. Biotin can also be measured by high-pressure liquid chromatography 
(HPLC). The measurement of biotin in biological fluids may be complicated by the 
presence of certain breakdown products of the vitamin, such as bisnorbiotin 
(Berg, 1997; Mock et al., 1997c). Breakdown products tend to interfere with the 
interpretation of results from HPLC, but not with microbiological assays. 

EXERCISE 

Would you expect a biotin deficiency to result in greater impairment of the Cori cycle or in 
fatty acid synthesis, on the basis of the data in Figure 9.33? 

V I T A M I N  B6 

Vitamin B 6 is a water-soluble vitamin. The RDA for adults is 2.0 mg; that for young 
infants is 0.3 mg. The vitamin has several forms: pyridoxine, pyridoxal, pyridox- 
amine, and the phosphorylated versions of these forms (Figure 9.34). Pyridoxine 
is the form used in vitamin supplements. The coenzymatically active forms of the 
vitamin are pyridoxal phosphate (PLP) and pyridoxamine phosphate (PMP). The 
cofactor remains tightly bound to the enzyme before, during, and after catalysis 
of the reaction. PLP is bound more tightly than PMP, as the aldehyde group of PLP 
forms a Schiff base with a lysine residue of the enzyme, lending stability to the 
coenzyme-apoenzyme complex (Figure 9.35). This Schiff base dissociates when 
the cofactor participates in the chemistry of catalysis. The major catabolite and 
urinary metabolite of vitamin B 6 is pyridoxic acid. 

Poultry, fish, liver, and eggs are good sources of the vitamin; meat and milk 
contain lesser amounts. The vitamin in these foods is almost completely available 
to the body. Plants contain a unique form of vitamin B6, in addition to the forms 
found in animals. This form is pyridoxine glucoside (Figure 9.36). About 50 to 75% 
of the vitamin B 6 in plant foods, such as beans, carrots, orange juice, and broccoli, 
occurs in this form, whereas only a very small proportion of the vitamin in grains 
and nuts occurs in this form. Studies with rats have indicated that pyridoxine 
glucoside in the diet may have an availability of less than 50%, though the 
situation with humans is not clean 
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FIGURE 9.34 Forms of vitamin B 6. 
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FIGURE 9.35 Point of attachment of pyridoxal phosphate to a residue of lysine of B6-re- 
quiring enzymes. Pyridoxal phosphate can form a Schiff base with a specific residue of 
lysine that resides near the active site of the enzyme. This Schiff base strengthens the 
binding of the cofactor to the enzyme, but its bond must be reversed to allow Schiff base 
formation with an incoming amino acid substrate. 
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FIGURE 9.36 Pyridoxine glycoside. 

B i o c h e m i s t r y  of V i t a m i n  B6 

PLP is the cofactor for a large number  of enzymes used in the metabolism of amino 
acids and related compounds. Some of these enzymes are listed in Table 9.3. In the 
aminotransferases, the cofactor form shifts between PLP and PMP. In glutamate-  
oxaloacetate aminotransferase, for example, glutamate reacts with the enzyme- 
bound cofactor and is converted to 0~-ketoglutarate. Its amino group remains 
bound to the cofactor, which is changed to the pyridoxamine phosphate form: 

glutamate + enzyme-PLP ~ o~-ketoglutarate + enzyme-PMP (9.1) 

Oxaloacetate then reacts with the cofactor in the PMP form and is converted to 
aspartic acid, leaving the cofactor in the original PLP form: 

oxaloacetate + enzyme-PMP ~ aspartic acid + enzyme-PLP (9.2) 



TABLE 9.3 Vitamin B6-Requiring Enzymes 
. . . . . . . . . .  

Enzyme Function 
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Glutamate-pyruvate aminotransferase 
Glutamate-oxaloacetate aminotransferase 
BCAA aminotransferase 
Serine dehydratase 
Serine hydroxymethyltransferase 

Glycine cleavage system 
DOPA decarboxylase 

Histidine decarboxylase 
Glutamate decarboxylase 

Cystathionine synthase 

Cystathionase 

Cysteine sulfinate aminotransferase 
Cysteine sulfinate decarboxylase 
Aminolevulinic acid (AL) synthetase 

Ketosphinganine (KS) synthetase 

Phosphatidylserine decarboxylase 
Glycogen phosphorylase 

Interconversion of alanine and pyruvate 
Interconversion of aspartate and oxaloacetate 
BCAA catabolism 
Serine catabolism 
Production of one-carbon units for use in folate- 

mediated metabolism 
Glycine catabolism in the mitochondria 
Conversion of DOPA to dopamine, in the pathway 

of catecholamine synthesis 
Production of histamine, an endocrine hormone 
Conversion of glutamic acid to ~,-aminobutyric acid 

(GABA), a neurotransmitter 
Biosynthesis of cystathionine from homocysteine 

and serine 
Breakdown of cystathionine to c~-ketobutyrate and 

cysteine 
Sulfate production 
Taurine synthesis 
Heine synthesis; succinyl-CoA + glycine ~ AL 

+ CO2 
Sphingosine synthesis; palmitoyl-CoA + serine 

KS + C O  2 

Synthesis of phosphatidylethanolamine 
Mobilization of glucose units from glycogen 

, 

A detailed version of the mechanism appears in Figure 9.37. 
Step 1 (Figure 9.37) shows the condensation of glutamate with the cofactor, at 

the active site of the enzyme, to form a Schiff base. In step 2, the proton at the 
0c-carbon of the amino acid is labilized, resulting in the formation of a negative 
charge at the (z-carbon (a carbanion). Carbanions generally are not stable and not 
easy to attain; however, the carbanion formed in B6-requiring reactions is stabi- 
lized by the resonance shown in Step 3. Here, the negative charge (the electron) 
travels down to the aromatic nitrogen (of the vitamin) and back. In Step 4, the 
negative charge travels to the aldehyde carbon of the vitamin, where it accepts a 
proton. A water molecule attacks in Step 5, resulting in the release of oc-ketoglu- 
tarate. The chemistry of catalysis of Steps 6 to 10 represents reversal of the previous 
steps, with the eventual production of aspartate and regeneration of PLP. The 
general chemistry of catalysis of B6-requiring enzymes other than transaminases, 
such as decarboxylases, begins as in Step 1 (Figure 9.37). The mechanisms of 
catalysis for these other enzymes also involve a carbanion intermediate, which is 
stabilized by a resonance mechanism similar to that described earlier. One way of 
summarizing the difference in catalytic mechanisms of the various B6-requiring 
enzymes is that in some the proton on the c~-carbon is discharged, in others the 
carboxyl group is discharged, and in still others some component of the side group 
of the amino acid is discharged. 
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FIGURE 9.37 Detailed mechanism of aminotransferase reaction. All of the steps are reversible. 
Double arrows are shown only at Steps 3 and 8 to emphasize the importance of the resonance 
that stabilizes the carbanion, that is, allows a negative charge to develop on the (x-carbon of the 
substrate. 

PLP is also the cofactor of glycogen phosphorylase, an enzyme featured promi- 
nently in Chapter 4. The PLP functions in a rather unorthodox manner in this 
enzyme. The catalytically active part of the cofactor is the phosphate group, rather 
than the aldehyde group and aromatic ring, as in all of the enzymes listed in Table 
9.3. The phosphate group of PLP participates in the transfer of inorganic phos- 
phate to the glucose units of glycogen, resulting in the release of glucose 1-phos- 
phate. Muscle contains most of the body's  glycogen and thus most of its glycogen 
phosphorylase. Most of the vitamin B 6 in muscle occurs bound to this enzyme. 

Vitamin B 6 is released from enzymes in the stomach and gut by the action of 
proteolytic enzymes. The phosphate groups of PLP and PMP are hydrolyzed by 
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FIGURE 9.38 Transport and metabolism of vitamin B 6. 

phosphatases during the process of absorption. The nonphosphorylated versions 
of the vitamin are transported in the bloodstream to the various tissues, where 
they are converted to PLP, as shown in Figure 9.38. The hydroxyl group of PNP is 
oxidized to an aldehyde group, generating PLP. Some of the PLP in the liver may 
reenter the bloodstream, where it occurs largely bound to serum albumin. About 
half of the plasma vitamin is in the form of PLP. The vitamin may also be oxidized 
in various tissues to pyridoxic acid, an event that represents the degradation of the 
vitamin. Pyridoxic acid is excreted in the urine. 

Vitamin B6 Deficiency 

The population thought to be most at risk for B 6 deficiency comprises chronic 
alcoholics. The deficiency arises from a low intake of the vitamin as well as from 
alcohol-induced impairments in the metabolism of the vitamin. An alcoholic 
deriving 80% of his or her energy requirement from whiskey might be expected to 
be consuming only 20% of the RDA for vitamin B 6, as well as for other nutrients 
such as protein, folate, and thiamin. The symptoms of B 6 deficiency are not specific 
for this nutrient. They include depression, confusion, and sometimes convulsions. 

During the 1950s, some infants fed canned formulas suffered from convulsions. 
This effect was traced to the very low levels of B 6 in the formulas. Infants receiving 
under 0.1 mg of B 6 per day are at risk for developing seizures. It is believed that 
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this neurological problem arises from impairment of the activity of the PLP-requir- 
ing enzyme glutamate carboxylase. This enzyme catalyzes the synthesis of the 
neurotransmitter ),-aminobutyric acid (GABA): 

CO2 

HOOCCH2CH2CHCOOH - ~  I (PLP) ~- HOOCCH2CH2iHC 
NH 2 NH2 

(glutamic acid) (GABA) 

(9.3) 

A related issue or concern is that lactating mothers who eat B 6 deficient diets may 
produce milk with inadequate levels of the vitamin (Kang-Yoon et al., 1995). Also 
relevant is the fact that premature infants may have an immature digestive tract, 
and may be fed intravenously. There is some thought that premature infants 
should be given pyridoxal (PL) rather than pyridoxamine (PN) as the source of the 
vitamin, since there is some evidence that premature infants have low levels of 
PNP oxidase (Raiten et al., 1991). 

Nutritional scientists are attuned to the concept that some nutrients occur in the 
body as a "storage form," that can be mobilized during times of need. This concept 
applies to energy stores, vitamin A, calcium, and protein (muscle protein is readily 
mobilized), but probably not to vitamin B 6. Most of the body's vitamin B 6 (70-80%) 
occurs in muscle, where much of it resides as a cofactor in glycogen phosphory- 
lase. Evidence suggests that during dietary vitamin B 6 deficiency the vitamin is 
not selectively released from this enzyme and used by more vital B6-requiring 
enzymes in the body (Cobum et al., 1991). 

EXERCISE 
A rare form of epilepsy may be treated with injections of pyridoxine (100 mg). These 
injections may prevent seizures while the anticonvulsant dilantin may prove ineffective. 
Guess the biochemical defect resulting in the disease. (See Bankier et al., 1983.) 

Assessment  of Vitamin B6 Status 

Several tests are available for assessing vitamin B 6 status: measurement of plasma 
levels of PLP, measurement of the percentage stimulation of red blood cell gluta- 
mate-oxaloacetate aminotransferase, measurement of the daily excretion of uri- 
nary pyridoxic acid, and the tryptophan load test. 

Measuring PLP in Biological Samples 

Plasma PLP levels have been used frequently as an indicator of vitamin status. 
Vitamin B 6 compounds can be separated from each other and measured individu- 
ally by high-pressure liquid chromatography (HPLC), where, after separation, the 
vitamins are detected by fluorescence (Tsuge, 1997). Great care needs to be taken 
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in the use of HPLC with fluorescent detection, since blood and many foods contain 
a variety fluorescent substances that migrate, on HPLC, at the same rate as vitamin 
B 6 compounds. An alternative method of detection, which totally avoids interfer- 
ence with fluorescent measurement, is to effect separation by HPLC, and perform 
measurements via microbiological assays. 

The apoenzyme stimulation test is a popular method for measuring vitamin B 6. 
The concentration of PLP in plasma, as well as in other biological sources, can be 
determined using apotyrosine decarboxylase. Apotyrosine decarboxylase is tyro- 
sine decarboxylase lacking its PLP cofactor. The test involves three components: 
the apoenzyme form of the enzyme, a sample containing PLP, and the substrate of 
the enzyme, tyrosine. The goal of the test is to measure the extent of reconstitution 
of the holoenzyme that can be accomplished using the biological sample contain- 
ing the PLP. Addition of PLP to the apoenzyme results in reconstitution of an 
amount of holoenzyme proportional to the amount of PLP added. Hence, the 
amount of PLP present in the sample is reflected by the gain in enzyme activity. 
The amount of holoenzyme formed is determined by means of a 10-minute incu- 
bation with tyrosine, followed by a chemical assay of the tyramine formed. The 
holoenzyme catalyzes the reaction: 

C02 

R-OH--OOOH ......... ~'~ (PLP) 

(tyrosine) 

R-CH 2 
I (9.4) 

NH 2 

(tyramine) 

The maximal amount of activity possible is determined after adding pure PLP in 
a separate incubation with the apoenzyme. 

Measuring Aminotransferase Activity in Biological Samples 

The glutamate-oxaloacetate aminotransferase stimulation test involves the recon- 
stitution of PLP with the apoenzyme. The enzyme activity in broken red blood 
cells is measured with and without PLP added. Addition of PLP would be ex- 
pected to result in little or no stimulation of enzyme activity if the subject had been 
consuming a B6-adequate diet, whereas an increase in enzyme activity with the 
addition of pure PLP to the enzyme assay mixtures would indicate that the subject 
had been consuming a B6-deficient diet. Consumption of a B6-deficient diet allows 
continued synthesis of the apoenzyme in the cell, but not conversion of the 
apoenzyme to the holoenzyme. A marked increase occurring with the addition of 
PLP could indicate that the subject had been consuming a B6-deficient diet or that 
absorption of dietary vitamin B 6 was impaired or defective in some way. 

Example of Use of Apoenzyme Stimulation Test 

The following study illustrates the use of the apoenzyme stimulation test. Human 
subjects were involved. The study was used to help determine the daily require- 
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FIGURE 9.39 Results of an apoenzyme stimulation test. (Reprinted with permission from 
Linkswiler, 1967.) 

ment for vitamin B 6. The subject consumed a B6-sufficient diet (4 mg/day)  for the 
first 10 days, followed by a vitamin B6-free diet for 15 days, as indicated by the 
black bar in Figure 9.39. Finally; a diet supplying 5 mg of vitamin per day was 
consumed. Blood samples were taken at the indicated times and used for the assay 
of basal aminotransaminase activity (no added PLP) (@) and for determining the 
percentage stimulation over basal activity occurring after addition of PLP to the 
enzyme assay mixtures (O). 

The basal activity of aminotransferase fell by 50% during consumption of the 
B6-deficient diet. The stimulation occurring with addition of PLP to the enzyme 
incubation mixtures rose in this period from 200% (twofold stimulation) to 400% 
(fourfold). The basal activity of the aminotransferase, and probably of all enzymes 
of the body; varies from subject to subject. It may even vary with repeated enzyme 
assays using the same sample of red blood cells. Thus, the basal activity is not used 
to assess vitamin B 6 status. The percentage stimulation is relatively constant in 
normal subjects and is thus a more useful indicator of B 6 status. It should be noted 
that the storage of red blood cells can lead to gradual release of the cofactor from the 
enzyme; thus, an artefactual diagnosis of B 6 deficiency is possible. 

Pyridoxic Acid Excretion Test 

Most of the vitamin in the body is eventually degraded to pyridoxic acid (PX) and 
excreted in the urine. Vitamin B6 deficiency can result in a decrease in the amount 
of PX excreted, as illustrated by the data in Table 9.4. Human subjects who had 
consumed a B6-sufficient diet were fed a B6-deficient diet for 45 days. Theresults 



TABLE 9.4 Vitamin B6 Metabolite and Urine with B6 Deficiency 

Days on Urinary 
B6-deficient pyridoxic acid 

diet (rag/day) 
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0 1.0 
5 0.20 

10 0.14 
15 0.10 
20 0.10 
25 0.05 
45 0.05 

Source: Linkswiler (1967). 

demonstrate an initial rapid fall in urinary PX followed by more gradual declines 
in PX production. 

Tryptophan Load Test 

The tryptophan catabolic pathway; in simplified form, is shown in Figure 9.40. The 
PLP-dependent enzymes in this multibranched pathway are indicated. The tryp- 
tophan load test involves the consumption of a challenge dose of the amino acid 
(2-5 g) and the measurement of tryptophan catabolites in the urine for I day. The 
levels of excreted kynurenine, kynurenic acid, 3-OH-kynurenine, and xanthurenic 
acid may change little with the challenge dose in persons with normal vitamin B 6 
status; however, the dose can induce dramatic increases in the excretion of these 
compounds under B6-deficient conditions. The increases found during an experi- 
mentally induced deficiency involving human subjects are recorded in Figure 9.40. 

EXERCISE 
If the production of xanthurenic acid requires a B6-dependent enzyme, then why may the 
urinary levels of this compound increase with B6 deficiency? 

At one time it was thought that women taking oral contraceptives were at risk 
for B 6 deficiency. This notion seems to have been in error. The error was due to a 
misinterpretation of the tryptophan load test. As mentioned earlier, a deficiency in 
vitamin B 6 can induce the accumulation of specific intermediates of the tryptophan 
catabolic pathway and enhanced excretion in the urine. Oral contraceptives can 
also induce an increase in the formation and excretion of specific intermediates by 
stimulating the activity of specific enzymes of the tryptophan catabolic pathway. 
This stimulation was responsible for the false indications of B 6 deficiency. Inde- 
pendently of the tryptophan load test, there continues to be some evidence for risk 
associated with the use of oral contraceptives. Oral contraceptive use may result 
in lowered levels of plasma vitamin B 6. These lowered levels may result in a 
vitamin B 6 deficiency when coupled with pregnancy and lactation. 
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FIGURE 9.40 Simplified pathway of tryptophan breakdown. Several B6-requiring en- 
zymes are used in the catabolism of tryptophan. The enzyme most sensitive to a dietary 
deficiency in vitamin B 6 is indicated by the section symbol (w The deficiency thus induces 
the accumulation of catabolites appearing prior to the step catalyzed by this enzyme. Oral 
contraceptives can induce, or increase the activity of, tryptophan oxygenase. This enzyme 
catalyzes the first step in the breakdown of the amino acid (~I). The induced levels of the 
enzyme result in an enhanced production of tryptophan catabolites following a loading 
dose (challenge dose) of the amino acid. This enhanced production may lead to a false 
diagnosis of B 6 deficiency. 

Toxicity of Vitamin B6 

Vitamin B 6 is toxic at doses that are 1000 times the RDA. Daily doses of 2 to 5 grams 
of pyridoxine can produce difficulty in walking, and tingling sensations in the legs 
and soles of the feet. Continued consumption of the toxic doses results in further 
unsteadiness of walking, difficulty in handling small objects, and numbness and 
clumsiness of the hands. Where vitamin B 6 supplementation is stopped, recovery 
begins after 2 months. Complete recovery may occur after 2 to 3 years of discon- 
tinuing consumption of the vitamin B6 supplements (Schaumburg et al., 1983). 

Moderate and Severe Increases in Plasma Homocysteine 

Homocystinuria and Severe Increases in Plasma Homocysteine 

Homocystinuria is a genetic disease that usually results from defects in the gene 
coding for cystathionine ~-synthase, and the consequent lack of activity of this 
enzyme. Typically, the resulting levels of enzyme activity are from 0 to 5% the 
normal value. The disease was named because of the increased levels of homocys- 
teine in the urine that arise because the plasma levels of this amino acid increase 
to over 100 WV/. Actuall~ urinary homocysteine occurs as the disulfide-linked 
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dimer, composed of two homocysteine groups (homocystine). Normal levels of 
plasma homocysteine are about 10 ~ ' / o r  less. Cystathionine ~-synthase deficiency 
occurs in 1 in 200,000 newborns and is therefore a rare genetic disease. Plasma 
homocysteine levels of 100 ~ , I  or greater, along with detectable urinary homocys- 
tine, occur only when both of the genes are mutated. Recall that all of the num- 
bered chromosomes occur in pairs, where one of the chromosomes (in the pair) 
was acquired from the mother (egg) and the other from the father (sperm). 

The clinical outcome of homocystinuria is dislocation of the lens of the eye, 
osteoporosis (brittle spine), mental retardation, and a tendency for spontaneous 
blood clots that can lead to heart attacks and death. From 20 to 30% of the patients 
with the disease respond to vitamin B 6. Vitamin B6 supplementation, if started 
early enough, is thought to prevent an expected decline in the intelligence quotient 
(IQ) by about 20 points. Dislocation of the lens generally occurs between the ages 
of 2 and 20. Spontaneous blood clots tend to begin at about the age of 8, where 
vitamin B 6 treatment can delay this problem until the age of 16 years (Mudd et al., 
1985; Rosenburg, 1991). The vitamin B 6 supplements are thought to work by 
provoking an increase in the synthesis of pyridoxal phosphate in the cell, with a 
consequent increase in the binding of the coenzymatic form of the vitamin to the 
defective cystathionine ~-synthase. This increased binding results in an increased 
proportion of the enzyme in the holoenzyme form. 

A proof for the apparent role of homocysteine in increasing cardiovascular 
disease awaits elucidation of the mechanisms involved. Cardiovascular disease 
consists of two parts: (1) the formation of atherosclerotic lesions, with the narrow- 
ing of blood vessels; and (2) spontaneous blood clots. In reading through the 
medical literature, one might keep in mind that stenosis refers to the narrowing 
of blood vessels caused by atherosclerotic plaques, and that thrombus and throm- 
bosis refer to the clots, and to the process of clot formation. Homocysteine seems 
to provoke both atherosclerosis and clot formation, by mechanisms that are inde- 
pendent of each other. It has been shown that homocysteine has the ability to bind 
certain proteins (Smolin and Benevenga, 1984; Svardal et al., 1996). The exact 
identities of these targets are currently being studied. 

Moderate Increases in Plasma Homocysteine 

Moderate increases in plasma homocysteine are frequent in the population, and 
these increases are not associated with mental retardation or lens delocation. 
Cardiovascular disease is associated with these moderate increases, but the disease 
occurs later in life, and not in childhood, as with homocystinuria. The moderate 
increases in plasma homocysteine have been traced to defects in two enzymes, 
cystathionine ~-synthase and 5,10-methylene-H4folate reductase. About 1 in 200 
persons in the general population are heterozygous for cystathionine ~-synthase, 
and experience mild or moderate increases in plasma homocysteine. The term 
heterozygous means that only one of the two genes (in every cell) coding for the 
enzyme is defective, while the other is normal. A genetic defect in 5,10-methylene- 
H4folate reductase is more common, and accounts for most cases of moderately 
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elevated levels of homocysteine (Boushey et al., 1995; Molloy et al., 1997). This 
particular mutation occurs in 5-15% of the population. 

The striking connection between premature cardiovascular disease and high 
levels of homocysteine, in homocysteinuria, prompted a look at possible relation- 
ships between cardiovascular disease and moderate levels of homocysteine. This 
close look has included genetic analysis, the biochemical analysis of plasma meta- 
bolite levels, and epidemiological studies. Clearly; exploration by researchers into 
the effects of moderate elevations of homocysteine has been a multidisciplinary 
effort. The studies have taken these forms: 

1. Studies of plasma homocysteine and the thickness of atherosclerotic lesions 
or of the diameter of the coronary artery or the carotid artery. 

2. Studies of plasma homocysteine and the rate of spontaneous blood clot 
formation. 

3. Studies of plasma homocysteine (in living patients with severe cardiovas- 
cular disease) and the number of subsequent years between medical exami- 
nation and death. 

4. Studies of plasma homocysteine and supplements with vitamins that are 
relevant to enzymes of the pathway of homocysteine breakdown. These 
enzymes are cystathionine [3-synthase (vitamin B6), methionine synthase 
(vitamin B12), and 5,10-methylene-H4folate reductase (folic acid). The asso- 
ciated vitamins are listed. 

5. Surveys designed to test the possible connection between a history of eating 
foods rich (or poor) in folate, rich (or poor) in vitamin B6, and the eventual 
diagnosis of cardiovascular disease. 

These studies are detailed in what follows. Although the severe increases in 
plasma homocysteine that occur with homozygous cystathionine ~-synthase defi- 
ciency can be clearly treated with vitamin B 6, the moderate increases of homocys- 
teine (which are widespread in the population and do not lead to mental retarda- 
tion) can be treated best with folate. 

A study of 1401 subjects involved measuring plasma homocysteine and meas- 
uring the lesions in the carotid artery; one of the arteries in the body that tends to 
acquire atherosclerotic lesions. The thickness of the lesions were measured by 
ultrasonography. Plasma folate, vitamin B6, and vitamin B12 were also measured. 
A correlation was found between narrowing of the artery and homocysteine levels 
at above 15 ~M homocysteine. A correlation with narrowing of the artery was also 
found with folate levels below 2.5 ng/ml,  and with vitamin B 6 levels below 30 nM 
(Selhub et al., 1995). A study of 231 normal subjects and 304 patients with 
atherosclerosis (coronary artery under 30% normal diameter) revealed a striking 
correlation between plasma homocysteine of 12 ~tM, or greater, and atherosclerosis 
(Robinson et al., 1995). These studies help define an upper limit of acceptable 
plasma homocysteine levels. 

Spontaneous blood clot formation was dramatically correlated with plasma 
homocysteine levels of over 22 ~tM, as revealed by a study of 269 normal subjects 
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and 269 patients with episodes of spontaneous clots (Heijer et al., 1996). The 
spontaneous clots were detected by ultrasonography, and other techniques. This 
study helps define the upper limit of acceptable homocysteine. 

A study of 587 patients with atherosclerosis, and with a diameter of the coro- 
nary artery that was half the normal value, monitored the time from initial diag- 
nosis until death. The disease revealed that premature death was correlated with 
increased homocysteine, where the correlation was especially strong with plasma 
homocysteine levels of over 15 lxM (Nygard et al., 1997). Again, this study helps 
define acceptable and undesirable plasma homocysteine concentrations. 

An epidemiological study supports the connection between low intakes of 
folate and of vitamin B 6 with cardiovascular disease. The study involved 80,082 
women who were followed for 14 years. Vitamin intake was estimated by ques- 
tionnaires, while the eventual acquisition of disease was determined by physicians 
who reviewed medical records. Although no biochemical tests were performed, it 
should be noted that this and other epidemiological studies acquire their power 
by their large number of subjects, as well as by small pilot studies that validate the 
accuracy of the questionnaires (Rimm et al., 1998). 

A study of 285 human subjects revealed that treatment with three vitamins 
together (folate, vitamin B6, and vitamin B12 ) can provoke a decline of plasma 
homocysteine from an initial level of about 12 ~ to the lower level of 8 
(Naurath et al., 1995). A study of 100 men with moderate levels of plasma homo- 
cysteine (18--40 ~tM) involved separate supplements of placebo, folic acid, vitamin 
B12, or vitamin B 6. Folic acid alone resulted in a 40% decline in plasma homocys- 
teine. Vitamin B12 alone provoked a 15% decrease in the amino acid, while vitamin 
B 6 alone produced no consistent change (Ubbink et al., 1994). 

Other studies have involved measuring plasma homocysteine levels after a 
challenge dose of methionine. It was found that vitamin B 6 can reduce plasma 
homocysteine, where testing involved the methionine dose. It was found that 
vitamin B 6 tends not to influence the amino acid with fasting human subjects who 
did not receive any methionine dose (Boushey et al., 1995). The methionine chal- 
lenge test involves an oral dose of 100 mg methionine/kg body weight, with blood 
samples taken at intervals over the course of 8 hours. Measurements of plasma 
homocysteine, with the methionine dose, may be a more sensitive test for metabo- 
lic defects than measurements of plasma homocysteine in the fasting subject 
(Mudd, 1985; Clarke et al., 1991). 

Vitamin B12 deficiency is a clearly defined condition that tends to be somewhat 
common in the older population, due to gastric atrophy and pernicious anemia. 
Moderate increases in plasma homocysteine can occur with B12 deficienc~ and 
these levels can be cut in half by supplements of this vitamin (Brattstrom et al., 
1988; Sumner et al., 1996). Researchers interested in the mechanisms by which 
plasma homocysteine can influence metabolism need to consider the possible 
effects of other sulfhydryl compounds (RmSH) that occur in plasma. These sulf- 
hydryl compounds include cysteine (10-100 ~tM) (Hiramatsu et al., 1994; Fuka- 
gawa, 1996), glutathione (2 ~M in humans; 20 ~tM in rats) (Halliwell and Gut- 
teridge, 1990), and the free sulfhydryl in albumin (640 ~/i) (DeMaster et al., 1995). 
The micromolar levels of cysteine, glutathione, and the albumin in plasma are 
indicated. 
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Summary 

Vitamin B 6 has a clear benefit in lessening the severity of homocystinuria, a rare 
disease that usually results from a defect in an enzyme used for degrading homo- 
cysteine. Moderate increases in plasma homocysteine can arise frequently in the 
general population due to a variety of mild enzymatic defects. Folic acid supple- 
ments can provoke a decline in this homocysteine to lower levels, and evidence 
suggests that a reduction in cardiovascular disease may also result. Vitamin B 6 
tends to have a lesser influence, if an)6 on plasma homocysteine in the general 
population. The grain and flour supply in the United States is currently supple- 
mented with folic acid, as mentioned earlier, because of its effect on reducing the 
risk of neural tube defects. The reduction in plasma homocysteine was a contrib- 
uting reason for implementing this policy. 

V I T A M I N  A 

Vitamin A is a fat-soluble vitamin. The RDA for vitamin A is 1.0 mg of retinol, or 
its equivalent. The international unit (IU) is used to compare the biological activi- 
ties of various sources of vitamin A. One IU of vitamin A activity can be supplied 
by 0.3 ~tg of all-trans-retinol, 0.344 ~tg of all-trans-retinyl acetate, or 0.60 ~tg of 
all-trans-r3-carotene. 

The vitamin A in foods of animal origin, such as eggs, milk, butter, and liver, 
occurs largely in the form of retinyl esters. A retinyl ester is a molecule of retinol 
esterified with a molecule of a fatty acid, such as palmitic acid. The fatty acid is 
bound to the hydroxyl group of retinol. Plants do not contain vitamin A; however, 
some plants are rich sources of previtamin A. Previtamin A takes the form of a 
family of compounds called the carotenoids. More than 500 carotenoids occur in 
nature, though only about 50 of them can be used as precursors of vitamin A. The 
most important of these is all-trans-~3-carotene. The prefix all-trans indicates that 
all of the double bonds are in the trans conformation rather than the cis conforma- 
tion. Vegetables that are dark green, orange, and yellow are rich sources of the 
carotenoids. Other forms of previtamin A are cryptoxanthine and (x-carotene. 
Some carotenoids cannot be converted to vitamin A by mammals. These include 
lutein, lycopene, and canthaxanthine. Foods that are rich in vitamin A are milk, 
cheese, butter, eggs, liver, and such fish as herring, sardines, and tuna. The richest 
sources of vitamin A are the liver oils of shark, halibut, and polar bear. Excess 
consumption of polar bear liver by arctic explorers has produced vitamin A 
toxicity (Seawright et al., 1965). Rich sources of previtamin A are spinach, carrots, 
papaya, oranges, sweet potatoes, and cantaloupes. Poor sources of vitamin A and 
previtamin A are vegetable oils, white lard, white corn, cereals, beef, and legumes. 

Why Do Plants Make Carotenoids ? 

A great variety of carotenoid compounds occur in photosynthetic bacteria and 
algae, whereas plants contain only a few carotenoids, i.e., ~-carotene (Figure 9.41), 
lutein, lycopene, violaxanhin, antheraxanthin, and zeaxanthin. Tomatoes, for ex- 
ample, are unique among plants in that they contain low levels of ~l-carotene but 
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FIGURE 9.41 Conversion of ~-carotene to retinol. 

high levels of lycopene. It is curious to note that the edible parts of some plants 
(beets, cauliflower, celery) are totally lacking in carotenoids (Micozzi et al., 1990). 
The carotenoids in plants, algae, and photosynthetic bacteria occur bound to 
special proteins that are used for collecting light, for transferring energ~ and for 
protecting plants from excess sunlight. These proteins are associated with protein 
complexes called photosystem I and photosystem If. The proportions of the 
various carotenoids can change dramatically when a plant is grown in the sun or 
in deep shade (Demmig-Adams et at., 1996). 

Relative Biological Activities of Forms of Vitamin A for Humans 

The biological activities of vitamin A and previtamin A are not equivalent on a 
per-weight basis. In humans, 6.0 mg of ~-carotene is equivalent to 1.0 mg of retinol. 
Twelve milligrams of the other carotenoids is equivalent to 1.0 mg of retinol. The 
relatively low biological activity of the carotenoids is due to the inefficiency in their 
conversion to retinol and their lower availability when present in foods. When ~-caro- 
tene is provided in pure form (dissolved in some oil and swallowed) its value is 
still less than that of vitamin A. Here, 2.0 mg of ~-carotene is equivalent to 1.0 mg 
of retinol. 

Most of the conversion of [3-carotene to yield vitamin A occurs in the enterocyte. 
The conversion can involve a cleavage at the center of the molecule, as indicated 
in Figure 9.41, producing two identical molecules of retinal. However, some of the 
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cleavage can also occur asymmetrically (not at the exact center), resulting in a 
version of retinal (8'-apocarotenal) bearing an extra long isoprenoid chain plus a 
useless byproduct. The apocarotenal is then enzymatically trimmed to produce a 
single molecule of retinal (Furr and Clark, 1997; Nagao et al., 1996; Duszka et al., 
1996). 

The cleavage of ~-carotene to form retinal, followed by the reduction of retinal 
to retinol, is shown in Figure 9.41. The retinol is converted to the retinyl ester, 
packaged in chylomicrons, and exported in the lymphatic system. 

Absorption and Storage of Vitamin A 

Retinyl esters, as well as the carotenoids not converted to vitamin A in the gut, first 
appear in the chylomicrons. Following conversion to the chylomicron remnants, 
the material is taken up by the liven The 13-carotene tends to be exported to other 
tissues, where it accumulates mainly in fat deposits. 13-Carotene and other carote- 
noids lend an orange-yellow color to the fat. Animals that do not readily absorb 
carotenoids, such as rodents, rabbits, and pigs, are known as "white fat" animals. 
What happens to the retinyl esters? The retinyl esters are released and rapidly 
hydrolyzed to retinol. The retinol binds to a protein, retinol-binding protein (RBP), 
and is transported to the stellate cells. Stellate cells occur in the liver, in the space 
between the capillaries and the hepatocytes. This space is called the space of Disse. 
Stellate cells are also called Ito cells. They store fat. The vitamin A delivered to the 
stellate cells is converted back to retinyl esters for storage. Fat droplets in these 
cells may contain about 40% retinyl esters, 13% cholesterol, 28% triglycerides, and 
4% phospholipids. The following studies illustrate the role of the liver, and of 
stellate cells in particular, in storing vitamin A. The studies involved rats. 

Rats were fed a control diet (2.4 mg retinol/kg diet) or a deficient diet (0.6 mg 
retinol/kg diet). Following the feeding trial, the stellate cells of the liver were 
analyzed for their content of vitamin A and other components, as shown in Table 
9.5. The results demonstrate that the low-vitamin A diet resulted in a decrease in 
vitamin A content with little effect on the contents of the other lipids. 

Figure 9.42 illustrates a series of events that may occur over the course of 
prolonged deficiency. The study involved measurement of the vitamin A content 

TABLE 9.5 Vitamin A Stellate Cells 

pg / 10 6 Cells 

Control d ie t  Deficient diet 

Vitamin A 33 6.6 
Triglycerides 28 25 
Cholesterol esters 17 15 
Cholesterol 15 15 

, 

Source: Moriwaki et al. (1988). 
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FIGURE 9.42 A series of events that may occur over the course of a prolonged vitamin A 
deficiency. (Redrawn with permission from Diplock, 1985.) 

of the liver (@), the vitamin A concentration in the blood ( ~ ) ,  and the content of 
rhodopsin in the eye (O). Rhodopsin is a vitamin A-containing protein of the eye. 
It is required for mediating vision in dim light. Note that the defect most closely 
associated with a mild to moderate deficiency in vitamin A is nightblindness. Rats 
were fed a deficient diet for 8 weeks, and the aforementioned parameters were 
measured at the indicated intervals. The results demonstrate that blood levels of 
vitamin A and rhodopsin levels were normal until the 4th week. After 4 weeks, 
there occurred a drastic decrease in plasma vitamin levels and a more gradual drop 
in rhodopsin levels. These results indicate that the initial maintenance of plasma 
vitamin A and rhodopsin was due to mobilization of the vitamin stored in the liven 
One definition of a "storage form" of a nutrient implies that it can be selectively 
mobilized and used in the presence of a dietary deficiency of the nutrient. 

Biochemistry of Vitamin A 

Retinol-Binding Protein 

Vitamin A is stored in the stellate cells of the liver in the form of retinyl esters. With 
mobilization of the vitamin, the retinyl ester is converted to retinol and released 
into the bloodstream as a complex with RBP. The complex contains one molecule 
of retinol and one molecule of protein. RBP is not released into the circulation 
unless it contains a molecule of retinol. Various cells of the body contain RBP 
receptors. The RBP receptor is a membrane-bound protein. It is required for the 
uptake of the vitamin. Apparently; RBP does not enter the cell when it discharges 
retinol. The following experiment, which involved the epithelial cells of bovine 
eyes, illustrates the role of RBP. Vitamin A is very important for the health of many 
epithelial cells, including those of the eyes. The cells were maintained in culture 
in a petri dish. Retinol was added to the cells in the form of a retinol-RBP complex 
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FIGURE 9.43 Uptake of retinol over time. (Redrawn with permission from Chen and 
HeUer, 1977.) 

(@) or a retinol-albumin complex (O). Uptake of the vitamin was measured over 
time (Figure 9.43). The assessment of uptake was made possible through the use 
of radioactively labeled vitamin, [3H]retinol. The "3H" represents tritium, a radio- 
active isotope of hydrogen. The results in Figure 9.43 demonstrate that uptake 
occurred at a rapid rate where the retinol-RBP complex was used, whereas little 
or no uptake occurred with the use of albumin. 

Functions and Forms of Vitamin A 

Generally; vitamin A serves three classes of functions: (1) support of the differen- 
tiation of epithelial cells, (2) support of the viability of the reproductive system 
(fetal growth and vitality of the testes), and (3) utilization in the visual cycle. 
Dietary ret inoic  acid can support only the first function. Animals raised on diets 
containing retinoic acid as the only source of vitamin lose their ability to see in dim 
light and become sterile. In males, sperm production ceases. In females, fetuses are 
resorbed. Retinoic acid cannot be stored in the liver, as it lacks the hydroxyl group 
needed for attachment of the fatty acid. Retinyl esters, retinol, and retinal are 
interconvertible. Retinal can be oxidized to form refinoic acid. All three functions 
of vitamin A can be supported by dietary retinyl esters, retinol, or retinal. Although 
these forms can be converted to retinoic acid, retinoic acid apparently cannot be 
reduced to form retinal. These relationships are summarized in Figure 9.44. 

Retinyl ester ~ Retinol ~ Retinal ~ Retinoic acid 

L J C J 
Feeding these forms of the vitamin can 
maintain the proper differentiation of 

the epithelial cells, support the 
reproductive system, and prevent 

nightblindness. 

Feeding this form of 
vitamin A can only 
maintain the proper 
differentiation of the 

epithelial cells. 

FIGURE 9.44 Nutritional differences of various forms of vitamin A. 
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Vitamin A and Cell Dif ferentiation 

Cells of the epithelial linings of the body originate from basal cells. Normally; a 
portion of the basal cells differentiate into mucus-secreting cells, and another 
portion differentiate into keratinizing cells. Surfaces of the body containing mainly 
mucus-secreting cells are soft and moist. The goblet cell is a mucus-secreting cell 
(Figure 9.45). Surfaces containing keratinizing cells are hard and scaly. In the 
absence of vitamin A, the basal cell tends to differentiate into keratinizing cells, 
forming a "squamous" scalelike epithelium. In the presence of the vitamin, the 
basal cells tend to differentiate into cuboidal, columnar, and goblet cells. 

Vitamin A deficiency affects the differentiation of the epithelial cells in the 
following ways. The cells in the respiratory tract change into keratinizing cells. 
This reduces the resistance of the surface to infections. Pneumonia and death may 
result from the deficiency-induced changes in the respiratory tract. The epithelial 
cells of the eye may deteriorate. Scars occur in the cornea. The conjunctiva becomes 
pigmented and stiffened. The conjunctiva is the mucus-secreting transparent cov- 
ering over the front surface of the eye. The epithelial cells of the olfactory gland 
may become keratinized, resulting in a loss in the sense of smell. The number of 
goblet cells in the intestines may decrease, reducing the ability of the tract to resist 
pathogenic organisms. A healthy intestinal mucosa has no keratinizing cells, and 
hence vitamin A deficiency does not induce an increase in the proportion of basal 
cells differentiating into keratinizing cells in the gut. Differentiation of epithelial 
cells in vitamin A-sufficient and -deficient states is summarized in Figure 9.46. 

Secretory vesicles 
containing mucus Microvilli 

Golgi 
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FIGURE 9.45 Goblet cell. (Redrawn with permission from Cormack, 1984.) 
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FIGURE 9.46 Differentiation of basal cells. 

Hormonal Effects of Vitamin A 

After entering the cell, retinol and retinoic acid (RA) are bound by separate 
cytoplasmic proteins. These cytosolic proteins are called cytoplasmic-retinol 
binding protein (CRBP) and cytoplasmic retinoic acid-binding protein (CRABP). 
Two forms of CRBP exist, and two forms of CRABP exist. One form of CRBP occurs 
mainly in the villi of the small intestines, while the other form occurs in the liver 
and other organs. One form of CRABP occurs in the skin, while the other form 
occurs in many tissues. 

CRBP is thought to assure that retinol is metabolized by specific enzymes, while 
preventing metabolism by other enzymes. For example, by binding retinol, CRBP 
prevents excessive rates of conversion of retinol to retinoic acid (Napoli, 1996). 

Both forms of CRABP increase dramatically during fetal development, then 
decline again before birth, as revealed by studies of mice. Using standard genetic 
techniques, knock-out mice were created that lack either or both forms of CRABP. 
Some of the mice lacking both types of CRABP had extra fingers, while about 10% 
died prematurely (Li and Norris, 1996). The research community has expressed 
surprise that the defects in these knock-out mice were relatively mild, and not 
more severe. The functions of the preceding cytosolic proteins remain unclear. 
CRBP and CRABP resemble cytosolic fatty acid-binding proteins, as they consist 
of about 130 amino acids and have similar amino acid sequences. 

The nucleus contains several retinoic-binding proteins that are totally different 
and unrelated to the cytosolic proteins. The nuclear proteins are used for genetic 
control, and here the vitamin asserts its hormonal activity. The complex of vitamin 
with its receptor protein binds to specific regions of chromatin and provokes 
changes in the rate of transcription of specific genes. The complex of hormone with 
receptor protein binds to specific regions of the chromatin and regulates gene 
expression. Several types of RA-binding proteins occur in the nucleus. These 
proteins bind either all-trans-RA or 9-cis-RA. The protein-RA complex does not act 
alone when it binds to our DNA, with the consequent activation of specific genes. 
Instead, the complex forms a dimer, where this dimer binds to regulatory regions 
of the chromosome. 

The discovery of this dimer has provoked the interest of a number of disci- 
plines. Why is this? Because the second protein in the dimer can bind vitamin D, 
thyroid hormone, prostaglandin, or a second molecule of RA, depending on the 
exact nature of the second protein. This means that, when vitamin A performs its 
hormonal role in the bod~ it behaves in much the same way as vitamin D, thyroid 
hormone, and certain prostaglandins. (Prostaglandins are special hormones that 
are made from fatty acids.) Further details appear in the section entitled Vitamin 



Vitamin A 561 

A, Vitamin D, and Thyroid Hormone at the Genome, and in the Essential Fatty 
Acid section. 

9-Cis-Retinoic Acid and How It Is Acquired 

9-Cis-retinoic acid is a version of vitamin A that, along with all-trans-retinoic acid, 
is used as a hormone. 9-Cis-RA binds to a protein called RXR, while all-trans-RA 
binds to RAR. 9-Cis-RA can be formed by cleavage of dietary 9-cis-~-carotene, or 
from the enzymatic isomerization of all-trans-RA, at a single double bond. 9-Cis- 
~-carotene is typically present in the diet, but since it is not a required nutrient and 
is not a vitamin, it is apparent that isomerization of all-trans-RA may supply all 
the 9-cis-RA that is needed. 

Vitamin A and the Visual Cycle 

Vision under low-light conditions requires the vitamin A-dependent visual cycle. 
The light-sensitive molecule of this cycle is 11-cis-retinal. 11-Cis-retinal is bound to 
a protein called opsin. The complex formed by 11-cis-retinal and opsin is called 
rhodopsin. Light energy induces conversion of the protein-bound 11-cis-retinal to 
all-trans-retinal. This event results in dissociation of the vitamin from the protein 
and in discharge of an electrical impulse to the brain. The remaining events of the 
visual cycle involve regeneration of the complex of 11-cis-retinal and opsin. The 
aldehyde group of retinal in rhodopsin occurs in a Schiff base with a lysine residue 
of opsin. 

The visual cycle is shown in Figure 9.47. The regeneration of rhodopsin involves 
several steps. All-trans-retinal is reduced to the alcohol form, all-trans-retinol. 
Under bright light conditions, this retinol is converted to retinyl esters and stored 
until dim light prevails. All-trans-retinol is then isomerized to yield 11-cis-retinol. 
This isomerization involves conversion of the trans double bond at carbon-11 to a 
cis double bond. The vitamin is then oxidized to 11-cis-retinal, followed by reasso- 
ciation with opsin. The visual cycle takes place in structures of the eye called rods 
(Figure 9.48). Rods are used for vision in dim light. Other structures of the eye, 
known as cones, are used for the perception of bright light and colored light. 
Rhodopsin accounts for nearly all of the protein content of the outer segment of 
the rod (see Figure 9.48). The end of the rod opposite the outer segment features a 
synapse. This synapse mediates the transmission of an impulse to a nerve. 

Naturally occurring mutations in the polypeptide sequence of rhodopsin, in 
cGMP phosphodiesterase (an enzyme used in the rods and cones), and other 
proteins have been shown to be responsible for various types of vision defects and 
blindness (Nathans et al., 1992). 

Assessment of Vitamin A Status and Consequences of a Deficiency 

Vitamin A deficiency occurs with the chronic consumption of a vitamin A-deficient 
diet or during a prolonged starvation. The first symptom is nightblindness. This 
is followed by damage to the cornea. The nightblindness is reversible, but corneal 
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FIGURE 9.47 Visual cycle and structures of 11-cis-retinal and all-trans-retinal. Rhodopsin, after activa- 
tion by light, stimulates another protein called G protein. G protein received its name because it binds 
GDP or GTP. Immediately after rhodopsin is activated by light, the GDP that is bound to G protein is 
replaced with GTP. The newly formed G protein/GTP complex then provokes a change in levels of a 
special signaling molecule, cyclic GMP. The change in levels of cyclic GMP in the cell directly influences 
the nerve that travels from the rod to the brain (Tsang et al., 1996). What is the exact form or character of 
rhodopsin that allows it to provoke a change in behavior of G protein? Light provokes a change in the 
shape of rhodopsin, causing it to assume a conformation called metarhodopsin II (Surya et al., 1995). This 
change in conformation allows the protein to bind to G protein, thus provoking changes in behavior of G 
protein. A concomitant event is that all-trans-retinal is released with the formation of metarhodopsin II 
(Buczylko et al., 1996). How does the activation of G protein result in a change in cyclic GMP levels? G 
protein binds to cyclic GMP phosphodiesterase, an enzyme that catalyzes the destruction of cyclic GMP. 
To summarize the big picture, light provokes rhodopsin to change to metarhodopsin II, which activates 
G protein, which in turn activates phosphodiesterase, which in turn catalyzes the hydrolysis of cyclic 
GMP. The type of coupling involving rhodopsin and G protein is certainly not unique to the eye. G 
proteins are also coupled to a fair number of important receptors in the body, i.e., to the glucagon receptor, 
acetylcholine receptor, and thrombin receptor. The cycle of reactions involving retinal and retinol does 
not occur in one type of cell. The cycle is shared by two different cells, the photoreceptor cell and the 
epithelial cell (Carlson and Bok, 1996). Light stimulation provokes the conversion of 11-cis-retinal to 
all-trans-retinol. The latter compound leaves the photoreceptor cell and travels to an adjacent epithelial 
cells where it is isomerized to 11-cis-retinol. After oxidation to 11-cis-retinal, the compound then returns 
to the photoreceptor cell. 
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FIGURE 9.48 Structures of the rod and cone. A. Rod cell. B. Cone cell. The retina is the part of 
the eye that contains light-sensitive structures. The human retina is a disk that is 0.1-0.5 mm thick. 
The retina consists of 10 layers. One of the layers contains the rods and cones. The rods are 
sensitive to dim light (starlight illumination) and contain rhodopsin. The cones are used for color 

continued 
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damage is not. The corneal damage involves drying of the conjunctiva, followed 
by the appearance of opaque white spots called Bitot's spots. The tendency toward 
drying of the eye is called xerosis. The eventual irreversible damage to the cornea, 
lens, and consequent total blindness is part of the disease called xerophthalmia. 

Total blindness has occurred in infants in Denmark, during the early 1900s, due 
to vitamin A deficiency. Here deficiency arose from the practice of using milk fat 
to make butter, and exporting the butter for commercial purposes, while using the 
byproduct  (skimmed milk) to feed infants. Total blindness has occurred on a 
greater scale in infants of impoverished populations, as in India, where the only 
foods given to infants were lentils, eggplant, and bitter gourd (Moore, 1957). These 
foods are low in ~-carotene. 

Experimentally induced vitamin A deficiency in animals results in anorexia 
(loss of appetite), lack of growth, infections, and xerophthalmia. Often death from 
infections precedes the onset of xerophthalmia. Vitamin A deficiency results in an 
impairment of antibody production, as well as damage to the epithelial linings of 
the respiratory and gastrointestinal tracts. Both results allow invasion by patho- 
genic organisms. 

Studies in underdeveloped countries have shown that xerophthalmia results in 
the blindness of a quarter million children per year in Asia alone. Attempts have 
been made to detect a relationship between the occurrences of xerophthalmia and 
respiratory or diarrheal infections. Some studies have found an association; others 
have not. Generally, the populations suffering from malnutrition and chronic 
diarrheal infections are those afflicted with xerophthalmia. 

Vitamin A supplementation programs have been used in Indonesia, the Philip- 
pines, and Africa, where they have resulted in moderate reductions in child 
mortality and dramatic decreases in the incidence of nightblindness and xero- 
phthalmia. Public health workers have used the following schedule for preventing 
xerophthalmia and increasing the liver's reserves of vitamin A. Oral retinyl palmi- 
tate (110 rag), retinyl acetate (66 mg), or injected retinyl palmitate (55 mg) are 
administered on each of two successive days, and once a few weeks later if 
symptoms are not relieved. One approach that seems to be especially workable is 
to give high-dose capsules at the time of a scheduled immunization. One clever 

vision. The terms "rods" and "cones" were derived from the shape of the outer segment of the 
rods and cones. The outer segment of the cone is pointed. Each outer segment contains several 
hundred tiny disks, where each disk is a fiat membranous structure. Photoreceptive proteins, such 
as the rhodopsin in the rods, resides in the tiny disks. The disks are continuously being created 
and destroyed (they turn over), as is the case with most or all other structures in the body. New 
disks are created at the proximal end of the outer segment. They are gradually pushed to the 
distal end (the tip). Eventually the disk is destroyed at the distal end. About 100 new disks are 
created in each rod (or cone) per day. The reader interested in comparing the disks in the rods 
and cones might like to know that the disks in rods are free-floating, while those in the cones 
maintain a connection to the plasma membrane of the photoreceptor (Geneser, 1986). The inner 
segment of the rod or cone contains mitochondria and glycogen. The structure called the inner 
fiber has the properties of a nerve. Below the inner fiber occurs synaptic vesicles, and these contain 
neurotransmitters. When light falls upon the rod or cone, the synaptic vesicles are provoked to 
fuse with the base, thus relaying a signal to nerves. 
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approach is to give new mothers high-dose capsules in order to boost the levels of 
retinol in the milk (Filteau and Tomkins, 1995). 

Vitamin A, carotenoids with previtamin A activity, and carotenoids with no 
previtamin A activity have been associated with anticancer effects. These protec- 
tive effects have been demonstrated in cell culture systems as well as in animals. 
The studies have involved cancer induced by ultraviolet radiation or with carcino- 
gens. In some cases, vitamin A or carotenoids have been shown to have a protec- 
tive effect; in other cases no effect or even a cancer-promoting effect has been 
shown. 

Epidemiological evidence has linked the consumption of carotenoid-containing 
foods with lower incidences of certain types of cancers, notably cancer of the lung, 
stomach, and bladder. For example, the regular consumption of dark green and 
yellow vegetables, cruciferous vegetables, and tomatoes has been associated with 
reduced rates of lung cancer (Marchand et al., 1989). The proposed anticancer effect 
of most of these plants is due to [3-carotene, rather than the vitamin A produced in 
the body from the carotenoids. The proposed anticancer effect of tomatoes is 
associated with lycopene, and that of dark green vegetables is associated with 
lutein. In other s~dies low incidences of cancer were associated with vitamin A 
intakes of 5000 IU per da)~ and high incidences were associated with intakes of 
1700 to 2500 IU per day. 

Hazards of High Intakes 

The chronic consumption of high levels of vitamin A is dangerous. An intake of 
vitamin A 10 times the RDA or higher by pregnant women can cause brain damage 
in their infants. These levels of the vitamin can lead to neurological symptoms and 
damage to the eyes when consumed by children or adults. It is the responsibility 
of the nutritionist to discourage the intake of "high-potency" preparations of 
vitamin A and to limit consumption to 6000 IU per day or less. 

High dietary levels of 13-carotene, in contrast, appear not to be toxic. The chronic 
consumption of high levels of [~-carotene can result in elevated levels in the 
plasma, though the response differs markedly in different individuals. High levels 
of plasma carotenoids have little or no effect on plasma vitamin A levels. The 
mechanism of conversion of [3-carotene to vitamin A, though poorly understood, 
seems to be carefully regulated. Chronic intake of 30 to 300 mg of [3-carotene per 
day results in increased storage of the compound in fat to the point where the skin 
(subcutaneous fat) appears orange. 

VITAMIN D 

Vitamin D is a fat-soluble vitamin. The vitamin is closely associated with sunlight, 
as periodic exposure to sunlight can eliminate the dietary requirement for the 
vitamin. The pathway for vitamin synthesis in animals requires a light-dependent 
step: the opening of an aromatic ring, resulting in conversion of a precursor of the 
vitamin to vitamin D. Failure to obtain exposure to sunshine can result in the 
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materialization of a requirement for the preformed vitamin. For this reason, RDAs 
for vitamin D have been established to help ensure that persons with indoor 
occupations, or those confined indoors, receive sufficient vitamin D. 

The RDA for vitamin D for adults is 5 ~tg. The RDA during pregnancy and 
lactation has been set at 10 ~tg, though it is not certain that there is an increased 
need during these times. The usual dietary intake of vitamin D in the United States 
is I to 2 ~tg/day. 

Foods may contain precursors of vitamin D as well as vitamin D. The precursors 
are converted to the vitamin following their absorption from the diet. The body is 
a source of one of the precursors, 7-dehydrocholesterol. Conversion of the precur- 
sor to the vitamin form occurs in the skin. The major function of vitamin D is to 
maintain the concentration of calcium ions in the plasma. Maintenance of these 
concentrations is vital for normal functioning of the nervous system and for the 
growth of bones and the maintenance of bone mass. Although vitamin D is closely 
associated with bone growth, it is thought that the relationship is only indirect. 
The vitamin stimulates the absorption of dietary calcium by the" gut, but it seems 
not to stimulate the subsequent deposit of calcium in the bone. 

A vitamin-deficient diet can result in lowered levels of plasma calcium; how- 
ever, the use of high-calcium diets during vitamin deficiency can result in the 
maintenance of normal plasma calcium levels. The requirement for the vitamin 
may be overridden, providing that the diet contains high levels of calcium. The 
physiologically important form of vitamin D, 1,25-dihydroxyvitamin D3, is a 
hormone. Another hormone, parathyroid hormone (PTH), is used in the control of 
vitamin D metabolism and calcium levels, as detailed in the following section. 

Biochemistry of Vitamin D 

The Provitamin and the Vitamin 

Plants contain the steroid ergosterol. Ergosterol is a provitamin of vitamin D. 
Exposure of ergosterol to ultraviolet light results in its conversion to ergocalciferol 
(vitamin D2). Farmers, for example, leave their hay out in the sun to dry. This 
process results in the conversion of ergosterol to vitamin D 2. Cows benefit from 
the increased levels of vitamin D 2 produced in their feed. 

Animals can convert cholesterol to 7-dehydrocholesterol. 7-Dehydrocholesterol 
is a provitamin of vitamin D. The exposure of one's body to sunlight results in the 
conversion of 7-dehydrocholesterol in the skin to cholecalciferol (vitamin D3). The 
provitamin in both plants and animals is converted to vitamin D by ultraviolet 
light via identical chemical reactions that involve the opening of the steroid ring 
(Figures 9.49 and 9.50). 

Vitamin D 2 and vitamin D 3 as is do not have any direct function, but must be 
hydroxylated to be of use to the body. The events of 1-hydroxylation and 25-hy- 
droxylation proceed in an identical manner for both vitamins D2 and D 3. Both 
vitamins have equal potency for humans, but vitamin D 2 is more potent in rats, 
while vitamin D 3 is much more potent for chickens. Vitamin D 2 does not much 
occur in our diet, in contrast to vitamin D3, but vitamin D2 is the form used most 
for food supplementation and for vitamins. 
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FIGURE 9.49 Vitamin D metabolism. The 7-dehydrocholesterol synthesized in the skin is converted to 
vitamin D 3 in a light-catalyzed reaction. Vitamin D 3 is hydroxylated in the liver, producing 25-hydroxy- 
vitamin D3. This is followed by a second hydroxylation in the kidney; yielding 1,25-dihydroxyvitamin D 3. 
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FIGURE 9.50 UV light is required for conversion of plant (ergesterol) and animal (7-dehydrocholesterol) 
forms of the provitamin to the vitamin. The plant form differs from the animal form, in that the side-chain 
contains a double bond and an extra methyl carbon. UV light results in conversion of both forms of 
provitamin to vitamin D2 and D3, respectively. (The side-chain double bond of D2 is not reduced in the 
body, but it can be artificially reduced in the laboratory, where the product is called vitamin D4.) Hydroxy- 
lation is shown for D3, but not for D2. 
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Vitamin D 3 is converted to 1,25-dihydroxyvitamin D 3 by a series of two hy- 
droxylation reactions. The 25-hydroxylation, which occurs first, is catalyzed by an 
enzyme of the liven The subsequent conversion of 25-hydroxyvitamin D 3 to 1,25- 
dihydroxyvitamin D 3 is catalyzed by an enzyme of the kidney. The enzyme that 
catalyzes this latter step is called "l-hydroxylase" in this text. Figure 9.50 indicates 
the positions of the 1-carbon and 25-carbon of the steroid ring. Vitamin D can also 
be converted to 24,25-dihydroxyvitamin D3, as well as a number of other metabo- 
lites. Although there is much interest in the possible physiological value of these 
compounds, they seem generally to be inactive catabolites of the vitamin. 1,25-Di- 
hydroxyvitamin D3 is also called calcitrol. 25-Hydroxyvitamin D 3 is also called 
calcidiol. 

Detection of Light-Catalyzed Changes in Vitamin Structure 

The following study illustrates the effect of light on the conversion of 7-dehydro- 
cholesterol to vitamin D in vivo (Figure 9.51). Human subjects were exposed to 
ultraviolet light for periods ranging from 0 to 60 minutes. Patches of skin were cut 
from the subjects at the indicated times. The lipid-soluble compounds of the skin 
were then extracted from the skin with a solvent, the compounds analyzed by 
high-pressure liquid chromatography (also high-performance liquid chromatog- 
raphy, HPLC). In HPLC, the sample is run through a solid matrix, where the 
different metabolites separate. The various metabolites of vitamin D have different 
affinities (tendencies to bind to) for the solid matrix. During passage through the 
matrix, each metabolite migrates through the tube or column at a different rate. 
The differences in migration rate result in different times required to pass through 
the entire chromatograph column. This time is called the elution time. The elution 
time of 7-dehydrocholesterol was determined to be about 11 minutes, whereas that 
of cholecalciferol was 5 minutes. The breakdown products of vitamin D 3 include 
lumisterol and tachysterol. These elute at 6 and 8 minutes, respectively. 

The results in Figure 9.51 demonstrate that the major vitamin D-related com- 
pound in skin not exposed (0 minutes) to ultraviolet (UV) light was 7-dehydro- 
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FIGURE 9.51 Effect of light on the conversion of 7-dehydrocholesterol to vitamin D in 
vivo. (Redrawn with permission from Holick et al., 1981.) 
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cholesterol. Brief exposure to UV light resulted in some conversion of this com- 
pound to cholecalciferol (10 minutes); prolonged exposure to UV light yielded a 
variety of compounds (60 minutes). 

EXERCISE 
Which compound accumulated to greater concentrations in the skin, tachysterol or lumis- 
terol (see Figure 9.51)? 

Assessment  of Vitamin D Status 

Direct Assay for Vitamin D 

The normal range of plasma concentrations of vitamins D 2 and D 3 is I to 2 ng/ml.  
25-Hydroxyvitamin D3 is the form of the vitamin present at highest concentra- 
tions, with normal values ranging from 8 to 40 ng/ml.  A value of 12 ng /ml  has 
been used as a cutoff point to indicate vitamin D deficiency; though some clinicians 
have used lower levels to indicate vitamin D deficiency. The hormonally active 
form of the vitamin, 1,25-(OH)2D3, occurs at much lower levels (15--45 pg/ml).  

Vitamin status can be assessed by a direct test for the levels of 25-(OH)D3 in the 
serum. This competitive binding test involves three components: (1) a serum 
sample, (2) radioactive 25-hydroxy[3H]vitamin D3, and (3) vitamin D-binding 
protein. The source of vitamin D-binding protein may be sheep serum. The func- 
tional tests for determination of vitamin D include the diagnostic tests for rickets 
and osteomalacia. A test for osteomalacia, for example, may include measurement 
of the width of the osteoid in a bone biopsy. The osteoid is described later. 

Vitamin D and the Regulation of Plasma Calcium 

The role of vitamin D in the regulation of plasma calcium levels involves complex 
mechanisms. Our discussion of these mechanisms begins with the concrete and 
vivid example of "milk fever." This example might be used as a reference point 
while reading through the studies on chicks, rats, and humans. 

Milk fever is a problem on the dairy farm. The disease occurs in cows whose 
plasma calcium levels drop below 5.0 rag/100 ml. Milk fever often results in coma 
and death. The disease presents when a cow has been fed a diet high in calcium 
prior to calving and lactation. ("Calving" means giving birth to a calf.) Alfalfa is 
an example of a high-calcium food. The mother cow starts to produce milk at the 
time of calving. The milk production places a sudden drain on the calcium present 
in the cow's plasma. This calcium must originate either from the diet or from the 
bones of the cow. Animals are able to dissolve or "mobilize" calcium from their 
own bones in times of need to maintain plasma calcium levels. 

With calving, the mother cow tends to stop eating. Hence, the diet may no 
longer be a reliable source of calcium at the onset of lactation. This leaves the bones 
as a source of calcium. The body requires a period of adjustment to activate the 
calcium-mobilizing mechanisms. The prior consumption of high-calcium foods 
leaves these mechanisms in the nonactivated state. The sudden change from a 
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feeding lifestyle to a nonfeeding, lactating lifestyle may be too sudden to allow the 
cow to adjust and mobilize bone calcium at an adequate rate. The consequence is 
a drop in plasma Ca levels, coma, and sometimes death. Milk fever can be pre- 
vented by feeding the pregnant cow a low-calcium diet (100 g/day). The disease 
can easily be treated by injecting calcium or 1,25-(OH)2D3 into the sick mother cow. 

The following highlights the major functions of 1,25-(OH)aD3 and the regulation 
of plasma levels of this hormone: 

1. Calcium absorption: Calcium in the diet can be absorbed by the intestines by 
mechanisms that are dependent on and independent of 1,25-dihydroxyvitamin D3. 
The vitamin D-independent mechanism predominates during the consumption of 
high-calcium diets. The vitamin D-dependent mechanism is activated and pre- 
dominates with diets low in calcium. The biochemical mechanisms by which 
increased levels of 1,25-(OH)2D3 in the plasma activate the calcium transport 
system in the enterocyte are not clean It is thought that the hormone binds to the 
cell and travels to the nucleus, where it activates genes coding for components of 
the calcium transport system. 

2. Parathyroid gland: The parathyroid gland senses the calcium levels in the 
bloodstream and responds to maintain these levels. Hence, the role of the parathy- 
roid in controlling plasma calcium may be thought of as analogous to that of the 
pancreas in maintaining plasma glucose levels. When plasma calcium levels drop, 
the parathyroid gland is stimulated to secrete parathyroid hormone (PTH) into the 
bloodstream. PTH travels to the kidney; where it stimulates the activity of 1-hy- 
droxylase. 1-Hydroxylase catalyzes the conversion of 25-(OH)D3 to 1,25-(OH)D3. 

3. Three effects of 1,25-(OH)2D3: 1,25-Dihydroxyvitamin D3, in increased concen- 
trations, has three effects that act to restore plasma calcium to the normal value of 
about 1.5 mM: (1) activation of the vitamin D-dependent calcium transport system 
of the enterocyte, (2) activation of the osteoclasts, and (3) enhancement of calcium 
resorption by the kidney. Osteoclasts are cells that reside on the outside and inside 
surfaces of bones. They dissolve the bone, releasing the constituent calcium and 
phosphate ions into the circulation. 1,25-(OH)2D3 can induce an increase in the 
activity of the osteoclasts. 

4. Three effects of parathyroid hormone: The presence of parathyroid hormone in 
the plasma is required for the maintenance of 1-hydroxylase activity in the kidney. 
The increase in PTH levels induces an increase in the activity of the hydroxylase, 
resulting in an increase in the production of 1,25-(OH)D3 and an increase in the 
plasma levels of 1,25-(OH)D3. In addition, PTH works in tandem with 1,25- 
(OH)2D3 in stimulating the osteoclasts to dissolve bones and in increasing the 
efficiency of calcium resorption by the kidneys. Both PTH and 1,25-(OH)2D3 are 
required for these latter two effects. PTH is not required for the effect of the vitamin 
on the intestines. 

The targets of action of 1,25-(OH)2D3 and PTH + 1,25-(OH)2D3 are summarized 
in Figure 9.52. 

The study shown in Figure 9.53 illustrates the role of 1,25-dihydroxyvitamin D3 
in stimulating the uptake of calcium ions by the intestines. Chick duodena were 
incubated in a salt solution containing radioactive calcium ions and vitamin D at 
the indicated levels. Each point in the figure represents the uptake of calcium 
occurring during a separate incubation period. The forms of the vitamin used 
included 1,25-(OH)2D3 (@), 1-(OH)D3 (A), 25-(OH)D3 (A), 24,25-(OH)2D3 (O), and 
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FIGURE 9.52 Targets of action of hormonally active forms of vitamin D. 

vitamin D3 (VI). Of all the forms of the vitamin tested, 1,25-(OH)2D3 stimulated the 
uptake of calcium ions most efficiently; that is, when the vitamin was added at 
very low concentrations. Maximal stimulation of uptake occurred at about 10 
nanomolar 1,25-(OH)2D3; equivalent stimulation by other forms of the vitamin 
occurred only at concentrations 10- to 1000-fold greater. 

EXERCISE 
Please compare the approximate concentrations of vitamin required to provoke half-maxi- 
mal stimulation of calcium transport. How much more active was 1,25-(OH)2D3 than 
vitamin D3 (see Figure 9.53)? 

The importance of maintaining plasma calcium levels is illustrated by the 
following study; as well as by material under Calcium in Chapter 10. The ability 
of vitamin-deficient and -sufficient rats to maintain their plasma calcium levels 
with the consumption of diets containing low, medium, and high calcium levels 
(0.02, 0.5, and 1.4%, by weight) was tested. Lactating rats were used because milk 
production places an extra strain on the rat's supply of calcium and, hence, 
highlights the importance of the vitamin D-dependent regulatory mechanisms. 
Figure 9.54A depicts the plasma calcium levels of rats fed the vitamin-deficient 
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FIGURE 9.53 Role of 1,25-dihydroxyvitamin D 3 in stimulating uptake of calcium ions by 
intestines. (Redrawn with permission from Franceschi and DeLuca, 1981.) 
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FIGURE 9.54 Plasma calcium levels of rats fed (A) vitamin-deficient diets and (B) vita- 
min-sufficient diets. (Redrawn with permission from Brommage and DeLuca, 1985.) 

diet. Figure 9.54B shows the plasma calcium levels of rats fed the vitamin-suffi- 
cient diets. The normal plasma calcium level is considered to be about 9 mg/100 
ml. 

The data demonstrate that the vitamin-deficient rats (see Figure 9.54A) main- 
tained near-normal levels of plasma calcium with the high-calcium diet, though 
not with the moderate- or low-calcium diets. The vitamin-sufficient rats (Figure 
9.54B) maintained near-normal plasma calcium, even with the low-calcium diet. 
The study shows that normal levels of plasma calcium can be maintained with the 
high-calcium diet in the absence of the vitamin, whereas vitamin D was required 
to maintain plasma calcium with diets containing lower levels of calcium. 

The next study illustrates a relationship between different plasma levels of 
vitamin D and dietary calcium. Human subjects consumed vitamin D-sufficient 
diets containing moderate (0.3 g /day)  or high (2.0 g/day)  levels of calcium for 
4 weeks. Blood samples were taken at the conclusion of the trial. As the hu- 
man subjects were not fed a vitamin D-deficient diet and were in good health, 
their plasma calcium levels might be expected to be normal in all cases; how- 
ever, because the groups were fed .low- and high-calcium diets, the difference in 
the plasma levels of hormones used for calcium regulations might be expected 
(Table 9.6). 

EXERCISE 
Please find evidence that PTH and 1,25-(OH)2-D3 are involved in regulating plasma calcium 
levels from the data in Table 9.6. 

EXERCISE 
The rate of calcium absorption by the intestines was measured in human subjects by 
releasing calcium into the gut using long tubes and measuring the rate of disappearance 
(absorption) of the calcium by withdrawing small samples of the fluids of the gut lumen 
and analyzing the fluids. State evidence that the body's response to a low-calcium diet 
includes a change in the efficiency of absorption by the gut (see Table 9.6). 
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TABLE 9.6 Calcium Metabolism with High- and Low-Ca Diets 
, 

Low-calcium diet High-calcium diet 

Plasma calcium (mg/dl) 9.4 9.4 
Plasma PTH (units/M) 17 15 
1,25-(OH)2D3 (pg/ml) 44 27 
Calcium absorption (~tmol Ca/30 rain) 200 110 

,, 

Source: Norman et al. (1981). 

Parathyroid Hormone 

The parathyroid gland plays a central role in the regulation of plasma 1,25-dihy- 
droxyvitamin D 3. This gland is able to sense changes in the concentration of 
calcium ions in the bloodstream. It secretes PTH at a higher rate when it senses 
low concentrations. It releases PTH at a lower rate when plasma calcium rises 
above the normal concentration. The PTH enters the circulation and travels to the 
kidneys, where it regulates the activity of 1-hydroxylase. Low plasma calcium 
levels, for example, induce an increased release of PTH, activation of 1-hydroxy- 
lase, an increase in conversion of 25-(OH)D3 to 1,25(OH)2D3, and finally an in- 
crease in the rate of delivery of calcium into the circulation (Figure 9.55). Calcium 
ions can enter the bloodstream from three sources - -  the diet, skeleton, and 
glomerular filtrate. 

The data in Table 9.6 indicate an association between calcium metabolism and 
PTH levels, but do not support a strong connection or conclusion. The study 
depicted in Figure 9.56 provides a firm connection between PTH and calcium 
regulation. Parathyroid glands were removed from rats at the time indicated in the 
figure. The kidneys were removed from different rats at the indicated times after 
parathyroidectomy and used for assay of 1-hydroxylase. In short, the kidneys were 
homogenized and the extract was placed in test tubes and used for assaying 
1-hydroxylase activity. Some of the parathyroidectomized rats were treated with 
PTH at the indicated times. This treatment is a form of replacement therapy. The 
kidneys of these rats were removed at the indicated times and used for 1-hydroxy- 
lase assays. 

Low serum Ca 2. ~ ' ~ _ _ _ _ _ _ ~  Increased . 
parathyroid hormone 

Parathyroid 
Increased 

gland 25"--(OH)D3 1, 25--(OH)2D 3 

Kidney 

FIGURE 9.55 Relationship between the parathyroid gland and vitamin D. 
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FIGURE 9.56 Connection between PTH and calcium regulation. (Redrawn with permis- 
sion from Tanaka and DeLuca, 1984.) 

The results demonstrate that 1-hydroxylase activity dramatically decreases 
with removal of the parathyroid gland and that activity can be restored by PTH. 
The experiment demonstrates the role of PTH in maintaining plasma calcium 
concentrations. 

EXERCISE 

Imagine that you are examining a patient with severe kidney failure. The patient has 
abnormally low plasma calcium levels. Discuss which of the following two treatments 
would be better: injections of PTH or injections of 25-(OH)2D3. 

Calcium Resorption by the Kidneys 

Calcium ions are resorbed by the kidneys. In the adult man, about 11 g of calcium 
ions passes from the plasma into Bowman's space of the glomeruli and into the 
renal tubules each day. Only 1.0% or less of this calcium is lost to the urine. Most 
of the calcium is resorbed through the tubules to the bloodstream. This resorption 
process is controlled by 1,25-(OH)2D3 and PTH. Increased urinary losses of cal- 
cium may occur with vitamin D deficiency or after damage to the parathyroid 
gland. 
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Action of 1,25-Dihydroxyvitamin D3 in Regulating Transcription 

1,25-Dihydroxyvitamin D 3 exerts its effects at the nuclear and nonnuclear events. 
The nonnuclear effects may occur within a few minutes of exposure of the cell to 
1,25-(OH)2D3. In participating in its nonnuclear role, 1,25-(OH)2D3 may bind to a 
receptor in the plasma membrane and provoke the liberation of inositol-l,2,5- 
trisphosphate (IP3) into the cytoplasm. IP3 is a modified sugar molecule that is 
attached to diglycerides in cell membranes, but readily available for cleavage and 
liberation into the cytoplasm. After liberation, the IP3 molecule provokes a burst 
in levels of intracellular calcium ions and the consequent activation of protein 
kinases. The end-result may be a change in the rate of growth, in differentiation of 
the cell, or in migration of the cell to a different location in the body. The nonnu- 
clear action of vitamin D is a relatively recent field of research (Mellay et al., 1997; 
Khare et al., 1997). 

The nuclear effects of 1,25-(OH)2D3 requires the participation of a 1,25-(OH)aD3 
receptor protein and chromatin. Chromatin consists of the complex of DNA and 
protein that resides in the nucleus. These proteins include regulatory proteins and 
histones. Histones have mainly a structural role. They maintain the proper folding 
of our DNA into an orderl~ compact structure. The regulatory proteins include the 
transcription factors, a group of several hundred different proteins. One of these 
transcription factors is vitamin D receptor (VDR). 

Maximal expression of the nuclear effects of the vitamin requires an hour or so 
after exposure of the cell to 1,25-(OH)2D3. The 1,25-(OH)2D3 entering the cell binds 
to VDR to form a hormone/receptor complex. The hormone/receptor complex 
binds to small stretches of DNA called hormone response elements and provokes 
a change in the rate of transcription of a nearby gene. The term "nearby" means 
that the hormone response element and the gene may be separated from each other 
by a stretch of from 20 to 1000 nucleotides away from each other. Further details 
on the nuclear action of vitamin D occur in the section entitled Vitamin A, Vitamin 
D, and Thyroid Hormone at the Genome. 

Vitamin D Deficiency 

The definition of vitamin D deficiency is a condition where the concentration of 
25-hydroxyvitamin D 3 in the blood serum occurs at 12 ng /ml  or less. Prolonged 
deficiency can result in two diseases, namely rickets (in children) and osteomalacia 
(in adults). Vitamin D deficiency tends to occur in those who do not get enough 
exposure to sunlight and who also fail to eat foods that are rich in vitamin D. In 
an ideal world, where everyone was regularly exposed to sunshine, vitamin D 
would never be classified as a vitamin. 

Vitamin D deficiency~ rickets, and osteomalacia tend to arise in several condi- 
tions or environments, as listed hereunder. Generally; the combined lack of sun- 
light and dietary deficiency must exist before any sign of the deficiency arises. 

1. Infancy: Infants who are never brought outside, or who are totally protected 
from the sunshine during excursions out of doors, are at risk for rickets. 
The risk is increased for infants born shortly before wintertime at northern 
latitudes, and who are never given fortified milk formula. 
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2. Being elderly and unable or unwilling to go outside, especially during frigid winter 
weather: The elderly are also at increased risk for osteomalacia because of a 
reduced ability to synthesize vitamin D, even with exposure to sunlight 
(Dawson-Hughes et al., 1997; Kinyamu et al., 1997; Chapuy et al., 1992; 
Wielen et al., 1995). 

3. Living in northern latitudes: Vitamin D deficiency continues to be docu- 
mented in Canada (Binet and Kooh, 1996). 

4. Having dark skin, as in those originating from Africa or India: A typical victim 
of rickets in the year 2000 may be a dark-skinned infant born of Asian-In- 
dian parents in Canada, who is raised exclusively on breast milk and never 
given fortified milk formula. 

5. Scrupulously covering the skin, e.g., for religious reasons, whenever going outside: 
Osteomalacia has been documented in young Arab women in Kuwait and 
Israel (Lowenthal and Shany; 1994; E1-Sonbaty and Abdul-Ghaffar, 1996). 
The women cover their faces with veils, and their hands and feet with black 
gloves and black socks. They acquire osteomalacia, even though they live 
in a sunny climate, and suffer from bone fractures, bone pain, muscle 
weakness, and a waddling walk. 

6. Consuming vegetarian diets and avoiding fortified foods: Vegetarian diets that 
contain no milk, animal fat, or meat contain little vitamin D. This risk factor 
can be revealed by noting that the RDA for vitamin D can be supplied by 
1.5 kg of beef, 2.0 kg of corn oil, or 100 kg of cabbage. Few persons would 
be willing or able to consume these quantities of food on a daily or even 
weekly basis. On the other hand, saltwater fish, such as salmon, sardines, 
and herring, are rich sources of vitamin D. Oils produced from these foods 
contain very high levels of the vitamin. The RDA can be supplied by eating 
50 g of salmon or 2.0 g of cod liver oil. Fortified milk contains 400 IU per 
quart. A half-quart of fortified milk provides the RDA. For comparison, 
human breast milk is relatively low in the vitamin and contains only 4-60 
IU per quart. 

7. Calcium deficiency: Although rare throughout the world, rickets has been 
found to occur in various parts of Africa due to dietary deficiency in cal- 
cium, but with sufficient vitamin D (Oginni et al., 1996). No amount of 
vitamin D can prevent the rickets that may develop with calcium deficiency. 

8. Fat malabsorption syndromes: Fat malabsorption syndromes such as cystic 
fibrosis and cholestatic liver diseases (lack of bile salts) can impair the 
absorption of vitamin D. 

9. Kidney failure: The kidney plays a vital role in the conversion of dietary 
vitamin D and skin-synthesized vitamin D to the hormonally active form 
of the vitamin. Severe renal disease can impair the activity of the enzyme 
required for the catalysis of this conversion. 

10. Epilepsy: Signs of vitamin D deficiency may occur in epileptics treated with 
anticonvulsants such as dilantin. The drugs can stimulate the activity of 
enzymes of the endoplasmic reticulum that catabolize and inactivate the 
vitamin. 
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11. Genetic disease: Vitamin D metabolism is adversely affected in a rare genetic 
disease that results in impairment of the conversion of vitamin D3 to the 
hormonally active form. The disease affects 1-hydroxylase, an enzyme of 
the kidney. 

Structure and Synthesis of Bone 

Vitamin D is used in the maintenance of plasma calcium ion concentrations. The 
normal level of free calcium ions in the plasma ranges from 1.0 to 1.5 mM. This 
concentration is needed to support a normal rate of deposit of calcium in bone 
during growth and during bone turnover. Apparently, vitamin D has no direct 
effect on the deposit of calcium ions in bone. It seems to act only indirectly and in 
maintaining plasma calcium at a level required to support bone mineralization. 
Note, however, that there remains interest in the possibility that vitamin D does 
have a direct effect on the cells that synthesize bone. A few details on bone 
formation and structure and on the vitamin D-dependent process of bone resorp- 
tion are presented here. 

Cartilage and the Growth Plate 

Cartilage and bone consist of living cells sparsely distributed in a matrix of 
extracellular protein and polysaccharides. Cartilage contains a large proportion of 
matrix. Bone contains a small proportion of matrix and is mineralized. Cartilage 
does not contain capillaries. It receives the nutrients that diffuse slowly through 
the matrix. Bone contains a network of canals through which course nutrient-car- 
rying blood vessels. Cartilage growth occurs by the action of cells called chondro- 
cytes. Bone growth occurs by the action of cells called osteoblasts. Both of these 
cells synthesize and secrete collagen, which is a protein of connective tissue. They 
also secrete a variety of polysaccharides, such as chondroitin sulfate. The struc- 
tures of the collagen and the polysaccharides found in cartilage and bone are 
similar but not identical. Further information on collagen is found under Ascorbic 
Acid (Vitamin C). 

To summarize the first steps in bone mineralization, the chondrocytes produce 
and release small vesicles via budding process. Then, the chondrocytes synthesize 
and release collagen and proteoglycan. Finall~ mineralization occurs. The initial 
site of mineralization, in bone formation, is thought to be on the phosphatidylser- 
ine that exists in the small vesicles (Wu et al., 1993). 

The osteoblasts, unlike chondrocytes, are used in mineralization of the organic 
matrix. Osteoblasts synthesize bone at two different regions of the bone. The first 
is at the epiphyseal plate, also called the growth plate. The growth plate consists 
of cartilage and is located at the ends of long bones in the growing animal or 
human. It disappears at the onset of adulthood. This disappearance is called "the 
fusion of the epiphysis." The second region of action of the osteoblast is in the 
osteon, the structural unit of bone. The osteon looks like a canal surrounded by 
layers of mineral. Hard bone consists of an array of osteons. 
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FIGURE 9.57 Diagram of cartilage. 

Cartilage is a firm, gellike substance. It is capable of bearing weight, but is 
flexible and not rigid. Cartilage contains a matrix of proteins and sulfated poly- 
saccharides. This matrix, which is also called the "ground substance," consists of 
a backbone of hyaluronic acid from which branch core proteins at various inter- 
vals. Each core protein is coated with about 100 molecules of sulfated polysaccha- 
ride. The structure of the ground substance, which is interwoven with collagen 
fibers, is shown in Figure 9.57. 

Hyaluronic acid is a linear polymer of alternating units of two sugars, glu- 
curonic acid and N-acetylglucosamine. The sulfated polysaccharides connected to 
the core protein include chondroitin sulfate and keratin sulfate. Chondroitin sul- 
fate is a polymer of two alternating sugar units. The two sugars are glucuronic acid 
and N-acetylgalactosamine. The sulfate groups are connected to the hydroxyl 
groups of the residues of N-acetylgalactosamine. 

Glycosaminoglycan and proteoglycan are two terms used to refer to some of 
the complex macromolecular structures in cartilage. The glycosaminoglycans in- 
clude hyaluronic acid and chondroitin sulfate. Hyaluronic acid is the only gly- 
cosaminoglycan without a covalently attached core protein. The proteoglycans are 
the large aggregates of protein and oligosaccharides found in cartilage, bone, and 
other types of connective tissue. The proteoglycan of cartilage has an overall 
molecular weight of up to 4 million. The term ground substance is used by histolo- 
gists and refers to the same structure known as proteoglycan, the term used by 
biochemists. 

The Mineralization of Cartilage 

The location of the growth plate is shown in Figure 9.58. The growth plate is 
surrounded by hard bone and porous bone. The side of the growth plate facing 



Vitamin D 579 

Epiphyseal 
or growth plate 

t " 

Hard bone (on top surface) 

Porous bone (in interior) 

Porous bone 

Marrow 

Hard bone (on exterior surfaces) 

FIGURE 9.58 Diagram of a cross-section of a long bone. 

the bone shaft is gradually invaded by osteoblasts. These osteoblasts deposit 
mineral at one face of the growth plate. This deposit might be expected to lead to 
thinning of the growth plate in the growing animal; however, chondrocytes in the 
growth plate continue to synthesize cartilage, thus maintaining the mass of the 
growth plate. The overall effect is a lengthening of the bone in the growing animal. 
Collagen and other proteins, as well as the polysaccharides at the mineralized face 
of the growth plate, are eventually catabolized and replaced by bone-specific 
proteins and polysaccharides by the osteoblasts. When adulthood is reached, the 
growth plate is replaced by porous bone. 

The Osteon 

The osteon is a cylindrical structure of the long bones. The cylinder runs roughly 
parallel to the length of the bone. The osteon has a diameter of about 0.1 to 0.3 mm. 
A cross-section of the hard bone of the long bones, when examined under the 
microscope, reveals an array of these cylindrical structures or osteons. Each osteon 
is composed of a number (4-20) of layers, or concentric rings, resembling the 
cross-section of a tree. A central channel of a diameter of 0.03 to 0.07 mm contains 
blood vessels and nerves. Between the mass of concentric rings, which consist of 
mineralized bone, and the channel is a soft layer called the osteoid. The osteoid is 
composed of a matrix of proteins and polysaccharides. The osteoid might be 
compared with the matrix synthesized by the osteoblasts that invade the growth 
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FIGURE 9.59 Three-dimensional structure of hard bone and a cross-section of the osteon. 

plate. The osteoid is synthesized by a layer of osteoblasts (Figure 9.59). The osteon 
is also called the haversian system. 

Bone Biochemistry 

Bone is considered to be a mineralized connective tissue. About one-third of the 
dry weight of bone is organic matter, consisting mainly (90% by weight) of colla- 
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gen. The remaining organic material consists of other extracellular proteins, such 
as osteonectin, osteocalcin (bone GLA protein), bone sialoprotein, and com- 
plexes of protein and chondroitin sulfate. Collagen is used as scaffolding for the 
deposit of minerals. 

Osteonectin, which has a molecular weight about 32,000, is a phosphorylated 
glycoprotein. It has a high affinity for collagen and bone mineral. It is thought 
that osteonectin coats the collagen fibers and facilitates the deposit of mineral on 
the collagen. 

Bone sialoprotein has a molecular weight of about 25,000. About 20% of the 
weight of the protein is sialic acid, an acidic sugar. The protein may aid in the 
formation of collagen fibers prior to the deposit of minerals. It is thought that 
osteonectin promotes the adhesion of osteoblasts to unmineralized surfaces. The 
protein component of the protein-chondroitin sulfate complex of bone has a 
molecular weight of 45,000, whereas the molecular weight of each of the 
associated chondroitin sulfate chains is 40,000. The complex, in bone, contains 
only one or two chains of chondroitin sulfate. 

Osteocalcin (bone Gla protein) has a molecular weight of only 5700. It is 
distinguished by the fact that it contains residues of y-carboxyglutamic acid (Gla) 
and thus requires vitamin K-dependent carboxylase for its synthesis (see Vitamin 
K). Bone Gla protein contains 2-3 residues of Gla. Bone Gla protein adheres to 
the calcium ions of bone via these Gla residues. It is thought that the function 
of this protein is to prevent or limit the rate of mineralization of the growth plate. 
Osteocalcin is not needed for life, as revealed by studies of knock-out mice that 
lacked the gene coding for the protein (Ducy et al., 1996). The knock-out mice 
appeared normal, and were able to reproduce. The bones of the mice were 
somewhat different from normal bones. Their thickness and density was greater 
than normal. The exact molecular interactions involving osteocalcin and bone 
development remain unclean 

Bone mineral consists of very small crystalline particles, about 30 nm in 
diameter. For comparison, the diameters of calcium ion and hemoglobin are about 
0.2 and 6.4 nm, respectively. Bone mineral consists of an imperfect form of 
hydroxyapatite. Pure hydroxyapatite has the formula Cal0(PO4)6(OH)2. The 
hydroxyapatite of bone incorporates anions, such as carbonate, and cations, such 
as sodium, into its structure. About 5% of the weight of bone mineral is carbonate 
(HCO2-), with 1% being citrate and 0.5 to 1.0% being sodium and magnesium. 
The minerals that are part of the crystalline structure of bone are said to be 
"poorly exchangeable." These minerals can be released from the bone at appre- 
ciable rates only when bone is mobilized. Bone mobilization, or dissolution, is 
stimulated when plasma levels of 1,25-(OH)2D3 and PTH increase. The surfaces 
of bones also contain loosely bound minerals. These minerals are freely exchange- 
able, are in rapid equilibrium with the fluids of the bod~ and can be used by 
the various tissues of the body during a dietary deficiency of the mineral in 
question. The net loss of freely exchangeable minerals from bone does not require 
the participation of hormones. The freely exchangeable minerals of bone represent 
a small and perhaps insignificant pool of minerals. 
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Turnover and Remodeling of Bone 

The material composing the weight-bearing, outer shell of bone is hard, compact, 
and dense. This bone is called cortical bone. The bone in the interior regions is 
porous and spongy and contains a latticework of rods, plates, and arches. This 
bone is called trabecular bone. The term trabecula refers to a small bar or ridge. 
Both cortical and trabecular bone normally undergo turnover. Bone turnover 
occurs in growing and adult bones and is carried out by two types of cells, 
osteoblasts and osteoclasts. Both types of cells cooperate in the turnover process. 
The osteoclasts appear on the surface of the bone. Over a period of about 2 weeks 
they bore tunnels (in cortical bone) or pits (in trabecular bone). Then the osteoclasts 
are replaced by osteoblasts, which fill in the cavities over a period of 3 to 4 weeks 
to create new bone. The remineralization of the cavity involves the initial forma- 
tion by osteoblasts of the osteoid, which takes the form of a thin layer between the 
cells and the mineralized bone. The osteoid then "disappears" as bone mineral is 
deposited in it. 

Osteoblasts and osteoclasts are involved in the bone remodeling process. One 
can easily see that certain parts of bone must be eroded and resorbed in the 
growing infant or child. The skull, for example, must be resorbed to make room 
for the growing brain. The osteoclast adheres to the bone and secretes acid in its 
zone of contact with the bone. A pH of about 3 may be produced in this zone 
of contact. Normally; bone mineral is very insoluble in water. An attempt to 
dissolve hydroxyapatite in water at pH 7 results in a solution of calcium ions 
with a concentration of about 0.1 mM. Bone mineral can, however, be dissolved 
in acid. Apparent136 the bone mineral dissolved in the acid secreted in the region 
of contact can result in a solution of calcium reaching about 40 mM. The osteoclast 
is distinguished by its ruffled borden 

Bone resorption involves removal of the organic constituents of bone, as well 
as of the mineral. Apparent136 the osteoclast secretes a number of proteases, which 
are catalytically active in an acidic environment, into the region of contact. The 
mechanisms that control osteoclast activity during normal bone turnover and 
during vitamin D- and PTH-induced bone resorption are unknown. Vitamin D 
deficiency and rare diseases that impair the synthesis of 1,25-(OH)2D3 result in 
a failure to mineralize bone. This failure is apparent in the epiphyseal plate of 
growing persons and results in a disease called rickets, in which the bones are 
deformed. Rapidly growing bones are the most severely affected. The bones 
become soft and bendable. Rickets in infants results in a delay in the closure of 
the fontanelle (soft spot) of the skull. It can also induce the formation of a series 
of bumps along the infant's ribs called the "rachitic rosary." The classical signs 
of rickets in older i n f a n t s -  those able to stand up m is bowed legs. The femur 
is so soft that it bends under the weight of the child. X-ray radiography can be 
used to diagnose the disease; it reveals the continued growth of the epiphyseal 
plate and its failure to mineralize on the face contacting the shaft of the bone. 
The overall effect is an increase in the thickness of the growth plate. 
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Vitamin D deficiency in adults cannot affect the epiphyseal plate, as it has 
disappeared, but it can prevent normal mineralization of the osteoid layer in bone 
that turns over. In vitamin D deficiency the osteoclasts continue to create tunnels 
and pits in the bone. The osteoblasts continue to synthesize the protein matrix; 
however, complete mineralization of the osteoid may not occur. The result is 
osteomalacia. This disease may present as bone pain about the hips. Osteomalacia 
can be diagnosed using a bone biopsy. A sample is taken from the iliac crest ~ the 
hip bone. An abnormally wide osteoid is indicative of the disease. X-rays can also 
be used to diagnose osteomalacia, which is characterized by arrays or zones of tiny 
fractures in such bones as the pelvis and femur. 

Rickets and osteomalacia can be treated with daily oral doses of ergocalciferol 
(0.01-15.0 mg/day).  Treatment is continued for I to 3 months and is coupled with 
adequate levels of dietary calcium and phosphate. Where the disease is due to a 
defect in 1-hydroxylase, treatment is with 1,25-(OH)aD3. 

Bone and Atherosclerosis 

Bone proteins play a role (unfortunately) in the process of atherosclerosis 
(Schwartz et al., 1995). Although atherosclerosis is not a disease of bone, it is a 
disease that involves bone matrix proteins, such as osteopontin, bone morpho- 
genic protein, and osteocalcin. The mineralization of the atherosclerotic plaques 
that can develop in the coronary arter36 and other arteries, contributes to the 
danger of this pathological structure. Specificall~ the intimal layer of the artery 
becomes calcified. 

Difference between Osteomalacia and Osteoporosis 

Osteomalacia and osteoporosis are two different diseases of the bone, though both 
result in an increase in the fragility of bone. Osteomalacia involves a decrease in 
the mineral content of the bone, with an increase in the content of the osteoid 
matrix. Here, the ratio of unmineralized/mineralized bone increases. Osteopo- 
rosis results in a decrease in the bone mass but no change in its histological 
appearance. Here, the ratio of unmineralized/mineralized bone is normal, repre- 
senting more of a quantitative change than a qualitative change in the bone. 

Osteoporosis is a widespread bone disease; osteomalacia is relatively rare. The 
former disease occurs in old age and most commonly affects postmenopausal 
Caucasian women. By the age of 65, about half of all persons show signs of 
osteoporosis. The disease results in fractures of the vertebra, hip, and wrist that 
occur either spontaneously or with minimal trauma, such as getting out of bed or 
opening a window. Osteoporosis involves the thinning of bone, enlargement of the 
cavities and canals in bone, and gradual loss of bone at a rate of 5 to 10% per 
decade. It results from the continued action of the osteoclasts in forming cavities 
in bone and the failure of the osteoblasts to fill in the cavities with osteoid and 
mineral. 

The biochemical mechanisms that lead to osteoporosis are not clean There is 
some thought that the disease can be aggravated by a decrease in the activity of 
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1-hydroxylase in elderly people and a consequent impairment in the absorption 
of dietary calcium. In addition, the ability of PTH to stimulate 1-hydroxylase may 
be impaired in those with the disease. The possible benefit of calcium supplements 
at levels higher than the RDA is controversial. The possible benefit of regular 
exercise, in the form of walking, dancing, and tennis, in preventing osteoporotic 
bone losses is not clear; it seems to preserve mineral in some bones but not in 
others. 

Phosphate Metabolism 

Phosphate metabolism is regulated in a manner similar, but not identical, to 
calcium metabolism. The close association of these two nutrients is reasonable as 
they are both components of the bone mineral hydroxyapatite. Hydroxyapatite 
has the structure Cal0(PO4)s(OH)2. About 99% of the body's calcium and 85% of 
its phosphate is stored in bone. 1,25-Dihydroxyvitamin D3 stimulates the absorp- 
tion of dietary phosphate. This stimulation seems not to be dependent on the 
presence of dietary calcium. Plasma levels of phosphate are not as closely regu- 
lated as those of calcium, though both are regulated by 1,25-(OH)2D3 and PTH. 
The kidney is an important site for the regulation of plasma phosphate levels. This 
control is exerted by varying the extent of resorption of the phosphate filtered 
through the glomerulus. 

Treatment of Vitamin D Deficiency and Hazards of High Intake 

Rickets, which is diagnosed by X-rays of leg bones, heals promptly with 4000 IU 
of oral vitamin D per day, with treatment for a month. In performing this treat- 
ment, the physician needs to monitor plasma 25-hydroxyvitamin D to make 
certain that they are raised to the normal range. The bone abnormalities (visible 
by X-ray) disappear gradually over the course of 3-9 months. Parents are in- 
structed to take their infants outdoors for about 20 minutes per day with their faces 
exposed in order to prevent deficiency. Osteomalacia is treated by eating 2500 
IU/day for about three months. Measurements of 25-hydroxyvitamin D, calcium, 
and parathyroid hormone are also part of the treatment process. 

Food fortification has almost completely eliminated rickets in the United States. 
For those who cannot drink fortified milk and cannot go outside, supplements of 
vitamin D pills should be considered. In some elderly persons, a 400 IU supple- 
ment may not be enough to support normal calcium absorption by the gut, and 
daily doses of 10,000 IU per day may be needed. 

One should realize that high doses of vitamin D are dangerous and can result 
in the permanent deposit of minerals in the heart, lungs, and kidneys. Symptoms 
of toxicity include nausea, vomiting, pain in joints, and loss of interest in eating 
food. Toxicity occurs in adults with eating 50,000 IU/day for an extended period 
of time. In infants, toxicity occurs with 1000 IU/day. Continued eating of toxic 
doses can lead to death. Ergocalciferol, rather than hormonally active forms of the 
vitamin, is used in vitamin D therap~ in order to reduce the chance of hypercal- 
cemia (high plasma Ca2+). 
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Vitamin D has recently found an association with psoriasis, a common disease 
of the skin. Psoriasis is not curable, but a variety of skin ointments can reduce the 
severity of the skin lesions. One of these ointments is a chemical analogue of 
vitamin D called calcipotriene. Calcipotriene was developed after initial observa- 
tions that oral or topical calcitriol was effective against the disease. The drug 
results in improvement in 60% of patients (Greaves and Weinstein, 1995). 

VITAMIN A, VITAMIN D, A N D  T H Y R O I D  H O R M O N E  
AT THE GENOME 

The hormonal forms of vitamin A are all-trans-retinoic acid and 9-cis-retinoic acid. 
The hormonal form of vitamin D is 1,25-dihydroxyvitamin D3, and that of thyroid 
hormone is T3. These hormones act within the nucleus, where they bind to special 
proteins. These proteins are classed as transcription factors. Various transcription 
factors bind to the regulatory regions of all genes and influence the rate of tran- 
scription (Figure 9.60). Many genes are continuously transcribed, and here the 
term "basal level of transcription" is used to describe the rate of transcription. In 
cases where the gene is regulated, special transcription factors are used to enhance 
or inhibit the basal level of transcription. 

Usuall}~ transcription factors bind to special regions just upstream of a specific 
gene, but in some instances they may bind somewhat downstream of a gene. The 
term "downstream" always means the same direction taken by RNA polymerase 
when it makes mRNA from the gene. The term "downstream" also means travel- 
ing from the 5'-end towards the 3'-end of the DNA. The term "genome" simply 
means all the DNA in the cell, i.e., the collection of all the coding and noncoding 
sequences in all of the chromosomes. 

All-trans-retinoic acid binds a transcription factor called RAR, 9-cis-retinoic acid 
binds to RXR, 1,25-(OH)2D3 binds to VDR, and thyroid hormone binds to THR. 
Another transcription factor belonging to the presently discussed group is PPAR. 
PPAR is used in the control of fat cell formation. PPAR binds prostaglandins. The 
abbreviation "RAR" stands for retinoic acid receptor, "VDR" for vitamin D recep- 
tor, and "THR" for thyroid hormone receptor. "PPAR" is a trivial name that is not 
relevant to most of the work done on this transcription factor. A ligand is the 
general term for any hormone or activator that binds to any transcription factor. 
The ligand remains bound to the transcription factor when the transcription factor 
binds to the hormone response element, and the ligand remains bound when 
factor transcription provokes the activation of a gene. 

RAR, RXR, VDR, THR, and PPAR are distinguished in that they usually act, not 
as a monomers, but as dimers. RXR is generally used as a partner in these dimers. 
These dimers, which are complexes of two proteins, include PPAR/RXR, 
RAR/RXR, RXR/VDR, and RXR/THR. When the dimers bind to DNA, they bind 
to regions that contain this sequence: GGGTCA (guanine-guanine-guanine- 
thymine--cytosine-adenine). This sequence is called the "half-core sequence." 
GGGTCA is only the most often occurring half-core sequence, and slight variations 
in this sequence are common. The half-core sequence actually occurs twice, where 
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the first to occur usually binds RXR and the second binds the other member of the 
complex, i.e., VDR or THR. The entire sequence of DNA that binds PPAR/RXR is 
GGGTCANGGGTCA, where N means any nucleotide (A, T, G, or C). The entire 
sequence of DNA that binds the RXR/VDR complex is GGGTCANNNGGGTCA. 
The complete sequence of DNA that binds the RXR/THR complex is 
GGGTCANNNNGGGTCA. The full sequence of DNA that binds the RXR/RAR 
complex is GGGTCANNNNNGGGTCA. A major distinguishing difference be- 
tween the sequences of DNA which bind these four heterodimer complexes is the 
number of bases occurring between the half-core sequences. Only one strand of 
the DNA helix was shown in these examples. 

Table 9.7 summarizes the ligands, transcription factors, and response elements 
detailed in this section. The typical sequence of events occurring with gene activa- 
tion is as follows (Figure 9.60): 

1. The ligand binds to RAR (or PPAR, THR, or VDR) to form a ligand/protein 
complex. 

2. The ligand/protein binds to RXR to form a heterodimer composed of two 
proteins. Usuall~ RXR does not contain its ligand, 9-cis-retinoic acid, during 
the scenario of gene activation. On the other hand, if 9-cis-refinoic acid does 
bind to RXR, the RXR may be prevented from participating in the heterodi- 
mer complex. In this wa~ the action of binding of 9-cis-retinoic acid to RXR 
may impair the activation of a specific gene. 

3. The heterodimer binds tightly to the regulatory sequence of DNA. The 
regulatory sequence containing the pair of GGGTCA sequences is called the 
hormone response element. The half-core sequences that bind to the RXR/RAR 
complex, for example, are separated by four nucleotides, where the exact 
identity of these nucleotides is usually not vital to the functioning of the 

TABLE 9.7 List of Ligands, Transcription Factors, and Hormone Binding Elements 

Ligand 

Transcription Hormone binding element 
factor (both strands of 

complex DNA are shown) 

Prostaglandin 
(proposed ligand) 

1,25-(HO)2-Vit.D3 

T3 

all-trans-reffmoic acid 

PPAR/RXR GGGTCANGGGTCA 
CCCAGTNCCCAGT 

RXR/VDR GGGTCANNNGGGTCA 
CCCAGTNNNCCCAGT 

RXR/THR GGGTCANNNNGGGTCA 
CCCAGTNNNNCCCAGT 

RXR/RAR GGGTCANNNNNGGGTCA 
CCCAGTNNNNNCCCAGT 

The first protein listed, in the complex, binds to the upstream half-core, while the second protein 
listed binds to the downstream half-core. RXR binds to the upstream half-core for all of the com- 
plexes, except for the PPAR/RXR complex, where RXR binds to the downstream half-core. 
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#1 #2 

1,25 - (OH)2-D 3 

---.., 
DNA 

Regulatory Transcribed region 
region of gene of gene 

Figure 9.60. Sequence of events in gene regulation by hormone receptors, as illustrated by 
the vitamin D receptor and its binding to a vitamin D response element. VDR is shown 
some of its domains: a DNA binding domain (round shape), a ligand binding domain 
(pentagon), and a dimerization domain (point on the pentagon). Step 1. The ligand binds 
to VDR. Step 2. VDR binds RXR, forming a heterodimer. Step 3. The heterodimer binds to 
its hormone response element, located in the regulatory region of the gene. The binding of 
the heterodimer provokes an increase (or decrease) in the rate of transcription of a nearby 
gene. 

hormone response element. Sometimes, the exact identities of the nucleo- 
tides just upstream or downstream of the hormone response element are 
important and may influence the event of gene activation. 

4. The heterodimer stimulates RNA polymerase to begin transcribing the 
gene. A typical stimulation is a 10- to 50-fold stimulation over the basal rate. 
As long as the transcription factor complex (with bound ligand) remains 
associated with the hormone response element, RNA polymerase acts over 
and over again, at the gene to make more and more copies of the mRNA. 

Which genes are activated by the binding of the heterodimer complexes? Insight 
into these genes was supplied by a number of nutritional, pharmacological, and 
genetic studies. Techniques, such as dietary vitamin deficienc~ vitamin overdose, 
and use of vitamin analogues and antagonists have proven useful in the past. In 
recent years, the functions of genes in mammals has been probed by use of the 
"knock-out" technique, where specific genes are deleted or "knocked out" in the 
fetal animal, usually a mouse. In the case of some genes, the resulting knock-out 
mice develop normally and continue to thrive, and it may take much effort before 
any consequent change in metabolism is discovered, and thus much effort to find 
the use of the gene, if any. In other cases, severe anatomical defects occur in the 
fetal mouse and the animal dies shortly before or after birth, again making it 
difficult to determine the use of the gene. 
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Response Elements and the Activation of Genes 

Adipocyte Development 

The PPAR/RXR complex, apparently; can activate transcription when either PPAR 
or RXR contains its ligand (Mangelsdorf and Evans, 1995). The PPAR/RXR com- 
plex provokes the differentiation of precursor cells to adipocytes. Specifical136 this 
complex activates the genes coding for malic enzyme, acyl-CoA synthase, enoyl- 
CoA hydratase, PEPCK, and other enzymes (Ijpenberg et al., 1997). Malic enzyme 
catalyzes the conversion of malic acid to pyruvate, resulting in the production of 
NADPH. NADPH is needed for fatty acid synthesis. The hormone response ele- 
ment in the malic enzyme gene is: GGGTCAAAGTTGA (Ijpenberg et al., 1997). 
The half-core sequences are underlined. Please note that the downstream half-core 
does not perfectly match the typical half-core. Further details of PPAR are revealed 
in the Obesity chapter. 

Bone Remodeling 

Vitamin D regulates the genes for several proteins, including osteocalcin, 
osteopontin, ~3-integrin, vitamin D 24-hydroxylase, and parathyroid hormone. In 
all cases, the ligand for VDR is 1,25-(OH)2-D3 and in all cases the partner protein 
RXR does not bind its ligand. An increase in plasma 1,25-(OH)2-D3 can trigger bone 
remodeling by stimulating various genes in osteoblasts and osteoclasts. Osteocal- 
cin, for example, functions to halt bone matrix formation, where this activity 
promotes the resorption of bone and an increased delivery of calcium ions to the 
bloodstream. At the same time, an increase in plasma 1,25-(OH)2-D3 can trigger its 
feedback inactivation by stimulating the synthesis of vitamin D 24-hydroxylase. 
This enzyme catalyzes the inactivation of 1,25-(OH)2-D3 by converting it to 1,24,25- 
(OH)3-D 3. 1,25-Dihydroxyvitamin D 3 decreases the expression of the gene coding 
for parathyroid hormone. This constitutes a type of feedback inhibition because 
parathyroid hormone functions to stimulate the synthesis of 1,25-(OH)2-D3. The 
hormone response element that resides in the gene for parathyroid hormone is 
GGTTCAAAGCAGACA (Darwish and DeLuca, 1996; Mackey et al., 1996). The 
half-core sequences are underlined, and these sequences are separated by three 
nucleotides. 

Metabolic Rate 

Thyroid hormone, when complexed with RXR/THR, regulates the number of 
mitochondria in the cell as well as the function of mitochondria. Several mitochon- 
drial proteins, including cytochrome c oxidase, NADH dehydrogenase, and the 
[3-subunit of FoF1-ATPase (the enzyme that makes most of the ATP in the body) are 
induced by thyroid hormone (Koiduchi et al., 1996; Almeida et al., 1997). Thyroid 
hormone regulates the activity of an important protein of the plasma membrane, 
Na,K-ATPase. This enzyme is used for transporting sodium out of the cell, and 
indirectly for driving other transport systems which are forced to operate by the 
return of sodium back into the cell. Thyroid hormone provokes an increase in 
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Na,K-ATPase activity. The hormone response element for Na,K-ATPase or, more 
accurately one of its subunits, is AGGTCACTCCGGGACG (Feng et al., 1993). The 
half-core sequences are underlined. Note that four nucleotides separate the half- 
core sequences, and that one of these sequences deviates from the typical AG- 
GTCA sequence. Thyroid hormone's stimulation of mitochondrial proteins and 
Na,K-ATPase is consistent with this hormone's action in raising the body's meta- 
bolic rate. 

In the developing brain, TH regulates nerve growth, nerve migration, and the 
formation of connections between nerves. These events are probably the result of 
thyroid hormone's regulation of the genes coding for various proteins of the 
nervous system, including myelin basic protein, PCP-2 protein, and proteolipid 
protein (Oppenheimer and Schwartz, 1997). 

Embryonic Development 

RXR/RAR activates the HOX gene. Here, RAR contains all-trans-retinoic acid, 
while RXR is unoccupied. The HOX gene actually consists of a family of some 40 
related genes. The hormone response element for the HOXA-1 gene is GGTTCAC- 
CGAAAGTTCA (Giguere, 1994). All of the HOX genes code for transcription 
factors. Thus, the overall scenario is that one transcription factor (RXR/RAR) 
controls the synthesis of other transcription factors (HOX proteins). The HOX 
family of transcription factors is used in the developing embryo, i.e., for regulating 
the development of the skeleton and other tissues. The HOX gene is used for 
controlling the positioning of the limbs and brain of the developing embryo 
(Marshall et al., 1996, Roy et al., 1995; Morrison et al., 1996). Using standard genetic 
techniques, knock-out mice lacking RAR were produced. As the mouse fetuses 
developed, they had skeletal abnormalities. Defects in the mouth, eye, spinal cord 
and feet also occurred (Morriss-Kay and Sokolova, 1996). Some, but not all, of 
these abnormalities also occur when pregnant mother mice are fed vitamin A 
deficient diets. This picture represents an exciting meeting of classical nutritional 
science and contemporary mouse genetics. 

Four Domains in the Hormone Receptors (Transcription Factors) 

The described transcription factors consist of a polypeptide of about 400 amino 
acids, and contain special regions, or domains, that are used for four purposes (Liu 
et al., 1997)" 

1. To bind double-stranded DNA at the site of the response element. 
2. To bind the partner protein in the heterodimer. 
3. To bind the ligand. 
4. To transmit a signal to RNA polymerase, thus provoking an increase in the 

frequency of repeated transcription. 

The VDR for example, consists of 427 amino acids. A number of naturally 
occurring mutations have been found to occur in the human gene coding for the 
vitamin D binding protein (VDR). Gly-33-Asp and Arg-73-Gln are but two exam- 
ples of these mutations. These mutations result in permanent impairment in the 
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functioning of the DNA-binding domain, and result in rickets in the person 
bearing the mutation (Haussler et al., 1997). The abbreviation "Gly-33-Asp" means 
that the glycine, which normally occurs at the 33rd amino acid of the polypeptide 
chain, has been mutated to aspartate. 

The structure typical of hormone receptors, and its constituent domains, is as 
follows: 

I I ! I I I 
A B C D E F 

This discussion specifically applies to RAR and VDR, but the overall scheme may 
apply to all hormone-binding proteins that bind to response elements. The A 
domain and B domain are used for the activation process, and may contact the 
basal transcription factors. The C domain is the DNA binding domain, and con- 
tains zinc fingers. The C domain also contains the nuclear localization sequence, 
i.e., a stretch of amino acids that is used to bring the entire protein into the nucleus, 
shortly after it as been created on the ribosome. The D domain contains a hinge 
region, and may maintain specific orientations between the C domain and E 
domain. The E domain is the ligand binding region. Regions of the D domain and 
E domain are used to maintain dimerization, i.e., for binding to the RXR protein. 
The F domain plays a part in activating transcription (Petkovich, 1992; Chambon, 
1996; Haussler et al., 1997). 

EXERCISE 
One type of genetic disease, resulting in rickets, can be cured by large doses of vitamin D. 
This disease involves a mutation in one of the four domains mentioned earlier. In which 
domain does this mutation occur? 

The Zinc Finger ~ A Structure in D N A  Binding Proteins 

The domain of the hormone receptor that is directly involved in binding to DNA 
contains one or more short stretches of amino acids known as a zinc finger (Figure 
9.61). The zinc finger sequence is about 30 amino acids long, and binds a zinc atom 
with specific residues of cysteine and histidine. The anion of sulfur (on Cys) and 
the lone pair electrons (on the N of histidine's ring) interact with and bind the 
positively charged zinc atom. RAR, RXR, VDR, THR, and PPAR all contain zinc 
fingers, and all probably require zinc atoms for binding to DNA. The zinc-binding 
region occurs in the C domain. Other transcription factors, such as those that bind 
steroid hormones, also contain zinc fingers. 

Vitamin  A and Cancer 

Vitamin A deficiency in animals leads to a greater frequency of various types of 
cancer. Most of these animal studies involved the induction of cancer using chemi- 
cal carcinogens, that is, by feeding, injection, or application to the skin. 

Epidemiological studies on human populations have suggested that humans 
deficient in vitamin A may be at a greater risk for certain types of cancer. The 
converse situation, namely the treatment of cancer patients with vitamin A, has 
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yielded some provocative results. Certain cancers of the skin, mouth, larynx, liver, 
cervix, lung, and one type of leukemia (promyelocytic leukemia) may respond 
somewhat in some cases, or dramatically in others, to treatment with retinoic acid 
(Lotan, 1996; Shafritz, 1996). Clear and definite data have revealed that some types 
of cancer cells synthesize reduced levels of one of the retinoic acid receptors 
(RARs) (Minna and Mangelsdorf, 1997). Evidence suggests that the curative effect 
of retinoic acid, in this case, is due to its restoration of normal levels of RARs. 
Synthetic retinoic acid compounds, which selectively bind to only one of the three 
types of RAR (or to one of the three types of RXR), are expected to be more 
powerful and more selective as anticancer agents than naturally occurring forms 
of retinoic acid. 

Rela t ion  of Vi tamin  B ind ing  Prote ins  to Othe r  Transcr ipt ion Factors 

Several families of transcription factors exist. These include basal (or general) 
transcription factors, activators, and repressors. The basal transcription factors 
include transcription factor IIA (TFIIA), TFIIB, TFIID, TFIIE, TFIIE and TFIIH. 
Most of these transcription factors exist as multiprotein complexes. These tran- 
scription factors must be assembled just upstream of the transcribed part of the 
gene before RNA polymerase begins its catalytic activity. When assembled, the 
entire "mega-complex" consists of about 50 proteins (Jacobson and Tjian, 1996). 

TFIID is involved at the beginning of the assembly of the mega-complex. TFIID 
binds to the sequence thymine-adenine-thymine-adenine (TATA), which occurs 
about 30 base pairs upstream of the transcription start site. TFIIB and TFIIF recruit 
RNA polymerase and incorporates this enzyme into the mega-complex. The cor- 
rect term for this mega-complex is an initiation complex. TFIIA is necessary for 
regulating the rate of formation of the initiation complex (Geiger et al., 1996). Once 
RNA polymerase is stabilized at the transcription start site, TFIIE and TFIIH act 
by provoking RNA polymerase to escape from the initiation complex, and to begin 
polymerizing ribonucleotides to create mRNA (Zawel and Reinberg, 1995). 

These events are illustrated in the simple diagram that follows. The region 
called the promoter consists of about 20 base pairs. The promoter binds RNA 
polymerase. The transcription start site begins a few base pairs downstream of the 
promoter. The TATA sequence occurs about 30 base pairs upstream of the tran- 
scription start site. Response elements can reside a bit further, or quite a bit further, 
upstream of the TATA sequence. The sizes of the various regions in the diagram 
are not to scale: 

A variety of special transcription factors regulate the behavior of the initiation 
complex. These proteins include JUN, FOS, and CREBP. CREBP (cAMP response 
element binding protein) is a protein that specially responds to cyclic AMP. JUN 
and FOS are used in the regulation of cell division. Further details on these two 
transcription factors appear in the Diet and Cancer chapter. Other special tran- 
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scription factors require binding by a hormone. These include the 
RAR/VDR/THR/PPAR family, which usually occur as heterodimers, and the 
steroid hormone binding proteins, which occur as homodimers. The steroid 
hormone binding proteins occur as homodimers and bind aldosterone, glucocor- 
ticoids, estrogen, androgen, or testosterone. 

How do the special transcription factors regulate the activities of the basal 
transcription factors? Information on this issue is only beginning to become avail- 
able. One might expect, for example, to find a scenario where RXR/VDR directly 
contacts TFIIA, to stimulate the activity of the initiation complex. 

The researcher always needs to take care in the quest for discovering new 
response elements and new transcription factors. Just because a sequence in DNA 
resembles the order of bases in an established response element does not mean 
that it actually binds any transcription factor. Just because a specific DNA sequence 
binds a transcription factor does not mean that it actually functions to regulate any 
gene in the living cell. 

N I A C I N  

Niacin is a water-soluble vitamin. The RDA of niacin for the adult man is 19 mg. 
Niacin is converted in the body to the cofactor nicotinamide adenine dinucleotide 
(NAD). NAD also exists in a phosphorylated form, NADE The phosphate group 
occurs on the 2-hydroxyl group of the AMP half of the coenzyme. NAD and NADP 
are used in the catalysis of oxidation and reduction reactions. These reactions are 
called redox reactions. NAD cycles between the oxidized form, NAD, and the 
reduced form, NADH + H +. The coenzyme functions to accept and donate elec- 
trons. NADP behaves in a similar fashion. It occurs as NADP + and NADPH + H § 
The utilization of NAD is illustrated in the sections on glycolysis, the malate- 
aspartate shuttle, ketone body metabolism, and fatty acid oxidation. The utiliza- 
tion of NADP is illustrated in the sections concerning fatty acid synthesis and the 
pentose phosphate pathwa3a 

The term niacin refers to both nicotinic acid and to nicotinamide. Niacin in foods 
occurs mainly in the cofactor form, NAD and NADP, and their reduced versions. 
NAD is hydrolyzed by enzymes of the gut mucosa to yield nicotinamide. Dietary 
NAD can also be hydrolyzed in the gut mucosa at the pyrophosphate bond to yield 
nicotinamide nucleotide. Nicotinamide and nicotinamide nucleotide are then bro- 
ken down, possibly by enzymes in the gut and liver, to yield nicotinic acid. The 
conversion of nicotinic acid to NAD (nicotinamide adenine dinucleotide) is shown 
in Figure 9.62. The first step involves the transfer of a ribose phosphate group from 
PRPP to nicotinic acid, forming nicotinic acid nucleotide. The second step involves 
the transfer of an ADP group from ATP, forming nicotinic acid adenine dinu- 
cleotide. The final step is an amidation reaction. Here, glutamine donates its amide 
group to a carboxyl group, forming NAD. The asterisk indicates the point of 
attachment of the phosphate group of NADP. 

Conversion of nicotinic acid to NAD is illustrated by the following experiment 
involving mice (Figure 9.63). The animals were injected with carbon-14-1abeled 
nicotinic acid. The livers were removed at the indicated times ~ 0.33, 1.0, 3.0, and 
10 minutes ~ and used for analysis of the radioactive metabolites. At 20 seconds, 
unchanged nicotinic acid (O) was the major metabolite. At 1 to 3 minutes, there 
was a temporary accumulation of nicotinic acid ribonucleotide (V) and deamido- 
NAD (A). NAD (0) was the major metabolite after 3 minutes. 
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FIGURE 9.62 Conversion of nicotinic acid to NAD. 

Biochemistry of NAD 

NAD tends to be an electron acceptor in catabolic reactions involving the degrada- 
tion of carbohydrates, fatty acids, ketone bodies, amino acids, and alcohol. NAD 
is used in energy-producing reactions. NADP, which is cytosolic, tends to be 
involved in biosynthetic reactions. Reduced NADP is generated by the pentose 
phosphate pathway (cytosolic) and used by cytosolic pathways, such as fatty acid 
biosynthesis and cholesterol synthesis, and by ribonucleotide reductase. The nia- 
cin coenzymes are used for two-electron transfer reactions. The oxidized form of 
NAD is NAD +. There is a positive charge on the cofactor because the aromatic 
amino group is a quaternary amine. A quaternary amine participates in four 
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FIGURE 9.63 Illustration of the conversion of nicotinic acid to NAD using radioactively 
labeled nicotinic acid. (Redrawn with permission from Ijichi et al., 1966.) 
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covalent bonds. NAD-dependent reactions involve the transfer of two electrons 
and two protons. NAD accepts two of the electrons and one of the protons; the 
remaining proton remains in solution. Hence, the reduced form of NAD is not 
written as NADH2, but as NADH + H + (Figure 9.64). 

The niacin coenzymes might be compared with the riboflavin coenzymes. 
Niacin coenzymes are used by enzymes for the transfer of two electrons at a time, 
where both electrons are transferred without the accumulation of a one-electron 
reduced intermediate. The riboflavin coenzymes, in accepting two electrons, can 
accept one electron at a time, with a detectable free radical intermediate. Another 
difference is that niacin coenzymes do not readily react with molecular oxygen, 
whereas riboflavin coenzymes can form covalent bonds with oxygen. Hence, 
flavoenzymes are used for introducing oxygen, from 02, into various metabolites. 
Another difference is that the reducing power of NADH + H + is greater than that 
of FADH2. Electrons from reduced NAD are often transferred to flavoproteins, 
resulting in a reduced flavoprotein; that is, the FAD cofactor is converted to 
FADH2. The reverse event, namely the reduction of NAD by FADH2, does not tend 
to occur. This point is illustrated by the fact that NADH + H + can generate more 
ATPs in the respiratory chain than can FADH2. 

NAD Used for Nonredox  Purposes 

Posttranslational Modification of Proteins 

NAD is used in posttranslational modification of a variety of proteins, notably 
some of the proteins of the chromosomes. The chromosomes are composed of 
DNA, histones, and nonhistone proteins. The histones, which are distinguished by 
their high content of basic amino acids, serve as a scaffold and maintain the coiled 
and folded structure of the DNA. The other proteins are used in regulating the 
expression of specific genes. Poly(ADP-ribose) polymerase catalyzes the attach- 
ment of ADP-ribose to various chromosomal proteins. This modification, shown 
in Figure 9.65A, is more dramatic than a simple methylation or phosphorylation. 
The enzyme uses NAD as a substrate. Here, NAD does not serve its usual role as 
an oxidant or reductant. The ADP-ribosyl moiety of NAD is donated to the 
acceptor protein. A molecule of nicotinamide is discharged with each event of 

H 

i~~J/ O ~ -~- H+ + 
2H* + 2e- + _~,NH2 

I 
R 

c//~ 
"~ NH 2 

I 
R 

(NAD § (NADH) 

FIGURE 9.64 NAD accepts two electrons and one proton. When used as a substrate by 
enzymes, NAD is a 2-electron acceptor and a 2-electron donor. However, when acting 
purely as a chemical, in the absence of enzymes, NAD (or NADH + H +) can accept or 
donate a single electron. 
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FIGURE 9.65 A (facing page). Involvement of NAD for ADP-ribosylation reactions. Four 
molecules of NAD are shown for the synthesis of a polymer consisting of four residues of 
ADP-ribose. B (above). Cyclic ADP-ribose, a molecule thought to be used for cell-signaling, 
is made from NAD. 

ADP-ribosylation. In the case of some proteins, multiple ADP-ribose units are 
transferred to the protein, forming a poly(ADP-ribose) group. The activity of poly 
(ADP-ribose) polymerase is increased during cell growth, cell differentiation, and 
recovery from damage to the DNA. The enzyme is involved in controlling the 
repair of DNA (Satoh et al., 1993). 

Cyclic ADP-Ribose, a Molecule Used in Cell-Signaling 

NAD serves as a donor of an ADP-ribose group for the synthesis of cyclic ADP- 
ribose. ADP-ribosyl cyclase catalyzes the synthesis of cyclic ADP-ribose (Figure 
9.65B). This molecule works within the cell and provokes the release of calcium 
ions from an internal storage site (Jacobson et al., 1997). The overall concentration 
of cyclic ADP-ribose in various organs is about 2.0 micromolar (Dousa et al., 1996). 
The action of cyclic ADP-ribose in the cell is thought to be similar to that of another 
signaling molecule, IP3 (see Calcium section). 

NADP, the phosphorylated version of NAD, is converted in the cell to nicotinic 
acid adenine dinucleotide phosphate (NAADP). NAD cannot be used directly for 
this purpose. NAADP seems also to be used as a cell-signaling molecule, and to 
provoke a burst of intracellular calcium ions (Aarhus et al., 1996; Dousa et al., 1996). 

History of Niacin Nutrition 

The nutritional history of niacin is unusually colorful and involves Italy; Mexico, 
and the American South. The documentation of niacin deficiency seems to have 
started a long time ago, when corn was brought to Spain by Columbus. Corn is 
distinguished as being low in niacin. The introduction of corn to Europe resulted 
in its widespread cultivation; it replaced rye as a major crop. Corn became popular 
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in Spain, southern France, Italy; Rumania, southern Russia, and Egypt. Pellagra, a 
disease resulting from severe niacin deficienc}~ followed the cultivation of corn. 
This disease is characterized by severe dermatitis and fissured scabs, diarrhea, and 
mental depression. The disease is associated with "the four Ds": dermatitis, diar- 
rhea, dementia, and death. Because of the third "D," mental hospitals proved to 
be a convenient place to find and study the disease. 

Pellagra was noted in the 1760s in Spain and Italy. A special hospital was 
employed for pellagrins in Legano, Ital~ in 1784. Later, in 1917, a special hospital 
was set up in Spartanburg, South Carolina, for those suffering from the disease. In 
America, during the depression of the 1930s, about a quarter of a million cases of 
pellagra occurred, with I case in 35 being fatal. 

A variety of theories were devised to explain the disease. These theories in- 
volved toxic reactions to moldy corn or to the consumption of rancid vegetable oil 
and bacterial infections. It was realized that pellagra was associated with poverty, 
the corn-eating practices of the poor, and the fact that corn was sometimes moldy. 
This realization resulted in an attempt to reduce the spoilage of com. The French 
government reduced the consumption of corn, and the disease disappeared from 
France by 1900. Alternate approaches or ideas arose in Italy and America. The 
Italian government constructed municipal corn driers to reduce the growth of 
mold. In America, it was believed that pellagra was caused by eating vegetable 
oils rather than animal fat, because vegetable oils, which contain polyunsaturated 
fatty acids, spoil relatively easily. Approaches based on either of these two would 
not be expected to have any effect on the disease. 

Joseph Goldberger, in America, provided definitive results regarding the cause 
of pellagra. Goldberger was interested in determining if pellagra was an infectious 
disease. He took blood samples from pellagra patients and injected them into 
himself. He consumed their scaly skin, urine, and feces (not directly; but mixed 
with food). Goldberger and his co-workers did not become ill, though the pella- 
grins continued to die. In later studies in South Carolina, Goldberger found that 
the disease could be cured by milk. He concluded that pellagra was not infectious 
but resulted from the elimination of meat and milk from the diet. 

After experimenting with rats and other animals, Goldberger found that dogs 
consuming a pellagric diet developed a condition he called "black tongue dis- 
ease." This disease included signs found in humans, such as diarrhea and an 
inflamed mouth. In the 1930s, after niacin was found to have a biochemical role as 
a coenzyme, researchers at the University of Wisconsin discovered that niacin 
could cure black tongue disease. From there, it was demonstrated that niacin could 
cure pellagra. 

The list in Figure 9.66 was translated from a publication appearing in Italy in 
1905. The list contains some sound advice, such as "consume milk" and "do not 
be ashamed to go to the doctor," as well as advice later found to be irrelevant. 

How can milk and alkali-treated corn prevent pellagra? The history of pellagra 
contains some apparent contradictions. A description of these apparent contradic- 
tions may bring into vivid view some interesting aspects of the nutrition of niacin. 
One of the contradictions involves Central Americans and the other concerns milk. 
It was realized that Mexicans resembled Italians in being extremely poor and in 
eating corn; however, it was known that Mexicans did not suffer from pellagra. 
There was some thought that the resistance of Mexicans to pellagra resulted from 
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ADVICE AND RULES FOR AVOIDING PELLAGRA 

SPOILED CORN IS THE CAUSE OF PEL- 
LAGRA, and corn readily becomes spoiled, 
moldy or poisonous when harvested too 
earl)~ before it is ripe, and stored in places 
which are damp or poorly ventilated; it may 
also be of poor quality when imported from 
some other place and may contain a large 
percentage of damaged grains. 

CINQUANTINA is a variety of corn which 
should be used only for feeding animals. 

SPOILED CORN MAY BE RECOGNIZED 
by its pale or greenish color, by the shriveled 
and cracked surface of the grains which are 
also covered with greenish, bluish or 
brownish spots, by its musty odor and its 
bitterish, disgusting taste. 

The damaged corn also weighs less than 
sound corn; and the surface of spoiled grain 
lacks the shining appearance of the sound 
article. 

KEEP your corn then in places WELL 
DRIED AND AIRED. 

Distrust WHITE CORN because it is more 
likely to spoil than other kinds. 

IMPORTED CORN IS FREQUENTLY 
DAMAGED. 

Keep watch over your corn while it is being 
ground in the MILLS of the country. 

If you have carried good corn to the mill, 
see to it that you receive meal ground from 
that corn, and do not allow the miller to 
substitute meal ground from inferior grain. 

If your corn is GROUND BY A ROLLER 
MILL (a cilindro), the spoiled grains are not 
likely to be ground into the meal. 

The establishment of a COMMUNAL, CO- 
OPERATWE OR INDEPENDENT BAKERY 
is a great benefit in a section where pellagra 
is very severe. 

The utmost care should be used when one 
undertakes the PREPARATION AND BAK- 
ING OF BREAD AT HOME. 

Instead of SPENDING YOUR MONEY ON 
WINES AND LIQUORS, buy wheat bread; 
limit your use of polenta. If you have milk, 
eggs, cheese, limit the sale of these articles to 
others, and use at least a part of such prod- 
ucts for your own home food. 

REDUCE the cultivation of corn; EXTEND 
cultivation on your low lands and do not 
grow corn in mountainous regions or in very 
moist soils. 

DO NOT BE ASHAMED to go to the doctor 
if you are a pellagrin; and HAVE YOURSELF 
ENTERED AT THE LOCANDA SANITARIA 
or at the ECONOMIC KITCHEN. 

Get cured in time and so avoid the HOSPI- 
TAL or the INSANE ASYLUM. 

Remember that the LAW AGAINST PEL- 
LAGRA requires a CURATIVE DIET for pel- 
lagrins. It is your RIGHT to demand it, and 
your DUTY to procure it. 

The CLEANLINESS and HEALTHFUL- 
NESS Of YOUR HOMES are necessary con- 
ditions for preventing the moulding of corn 
which is kept in your houses. 

Never keep your corn in BED ROOMS, and 
see to it that you have proper places for the 
STORING and SEASONING OF YOUR 
GRAIN. 

KEEP the corn DRY. 

PROFIT BY YOUR INSTRUCTION IN AG- 
RICULTURE, and better your crops. 

EXERT YOURSELVES TO CO-OPERATE 
WITH OTHERS FOR YOUR OWN SALVA- 
TION by acquiring knowledge of, and inter- 
est in the application of the LAW AGAINST 
PELLAGRA. 

FIGURE 9.66 Advice and rules for avoiding pellagra. (Redrawn with permission from 
Carpenter, 1981.) 
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their custom of cooking corn in hot alkali, as it might be expected that this 
treatment would kill the mold on the com. The solution to the problem is as 
follows. Corn is low in niacin; however, treatment of corn with hot alkali (calcium 
hydroxide) results in the degradation of a compound in the plant called "bound 
niacin." This degradation produces a number of products, including free niacin. 
The treatment of corn with calcium hydroxide is a step used in the manufacture 
of corn tortillas. It might also be noted that the Hopi of Arizona harvest corn in 
the immature, milky stage. Corn at this stage contains ample amounts of niacin 
and hence would be expected to protect against pellagra. 

The following study illustrates the effect of alkali treatment on the growth-pro- 
moting properties of corn. The growth-promoting effect was attributed to the 
release of bound niacin. Rats consumed diets in which the only source of niacin 
was corn meal (O) or alkali-treated corn meal (@). Other rats consumed corn meal 
diets (A) or alkali-treated corn meal diets (&) supplemented with niacin (Figure 
9.67). 

EXERCISE 
Was the quantity of bound niacin released during alkali treatment sufficient to support 
maximal growth of the rats (Figure 9.67)? 

As mentioned earlier, milk was often used to treat pellagra; however, neither 
milk nor eggs contain very much niacin. The question arises: How can milk reverse 
the symptoms of a disease known to result mainly from niacin deficiency? The 
answer lies in a consideration of the pathway of catabolism of one of the amino 
acids, tryptophan. The breakdown of tryptophan may follow a number of different 
routes, including that shown in Figure 9.68. The final product of this pathway is 
nicotinic acid ribonucleotide, which can be converted to NAD. A small fraction of 
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FIGURE 9.67 Effect of alkali treatment on the growth-promoting properties of com. (Re- 
drawn with permission from Squibb et al., 1959.) 
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the tryptophan consumed each day, in the form of dietary proteins, is degraded to 
form NAD. It has generally been agreed that 60 mg of dietary tryptophan is 
equivalent to 1.0 mg of niacin. For this reason, the RDA for niacin is expressed as 
"mg of niacin equivalents" rather than "mg of niacin." Milk protein is high in 
tryptophan and thus is, in effect, a good source of niacin. Milk and egg protein are 
about 1.4% tryptophan, by weight, whereas corn protein contains about 0.6% 
tryptophan. Corn that is not treated with alkali is a poor source of niacin and a 
relatively poor source of tryptophan. 

EXERCISE 
The average diet in the United States may supply 0.7 to 1.1 g of tryptophan per day. What 
percentage of the RDA of niacin might be expected to be supplied by this amino acid? 

Assessment  of Niacin Status 

That nongrowing animals require niacin implies that it is lost from the body either 
as intact niacin or as a modified or breakdown product of the vitamin. An amount 
of niacin equivalent to nearly 90% of our daily intake is excreted in the forms of 
N-methyl-2-pyridone-5-carboxamide (pyridone for short) and N-methyl-nicoti- 
namide. The structures of these compounds are shown in Figure 9.69. Measure- 
ment of these urinary metabolites can be used to assess niacin status. Loss of the 
normal quantity in the urine each day indicates that the supply in the diet is 
adequate. In humans, the healthy adult excretes 4 to 6 mg of N-methyl-nicoti- 
namide per day. An abnormally low level indicates that the dietary intake is not 
adequate. Measurement of urinary niacin metabolites has proven useful in deter- 
mining the amount of niacin available in a variety of foods. The body's ability to 
use niacin in different foods may vary even if the foods contain identical quantities 
of the vitamin. One contributing factor to the low availability of niacin is the 
occurrence of the vitamin in the "bound form," as mentioned earlier. Excretion of 
normal levels of pyridone, for example, depends not only on normal absorption 
of the vitamin from the diet, but also on its conversion to NAD or NADP, followed 
by catabolism to the metabolite. 

There is some interest in using the ratio of NAD/NADP in red blood cells as a 
convenient measure of niacin status (Jacobson and Jacobson, 1997). How could this 
assay work? Data from human studies has shown that niacin deficiency allows a 
decline in intracellular NAD, but a maintenance of the levels of NADE 
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FIGURE 9.69 Excretory forms of niacin. 
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Pharmacological Use of Nicotinic Acid 

Large doses of nicotinic acid are often used for the treatment of atherosclerosis and 
to lower blood cholesterol. In detail, nicotinic acid results in a lowering of LDL- 
cholesterol ("bad cholesterol"), in increase in HDL-cholesterol ("good choles- 
terol"), and a decrease in plasma triglycerides (Blankenhom et al., 1993; Holvoet 
and Collen, 1995; Illingworth et al., 1994; McKenney et al., 1994). Therapy involves 
daily doses of 1.5-4.0 grams of niacin per day. The drug may produce troublesome 
side effects, such as liver damage, nausea, and diarrhea. Flushing of the skin (due 
to dilation of arteries) occurs as a side effect when nicotinic acid therapy is started, 
but may disappear with continued therapy. Still, along with the statin drugs and 
resins that bind bile salts, niacin continues to be a mainstream drug for treating or 
preventing cardiovascular disease. 

T H I A M I N  

Thiamin is a water-soluble vitamin. The RDA of thiamin for the adult man is 1.5 
mg. The vitamin is present in a variety of foods of plant and animal origin, as well 
as in yeast. The populations most at risk of developing a deficiency are chronic 
alcoholics in Western countries and those with an overdependence on polished 
rice as a staple in underdeveloped nations. The consumption of large amounts of 
raw seafood can also induce the deficiency. Thiamin deficiency in humans is called 
beriberi. The disease occurs in a variety of forms and causes different problems in 
infants, adults, and alcoholics. 

Absorption and Metabolism of Thiamin 

The cofactor form of thiamin is thiamin pyrophosphate (TPP). TPP is released from 
dietary proteins during hydrolysis in the gastrointestinal tract and then hydro- 
lyzed to thiamin. The thiamin is absorbed and transported into various tissues, 
where it is converted back to TPP by the action of thiaminokinase (Figure 9.70). A 
small proportion of the body's thiamin occurs as thiamin monophosphate (TMP) 
and thiamin trisphosphate (TTP). 

NH 2 NH2 

o 
Ii thiaminokinale _ II II II 

__CH2-- CHz__ OH ~ _ HaC ~ N ,  ~ H,/C,~s IC--CH2--CH2-- O-- --O--P--O" " I I H3C HJ C'~s" ~ " ~  0 - 0 " 
ATP AMP 

Thiamin Thiamin pyrophosphate 

FIGURE 9.70 Conversion of thiamin to thiamin triphosphate (TPP). 
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Biochemistry of Thiamin 

Thiamin pyrophosphate is a cofactor for only a small number of enzymes, namely 
pyruvate dehydrogenase, 0~-ketoglutarate dehydrogenase, BCKA dehydrogenase, 
and transketolase. The three dehydrogenases catalyze the reduction of NAD and 
the discharge of a molecule of CO2. Transketolase catalyzes the transfer of 2-carbon 
units at two positions of the pentose phosphate pathway. The dehydrogenases are 
described at earlier points in the text (Chapters 4 and 8). The regulatory aspects of 
the pentose phosphate pathway are detailed with the material on fatty acid syn- 
thetase (Chapter 5). This pathway (Figure 9.71) comprises a series of related 
reactions involving the interconversion of carbohydrates containing three to seven 
carbons. The most important intermediate of the pathway is ribose 5-phosphate, 
which is required for the synthesis of ribonucleotides such as ATP and GTP, 
deoxyribonucleotides such as dATP and dGTP, and nucleic acids such as RNA and 
DNA. The pentose phosphate pathway is distinguished by its involvement in the 
synthesis of ribose 5-phosphate, as well as in the reduction of NADP. This reduc- 
tion occurs in the first two steps of the pathway. In the first step, the aldehyde 
group of glucose is oxidized to a carboxylic acid group. The second step involves 
the oxidative decarboxylation of 6-phosphogluconate. The ribose 5-phosphate 
may be used for nucleic acid synthesis, or it may remain in the pathway for 
eventual catabolism to CO2. The final products, fructose-6-phosphate and glycer- 
aldehyde-3-phosphate, can enter glycolysis for conversion back to glucose-6-phos- 
phate for reentry into the pentose phosphate pathway. Continued operation of the 
entire pathway requires the conversion of ribulose 5-phosphate to xylulose-5- 
phosphate, ribose-5-phosphate, and xylulose-5-phosphate (and, with recycling of 
products, to glucose-6-phosphate), and results in the complete oxidation to carbon 
dioxide. The steps of the pathway catalyzed by transketolase are indicated by TPP. 
The 2-carbon units transferred in these steps are circled (see Figure 9.71). 

Thiamin Deficiency 

Thiamin deficiency produces anorexia and weight loss, heart problems, and neu- 
rological symptoms. The wasting of tissues and edema may occur. Where edema 
is present, the wasting may not be apparent to the eye. The symptoms involving 
the heart include tachycardia, an enlarged heart, and cardiac failure. Tachycardia 
is inappropriately rapid beating of the heart. The symptoms involving the nervous 
system include mental confusion, anorexia, ataxia, and nystagmus. Ataxia is quiv- 
ering of the hands or limbs. Nystagmus is impaired movement of the eyes involv- 
ing paralysis of the muscles of the eyes. 

Beriberi associated with the consumption of polished rice diets was once wide- 
spread in the East. It still occurs in rural parts of Southeast Asia. The thiamin 
deficiency arises from an overdependence on polished rice. Polished rice is the 
result of removal, during milling, of the rice bran which contains thiamin. 

Three types of beriberi are recognized: dry beriberi, wet beriberi, and infantile 
beriberi. Dry beriberi occurs mainly in older adults and involves the wasting 
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away and weakness of the legs. Neuropathies result from the degeneration of 
sensory and motor nerves. This type of beriberi does not often involve the heart. 
Wet beriberi is characterized by edema and heart failure. Leakage through the 
capillaries results in edema. The heart increases its output to maintain blood 
pressure. The skin is unusually warm; however, when the heart begins to fail, the 
skin becomes cool and bluish. Infantile beriberi occurs in breast-fed infants of 
mothers who are thiamin deficient. The disease may occur even if the nursing 
mother appears to be healthy. Infantile beriberi presents rapidly and death from 
heart failure can result within a few hours. This disease can result in death before 
edema or loss of motor function occurs. Convulsions and coma may also occur. 

The thiamin deficiency that occurs with chronic consumption of raw fish results 
from the activity of thiaminase. Thiaminase catalyzes the cleavage and thus de- 
struction of the vitamin. The thiaminase content of various types of raw seafood 
has been measured (Hilker and Peters, 1966). Unfortunately; a reliable study of 
thiaminase in raw seafood is not yet available. Bracken ferns also contain thiami- 
nase. Grazing animals such as sheep consume these ferns and develop thiamin 
deficiency. The deficiency results in brain lesions in the animal and in the bending 
backward of the neck. Australians call this phenomenon "stargazing." The animal 
falls to the ground and pedals its feet in the air. 

Thiamin trisphosphate accounts for a small proportion of the thiamin in the 
brain. The function of this compound is not clear, nor is it known if it plays a part 
in the neurological signs that occur with thiamin deficiency. Recent studies have 
shown that exposure of baboons to a flickering light can induce changes in brain 
levels of thiamin triphosphate. Flickering lights are often used in the study of 
convulsions. The work available on the compound is not extensive. 

Thiamin deficiency in alcoholics may be caused by decreased intake, reduced 
absorption, and impaired ability to use the absorbed vitamin. The ataxia and 
ocular symptoms associated with the deficiency in alcoholics are known as 
Wernicke's disease. Vitamin therapy can provide relief from nystagmus within a 
few hours of treatment and from ataxia within several weeks. The treatment of 
alcoholics also involves the supply of other nutrients lacking in the diet, such as 
folate, vitamin B12, and protein. Left untreated, patients suffering from Wemicke's 
disease continue to develop Korsakoff's psychosis, which involves amnesia and 
confusion. Only about 25% of patients with Korsakoff's psychosis can be com- 
pletely cured by thiamin treatment, which must be continued for a few weeks or 
months. The two conditions just described constitute the Wemicke-Korsakoff 
syndrome. The syndrome was named after two researchers. Karl Wernicke, a 
German, noted impaired or paralyzed eye movements and unstable walking and 
disorientation in his patients, most of whom were alcoholics. Polyneuropath3r a 
weakness of the hands, calves, and feet, was also noted. Sergei Korsakoff, a 
Russian, observed amnesia and confusion and an inability to learn new names or 
tasks in alcoholic patients. 

Thiamin therapy for alcoholics may involve a single injection of 10 mg thiamin 
or 50 mg oral thiamin propyl disulfide. The latter compound is a fat-soluble 
version of thiamin that permits absorption of the vitamin where alcohol-induced 
damage would prevent efficient absorption of thiamin itself. Thiamin propyldisul- 
fide is converted in the body to thiamin. 
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Assessment of Thiamin Status 

Thiamin status has been assessed by direct tests involving the measurement of 
thiamin levels in the blood or urine. The vitamin can be assayed by the thiochrome 
method or by microbiological assays. The disadvantage of these methods is that 
thiamin levels in normal individuals can vary greatly. The test organism used for 
microbiological assays may be Lactobacillus viridescens or Lactobacillus fermenti. 

The thiochrome method involves the addition of alkaline ferricyanide to the 
biological sample containing thiamin. This treatment results in the oxidative con- 
version of thiamin to thiochrome, which can be measured by fluorescence. 

Thiamin compounds can also be measured by HPLC. A clever technique has 
been used to facilitate the detection of thiamin compounds immediately after they 
have completed their chromatographic separation by HPLC. The mixture of un- 
separated compounds is exposed to conditions expected to provoke the conver- 
sion of thiamin to its thiochrome derivative, and then applied to the HPLC column 
(Tallakesen et al., 1997; Rindi and Laforenza, 1997). This approach, called "pre-col- 
umn derivatization," is used widely by chemists and biochemists during the 
separation and detection of many compounds. 

A few aspects of the chemistry of the vitamin should be noted. Thiamin is stable 
at mildly acidic pH but unstable and easily destroyed at pH 8.0 or higher, espe- 
cially with heating. Thiamin is also destroyed by sulfite, especially at pH 6.0 or 
higher. 

The most reliable method for assessing thiamin status involves the measure- 
ment of red blood cell transketolase. This enzyme is measured with and without 
the addition of TPP to the enzyme assay mixtures. In dietary thiamin deficiency; 
synthesis of transketolase continues, but conversion of the apoenzyme to the 
holoenzyme in the cell is inhibited, resulting in the accumulation of the enzyme in 
the apoenzyme form. Addition of TPP to cell homogenates results in the conver- 
sion of apoenzyme to holoenzyme. This conversion can easily be detected by 
enzyme assays. The amount of stimulation of enzyme activity by the added TPP 
is used to assess thiamin status. A deficiency is indicated by a stimulation of over 
20%. The TPP-dependent stimulation, using red blood cells from normal subjects, 
ranges from 0 to 15%. 

Determination of the Thiamin Requirement 

The thiamin requirement was estimated by first inducing a thiamin deficiency and 
then attempting to reverse the deficiency with various levels of the vitamin. In one 
stud~ human subjects consumed a thiamin-deficient diet for 2 weeks. The diet 
contained protein (100 g casein/day), carbohydrate (350 g glucose/day) oil (134 
g/day), as well as minerals and vitamins other than thiamin. After 2 weeks, the 
same diet was consumed, but with the indicated amounts of thiamin. Diets con- 
taining different levels of thiamin (0-1.1 rag/day) were consumed for a 2-week 
period before switching to a higher level. The stimulatory effect of adding TPP 
during assays of red blood cell transketolase, using blood samples taken during 
consumption of each of the diets, is shown in Figure 9.72. The thiamin status of 
the subjects, as assessed by transketolase assays, indicates a 20% stimulatory effect 
during the first 2-week period. The stimulatory effect increased to abOut 45% with 
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FIGURE 9.72 Stimulatory effect of adding thiamin triphosphate (TPP) during assays of 
red blood cell transketolase, using blood samples taken during the consumption of differ- 
ent diets. (Redrawn with permission from Ariaey-Nejad et al., 1970.) 

consumption of 0.4 mg thiamin per day; indicating a continuing trend toward 
deficiency; rather than a reversal. The supplementation of 0.6 mg thiamin did little 
to reverse the deficiency; whereas 1.1 mg th iamin /day  reduced the stimulatory 
effect, successfully reversing the deficiency. 

The severity of the symptoms of thiamin deficiency has been associated with 
energy intake. The consumption of large doses of glucose has been found to induce 
an unusual  rise in plasma pyruvate and lactate, as well as neurological symptoms, 
in thiamin deficient humans.  Because of this association, the thiamin requirement 
is sometimes expressed on a per energy intake basis. 

EXERCISE 

At one time it was thought that plasma pyruvate levels could be used to assess thiamin 
status. Please rationalize this test. State how it would work. Then explain how the test could 
be influenced by factors other than thiamin status. (See Chong, 1970.) 

EXERCISE 

The half-life of thiamin in humans is about 2 weeks. This means that any given molecule 
of TPP in the body has a 50% chance of being excreted within a 2-week period. If one 
consumes a thiamin-free diet, how long would it take tissue TPP levels to drop to one- 
eighth the normal level? (See Ariaey-Nejad et al., 1970.) 

Use of Thiamin in Maple Syrup Urine Disease 

Maple syrup urine disease is a genetic disease involving a defect in BCKA dehy- 
drogenase. The disease affects one in 100,000 births, manifests in infants as leth- 



Riboflavin 609 

argy and seizures, and can result in mental retardation. It might be emphasized 
that it is the responsibility of the clinician to insist on the prompt diagnosis of an 
infant presenting with these symptoms. The genetic defect results in increases in 
the plasma and urinary levels of BCKAs and BCAAs. The disease derives its name 
from the maple syrup odor of the keto acid of leucine. In some cases, the disease 
responds to high doses of thiamin (10-200 mg/day).  The thiamin-responsive 
version of the disease is thought to result from a defect in the ability of the 
apoenzyme of BCKA dehydrogenase to bind the cofactor. The high doses of 
vitamin result in elevated levels of TPP in cells, which forces the binding of 
cofactor to the active site of the defective enzyme. The usual treatment of maple 
syrup urine disease is a low-protein diet. 

RIBOFLAVIN 

Riboflavin is a water-soluble vitamin. The RDA for the adult man is 1.7 mg. Free 
riboflavin rarely accumulates in the cell, though it is found in cow's milk, blood 
plasma, and urine. The vitamin in food and in the body occurs mainly in the 
cofactor forms. Liver is an excellent source of riboflavin; considerable amounts 
also occur in meat and dairy products and in dark green vegetables. Broccoli and 
spinach are good sources of the vitamin. Grains and legumes also are sources of 
dietary riboflavin. Riboflavin is susceptible to destruction by light. For example, 
exposure of milk to sunlight for several hours can lead to a substantial destruction 
of its riboflavin. For this reason, milk should be protected from bright light during 
storage. 

Riboflavin is absorbed by the gut and enters the bloodstream, where close to 
half of it is loosely bound to serum albumin. The main site of absorption is the 
ileum. As might be expected, when large doses (20-60 mg) of riboflavin are eaten, 
much of the dose is promptly excreted in the urine (Zempleni et al., 1996). The FAD 
cofactors based on riboflavin are called flavins; enzymes using flavins as a cofactor 
are called flavoproteins. 

The conversion of riboflavin to flavin mononucleotide (FMN) is catalyzed by 
flavokinase (Figure 9.73). This conversion may occur during absorption through 
the gut mucosa or in other organs. The subsequent conversion of FMN to flavin 
adenine dinucleotide (FAD) is catalyzed by FAD synthase. FAD synthase uses ATP 
as a source of an adenylyl group, in this conversion (McCormick et al., 1997). 
Various phosphatases, including those of the gut mucosa, can catalyze the break- 
down of FAD to FMN and of FMN to free riboflavin. Dietary flavins that are 
covalently bound to proteins are thought to be unavailable and not to contribute 
to our dietary needs (Bates et al., 1997). 

Biochemistry of Riboflavin 

Flavins are used as cofactors by about 50 enzymes in mammals. The most well 
known of these enzymes are those used in mainstream energy metabolism, namely 
dihydrolipoyl dehydrogenase, fatty acyl-CoA dehydrogenase, succinate dehydro- 
genase, and NADH dehydrogenase. Dihydrolipoyl dehydrogenase is a compo- 
nent of pyruvate dehydrogenase and 0~-ketoglutarate dehydrogenase. Lipoic acid 
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Ribof lavin  611  

is a cofactor that is synthesized in the body. It occurs covalently bound to a residue 
of lysine of a protein that is part of a multiprotein complex. A number of flavopro- 
teins are listed in Table 9.8. 

The cofactor forms are flavin mononucleotide (FMN) and flavin adenine dinu- 
cleotide (FAD). These cofactors are tightly; but not covalently; bound to enzymes. 
They accept and transfer electrons. They may accept electrons from substrates or 
from another cofactor, namely NADH + H +. The flavin-containing enzymes trans- 
fer electrons to a number of substrates, including 02 and NAD. About 10% of the 
FAD in the cell is covalently bound to enzymes. Enzymes containing covalently 
bound flavin cofactors include succinate dehydrogenase, monoamine oxidase, and 
monomethylglycine dehydrogenase. FAD is bound to succinate dehydrogenase 
via a residue of histidine, as shown in Figure 9.74. The FAD of monoamine oxidase 
is bound to the sulfur atom of a cysteine residue. Dietary FAD and FMN are 
hydrolyzed by phosphatases or pyrophosphatases of the gut mucosa, which lib- 
erate free riboflavin (see Figure 9.73). 

A brief review of the complex of proteins constituting pyruvate dehydrogenase 
is a must for anyone interested in vitamin metabolisrr~ as the complex requires 
four different vitamins for activity: riboflavin (FAD), thiamin (TPP), niacin (NAD), 
and pantothenic acid (coenzyme A). The reactions catalyzed by the complex are 
shown in Figure 9.74. Five steps are involved. In Step 1, pyruvate is decarboxy- 
lated, resulting in the transfer of a hydroxyethyl group to TPP. In Step 2, the 
hydroxyethyl group is oxidized to an acetyl group and transferred to lipoic acid. 
In Step 3, the acetyl group is transferred to coenzyme A, generating acetyl-CoA; 
dihydrolipoic acid is also generated in this step. In Step 4, dihydrolipoic acid 

TABLE 9.8 Flavoproteins 

Enzyme Cofactor Function 

Dihydrolipoyl dehydrogenase 
Fatty acyl-CoA dehydrogenase 
Succinate dehydrogenase 
NADH dehydrogenase 
Xanthine dehydrogenase 
Glutathione reductase 
Methylene-H4folate reductase 
Sphinganine oxidase 
Pyridoxine phosphate oxidase 
Monoamine oxidase 
D-Amino acid oxidase 

L-amino acid oxidase 
Choline dehydrogenase 
Dimethylglycine dehydrogenase 
Monomethylglycine dehydrogenase 

FAD Energy metabolism 
FAD Fatty acid oxidation 
FAD Krebs cycle 
FMN Respiratory chain 
FAD Purine catabolism 
FAD Reduction of GSSG to 2 GSH 
FAD Production of 5-methyl-H4folate 
FAD Sphingosine synthesis 
FMN Vitamin B6 metabolism 
FAD Metabolism of neurotransmitters 
FAD Catabolism of D-amino acids to keto acids 

FMN 
FAD 
FAD 
FAD 

, 

FAD spontaneous 
D-amino acid - - - - - - ,  imino acid ~ keto acid + NH3 / "" 'x  

02 HOOH 

Catabolism of L-amino acids to keto acids 
Choline catabolism 
Choline catabolism 
Choline catabolism 

, , ,  L , 
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FIGURE 9.74 Cycle of reactions catalyzed by pyruvate dehydrogenase. 

transfers its electrons to FAD, which in Step 5 are transferred to NAD. Note that 
lipoic acid does not occur as a free acid. Its carboxyl group occurs in an amide bond 
with a lysine residue. 

Ribof lavin  Def ic iency  

The signs of riboflavin deficiency include lesions of the mouth known as cheilosis 
and angular stomatitis. Cheilosis is swelling and fissuring of the lips. It is painful 
and results in bleeding. Angular stomatitis is fissuring and ulceration at the angles 
of the mouth. Other symptoms include dermatitis and a rash on the scrotum or 
vulva. A naturally occurring deficiency of riboflavin only; and not of other vita- 
mins, is unknown. Poorer populations in the United States may be deficient in 
riboflavin among other nutrients. The deficiency is widespread in underdeveloped 
countries. Surprisingly, riboflavin deficiency has commanded little attention. This 
is because its symptoms are not incapacitating, providing that the deficiency is not 
too severe. A severe deficiency; which can be induced experimentally in animals, 
results in a failure to grow and reproduce, dermatitis, and nerve degeneration. 

Assessment  of  Ribof lavin  Status 

Flavins are lost from the body as intact riboflavin, rather than as a breakdown 
product of riboflavin. Hence, vitamin status may be assessed by measuring the 
level of urinary riboflavin. Generally; the loss of 30 ~tg of riboflavin/g creatinine 
or less per day indicates a deficiency. This method of assessment is not preferred 
because it is influenced by a number of factors unrelated to vitamin status. Another 
problem with this method is its great sensitivity to a short-term deficiency; thus, 
it does not necessarily reflect the true concentrations of FAD and FMN in tissues. 

The most reliable way to assess riboflavin status is by a functional test. The test 
involves the assay of glutathione reductase, using red blood cells as the source of 
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enzyme. A clear illustration of the use of urinary riboflavin and glutathione 
reductase activity to assess vitamin status was provided by Boisvert et al. (1993). 
Glutathione reductase, which requires FAD as a cofactor, catalyzes the reduction 
of the disulfide bond of the glutathione dimer (GSSG) to produce two molecules 
of glutathione (GSH): 

(GU~t~  roduc~a~) 
Glutathione dimer ....... ~ - : _ _ _ : - ~  "~ 2 Glutathione 

(GS-SG) f (P/iJ-)) "~  (2 GSH) 

N A D P H  + H + N A D P  +~ 

(9.5) 

Glutathione is discussed further in the section on selenium and glutathione in 
Chapter 10. The enzyme assay is conducted using glutathione reductase extracted 
from red blood cells with and without added FAD. Chronic consuml~tion of a diet 
deficient in riboflavin allows the continued synthesis of a variety of flavoproteins, 
but results in the accumulation of apoenzyme without its conversion to holoen- 
zyme. Addition of chemically pure FAD to a biological fluid containing apoen- 
zyme results in the stimulation of enzyme activity because of the formation of the 
holoenzyme. It is this stimulation of enzyme activity that is used to determine 
vitamin status in humans. 

EXERCISE 
State two reasons why the FAD stimulation test, using assays of succinate dehydrogenase 
and red blood cells as a possible source of enzyme, would probably not work. 

The following study illustrates the use of the FAD stimulation test to assess 
vitamin status in high school students. Blood samples were withdrawn from 184 
Caucasian girls (open bars) and 34 Afro-American girls (shaded bars). The red 
blood cells were broken by mixing them with distilled water. Reduced NAD and 
GSSG were added to the cell extracts, with and without FAD. The mixtures were 
incubated for 10 minutes to allow the holoenzyme to catalyze its reaction and then 
the product formed was measured. The results of the test are shown in Figure 9.75. 
A stimulation of 20% or less is considered to be normal and indicative of adequate 
riboflavin status. A stimulation of 30 to 40% was found in7  Caucasian girls and 6 
Afro-American girls, indicating a deficiency in these students. Adding FAD re- 
suited in no stimulation of enzyme activity in 36 of the students, as shown. The 
subsequent supplementation of the diets of the girls with 5.0 mg riboflavin per day 
resulted in a decline in the stimulation to only 0 to 5%, demonstrating recovery 
from the riboflavin deficiency. 

P A N T O T H E N I C  A C I D  

Pantothenic acid is a water-soluble vitamin. The vitamin has two functions, in the 
biosynthesis of coenzyme A and in the synthesis of the cofactor of fatty acid 
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FIGURE 9.75 Results of the FAD stimulation test used to assess vitamin status in high 
school students. (Redrawn with permission from Sauberlich et al., 1972.) 

synthase. This cofactor is 4'-phosphopantetheine. The immediate precursor of this 
cofactor is coenzyme A. 4'-Phosphopantetheine is covalently bound to fatty acid 
synthase and thus is called a prosthetic group. Coenzyme A is used in a variety of 
reactions, for example, the Krebs cycle, fatty acid synthesis and oxidation, amino 
acid metabolism, ketone body metabolism, cholesterol synthesis, and conjugation 
of bile salts. The coenzyme received its name when its use in transferring the acetyl 
group was recognized. Coenzyme A, in its acetylated form, is used in many vital 
reactions such as those catalyzed by citrate synthase (Krebs cycle) and choline 
acyltransferase (acetylcholine synthesis) and the priming reaction of fatty acid 
synthase. In addition, acetyl-CoA is a substrate of acetyl-CoA carboxylase, the first 
enzyme of the fatty acid biosynthetic pathway. Apparent136 4'-phosphopantetheine 
is a cofactor only of one enzyme, fatty acid synthase. 

The average intake of pantothenic acid, as free pantothenic acid and as coen- 
zyme A, acetyl-coenzyme A, and long-chain fatty acyl-coenzyme A, is 5 to 10 
mg/day. An RDA for the vitamin has not been established because the vitamin is 
plentiful in a variety of foods. Pantothenic acid is present in all plant and animal 
foods. The richest sources of the vitamin are liver, yeast, egg yolk, and vegetables. 
In foods, the vitamin occurs mainly as coenzyme A. 

Coenzyme A does not readily cross cell membranes, including those of the gut. 
Dietary coenzyme A is hydrolyzed in the gut lumen to yield pantothenic acid, 
which is readily absorbed. Studies with rats have shown that coenzyme A is 
hydrolyzed in the gut lumen according to the pathway in Figure 9.76. 

The serum level of pantothenic acid is about I to 5 ~ (Lopaschuk et al., 1987). 
The vitamin in the bloodstream is transported into various tissues, where it is then 
converted to coenzyme A. Coenzyme A is synthesized from pantothenic acid, ATP, 
and cysteine. The pathway of coenzyme A synthesis is shown in Figure 9.77. The 
cofactor of fatty acid synthase is synthesized from coenzyme A and does not 
involve the direct participation of pantothenic acid. A specific enzyme catalyzes 
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FIGURE 9.78 Conversion of fatty acid synthase to the holoenzyme form. 

the covalent attachment of the 4'-phosphopantetheine group to the apoenzyme, 
resulting in the formation of the holoenzyme (Figure 9.78). 

4'-Phosphopantetheine and Fatty Acid Synthase 

Fatty acid synthase is a large enzyme with a molecular weight of 540,000. It 
consists of two identical subunits. To each subunit is attached a molecule of 
4'-phosphopantetheine. The cofactor is attached to the enzyme via a residue of 
serine. The sulfhydryl group of the cofactor is used for the covalent attachment of 
the growing fatty acid. The bond used in this attachment is the thiol ester linkage. 
The cofactor acts as a swinging arm, enabling the growing fatty acid chain to reach 
the different catalytic sites located in different regions on the surface of the en- 
zyme. For example, the swinging arm enables the growing fatty acid moiety to 
reach the sites used in the catalysis of reduction and dehydration reactions. Each 
subunit contains seven different catalytic sites. 

The cofactor of fatty acid synthase is bound to the enzyme at a point near a 
specific residue of cysteine. This cysteine residue is important in the catalytic 
mechanism. The sulfhydryl group of this cysteine is used for temporarily holding 
the fatty acid moiety each time a new molecule of malonic acid is transferred to 
the 4-phosphopantetheine group. One might refer to the diagram of the enzyme 
in Chapter 5, where the sulfhydryl groups of the cysteine residue and of 4-phos- 
phopantetheine are shown. 

Coenzyme Concentrations in the Cell 

The concentration of free pantothenic acid in the liver is about 15 WVI; that in the 
heart is about tenfold greater (Robishaw and Neel~ 1985). The concentration of 
the cofactor form of the vitamin, coenzyme A, is higher in the mitochondrion than 
in the cytosol. In the liver, cytosolic coenzyme A is about 0.06 mM, and mitochon- 
drial coenzyme A, about 2.6 mM. In the liver, about 70% of coenzyme A is 
mitochondrial, whereas in the heart about 95% is mitochondrial (Tahiliani and 
Neel~ 1987). These values might be compared with that for carnitine, another 
molecule used in the handling of fatty acids. Please consult the Camitine section 
in Chapter Four. About half of the coenzyme A in liver occurs as the long-chain 
fatty acyl-coenzyme A derivative. The concentration of fatty acid synthase in the 
cytoplasm is quite low, about 0.01 ~tM. Hence, the concentration of the 4'-phospho- 
pantetheine cofactor is much lower than that of coenzyme A. The pantothenic acid 
bound to this enzyme does not make a significant contribution to our dietary 
vitamin. 
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Measurement of Pantothenic Acid 

Pantothenic acid levels in foods and body fluids can easily be measured by 
microbiological assays. Lactic acid bacteria are used as the test organism. Where 
measurement of the vitamin occurring as coenzyme A is desired, the coenzyme 
must first be treated with hydrolytic enzymes to liberate the pantothenic acid prior 
to the microbiological assay. 

Pantothenic Acid Deficiency 

A deficiency purely in pantothenic acid has probably never occurred, except in 
controlled studies. Persons suffering from severe malnutrition would be expected 
to be deficient in the vitamin. Studies with animals have shown that consumption 
of a diet deficient in the vitamin results in a loss of appetite, slow growth, skin 
lesions, ulceration of the intestines, weakness, and eventually death. Pantothenic 
acid deficiency also results in the production of gray fur in animals whose fur is 
colored. Biochemical studies with deficient animals have revealed severe de- 
creases in pantothenic acid levels in a variety of tissues, but only moderate declines 
in the levels of coenzyme A in liver and kidney and maintenance of coenzyme A 
levels in the brain (Smith et al., 1987). Some striking defects in glycogen and ketone 
body metabolism have been noted in pantothenic acid-deficient animals. 

Plasma and urinary levels of pantothenic acid have been measured in dietary 
surveys as well as in controlled studies of the vitamin deficiency. One fairly recent 
study with human subjects involved the feeding of a pantothenic acid-free diet for 
9 weeks. The urinary pantothenic acid levels (4-6 mg/day)  in vitamin-sufficient 
subjects were roughly half that of the intake (10 mg/day) .  With consumption of 
the vitamin-free diet, urinary pantothenic acid levels gradually declined to about 
0.8 m g / d a y  over the 9-week period (Fry et al., 1976). Both urinary and blood serum 
levels of pantothenate have been used to assess dietary status. Values from urinary 
measurements seem to be somewhat better correlated with intake of this vitamin, 
than blood measurements data (Berg, 1997). 

A S C O R B I C  A C I D  (VITAMIN C) 

Ascorbic acid, also known as vitamin C, is a water-soluble vitamin. The RDA for 
the adult is 60 mg. Good sources of ascorbic acid are bell peppers, broccoli, citrus 
fruit, spinach, tomatoes, and potatoes. Animal products contain some vitamin C 
while grains contain essentially none. 

Ascorbic acid is an unusual vitamin in that it can be synthesized by most 
mammals; however, it cannot be made by humans, primates, guinea pigs, and fruit 
bats. Ascorbic acid is synthesized from glucose in a six-step pathway. Mammals 
that cannot make the vitamin lack the last enzyme of this pathway; gulonolactone 
oxidase. This enzyme occurs in the kidney of chickens, amphibians, and reptiles, 
and in the liver of most mammals (Banhegyi et al., 1997). Gulonolactone oxidase 
is a flavoprotein. Each catalytic event of the enzyme results in the conversion of 
02 to HOOH. It might strike one as a paradox that a vitamin (vitamin C) that helps 
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protect the body from toxic oxygen is synthesized by a pathway that produces 
toxic oxygen (HOOH). 

Transport of Vitamin C in the Body 

Vitamin C occurs in two forms, ascorbic acid and dehydroascorbic acid. Ascorbic 
acid is absorbed from the diet by a special Na§ transporter. Once inside 
the bloodstream, ascorbic acid is absorbed into the adrenal glands, and other 
organs, by the same transporter. However, certain cells, such as neutrophils and 
red blood cells, cannot take up ascorbic acid, but instead acquire dehydroascorbic 
acid via glucose transporters (Guaiquil et al., 1997). Vitamin C is eliminated from 
the body via the urine in the forms dehydroascorbate, ketogulonate, ascorbate 
2-sulfate, and oxalic acid. When consumed in large doses (2 g/day), the vitamin 
is excreted mainly as ascorbic acid. The major pathway of breakdown and excre- 
tion in rats and guinea pigs is via oxidation to CO2. This route seems to be only of 
slight importance in humans. 

Vitamin C Deficiency 

Deficiency in vitamin C, unlike the case with most vitamins, is associated with a 
specific disease. This disease is scurvy. The symptoms of scurvy include swollen 
or bleeding gums and hemorrhages under the skin. These symptoms occur when 
the body's ascorbate is depleted to the point where plasma ascorbate levels are 
under 0.2 mg/100 ml. Controlled studies with human subjects revealed that 
symptoms of the disease may develop within 4 weeks with the consumption of an 
ascorbate-free diet. Scurvy is rarely encountered in developed countries, though it 
may occur in chronic alcoholism. The disease in humans may be prevented by 
consuming 10 to 15 mg ascorbic acid per day. 

Deficiency in Humans 

Vitamin C status is often assessed by measuring the plasma levels of ascorbic acid. 
A plasma concentration of 0.2 mg/100 ml or greater indicates normal vitamin 
status. A concentration of 0.1 mg/100 ml or less indicates a deficiency. The follow- 
ing study of human subjects illustrates the progression of a deficiency (Figure 
9.79). The subjects consumed a diet supplying 75 mg ascorbic acid per day from 
days 1 to 17. They consumed an ascorbate-free diet from days 18 to 117. During 
this period, plasma vitamin levels fell below 0.1 mg/100 ml, indicating a defi- 
ciency. The resumption of a vitamin-sufficient diet (66 mg/day) at day 117 restored 
plasma vitamin concentrations to normal levels. The first signs of scurvy in this 
study occurred after 1 month of eating the ascorbate-free diet. These signs in- 
cluded petechial hemorrhages. (Petechial refers to small purple spots on the skin.) 
After another month on the diet, other signs materialized, including bleeding 
gums and joint pain. Bleeding due to vitamin C deficiency means scurvy. 
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FIGURE 9.79 Progression of a deficiency with consumption of an ascorbate-free diet. 
(Redrawn with permission from Hodges et al., 1971.) 

Deficiency in Pigs 

Let us now view some data acquired from pigs. The ascorbic acid concentration in 
various tissues of the normal pig are approximately as follows: plasma (0.034 mM), 
aqueous humor (0.5 mM), cerebrum (0.9 mM), liver (1.3 mM), and adrenal gland 
(10 mM). Studies with a special strain of vitamin C-requiring pigs revealed the 
effects of vitamin C deficiency. Dietary deficiency provoked bleeding in various 
parts of the body. The pigs used in the study were pregnant, and the deficiency 
produced defects in bone and the associated cartilage in the fetuses (Wegger and 
Palludan, 1994). 

Biochemistry of Ascorbic Acid 

The term vitamin C refers to ascorbic acid (the fully reduced form of the vitamin) 
and to dehydroascorbic acid. Removal of one electron from ascorbic acid yields 
semidehydroascorbic acid (ascorbate radical). This form of the vitamin is a free 
radical; it contains an unpaired electron. The structures of free radicals are written 
with large dots. The removal of a second electron yields dehydroascorbic acid. 
Conversion of ascorbate to dehydroascorbate, via the removal of two electrons, 
can occur under two conditions: (1) with use of ascorbic acid by ascorbate-depend- 
ent enzymes; and (2) with the spontaneous reaction of ascorbate with oxygen. 
Semidehydroascorbate is an intermediate in this conversion pathway. 

Dehydroascorbate reductase catalyzes the regeneration of ascorbic acid from 
dehydroascorbate. The enzyme requires glutathione (GSH) as a source of reducing 
power. GSH and ascorbic acid are both biological reductants. The levels of GSH in 
the cell are maintained by glutathione reductase, as discussed under Riboflavin. 
Because of the regeneration, both ascorbate and dehydroascorbate have biological 
activity. The latter compound may break down to form diketogulonic acid (Figure 
9.80). Diketogulonic acid is an orange compound that has no biological activity. Its 
formation represents a loss of vitamin C. 
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FIGURE 9.80 Ascorbate metabolism. 

The instability of ascorbic acid in solution is a concern to nutritionists and food 
scientists. This instability is illustrated by a study of ascorbate in blood plasma 
(Figure 9.81). The data in the figure depict the time course for the loss of various 
forms of the vitamin with storage. The figure shows the levels of ascorbate + 
dehydroascorbate with storage at 4~ (@), the levels of ascorbate only with storage 
at 4~ (O), and the levels of ascorbate only with storage of the plasma at room 
temperature (8). The rate of loss of ascorbate is greater at room temperature than 
in the cold. The remarkable stability of the vitamin, when expressed as the sum of 
ascorbate plus dehydroascorbate, shows that the primary pathway of deteriora- 
tion of the vitamin was via conversion to dehydroascorbate, rather than by break- 
down to ketogulonic acid. 

Ascorbic acid is a cofactor in various hydroxylation reactions. These reactions 
include the hydroxylation of proline residues in a variety of proteins, such as the 
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FIGURE 9.81 Instability of ascorbic acid in solution as illustrated by a study of ascorbate 
in blood plasma. (Redrawn with permission from Lee et al., 1988.) 
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connective tissue proteins collagen and elastin, and the hydroxylation of catecho- 
lamines. Ascorbic acid is also a cofactor in a step in the maturation of certain 
polypeptide hormones. This step is an amidation reaction. The bleeding that 
occurs in scurvy is probably a result of increased capillary fragility caused by a 
failure to produce normal levels of the connective tissue proteins. 

Ascorbic Acid and Collagen Formation 

Ascorbic acid plays an important role in collagen formation. Connective tissues 
such as skin, tendons, ligaments, and cartilage contain a dense network of collagen 
fibers. Collagen is synthesized in special cells called fibroblasts and chondrocytes. 
The protein is synthesized in the endoplasmic reticulum and packaged inside 
secretory vesicles that can fuse with the cell membrane, releasing their contents 
from the cell. The secreted collagen fibers form a deposit close to the cell surface. 
The collagen in tendons occurs in long, thick bundles. The collagen in blood 
vessels is wrapped around the vessels. The collagen in bone is used as a matrix for 
the deposit of calcium crystals. Cartilage is present in walls of respiratory pas- 
sages, in the friction-free surfaces of bone, and at the points of attachment of 
tendons and ligaments to bone. Cartilage is produced by chondrocytes. 

Proline monooxygenase participates in the maturation of collagen. It catalyzes 
the conversion of specific proline residues to hydroxyproline. The enzyme does 
not hydroxylate free proline, though it can act on small peptides containing 
proline. Molecular oxygen is the source of the oxygen atom in the hydroxyl group 
of hydroxyproline. In common with many other oxygen-using enzymes, proline 
monooxygenase contains an iron atom. Hence, the enzyme is an iron metalloen- 
zyme. The iron must be in the reduced state (ferrous iron, Fe 2§ rather than in the 
oxidized state (ferric iron, Fe 3§ to support catalytic activity. A general property of 
ferrous iron is that it is not particularly stable. It can spontaneously oxidize to the 
ferric state. Ascorbate plays a vital role in maintaining the enzyme's iron in the 
reduced state. 

The conversion of ferrous to ferric iron in the enzyme is not coupled to each 
event of hydroxylation. In other words, the conversion is not an obligatory com- 
ponent of the hydroxylation reaction. The oxidation of iron appears to occur after 
every 10 to 20 hydroxylation events. Then the iron must be re-reduced for enzyme 
catalysis to continue. Ascorbic acid reduces the iron again and, in turn, is converted 
to semidehydroascorbate (Figure 9.82). The further metabolism of semidehydroas- 
corbate is not entirely clear. It is believed that one molecule of semidehydroascor- 
bate may donate one electron to another semidehydroascorbate, generating one 
molecule of ascorbate plus one of dehydroascorbate. This type of transfer, which 
is generally common in the chemistry of various types of free radicals, is called 
disproportionation. 

Vitamin C deficiency results in an impairment in the hydroxylation of collagen. 
Properly hydroxylated collagen molecules self-associate to form a triple-helix 
structure within the cell (Figure 9.83). Collagen that is not hydroxylated and does 
not form the triple helix is not readily secreted from the cell. Its secretion is 
impaired. The underhydroxylated collagen tends not to build up in the cell but 
instead is rapidly degraded. HistoricallF one confusing aspect of vitamin C re- 
search was that the deficiency seemed not to result in an accumulation of abnormal 
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FIGURE 9.82 Ascorbic acid reduces the iron atom of proline monooxygenase. 

collagen. This failure did not seem to support the contention that ascorbate was 
required for the formation of hydroxyproline. More recent work, however, dem- 
onstrated that there is a slight buildup of underhydroxylated collagen in defi- 
ciency and that the administration of ascorbic acid results in the prompt hydroxy- 
lation of the protein and its secretion from the cell. Most of the underhydroxylated 
collagen is rapidly degraded before it has a chance to build up. 

Elastin is a hydroxyproline containing protein of connective tissue. Unlike 
collagen, elastin does not form a triple helix. With a vitamin deficiency; elastin 
continues to be produced and secreted from the cell, but in an underhydroxylated 
state. The function of the hydroxyl group in elastin is not clean 

Collagen is a major protein of connective tissue and is the major protein, by 
weight, of the body. The maturation of this protein requires the hydroxylation of 
proline residues and the subsequent association of three collagen molecules to 
form a triple helix. An additional step is also required, namely the formation of 
cross-links between adjacent triple helices. These cross-links involve residues of 
lysine (Figure 9.83). Lysyl oxidase catalyzes the removal of the terminal amino 
group of lysine and the oxidation of the terminal carbon to an aldehyde group. 
Hence, the lysine residue is converted to an 0~-aminoadipic-~-semialdehyde resi- 
due. The resultant aldehyde group than condenses with the amino group of a 

FIGURE 9.83 Collagen consists of a triple helix that is cross-linked at intervals. 
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FIGURE 9.84 Cross-linking of collagen triple helices. The linkage, once formed, is a Schiff 
base. 

lysine residue of a nearby triple helix. The condensation product results in the 
formation of a Schiff base linkage. Polymers of elastin are cross-linked in a manner 
similar to those of collagen. The reaction catalyzed by lysyl oxidase and the 
subsequent event of cross-linking are shown in Figure 9.84. 

Ascorbic Acid and Hormone Synthesis 

Ascorbic acid is required for the synthesis of catecholamine hormones and ami- 
dated hormones. Metabolic studies conducted with cells of the adrenal gland, 
which uses ascorbic acid for the synthesis of catecholamines and amidated hor- 
mones, revealed that this gland contains high levels of vitamin C (Hornig, 1975). 
To view the numbers, human adrenal gland contains about 40 mg ascorbate/100 
g tissue, whereas skeletal muscle contains only 4 mg/100 g. Metabolic studies 
conducted with cells of the pituitary gland (Glembotski, 1986), for example, re- 
vealed the role of ascorbate in the production of ~-melanotropin, an amidated 
hormone of the pituitary gland. 

Norepinephrine and epinephrine are hormones in the class called r 
nes. The catecholamines are synthesized and stored in the adrenal gland. With 
exercise, nerve impulses stimulate the adrenal gland to release the hormones into 
the bloodstream. Elevated levels of the plasma catecholamines, in turn, induce the 
contraction or dilation of specific arteries, and the synthesis of cAMP in various 
cells. Norepinephrine and epinephrine are stored in and released by nerve endings 
and, for this reason, these hormones are also classed as neurotransmitters. The 
catecholamine biosynthetic pathway begins with tyrosine (Figure 9.85). 

Tyrosine monooxygenase uses biopterin as a cofactor. Biopterin is made in the 
body and is not a vitamin. Its structure resembles that of folic acid. Dopa deear- 
boxylase is a vitamin B6-requiring enzyme. Dopamine hydroxylase is a copper 
metalloenzyme. The active form of the enzyme contains copper in the reduced 
state (cuprous, Cu+). With each catalytic event, the copper is oxidized to the cupric 
state (Cu2+). The enzyme uses ascorbic acid as a cofactor for converting the cupric 
copper back to cuprous copper. Thus, each catalytic event also results in the 
conversion of ascorbic acid to semidehydroascorbate. The semidehydroascorbate, 
perhaps by disproportionation, is converted to ascorbate and dehydroascorbate. 
The catalytic cycle of dopamine hydroxylase is shown in Figure 9.86. Dopamine 
hydroxylase, as well as the stored catecholamines, are located in special vesicles 
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FIGURE 9.85 Biosynthesis of catecholamines. Tyrosine is used for the synthesis of various small 
molecules, which are used as hormones and neurotransmitters. The nutritional biochemist might 
be especially interested in the pathway of epinephrine biosynthesis, as it requires the participation 
of four separate cofactors. These are: (1) biopterin; (2) pyridoxal phosphate; (3) ascorbic acid; and 
(4) S-adenosyl-methionine. 
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FIGURE 9.86 Ascorbate is required for the activity of dopamine hydroxylase, also called 
dopamine-~-monooxygenase. The mechanism of the reaction is quite similar to that of amidating 
enzyme, an ascorbate-requiring enzyme that catalyzes the hydroxylation of polypeptides, during 
the course of a two-step sequence. 
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FIGURE 9.87 Ascorbate is used for the synthesis of amidated hormones. Two molecules 
of ascorbate are used for the production of one molecule of amidated hormone, where each 
ascorbate is converted to semidehydroascorbic acid. Glyoxylate is a byproduct of the 
reaction. The reaction occurs in two steps, which are catalyzed by a bifunctional enzyme, 
as revealed in the text. The chemistry of the first reaction, which results in the hydroxyla- 
tion of the substrate, is quite similar to that catalyzed by dopamine-~-monooxygenase. 

in nerve endings and in vesicles in the adrenal gland. The vesicles in the adrenal 
are called chromaffin granules. 

Ascorbate is required for the synthesis of amidated hormones. Many polypep- 
tide hormones and neurotransmitters have a C-terminal amide group. In other 
words, the C-terminal carboxyl carbon is covalently attached to ammonia. The 
hormones containing C-terminal amides are called amidated hormones. In most 
cases, the C-terminal amide group is required for the biological activity of the 
hormone. Peptidylglycine o~-amidating monooxygenase catalyzes the amidation 
reaction (Figure 9.87). For short, this enzyme may be called "amidating enzyme." 
The enzyme acts on polypeptides containing glycine at the C terminus. 

Amidating enzyme is a copper metalloenzyme that requires both oxygen a n d  
ascorbic acid. One copper atom is bound to three residues of histidine (his 107,108, 
and 172). The other copper atom is bound to two residues of histidine (his 242 and 
244), and to a residue of methionine (met 314). The enzyme is actually bifunctional, 
that is, it consists of two separate enzymes occurring in a single polypeptide chain. 
The two enzymes work, one after the other, to create the amidated polypeptide 
(Prigge et al., 1997). 

The N-terminal half of the enzyme, which catalyzes the first reaction, contains 
two atoms of copper. Here, 02 is split in ha l l  where one of the oxygen atoms is 
used to create water, and the other oxygen atom is used as the source of the 
hydroxyl group on the 0~-carbon of the glycine residue (reaction #1): 

OH 
CH 2-COOH Reaction #1 CH-COOH 

Polypeptide-NH y ~ ~ _  Polypeptide-NH 
(hydro~ intermediate) 

2 Ascorbate + 0 2 2 Semi-dehydroascorbate + H20 

The C-terminal part of the bifunctional enzyme catalyzes the cleavage of the 
hydroxylated intermediate, generating the amidated polypeptide plus glyoxylate, 
as shown here (reaction #2): 
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To summarize the properties of the amidating reaction, the two copper ions are 
initially in the cupric state. Two separate molecules of ascorbate donate a total of 
two electrons, reducing both copper atoms to the cuprous state. Then 02 binds to 
one of the copper atoms, while the other copper atom donates an electron to the 
bound oxygen, resulting in an enzyme-bound peroxide group (enzyme-copper- 
OOH). The peroxide group splits in ha l f - -  where one half reacts with a hydrogen 
atom to form water, and the other half attacks the polypeptide, forming the 
hydroxylated polypeptide. The hydroxylated polypeptide goes on to be processed at 
the second active site, producing the amidated hormone (Prigge et al., 1997). 

Ascorbic Acid and Damage from Radicals 

Ascorbic acid seems to be involved in reducing damage to the body from radicals. 
Covalent bonds generally involve the sharing of a pair of electrons between two 
atoms. A radical is an atom with an electron that occurs by itself and is unpaired. 
Radicals occur temporarily at the active site of certain enzymes during the desired 
reaction and are a necessary part of the catalytic mechanism; however, some 
radicals are not desirable because they can produce indiscriminant damage to 
various components of the cell. Cell membranes, soluble metabolites, and the 
chromosomes may all be targets of this damage. 

Metabolites of oxygen are considered to be a major source of the damaging 
radicals. There is some thought that toxic oxygen damage contributes to the 
natural aging process and is a factor in some diseases, such as cancer, cardiovas- 
cular disease, arthritis, and cataracts (Frei et al., 1989). Oxygen radicals are one type 
of toxic oxygen, and these can originate from oxygen-utilizing enzymes, such as 
cytochrome c oxidase and some flavoproteins, as well as from radiation. One type 
of oxygen radical is superoxide (02). Superoxide may be produced by the imper- 
fect and incomplete reduction of oxygen by the respiratory chain, where 02 is only 
reduced to 0 2, rather than completely reduced to water (Imlay and Fridovich, 
1991; Halliwell and Gutteridge, 1990). Superoxide dismutase catalyzes the re- 
moval of superoxide by a dismutation reaction, resulting in the formation of 02 
and HOOH: 

2 0 2 + 2 H* -~ HOOH + 02 (9.6) 
(Dismutase) 

Superoxide is not particularly reactive, compared with another oxygen radical (the 
hydroxyl radical), though it is thought to contribute to cellular damage. 

Hydrogen peroxide (HOOH) is produced by superoxide dismutase. HOOH is 
also a byproduct of the activity of specific flavoproteins. HOOH is a toxic com- 
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FIGURE 9.88 General pathway of formation and removal of toxic forms of oxygen. 

pound that, fortunatel~ is efficiently destroyed by catalase. Catalase catalyzes the 
dismutation of two HOOH molecules to form two molecules of water and one of 
02 (Figure 9.88). Both of these products, obviously; are harmless to the cell. 

Another pathway of metabolism available to HOOH is reaction with iron in the 
cell. The reaction is apparently not catalyzed by any particular enzyme, but occurs 
in a nonspecific manner by iron bound to protein or to DNA. Free iron occurs in 
vanishingly low levels in the cell. This reaction, which requires iron to be in its 
reduced form (Fe2+), is called the Fenton reaction. The hydroxyl radical (,OH) is 
highly reactive and has a fleeting lifetime in the cell. It reacts with a great variety 
of molecules. The reaction occurs at or near the site of generation of the hydroxyl 
radical. 

Ascorbate may be involved in reducing damage to the cell from radicals. A 
simplified mechanism (Figure 9.89) shows the hydroxyl radical reacting with a 
component in the cell, abstracting (pulling off) a hydrogen radical. The product is 
a radical, but it is one that is more stable than .OH. Ascorbate may donate a 
hydrogen radical (Ho) to this product, thus repairing it before further deterioration 
can occur. Here, the ascorbate is converted to semidehydroascorbate, a relatively 
stable radical (Buettner, 1993). Whether this scenario occurs to a significant extent 
in the body remains somewhat speculative. Vitamin E protects membranes from 
damage by radicals and, in doing so, is converted to the vitamin E radical. Evi- 
dence suggests that there is an ascorbate-vitamin E interaction. Ascorbate can 
react with the vitamin E radical and regenerate vitamin E in its original, chemically 
active form (Ge~ 1998; Thomas et al., 1995). 

HO, HOH 

RH ,.~~-.= ~ ~ R  . __ f.____ 

A$corbate Semidehydroascorbate  

FIGURE 9.89 Possible use of ascorbate in reducing damage from radicals. 
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V I T A M I N  E 

Vitamin E is a fat-soluble vitamin. The RDA for the adult man is 10 mg of 
0~-tocopherol, or its biological equivalent. The RDA for infants should also be 
mentioned, as vitamin E deficiency; when it occurs, tends to strike this population. 
The RDA for the newborn is 3 mg of (x-tocopherol, or its equivalent. The vitamin 
needs of the infant have been expressed in terms of the amount of polyunsaturated 
fatty acids (as fats and oils) in the diet, for example, 0.7 mg of (z-tocopherol per 
gram of linoleic acid. A common level of dietary intake is about 10 mg per day. A 
deficiency in the vitamin is quite rare. 

Good sources of vitamin E are vegetable oils, such as corn, so~ and peanut oil. 
Animal fats, such as butter and lard, contain lower amounts of the vitamin. The 
content of the most important form of vitamin E, (~-tocopherol, in various foods is 
as follows. Corn oil contains about 16 mg of c~-tocopherol per 100 g; sunflower oil 
50 mg/100 g; wheat germ oil 120 mg/100 g; and fish, eggs, and beef 0.5 to 2.0 
mg/100 g. In plants, o~-tocopherol resides in chloroplasts, while other forms of 
tocopherol ([3-, T-, and 8-tocopherol) occur elsewhere in the plant cell. Tocotrienols, 
which also have vitamin E activity, are not found in the green parts of plants, but 
in the bran and germ of seeds. 

The term vitamin E refers to two groups of compounds, the tocopherols and the 
tocotrienols. The structures of these compounds appear in Figure 9.90. All forms 
of the vitamin contain two parts, a "head" and a "tail." The head consists of an 
aromatic ring structure, called chroman or chromanol, and is the site of antioxi- 
dant action. The tail of tocopherols is a phytyl group, while the tail of tocotrienols 
is a polyisoprenoid group. The tail of vitamin E serves to anchor the vitamin in 
lipid membranes, in the lipids of adipose tissue, and in the lipid surface and core 
of the lipoproteins. 

The term antioxidant is defined as any substance that, when present at low 
concentrations compared to those of oxidizable compounds, can delay or prevent 
the oxidation of that compound (Halliwell, 1996). The term can be used to refer to 
vitamin E, ascorbate, catalase, peroxidase, superoxide dismutase, and other com- 
pounds. The term "antioxidant" should only be used as a rhetorical term to make 
it easier to refer to these types of compounds. This is because, under some condi- 
tions, "antioxidants" such as vitamin E or ascorbate can promote the oxidative 
destruction of lipids, nucleic acids, and other macromolecules. 

Chemistry of Antioxidant Action 

The chroman ring of vitamin E bears a hydroxyl group that can donate a hydrogen 
radical (Ho) to other radicals in the immediate environment. Since the immediate 
environment of vitamin E in the cell consists of lipids, vitamin E usually donates 
hydrogen radicals to free radicals occurring on polyunsaturated fatty acids. In 
calling vitamin E an antioxidant, one means that vitamin E can bring a halt to a 
damaging chain reaction that had earlier been caused by toxic oxygen. 

A number of aromatic hydroxyl compounds, such as the food additive buty- 
lated hydroxytoluene (BHT), have the same sort of antioxidant activity as vitamin 
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FIGURE 9.90 Various forms of vitamin E. 

E. However, vitamin E is hundreds of times more potent as an Ho donor than BHT 
and other aromatic hydroxyls. Why is this? Directly opposite the aromatic ring 
from the hydroxyl group is an oxygen atom (occurring as a member of the 
six-sided ring). This oxygen atom contains a "lone pair" of electrons (see Chapter 
1). This lone pair of electrons may be thought of as an antenna, which hovers above 
the chroman group, waiting to interact with other atoms. When vitamin E donates 
an Ho, vitamin E's hydroxyl group occurs as an oxygen radical (R---O.). The lone 
pair electrons and the oxygen radical electron are situated in a way that encourages 
all three electrons to interact. The oxygen radical is stabilized by resonance about 
the aromatic ring, and the end-result is the stabilization of the vitarriin E radical 
(Kamal-Eldin and Appleqvist, 1996; Liebler and Burr, 1992). 

The differing Ho donating potencies of various forms of vitamin E depend, in 
part, on how well the lone pair electrons can stabilize the vitamin E radical. The 
vitamin E radical may also be called a chromanoxyl radical. 

Vitamin E is not very stable to storage. The stability can be greatly improved by 
esterifying the vitamin via the hydroxyl group to acetic acid. The resulting mole- 
cule, c~-tocopheryl acetate, is used as a commercial form of vitamin E. The ester 
linkage is hydrolyzed in the bod~ liberating the vitamin in its active form. 
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Biological Potency of Various Forms of Vitamin E 

The predominant form of vitamin E in food is tz-tocopherol. This form of the 
vitamin is also the most biologically potent form (100%), as determined by the rat 
fertility test. Other forms (and their relative potencies) are ~l-tocopherol (40%), 
7-tocopherol (10%), ~-tocopherol (1%), and (x-tocotrienol (25%). The rat fertility test 
is performed as follows. Female rats are fed diets deficient in vitamin E, sufficient 
in (x-tocopherol, or containing a known amount of the test compound. The rats are 
then mated with male rats. The number of living fetuses in the uterus of the female 
rat is then used to assess the potency of the test compound, relative to (z-toco- 
pherol. The deficient state results in dead fetuses, spontaneous abortions, and fetal 
resorptions. 

Absorption and Storage of Vitamin E 

Vitamin E is absorbed from the gut with the aid of bile salts. The vitamin is not 
esterified to a fatty acid during absorption, as is the case with cholesterol and 
retinol. Vitamin E is transported to the bloodstream in chylomicrons and distrib- 
uted to the various tissues via the lipoproteins. 

The various forms of vitamin E are all absorbed by the gut in proportion to their 
abundance in the diet, where they appear in the chylomicrons. As the chylomi- 
crons travel through the blood, the various forms of vitamin E are partly trans- 
ferred to all the other types of lipoprotein particles. However, once vitamin E 
enters the liver, ct-tocopherol is the only form that is preferentially packaged into 
the VLDLs (Traber, 1997). This preference seems to be a result of the activity of 
c~-tocopherol transfer protein. This is a small protein that exists only in the 
cytoplasm of hepatocytes. 

EXERCISE 

A rare genetic disease in humans results in mutations in the gene coding for 0~-tocopherol 
transfer protein. Naturally occurring mutations occur in different parts of the gene, in 
different patients. Where the mutation results in a severe defect in the structure of the 
protein, the result is extremely low levels of plasma vitamin E and in neurological damage. 
The neurological damage presents by ataxia (unsteady limbs) and paresthesia (numbness 
in limbs). How would you treat this disease? (Consult Gotoda et al., 1995). 

Although adipose tissue contains high levels of vitamin E, the tissue might not 
be considered to function efficiently as a storage site of the vitamin. Studies with 
animals have demonstrated that a deficiency in vitamin E results in the rapid 
depletion of the vitamin in plasma and various organs of the body with little effect 
on that in adipose tissue. In contrast, a dietary deficiency in vitamin A results in 
the maintenance of the plasma concentration at the expense of the vitamin A stored 
in the liven 
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Vitamin E Deficiency 

The signs of a vitamin E deficiency may be quite different in animals and humans. 
The signs occurring in experimental animals include impaired reproduction and 
muscle weakness (muscular dystrophy). Reproductive defects in female animals 
involve a failure of the fetus to thrive. In males, the deficiency results in an 
inhibition of sperm production. One feature common to humans and animals is 
the formation of lesions (pathological structures) in nerves and muscles. The 
deficiency can cause the degeneration of nerves and the accumulation of a com- 
pound called lipofuscin in various tissues, such as muscle. Lipofuscin has an 
amorphous structure and is thought to be composed of lipid degradation products 
and cross-linked proteins. 

It is likely that all of the biological problems and lesions that occur during the 
deficiency arise from a failure to halt the rise in oxidized lipids. This function is 
summarized in Figure 9.91. All of the membranes of the cell contain polyunsatu- 
rated fatty acids (PUFAs). PUFAs are readily damaged by toxic forms of oxygen. 
One particularly toxic form of oxygen is the hydroxyl radical, .OH. The hydroxyl 
radical is highly reactive and never accumulates in the cell in quantities that are 
directly measurable. The fleeting presence of .OH is detected only by analyzing 
for the damage that it has inflicted. 

Damage to cell membranes may be initiated by the reaction of the hydroxyl 
radical with a PUFA, generating a PUFA radical. The hydroxyl radical is converted 
to water (Figure 9.91). The PUFA radical, in turn, can be repaired by vitamin E 
(Figure 9.92). Involvement of vitamin E in this repair results in its conversion to a 
vitamin E radical. The vitamin E radical is relatively unreactive and does not cause 
further damage to the cell. In the absence of vitamin E, the PUFA radical may 
induce a chain reaction, resulting in widespread damage to cell membranes. 

Deficiency in Animals 

Figure 9.93 depicts an experiment with guinea pigs. The animals consumed a 
vitamin E-deficient diet for up to 8 weeks, as indicated. The results demonstrate 
that the levels of vitamin in plasma and liver decreased rapidly; whereas that in 
adipose tissue tended to be maintained and to decrease at a slower rate. Data on 
the heart are also shown. The declines in vitamin levels (see Figure 9.93) were 
induced by three different factors: (1) consumption of the vitamin-free diet; (2) the 
continued, normal daily turnover and loss of the vitamin; and (3) the growth of 
young animals. Growth results in a decreased concentration of vitamin E in tissues 
as a result of dilution of the existing pool of the vitamin by new tissue. Lesions of 

�9 OH ~ PUFA 

HOH PUFA radical 
(PUFA.) 

FIGURE 9.91 Production of damage to cell membranes by radicals. 
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FIGURE 9.92 Repair or halt of damage by radicals of membranes with vitamin E. 

70 
6O 
50 
40 

| 30 

~ 2o 

t -  

o 10 
o 
0 

T 8 

~ 6 
0 5 
0 

�9 ~ 4 
L 

C 
| 3 

0 

2 

l t I I I I I I I 
0 1 2 3 4 5 6 7 8 

Weeks 

FIGURE 9.93 Effect of 8-week vitamin E-deficient diet on levels of vitamin E in plasma 
(z~), liver (@), adipose tissue (O), and heart (El). (Redrawn with permission from Machlin 
et al., 1979.) 

muscle were observed in the guinea pigs after 8 weeks. The lesions occurred at a 
time when substantial quantities of the vitamin remained in the adipose tissue. 
Hence, it is concluded that the vitamin in fat cannot be efficiently mobilized in 
times of need. 

Deficiency in Humans 

Normal serum values for vitamin E range from 8.0 to 16.0 ~tg/ml. The marked 
influence of the lipid levels in the bloodstream on plasma tocopherol makes it 
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preferable to express the plasma vitamin levels as a ratio to total lipid. The use of 
this ratio can correct for conditions that result in increases in plasma lipid levels, 
such as hyperlipidemia. A ratio of serum 0~-tocopherol/total lipid of under 0.8 
m g / g  indicates a deficiency in vitamin E. The concentration of vitamin E in the 
blood of newborns is generally less than half that of adults. These levels can 
increase to adult levels within a few days of birth during breast-feeding. 

The chemical test used for measuring vitamin E in serum is as follows. The 
vitamin is extracted from the water-soluble components of serum by mixing the 
serum with the solvent hexane. The vitamin, along with other lipids, leaves the 
aqueous layer and enters the hexane layer. The hexane layer may be called the 
solvent phase. The amount of vitamin in the hexane layer can be measured by 
fluorescence spectrometry. Exposure (or excitation) of the vitamin to light results 
in the production of light by the vitamin. The wavelength of emission is always 
longer (lower energy) than the wavelength of excitation, in all cases of fluores- 
cence. In the case of vitamin E, the wavelength of light used for excitation is 295 
nm, whereas that of the light emitted is 325 nm. The amplitude (intensity) of the 
light fluorescing from the sample is proportional to the concentration of the 
vitamin in the sample. 

Two functional tests have been used in studies of humans: the red blood cell 
hemolysis test and the tissue biopsy test. Both tests reflect properties of biological 
membranes. The red cell test measures the ability of the cell to resist peroxide-in- 
duced damage. Cells taken from normal, vitamin E-sufficient subjects can with- 
stand the oxidizing effects of hydrogen peroxide (HOOH); however, red blood 
cells taken from vitamin E-deficient subjects may be broken (hemolyzed) in re- 
sponse to the HOOH, resulting in the release of hemoglobin. In detail, red cells are 
suspended in sodium chloride (0.85%) and incubated in the presence or absence 
of HOOH (1.2%) for 3 hours. The extent of hemolysis is then measured using a 
spectrophotometer, which measures the red-colored material released into solu- 
tion. Note that the susceptibility of red cells to mechanical damage, as opposed to 
oxidative damage, seems to be the same for cells from vitamin-deficient and 
vitamin-sufficient subjects. 

Vitamin E deficiency is quite rare. Persons at risk include those with fat malab- 
sorption syndromes, including cystic fibrosis, cholestatic liver disease, and dis- 
eases that prevent the functioning of the lipoproteins. Infants suffering from fat 
malabsorption diseases can develop symptoms of vitamin E deficiency by the age 
of 1.5 to 2.0 years. In adults, the onset of a disease preventing fat absorption may 
provoke the vitamin deficiency after a longer period, that is, 10 years or more. The 
deficiency in humans can induce a variety of neurological symptoms such as 
ataxia, lack of reflexes, decreased vibratory sensation, and paralysis of the eye 
muscles. These neurological symptoms cannot be reversed rapidly. When possible, 
reversal may require months of treatment with vitamin E. It is thought, but not 
proven, that the neurological problems arise from the failure of the vitamin to 
protect nerves from toxic forms of oxygen. 

Cholestatic liver disease may occur in infancy. One particularly severe symptom 
is the inability to walk. The neurological symptoms can be treated with weekly 
injections of 100 mg c~-tocopherol over half a year. Vitamin E deficiency in new- 
bores has been associated with hemolytic anemia. Anemia is a decreased concen- 
tration of red blood cells in whole blood as well as a drop in the hemoglobin level 
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below the normal range. Hemolytic anemia can be treated relatively promptly; that 
is, with a week or two of vitamin E therapy. 

The premature infant may be at risk for vitamin E deficiency; because infants 
may be born with low supplies of the vitamin and because the premature infant 
in particular has a poorly developed capacity for absorbing lipids. 

Vitamin E, Antioxidants, and Atherosclerosis 

It has been proposed that the vitamin E occurring in low-density lipoprotein (LDL) 
particles in the bloodstream, along with other antioxidants, normally acts to 
reduce or minimize the trend to atherosclerosis that occurs in most or all people. 
The natural rate of progression of atherosclerosis, as measured during its mature 
phase, involves the reduction in diameter of arteries by about 1.5% per year 
(Superko and Krauss, 1994). 

One scenario that has been proposed to account for atherosclerosis is summa- 
rized by the following diagram. LDLs in the bloodstream are exposed to toxic 
oxygen, which results in damage to its protein component, apo B. The LDL beating 
the damaged apo B is then taken up by cells bearing scavenger receptor A 
(monocytes and macrophages (phagocytes)): 

m,= 

LDL Toxic oxyg~ ~ Damaged apo B polypeplJde upt=~ byp~joWte v 

Digestion of LDL 
in phagocyte and 
accumulation of 

cholesterol in some 
types of phagocytes 

Continued uptake by phagocytes that reside by the endothelial cells of the coro- 
nary artery results in their conversion to foam cells, in the invasion of smooth 
muscle cells, and in eventual narrowing of the lumen of the artery. Evidence 
suggests that the vitamin E ((x-tocopherol) present in LDLs serves to delay the 
onset of damage to apo B, and give it time to be eventually taken up by the LDL 
receptor in hepatocytes of the liven This part of the scenario is shown in the 
following diagram: 

Digestion of LDL 
LDL-containing ,.- Delay in acquisition of damage ~ and conversion 

vitamin E Toxic oxygen "" to apo B polypeptide Uptake by of cholesterol to 
hepatocytes bile acids 

LDL particles that have undamaged apo B generally circulate in the bloodstream 
for 3 days, with eventual uptake by the LDL receptor. An LDL-bearing modified 
or damaged polypeptide may no longer be recognized by the LDL receptor and 
may promptly (within a few minutes) be taken up by scavenger receptor A of 
various phagocytes. 

A typical LDL particle contains about 700 molecules of phospholipid, 600 free 
cholesterol molecules, 1600 cholesteryl esters, 185 triglycerides, and one polypep- 
tide of apo B (Steinberg, 1997; Noguchi et al., 1998). A typical LDL particle also 
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contains 3-16 molecules of 0~-tocopherol. 0~-Tocopherol is the major antioxidant of 
the LDL. An LDL particle may also contain 0-2 molecules of ~-carotene, with 
similar low levels of ubiquinone, ~,-tocopherol, lycopene, cryptoxanthin, canthax- 
anthin, and lutein (Ziouzenkova et al., 1996; Tribble et al., 1994). These latter 
compounds may also serve as antioxidants in the LDL. 

Indirect Pathway of Damage to Apo A 

Oxidative damage to the lipids in the LDL does not, in itself, result in recognition 
and uptake by scavenger receptor A. But where lipid breakdown products (mainly 
aldehydes) react with apolipoprotein A (on the surface of the LDL), the LDL 
particle will be taken up by scavenger receptor A. In addition, where toxic oxygen 
directly damages apo A (without damage to lipids), the LDL particle may also be 
taken up by scavenger receptor A. 

Some forms of toxic oxygen, such as HOOH, may react with contaminating 
metal ions binding to the surface of the LDL and, via the Fenton reaction, produce 
hydroxyl radicals with the consequent formation of damaged lipids (Lynch and 
Frei, 1995). To be specific, the target lipids include the polyunsaturated fatty acids 
occurring in phospholipids and in cholesteryl esters. The damaged PUFAs may 
then break down to produce aldehydes (malondialdehyde; 4-hydroxynonenal), 
which may then react with free amino groups of the apo A polypeptide (Hanzell 
et al., 1996). The structure of the condensation product is the Schiff base. 

Direct Pathway of Damage to Polypeptides 

Hypochlorite (HOC1) can react directly with amino acid residues of apo A. Hypo- 
chlorite, which is produced by the catalytic action of myeloperoxidase, can react 
with and damage residues of tyrosine, methionine, and cysteine (Yang et al., 1997). 
Myeloperoxidase is secreted by phagocytes into the extracellular fluid. Intracellu- 
lar myeloperoxidase also produces hypochlorite, which may leak out into the 
extracellular fluids during phagocytosis. In either case, the result can be damage 
to any nearby protein, including apo A. 
White blood cells (monocytes) tend to migrate through the endothelial cells of 
arteries and reside in and infiltrate the "subintimal space." The intima is the layer 
of smooth muscle cells that coats all arteries (Schwartz et al., 1995). Any LDL 
particle that happens to diffuse between the epithelial cells and into the subintimal 
space may find itself confronted with a monocyte. Toxic oxygen released by the 
monocyte can damage the LDL. The damaged LDL, in turn, attracts more mono- 
cytes into the subintimal space, and induces the monocytes to differentiate into 
macrophages (Steinberg, 1997). The phagocytes (monocytes; macrophages) con- 
tinue to produce toxic oxygen. The macrophages continue to take up damaged 
LDL particles, and to accumulate cholesterol, with their eventual conversion to 
foam cells and the generation of the fatty streak. The coronary artery is distin- 
guished, apart from most other arteries in the body; in that its intimal layer tends 
to have a high tendency to develop into an atherosclerotic lesion (Schwartz et al., 
1995). 

The preceding commentar~ regarding the role of oxidized LDLs in the forma- 
tion of the fatty streak, represents a coherent proposal, but only partial evidence 
exists to support it. The proposed scenario is summarized in Figure 9.94. 
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Antioxidants May Act as a Free-Radical Buffer and Delay Onset of Damage to 
the Apo B Polypeptide 

Where might 0~-tocopherol and other "antioxidants" fit into the aforementioned 
scenario? Where oxidative damage to lipids in the LDL particle occurs at a low 
rate, any 0~-tocopherol within the LDL particle might be expected to terminate free 
radical damage, according to mechanisms detailed in the present section and in 
the section on Essential Fatty Acids. Evidence suggests that when all molecules of 
c~-tocopherol become used up and depleted (converted to the c~-tocopherol free 
radical), other antioxidants within the LDL particle may take over, and thus further 
delay the onset of damage to apo A. These secondary antioxidants include ~-caro- 
tene and ubiquinone. Evidence also suggests that plasma ascorbate also serves the 
important role of converting 0~-tocopherol free radical back to 0~-tocopherol, thus 
delaying or preventing its depletion. 
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Aldehydes 
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/ 
FIGURE 9.94 Sources of toxic oxygen and pathways leading to damage to apo B. Certain 
white blood cells function in the body to kill and eat invading microorganisms. This type 
of white blood cell is called a phagocyte. There exist three types of phagocytes in our 
bloodstream: monocytes, macrophages, and neutrophils. These phagocytes produce toxic 
oxygen (HOOH and HOC1) and use it to kill unwanted organisms. Exposure of LDL 
particles to these forms of toxic oxygen can result in damage to the lipid component of the 
LDL, as well as to the protein component of the LDL (apo B-100). The figure depicts HOC1 
directly reacting with apo B on the surface of the LDL. The resulting damaged apo B 
facilitates uptake of the entire LDL particle by monocytes and macrophages. The figure 
also depicts hydrogen peroxide, reacting with reduced metal ions contaminating the sur- 
face of the LDL, to produce hydroxyl radicals. Evidence suggests that copper atoms, but 
not iron atoms, can be reduced at the surface of the LDL. However, there is very little 
evidence, to date, that metal ions naturally occur as contaminants on the surface of our 
LDLs. The figure depicts the hydroxyl radical provoking damage to lipids (phosphatidyl- 
choline and cholesteryl ester) in the LDL particle, the production of aldehyde breakdown 
products, and the condensation of these byproducts with apo B. The resulting altered apo 
B facilitates uptake of the entire LDL particle by monocytes and macrophages. 
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Antioxidants May  Be Overwhelmed 

In the event that the LDL particle is exposed to high levels of toxic oxygen, the 
c~-tocopherol within the particle may be overwhelmed, allowing damage to apo 
A. In the event that ascorbic levels are reduced or lowered in the immediate 
environment of the LDL particle, o~-tocopherol may be similarly be overwhelmed. 
This situation may be more serious than it sounds, as the c~-tocopherol free radical 
(if given the time) may facilitate and catalyze damage to lipids at the core of the 
LDL particle. In this wa~ vitamin E may facilitate the transfer of free radicals from 
the aqueous phase at the surface of the LDL particle to the fatty phase at its core 
(Upston et al., 1996; Thomas et al., 1995; Bowry et al., 1992). 

There has been some interest in raising the concentration of 0~-tocopherol, 
[3-carotene, and ubiquinol (reduced coenzyme Q) in the LDL particle by dietary 
supplements, with the hope of reducing oxidative damage to its lipids and to apo 
A. There has also been some interest in raising plasma ascorbat~ for the same 
purpose. Studies with humans have revealed that the levels of 0~-tocopherol and 
ubiquinol inside the LDL particle can be increased by two- to fourfold, by dietary 
means (Kayden and Traber, 1993; Jialal and Grund~ 1992, Thomas et al., 1995, Furr 
and Clark, 1997). 

Studies with humans have shown that a diet low in ~-carotene (0.025 mg/day) 
results in plasma levels of about 0.5 ~tM, while large doses of ~-carotene (90 
rag/day) can result in a tenfold increase in plasma ~-carotene, to give about 5 ~tM. 
Most of the ~-carotene (70%) in plasma resides in the LDL particles (Johnson et al., 
1995; Johnson and Russell, 1992). Again, one should recall that some people are 
"responders," so that a dose of dietary ~-carotene provokes a rise in plasma 
~-carotene, whereas other people are "nonresponders." 

Studies with humans have demonstrated that large doses of ascorbic acid (1 
g/day) result in increases in plasma levels, but the increases are only modest, and 
the levels rise to a plateau level of about 80 ~//(Levine et al., 1997). 

A number of studies have suggested an association between elevated plasma 
vitamin E levels and reduced risk for cardiovascular disease (Bonithon-Kopp et al., 
1997; Ge~ 1998; Rimm et al., 1993; Stampfer et al., 1993). The task of the nutritionist 
attempting to correlate vitamin intake with cardiovascular disease is complicated 
by the fact that different food oils contain different amounts of the various toco- 
pherols. Olive oil contains about 120 mg 0~-tocopherol/kg oil; soybean oil (70 mg 
c~-tocopherol and 900 mg ~,-tocopherol/kg); safflower oil (340 mg 0~-tocopherol and 
35 mg ~,-tocopherol/kg); and wheat germ oil (1500 mg 0~-tocopherol and 800 mg 
y-tocopherol/kg) (Chase et al., 1994; McLaughlin and Weihrauch, 1979). Most of 
the vitamin E present in blood plasma is 0~-tocopherol (rather than ~/-tocopherol, 
for example) because of the influence of o~-tocopherol transfer protein. Most of the 
plasma vitamin E resides in the LDLs. A paradox seems to present itself where 
people who have elevated LDLs (and who are more at risk for cardiovascular 
disease) should also have elevated 0~-tocopherol (and possibly be at lesser risk for 
cardiovascular disease). This paradox can be avoided by expressing plasma 0~-to- 
copherol levels as o~-tocopherol/cholesterol (Gey; 1998). 

The question of whether deficiencies (or large doses) of any of the aforemen- 
tioned antioxidants can reduce atherosclerotic lesions has provoked considerable 



638 9 Vitamins 

interest among the research community. Atherosclerosis is a complex, multistep 
event, and any detected influence of an "antioxidant" should not automatically be 
assumed to be due to a reduction of damage to the protein component of lipopro- 
tein particles. For example, one might ask whether the antioxidants can influence 
the rate of colonization and adhesion of phagocytes in the intima, or if they 
influence the infiltration of smooth muscle cells into this region. 

ESSENTIAL FATTY A C I D S  

The essential fatty acids (EFAs) are linoleic acid and linolenic acid. These fatty 
acids occur in the diet as parts of phospholipids and triglycerides. Both fatty acids 
are used in the body for structural purposes, where they are incorporated into the 
phospholipids of cell membranes. They can also be oxidized and used to produce 
energy. The most interesting use of EFAs is for hormone synthesis. These hormones 
comprise three classes of compounds having similar structures: prostaglandins, 
thromboxanes, and leukotrienes. Linoleic acid is converted to arachidonic acid, 
which is a precursor of certain prostaglandins, thromboxanes, and leukotrienes. 
Arachidonic acid is a long-chain fatty acid. It is a relatively minor component of 
dietary fats and oils and has sometimes been called an essential fatty acid, even 
though it is readily synthesized from linoleate. Linolenic acid is converted to 
eicosapentaenoic acid(EPA), which in turn is also used for the synthesis of a 
number of prostaglandins, thromboxanes, and leukotrienes (Dajani, 1993). 

The essential fatty acids are also converted in the body to the 22-carbon fatty 
acids docosapentaenoic acid (DPA) and docosahexaenoi c acid (DHA). DPAis made 
from linoleic acid;DHA is made from linolenic acid.The functions of these 22-carb- 
on fatty acids are not clear, but they may be important for vision and for other 
functions of the nervous system. DPA and DHA can be further elongated, in the 
bod~ to the "very-long-chain fatty acids." The very-long-chain fatty acids contain 
24 to 34 carbons, and occur in the brain, rods of the retina, and in the testes (Suh 
et al., 1996). Their functions are not clean 

The information presented so far is summarized in the following diagram. 
Arachidonic acid could be considered to be the most important metabolite in the 
diagram: 

Dietary very.long- 
linoleic =,,. 20-carbon fatty acid ~ DPA ",,.- chain 

acid (arachidonic acid) fatty acid 

Dietary 20..carbon fatty acid very-long- 
linolenic ~ ~ DHA ~ chain 

acid (eicosapentaenoic acid) fatty acid 

The RDA for the essential fatty acids is I to 2% of total energy intake. Generally; 
between 5 and 10% of our energy intake consists of EFAs. Because of our ample 
intake of fat, a deficiency in EFAs is quite rare. The biochemical steps in the 
modification of nonessential fatty acids, such as oleic acid, and essential fatty acids 
(linoleic acid and linolenic acid) are generally the same. These steps include 
elongation and desaturation. Modification of fatty acids by their repeated desatu- 
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ration, elongation, desaturation, and elongation leads to a variety of interesting 
fatty acids. These fatty acids have functions that are only beginning to be under- 
stood. 

Two systems are used for identifying fatty acids. One system employs the Greek 
capital Delta (A), where numbering of the carbons starts from the carboxylic acid 
carbon. In other words, the carboxylic acid carbon is carbon number 1. The other 
system employs the Greek lowercase omega (co) and is attuned to the biochemical 
origins of the fatty acid. The omega numbering system is based on the properties 
of metabolism, rather than on organic chemistry. Here, numbering starts with the 
tail-end carbon, i.e., the "methyl" carbon. 

Metabolism and Nomenclature 

Palmitic acid and stearic acid are the major products of fatty acid synthase. Both 
of these fatty acids are saturated; that is, they contain no double bonds between 
adjacent carbons. "Saturated" means that they contain a maximal content of 
hydrogen atoms. Although palmitate is a major fatty acid in cell membranes, most 
or all membranes contain longer-chain fatty acids as well. These fatty acids, having 
from 18 to 22 carbon atoms, are synthesized by the fatty acyl chain elongation 
system. The chain elongation system is located primarily in the endoplasmic 
reticulum, in contrast to fatty acid synthase, which is cytosolic. The chain elonga- 
tion system catalyzes the addition of 2-carbon units to the growing fatty acid. 

Mammalian Desaturases 

In addition to chain elongation, fatty acids are modified by the introduction of 
double bonds (desaturation). Enzymes, called desaturases, catalyze the synthesis 
of unsaturated fatty acids. They can use saturated or partially unsaturated fatty 
acids as substrates. Ag-Desaturase, for example, catalyzes the introduction of a 
double bond between carbons 9 and 10 of a fatty acid (counting from the carbox- 
ylic acid end). Three examples of reactions of A-desaturases are shown in Figure 
9.95. 

Mammalian desaturases can introduce double bonds into fatty acids only be- 
tween carbon-lO and the carboxyl carbon. In contrast, plants can produce linoleic acid, 
which has double bonds between carbons 9 and 10, and between carbons 12 and 
13. Plants also synthesize linolenic acid, which has double bonds between carbons 
9 and 10, carbons 12 and 13, and carbons 15 and 16. 

Delta Nomenclature and Omega Nomenclature 

Linolenic acid is abbreviated as 18:3A 9,12,15 or 18:30)3. The number before the colon 
indicates the total number of carbon atoms in the fatty acid. The number after the 
colon indicates the number of double bonds. According to the delta terminolog~ 
the superscripts indicate the carbon numbers at which a double bond occurs 
(counting from the - -COOH end). According to the omega terminolog~ the num- 
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CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2COOH 

(palmitic acid; 16:0) '~g-Desaturase 

CH3CH2CH2CH2CH2CH2CH ~ CHCH2CH2CH2CH2CH2CH2CH2COOH 
(palmitoleic acid; 18 : 1As; 18 : 1(J)7} 

CH3CH 2CH2CH2CH2CH2CH2CH2CH2CH;~CH2CH:~CH2CH2CH2CH2CH2COOH 

(stearic acid; 18:0) "~~-Desa tu rase  

CH3CH2CH2CH2CH2CH2CH2CH2CH ~ CHCH~CH2CH2CH2CH2CH2CH2COOH 
(oleic acid; 18: 1A9; 18 : 1~9} 

CH3CH2CH2CH2CH2C H - -  CH2CH2CH ~ CHCH2CH2CH2CH2CH2CH2CH2COOH 

(linoleic acid; 18' 2zl 9 .12; 18" 2~6} "~e-Desaturase 

CH3CH2CH2CH2CH2CH ~- CHCHzCH ~ CHCH2CH ~ CHCH2CH2CH2CH2COOH 
{18 : 346. 9,12; 18 : 3~6) 

FIGURE 9.95 Activities of desaturases. The desaturases are enzymes of the endoplasmic 
reticulum that recognize the coenzyme A derivatives of the fatty acids. The enzymes do 
not act on the free fatty acids. The desaturases require oxygen and NADH for activity. Two 
other proteins are required as well, and these are cytochrome b s and cytochrome b5 reduc- 
tase (Sprecher et al., 1995). Once a fatty acid has received a desaturation, the fatty acid may 
(or may not) be lengthened by a 2-carbon unit. This step is catalyzed in the endoplasmic 
reticulum by chain elongation enzymes. These enzymes utilize malonyl-CoA as the source 
of the 2-carbon unit, as does fatty acid synthase, a cytosolic enzyme. Once the 2-carbon 
elongation has occurred, the fatty acid may be the substrate for another desaturase enzyme. 

ber at the right refers to the carbon at which the first double bond occurs (counting 
from the methyl  end of the fatty acid). 

The "n minus"  nomenclature is sometimes used in place of the omega nomen- 
clature. Instead of writ ing 18:3c03, for example, one can use the n minus  nomen-  
clature to form the abbreviation, 18:3n-9,n-12,n-15. 

Nonessential Fatty Acids Can Be Desaturated and Elongated 

Oleic acid (18:10)9), a monounsa tura ted  fatty acid, is the major fatty acid in human  
milk. Oleic acid, as well as the products  resulting from its further desaturat ion and 
elongation, are called the omega-9 fatty acids. The omega-9 fatty acid 24:1(09 is a 
major fatty acid in the membranes  of nerves. The omega-9 fatty acid 20:3o)9 is 
called the Mead  acid. Mead acid accumulates in the body  in response to a deft- 
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ciency in the essential fatty acids, and there is some thought that Mead acid may 
compensate, with the decline in linoleic acid, in serving structural purposes in 
membranes. Mead acid is probably not used for the synthesis of any hormone. 

Essential Fatty Acids Can Be Desaturated and Elongated 

The pathway of conversion of linoleic acid, in mammals, to arachidonic acid and 
to longer-chain-length fatty acids, is shown in Figure 9.96. The conversion of 
linolenic acid, in mammals, to longer-chain length fatty acids is shown in Figure 
9.97. The structures of the fatty acids have been simplified by omitting the hydro- 
gen atoms. The asterisks indicate the two carbons added during the elongation 
step. The fatty acids occur as the coenzyme A derivative while undergoing desatu- 
ration and elongation. For simplicity, coenzyme A was omitted from the diagrams 
in Figure 9.96 and 9.97. 

Linoleic acid 

Desaturation 
18:20P6 CCCCCC=CCC=CCCCCCCCCOOH 182 A9'12 

l 
18::3~P6 CCCCCC=CCC=CCC=CCCCCCOOH 18:3& e'~ 

Elongation 
w 

20:3r CCCCCC=CCC=CCC=CCCCCCCCOOH 20:3z~ 8't1'14 

Desaturation 

20:4o-6 CCCCCC=CCC=CCC=CCC=CCCCCOOH 
(arachidonic add) 

Elongation t Elongation 
A6-desaturation 
Chain shortening 

22:4(o-6 DPA 22: 4z~ 4'730'13' le 

20:4A~,e,11,14 

FIGURE 9.96 Omega-6 fatty acid biosynthetic pathway. Linoleic acid (18:2006) is the es- 
sential fatty acid that is the starting material for the biosynthesis of arachidonic acid. 
Arachidonic acid, in turn, can be converted to DPA. The reactions occur with the fatty acids 
esterified with coenzyme A but, for simplicity, this cofactor, as well as the hydrogen atoms, 
have been left out of the diagram. The enzymes z~6-desaturase and A5-desaturase are used, 
respectively; in the two desaturation steps used for arachidonic acid biosynthesis. The steps 
leading from arachidonic acid (20:4(o6) to DPA(22:50~) consists of a four-step sequence, 
involving: (1) elongation; (2) elongation; (3) 6-desaturation; and (4) chain-shortening. This 
round-about method of achieving an elongation by 2-carbons may seem surprising. Even 
more surprising is that all steps occur on the surface of the endoplasmic reticulum, except 
for the chain-shortening step, which occurs in an entirely different organeUe, the perox- 
isome (Sprecher et al., 1995). 
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Linolenic acid 

18:3(o-3 

Desaturation 

18:4m-3 

Elongation 

20:4m-3 

Desaturation 

20:5~3 

Elongation 
Elongation 
A6-desaturation 
Chain shortening 

CCC=CCC=CCC=CCCCCCCCCOOH 

l 
CCC=CCC=CCC=CCC=CCCCCCOOH 

. .  

CCC=CCC=CCC=CCC=CCCCCCCCOOH 

l 
CCC=CCC=CCC=CCC=CCC=CCCCCOOH 

(eicosapentaenoic acid) 

t 

18:3Ao,12, 'm 

18:4A6.9.12. Is 

20.4Aa,11,1437 

20:5A5.8.1~,'4.~ 

22:6(o-3 DHA 22:6A 4'7'10'13'16'19 

FIGURE 9.97 Omega-3 fatty acid biosynthetic pathway. Linolenic acid (18:3(o3) is the 
essential fatty acid that is the starting material for the biosynthesis of EPA and DHA. The 
reactions occur with the fatty acids esterified with coenzyme A, but, for simplicity; this 
cofactor, as well as the hydrogen atoms, have been left out of the diagram. The enzymes 
A6-desaturase and A5-desaturase are used, respectively; in the two desaturation steps. The 
steps leading from EPA (20:5o)3) to DHA (22:6o)3) consist of a four-step sequence, involving: 
(1) elongation; (2) elongation; 3) 6-desaturation; and (4) chain-shortening. This roundabout 
method of achieving an elongation by 2-carbons may seem surprising. All steps occur on 
the surface of the endoplasmic reticulum, except for the chain-shortening step, which 
occurs in an entirely different organelle, the peroxisome (Sprecher et al., 1995). DHA occurs 
at especially high concentrations in the retina and in nerve endings. 

Desaturase Enzymes 

Ag-Desaturase, A6-desaturase, and AS-desaturase catalyze the fatty acid desatura- 
tion reactions in mammals .  When A6-desaturase acts on an omega-6 fatty acid, it 
remains an omega-6 fatty acid. When A6-desaturase acts on an omega-3 fatty acid, 
it remains an omega-3 fatty acid. The desaturases received their names according 
to where  their site of action is relative to the COOH-carbon.  

Linoleic Acid and Other Omega-6 Fatty Acids 

Linoleic acid and the family of fatty acids derived from it are called the omega-6 
fatty acids (Figure 9.96). This is because the number  of carbons from the methyl  
end to the first double bond is six. Linoleic acid is used to make arachidonic acid 
(20:4oo6), a fatty acid essential for the synthesis of various hormones.  These hor- 
mones  are the prostaglandins,  thromboxanes,  and leukotrienes. These three classes 
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of hormones are used for the regulation of many physiological processes. DPA 
(22:5o6) is a 22-carbon fatty acid synthesized from arachidonic acid. DPA is found 
in high concentrations in the central nervous system and other tissues. 

Linolenic Acid and Other Omega-3 Fatty Acids 
Linolenic acid tends to occur at much lower levels in the diet and in the tissues of 
the body than does linoleic acid. Linolenic acid can undergo successive desatura- 
tions and elongations to yield EPA and DHA (Figure 9.97). The relationship be- 
tween linolenic acid (18:30x3), EPA (20:5o)3), and DHA (22:6o)3) is revealed by their 
nomenclature, which shows they are all omega-3 fatty acids. EPA is a precursor for 
the synthesis of prostaglandin E3, thromboxane A 3, and leukotriene A5 (Dajani, 
1993). DHA is a precursor to a series of prostaglandins that includes PGI3, PGD3, 
and PGE3. There is some evidence that DHA can alter the excitability and activity 
of certain nerves (Hamano et al., 1996). 

Fish Oils (Marine Oils) 
Fish oils are especially rich in the omega-3 fatty acids EPA and DHA (Soyland et 
al., 1993). Dietary omega-3 fatty acids can reduce plasma triglyceride levels in 
humans, and may reduce any tendency for spontaneous blood clot formation. This 
combination of effects might be expected to reduce the risk for cardiovascular 
disease. (Note that omega-3 fatty acids do not reduce LDL-cholesterol). A recent 
study with pigs fed milk containing vegetable oil or fish oil revealed that the 
plasma triglycerides were higher (1.2 mM) with the vegetable oil, but lower (0.8 
mM) with fish oil (Arbuckle and Innis, 1993). 

The long-term influence of omega-3 fatty acid supplements is not known, and, 
for this reason, the American Heart Association has not recommended that sup- 
plements be taken (Krauss et al., 1996). There is a very real concern that dietary 
PUFAs of all types may enhance the accumulation of lipid oxidation products in 
lipoprotein particles, thus allowing the attack of lipid oxidation products on the 
protein component of the LDL, the enhanced uptake of the damaged LDL by 
macrophages in the artery wall, and increased atherosclerosis (Allard et al., 1997; 
Felton et al., 1994). (Monounsaturated fatty acids are thought not to be involved in 
the oxidation scenario leading to atherosclerosis.) 

Psoriasis is a disease of the skin that involves inflammation. There has been 
some interest in using dietary fish oils to treat psoriasis, especially since Eskimos 
(fish-eaters) tend not to acquire psoriasis. Both the omega-6 and omega-3 fatty 
acids are converted to hormones that activate white blood cells and provoke 
inflammatory reactions. However, the omega-3 fatty acids are generally less po- 
tent, and the associated inflammatory reaction is smaller. Hence, there is some 
thought that an increase in dietary omega-3 fatty acids may inhibit the processing 
of omega-6 fatty acids to the inflammatory hormones. 

Unfortunatel~ careful studies have shown that fish oils do not have this effect 
(Soyland et al., 1993). Psoriasis patients might find comfort with the recent dem- 
onstration that vitamin D-based compounds, when applied to the skin, can result 
in a remarkable decline in skin lesions. 

EXERCISE 
Name four things that are wrong with the notation 16"1A 15'6'17 
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Prostaglandins and Thromboxanes 

Conversion of Arachidonic Acid to Prostaglandins and Thromboxanes 

The arachidonic acid present in cell membranes is esterified to the 2-position of 
such phospholipids as phosphatidylcholine, phosphatidylethanolamine, and 
phosphatidylinositol. It is thought that arachidonic acid present only in phospha- 
tidylinosito] (PI), but not in the other phospholipids, is involved in the synthesis 
of prostaglandins and related hormones. The inositol group may occur in PI as 
unmodified inositol, inositol-4-phosphate, and inositol-4,5-bisphosphate. 

Hydrolysis of IP3 from membrane lipids yields 1-acyl-2-arachidonyl-glycerol, 
which remains in the plasma membrane. The arachidonate esterified at the 2-po- 
sition may be hydrolyzed by phospholipase A 2, to yield free arachidonate. The 
pathway leading to the release of IP3 and arachidonate is shown in Figure 9.98. 
The events depicted occur in a burst. They occur mainly within a time frame of a 
minute or so of stimulation of the cell. Stimulation of the cell can induce an 
increase in the concentration of free arachidonic acid in the cell. This arachidonate 
can be used by cyclooxygenase. Cyclooxygenase is a membrane-bound enzyme 
of the endoplasmic reticulum. The active site faces the cytoplasm. The enzyme is 
bifunctional. It catalyzes the attachment of oxygen molecules to arachidonic acid, 

Phosphatidylinositol 1 - A c y l - 2 - a r a c h i d o n y l - g l y c e  ro l  1 - A c y l - g l y c e r o l  

Phospholipase C 

fatty acyl - -  CH 2 ~ fatty acyt m CH 2 
I / 

arachidonyl - -  CH 2 a rach idony l  m CH 2 
I / 
HzC ( ~  - -  O CHzOH 

HOJ O| 

|  
o| H | 

O| 

Phospholipase A 2 

--- fatty acyl - -  CH 2 - Z  ' 
CH 2 - -  OH 
I 
CH2OH 

arachidonic acid 
released into cy toso l  

IP3 released into cytosol 

FIGURE 9.98 Events taking place in the plasma membrane on stimulation of a cell. Phospha- 
tidylinositol (PI) and more highly phosphorylated versions of this lipid account for 2 to 8% of the 
lipids of the plasma membrane of eukaryotic cells. The inositol 1,4,5-triphosphate (IP3) moiety of 
phosphatidylinositol- 4,5-diphosphate may be hydrolyzed from this lipid immediately after the 
cell is stimulated. For example, the stimulation of platelets by thrombin or the islets of the 
pancreas by glucose is followed by the release of IP3 into the cytoplasm. In some cells, arachidonic 
acid is hydrolyzed from 1-acyl-2-arachidonyl-glycerol, which can support a burst of pro- 
staglandin synthesis. 
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resulting in its modification by a hydroperoxide group (R--OOH) and an endop- 
eroxide group (R---OO--R). The metabolite containing both groups is PGG2 (Fig- 
ure 9.99). The enzyme also catalyzes the further conversion of PGG2 to PGH2. 
Other enzymes can convert prostaglandins to thromboxanes. The conversion of 
PGH2 to thromboxane A2, for example, is shown in Figure 9.99. 

Classification of Prostaglandins 

Any event that provokes the activation of phospholipase A 2 may result in libera- 
tion of arachidonic acid from diglycerides in the plasma membrane. Cyclooxy- 
genase catalyzes the conversion of arachidonic acid to prostaglandin H2 (PGH2). 
PGH2 is the parent compound of other prostaglandins and thromboxanes. Four 
groups of prostaglandins are formed from the PGH parent. These are PGD, PGE, 
PGF, and PGI. The subscript (as in PGE2) represents the number of double bonds 
in the side chain, and this subscript can be 1, 2, or 3 (Kobayashi et al., 1997). The 
physiological activity of any prostaglandin depends more on the structure of the 
head group, and not much on the number of double bonds in the side chain. 

Arachidonic acid 

(this step is 
inhibited by 

asprin) ~ Oz 

Prostag landin (PGG2) ~ i ""'7"'"~ ""~"~ ~ ~ , ~ ~ ~ H ~  

Endoperoxide OII.,,. 
O--OH 

Hydroperoxide . . . . . . . .  ~ 

Prostaglandin (PGH 2) O 111"7"-... ~ , , ' ~ \  / \  / ~ \  

I Ill,*,.~'~ o 

OH 

Thromboxane A z 
(contracts smooth muscle and 

stimulates platelet aggregation) 
"~ H 

=_. 
OH 

FIGURE 9.99 Conversion of arachidonic acid to prostaglandins and thromboxanes. 
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Prostaglandin Receptors 

The various prostaglandins and their receptors represent a bewildering array of 
functions. However, these have been conveniently divided into three functions: (1) 
relaxation; (2) contraction; and (3) inhibition. The relaxation receptors are those 
that bind PGI, PGD, PGE2, and PGE4. The stimulation of these receptors results in 
an increase in cytosolic cAMP, and muscle relaxation. 

The contractile receptors are those that bind PGF, PGE1, and thromboxane. 
Stimulation of these receptors provokes a burst of calcium ions, and the contrac- 
tion of smooth muscle. The inhibitory receptor is the PGE3 receptor. Its stimula- 
tion results in a decline in cAMP levels, and the consequent inhibition of nerve 
activity, inhibition of gastric acid secretion, and decline in water resorption 
(Kobayashi et al., 1997). These three functions provide a working guideline, but are 
not strict rules. 

The following effects take place because the receptors are coupled to adenylyl 
cyclase or to phospholipase C. Adenylyl cyclase catalyzes the synthesis of cAMP, 
while phospholipase C catalyzes the hydrolysis of the phosphatidyl-4,5-bisphos- 
phate, releasing inositol-l,4,5-trisphosphate (IP3). This IP3, in turn, travels to the 
endoplasmic reticulum, where it provokes the momentary release of calcium ions. 
The increase in Ca 2+ ion levels, in turn, provokes activation of a number of protein 
kinases, as discussed in the Calcium and Phosphate section. All of these receptors 
are polypeptides that weave seven times in or out of the plasma membrane. All of 
these receptors are directly linked to G protein, and require G protein for transmit- 
ting their message within the membrane to various enzymes. 

Details of Events Provoked by the Stimulation of Prostaglandin Receptors, as 
Revealed by the Examples of Prostaglandin F and Thromboxane A 

PGF appears not to be necessary for life or for embryological development. How- 
ever, this prostaglandin is required for the delivery of a fully developed baby. 
Knock-out mice that lack the PGF receptor were prepared by standard genetic 
techniques. These mice appeared normal, but when pregnancy came to the end of 
its term the baby mice were not ejected from the uterus; the uterus did not contract. 
If a cesarean birth was performed, the babies grew and developed normally; 
otherwise, they died inside their mothers (Sugimoto et al., 1997). PGF has also been 
found to regulate the pressure of the eye (Abramovitz et al., 1994). 

The stimulation of platelets to form a blood clot involves thromboxane produc- 
tion. The sequence of events resulting in the aggregation of platelets is summa- 
rized in Figure 9.100. The initial event of cell stimulation is the reaction of thrombin 
with the platelet surface, which provokes the release of arachidonic acid, as men- 
tioned in the Vitamin K section. Arachidonic acid is converted to thromboxane A2. 
The TXA2, in turn, is released from the platelet. It travels a short distance, within 
the bloodstream, and binds to its receptor on the surface of nearby platelets. 

Thromboxane A 2 also causes contraction of the smooth muscles in the artery; 
thus minimizing blood loss in the artery in the vicinity of the injury. As mentioned 
earlier, TXA2 binds to a "contractile receptor." 

The prostaglandins mediate inflammation and pain. Aspirin is a universally 
used drug. The pain-relieving properties of the drug are a consequence of its 
inhibition of cyclooxygenase. Aspirin covalently reacts with the enzyme, inhibit- 
ing the first reaction catalyzed by the enzyme, oxygenation. Daily doses of aspirin 
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Thrombin binds Thrombin stimulates 
to ptatelet production of Platelet aggregation 

IP3 and TXA 2 is stimulated 

FIGURE 9.100 Thrombin activation of platelets. Thrombin binds to the thrombin receptor on the 
platelet membrane, resulting in the activation of pathways that provoke platelet aggregation. The 
occupancy of the receptors by these agents relays a signal, via G protein, to activate phospholipase 
C. Phospholipase C catalyzes a cleavage reaction on phosphatidylinositol-4,5-bisphosphate, re- 
leasing IP3, which in turn travels to the endoplasmic reticulum and provokes the release of a burst 
of intracellular calcium ions. The Ca  2+ activates protein kinase C, which catalyzes the phospho- 
rylation of a number of target proteins. One result of the above events is the activation of the 
O~iIb~3 integrin. In its activated form, this integrin takes a new conformational change and is able 
to bind extraceUular matrix proteins, such as fibrin and von Willebrand factor. The binding of 
thrombin to its receptor also provokes the activation of phospholipase A 2, which catalyzes the 
cleavage of arachidonic acid from the plasma membrane. Arachidonic acid, in turn, is then 
converted to thromboxane A2 (TXA2), which diffuses out of the platelet and provokes the activa- 
tion of nearby platelets. TXA 2 binds to the TXA2-receptor on its target platelets. This receptor 
weaves seven times in or out of the plasma membrane, and is linked via G protein, to phospholi- 
pase C. Stimulation of target platelets by TXA 2 thus provokes the release of IP3 and a burst of 
intracellular calcium ions (D'Angelo et al., 1996). The activation of a few platelets by thrombin 
results in a feedforward activation pathway that activates many platelets by thromboxane. The 
amplified signal that results provokes the activation of a great multitude of platelets, and the 
formation of a visible blood clot. 

are used to lower the tendency of blood clotting, especially in persons with 
cardiovascular disease who have a tendency to develop spontaneous blood clots. 
Aspirin lessens the tendency toward platelet aggregation and, hence, can reduce 
the risk of embolisms. 

Leukotrienes 

Two pathways of metabolism are available for arachidonic acid. The first is the 
cyclooxygenase pathway, which leads to the formation of prostaglandins, throm- 
boxanes, and prostacyclin. The second is the lipoxygenase pathway. Lipoxy- 
genase catalyzes the first step in the conversion of arachidonic acid to a number 
of noncyclized metabolites. These metabolites include 5-hydroperoxyei- 
cosatetraenoic acid (HPETE) and the leukotrienes (Figure 9.101). 

The first step in the formation of the leukotrienes is cleavage of arachidonic acid 
from membrane phospholipids. 5-Lipoxygenase, which is a calcium-dependent 
enzyme, catalyzes the introduction of 02 into the arachidonic acid and the conver- 
sion of the resulting hydroperoxide to an epoxide. Leukotriene A 4 contains an 
epoxide group. Leukotriene A 4 (LTA4) can be converted to leukotriene B4 (LTB4) 
by enzymatic hydrolysis. LTB4 is a dihydroxy fatty acid; it regulates the functions 
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FIGURE 9.101 Pathways of leukotriene metabolism. The arachidonic acid present in the plasma 
membrane is esterified to the 2-position of various fatty acids. A burst in intracellular calcium 
ions, as provoked by various hormones or immunological stimuli, causes phospholipase A 2 to 
bind to the inside of the plasma membrane. This enzyme is a cytosolic protein. Phospholipase A 2 
then catalyzes the hydrolysis of arachidonate. 5-Lipoxygenase catalyzes the conversion of the 
free arachidonate to form LTA4, in a two-step reaction. 5 -Lipoxygenase occurs only in white blood 
cells, i.e., neutrophils, eosinophils, monocytes, macrophages, mast cells, basophils, and B lympho- 
cytes (Henderson, 1994). Further metabolism of LTA4 may occur within the white blood cell, or 
it may be released and then undergo secondary metabolism by an unrelated tissue. Enzymes used 
for the conversion of LTA 4 to leukotriene B4 and leukotriene C4 (as well as LTD4 and LTE4) are 
widely distributed in the body. LTC4 contains a molecule of glutathione. Hydrolysis of the 
glutamate residue from this glutathione generates LTD4. Further trimming of the LTD4 results in 
LTE 4, which contains only the cysteine residue of glutathione. To give a specific example of this 
trimming pathway; it has been found that after release of LTC4 by white blood cells the LTC4 
travels to its target tissue, where the glutamate is removed to give LTD4 (Carter et al., 1997). The 
question of whether the LTC4 family (LTC4, LTD4, and LTE4) of leukotrienes all bind to different 
receptors and have different biological activities is currently under study. 
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of certain white blood cells (neutrophils, eosinophils, macrophages, lymphocytes). 
Neutrophils have receptor sites for LTB 4. For example, LTB 4 can provoke the 
movement and migration of the neutrophils. 

LTA4 has a second possible fate, namely conversion to leukotriene C4. Glu- 
tathionine transferase catalyzes this conversion, which involves the covalent at- 
tachment of glutathione to the epoxide oxygen of LTA4. Hydrolysis of the gluta- 
mate residue results in the conversion of LTC4 to LTD4. The subsequent hydrolysis 
of the glycine residue results in conversion of LTD4 to LTE4. 

Biological Properties of LTB4 and LTC4 

LTB4 acts to attract the migration of white blood cells into various tissues. Hence, 
where a tissue contains white blood cells that synthesize and release this leuk- 
otriene, more white blood cells will migrate into the tissue. LTC4, and the related 
LTD 4 and LTE4, act to increase the permeability of blood vessels and to provoke 
the contraction of smooth muscle (Henderson, 1994). The precursor to these leuk- 
otrienes, which is LTA4, is synthesized only in white blood cells, i.e., the 5'-lipoxy- 
genase occurs only in white blood cells. However, the downstream enzymes used 
to convert LTA4 to LTB4 or LTC4 occurs in a wide variety of tissues. In addition, 
one might keep in mind that a complete understanding of the actions of the 
leukotrienes, as well as of all other hormones, also requires a knowledge of the 
target cells that contain the corresponding hormone receptors. 

The physiological effects of the leukotrienes can be illustrated by conditions 
where the leukotrienes are involved in inflammatory diseases. These inflamma- 
tory diseases include asthma, arthritis, glomerulonephritis, psoriasis, inflamma- 
tory bowel syndrome (Crohn's disease), adult respiratory distress syndrome, and 
ulcerative colitis. In rheumatoid arthritis, for example, neutrophils are attracted into 
the joints between bones, resulting in pain and inflammation~ The accumulated 
neutrophils also produce leukotrienes, which attract still more neutrophils into the 
joint (Griffiths et al., 1995). To use the example of asthma, the leukotrienes produced 
by white blood cells in the lung provoke spasms of the smooth muscles in the 
airways and cause an inability to breath. Edema is a problem in a variety of 
diseases. Edema, which involves the net leakage of fluids from the bloodstream 
into extracellular spaces, is easily diagnosed because it leads to puffy skin. It is 
thought that the influence of leukotriene C4 in increasing permeability of veins 
serves the useful purpose of allowing more white blood cells to migrate from the 
bloodstream, across the veins, and into tissues that contain infections. Edema can 
be dangerous when it involves the lungs, as in adult respiratory distress syndrome, 
because it results in leakage of extracellular fluids into the lungs, resulting in an 
inability to breath (Henderson, 1994). 

A variety of drugs have been devised to treat these diseases. Some of these 
drugs bind to 5'-lipoxygenase and inhibit its activit~ while other drugs prevent 
the binding of the leukotriene to its receptor. Drugs have been devised that prevent 
LTB4 from binding to the LTB 4 receptor in the endothelial cells of veins, and to 
prevent LTC4, LTD4, or LTE4 from binding to their receptors in the membranes of 
smooth muscles (Griffiths et al., 1995). 
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Many of the effects of leukotrienes are reduced in animals raised on diets 
deficient in essential fatty acids. Such diets lead to a reduction in all the functions 
of the essential fatty acids. The advantage of drugs is that they can be designed to 
affect specific functions of the EFAs rather than all functions. 

Essential Fatty Acid Deficiency 

Persons at risk for EFA deficiency tend to be the same as those at risk for vitamin 
E deficiency. Some signs are shared by both deficiencies. Premature infants may 
be at risk for EFA deficiency because of their low stores of lipids and their rapid 
growth, especially when they are fed diets that do not contain EFAs. For example, 
fats have been omitted from diets used to feed preterm infants (to avoid a variety 
of complications). EFA deficiency may develop later in life with fat malabsorption 
syndromes. EFA deficiency has presented in adults fed by total parenteral nutrition 
for longer periods, where EFAs had not been included in the liquid diet. 

Signs of an EFA deficiency can appear in humans after a few weeks on an 
EFA-deficient diet. The most obvious sign of deficiency is eczematous dermatitis, 
or scaly skin. Hair loss and impaired wound healing may also result. EFA defi- 
ciency in the rat results in dermatitis, a rough coat of fur, scaly paws and tail, 
fragility of the capillaries, impaired growth, and impaired reproductive ability. 
These signs have been identified specifically with a deficiency in linoleic acid, not 
linolenic acid. 

EFAs are plentiful in the diet. Wide variations in the intake of EFAs may have 
little or no effect on the physiological functions of the body because of the stores 
of linoleic acid in adipose tissue and because of possible metabolic adjustments by 
the body. A functional test for assessing EFA status has not been adopted for 
routine use. One functional test, for example, might be the measurement of platelet 
aggregating ability; a complicating factor is that some prostaglandins inhibit plate- 
let aggregation whereas others stimulate aggregation. 

Accumulation of Mead Acid Indicates EFA Deficiency 

The following material concerns a test for assessing EFA status. The test is a direct 
test, not a functional one. Under normal conditions, a proportion of the linoleic 
acid in the diet is converted to form arachidonic acid and other long-chain fatty 
acids. During EFA deficienc~ oleic acid (not an EFA) is increasingly used for 
desaturation and elongation. Oleic acid is an omega-9 fatty acid. Increased desatu- 
ration and elongation of this fatty acid occur in EFA deficiency and result in the 
production of another omega-9 fatty acid, 20:3o)9, also called Mead acid. Mead 
acid can also be abbreviated 20:3A 5,8,11. The ratio of the levels of Mead acid/linoleic 
acid in plasma membrane lipids is used to assess essential fatty acid status. The 
ratio increases with an EFA deficiency. Generall~ a ratio of 0.4 or greater is 
considered to indicate deficiency. The ratio may increase to 4.0 or more during 
severe deficiency in humans or experimental animals. 
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EXERCISE 
How many separate steps of desaturation and elongation are required to convert oleic acid 
to the Mead acid? 

EXERCISE 
Feeding infants a liquid formulation based on safflower oil can result in linolenic acid 
deficiency. Explain this effect. (See Heird and Gomez, 1996.) 

The accumulation of Mead acid in humans is shown in Figure 9.102. The study 
involved human subjects recovering from surgery of the gastrointestinal tract. 
They were fed by parenteral nutrition. The diet infused contained no lipids and 
induced the development of essential fatty acid deficiency. Plasma lipids were 
analyzed over the course of several weeks, as indicated in the figure. The results 
demonstrate that the levels of linoleic acid (@) and arachidonic acid (A) in plasma 
lipids decreased over time. Concomitantl~ the concentration of Mead acid in- 
creased (O). The changes recorded demonstrate a biochemical abnormality, but 
not necessarily a change that is physiological harmful. 

With a deficiency in linolenic acid (18:30)3) (but not in linoleic acid), there is a 
decline in DHA (22:6o)3) in the retina and brain, as revealed in studies with rodents 
and monkeys. With deficiency in only linolenic acid (omega-3), there is also an 
increase in conversion of the available linoleic acid (omega-6) to produce elevated 
levels of 22-carbon omega-6 fatty acids (Craig-Schmidt et al., 1996; Innis et al., 
1994). Deficiency in only linolenic acid results in altered learning behaviors and a 
decreased visual sense. 
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FIGURE 9.102 Accumulation of Mead acid (20:3o)9) in humans (O) during the develop- 
ment of a deficiency in essential fatty acids. (Redrawn with permission from Richardson 
and Sgoutas, 1975.) 
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The question of which dietary practices lead to EFA deficiency is difficult to 
predict. A study of women suffering from anorexia nervosa, a disease that pro- 
vokes pathological fasting behavior and marked weight loss, indicated that the 
women were not deficient in EFAs. Surprisingly; their plasma levels of Mead acid 
were lower, rather than higher, than those of control human subjects (Holman et 
al., 1995). 

Does Dietary DPA or DHA Influence Brain Development ? 

DHA normally accounts for 0.2-0.6% of the fatty acids in human milk lipids. Milk 
DHA levels can range from 0.1 to 1.9%, depending on the mother 's dietary intake 
of preformed DHA. DPA may be undetectable in human milk. This information, 
in itself, does not suggest that infants can benefit materially from the DHA in milk 
(Craig-Schmidt et al., 1996; Arbuckle and Innis, 1993; Innis et al., 1994). 

A study with newborn pigs asked, "Can dietary manipulation provoke changes 
in the DHA or DPA content of the brain of pig?" Baby pigs were fed diets 
containing linoleic acid plus 0.7% linolenic acid or plus 3.9% linolenic acid. The 
percentage values indicate grams of the fatty acid/100 grams of total fatty acid. 
The diets contained no DPA or DHA. At the age of 15 days, the baby pigs were 
sacrificed, their brains removed and the lipids extracted and analyzed. Let us 
compare the results acquired with the two formulas. The high-linolenic-acid for- 
mula resulted in higher levels of omega-3 fatty acids (22:50x3 (EPA); 22:6r (DHA)) 
in the brain, and lower levels of an omega-6 fatty acid (22:50)6 (DPA)) (Arbuckle 
et al., 1994). Similar results were found with examination of the retinas of the baby 
pigs. A similar study involving baby pigs revealed that feeding dietary supple- 
ments of DHA (rather than its precursor) can provoke an increase in the DHA 
present in the phospholipids of the retina (Craig-Schmidt et al., 1996). 

This information in itself does not suggest that infants can benefit from the DHA 
in milk. The information does not suggest that DPA or DHA serves any function 
in the body. The data only reveal that certain fatty acids do occur in the body and 
that their levels can be manipulated by the diet. 

There does exist evidence that human infants fed formula lacking in the longer 
polyunsaturated fatty acids have lower levels of these metabolites in their brains 
than infants fed human milk. There is some emerging concern that there may be 
some impairment in development of the human infant's nervous system with 
feeding of formula containing only vegetable oils, and hence lacking in the longer- 
chain polyunsaturated fatty acids (Heird and Gomez, 1996). 

Genetic Diseases that Disrupt Peroxisomal Steps of Fatty Acid Metabolism 

Several genetic diseases involving the peroxisomes have been discovered and 
characterized. These diseases result in the accumulation of very-long-chain fatty 
acids (26:0) in certain tissues of the body (adrenal gland and brain). This fatty acid 
may increase/by some 20-fold in the brain. The peroxisomal diseases can result in 
loss of the myelin layer of nerves (demyelination) and in seizures, spasticity, 
mental retardation, and death. 
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The most common genetic disease of the peroxisomes is X-linked adrenoleuk- 
odystrophy. This disease involves a defect in a membrane-bound protein of the 
peroxisome. Adrenoleukodystrophy is distinguished in that there is much interest 
in preventing its symptoms by low-fat diets that are supplemented with oil con- 
taining erucic acid. This oil is popularly known as Lorenzo's oil. Erucic acid is a 
22-carbon fatty acid (22:1009). It is thought to exert its effect by reducing the 
synthesis of long-chain fatty acids in the body. Lorenzo's oil may be effective prior 
to the development of symptoms, but not if symptoms have already occurred 
(Moser and Moser, 1996; Rasmussen et al., 1994). 

The peroxisomes are organelles that, like the lysosomes, do not contain DNA. 
The contents and membrane are made by proteins that are coded for by the nuclear 
DNA. The peroxisome contains about 50 different enzymes, including those that 
are involved in the metabolism of fatty acids, phospholipids, prostaglandins, 
cholesterol, bile salts, and purines. The organelle received its name because many 
oxidase enzymes, which generate HOOH as a useless byproduct, reside within. 
The peroxisomes also contain catalase, the enzyme that converts HOOH to water 
and oxygen. How do the enzymes within this organelle acquire their location? All 
of these enzymes contain a special sequence of amino acids at their C terminus. 
This sequence, which is serine-lysine-leucine, is a targeting sequence, and con- 
tains enough information to make sure that the entire protein is placed inside the 
peroxisome shortly after synthesis on ribosomes. In diseases that result in defec- 
tive peroxisomes, these enzymes may continue to be biosynthesized, but may also 
be degraded at an abnormally high rate within the cytosol. The transcription 
factor, peroxisome proliferation activated receptor (PPAR), is used to regulate the 
rate of transcription of peroxisomal enzymes, and other enzymes as well 
(Subramani, 1993). 

Relationship between Vitamin E and the PUFAs 

The relationship between vitamin E and the polyunsaturated fatty acids, including 
the essential fatty acids, is quite close. It has been said that, if the body did not 
need or use PUFAs, there would also be no need for vitamin E. A dietary relation- 
ship exists between PUFAs and vitamin E. Greater intakes of PUFAs tend to 
increase the requirement for vitamin E. An increase in intake of PUFAs, however, 
does not necessarily mean that vitamin E supplements are needed, because the 
foods highest in PUFAs (vegetable oils) are also good sources of vitamin E. 

The polyunsaturated fatty acids are somewhat unstable in the presence of 
oxygen. Although a variety of mechanisms have been proposed for the oxygen-in- 
duced damage to PUFAs, only one is described here. This mechanism involves the 
attack of the hydroxyl radical on a double bond of the PUFA. Damage to PUFAs, 
and the prevention of damage by vitamin E, may occur as shown in Figure 9.103. 
The first step (#1) may involve the transfer of a hydrogen radical from the PUFA 
to the hydroxyl radical (HOo). This transfer generates a PUFA radical and water. 
The PUFA radical may rearrange (Step 2). The PUFA radical may react with a 
molecule of oxygen, generating a peroxy radical (Step 3). The damage inflicted on 
the PUFA is quite clear at this point; however, the potential for far greater damage 
remains, as shown in Step 4, a propagation step. The peroxy radical may abstract 
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FIGURE 9.103 Pathway leading to damage to polyunsaturated fatty acids and the protec- 
tive effect of vitamin E. 

a hydrogen atom from a neighboring PUFA, converting this PUFA to a PUFA 
radical. This new PUFA radical may; in turn, cause damage to a neighboring 
polyunsaturated fatty acid. This represents a chain reaction. The chain reaction, 
initiated by single hydroxyl radical, may result in damage to a large number of 
PUFAs in the cell membrane (Figure 9.103). 

Vitamin E can interrupt or prevent the chain reaction. Vitamin E can act to 
convert the PUFA peroxy radical to a PUFA hydroperoxide (Step 5). This prevents 
the PUFA peroxy radical from inflicting damage on a neighboring PUFA. The 
vitamin, in turn, is converted to a vitamin E radical. The vitamin E radical is 
relatively stable and unreactive and is thought not to cause further damage to the 
cell membrane. 

Food Science and Polyunsaturated Fatty Acids 

Damaged PUFAs may generate a number of breakdown products. These include 
a variety of short-chain aldehydes, such as malondialdehyde, and small alkanes, 
such as ethane and pentane (Figure 9.104). Concrete examples of oxygen-induced 
damage to PUFAs can be found in food science. The prevention of lipid peroxida- 
tion is a major concern in the food industry. Damage to lipids in poultry may occur 
during the mechanical deboning process, leading to off-flavors. Damage to the 
PUFAs in fish may occur during storage, leading to toughness. Damage to the 
lipids in meat may occur with prolonged heating, leading to "warmed-over" 
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FIGURE 9.104 Small products of breakdown of polyunsaturated acids. 

HOH 
o .  ) 

R__C/ / .O  - ! ~ H  Y ' "  ~ R--'CJ--'O ~ R - - C H  - ~ R--CH ~ Further 
I I II reactions 

NH 2 +NH 2 NH N 
I I I I 
R R R R 

Schiff base 

FIGURE 9.105 Condensation of aldehydes with amino groups. 

flavors. The off-flavors are due to the production of volatile aldehydes and acids. 
The toughness is due to the production of malondialdehyde, which can cross- 
link the proteins in the food. The aldehyde groups of malondialdehyde may 
react with the amino groups of different proteins, resulting in their cross-linkage 
(Figure 9.105). 

It is probable that some of the reactions that lead to the off-flavors and tough- 
ness in foods described occur in tissues of the vitamin E-deficient animal. The 
study shown in Figure 9.106 concerns the production of ethane by vitamin E-de- 
ficient rats. The animals were raised on complete (@) or vitamin E-deficient (O) 
diets. They were placed in a metabolic chamber to collect ethane released in the 
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FIGURE 9.106 Production of ethane by vitamin E-deficient rats. (Redrawn with permis- 
sion from Hafeman and Hoekstra, 1977.) 



6 5 6  9 Vitamins  

100 f 
o 80 

o 60 .__= 
o~ 40 ._c c 
"~ 20 E 
rr 0 f I I I . L 1 I l 1 i 

0 2 4 6 8 
Hours 

FIGURE 9.107 Relationship between vitamin E and polyunsaturated fatty acids (PUFAs). 
(Redrawn with permission from Mead and Wu, 1976.) 

breath. The results demonstrate the steady release of this PUFA breakdown prod- 
uct by the deficient rats, but not by the control animals. 

The next study is purely chemical in nature and concerns the relationship 
between vitamin E and PUFAs. The study traces the breakdown of PUFAs over 
time. Layers of linoleic acid were placed in dishes. One dish contained a layer 
consisting only of linoleic acid (@, Figure 9.107). Another dish contained a mixture 
of linoleic acid and vitamin E, with one molecule of vitamin E per 2000 molecules 
of the fatty acid (--O--). A third dish contained a greater proportion of vitamin E, 
one molecule of vitamin E per 400 molecules of linoleate (toO--). The dishes were 
stored in air for 9 hours and samples taken at the times indicated in Figure 9.107. 
The results show the protective effect of vitamin E. Damage to the PUFA com- 
menced immediately where the layer did not contain the vitamin. The damage was 
delayed where increasing concentrations of the vitamin had been included. 

The preceding material revealed the roles of superoxide and hydrogen peroxide 
in initiating damage to components of the cell. 0 2 can arise from a number of 
sources. These include NADH dehydrogenase (an enzyme of the respiratory 
chain), as well as dihydroorotate dehydrogenase, xanthine oxidase, aldehyde 
oxidase, and the autooxidation of reduced flavins and reduced biopterin. HOOH 
can arise from uric oxidase, (~-hydroxy acid oxidase, aldehyde oxidase, and xan- 
thine oxidase. The major source of HOOH appears to be a number of enzymes in 
the peroxisomes. The peroxisome is an organelle in the cell. Xanthine oxidase 
represents a damaged or altered version of xanthine dehydrogenase. Normally; 
about 20% of the xanthine dehydrogenase in the cell occurs as xanthine oxidase. 
Xanthine dehydrogenase, in its unaltered form, does not produce toxic oxygen. 

The food scientist might wonder how oxidative damage can occur in vegetable 
oil or in stored cooked meats. These foods do not contain active enzymes and thus 
would not be expected to produce superoxide or HOOH. What initiates oxidative 
damage to the PUFAs in foods during storage? The answer is that all foods, 
including fats and oils, contain trace amounts of iron and copper. These metals, in 
their oxidized forms (Fe 3+, Cu2+), may react directly with PUFAs. The metal ions 
can remove a hydrogen radical from the PUFAs, resulting in formation of a PUFA 
radical and the chain reaction described earlier. 
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INORGANIC 

NUTRIENTS 

OVERVIEW 

The number of inorganic nu- 
trients required for human 
and animal life is impressive, 
when compared with the 

n u m b e r  of required organic 
nutrients. Some inorganic nutrients, such as 
iron, calcium, and zinc, are used for a large 
number of functions, while others, such as se- 
lenium and molybdenum, have only a few 
uses. The differences in the personalities of the 
various inorganic nutrients are relatively 
great. Sodium, for example, is highly water 
soluble and occurs in high concentrations in 
the extracellular fluids of the body. This nutri- 
ent is not tightly bound to macromolecules; 
one of its functions is to pass through cell 
membranes. Sodium functions in this manner 
to convey nerve impulses and to drive nutrient 
transport systems. Potassium, chloride, and 
calcium also perform some of their functions 
by passing through biological membranes. In 
contrast, iron is relatively insoluble. It occurs 
as free iron in biological fluids only in very 
small concentrations. Iron is bound very 
tightly by various proteins, for example, pro- 
teins involved in oxygen metabolism. 
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Some inorganic nutrients are distinguished as being stored in the body. They 
are stored in a reservoir that can be tapped during periods of a dietary deficiency. 
These nutrients are iron, calcium, and phosphate. Most of the other inorganic 
nutrients tend not to be stored in usable, mobilizable forms in the body. 

Water, sodium, potassium, and chloride are discussed first in this chapter 
because disturbances in the metabolism of these nutrients are more serious and 
more widespread than disturbances involving the other inorganic nutrients. Io- 
dine is discussed next because deficiencies in this nutrient, widespread in some 
areas of the world, lead to serious and irreversible problems. Iron follows, as 
moderate deficiencies in this nutrient occur in all regions of the world. Iron 
deficiency is often associated with increased losses of the nutrient rather than with 
the consumption of poor diets. 

Calcium and phosphate are presented together, as both of these nutrients are 
used to make bone. Calcium has commanded the attention of many cell biologists, 
as Ca 2+ ions are used for transmitting signals within the cell. Attention to plasma 
calcium levels is a vital concern to the clinician, as are plasma levels of sodium and 
potassium. To avoid ambiguity, the phosphate content of foods is often expressed 
in terms of the quantity of phosphorus atoms, rather than as phosphate groups. One 
might keep in mind, however, the fact that phosphorus never exists as a free atom 
in foods or biological tissues. It usually occurs as phosphate. 

The remaining inorganic nutrients are fascinating from a biochemical stand- 
point, but tend not to be of routine importance in clinical nutrition or medicine. 
Assessment of nutritional status for a number of the inorganic nutrients involves 
the direct analysis for the nutrient, that is, in serum, rather than a functional test. 
For example, clearly defined levels of potassium and calcium are closely tied with 
human health. But suitable functional tests have not been devised. 

TABLES OF INORGANIC NUTRIENTS 

Tables 10.1 to 10.5 may be useful as an orientation and a source of specific 
information for sections in this chapter. Table 10.1 lists the inorganic nutrients in 
various foods. One of the more striking aspects of these data is the fact that 
potassium concentrations in plant foods are much higher than those of sodium. 
Another point, raised under calcium and phosphate, is that green leafy vegetables 
(broccoli) and dairy products (cottage cheese) are high in calcium, whereas meats 
have relatively low levels of this nutrient. The calcium/phosphate ratios of various 
foods are also discussed in this section. These ratios can be easily calculated from 
the data in the table. Food iron data from two sources are listed. Milk and milk 
products, which contain high levels of many nutrients, are very low in iron. 

A convenient list of most of the required inorganic nutrients in foods, along with 
interpretive commentar~ has appeared (Pennington et al., 1995a-c). 

Table 10.2 lists the inorganic components in various milks. Milk was discussed 
at earlier points in the text, that is, with regard to its antibody (Chapter 3) and 
casein (Chapter 8) content. Table 10.2 reveals that the levels of most inorganic 
nutrients are similar in early and late milks. 
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TABLE 10.1 Inorganic Nutr ients  in Foods (mg e l emen t /100  g r aw food) 

Na K Ca Mg pa Fe Fe c Cu Zn C1 

Fresh peas 1 340 15 30 100 1.9 1.49 0.23 0.7 38 
Broccoli 12 340 100 18 67 1.5 0.56 0.07 0.6 55 
Potatoes 7 1570 8 24 40 0.5 1.36 0.15 0.3 79 
Grapes 1 270 4 3 14 0.3 0.38 0.07 0.1 - 
Orange juice 2 180 12 12 22 0.3 0.16 0.05 0.2 1 
White flour b 3 130 15 36 130 1.5 - 0.22 0.9 62 
Polished rice 6 110 4 13 100 0.5 1.2 0.06 1.3 27 
Chicken meat 81 320 10 25 200 0.7 1.1 0.19 1.1 78 
Lean beef 59 350 10 22 190 2.1 2.9 0.19 5.5 65 
Eggs 140 140 52 12 220 2.0 2.1 0.10 1.5 160 
Cottage cheese 450 54 60 6 140 0.1 0.08 0.02 0.47 670 
Whole cow milk 50 150 120 12 95 0.05 0.02 0.02 0.35 95 

Source: Paul and Southgate (1978). 
aThe value of phosphorus can be converted to that of phosphate (PO4) by multiplying by 3.06. 
bThe values refer to unfortified white flour. 
Cpennington et al. (1995). 

TABLE 10.2 Inorganic Nutr ien ts  in Milks 
, 

mg element/liter milk 

Mature 
Human human Rat 

colostrum a milk a milk b 
(1-5 days) (over 30 days) (Day 1) 

Rat 
milk b 

(Day 25) 

Calcium 230 280 792 
Chloride 91 40 J 
Potassium 14 15 - 
Sodium 48 15 - 
Magnesium 34 30 174 
Phosphorus ~ 14 15 - 
Zinc 5.4 1.7 13.8 
Iron 0.45 0.40 8.6 
Copper 0.46 0.35 9.2 
Iodine 0.12 0.07 - 
Manganese 0.007f 0.004f 0.33 

aCasey and Hambidge (1983). 
bKeen et al. (1981). 
CData not reported. 
aAbout half of the phosphorus occurs as inorganic phosphate and half as phosphate esters. 
eJenness (1985). 
fStastny et al. (1984). 
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5.2 
5.5 
1.8 
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Table 10.3 lists the approximate concentrations of various inorganic nutrients in 
the biological fluids. In most cases, the data refer to the total concentration of the 
ion, including free ion and ion complexed with organic compounds. The data for 
intracellular calcium and magnesium refer to the approximate concentration of the 
free, uncomplexed ions. A vital relationship revealed by the table is that Na § levels 
are high in the plasma, and low in the cells, while K + levels are low in plasma, and 
high in cells. 

Inorganic nutrients lost in the urine represent nutrients that must be consumed 
in the diet to maintain nutrient balance. The metal ions that are secreted in gastric 
juices and intestinal juices are not necessarily lost from the body. They are effi- 
ciently reabsorbed by the intestinal tract. Vomiting, however, leads to loss of both 
gastric and intestinal juices. Diarrhea leads to loss of intestinal juices. 

The inorganic components of bone appear in Table 10.4. For comparison, those 
of liver are also tabulated. The major inorganic components of bone are calcium 
and phosphate. Bone physiology is discussed under the sections Vitamin D and 
Calcium and Phosphate. One useful aspect of bone is that it can be dissolved at an 
increased rate during periods when the dietary intake of calcium is low. The rate 
of solubilization is under the control of 1,25-dihydroxyvitamin D 3 and parathyroid 
hormone. The rate of hormone production responds directly to changes in plasma 
calcium levels. Dissolution of bone crystal results in the liberation of all of the 
organic and inorganic components of bone, including sodium, not just calcium. 
During a deficiency of only sodium or potassium, for example, the deficiency 
cannot be corrected by increasing the rate of bone dissolution. The aforementioned 

TABLE 10.3 Millimolar Concentrations of Ions in Biological Fluids 

Intra-  Glo- 
cel lular  m e r u l a r  Gastr ic  

Ion fluid a'b P la sma  c fi l trate c Ur ine  a juice d 

Small  
in tes t inal  Secre tory  

juice d d ia r rhea  d Sweat  a~ 

N a  10 136-145 136 128 20-100 72-120 50--60 10--60 
K 140 3.5--5.0 3.8 60 5-10 3.5-6.8 30-50 4-5  

Ca 0.0001/ 4.5-5.5 1.3 2.4 ..x _ - 4 -9  
M g  1-3/  1.5-2.5 0.8 7.5 - - - 1.5-5 
CI 4 98-106 108 134 120-160 69-127 40-45 5-40 

HCO3 10 23-28 28 14 0 30 45 - 
P h o s p h a t e  75 1.2-3.0 2 50 . . . .  
Sulfate 10 h 0.3-1.5 0.5 1.6 . . . .  

aGuyton (1971). 
bThe concentrations of intracellular ions are only approximate and would be expected to vary somewhat in 
different types of cells. The technology for measuring intracellular levels of free calcium ions is well devel- 
oped; that used for measuring the levels of other ions is still under development. 
CKoushanpour and Kirz (1986). 
dZeman and Ney (1988). 
eCostill (1977). 
fTsien (1983). 
8Data not reported. 
hBunning and Riordan (1987). 
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TABLE 10.4 Inorganic Components of Bone 
, .  , , , , ,  , ,, 

Rat bone (mg/g 
dry weight) 

Femur a Tibia b 
Rat liver a 

(gg/g wet weight) 

Calcium 151.0 329 
Potassium 10.1 21 
Sodium 7.1 19 
Magnesium 4.1 - 
Phosphorus 80.2 166 
Zinc 0.176 - 
Iron 0.089 - 
Copper 0.005 - 
Manganese 0.002 - 

, .  , , , , ,  , , , , , 

aRader et al. (1984). 
bFine et al. (1987). 

35.3 
3376 
789 
218 

3123 
37.1 
50.0 
10.6 
1.9 

. . . . .  , ,  , 

hormones are responsive to plasma calcium levels, but  not to levels of sodium, 
potassium, zinc, or the other inorganic nutrients. 

Interactions between some of the metal ions and various proteins and metabo- 
lites are detailed throughout  this chapter. Prothrombin and metallothionein are 
examples of proteins that bind metal ions. Citrate, cysteine, ATP, and pyrophos-  
phate (PPi) are metabolites that can bind metal ions. Table 10.5 is intended to bring 
some overlying order to the many  examples of interactions between metal ions 
and organic constituents of the body. The table reveals, for example, that magne- 
sium tends to bind to oxygen. In the body; magnes ium ions bind to the charged 
oxygen atoms of ATP. Iron tends to bind to sulfur. In fact, an entire class of 
metal loenzymes exists, called iron-sulfur proteins, where iron is bound  directly 
to sulfur atoms, and not to a heme prosthetic group. Mercury tends to bind to 
sulfur. In the bod~  mercury can produce toxicity by forming strong complexes 
with cysteine residues of vital enzymes. The mercury binds to the charged atom 
of sulfur (R--S-). 

SODIUM, POTASSIUM, CHLORIDE, AND WATER 

Sodium and potassium are monovalent  cations. Chloride is a monovalent  anion. 
Na and K generally do not function by support ing the activity of specific enzymes, 

TABLE 10.5 Binding Preferences of Metal Ions 
, ,  , , , i , . ,  , , ,  i , 

Metal ions that tend to bind to oxygen Mg 2+ Ca 2+ 
Metal ions that tend to bind to oxygen or sulfur Fe 2+ Cu 2+ 
Metal ions that tend to bind to sulfur Cu + Cd 2+ 

f i i , , , , , ,  , . ,  . , , , , ,  

Source: Pearson (1966). 

1VIrl 2+ Fe 3+ Co 3+ 
Zn 2+ Co 2+ pb 2+ Ni 2+ 
Hg 2+ 
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in striking contrast to all of the other metal ions. Na and K are unusual in that they 
function by changing their location, that is, by passing from one side of the plasma 
membrane to the other. This passage may be actively driven by ATP-using mecha- 
nisms (ion pumps). In other cases, the passage occurs in a passive manner through 
channels, without the use of ATP. 

Na and K are distributed on both sides of the plasma membrane in such a way 
that the fluid inside the cells has a slightly lower concentration of positively 
charged ions than the extracellular fluid. This results in a potential difference 
(voltage difference) across the plasma membrane. In the event that a small hole is 
poked in the cell membrane, the potential difference would provoke the flow of 
negatively charged ions out of the cell, with the consequence of neutralizing the 
charge difference. In living cells, however, ion flow is controlled by channels that 
mediate the passage only of specific ions. The Na channel, for example, allows the 
passage of Na § but not of K § or of C1-. 

An understanding of ion pumps and channels, especially those of the kidney; 
may aid in understanding the issues of Na and K nutrition. These fssues, discussed 
along with the material on kidney physiology; include the use of diuretics, sweat- 
ing, blood pressure, and life-threatening conditions involving abnormal levels of 
plasma Na and K. 

Most diets, even poor ones, provide sufficient amounts of Na, K, C1, and water. 
Deficiencies in these nutrients tend to occur in a variety of pathological situations. 
These situations often involve excessive losses of these nutrients, rather than the 
lack of intake or impaired absorption. Plasma levels of Na or K can be low even 
with sufficient intakes of these nutrients and with a normal body content. Low 
plasma Na and K conditions are called hyponatremia and hypokalemia, respec- 
tively. 

Na and K are sometimes called electrolytes. This term arose because these ions 
are used for generating an electric charge difference across the plasma membrane 
of most or all cells. These ions, however, have many functions unrelated to this 
use. Na, for example, is used to maintain blood pressure and K is used as a cofactor 
by several enzymes. 

Water 

Dietary Requirements 

The requirement for water varies from individual to individual. It can be influ- 
enced by the composition of the diet, by climate and temperature, and by physical 
activity. The Food and Nutrition Board recommends an intake of 1000 ml of water 
per 1000 kcal (4184 kJ) of energy expended for adults. The recommendation for 
infants is 1500 ml/1000 kcal. The water requirement increases slightly during 
pregnanc36 by about 30 ml/da36 and markedly during lactation, by about 750 
ml/day. Infants may be especially prone to a water deficiency because their daily 
water loss is equivalent to about 15% of their body weight. This figure is greater 
than that for adults. Other risk factors for infants include their inability to find 
water on their own and their susceptibility to diarrheal infections. 

The nonexercising adult loses the equivalent of about 4% of his or her body 
weight in water per day. About 1400 ml is lost in the urine, 100 to 200 ml with the 
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feces, and about 1250 ml by insensible losses. Insensible losses include the water 
lost by evaporation through the lungs and mild perspiration through the skin. The 
fluid lost through the skin by insensible losses is essentially water. Sweat, which 
is not considered an insensible loss, has a marked salt content. Despite their quality 
of being "insensible," the losses through the lungs and skin each range from 400 
to 600 ml per day. The exact value for an individual is correlated with the body 
surface area. The obligatory loss of urine for the young adult is 500 to 600 ml per 
day. This is the minimal volume required for the removal of urea, uric acid, and 
other solutes from the body. 

The failure to consume water can lead to death within several days. Water 
deficiency is most often provoked by diarrheal infections that are severe and 
prolonged. As body water is intimately associated with sodium, death might also 
be considered to result, in part, from sodium deficiency. Diarrhea-provoked fluid 
deficiency is probably the most common type of nutrient deficiency in the world. 

The following material outlines the adverse effects of water loss. Depletion of 
body water equivalent to about 2% of body weight may impair athletic ability. 
Water loss resulting in a 5% reduction in body weight can lead to cramps and heat 
exhaustion. A 7 to 10% loss in body weight as water can result in hallucinations or 
a life-threatening heat stroke. Severe water losses can be fatal for two reasons. First, 
the loss of water can result in a decrease in the volume of the blood plasma to the 
point where oxygen and other nutrients cannot be efficiently delivered to the brain 
and other tissues. Second, the evaporation of water from the skin is used to 
maintain body temperature. With water loss, the body temperature may rise, 
resulting in heat stroke, coma, and death. Heat stroke can be a problem during 
prolonged exercise where the athlete fails to drink enough water. Heat stroke is a 
concern to military personnel stationed in hot areas as well as to football players 
training in the summer. Heat stroke also strikes the elderly during hot summer 
periods. This problem may be accentuated by the decline in the thirst sensation in 
the elderly and a general decline in the agility of the mechanisms that control 
homeostasis. High humidity is a contributing factor to heat stoke. It results in 
sweat rolling off the body; rather than evaporating and cooling the body. 

Compartmentation of Water in the Body 

Definition of the different fluid compartments of the body may bring a more 
precise understanding to the material described here. Water constitutes about 60% 
of the body weight of the young adult male and 50% of that of the young adult 
female. The lesser value for the female arises from her greater proportion of 
adipose tissue. The fat stored in adipose tissue is relatively anhydrous (free of 
water). About 55% of the total body water is intracellular in the adult, with the 
remainder being extracellular. The extracellular fluids consist of plasma, intersti- 
tial fluid, fluids within the intestinal lumen, cerebrospinal fluid, and the water 
contained within the skeleton, connective tissue, and cartilage. As a shortcut, the 
extracellular fluid (ECF) is sometimes considered to include only the plasma and 
interstitial fluid. The plasma and interstitial fluid together constitute about 23% of 
the body weight. Further information on the compartmentation of the fluid vol- 
umes is given in Table 10.6. 
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TABLE 10.6 Distribution of Water in the Body 

Body compartment 

Approximate 
volume of fluid 

m 70-kg m a n  
(liters) 

Total body water 42.0 a) 
Blood plasma 3.2, d 2.8 b 
"Interstitial fluid (induding lymph) 8.4 a 
Cartilage and connective tissue 3.2 a 
Contents of lumen of gastrointestinal tract 0.5 a 
Cerebrospinal fluid 0.2 a 
Bile 0.15 a 
IntraceUular fluid 23, a 28 b 

aKoushanpour and Kirz (1986). 
bGoldberger (1986). 

The ionic composition of the plasma and interstitial fluid is closely regulated 
by the kidneys. This regulation is essential for normal functioning of red and white 
blood cells, the nerves and brain, and other organs. The cells exposed to the plasma 
are the blood cells and epithelial cells that line the lumen of the blood vessels, that 
is, arteries, capillaries, and veins. All other cells are exposed to the interstitial 
fluids. The ionic composition of the interstitial fluids is similar to that of the 
plasma. Water, ions, 02, CO2, and small molecules of the plasma and interstitial 
fluid are in rapid equilibrium with each other because of the pores in the capillar- 
ies. Plasma proteins and blood cells tend to be excluded from the interstitial fluid 
because they are too large to pass through the pores. White blood cells have the 
ability to migrate through blood vessels and to enter any part of the body where 
invading organisms need to be destroyed. 

Water, Salt, and the Blood Volume 

Water, salt, and blood pressure are related. The blood volume is closely related to 
the blood pressure. A loss in blood volume can occur with water deficiency or 
because of extensive bleeding. The lack of enough blood to fill up the vessels of 
the circulatory system leads to a drop in blood pressure. A severe drop in blood 
pressure results in the inability of the heart to pump vital nutrients to the brain 
and other tissues. A loss in blood volume can also result from sodium deficiency. 
The concentrations of sodium and its counterion chloride must be maintained to 
maintain the osmotic strength of the blood plasma. Osmotic strength is expressed 
by the term osmolality. Osmolality is equal to the sum of the molarities of the 
separate particles (ions or molecules) in a liquid. For example, a solution of 1 mole 
of NaC1 in 1 liter has an osmolality of 2.0 osmol/liter. Na and C1 ions dissociate 
completely in solution. Osmotic pressure develops when two solutions of differing 
osmolalities are placed in contact with each other but separated by a semiperme- 
able membrane. The walls of capillaries are semipermeable membranes. The renal 
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tubules are, to some extent, composed of semipermeable membranes. The differ- 
ence in osmotic strength of the solutions located on either side of a semipermeable 
membrane results in the movement of water from the solution of lower osmotic 
strength to that of greater osmotic strength. In short, water moves from the more 
dilute solution to the more concentrated solution. A drop in the osmotic strength 
of blood plasma, when due to a drop in NaC1 concentration, results in an increase 
in the net flow of water through the capillary wall and out into the interstitial fluid. 

The pathological accumulation of water in the interstitial fluid is called edema. 
Edema sometimes occurs in the legs. It may be unaesthetic as it results in a puffy 
appearance, but it can also result in infections. Edema in the air spaces in the lungs 
can impair breathing. Blood pressure is regulated by hormones that control the 
resorption of salt. An increased rate of salt resorption results in an increase in water 
reabsorption by the renal tubule. This is because the water follows the passage of 
salt by virtue of osmotic forces. The resorption of water is also under the control 
of vasopressin, as discussed later. 

Resorption of Water by the Renal Tubule 

Nearly 200 liters of water passes through the glomerulus into the renal tubule per 
day. Essentially all of this water is resorbed through the renal tubule back into the 
body. The water is resorbed by osmotic forces. Resorption of water is induced by 
the resorption of Na and other ions. About 80% of the water appearing in the 
glomerular filtrate is resorbed by the proximal tubule, 6% at the loop of Henle, 9% 
by the distal tubule, and 4% by the collecting duct. Only about 1% of the filtered 
water appears in the urine. One powerful mechanism that induces the osmotic 
reabsorption of water is the countercurrent multiplier system. This effect is de- 
scribed in most college-level physiology texts. 

Biochemistry of Water 

Water is required for the activity of all enzymes and for the functioning of all 
components of cell membranes, cytoskeleton, nucleic acids, and chromatin. (Chro- 
matin is the complex of DNA, histones (structural proteins), and regulatory pro- 
teins that occurs in the nucleus.) Water is required for supporting the movements 
of ions that constitute the electrical impulses of nerves and muscle cells. Water is 
used as a medium for dispersing or dissolving nutrients and nutrient carriers in 
the body. Nutrient carriers include albumin, lipoproteins, and red blood cells. 
Water is also required for dissolving and eliminating wastes, such as CO2, urea, 
and uric acid. Water is required in the extracellular fluids for maintaining the 
volume of the circulatory system and for maintaining blood pressure. Blood 
pressure is closely identified with the plasma concentration of sodium. 

The activities of all enzymes and the three-dimensional conformations of all 
proteins and nucleic acids are sensitive to the overall concentration of ionic charges 
in the surrounding fluids. In extracellular fluids, the major cation is sodium. In 
intracellular fluids, the major cation is potassium. The major anions of biological 
fluids are chloride and phosphate. The general requirement of macromolecules for 
anions and cations might be called a requirement for a medium having a specific 
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ionic strength. Large changes in ionic strength influence the catalytic and regula- 
tory properties of all enzymes. Dramatic changes in the ionic strength of plasma 
and intracellular fluids rarely or never occur in mammalian tissues and would not 
be expected to be involved in regulating the behavior of cells. 

The ionic strength of any fluid can be calculated from the following formula. 
This calculation requires knowledge of the concentration of each positively and 
negatively charged ion. The number of charges (no. charges) indicated in the 
formula refers to the number of plus or minus charges of the ion in question: 

Ionic Strength = 0.5 [(molarity of ion A) (no. charges of ion A) 
+ (molarity of ion B) (no. charges of ion B) 
+ (molarity of ion C) (no. charges of ion C) + ... ] 

Only a few environments in the body may be considered water free or nearly water 
free. These include areas where triglycerides are stored, the interior recesses of 
many enzymes, and bone crystals. 

Sodium, Potassium, and Chloride 

Dietary Requirements 
The RDA for sodium is expressed as a range (0.5-2.4 g Na/day).  The minimal 
possible requirement for Na of the adult, in a cool climate, who is not engaging in 
activities that cause sweating, is about 0.115 g. The RDA for Na takes into account 
the range of Na needs for a population having a wide range of lifestyles. The slight 
increases in Na requirement during pregnancy and lactation are easily met by the 
usual intakes. The usual intake of Na is 1.8 to 5.0 g/day. About one-third of our 
Na is supplied by bread and cereals, 20% by meats, and 14% by dairy products. 
Human milk contains about 7 mM Na, though the levels may range from 3 to 19 
mM. 

The amount of chloride in the diet tends to parallel the amount of sodium. 
Losses of chloride from the body also parallel those of sodium. The minimal 
requirement of C1 for the adult is about 0.75 g/day. The minimal requirement for 
sodium chloride for the adult is thus about 1.25 g per day. 

The minimal requirement for potassium is about 1.6 to 2.0 g/day. Fruits and 
vegetables contain high levels of potassium. Persons who consume large amounts 
of these foods may have a potassium intake of 8 to 11 g/day. A more typical intake 
is 2.5 g/day. Human milk contains about 12 mM potassium. 

Nutrient levels of foods are usually expressed in terms of weight, that is, 
milligrams or grams; however, the levels of nutrients and other metabolites in the 
bloodstream and other biological fluids are more meaningfully expressed in terms 
of molarity, that is, nanomolar (nM), micromolar (jaM), or millimolar (mM). The 
molar levels of metal ions, amino acids, and enzymes in the bloodstream can 
provoke interesting discussions and conclusions. Na and K intakes by adults in 
the United States range from 80 to 220 mmol Na and from 50 to 145 mmol K per 
day. Fecal Na ranges from 0.4 to 5.0 mmol per day and seems to vary little with 
sodium intakes from 20 to 180 mmol. This means that essentially all of the sodium 
of the diet is absorbed. The amount of fecal Na is equivalent to about I to 2% of 
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the Na intake. Fecal K ranges from 3 to 22 mmol/day~ a range somewhat greater 
than that of sodium. The amount of fecal K is equivalent to about 15% of the 
dietary K intake. Fecal Na and K can arise from that which is not absorbed from 
the diet, as well as from that secreted or lost from the gut mucosa. Fecal Na can 
arise from the fluids secreted by the cells of the crypts. Potassium ions are closely 
associated with cells and tissues. Thus, fecal K can arise from the dead cells that 
are sloughed off from the tips of the villi. Most of the remaining Na and K is lost 
in the urine. Na losses in the sweat may be substantial with prolonged exercise in 
a warm climate. 

Biochemistry of Sodium and Potassium 

Sodium ions are not known to be required by many enzymes. Although the normal 
functioning of many enzymes can be supported by Na +, when supplied as sodium 
chloride or sodium phosphate, potassium ions can be equally as effective. There 
is one known example of a sodium-requiring enzyme: sucrase. Potassium ions do 
not effectively activate this enzyme (Alvarado and Mahmood, 1979). 

Sodium is also required in many nutrient transport systems. The transport of 
glucose, amino acids, and various ions across membranes may require the cotrans- 
port of sodium ions. The transport proteins that mediate the passage of these 
nutrients across the membrane recognize and bind both sodium and the nutrient. 
Na and K are both used by Na,K-ATPase. Na,K-ATPase is a membrane-bound 
protein whose function is intimately involved with the functioning of the Na-de- 
pendent nutrient transport systems, as described in Chapter 2. Sodium ions have 
proven effective in supporting the activity of thrombin, a protein of the blood 
clotting cascade (Cera et al., 1995). 

Potassium ions are required by a variety of enzymes (Suelter, 1970). These 
enzymes are activated by K to a greater extent than by Na. Pyruvate kinase, an 
enzyme of the glycolytic pathway~ is the most well known K-requiring enzyme. It 
is activated by a variety of monovalent cations, as indicated in Table 10.7. Ammo- 
nium ions at 100 mM support catalytic activity; however, the concentration of 
ammonium ions in the cell is under 1.0 mM. Sodium at 100 mM weakly supports 
activity. The concentration of Na in the cell is only about 10 mM, indicating that 
the importance of Na in supporting enzyme activity in vivo is nil. Rubidium, which 
is chemically similar to K, supports activity; however, Rb is not a physiological 
cation. 

Pyruvate carboxylase also requires a monovalent cation for activity. The activity 
of the purified enzyme was measured in the presence of various monovalent 
cations, as indicated in Table 10.7. Similar patterns of stimulation have been found 
for acetyl-CoA synthetase, an enzyme used in acetate metabolism (Webster, 1966), 
propionyl-CoA carboxylase (Giorgio and Plaut, 1967), and several other enzymes 
(Suelter, 1970). Maximal activity of the aforementioned enzymes usually occurs at 
a wide range of potassium concentrations, that is, from 50 to 150 mM. There is 
therefore little reason to believe that the slight changes in intracellular K concen- 
trations that can occur under normal conditions or during K deficiency result in 
an impairment in the activities of these enzymes or in some type of regulation of 
the activities. 

The enzyme most closely associated with Na and K metabolism is Na,K-ATPase 
(the sodium pump). This enzyme is a membrane-bound protein. It catalyzes the 
transport of sodium ions out of the cell in exchange for potassium ions. Three Na 
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TABLE 10.7 Stimulation of Enzyme Activities by Monovalent Cations 

Relative activity (%) 

Pyruvate kinase a Pyruvate carboxylase b 

K + 100 100 
NH2 57 105 
Rb § 51 110 
Cs § 13 90 
Na § 7 35 
Li § 1 5 

aKwan et al. (1975). 
bMcClure et al. (1971). 

ions are driven out for every two K ions entering. This mechanism results in a 
negative charge in the cell, when compared with the outside. The relatively high 
concentration of extracellular Na is used to drive various nutrient transport sys- 
tems. These transport mechanisms involve the cotransport of Na and the nutrient. 
The Na that enters the cell via this mechanism is driven back out by Na,K-ATPAse. 
The sodium gradient - -  higher outside, lower inside m drives the transport of the 
nutrient into the cell. 

Na,K-ATPase is required for the functioning of nerves and muscle cells. The 
electrical impulses that occur in these cells are dependent on the relatively high 
concentrations of extracellular Na and intracellular K. These ion gradients are 
maintained during the resting state, as well as during excitation of the cell. An 
electrical impulse in a nerve or muscle cell may be initiated by the deposit of a 
neurotransmitter in the region of a receptor site of the cell. A number of different 
neurotransmitters exist, each with specific functions. In the case of muscle cells, 
the neurotransmitter is deposited near the center of the cell, rather than at one end 
of it. The skeletal muscle cell, also called the muscle fiber, is 10 to 100 ~tm wide and 
often is as long as the entire muscle. Nerve cells may be 20 ~tm wide and I rn long. 

The neurotransmitter initiates the momentary opening of Na channels in the 
area of the neurotransmitter receptor. Na ions flow inward until there is no charge 
difference across the plasma membrane. This event is called depolarization of the 
membrane. The amount  of Na that flows across the plasma membrane results in 
only a very small increase in the cytosolic level of sodium. The inflow of Na is 
self-limiting. Na channels close again after a fraction of a second; however, depo- 
larization induces the opening of Na-channels a bit further along the nerve cell or 
muscle fiber. Sodium ions then enter the cell at this new region of the cell for a 
fraction of a second, leading to depolarization. The process continues, in a self- 
generating manner, from the point of initial stimulation to the far end(s) of the cell. 
The pattern of Na inflow along the length of the cell resembles that of a wave 
traveling from one end of a long trough to the other. 

Potassium ions are also used in conduction of impulses along nerves and 
muscles. The brief inflow of Na ions results in neutralization of the electrical 
charge across the membrane. The charge difference is restored by potassium ions. 
Immediately after the Na channels have opened and closed, K channels open and 
close. This latter event results in momentary flow of potassium out of the cell, 
which restores the relative negative charge within the cell. The nerve or muscle cell 
is then able to transmit another impulse. 
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About 100 impulses may be transmitted by a nerve or muscle cell before the 
gradient difference between Na and K ions deteriorates to the point where im- 
pulses can no longer be transmitted. The continued activity of Na,K-ATPase 
ensures that the gradients of Na and K are maintained and that intracellular Na 
and extracellular K do not rise to abnormally high concentrations. 

Biochemistry of Chloride 
Chloride, fluoride, bromide, and iodide are collectively known as the halides. The 
nonionized elemental forms of the halides are called halogens. The term halogen 
comes from a Greek word meaning "salt-producing." The halogens combine with 
the alkali metals to produce salts, such as sodium chloride. Chloride is only 
occasionally at the center of scientific attention. This is because dietary deficiencies 
of specifically chloride ions are quite rare. Also, the biology of a salt is sometimes 
viewed in terms of the cation (Na + or K +) rather than the chloride counterion. 
Often, the movement of chloride ions across a membrane is seen only as a passive 
movement where it serves to balance a charge difference caused by the movement 
of sodium or potassium. This situation is changing. There is accumulating evi- 
dence that active transport mechanisms exist for the chloride anion. 

A problem of nutritional interest related to chloride metabolism is cystic fibro- 
sis. This disease is the most common lethal genetic disease in Caucasians. In cystic 
fibrosis a thick, dehydrating mucus develops in the lungs. This mucus impairs 
breathing and invites recurrent infections that eventually destroy the lungs, usu- 
ally resulting in death by the age of 25. The disease results from a genetic mutation 
leading to a defect in chloride transport. The failure to transport C1- from the lung 
epithelium into the air passage results in the failure of the counterion, sodium, to 
follow passively. Hence, the disease causes a problem in sodium chloride trans- 
port. Generall~ the transport of salt through a membrane is accompanied by the 
flow of water. This flow of water is passive and occurs in response to osmotic 
pressure. Thus, in cystic fibrosis, water transport into the airway is impaired, 
resulting in mucus dehydration. 

The biochemical functions of chloride are less diverse than those of other 
anions. Apparenfl~ chloride does not occur covalently bound to mammalian 
metabolites, unlike other anions, such as iodide, sulfate, and phosphate. Chloride 
does not accept protons in the physiological pH range, making it an excellent 
counterion for gastric acid. The formation of a gastric acid consisting solely of 
protons might be possible in the laboratory but could not be accomplished in live 
organisms. A gastric acid consisting of acetic acid or phosphoric acid would be 
biologically possible, but these acids are not as strong as hydrochloric acid. Hence, 
chloride is recognized as being important as a constituent of gastric acid. 

Chloride ions are known to be required for the activity of only a few enzymes 
certain peptidases. These peptidases include angiotensin II (Bunning and Rior- 

dan, 1983, 1987), an enzyme that participates in the regulation of salt metabolism, 
and the cathepsins. The cathepsins are located in lysosomes, organelles used for 
the hydrolysis of nutrients recently transported into the cell. 

Regulation of Sodium, Potassium, and Water Balance 

A central issue in Na and K metabolism is the mechanism by which plasma and 
tissue levels of these ions are maintained with variations in intake and excretion. 
The main site of regulation of Na and K balance is the kidney; the intestines 
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comprise a minor site. With the consumption of a diet deficient in sodium, the 
kidneys respond by lowering urinary sodium and thereby conserving this nutri- 
ent. With a low-potassium diet, the kidneys also respond by decreasing the loss of 
this ion in the urine. Urinary sodium losses are controlled by varying the rate of 
sodium reabsorption by the renal tubules. Urinary potassium losses are controlled 
by varying the rate of potassium secretion by the renal tubules. The biochemical 
mechanisms that regulate Na and K balance are shared, in part. In some cases, 
changes in Na status can influence K balance. In other cases, Na balance and K 
balance appear to be independently regulated. 

Evidence suggests that the skeleton may play a part in maintaining plasma Na 
levels. Bone is considered to be a reservoir of Na ions that may be used in times 
of need. It is thought that about one-third of the sodium in bone is in equilibrium 
with that in the extracellular fluids and is freely exchangeable. This freely ex- 
changeable Na may be used for maintaining normal levels of plasma Na. The Na 
may dissociate from the bone, thus counteracting any trend toward a decline in 
plasma Na levels that may occur with excessive losses or with a dietary deficiency 
(Alcantra et al., 1980). 

The following study illustrates the conservation of the body's Na and K with 
the consumption of diets low in these nutrients. All of the subjects consumed a 
diet containing adequate amounts of Na (130 mmol/day) and K (90 mmol/day) 
for a week. They then consumed diets deficient in Na only; in K only; or in both 
ions. The daily urinary losses of Na and K are recorded in Figure 10.1. In Figure 
10.1A are results for subjects who consumed a low-sodium (14 mmol/day) diet 
containing normal or low levels of potassium. The data demonstrate that daily 
losses of sodium progressively decreased to very low levels. In both diets, urinary 
Na losses fell to levels lower than the sodium intake. This indicates that, despite 
the highly restricted Na diet, the subjects may have been in positive sodium 
balance. In Figure 10.1B are results for subjects who consumed a low-potassium 
(14 mmol/day) diet containing normal or low levels of sodium. The data demon- 
strate that the daily losses of potassium progressively decreased to about 15 to 20 
mmol. 

The body's ability to conserve sodium by restricting its loss in the urine is more 
efficient than its ability to conserve potassium. As reviewed by Omt et al. (1987), 
the body can restrict its K losses to 5 to 15 mmol /day  in the urine; the mechanisms 
for Na conservation can restrict urinary Na losses to less than I mmol per day. As 
detailed later, the intestine's ability to absorb Na is also more efficient than its 
ability to absorb K. Thus, a starving person may experience a K deficiency prior 
to the onset of an Na deficiency. It is thought that our ability to better conserve Na 
arises from the fact that plant foods are rich in potassium but highly deficient in 
sodium. As indicated in Table 10.1, peas contain over 300 times more K than Na, 
on a per-weight basis. The difference is somewhat less extreme for potatoes and 
other plant foods. 

Renin Increases Angiotensin II; Angiotensin II Increases Aldosterone 

Three molecules that participate in the regulation of Na balance are renin, 
angiotensin II, and aldosterone. These three molecules occur in the plasma and 
originate in the kidne~ liver, and adrenal gland, respectively. 

Renin, which has a molecular weight of about 40,000, is a peptidase. Renin is 
synthesized and secreted by cells in the walls of the arterioles entering the 
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FIGURE 10.1 Daily urinary losses of Na and K of subjects who consumed (a) a low-Na 
diet containing normal (@) or low (O) K or (b) a low-K diet containing normal (@) or low 
(O) Na. (Redrawn with permission from Squires and Huth, 1959.) 

glomerulus. These cells secrete renin into the bloodstream, where it catalyzes the 
cleavage of a peptide bond of the prohormone, angiotensinogen. Angiotensino- 
gen, a protein with a molecular weight of about 50,000, is secreted by the liven The 
cleavage produces angiotensin I, which is biologically inactive and is converted to 
angiotensin II in a reaction catalyzed by the "converting enzyme" (Figure 10.2). 
The converting enzyme is a peptidase present in the blood vessels of the lungs. 

Aldosterone is a steroid hormone secreted by the zona glomerulosa of the 
adrenal gland (Figure 10.3). The steroid hormones are biosynthesized from choles- 
terol. Aldosterone is called a mineralocorticoid because it regulates the transport 
of minerals, Na and K. Aldosterone received its name because it contains an 
aldehyde group: --CH~--O. 

The adrenal gland appears to be one organ, but functionally it is two different 
organs. The inner core of the gland is the adrenal medulla. It is under nervous 
control and secretes epinephrine (adrenaline) and norepinephrine (noradrenaline). 
The outer layer of the adrenal gland is the adrenal cortex. The cells of the adrenal 
cortex closest to the surface of the gland constitute the zona glomerulosa. These 
cells synthesize aldosterone and release it into the bloodstream. 

Angiotensin II induces the adrenal gland to synthesize and secrete aldos- 
terone. The adrenal glands rest on the anterior side (the top side) of the kidneys. 
Aldosterone travels through the bloodstream to the vicinity of the renal tubule, 
where it enters the renal tubule cell through the basolateral membrane. Aldos- 
terone enhances the body's conservation of Na by inducing the tubule cell to 
increase its efficiency of reabsorption of sodium ions. Figure 10.4 summarizes the 
renin/angiotensin II/aldosterone pathway that is used to enhance sodium conser- 
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FIGURE 10.2 The conversion of angiotensinogen to angiotensin II occurs in two steps that 
are catalyzed by renin and converting enzyme. 

vation during the consumption of a low-Na diet. Low plasma Na stimulates the 
release of renin. Renin promotes the generation of angiotensin II in the plasma. 
Angiotensin II stimulates the adrenal gland to secrete aldosterone, which in turn 
stimulates the renal tubules to reabsorb or reclaim the sodium ions appearing in 
the glomerular filtrate. 

In the following stud~ subjects initially consumed a diet containing typical 
levels of Na and K (200 mmol Na and 100 mmol K per day). They then consumed 
for 6 days a low-sodium diet containing 10 mmol Na and 100 mmol of K per day. 
The urinary losses of Na and K are shown, along with the levels of aldosterone, 
renin, angiotensin II, Na, and K. Table 10.8 shows a striking trend toward sodium 
conservation, as reflected in the urinary Na, with the maintenance of serum Na 
levels at a constant value. The data suggest that the subjects were in negative 
sodium balance during the initial 2 days or so with the low-Na diet, but reached 
Na balance by the sixth day on the low-Na diet. The data also demonstrate that 
increases in plasma renin and angiotensin II had occurred by the first day on the 
low-Na diet, whereas aldosterone levels did not increase until the second day on 
the low-Na diet. This indicates that the effects of aldosterone are somewhat de- 
layed, after a change from an Na-sufficient diet to an Na-deficient diet. This raises 
a fine point. The major regulator of Na conservation is aldosterone, which exerts 
its effect on the cells of the distal tubule. Angiotensin II, however, also directly 
promotes conservation of Na; its effect, which is minor compared to that of 
aldosterone, is exerted on the proximal tubule. Research studies have revealed that 
angiotensin II seems to stimulate the synthesis of aldosterone by the adrenal gland 
only with consumption of a low-sodium diet. With normal levels of plasma Na, 
the effect of angiotensin II on the adrenal may be small. 

CH2OH 
o I 
II c--o 

o .j 
FIGURE 10.3 Structure of aldosterone. 
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FIGURE 10.4 Regulation of plasma sodium levels. Low plasma Na levels induce activa- 
tion of Na conservation mechanisms in the kidney; resulting in a drop in urinary Na losses. 
High plasma Na levels induce inactivation of the mechanisms, resulting in increased 
urinary losses of sodium. Renin, angiotensinogen, angiotensin I, angiotensin II, and aldos- 
terone are present in the general circulation and enter and exit the organs as indicated by 
the arrows. Renin is released from cells in the arteriole supplying the glomerulus. Each 
human kidney contains a million glomeruli. Each glomerulus is associated with one renal 
tubule. Aldosterone acts not at the proximal end of the tubule near the glomerulus, but at 
the distal end of the tubule, where the more mature urine occurs en route to the ureter. 

The next s tudy (Figure 10.5) illustrates an intermediate step in the control of 
sodium balance, namely the influence of angiotensin II on the adrenal gland. Rat 
zona glomerulosa cells were incubated in a flask containing a solution of the 
typical nutrients (glucose, amino acids, and salts). Angiotensin II, at the levels 
indicated in the figure, was added to the cells, which were then incubated for 1 
hour. After this hour, the amount  of aldosterone released into the med ium was 
measured. The results demonstrate that the hormone was released from the cul- 
tured cells in response to very low concentrations of angiotensin. 

Renal Tubule 

The nephron  is the functional unit of the kidney. There are I million nephrons per 
human  kidney. Each nephron contains elements shown in Figure 10.6. Different 



710 10 Inorganic Nutrients 

TABLE 10.8 Changes in Metabolites Occurring with Low-Sodium Diets 
. . . . . . . . . . . .  

Low Na 

Normal Na I day 2 days 6 days 

Urinary Na (mmol/day) 
Urinary K (mmol/day) 
Aldosterone (ng/100 ml 

plasma) 
Plasma renin (units/ml) 
Plasma angiotensin II 

(pg/ml) 
Serum Na (raM) 
Serum K (raM) 

.... 

Source: Rogacz et al. (1990). 

217 105 59 9.9 
83 74 85 92 

10.4 11.7 22.5 37 
1.0 2.4 2.4 4.3 
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FIGURE 10.5 Results of a study on rat zona glomerulosa cells. The effect of angiotensin 
II was measured as the amount of aldosterone released into the medium by the cells. 
(Redrawn with permission from Braley et al., 1989.) 
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FIGURE 10.6 The nephron. The glomerular filtrate is formed at the glomerulus. Its com- 
position is essentially the same as that of blood plasma except that it is nearly free of 
proteins. Smaller proteins tend to pass through the small pores of the glomerulus and enter 
the filtrate, however. Membrane-bound peptidases, as well as transport systems for amino 
acids and short peptides, exist to allow resorption of the proteins. The water, minerals, and 
bicarbonate moving through the renal tubule are reabsorbed at specific sites of the tubule 
to enter the interstitial spaces and then the bloodstream. The water transporter AQP-1, for 
example, occurs in the proximal straight tubule, while AQP-2 occurs in the principal cells 
of the collecting duct. AQP-2 is regulated by vasopressin. The water and solutes that are 
not reabsorbed constitute the mature urine. The renal tubule might be considered to be a 
microscopic version of the intestinal tract, in form as well as in function. The proximal 
tubule contains a brush border, as does the small intestines. The distal tubule does not 
contain a brush border, in analogy to the large intestines. 

types of nephrons contain the various elements in different proportions. The 
nephron consists of Bowman's capsule, the network or tuft of capillaries inside it, 
and the tubule leading from Bowman's capsule to ducts leading to the bladder. 
The tubule consists of the proximal tubule, the loop of Henle, and the distal tubule. 
The proximal tubule consists of the proximal convoluted tubule and the proximal 
straight tubule, as indicated in the figure. In this region, most of the filtered 
bicarbonate and potassium are reabsorbed into the bloodstream. The distal tubule 

which consists of the distal convoluted tubule, the connecting tubule, and the 
initial collecting tubule - -  participates in regulation of Na and K balance. This 
region contains the principal cells and is sensitive to aldosterone. The distal ends 
of several tubules empty into the collecting duct. The macula densa is a specialized 
region of the tubule occurring between the loop of Henle and the distal convoluted 
tubules. It senses the Na or C1 level in the lumen of the tubule and relays the 
information to nearby granulated cells located in the wall of the arteriole entering 
Bowman's capsule. 
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Renin is released from granulated cells located in the arteriole entering the 
glomerulus. The release of renin is controlled at two points. One point is directly 
sensitive to the blood pressure; the other is sensitive to the concentration of NaC1. 
The arteriole entering the glomerulus contains stretch receptors, called barorecep- 
tors. The cells that constitute these receptors are subjected to stretch when the 
blood pressure increases. The stretch is relaxed with a drop in blood pressure. A 
decrease in stretch triggers the granule cells to secrete renin into the bloodstream. 
Recent evidence suggests that the baroreceptors are identical to granulated cells. 
The release of renin is also controlled by a signal from the macula densa. (Macula 
densa is Latin for "dark spot.") The macula densa is part of the renal tubule. It is 
in close contact with the arteriole entering the glomerulus. Apparentl3~ the macula 
densa can sense the concentration of Na or C1 passing into the distal tubule and 
respond by sending a signal to the granulated cells. A drop in salt concentration 
results in a signal that induces secretion of renin. It is thought that the signal 
arising from the baroreceptors is more important than that from the macula densa. 

Classicall~ the renin/angiotensin system has been viewed as requiring the 
dispersal of these polypeptides in the general circulation, that is, systemically; 
however, recent work has revealed that angiotensinogen and renin are made in a 
variety of specialized regions of the body. The dot blot technique has revealed 
messenger RNAs coding for angiotensinogen and renin in these tissues. The dot 
blot technique has an advantage over techniques used for the direct detection of 
polypeptides or proteins. Techniques sensitive to polypeptides cannot distinguish 
whether the polypeptide found in a tissue originated in the tissue under scrutiny 
or arrived there from some other tissue via the bloodstream. Locally acting 
renin/angiotensin systems appear to be responsive to the diet. Ingelfinger et al. 
(1986) found that the amount of mRNA coding for angiotensinogen in the kidney 
was 3.5-fold greater with a low-salt diet than with a high-salt diet. This result, 
however, should not minimize the importance of the liver as the major source of 
the prohormone in the body. 

Principal Cells 

The major sites of regulation of Na balance are the principal cells of the renal 
tubule. The proteins involved in regulating salt balance include Na,K-ATPase, the 
sodium channel, and the potassium channel. These proteins are membrane-bound 
proteins. They are used for transporting Na and K across the membranes of the 
tubule cell. Sodium reabsorption involves the transport of Na appearing in the 
lumen of the renal tubule into the tubule cell and on through the cell to the 
interstitial space. The Na appearing in the interstitial space can then pass into the 
capillaries to enter the bloodstream. 

In the initial step, Na is resorbed by the principal cells (in the collecting duct) 
through the Na channel (Figure 10.7(1)). The second step in Na resorption is the 
active transport of Na out of the cell by Na,K-ATPase (the sodium pump, (2)). 
Na,K-ATPase is composed of two subunits and has an overall molecular weight 
of 147,000. It catalyzes the ATP-dependent exchange of Na ions for K ions. Three 
Na ions leave the cell for every two K ions entering the cell. In other words, the 
transport of the two ions is coupled. The exit of three Na ions is coupled with the 
entry of two K ions. K returns to the interstitial fluid by the K channel (3). 
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FIGURE 10.7 Sodium resorption by the principal cells of the renal tubule. 

The apical side of the cell faces the lumen; this side is also the mucosal side in 
many tissues. The basal side faces the interstitial fluid and the capillaries; this side 
is also called the serosal side. The sides of the cell facing adjacent cells are called 
the lateral sides. Nutrients entering and exiting the basal and lateral membranes 
(basolateral membrane) can freely enter and exit the permeable membranes of 
nearby capillaries. Thus, the Na secreted by the basolateral membrane can enter 
the circulatory system. Potassium leaking from the capillaries can be taken up by 
the Na,K-ATPase of the basolateral membrane. The cells are connected to each 
other by impermeable junctions called tight junctions. 

Amiloride (Figure 10.8) is used clinically as a diuretic. It blocks the passage of 
sodium through the Na channel of the distal tubule. This blockage results in a 
failure of Na resorption at this point of the tubule. It can also result in a failure in 
urinary potassium excretion, as K excretion requires the concomitant resorptiorL of 
sodium. Ouabain (pronounced "wha-bane") (Figure 10.9) is an inhibitor of Na,K- 
ATPase. This chemical is purified from the leaves of Digitalis lanata. A related 
compound, digoxin, is used clinically to augment the force of contraction of the 
heart. 

The Na channel and Na,K-ATPase are regulated as follows. Normall~ the distal 
tubule resorbs 5 to 10% of the total amount of filtered sodium. Increased levels of 
plasma aldosterone appear to stimulate the entry of Na through the Na channel 

NH 2 
i 

N~C~NH2 
I 

H2N N NH 2 

FIGURE 10.8 Structure of amiloride. 
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FIGURE 10.9 Structure of ouabain. 

by increasing the number of Na channels in the apical membrane. Aldosterone also 
plays a part in enhancing the passage of Na out of the cell through the basolateral 
membrane by stimulating the synthesis of new Na,K-ATPase proteins, which can 
then be inserted into the plasma membrane. Activation of Na, K-ATPase actually 
comprises two steps. First, the increased concentration of Na in the tubule cell 
induces insertion of preexisting molecules of Na,K-ATPase into the membrane. 
Second, aldosterone acts at the cell nucleus to stimulate the synthesis of more 
Na,K-ATPase molecules. The hormone binds a receptor protein in the principal 
cell. This binding is antagonized by the diuretic drug spironolactone. 

The following study illustrates the influence of aldosterone on Na,K-ATPase in 
the collecting tubule. The experiment involved rabbits (Figure 10.10). The animals 
were prepared in three ways. The first group were sham operated, that is, anesthe- 
tized, cut open, and then sutured. The second group were adrenalectomized, that 
is, anesthetized, cut open, adrenal glands removed, and sutured. The third group 
were adrenalectomized and then treated with aldosterone replacement therapy. 
The rabbits in the third group were injected with 10 ~tg aldosterone/kg body 
weight. Three hours after injection, the kidneys were removed and a kidney tubule 
was dissected out and then separated into the proximal convoluted tubule, the 
ascending limb of the loop of Henle, and the collecting tubule. The dissected 
segments were used for assays of Na,K-ATPase. Assays involved the addition of 
ATP to the segment and measurement of the rate of conversion of the ATP to ADP 
+ Pi. All of the segments contained Na,K-ATPase activity. The activity in the loop 
of Henle and collecting tubule were decreased with removal of the adrenal gland. 
This may have been in response to the lack of one or more of the many hormones 
secreted by this gland. Aldosterone replacement therapy restored Na,K-ATPase 
activity only in the collecting tubule. It was concluded that only Na,K-ATPase in 
the collecting tubule (which contains principal cells) was regulated by aldosterone. 

Angiotensin II controls Na reabsorption by the proximal tubule. More specifi- 
ca1136 it acts on the proximal convoluted tubule. This effect is independent of 
aldosterone. Angiotensin II binds to receptors on the membranes of the tubule cell, 
resulting in stimulation of the Na-H exchanger. The overall effect is an increase in 
the reabsorption of NaHCO3. The flow of ions is accompanied by a flow of water. 
Thus, the action of angiotensin II at the proximal tubule can result in an increase 
in plasma volume and a rise in blood pressure. 
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FIGURE 10.10 Influence of aldosterone on Na,K-ATPase in the collecting tubule of three 
groups of rabbits: (black bars) sham operated, (open bars) adrenalectomized, (hatched 
bars) adrenalectomized, and then treated with aldosterone replacement theory. (Redrawn 
with permission from E1 Mernissi and Doucet, 1983.) 

Intestines 

Intestinal absorption of salt and water is stimulated by angiotensin II and aldos- 
terone. Angiotensin II stimulates the absorption of Na by the jejunum and ileum. 
Nerves leading from the brain to the gut may also control sodium absorption by 
the gut. Angiotensin II in the brain may play a part in this mechanism. Aldosterone 
seems to have no effect on salt absorption by the small intestines. The kidney 
is controlled by the nervous system. The nervous control of salt absorption 
by the kidney seems to play only a minor role in salt balance. Aldosterone stimu- 
lates the colon to absorb Na. Plasma angiotensin II is not thought to have a direct 
effect on salt absorption by the colon. The material described here is outlined in 
Figure 10.11. 

Analogy between Nutrient Transport Systems of the Renal Tubule and Intestines 

An analogy may be drawn between the proximal kidney tubule and the proximal in- 
testines. Here, angiotensin II directly stimulates Na reabsorption. An analogy may 
also be made between the distal tubule and the distal intestines. Here, aldosterone 
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FIGURE 10.11 Hormonal control of sodium absorption by the gut. (1) A drop in plasma 
Na levels and in blood pressure stimulates the release of renin into the bloodstream, 
resulting in an increase in the rate of generation of angiotensin II. (2) Angiotensin II 
stimulates the synthesis of aldosterone by the adrenal cortex. (3) Angiotensin II directly 
stimulates the small intestines to absorb Na. (4) Aldosterone stimulates the large intestines 
to absorb Na. (5) The nervous system, possibly by angiotensin U-dependent mechanisms, 
stimulates the small intestines to absorb Na. 

directly stimulates Na absorption. In addition, the proximal kidney tubule and the 
small intestines both absorb potassium. Continuing the analogy; the distal kidney 
tubule and the large intestines can secrete K to regulate the levels of plasma K. 

Resorption of Other Nutrients by the Renal Tubule 
Most of the filtered sodium is resorbed, not by the distal tubule, but by more 
proximal segments of the renal tubule. Sodium resorption in these regions can 
be regulated, though the adjustments that occur are not as important to maintain- 
ing Na balance as those occurring in the distal tubule. The transport systems to be 
described involve the resorption of glucose, amino acids, bicarbonate, potas- 
sium, and chloride. Sodium ions are resorbed, or cotransported, with all of these 
nutrients. 

About 70% of the filtered Na and K is resorbed in the proximal tubule. Sodium 
is cotransported with glucose and the amino acids, resulting in the resorption of 
over 99% of these nutrients. Cotransport of Na with bicarbonate results in resorp- 
tion of 80 to 90% of the filtered bicarbonate. The uptake of these nutrients at the 
apical membrane occurs by Na-amino acid and Na-glucose cotransport systems. 
One of two sodium ions are cotransported with each glucose. Seven Na-amino 
acid cotransport systems have been found in the renal tubule. These include 
systems specific for acidic amino acids, basic amino acids, glycine, neutral amino 
acids, cysteine, and cystine. One or more sodium ions are cotransported with each 
amino acid. 



Sodium, Potassium, Chloride, and Water 717 

Interstitial j 
fluid L 

A 

f . . . . . .  

Lumen of tubule 

NaHCO a 

Na = 
11~) ~HCOs 

H " ~J. (3) 

CO2 <(CA) H2CO3 

FIGURE 10.12 Sodium bicarbonate resorption by cells of the proximal renal tubule. (1) 
Sodium enters through the apical membrane via the Na-H exchanger. (2) The resorbed 
sodium passes out of the cell into the interstitial space by way of the Na-HCO3 cotrans- 
porter. (3) The bicarbonate in the filtrate accepts a proton to become carbonic acid. Steps 
that are catalyzed by carbonic anhydrase are indicated by (CA). 

The pathway for bicarbonate resorption is described in some detail in Figure 
10.12. Sodium enters through the apical membrane via the Na-H exchanger, and 
the resorbed Na passes out of the cell into the interstitial space by way of the 
Na-HCO3 cotransporter. The bicarbonate in the filtrate accepts a proton to become 
carbonic acid. Carbonic anhydrase (CA) catalyzes the dehydration of carbonic acid 
to yield CO2, which readily diffuses through the plasma membrane. Cystolic 
carbonic anhydrase generates a proton and bicarbonate. The luminal enzyme is 
membrane bound, whereas the cytosolic enzyme is free. The proton leaves the cell 
by way of the Na-H exchanger. The proton, in effect, is recycled and does not result 
in the accumulation of acid in any compartment. Bicarbonate leaves the cell for the 
bloodstream by way of the Na-HCO3 cotransporter. This transport system partici- 
pates not only in the resorption of nutrients, but also in the regulation of plasma 
pH and blood pressure. In chronic acidosis (acidic plasma), the activity of the 
bicarbonate transport system increases to restore the plasma pH to normal. Here, 
the increased resorption of NaHCO3 leads to a rise in plasma pH and corrects the 
acidosis. Apparentl]~ the activity of the bicarbonate transport system is controlled 
at the site of the Na-H exchanger. The protonation of a regulatory site on this 
membrane-bound protein results in its activation. 

Potassium balance is regulated by an aldosterone-dependent mechanism. An 
increase in plasma K levels stimulates the adrenal cortex to synthesize and release 
aldosterone. Aldosterone stimulates the activity of Na,K-ATPase in the collecting 
tubule. Apparentl3~ aldosterone also stimulates an increase in the number of K 
channels in the apical membrane of the tubule cell. High dietary intakes of K result 
in an increase in activity of Na,K-ATPase and an increase in the number of K 
channels. Most of the K appearing in the glomerular filtrate is resorbed by the 
proximal convoluted tubule. Here, K is absorbed through special channels in the 
tight junctions between the cells. This pathway is called a paracellular pathway. 
Some of the K in the glomerular filtrate is resorbed in the thick ascending loop of 
Henle. The transporter used here is the Na-K-2C1 cotransporter, located in the 
apical membrane and thus in contact with the lumen of the renal tubule ((1) in 
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FIGURE 10.13 Resorption of sodium, potassium, and chloride by cells of the thick ascend- 
ing tube of Henle. 

Figure 10.13). Potassium continues through the cell and leaves the basolateral 
membrane, possibly through a K-C1 cotransporter (2). The cotransport of Na, C1, 
and K through the apical membrane is driven by an ATP-using pump in the 
basolateral membrane, namely Na,K-ATPase (3). The ions that are resorbed in the 
ascending limb of the loop of Henle are not followed by water, as this part of the 
renal tubule is not permeable to water; however, these ions are in close proximity 
to the descending limb and thus enhance the passage of water out of the descend- 
ing limb. Figure 10.13 also includes a K channel, which may be used in K resorp- 
t-ion (4). 

Aldosterone alone cannot induce the secretion of K. An increased concentration 
of plasma K is needed for aldosterone to take effect. Studies have revealed that 
artificially elevated levels of aldosterone do not stimulate urinary losses of K in 
rats consuming a normal-K diet; however, an artificially raised aldosterone level 
did stimulate K excretion in rats consuming a high-K diet (Stanton, 1987). 

The pathway of potassium secretion by the principal cell is diagrammed in 
Figure 10.14). The pumps and channels are those involved in sodium resorption 
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FIGURE 10.14 Potassium secretion by the principal cells. 
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by the principal cells. The K channel occurs in both apical and basolateral mem- 
branes. For clarit~ only the K channel in the apical membrane is shown in the 
figure. Continued operation of the Na,K-ATPase (1) pump is made possible by the 
Na channel in the apical membrane (2). The exit of potassium into the renal lumen, 
and thus excretion in the urine, is made possible by the K channel in the apical 
membrane (3). Apparently; the number of K channels in the apical membrane can 
be increased in certain pathological conditions (alkalosis), leading to increases in 
K secretion and K depletion. 

Na-K-2CI Cotransporter and Potassium Resorption 

The Na-K-2C1 cotransporter (Figure 10.13) has a molecular weight of about 
86,000. Transport of Na, K, or C1 is dependent on the cotransport of the other two 
ions. The transport protein is the target of certain diuretics, including furosemide 
and bumetanide, known as loop diuretics because their target resides in the loop 
of Henle. Furosemide is shown in Figure 10.15. Use of the loop diuretics results in 
inhibition of transport of Na, K, and C1, and in an increase in the urinary excretion 
of these ions and of water. This loss of water into the urine is the desired effect of 
the drug. The increase in fluid flow rate beyond the ascending limb of the loop of 
Henle can also induce increases in K secretion in parts of the distal tubule. A side 
effect of the use of loop diuretics is potassium depletion, as a result of increased 
secretion in the distal tubule. This loss of potassium is not desired. Persons taking 
these diuretics may need to take K supplements to make up for the increased 
urinary losses. 

More than 90% of the filtered K is resorbed by the time the filtrate reaches the 
distal tubule. The quantity of K excreted in the urine is regulated by the principal 
cells in the collecting tubule. This regulation is not affected by changing the rate 
of K reabsorption, but by changing the excretion rate. Here, the rate of secretion from 
the principal cells can be varied from a value near zero to a rate equivalent to 1.5 
times that of the initial appearance of potassium in the filtrate of the glomerulus. 

Vasopressin 

Water balance is controlled by vasopressin in addition to mechanisms that control 
Na and K balance. Vasopressin (Figure 10.16) stimulates the resorption of water 
by the kidney tubule. Vasopressin, also called antidiuretic hormone, is synthe- 
sized by the hypothalamus. The hormone is a nonapeptide. The two cysteine 
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FIGURE 10.15 Structure of furosemide. 
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FIGURE 10.16 Structure of human vasopressin. The hormone is amidated at the C termi- 
nus. The cysteine residues are connected via a disulfide bond. 

residues are linked by a disulfide bond. Vasopressin contains a C-terminal amide 
group. The half-life of vasopressin in the bloodstream is about 6.5 minutes. 

Vasopressin is packaged into secretory vesicles. The vesicles are transported 
from the hypothalamus to the nearby pituitary gland. These two glands are 
located at the base of the brain and are connected by a short stalk. The hormone 
is stored in the pituitary for release into the bloodstream. The hypothalamus 
contains osmoreceptors, which are sensitive to the concentration of solute in the 
bloodstream. An increase in osmolality induces an increase in the rate of secretion 
of vasopressin. The hormone travels to the kidne~ where it binds to receptors on 
the basolateral membrane of the nephron. It induces an increase in the permeabil- 
ity of the apical membrane to water, allowing the passage of water from the tubule 
lumen into the cell. This is followed by increased passage of water from the cell to 
the extracellular fluids. Vasopressin acts at the distal part of the tubule, on the cells 
of the collecting duct. Although most of the water resorbed by the renal tubule is 
reabsorbed in the proximal tubule prior to the ascending loop of Henle, vaso- 
pressin influences only resorption by the collecting duct. 

Atrial Natriuretic Peptide Pathway of Blood Pressure Regulation 

The heart contains special receptors that respond to stretching. Activation of the 
stretch receptors results in the release of atrial natriuretic peptide (ANP) from the 
heart (Reis et al., 1997). The role of stretch in provoking ANP release was shown 
in the laboratory by inflating a balloon within the heart (Christensen and Leistad, 
1997). ANP travels through the bloodstream to the kidneys, where it reduces the 
rate of sodium resorption. The result is a lowering of blood pressure and the 
appearance more salt in the urine (Lopez et al., 1995). ANP is a 28-amino-acid 
polypeptide with the following sequence (Drewett and Garbers, 1994): 

H 2N-Se r-Le u -  Arg- Arg-  Se r -  Se r-Cy s-P he-G ly-G ly-A rg-I le- Asp-A rg-I le-G ly-A l a G  In-Ser-G ly- 
Leu--Gly-Cys-Asn-Ser-Phe-Arg-Tyr-COOH 

When ANP binds to its target cell in the renal tubule, it provokes the activation 
of a protein kinase. The kinase, in turn, catalyzes the phosphorylation and inacti- 
vation of Na,K-ATPase. Na,K-ATPase is a vital membrane-bound protein in most, 
or all, cells of the body; as mentioned earlier. Its inhibition in the renal tubule 
results in decline in sodium resorption (Wang and Robinson, 1997). The exact 
kinase that is involved is not certain, but it appears to be protein kinase A (PKA) 
(Ledoux et al., 1997; Belusa et al., 1997). 

Mice have been created in the laboratory (knock-out mice) that lack ANP, and 
these mice acquire salt-sensitive hypertension. The mouse's blood pressure in- 
creases upon feeding a high-salt diet (John et al., 1995). The question of whether 
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salt-sensitive people have altered levels or structures of ANP is currently under 
study. Of the people with hypertension, about half do not respond to low-salt diets 
(they are salt-insensitive) while the other half are salt-sensitive. 

It is interesting to point out that the actions of angiotensin II and ANP appear 
to have a common meeting point, namely at the site of Na,K-ATPase in the renal 
tubule. Angiotensin II provokes the dephosphorylation of Na,K-ATPase and an 
increase in its activity, whereas ANP provokes its phosphorylation and a decline in 
activity (Aperia et al., 1994). 

Nutritional Problems 

Problems in water and salt nutrition can occur with severe and prolonged diarrhea 
or vomiting and with prolonged exercise. Chronic changes in salt nutrition can 
change blood pressure and influence the course of cardiovascular disease. These 
nutritional concerns are addressed after first discussing normal plasma levels of 
sodium and potassium. 

Normal serum sodium ranges from 136 to 145 mM. Hyponatremia is defined 
as an Na level under 130 mM. Where plasma Na falls below 120 mM, such 
symptoms as headaches, confusion, seizures, and coma can occur. These symp- 
toms result from increased flow of water into the cells of the brain, due to osmotic 
forces, causing swelling of the brain cells. Hyponatremia most often occurs (as an 
undesirable side-effect) where a low-sodium diet is combined with diuretic drugs, 
such as thiazide and furosemide. These drugs provoke the excretion of sodium by 
the kidneys and, in this wa)~ reduce high blood pressure. Severe diarrhea involv- 
ing losses of 8-10 liters of fluid per day can result in hyponatremia, where the 
particular nature of the diarrhea is such that losses of sodium are greater and out 
of proportion to the losses of water. A rare cause of hyponatremia, which occurs 
in some psychotic patients, is the drinking of more than 20 liters of water per day. 
Similarly, hyponatremia can result from excess beer-drinking when combined with 
a poor diet. Hyponatremia can result from disorders that alter our body's handling 
of sodium and water (lack of aldosterone in Addison's disease; excess vasopressin 
in certain cancers (Fried and Palevks~ 1997). 

Hypernatremia (high plasma sodium levels) occurs less commonly than hy- 
ponatremia. Hypematremia is defined as a serum sodium level above 145 mM. 
The first signs of hypernatremia are restlessness, letharg~ and irritability. Seizures 
and death may occur when plasma Na levels rise above 160 mM. These problems 
occur because high plasma levels draw water from the brain cells, resulting in their 
shrinkage. Hypernatremia occurs with a loss of water that is disproportionately 
greater than the loss of sodium. This loss may be associated with excessive hyper- 
ventilation or sweating. A rise in the concentration of plasma solutes, such as 
sodium, stimulates the thirst mechanism. The consequent drinking of water rap- 
idly corrects the hypematremia. Hypernatremia occurs where there are uncor- 
rected losses of water. The problem may remain uncorrected where the thirst 
mechanism is impaired, as occurs in the elderly; with damage to the hypothala- 
mus; or with the excessive consumption of salt (e.g., large amounts of broth or 
seawater). 

Normal serum potassium ranges from 3.5 to 5.0 mM. Hypokalemia occurs at 
under 3.5 mM potassium. Mild hypokalemia can result in weakness and muscle 
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cramps and can cause cardiac arrhythmias in patients with heart disease. Severe 
hypokalemia (under 2.5 mM K) can result in paralysis; the consequent paralysis 
of the lungs can be fatal. Hypokalemia is most commonly caused by diuretics, such 
as thiazide or furosemide (Wingo and Wingo, 1997). The second most common 
cause of hypokalemia is excessive diarrhea or vomiting, where laxative abuse and 
enema abuse are related causes. Up to 20% of persons complaining of chronic 
diarrhea practice laxative abuse. A third cause of hypokalemia is prolonged fasting 
and starvation. With 3 Weeks of fasting, plasma potassium levels may decline to 
below 3.0 mM. However, in some persons plasma potassium may be naturally 
maintained at about 3.0 mM, even with 100 days of fasting. About half of hospi- 
talized alcoholics, who are undergoing withdrawal symptoms, experience hy- 
pokalemia, where the causes are poor nutrition, vomiting, and diarrhea. It is 
interesting to point out that potassium loss, with vomiting, is only partly due to 
loss of potassium through the mouth. Vomiting, which involves loss of acid from 
the mouth, results in alkalosis. Alkalosis, in turn, provokes the kidneys to release 
more potassium in the urine. In this wa~ severe and-continual vomiting can result 
in hypokalemia. 

Hyperkalemia, or high plasma potassium levels (5.0 mM or higher), results in 
cardiac arrhythmias. A K level of 8.0 mM can provoke cardiac arrest and death. 
Hyperkalemia may also result in neurological signs such as tingling, paresthesia 
(numbness of hands and feet), and paralysis. Hyperkalemia can arise from con- 
suming too much potassium salt (but vomiting usually prevents toxicity), from 
failure of the kidneys to perform their normal task of excreting potassium into the 
urine, and from loss of potassium from tissues into the bloodstream (as with 
acidosis, severe trauma, or bums). Renal failure accounts for three quarters of all 
cases of hyperkalemia, and here hyperkalemia occurs when the GFR declines to 
only 5 ml/min,  especially where high-potassium foods are eaten. A GFR of only 5 
ml /min  occurs with severe renal failure. Another kidney-related source of hy- 
perkalemia is use of spironolactone or triamterene. These are diuretic drugs that 
are used to treat hypertension (they provoke sodium loss), but these particular 
drugs also promote potassium retention, and thus the drugs can result in hyperka- 
lemia. Acidosis, which occurs in a number of diseases, can provoke a shift in 
location of potassium from inside muscle to the bloodstream, resulting in hyperka- 
lemia (Greenberg, 1998). 

Hypokalemia or hypematremia occur with the overproduction of aldosterone 
(aldosteronism). Aldosteronism occurs after the age of 40 and results in increased 
Na resorption, increased blood volume, and increased urinary losses. In rare cases, 
hypokalemia occurs with the habitual consumption of large amounts of black 
licorice. Licorice contains glycyrrhizic acid. This compound has a structure and an 
effect similar to those of aldosterone. 

Diarrhea and Vomiting 

Diarrheal diseases are a major world health problem. They are responsible for 
about a quarter of the 10 million infant deaths that occur each year. Although 99% 
of these deaths occur in poor parts of Asia and Africa, diarrheal diseases are among 
the leading sources of infant mortality in the United States. Severe and prolonged 
diarrhea results in losses of water, sodium, potassium, and bicarbonate. Diarrheal 
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diseases can result from contamination of the food and water supply with the fecal 
matter of humans and animals, as may occur when proper sanitation is lacking or 
when farm animals are allowed to roam near water wells, inside houses, and in 
areas intended for the preparation of food. Another provoking factor is an early 
halt in breast-feeding, which prevents infants from receiving the antibodies in 
breast milk and exposes them to the public water supply. 

Some extra perspective on diarrhea might be acquired, with a few words 
regarding the time-course and various causes of the diarrheas. Most diarrheas due 
to infectious organisms spontaneously disappear within 4 weeks. Chronic diar- 
rhea can be due to infections with giardia or amoeba, to fat malabsorption (stea- 
torrhea), to inflammatory bowel disease, or to laxative abuse. From 4 to 20% of 
persons complaining of chronic diarrhea practice laxative abuse. Laxative abuse, 
which is nearly always denied by patients, is a component of various eating 
disorders. One such eating disorder is anorexia nervosa. This disease is considered 
to be a mental illness. Metabolic derangements, such as hypokalemia and kidney 
damage, can occur with laxative abuse. It is the responsibility of the physician to 
order screening tests for laxatives that may be present in the urine or feces of 
suspected abusers (Donowitz et al., 1995). 

The primary nutritional concern in treating diarrheal diseases is correction of 
the dehydration. Dehydration is identified with a loss of blood volume and the 
consequent condition called shock. Dehydration can be reversed by oral fluids or, 
in emergency cases, intravenous fluids. The term fluid means water-containing 
solutes, such as ions and organic compounds. Severe diarrhea of infancy is defined 
as a fecal volume greater than 60 ml /kg  body weight per day. An infant who has 
lost 5% of its body weight because of an acute diarrheal episode is at risk for shock. 
A more gradual depletion of body water may not result in shock, because the water 
losses are shared by the extra- and intracellular fluids, rather than being derived 
mainly from the extracellular fluid. Shock invariably occurs when dehydration 
produces a 10% loss in body weight. Although diarrhea contains Na +, as well as 
HCO 3 and K +, the primary concerns in treating severe diarrhea are to replace 
sodium and water and to restore the blood volume. 

Therapy for Diarrhea 

Maintenance of the volume of the circulatory system is dependent on sodium ions 
and water. Oral rehydration therapy may involve drinking a solution of 90 mM 
NaC1. Replacing K and HCO 3 may be a vital concern as well, though they are 
secondary to water and sodium. Diarrhea can result in acidosis because of the 
bicarbonate secreted into the lumen and the concomitant delivery of protons to the 
plasma. Hence, bicarbonate may be included during rehydration therapy to re- 
verse acidosis. Acidosis is defined as a plasma pH less than 7.10. Generall~ serious 
and life-threatening acidosis does not occur with mild or moderate cases of diar- 
rhea. 

An oral formula suitable for the correction of a variety of diarrheal fluid losses 
has been recommended by the World Health Organization (WHO). It consists of 
90 mM Na, 20 mM K, 80 mM C1, 30 mM HCO3, and 110 mM glucose. The glucose 
aids in intestinal absorption of sodium ions, because glucose transport is mediated 
by the Na-glucose cotransporter. Only low levels of sugar are used in oral replace- 
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ment therapy; as higher levels can enhance diarrhea in children suffering from 
malnutrition. The aforementioned formula containing 90 mM Na is generally 
effective in the treatment of all diarrheas. Solutions containing lower levels of Na 
(50-60 mM) are considered preferable for noncholera diarrheas. Cholera diarrheas 
have a higher Na content than others. In noncholera diarrheas, it is recommended 
that consumption of the 90 mM oral formula be followed by breast-feeding or by 
drinking water. 

Not all diarrheas are the same. The Na, C1, and K concentrations may differ in 
different diarrheas. Moderate-volume diarrheas (25 g stool/kg per day) may result 
in losses of 50 mmol each of Na, C1, and K per kilogram of stool. High-volume 
diarrheas tend to contain higher levels of Na and C1, but lower levels of K. 
High-volume diarrheas (40-100 g /kg  per day) have been associated with losses of 
about 70 mmol of Na, 70 mmol of C1, and 30 mmol of K per kilogram of stool per 
day. 

Potassium may be lost via three routes. Potassium can be lost in the diarrhea as 
well with vomiting. The vomiting of fluids secreted by the upper small intestines 
results in K losses by the oral route. The vomiting of gastric juices, however, does 
not lead to significant losses of potassium by the oral route. Extensive vomiting 
induces losses of potassium in the urine and can lead to serious hypokalemia. How 
can vomiting gastric acid (HC1) cause the loss of potassium in the urine? This 
situation seems to be a paradox. Referring to Figure 10.14, one can visualize the 
scenario that has been proposed to account for K losses with prolonged vomiting. 
Alkalinization of the plasma may induce losses of potassium ions via the K 
channel of the principal cell. 

Potassium deficiency caused by a lack of dietary K is relatively rare outside of 
cases of prolonged fasting. The deficiency is more commonly caused by vomiting 
and diarrhea. The basal rate of gastric acid production is under 50 ml per hour in 
the adult. With persistent vomiting, 1 to 2 liters may be lost per day. The produc- 
tion of gastric acid (HC1), in effect, results in the replacement of some of the sodium 
chloride in the plasma by sodium bicarbonate. This results in alkalinization of the 
plasma, as shown in Figure 10.17. Figures 10.18 and 10.19 contrast the pH changes 
occurring in the plasma during the normal production of gastric acid (Figure 10.18) 
and during the vomiting of gastric acid (Figure 10.19). Normal136 the production 
of gastric acid results in temporary alkalinization of plasma after a meal. This 
slight rise in pH is called the alkaline tide. Persistent alkalinization is prevented by 
the body's secretion of NaHCO3 into the small intestines. NaHCO3 is secreted by 
the pancreas as well as by enterocytes. This secretion is accompanied by the release 

H + + HCO; (carbonic acid) HCO 3 (bicarbonate) 

Na* + HCO 3 (sodium bicarbonate) _ ~_~ 

Na + + CI- (sodium chloride) 
HCI (gastric acid 

Plasma salts lost in vomit) 

Na* + HCO; (sodium bicarbonate) 

Na* (sodium) 

Plasma salts 

FIGURE 10.17 Changes in plasma salts with vomiting. 
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HCO:-_ 

HCl  

Na*  ~ N a  + 

FIGURE 10.18 Eating. With the consumption of a meal, the parietal cells produce H2CO 3. 
The proton is released into the lumen while the bicarbonate enters the bloodstream. The 
chloride of HC1 comes from the bloodstream. The enterocyte produces H2CO 3. The bicar- 
bonate enters the lumen while the proton enters the bloodstream. The gastric acid is 
neutralized by the bicarbonate produced by the enterocytes. 

into the bloodstream of protons derived from the dissociation of H2CO 3 in the cell, 
which results in neutralization of the alkaline tide. With vomiting, however, the 
alkalosis is not neutralized by the protons, leading to a persistent alkalosis. 

Renal Proton Pumps and the Regulation of Blood pH 

The pH of the bloodstream and interstitial fluids is regulated by a number of 
means, including changing the rates of bicarbonate fixation via the urea cycle, and 
changing ammonium ion excretion (see the Protein chapter). The renal tubules can 
regulate blood pH by changing the rate of bicarbonate resorption (Figure 10.12), 
as well as by changing their rate of proton excretion. 

NaCt 

HCl 

NaHCO 3 

FIGURE 10.19 Vomiting. With the vomiting of gastric acid, HC1 is produced as shown; 
however, H2CO 3 is not generated for the purpose of neutralizing gastric acid. Thus the 
proton of carbonic acid, which would otherwise be produced in the enterocyte, is not 
available for counteracting the alkalosis. 
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During acidosis, the cells of the renal tubule can respond by inserting two 
proteins into the apical region of the plasma membrane. (The apical part is that 
region that is exposed to the developing urine.) The two proteins are H,K-ATPase 
and H+-ATPase. H,K-ATPase, and the enzymes that act in concert with it, is better 
known as a component of the parietal cell where it creates stomach acid. The other 
proton pump of the renal tubule, which is H§ is closely related to FoF1H§ 
ATPase of the mitochondrial membrane. Hence, anyone who understands how 
protons are pumped out of the mitochondrion and how stomach acid is made will 
clearly understand how the renal tubule can shuttle protons to the lumen of the 
renal tubule and into the developing urine. 

Most of the H,K-ATPase and H+-ATPase of the kidney occurs in the cells of the 
collecting duct (Tsuruoka and Schwartz, 1997; Cougnon et al., 1996; Gluck et al., 
1996). 

Long-Duration Exercise 

The most vital health concern during prolonged exercise is maintenance of the 
body's temperature. The contraction of muscles during exercise or work results in 
an increase in heat production. This heat is rapidly carried from the muscles, via 
the blood, near the surfaces of the body. The heat is then lost to the atmosphere, 
where the air is cooler than the body. Another source of heat loss is the evaporation 
of sweat water. The purpose of sweating is to cool the body during exercise. A 
typical rate of sweat loss, during a marathon race, for example, is I liter per hour. 
Where exercise takes place in a warm humid climate sweating can result in large 
losses of fluid from the body but little cooling. Here, the sweat rolls off the body 
without evaporating. A marathon taking place in a warm humid climate can evoke 
fluid losses of 2.8 liters per hour. The American Dietetic Association recommends 
that fluid losses occurring with exercise of moderate duration (1 hour or less) be 
replaced with plain cool water (Smith, 1987). In hot and humid environments, the 
fluid should be replaced by drinking cool water prior to endurance exercise and 
at 15-minute intervals during exercise. 

A topic of periodic concern is the risk from sodium and potassium losses in 
sweat. The concentrations of Na and K in sweat are influenced by the rate of 
sweating. Lower sweat rates (200 ml/hr)  result in the loss of fluids containing 
about 12 mM Na and 4 to 5 mM K. Higher sweat rates (1000 ml/hr),  such as those 
provoked by fast running races, produce a fluid containing about 40 mM Na and 
4 to 5 mM K. The concentration of Na in sweat is about half that in plasma, whereas 
the concentrations of K in sweat and plasma are about the same. A sweat rate of 1 
liter per hour would lead to the loss of about 4 mmol of K per hour. A 5-hour 
marathon might thus cause the loss of about 20 mmol of potassium. The volume 
of extracellular fluid (ECF) in the 70-kg man is about 14 liters. The ECF has a K 
level of about 4 mM and thus contains a total of about 56 mmol of potassium. 
Therefore, the marathon might be expected to cause a severe decrease in the 
concentration of K in the ECF, resulting in hypokalemia. Studies with exercising 
subjects have, however, demonstrated that plasma K levels do not decrease with 
exercise and hypokalemia does not result. This is because muscle and other tissues 
serve as a vast reservoir of potassium. The intracellular fluids contain about 140 
mM K and have a total volume of about 28 liters. Thus, the 70-kg man contains 
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about 3920 mmol of potassium. The potassium losses during a marathon are 
negligible compared with the amount of K present in the tissues of the body. 

Research to date indicates that Na and K supplements are not required during 
running races of short (1 hour or less) and moderate (5 hours) duration. The salts 
provided by the diet are sufficient to maintain Na and K balance during repeated 
days of competition at moderate levels. With moderate-duration exercise, the 
kidneys enhance their efficiency of Na and K reabsorption. Because of this adap- 
tion, any Na and K supplements taken during the course of exercise would be 
superfluous and would result in the excretion of amounts of Na and K equivalent 
to those in the supplements. Sodium-restricted diets are commonly used to control 
high blood pressure. Low-Na diets should not be consumed with repeated days 
of moderate-duration exercise. 

EXERCISE 
How many hours of running and sweating (without eating K) might be expected to deplete 
tissue potassium levels by 5.0%? Ignore the obligatory urinary K losses for this calculation. 

A sweat rate of one liter per hour, as occurs with continuous moderate exercise, 
would lead to the loss of about 40 mmol of Na per hour. A 5-hour running 
marathon would result in the loss of 200 mmol of sodium. This loss represents 
depletion of about 12% of the sodium in the ECE This loss does not, however, 
result in a drop in plasma sodium concentrations. Plasma sodium is maintained 
during prolonged exercise by the loss of plasma water, resulting in a drop in 
plasma volume. Experiments involving human subjects exercising on a stationary 
bicycle for 3 hours in a warm humid room suggested that about 10% of the water 
lost in sweat comes from plasma, 38% from interstitial fluid, and about 52% from 
intracellular fluids (Table 10.9). 

An interesting effect may be observed during ultramarathons. Ultramarathons 
are races of 50 miles or longer, lasting about 8 hours. The continued loss of fluids 
in sweat and the continued consumption of plain water can result in hyponatre- 
mia. Sweating results in the loss of both water and sodium. Continued drinking 
of plain water during prolonged exercise results in the replacement of lost water, 
which is lost at a relatively rapid rate, but not in the replacement of lost sodium, 

TABLE 10.9 Changes in Electrolytes with Exercise 

Preexercise Postexercise 

Concen- Total Concen- Total 
Sweat Urinary tration amount tration amount 
losses losses in plasma in plasma in plasma in plasma 

Volume 
Sodium 
Potassium 
Chloride 

4.11 liters 0.24 liter - - - 
155 mmol  32 mmol  135 mM 462 mmol 141 mM 
16 mmol 29 mmol  4.0 mM 13.7 mmol 4.6 mM 

137 mmol  39 mmol  104 mM 358 mmol 106 ram 

Source: Costi l l  et al. (1976). 

419 mmol 
13.7 mmol  
320 mmol  
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which is lost at a relatively slower rate. The consumption of plain water at a rate 
greater than that lost by sweating may produce a dangerous hyponatremia (125 
mM plasma Na or less) that causes disorientation, confusion, and seizures. 

The results of the following study illustrate the losses of Na and K in sweat and 
the changes in plasma Na and K levels during a period of exercise. Subjects 
exercised on a stationary bicycle in a warm humid room, without drinking water, 
until they lost 6% of their body weight. They experienced extreme fatigue during 
the final stages of the exercise-induced sweat loss. The data in Table 10.9 demon- 
strate that the amount of Na lost in sweat was equivalent to about half the amount 
of sodium consumed in a typical diet. The kidneys can easily adapt, over the 
course of a few days, to maintain sodium balance with the consumption of half 
the amount of sodium in a typical American diet. The amount of potassium lost 
in the sweat was small compared with that consumed in the diet per day. The 
amount of K lost in the sweat was about the same as that in a medium-sized 
potato. The kidneys also adapt with the consumption of low K levels. Note that 
the body may become partially depleted of Na and K between the onset of heavy 
exercise and the time when maximal adaption has occurred. This adaption may 
take a few days for maximal Na conservation and about a week for maximal K 
conservation. A negative ion balance might be expected with the sudden onset of 
a period of prolonged exercise, exposure to hot and humid conditions, and fasting. 

Blood Pressure 

A major concem in sodium nutrition is hypertension. Hypertension, which is 
abnormally high blood pressure, is a significant risk factor for cardiovascular 
disease and renal failure. About a quarter of the adults in the United States have 
hypertension. The highest incidence of hypertension is found in northern Japan, 
where the Na intake may be above 400 mmol per day (20-30 g of NaC1/day). The 
source of the Na is the salt added in pickled vegetables, preserved marine prod- 
ucts, soy sauce, and miso (broth). Moderate incidences of hypertension occur in 
the United States, where the Na intake generally ranges from 100 to 200 mmol or 
more per day (100 mmol of Na is supplied by 6.4 g of NaC1). The moderately 
restricted Na diet used in hospitals and other institutions provides about 44 mmol 
of Na per day. A strictly restricted Na diet contains about 22 mmol of Na per day. 
High levels of sodium are also found in catsup, potato chips, pretzels, canned food, 
frozen convenience foods, and bread made with baking soda. 

Very low incidences of hypertension have been found in "primitive" societies, 
where the Na intake is very low (10-60 mmol/day).  For example, certain groups 
in Papua New Guinea, do not add salt to their diet. The diet, which may consist 
of sweet potatoes, plantains, vegetable leaves, and corn, supplies 20 to 40 mmol of 
Na per day. Eskimos also consume a low-Na diet. Their diet, which consists of fish 
and bear meat, may supply only 60 mmol of Na per day. 

A role for Na intake in hypertension was suggested by the finding that people 
who consume low-Na diets, such as those just mentioned, tend to acquire hyper- 
tension when they move to an industrialized society. Apparentl~ hypertension can 
be caused by the diet more easily than it can be reversed. When high levels of Na 
have been in the diet for several years, the associated hypertension may be only 
partially reversed by restricting the Na intake. Sodium intake represents only part 
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of the etiology of hypertension. Apparentl~ genetics plays a role. Some people are 
predisposed to developing hypertension and acquire high blood pressure with the 
consumption of excess sodium. These persons are called "salt sensitive." Others 
are "salt-resistant" or "salt-insensitive" and do not develop high blood pressure 
with the excessive consumption of sodium, within certain limits. In salt-resistant 
persons, the blood pressure remains constant and unchanged even with a low-salt 
diet (Lopez et al., 1995). 

Salt-sensitive people tend to develop hypertension with an intake of 125 to 250 
mmol of Na per da~ whereas salt-resistant people may not have a rise in blood 
pressure with up to 300 mmol of Na per day. Very large amounts of Na (800 
mmol /day)  lead to hypertension in both salt-sensitive and-insensitive people. It 
has been estimated that close to 20% of adult Americans are salt sensitive. African- 
Americans have a greater incidence of Na sensitivity and hypertension than 
Americans of European descent. Generally; blood pressure tends to increase with 
age in salt-sensitive individuals consuming moderate or high levels of sodium. 
The prevalence of hypertension is very low in children and adolescents. The 
interracial differences in blood pressure that are found in adults are not found 
among children (Sinaiko, 1996). 

Increased levels of potassium in the diet have been associated with a decrease 
in blood pressure. The exact populations that might benefit from increased levels 
of dietary K are currently being studied. In one study; K supplements given to 
hypertensive patients resulted in decreases in blood pressure. These supplements 
resulted in a doubling of the usual K intake to about 160 mmol K per day. The 
blood pressure was only partially reduced and did not reach normal values 
(Treasure and Ploth, 1983). Increasing the dietary K levels of normotensive (normal 
blood pressure) persons consuming typical Na- and K-sufficient diets had little or 
no effect on blood pressure (Miller et al., 1987). The association between K intake 
and blood pressure is stronger in African-Americans than in Americans of Euro- 
pean descent. This statement is based on studies showing that African-Americans 
have relatively lower intakes of K and greater blood pressures. 

Hypertension is often treated with diuretics. Diuretics are drugs that promote 
the loss of sodium from the body; though some diuretics can cause the loss 
of potassium, resulting in hypokalemia. The use of dietary supplements of K 
to correct this hypokalemia has been shown to be of benefit and to result in 
decreases in blood pressure. The best source of potassium is plant food, as is 
strikingly apparent from the data in Table 10.1; however, the interest in nonfood 
supplements of potassium continues. One problem with potassium salts is that 
they taste bad and can produce nausea. Hence, there has been some interest in the 
manufacture of aesthetically acceptable forms of potassium salts. One form, a 
mixture of NaC1 and KC1, is useful for those who feel compelled to add sodium 
chloride to their food. One study revealed that NaC1-KC1 mixtures are accepted 
and their use can result in a reduction of sodium intake. The study; which involved 
normotensive subjects, did not lead to any consistent change in blood pressure 
(Mickelsen et al., 1977). 

The hypertension of salt-resistant persons is often treated with drugs that 
inhibit angiotensin converting enzyme (ACE). When left untreated, hypertension 
can provoke damage to kidneys (nephropathy) (Chowdhury et al., 1996). 
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Pregnancy and High Blood Pressure 

Hypertension is a common disorder during pregnancy; affecting 1-5% of pregnant 
mothers, and results in increased release of protein in the urine and sometimes in 
death of the fetus. In pregnanc~ the combination of hypertension with increased 
urinary protein is called preeclampsia. Preeclampsia is a concern during pregnan- 
cies, as it may lead to eclampsia. Eclampsia involves convulsions and possibly 
death to the mother. The hypertension of preeclampsia does not respond to a 
low-salt diet m it is treated with bed rest and a drug (methyl-dopa) (Sibai, 1996). 
Among women with preeclampsia, the incidence of progress to eclampsia is only 
0.2%. Although this incidence is rather low, it is the responsibility of the physician 
to monitor urinary protein levels during preeclampsia. Surprisingly, a common 
nutrient is the drug of choice for preventing the convulsions of eclampsia. This 
nutrient is magnesium (MgSO4) (Sibai, 1996). An especially dangerous combina- 
tion is pregnancy in women with IDDM (insulin-dependent.diabetes). Close to 
15% of these diabetic women acquire hypertension during the course of their 
pregnancy. When a diabetic woman becomes hypertensive during pregnancy the 
fetal death rate is relatively high (Garner, 1995). When the diabetes is left un- 
treated, the rate of birth defects such as neural tube defects and heart abnormalities 
increases. 

The Dahl Rat 

The availability of animals bearing various maladies - -  such as cancer, diabetes, 
and obesity m has proven vital to our understanding of the corresponding dis- 
eases in humans. The discovery of a salt-sensitive strain of rat, called the Dahl rat, 
has led to insights into human hypertension. With feeding of a high-salt diet, 
normal rats do not acquire high blood pressure, but the Dahl rat does acquire high 
blood pressure. The mechanism seems to be due to an increased rate of NaC1 
resorption by the renal tubule. Specificall3~ there is increased NaC1 resorption in 
the thick ascending loop. With prolonged salt-feeding to the Dahl rat, and with 
prolonged hypertension, the glomeruli become damaged (glomerular sclerosis). 
This further reduces salt excretion, which leads to even higher blood pressure. This 
pathological scenario in the Dahl rat closely resembles that in salt-sensitive hu- 
mans (Cowley; 1997). 

In addition to the Dahl rat, several other strains of rats have been found to be 
salt sensitive. Naturally occurring mutations in the rat genome have been found 
to occur in the genes coding for angiotensin (Kim et al., 1995), 11~-steroid hydroxy- 
lase, renin, angiotensin converting enzyme (ACE), and other polypeptides 
(Cowle~ 1997). The results from rats have given researchers a number of places 
to begin their hunt for variations in the genes in salt-sensitive humans. In hu- 
mans, the only defect found, to date, to result in hypertension is a mutation in 
the gene for angiotensinogen. This mutation results in the replacement of Met 235 
by Thr 235. This particular mutation has been found in woman who acquire 
preeclampsia, a conditions that occasionally arises during pregnancy (Jeunemaitre 
et al., 1997). 
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IODINE 

Iodide is a monovalent anion. Its only known occurrence in mammals is as a 
component of the thyroid hormones. These hormones are essential during em- 
bryological development and for regulating metabolic rate and heat production 
throughout life. The RDA for iodine is 0.15 mg. Iodine occurs in foods mainly as 
iodide and, to a lesser extent, covalently bound to amino acids. Iodide is rapidly 
absorbed by the gut and assimilated by the thyroid gland for use in producing the 
thyroid hormones. The iodine occurring as part of amino acids, that is, as part of 
tyrosine, is somewhat less well absorbed. The main excretory route of iodine is the 
urine. Urinary excretion is a reliable indicator of iodine intake and status. A urinary 
level greater than 50 ~tg I /g  creatinine is considered to indicate adequate iodine 
status. Lower levels (25-50 ~tg I /g  creatinine) indicate a risk for deficienc~ and 
even lower levels indicate a serious risk. 

Iodine deficiency is closely associated with the iodine content of the soils used 
in agriculture in the affected areas. Although iodine supplementation programs 
have eradicated iodine deficiency in many areas of the world, serious deficiencies 
still occur in certain regions. 

Metabolism of Inorganic Iodine 

Iodine supplements may take the form of potassium iodide (KI) or potassium 
iodate (KIO3). The iodate anion is rapidly reduced to iodide in the body. The 
reduction is nonenzymatic and involves sulfhydryl-containing compounds such 
as glutathione. Glutathione is a tripeptide containing glutamate, cysteine, and 
glycine (Glu-Cys-Gly). Glutathione is present in the plasma and inside cells. The 
conversion of iodate to iodide that uses the reducing power of sulfhydryl groups 
requires the oxidation of six sulfhydryl groups (R--SH) to three disulfide groups 
(RmS--S--R): 

6 R-SH + 103 
(Sulfhydryl (Iodate) 
compound, 

such as 
glutathione) 

> 3R-S-S-R + I- + 3 H20 
(Disuff~) (I o0~e) ( 10.1 ) 

Conversion of Inorganic Iodine into Organic Iodine, and Thyroid 
Hormone Synthesis 

Iodide in the bloodstream enters the thyroid gland via the Na-I cotransporter. This 
cotransporter facilitates the coupled entry of sodium and iodide into the cell. The 
first step in thyroid hormone synthesis is the incorporation of iodide into a large 
protein. The iodide is incorporated into tyrosine residues of thyroglobulin, a 
protein of molecular weight 660,000. The protein is composed of two identical 
subunits. It contains 140 residues of tyrosine, but does not have a higher propor- 
tion of tyrosine than the average protein. Normall~ thyroglobulin contains 10 to 
50 iodine atoms. Less than one-third of the tyrosines contain iodine in the form of 
monoiodinated and diiodinated tyrosine (Figure 10.20). 
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FIGURE 10.20 Synthesis of T4 from thyroglobulin. 

The second step in thyroid hormone synthesis is the covalent bridging of two 
different residues of iodinated tyrosine. A dimer is formed, reminiscent of the 
dimers of cysteine in proteins (the cysteine dimer is called cystine). Only a small 
fraction of the iodinated tyrosines is bridged in this way. More specifically; only 
four of the iodinated tyrosines, located at positions 5, 2555, 2569, and 2748, partici- 
pate in the reaction. The numbers refer to the amino acid, counting from the amino 
terminus of the protein. Thyroglobulin has 2748 amino acids. The first and second 
steps are catalyzed by thyroperoxidase, a heme protein. It requires hydrogen 
peroxide for activity. To summarize, thyroperoxidase catalyzes the attachment of 
iodine atoms to residues of tyrosine as well as the subsequent cross-linking of the 
iodinated tyrosine residues. 

The third step in thyroid hormone synthesis is cleavage of the aromatic R group 
from one of the iodinated tyrosines in the dimer. As a result, one of the iodotyros- 



Iodine 733 

ines contains an extra aromatic ring, and the other iodotyrosine residue loses its 
aromatic ring (Figure 10.20). Then the amino acids at the N-terminal and C-termi- 
nal ends are cleaved, liberating the coupled iodotyrosine residues. Coupled iodo- 
tyrosines that contain four atoms of iodine are called 3,5,3',5'-tetraiodothyronine 
(thyroxine, T4). Coupled iodotyrosines that contain only three residues of iodine 
are called 3,5,3'-triiodothyronine (T3). Most of the thyroid hormone released from 
the thyroid gland takes the form of T4, with T3 making up only about 10% of the 
hormone released. After liberation of T4 and T3, the remainder of thyroglobulin is 
proteolyzed, releasing the large quantity of iodotyrosines that did not participate 
in thyroid hormone synthesis. These iodotyrosines are deiodinated, resulting in 
highly efficient recycling of the iodine atoms in the thyroid gland. 

Iodinated thyroglobulin is stored in a viscous gel in the thyroid gland called 
colloid. The store of iodinated thyroglobulin is sufficient for about 100 days of 
normal thyroid hormone secretion with the consumption of an iodine-free diet. 
Thyroglobulin accounts for about 75% of the weight of the entire thyroid gland 
(see Figure 10.21). 

The concentrations of T4 (80 ng/ml) and T3 (1.2 ng/ml) in normal human 
serum are indicated. Most of the T3 in the bloodstream is not directly produced 
by the thyroid, but results from deiodination of T4 in the liver and kidne}~ a 
reaction catalyzed by 5'-deiodinase (Figure 10.22). The enzyme is bound to the 
membrane of the endoplasmic reticulum. This means that most of the T3 entering 
target organs such as the skeletal muscle is produced with the participation of the 

Storage in 
the colloid 

TI 
Thyroglobu 

Iodide 

Bloodstream 

Iodinated 
thyroglobulin 

Diiodotyrosine and 1 

T4 aid T3 

Bloodstream 

FIGURE 10.21 Iodine uptake and thyroid hormone synthesis by the thyroid gland. Thy- 
roglobulin is broken down to yield T4 and T3 as well as iodotyrosine byproducts. These 
byproducts are further broken down in the thyroid to yield iodide. 
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FIGURE 10.22 Conversion of T4 to T3 and to inactive catabolites. 

thyroid and the liven The brain, on the other hand, produces its own T3 from T4. 
About 40% of T4 is converted to a biologically inactive metabolite, reverse T3. 
Removal of one of the iodine atoms from the inner ring of T4 produces reverse T3. 
Both T3 and reverse T3 are further deiodinated to produce other inactive com- 
pounds, mono- and diiodothyronine, which are excreted in the urine. 

Thyroid hormones have a lengthy life-span in the bloodstream - -  several days 
R probably because they are bound to proteins in the circulation. More than 99% 
of T4 and T3 is bound to plasma proteins. These proteins are thyroid hormone- 
binding protein, transthyretin, and albumin. Most of the hormone is carried by 
thyroid hormone-binding protein. Transthyretin (from thyroid and retinol) occurs 
in a 1:1 complex with retinol-binding protein in the bloodstream. This complex 
serves to prevent the loss of retinol-binding protein, which is a small protein, in 
the urine. Transthyretin has also been called prealbumin. It binds T4 and not T3. 

The Deiodinases  

The deiodinases are selenium-containing enzymes that are used for the synthesis 
of the active form of thyroid hormone, T3. The deiodinases also catalyze the 
inactivation of the various forms of thyroid hormone. Three types of dei0dinase 
exist, and these are called type I, type II, and type III deiodinase. Further details 
appear in the Selenium section. 

Type I deiodinase appears to be responsible for most of the T3 in the blood- 
stream. The type I enzyme catalyzes the conversion of T4 to T3 within the thyroid 
gland. This is a 5"-deiodination reaction. The dominant role of this enzyme is 
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revealed by the fact that only type I deiodinase is inhibited by the propylthiouracil, 
a drug used to produce thyroid hormone deficiency. Propylthiouracil does not 
inhibit the type II or III enzymes (St. Germain, 1994; Croteau et al., 1996). 

Type II deiodinase occurs in the brain and brown adipose tissue of rats (but not 
in muscle of rats), and in the brain, skeletal muscle, heart, and thyroid gland in 
humans (Pallud et al., 1997). This enzyme catalyzes the conversion of T4 to T3. 
When the thyroid gland is stimulated, the type II deiodinase takes on an increased 
importance in the conversion of T4 to T3 (Salvatore et al., 1996). Type II deiodinase 
is unique among the deiodinases in that it appears to contain two selenium atoms, 
rather than just one. The physiological role of the enzyme is to utilize T4 acquired 
from the bloodstream and to convert it to T3 within the target tissue. 

Type III deiodinase catalyzes the conversion of T4 to reverse T3, and the con- 
version of T3 to T2. These steps constitute 5'-deiodination reactions. The enzyme 
occurs in the brain and skin of rats. The physiological role of the type III enzyme 
is thought to be to protect the brain from possible toxic effects of active thyroid 
hormone (T3). The placenta is distinguished in that it contains both type II and 
type III deiodinases (Glinoer, 1997). 

Regulation of the Thyroid Gland 

The activity of the thyroid gland, which is located in the neck is regulated by 
hormones secreted by two glands in the brain, namely the pituitary gland and the 
hypothalamus. The activity of the thyroid gland is controlled via its stimulation 
by thyroid-stimulating hormone (TSH), secreted by the pituitary. TSH, also called 
thyrotropin, is a protein of molecular weight 28,000. It is a glycoprotein and 
contains oligosaccharides bound to residues of asparagine. Some of the sugar 
residues contain sulfate groups. The thyroid is able to change its sensitivity, 
depending on the availability of dietary iodine. With iodine deficienc3~ the sensi- 
tivity to TSH increases, resulting in stimulation of the thyroid gland. This stimu- 
lation takes the form of an increase in iodide transport, an increase in thyroperoxi- 
dase activi~, and enlargement of the thyroid gland. 

The pituitary gland is involved in feedback regulation of thyroid activity. High 
levels of T4 in the bloodstream result in inhibition of TSH secretion. Low levels of 
T4 result in an increase in TSH secretion. These effects are dependent on the 
conversion of T4 to T3 within the pituitary. The activity of the pituitary is control- 
led by thyrotropin-releasing hormone (TRH), a hormone synthesized in the hy- 
pothalamus. TRH is a tripeptide with the structure pyroglutamate-histidine- 
proline--NH2. Note the C-terminal amide group, which is required for the activity 
of many peptide hormones. TRH stimulates the synthesis and secretion of TSH. 
Apparentl~ TRH is involved in regulating the sensitivity of the pituitary to the 
inhibitory feedback control mechanism mentioned earlier. 

Hormonal Effects of Thyroid Hormone 

An increase in thyroid hormone levels results in an increase in the basal metabolic 
rate (BMR). BMR measurements can be used to assess thyroid status, as discussed 
in detail in Chapter 5. This method for the diagnosis of hypo- or hyperthyroidism 
is not in common use because it is cumbersome. The increase in BMR has been 
associated with increases in various reactions that use ATP. The increased use of 
ATP is matched by an increase in activity of the respiratory chain and in 02 
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reduction. The two reactions most closely associated with the increase in BMR 
with higher levels of plasma thyroid hormones are that of Na,K-ATPase (the 
sodium pump) and those of fatty acid synthesis. Na,K-ATPase is present in the 
membranes of most or all cells of the body. The increase in fatty acid synthesis with 
the rise in thyroid activity is associated with diversion of fatty acids in the liver 
away from triglyceride synthesis and toward oxidation. A rise in thyroid activity 
also induces an increase in the rate of fatty acid synthesis. The overall effect is a 
futile increase in fatty acid oxidation and fatty acid synthesis that results in excess 
heat production. 

Changes in thyroid hormone levels often occur in diseases unrelated to iodine 
status. These diseases are known as hyperthyroidism and hypothyroidism. They 
may arise from defects in the thyroid gland, pituitary; or hypothalamus. Hyper- 
thyroidism results in weight loss, despite a normal or increased energy intake. It 
may result in an exaggerated release of fatty acids from the adipose tissue with 
fasting. Hyperthyroidism can be treated with drugs that inhibit 5'-deiodinase. One 
such drug is propylthiouracil. Propylthiouracil has a structure similar to those of 
the antithyroid compounds present in tiny amounts in cabbage. In hypothyroid- 
ism, the opposite trends in metabolism can occur. There may be decreases in BMR 
and body temperature, as well as a mild gain in weight. Thyroid hormone plays 
a vital role in the normal growth of the fetus. A deficiency in this hormone has 
especially severe effects on brain development. 

Changes in thyroid hormone levels in the body provoke consequent changes in 
metabolism by forming a complex with a special transcription factor, the thyroid 
hormone receptor. The hormone/receptor complex then binds to special regions 
of the chromosome and provoke changes in the rate of transcription of nearby 
genes. Details of this scenario were presented in the vitamin chapter in the section 
on Vitamin A, Vitamin D, and Thyroid Hormone at the Genome. 

Iodine Deficiency 

An iodine intake of 100 to 150 ~tg/day is considered nutritionally adequate. 
Urinary iodine levels are similar to intake levels and can be used to estimate iodine 
consumption. Iodine deficiency occurs with an intake below 50 ~tg/day. Persons 
consuming this level are at risk for developing goiter. Goiter is almost always 
induced by intakes under 10 ~tg/day. Goiter is enlargement or hypertrophy of the 
thyroid gland. The thyroid in the iodine-sufficient subject is barely visible in the 
neck. Goiter, of increasing severity, is categorized in three grades: (1) a small 
enlargement detectable by palpitation, (2) a thick neck, and (3) a large swelling that 
may be asymmetrical and is visible from a distance. A grade 3 goiter compresses 
the trachea and can result in shortness of breath during heavy work. The highest 
incidences of goiter are found in less developed areas of the world such as the 
Czech Republic, the former Yugoslavia, parts of India, Paragua~ Peru, Argentina, 
Pakistan, most of Africa, Southeast Asia, and New Guinea. The disease does not 
frequently strike more developed areas because of the practice of fortifying salt 
with iodine. Goiter was once common in the United States in areas near the Great 
Lakes and westward to Washington and the Pacific. Goiter nearly disappeared by 
the 1950s because of salt fortification. Table salt is fortified with 100 mg KI/kg 
NaC1. Milk and bread may be inadvertently fortified with iodine. The iodine in 
milk originates from disinfectants used in the dairy industry. The iodide in bread 
(1 mg iodine/kg bread) originates from its use as a dough oxidizer by the bread 
industry. Goiter is reversible. 
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The most serious complication of iodine deficiency is cretinism. In societies 
suffering from widespread goiter, about 2% of the population may be cretins. 
Cretins suffer from mental retardation and have a characteristic facial appearance 
and a large tongue. Some are deaf and mute. Dwarfism, diplegia, and quadriplegia 
may also occur. Cretinism results from maternal iodine deficiency and thus is a 
diet-related birth defect. The mental and physical impairments of cretinism are not 
reversible. They can be prevented by treating the iodine-deficient mother with 
iodine early in pregnancy. Goiter is easy to diagnose because it presents by a 
swelling in the throat. Cretinism may be difficult to diagnose because it presents 
in a variety of different ways. The defect illustrates the importance of the thyroid 
hormones in fetal development. 

Iodine deficiency and the associated goiter and cretinism are treated by public 
health programs involving salt fortification and injections with iodized oil. The 
salt may be fortified with iodide (KI) or iodate (KIO3). Iodate is more stable to 
moisture and sunlight and is used as a supplement in underdeveloped countries. 
The iodine administered in oil is covalently bound to fatty acids and is released 
with the catabolism of the oil. Oil injections may be more acceptable in areas of the 
world where food is not salted, such as in parts of New Guinea. The efficacy of oil 
was shown in a study of iodine-deficient schoolchildren (Furnee et al., 1995). A 
cutoff point of urinary iodine, which was considered indicative of iodine deft- 
cienc~ was considered to be 0.4 ~tmol iodine per liter of urine. At the beginning of 
the stud~ the children were excreting about 0.17 Bmol I/liter. A single oral dose of 
triglycerides containing 675 mg iodine resulted in a concentration of urinary 
iodine above the cutoff point for just over one full year. 

The effect of iodine deficiency on thyroid weight and plasma T4 is briefly 
illustrated by the following experiment. Rats were fed diets containing normal (0.2 
mg iodine/kg diet) or low (0.1 mg iodine/kg diet) levels of iodine for 4 months. 
Table 10.10 demonstrates a marked increase in the weight of the thyroid gland, a 
decrease in plasma T4, and an increase in blood flow through the gland with the 
deficient diet. The increase in blood flow is thought to represent an adaptive 
mechanism that enhances the rate of delivery of plasma iodine to the thyroid gland 
in the deficient animal. Enlargement of the thyroid may be attributed to stimula- 
tion by increased levels of TSH. TSH levels increased by a very small extent in the 
study with rats. As discussed earlier, the thyroid can increase its sensitivity to TSH 
and thus be more greatly stimulated by TSH even with normal plasma TSH levels. 
Note that the normal human thyroid gland weighs 20 to 25 g. 

TABLE 10.10 Effects of Iodine Deficiency on Organs and Hormones 

Normal Deficient 

Thyroid gland weight (mg) 
Plasma T4 (ng/ml) 
Thyroid blood flow (ml/min per g of tissue) 
Thyroid-stimulating hormone (ng/ml) 

Source: Michalkiewicz et al. (1989). 

13 
40 
23 
2.4 

, ,  

23 
20 
68 
2.9 
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Goitrogens 

The risk of developing goiter during iodine deficiency is increased with the con- 
sumption of foods containing goitrogens. Goitrogens are chemicals that are toxic 
to the thyroid or that break down to produce toxic chemicals. Goitrogens are 
present in various foods, such as cassava, cabbage, turnips, and rutabagas. Cas- 
sava, for example, is a staple in Africa and tropical areas in the Pacific Basin. 
Cassava contains cyanogenic glycosides, which are a source of cyanide. In cassava 
intended for animal food, the cyanide is removed by warming the chopped 
cassava in the sun. When cassava is intended for human consumption, the cyanide 
is removed by boiling it in water. If not adequately removed, the cyanide is 
released from the goitrogen either in the plant or in the body. In the body; it is 
converted to thiocyanate. Thiocyanate induces goiter by inhibiting uptake of 
iodine by the thyroid. Thiocyanate also inhibits the activity of thyroperoxidase. 
Goitrogens in cabbages and related plants inhibit thyroperoxidase, especially its 
activity in catalyzing the coupling reaction. The goitrogen in cabbage is called 
goitrin. A similar chemical, propylthiouracil, is used as a drug in the treatment of 
hyperthyroidism. The structures of the compounds mentioned are shown in Fig- 
ure 10.23. 

High iodine intake can also have an antithyroid effect. An intake of 2.0 mg of 
iodide per day can impair the synthesis of thyroid hormone, resulting in lower 
levels of plasma T4 and T3. The thyroid gland enlarges in response, producing 
goiter. This problem occurs in Japan, where large amounts of iodine are consumed 
in the form of seaweed. The daily consumption of seaweed soup can supply 80 to 
200 mg iodine per day; causing "iodine goiter" in children and adults. 

CH3 0 ~  g l uco.~e Cassava 
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O 
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/ \ 
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H 
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�9 0 -- C ~ C ~ CH z 
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FIGURE 10.23 Structures of goitrogens. The breakdown of linamarin is shown. 
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IRON 

The RDA for iron for the adult man is 10 mg; that for the adult woman is 15 mg. 
The RDA during pregnancy is 30 mg. The RDAs are markedly influenced by the 
relatively low absorbability of dietary iron and by the losses of iron occurring 
during menstruation. Iron is present in a variety of foods. In the United States, the 
daily intake of iron is about 10 mg, with about one-third of this being supplied by 
meat, poultry~ and fish. The need for iron as a nutrient is universally appreciated. 
Its role as a component of the blood and as a nutrient needed to prevent anemia 
is common knowledge; however, iron is a rather atypical nutrient. First, a defi- 
ciency in this nutrient is not associated with symptoms that are striking or devas- 
tating, in contrast to the blindness caused by vitamin A deficiency and the bleeding 
caused by vitamin C deficiency. Another unique feature of iron is that it is stored 
in large amounts in the body. It is stored in a protein called ferritin. The iron in 
ferritin enables the newborn infant to grow while consuming foods marginal in 
iron content, such as breast milk. A further striking feature of iron is that it occurs 
as free iron in concentrations that are extremely low in the body. This is in contrast 
to free calcium ions, which occur at about 2 mM in the plasma, and free potassium 
ions, which are about 140 mM in the cell. There are two reasons that nearly all of 
the iron in the body is protein bound, rather than free. The first is that iron (ferric 
iron) is not soluble in water. Another reason is that free iron (ferrous iron) can be 
toxic to the cell. Ferrous iron can react with the hydrogen peroxide in biological 
fluids to form the hydroxyl radical, via the Fenton reaction. The Fenton reaction is 
shown in Figure 10.24. The complexation of iron with proteins may prevent its 
participation in generation of hydroxyl radicals. 

Issues in Iron Solubility 

A discussion of the solubilities of iron salts may prove useful in understanding the 
role of chelating agents in promoting or impairing the absorption of dietary iron. 
It may also contribute to an appreciation of the role of iron transport and storage 
proteins in facilitating the handling of iron in an aqueous environment. A brief 
outline of the locations of iron in the body introduces some of the iron transport 
and storage proteins and allows a comparison between the amount of iron stored 
in the body and the amount depleted by obligatory losses. A close look at iron 
biochemistry reveals a few details about hemoglobin, the most well known iron 
metalloprotein. 

HOOH' ~ v ' - ~  ~-HO- + HO. 
(hydrogen (hydroxyl 
per oxide) radical) 

Fe 2* Fe 3* 

FIGURE 10.24 One-electron oxidation of ferrous iron to ferric iron. The oxidation of 
ferrous to ferric iron can take place under a variety of conditions. One condition, shown 
here, involves the reduction of HOOH, producing a hydroxide anion and a hydroxyl 
radical. This reaction is the Fenton reaction. 
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A description of iron absorption and the effects of various foods on absorption 
represents topics of a more nutritional nature. Dietary iron consists of iron bound 
to the heme prosthetic group of heme-iron proteins and of iron bound to cysteine 
residues of nonheme iron proteins. The life cycle of iron involves absorption from 
the diet and insertion into various iron metalloproteins. It also involves the catabo- 
lism of iron metalloproteins, such as hemoglobin, liberation of the iron atom, and 
reutilization of the iron. The life cycle of the iron atom is quite eventful. An 
understanding of this life cycle requires descriptions of the proteins used for the 
transport and storage of iron and of the birth and death of the red blood cell. A 
number of mechanisms are used to dismantle the senescent red blood cell. Tests 
for iron status involve an examination of red blood cells, as one might expect; 
however, it might come as a surprise that iron status is often assessed by an 
examination of iron transport and storage proteins, rather than by functional tests 
involving iron metalloenzymes. This is in contrast to the various functional tests 
used for assessing status for the various vitamins, as stressed in Chapter 9. There 
are several problems in iron nutrition that affect persons of various age groups. 

The following descriptive material concerns the solubility of iron in the reduced 
form (ferrous iron, Fe 2+) and the oxidized form (ferric iron, FEB+). In a solution of 
strong acid, ferrous iron exists as a complex with water, Fe(H20) 2§ The complex 
contains six molecules of water. At higher pH, some of the protons of the complex 
are released, generating Fe(OH)2. Fe(OH)2 is pale green and, if present at suffi- 
ciently high concentrations, can form a gelatinous precipitate. Its maximal solubil- 
ity at pH 7 is about 0.1 M. Hence, this form of iron is fairly soluble at neutral pH. 

In a solution of strong acid, ferric iron exists as a complex with water, Fe(H20) 3§ 
At higher pH, some of the protons are released, generating Fe(OH)3. Fe(OH)3 is 
somewhat soluble in mild acid (pH 2.0), where it can be dissolved at a concentra- 
tion of about 1.0 mM. At higher pH, such as at neutrality, Fe(OH)3 is not water 
soluble. At pH 7.0 Fe(OH)3 can be dissolved to a concentration of only 10 -18 M. 
This is one-billionth of a billionth molar. In solutions of mildly acidic or neutral 
pH, Fe(OH)3 forms a brown polymer or aggregate. 

The levels of iron that can be maintained in solution can be enhanced by 
chelating agents. A chelating agent, or chelator, is usually a small organic com- 
pound that forms a complex with a metal ion. Ascorbate and apo-heme can form 
chelates with iron. Sugars, such as fructose, glucose, and sucrose, can also chelate 
iron. Multivalent anions, such as citrate, are good chelators. A level of 5 gM ferric 
iron can be kept in soluble form in the presence of 5 mM citrate. The iron present 
in these chelators is nutritionally available. The iron present in other chelating 
agents, in contrast, is not readily available to people or animals. These chelators 
include phosphate, phytic acid, and certain clays. 

Iron in the Human Body 

The adult man contains 40 to 50 mg of iron per kilogram body weight. The adult 
woman contains 35 to 50 mg iron per kilogram body weight. The newborn infant 
contains relatively high levels of iron, about 70 mg/kg.  These high levels reflect 
the high levels of iron stored in ferritin and the relatively high concentration of red 
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blood cells in the bloodstream of the neonate. The premature infant may have 
lower stores of iron. 

The obligatory losses of iron in the adult man occur by way of the skin (0.2 
rag/day), gastrointestinal tract (0.6 mg), and urinary tract (0.1 rag). Thus, the 
overall losses amount to about 0.9 mg per day. Women have additional losses as 
a result of menstruation. The normal menstrual flow is about 35 ml per period. 
This is equivalent to about 18 mg iron, as blood contains 0.5 mg of iron per 
milliliter. Excessive menstrual blood loss is the most common cause of iron defi- 
ciency in women. The upper limit of the normal period is about 80 ml; excessive 
losses may rise over 200 ml per period. The populations at risk for an iron 
deficiency are those that are rapidly growing and those that are losing blood. These 
populations include infants between the ages of 0.5 and 4 years, young adoles- 
cents, and women during pregnancy and during the reproductive period. 

Hemoglobin, which represents more than 95% of the protein of the red blood 
cell, contains about 60% of the body's iron. Myoglobin is an oxygen storage protein 
and represents under 1.0% of the protein of muscle. Myoglobin contains about 4% 
of the body's iron. Thus, about 64% of the body's iron occurs in proteins that 
transport or store oxygen. 

The iron occurring in the iron storage protein ferritin can represent between 5 
and 30% of the body's iron. The exact value depends on a number of factors, 
including the dietary history of the individual. Ferritin has a molecular weight of 
450,000 and contains 24 subunits, that is, 24 separate polypeptides. Each subunit 
forms a shell around a core of iron. The iron occurs as ferric iron (ferric hy- 
droxyphosphate). Iron enters ferritin as reduced iron. The protein shell has 14 
channels. It has been proposed that some of these channels are used for entry and 
exit of iron atoms. The iron is oxidized witt'dn the interior of the protein shell to 
ferric iron. The mechanism responsible for this oxidation as iron enters ferritin, 
and for the reduction that occurs as iron leaves ferritin, is not clean 

The iron needs of the body are controlled by changing the content of iron in the 
storage protein ferritin. The iron needs of the body are not controlled by varying 
the rate of iron excretion, in striking contrast to the mechanisms used to control 
the body's sodium and potassium. Hemosiderin is an additional iron storage 
protein. This protein occurs in lysosomes and is thought to represent a partially 
degraded form of ferritin. Iron tends to be stored in hemosiderin with an iron 
overload, that is, a high dose of iron. 

Transferrin, a protein with a molecular weight of 74,000, has the capacity to bind 
two atoms of iron. The iron is bound in the oxidized form. Transferrin is an iron 
transport protein. The iron bound to this protein accounts for only 0.1% of the 
body's iron. This protein does not reside in a storage facility in the body, but occurs 
in transit from one organ to another. The role of transferrin in delivering iron to 
the cell is as follows. First, holotransferrin (containing iron) binds to the transferrin 
receptor on the cell surface (Step 1). This is followed by invagination of a region 
of the plasma membrane containing a number of bound holotransferrins to form 
a vesicle, which buds off within the cell (Step 2). This vesicle fuses with a second 
vesicle that contains an acid pump. The acid pump is used to lower the pH within 
the vesicle. The acid environment promotes the release of ferric iron from trans- 
ferrin. Transferrin remains bound to its receptor. The iron remains bound within 
the vesicle (Step 3). The iron is reduced to ferrous iron, possibly by a membrane- 
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bound enzyme. Fe 2+ readily crosses the membrane into the cytoplasm. The source 
of electrons for this reduction is not clear; it may be NADH, ascorbic acid, or 
glutathione. Glutathione contains a sulfhydryl group, which is a biological reduc- 
rant (Step 4). The vesicle, which contains the apotransferrin-transferrin receptor 
complex in its membrane, fuses with the plasma membrane (Step 5). In the neutral 
environment of the bloodstream, apotransferrin dissociates from the receptor and 
enters the circulation (Step 6). The steps described are illustrated in Figure 10.25. 

The levels of transferrin receptor and ferritin are regulated in a coordinated 
manner. When a cell needs more iron, the transferrin receptor increases in number 
in the plasma membrane of the cell~ thus promoting uptake of Fe. At the same time, 
ferritin synthesis decreases, promoting the use of iron by Fe-requiring proteins in 
the cell. The levels of transferritin and ferritin are controlled by changes in the 
mRNA coding for these proteins, as detailed later in this section. 

A second iron-transport system may be used by various cells. This system is 
thought to involve ceruloplasmin, a small peptide, and a membrane-bound trans- 
porter. A fraction of the iron in the bloodstream occurs, in the ferrous form, bound 
to a small peptide. Ceruloplasmin is a plasma protein that can catalyze the oxida- 
tion of ferrous iron to ferric iron. Evidence suggests that the ceruloplasmin in the 
bloodstream catalyzes the oxidation of iron, and the coincident transfer of the iron 
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FIGURE 10.25 Utilization of transferrin and its receptor for delivering iron into the cell. 
The iron/transferrin complex circulates throughout the bloodstream. Eventually; the 
iron/transferrin complex binds to the transferrin receptor, a membrane-bound protein 
(Step 1). Part of the plasma membrane pinches off, creating an endocytotic vesicle, which 
resides in the cytoplasm (Step 2). The interior of the vesicles becomes acidified (Step 3), 
and the iron atoms leave the vesicle (Step 4). Mobilferrin is a cytosolic protein that is 
thought to bind the released iron atoms, and to shuttle them to newly synthesized iron 
metalloproteins (Conrad et al., 1996). Finally; the transferrin receptor is inserted back into 
the plasma membrane (Steps 5 and 6). 
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to the membrane-bound transporter (Mukhopadhyay et al., 1998). Ceruloplasmin 
is not an iron-transport protein; it is an iron-oxidizing enzyme, and remains 
outside the cell during the proposed pathway of transport. The aforementioned 
small peptide is unique, in that its levels in plasma increase markedly during 
hemochromatosis, a disease of iron metabolism. 

Biochemistry of Iron 

About 7% of the body's iron occurs in iron metalloenzymes. These enzymes are 
classified into the heme enzymes and the nonheme enzymes. Heme is a coenzyme 
that contains one atom of tightly bound iron. The iron in nonheme enzymes 
generally is tightly bound to the sulfur atoms of cysteine residues. Hence, these 
enzymes are called "iron-sulfur proteins." The heme proteins include hemoglobin, 
myoglobin, and the cytochromes. The cytochromes of the mitochondria are used 
in the respiratory chain. Cytochromes also occur in the endoplasmic reticulum, 
and these include cytochrome P450 and cytochrome b5. Cytochrome P450 catalyzes 
the hydroxylation of drugs, pesticides, carcinogens, and nonnutritive compounds 
found in plants. The enzyme also participates in alcohol metabolism. Cytochrome 
b5 is discussed in this section. The heme proteins also include catalase and peroxi- 
dase. These two enzymes are used for removing forms of oxygen that are poten- 
tially toxic to the cell, that is, hydrogen peroxide (HOOH) and organic peroxides 
(R--OOH), respectively. Another heine enzyme is endoperoxide synthase, dis- 
cussed under Essential Fatty Acids in Chapter 9. Some iron enzymes are used in 
the immune system, as discussed later. These include myeloperoxidase, a heme 
enzyme, and ribonucleotide reductase, a nonheme enzyme. Table 10.11 lists some 
of the nonheme iron enzymes of the body. 

Hemoglobin 

Hemoglobin (Hb) has the following properties. It is the major protein of the red 
blood cells. Hemoglobin, along with its cofactor heme, is synthesized in immature 
red blood cells. Hemoglobin functions as an oxygen carrier. It has a molecular 
weight of 64,500 and is composed of four subunits. Two of the subunits are called 
(x-globin, and the other two are ~-globin. Each subunit contains a heme group, 
which can bind one molecule of 02. The iron atom present in the heme group must 
be in the reduced ferrous form to bind 02. The affinity of Hb for oxygen varies 
depending on the concentration of 02 in the environment, that is, in the blood- 
stream. The binding is strong in the presence of high concentrations of oxygen, as 
in the capillaries of the lungs. Here, the red blood cell replenishes its supply of 02. 
As the red blood cell encounters environments of lower oxygen levels, the affinity 
for Hb for oxygen adjusts itself, resulting in a lower binding strength. Here, the 
oxygen dissociates from the Hb and enters the tissues. 

Another feature of Hb is that it responds to the pH of the bloodstream. Acidic 
pH induces a decrease in the affinity of Hb for oxygen n the Bohr effect. This effect 
is useful in promoting the release of 02 in exercising tissues, where there is 
increased production of CO2. The CO2 enters the red blood cell, where it is 
converted to carbonic acid by the action of carbonic anhydrase. The acid dissoci- 
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TABLE 10.11 Nonheme Iron Enzymes 

Nonheme iron enzymes Function 

Aconitase 
Succinate dehydrogenase 
Ribonucleotide reductase 

Xanthine dehydrogenase 

Adrenodoxin 

A9-Desaturase 
NADH dehydrogenase 
Coenzyme Q reductase 

Krebs cycle 
Krebs cycle 
DNA synthesis. The enzyme catalyzes the reduction of ribo- 

nucleotide diphosphates (ADP, UDP, GDP, CDP) to the respective 
deoxyribonucleotide diphosphates (dADP, dUDP, dGDP, dCDP). 
These latter compounds are then converted to dATP, dTFP, dGTP, 
and dCTP, respectivel~ by other enzymes and used for DNA 
synthesis. 

The enzyme is used in the catabolism of the purine ring. It catalyzes 
the NAD-dependent oxidation of xanthine to uric acid. The en- 
zyme also contains FAD and molybdenum. A fraction of the 
enzyme normally occurs in the body as xanthine oxidase, which 
represents an altered form of the enzyme. Xanthine oxidase uses 02 
as an oxidant, rather than NAD +. Xanthine oxidase converts xan- 
thine to uric acid, and 02 to HOOH and the hydroxyl radical. 

The enzyme is used in the synthesis of steroid hormones from 
cholesterol. It is used for the introduction of oxygen atoms 
into cholesterol in the biosynthetic pathways for aldosterone, 
the glucocorticoids, and the sex hormones. 

The enzyme is used in the synthesis of unsaturated fatty acids. 
Respiratory chain 
Respiratory chain 

ates in the cell, inducing release of 0 2 to the tissues. The Bohr effect is dependent  
on the presence of both forms of globin. Artificially produced Hb containing four 
subunits of ~-globin, for example, does not display the Bohr effect. 

A very small fraction of Hb spontaneously oxidizes per da~ producing ferric 
Hb. Ferric Hb is called methemoglobin .  Normal l~  the amount  of Hb in this form 
constitutes less than 1% of the total Hb. Methemoglobin is reduced back to Hb 
within the red blood cell by a system composed of three proteins: cytochrome b5 
reductase, cytochrome bs, and methemoglobin reductase. These proteins are not 
bound  to the endoplasmic reticulum because the mature red blood cell does not 
contain organelles. NADH, derived from red blood glycolysis, supplies electrons 
to cytochrome b5 reductase, which are transferred to cytochrome b5, to methemo- 
globin reductase, and finally to methemoglobin.  Methemoglobin can accumulate 
in the blood with nitrite poisoning. Infants are especially susceptible to poisoning 
by nitrite or nitrate. Ingested nitrate is converted to nitrite by the gut microflora 
and absorbed into the bloodstream. Poisoning by these chemicals manifests as a 
blue color of the skin. 

Nitrite Poisoning 

Ingested nitrate is converted to nitrite by the gut microflora, or by the oral mi- 
croflora, and then absorbed into the bloodstream. One estimate suggests that 
about 8% of oral nitrate is converted to nitrite by the bacteria of the mouth,  where 
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this conversion is promoted by the recirculation of nitrate from the gut, to the 
blood, out into the saliva, and back to the gut (de Vries, 1997). Nitrite poisoning 
has occurred in several hundred infants, with over a dozen infant deaths, due to 
feeding the infants water from wells in Minnesota, South Dakota, and Iowa 
(Johnson et al., 1987). Here nitrate is consumed, but once consumed it is converted 
into nitrate within the infant's body. The well water in question contained about 
150 mg nitrate/liter. Infants tend to have low levels of cytochrome bs reductase in 
their red blood cells, possibly accounting for their increased susceptibility to 
poisoning by nitrate or nitrite. Nitrite poisoning, with the typical symptoms of 
nausea, vomiting, and blue skin color, has occurred with consumption of Polish 
blood sausages (Bakshi et al., 1967). Although preserved meats usually contain 
added nitrite, in order to prevent the production of botulinum toxin, nitrite is also 
added to lend a red color to the meat. Nitrite poisoning from sausages has not 
occurred when the correct levels of nitrite were used, but only when the manufac- 
turer accidentally added too much nitrite or failed to disperse the concentrated 
nitrite additive. 

Other Iron Metalloproteins 

Myoglobin is a monomeric protein with a molecular weight of 16,900. It is a minor 
protein of muscle and is used for short-term storage of oxygen. Myoglobin binds 
oxygen more tightly than does Hb. The rate of 02 release increases when the 
environment contains very low levels of 02. In diving mammals, such as dolphins 
and seals, the myoglobin content of muscle can reach 3 to 8% of the muscle protein. 
The enzymes of the respiratory chain include NADH dehydrogenase, which is a 
nonheme iron protein, and the cytochromes, which are heme proteins. NADH 
dehydrogenase is bound to the mitochondrial membrane. It mediates the transfer 
of electrons from NADH to coenzyme Q reductase. Coenzyme Q reductase re- 
ceives electrons from a second source, via direct transfer from succinate dehydro- 
genase. Succinate dehydrogenase, an enzyme of the Krebs cycle, is bound to the 
mitochondrial membrane and in this way is unique among the enzymes of the 
Krebs cycle. Coenzyme Q reductase is a nonheme iron protein. It mediates the 
transfer of electrons from the preceding two sources (NADH and succinate dehy- 
drogenase) to coenzyme Q. These electrons are then transferred to cytochrome b, 
which then transfers them to cytochrome c. Finally; cytochrome c oxidase catalyzes 
the transfer of the electrons from cytochrome c to oxygen, forming water. 

If one were required to name the most important enzyme in the body; one might 
name cytochrome c oxidase, because of its vital interfacing with oxidative meta- 
bolism and 02. At this point, electrons derived from components of the diet meet 
the oxygen absorbed by the lungs. Cytochrome c oxidase is a multisubunit protein 
containing about a dozen proteins. These include two cytochromes (a and a3) and 
two copper proteins. A simplified mechanism of action for cytochrome c oxidase 
is outlined in four steps in Figure 10.26. 

The cytochromes of the respiratory chain are usually described in elementary 
biology courses; however, a number of other heme-containing enzymes also called 
cytochromes exist. These include cytochrome P450 and cytochrome b5. Cyto- 
chrome P450 received its name because, under certain conditions, it absorbs light 
having a wavelength of 450 nm. Cytochrome P450 is not one protein but a group 



746 10 Inorganic Nutrients 

Fe 2* Cu 1§ 

Fe 3. ~ O ~ O ~ Cu 2* 

e - + H *  

Fe r ~ 0 HO ~ Cu 2. ~ - - ~ - e -  + H* 

Fe 3+ - -  O H  HO - -  Cu ~* 

Fe 2+ 

2 e- + 2H* 

2 H20 

Cu TM 

O~O 

FIGURE 10.26 Simplified mechanism of action for cytochrome c oxidase. (1) A molecule 
of oxygen binds to the iron and copper of the protein. Both of these metals occur in the 
reduced form at this point. Oxygen contains a double bond. The electrons of one of these 
bonds is shared between the iron and copper atoms. The metal atoms also share one of 
their electrons with the oxygen, resulting in their conversion to ferric and cupric ions. (2) 
Cytochrome c donates an electron to cytochrome c oxidase. This electron originated from 
food, that is, the oxidation of food. The electron is accepted at the copper side of the oxygen 
complex. A proton is also accepted at this side, generating a hydroxyl group bound at the 
copper. Iron is generated in the 4+ state. (3) A second electron arrives from cytochrome c 
and is accepted from the iron side of the oxygen. A proton is also accepted. (4) Two more 
electrons arrive from cytochrome c. This regenerates cytochrome c oxidase in its original 
reduced state. Two protons bind to the oxygen, generating water. 

of closely related proteins involved in electron transfer reactions. One function of 
cytochrome P450 was ment ioned under  Alcohol in Chapter  4. Its function in 
reducing methemoglobin  was ment ioned earlier. Cytochromes P450 and b5 also 
participate in the metabolism of lipids. The proteins are part  of electron chains that 
are small compared to the elaborate appara tus  of the respiratory chain. 

Cytochromes are used in the conversion of cholesterol to the steroid hormones.  
These hormones  include aldosterone, cortisol, and the sex hormones.  Synthesis of 
aldosterone, for example, occurs in the mitochondria of the adrenal cortex. One of 
the steps in aldosterone synthesis is a hydroxylat ion that is catalyzed by a complex 
of adrenodoxin reductase (FAD-containing protein), adrenodoxin (nonheme iron 
protein), and cytochrome P450 (heme protein). 

The synthesis of unsatura ted fatty acids is described under  Essential Fatty Acids 
in Chapter  9. One of the steps involves the A9-desaturase, also called stearyl-CoA 
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FIGURE 10.27 Role of cytochromes in steroid hormone synthesis and fatty acid desaturation. 

desaturase. The desaturation reaction requires a complex of membrane-bound 
proteins of the endoplasmic reticulum. The active sites of the proteins face the 
cytoplasm rather than the lumen of the endoplasmic reticulum. Thus, the event of 
long-chain fatty acid desaturation might be considered a cytoplasmic event. De- 
saturation requires the participation of three proteins: cytochrome b5 reductase 
(FAD-containing proteins), cytochrome b5 (heme protein), and A9-desaturase (non- 
heme iron protein). The pathway of electron transport, from NADH to molecular 
oxygen, involving Ag-desaturase is shown in Figure 10.27. NADPH can also serve 
as the electron donor. 

Ribonucleotide reductase is a cytoplasmic enzyme required by all growing cells. 
This enzyme converts ribonucleotides to the corresponding deoxyribonucleotides, 
the building blocks of DNA synthesis. The enzyme uses ribonucleotides in the 
diphosphate form, rather than the more familiar triphosphate form: 

ADP > dADP 
RbonucleotJde reductase (10.2) (non4~me iron) 

Iron-Containing Enzymes of the Immune System 

Severe iron deficiency has been associated with an increased incidence of infec- 
tions. There is some thought that this is due to an impairment of the activity of the 
iron-requiring enzymes of cells of the immune system. These cells are the neutro- 
phils, which are phagocytic cells, and the lymphocytes, which are antibody-pro- 
ducing cells. Neutrophils phagocytize bacteria and kill them. The neutrophil 
engulfs the bacterium, surrounds it with a vesicle, and then exposes it to toxic 
forms of oxygen such as hydrogen peroxide and the hydroxyl radical. In addition, 
the bacterium is exposed to hypochlorous acid (HOC1), which is a strong oxidant 
and highly toxic. Hypochlorous acid is synthesized from HOOH and chloride ions 
by the heme metalloenzyme myeloperoxidase: 
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HOOH + CI- > H20 + HOCI ~x~se  (10.3) 

Myeloperoxidase resides in a vesicle in the neutrophil called the azurophilic 
granule. This vesicle fuses with the phagocytic vesicle, which contains the bacte- 
rium, exposing the bacterium to the enzyme as well as to its toxic product. 

Lymphocytes synthesize antibodies. Antibodies are proteins that recognize and 
bind to structures that are foreign to the host organism. Each lymphocyte biosyn- 
thesizes only one type of antibody. The lymphocyte is stimulated to divide and 
multiply and to produce its one type of antibody when the body is exposed to 
foreign proteins. The iron enzyme most vital to the process of cell multiplication 
is ribonucleotide reductase. 

Attempts to establish a connection between iron deficienc~ impairment of 
neutrophil and lymphocyte function, and increased rate of infections have not 
been conclusive to date. One complicating issue in making the connection between 
iron deficiency and resultant infections is that some infections can induce iron 
deficiency. One example is the hookworm infection, described later in this section. 
Among the most severely iron-deficient people in the world are children in Africa 
in areas where malaria is prevalent. The children die of malaria rather than of 
physiological defects resulting from the iron deficiency. 

Regu la t ion  of I ron -Requ i r ing  Enzymes and the Iron Response Element 

Response elements are short stretches of DNA that are used for regulating the rate 
of transcription of nearby genes. The response elements that bind hormone bind- 
ing proteins were detailed in the section on Vitamin A, Vitamin D, and Thyroid 
Hormone at the Genome. These response elements occur in DNA. The iron re- 
sponse element (IRE) occurs in mRNA, and is used to regulate the level of certain 
iron metalloproteins. An iron-binding protein that is used in conjunction with the 
IRE is called the iron regulatory protein (IRP). The iron response element is coded 
for by our DNA, but the iron regulatory protein only binds to the IRE which occurs 
in messenger RNA. 

Iron response elements consist of short stretches of ribonucleic acid, and they 
occur in the mRNA coding for ferritin, transferrin receptor, and 8-aminolevulinic 
acid synthase. Each IRE can be bound by an IRP. Several different IRPs exist. 
Surprisingly, one of the IREs is quite similar to aconitase, the Krebs cycle enzyme 
(Kim et al., 1996; Toth and Bridges, 1995; Henderson et al., 1996). All IRPs contain 
an iron binding site. This site consists of several residues of cysteine. To be more 
specific, the sulfhydryl groups of cysteine residues function to bind iron atoms. 

When iron is low in the cell, the mRNA for ferritin is translated at a lesser rate 
(resulting in lesser amounts of this protein in the cell). The goal here is to cut down 
on the excessive synthesis of our major iron storage protein, if no excess iron is 
available for storing. When iron is low in the cell, the mRNA for the transferrin 
receptor is translated more (creating more transferrin). When iron is low in the cell, 
the mRNA for 8-aminolevulinate synthase, an enzyme in the heme biosynthetic 
pathway, is translated less. The overall goal here is to cut down on the wasteful 
synthesis of heme, if no iron is available for completing this cofactor. 
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The following scenario is proposed, but not proven. When the supply of iron is 
high, more iron binds to each IRP, and the IRP no longer binds to iron response 
element. When dietary iron is low, less iron binds to the IRPs, resulting in more of 
the IRP binding to the iron response element. IRP binding to the iron response 
element reduces translation, while no binding of the IRP increase translation. 

The structure of the IRE that occurs in the sequence of ferritin mRNA appears 
in Figure 10.34. The iron response element is a small region of RNA, and it is 
distinguished in that it spontaneously folds upon itself to form a hairpin shape. 
The ribonucleotides of RNA follow similar base-pairing rules as in DNA. In RNA, 
guanine binds to cytosine, and adenine binds to uracil. It is accurate to state that 
within the hairpin the RNA occurs as double-stranded RNA. To repeat, one might 
note that DNA contains a sequence of DNA bases that is used to code for the iron 
response element, but these DNA bases do not bind the IRP. 

In the case of transferrin, the rate of degradation of the transferrin mRNA is 
altered, with a consequent change in the amount of transferritin in the cell. In the 
case of ferritin, the rate of translation of ferritin mRNA is directly altered, with a 
consequent change in the amount of ferritin protein in the cell. The hairpin, or 
stem-and-loop, of the iron response element interacts with cellular iron in a way 
that changes the rate of degradation of the entire mRNA (transferrin) or rate of 
translation (ferritin). Each hairpin consists of only 30 to 40 ribonucleotides and 
hence accounts for a small portion of the entire mRNA (Figure 10.34). The entire 
mRNA used for making ferritin, for example, consists of 1100 ribonucleotides. The 
first 92 ribonucleotides do not code for any part of ferritin, and it is here, in the 
upstream untranslated region (5'-UTR), where the iron-responsive element occurs. 
The coding region of the ferritin's mRNA occurs at ribonucleotides 92 to 662. The 
function of the remaining ribonucleotides (the downstream untranslated region; 
3'-UTR), if an~ is not clear. Much of the work on iron regulation was performed 
in the laboratory of Hamish Munro. 

Absorption and Recycling of Iron 

Iron absorption is an issue of continuing interest in the nutritional sciences because 
of the relatively high frequency of iron-deficiency anemia and the remarkably poor 
efficiency of absorption of most forms of dietary iron. The biochemistry of iron 
absorption by the gut is not much understood. Hence, the material that follows 
consists mainly of valuable descriptive information. The availability of the iron in 
plant foods such as beans, peas, corn, bread, and rice is quite poor. It ranges from 
less than 1% to 10%. The availability of iron in meat is considerably higher than 
that in plant products. The nonheme iron in meat, fish, chicken and liver may be 
about 20% available. The heme iron of meat may be close to 30% available. Nearly 
all of the iron in plants is nonheme iron. Much of the iron in meat is nonheme iron 
as well. The most available source of iron is human milk (50%). The term "avail- 
ability" describes the percentage of the iron in the food that is absorbed and used 
for physiological purposes, such as red blood cell formation. The availability of 
iron in various foods can be measured by preparing a food containing radioactive 
iron, feeding it to a subject, and measuring the incorporation of radioactivity into 
the hemoglobin of the red blood cells. Radioactive food can be prepared by adding 
the radioactive iron to the food or by growing the food (plant or animal) in the 
presence of radioactive iron. 
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The interactions between different foods have sparked some interest. For exam- 
ple, if rice is consumed with orange juice, the orange juice can enhance the 
absorption of the iron in the rice. This effect results from the chelation of the iron 
by the ascorbate in the juice and the increased absorbability of the iron from the 
complex. On the other hand, if rice is consumed with tea, the tannins in the tea can 
reduce the absorption of the iron in the rice because the iron in the i ron-tannin 
complex is not readily available. In general, including meat  in the diet can increase 
the availability of iron from other foods. The mechanism of this effect is not clean 
The availability of heme iron is not much influenced by other components  of the 
food known to influence availability of nonheme iron. These components  include 
ascorbate, tannins, phytate,  phosphates,  and fibers. 

The following s tudy illustrates the range in availability of iron when  consumed 
with various foods. The subjects consumed a dose of radioactive iron (55Fe or 59Fe) 
that had been dispersed in the test food. The test foods included starch (Experi- 
ment  1), corn meal mush  (Expt. 2), corn meal mush  with meat  (Expt. 3), bread 
(Expt. 4), and bread and meat  (Expt. 5). The availability of the iron was determined 
by measuring the amount  of radioactivity incorporated into the red blood cells 2 
weeks after consumption of the test meal. The results, listed in Table 10.12, show 
that iron's availability was lowest when  mixed with the corn meal and that 
availability was improved when  meat  was consumed with the corn meal. The 
meat  seemed not to affect the availability of the iron in the bread. It is not clear 
w h y  the effect of the meat  differed in Experiments 3 and 5. 

Phytic Acid Impairs Iron Absorption 

Phytic acid has been identified as a major inhibitor of iron absorption in plant 
foods. Phytic acid is inositol hexaphosphoric acid (Figure 10.28). Phytate is a 
constituent of plants and constitutes from I to 5% of the weight  of legumes, cereals, 
and nuts. About  half of the phosphate  in grain may  be in the form of phytate. 
Cereal grains are the seeds of plants such as wheat,  rice, maize, millet, barle~ and 
oats. The seeds of cereals are covered with a husk containing indigestible fiber. The 
outer layers of the seed also contain most  of the phytate  of the seed. When 
removed by milling, the outer layer is called bran. Phytate also binds calcium and 
zinc ions, limiting their availability as well. In the United States, bread is enriched 

TABLE 10.12 Effects of Diet on Iron Availability 

Percent 
Experiment Test meal availability 

1 4 mg radioactive Fe 3+ + 67 g hydrolyzed starch in water + 35 g 11 
corn oil 

2 4 mg radioactive Fe 3+ + 60 g boiled corn meal 0.5 
3 4 mg radioactive Fe 3+ + 60 g boiled corn meal + 92 g cooked 1.6 

ground beef 
4 4 mg radioactive Fe 3+ + 60 g wheat bread 3.0 
5 4 mg radioactive Fe 3+ + 60 g wheat bread + 92 g cooked 3.2 

ground beef 

Source: Hurrell et al. (1989). 
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FIGURE 10.28 Structure of phytic acid. 

with iron at a level of 12.5 mg iron per pound. It is difficult to enrich bread or flour 
in underdeveloped countries, where iron deficiency is a widespread public health 
problem, because of the practice of milling wheat near the home, rather than at a 
central location, making iron fortification programs difficult to implement. 

Iron Supplements and Food Fortification 
Iron deficiency anemia occurs mainly in infants, children, and fertile women. For 
this reason, a variety of foods, including infant formula and infant cereals, is 
fortified with iron. Ferrous sulfate is a form of iron that is most readily absorbed 
by the gut, but when added to dry cereals it can promote their spoilage and 
rancidity. For this reason, dry cereals are fortified with elemental iron particles, 
ferric pyrophosphate, or ferrous fumarate (Davidsson et al., 1997). Ascorbic acid 
may also be added to the cereal to enhance iron absorption. To view some of the 
numbers, infant cereals may contain 75 mg iron/kg cereal (1.3 mmol iron/kg), 1 
mmol phytic acid/kg, and 2.6 mmol ascorbic acid/kg (Davidsson et al., 1997). 
Although phytic acid impairs iron absorption, the added ascorbate serves to 
prevent this effect. An alternate method for preventing phytate from impairing 
iron absorption is to treat the food with the enzyme phytase. A parent interested 
in enhancing a child's iron absorption can easily feed a child some orange juice, 
but it would not be practical to pretreat the child's cereal with phytase. A typical 
availability of ferrous sulfate in infants is about 3-5% (with no ascorbate), and 
6-10% (with ascorbate). Ascorbate is effective when present in a twofold molar 
excess over the iron. 

A large proportion of women in underdeveloped countries are iron-deficient 
before becoming pregnant. In this case, iron-deficiency anemia tends to develop 
by mid-pregnancy. One problem with some community programs intended to 
correct iron-deficiency anemia is that daily doses of 60-120 mg iron (as ferrous 
sulfate) are given. These doses tend to produce toxic effects (pain, nausea) and 
have the end-result of poor compliance. A solution to this problem is to begin 
weekly supplements of 60-120 mg iron (not daily) at the start of pregnancy (well 
before anemia occurs) or for all women of childbearing age (Viteri, 1998). Evidence 
suggests that infants with iron-deficiency anemia may have reduced mental de- 
velopment, where assessment of intelligence was conducted at the age of 5 years 
(Lozoff et al., 1991). 

Regulation of Iron Absorption 
To some extent, the body's needs for iron can be controlled at the point of absorp- 
tion. Human subjects can vary their absorption of heme iron between 20 and 50%, 
and of nonheme iron between I and 40%, according to the body's needs. With iron 
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deficienc~ about 40% of both types of iron may be absorbed. With normal iron 
status, the percentage absorption of heme iron may decrease somewhat (to 20- 
30%), while the absorption of nonheme iron may decline more strikingly (to 
2.5-10%). The mechanisms involved in controlling the rate of iron absorption by 
the gut are not known (Lynch et al., 1989; Hallberg et al., 1997). 

Catabolism of Dietary Heme 

In the cases of dietary heme and nonheme iron, the iron appears in the blood- 
stream bound to the transport protein transferrin. After its dissociation from 
dietary proteins by proteases, the heme is absorbed intact by the enterocyte. The 
heme is then degraded by heme oxidase. Heme oxidase catalyzes the O2-depend- 
ent degradation of heme to biliverdin. Biliverdin is further degraded to bilirubin, 
which is excreted from the body in the bile. Heme absorption, as well as heme 
oxidase activity, is somewhat higher in the duodenum than in the jejunum and 
ileum, as determined in studies with rats. The heme catabolic pathway is shown 
in Figure 10.29. Most of the bilirubin in the body is not produced by the catabolism 
of dietary heme, but by the catabolism of the heme present in old, or senescent, 
red blood cells. Between 75 and 80% of the bilirubin formed in the body is derived 
from senescent red blood cells; most of the remainder is derived from the normal 
turnover of the heme proteins in the liver. 

Catabolism of Red Blood Cells 

The human red blood cell has a life-span in the circulatory system of about 120 
days. This life-span is due to the natural senescence of the cell. Apparentl~ mecha- 
nisms exist that trigger destruction of the red blood cell at about 120 days. The 
senescent red blood cell is removed from the circulation by special phagocytic cells 
called macrophages. Most senescent red blood cells are consumed by macro- 
phages in the spleen. The liver, lungs, and connective tissues also contain macro- 
phages. The macrophages that reside in the liver are called Kupffer cells. Kupffer 
cells reside in the walls of the capillaries in the liver, where they have access to 
large particles in the blood. The macrophages, as well as a few other types of cells, 
are part of the mononuclear phagocytic system (MPS). The cells of the MPS are 
all derived from the stem cells of the bone marrow. Red blood cells, neutrophils, 
and lymphocytes are not part of the MPS. 

About 90% of senescent red blood cells are taken up by the macrophages; only 
10% hemolyze (rupture) while in the bloodstream, releasing hemoglobin into the 
plasma. The free hemoglobin binds immediately to haptoglobin to form a com- 
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FIGURE 10.29 Heme degradation pathway. 
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FIGURE 10.30 Breakdown of red blood cells to give hemoglobin and free heme. 

plex. Any heme released binds to hemopexin to form a complex as well. These 
complexes are taken up by the hepatocyte, where the iron is stored or used for 
other purposes (Figure 10.30). 

The body's iron is extensively recycled. This recycling involves its packaging in 
the red blood cells as part of the heme prosthetic group of hemoglobin, a period 
of 4 months in the circulating red blood cell, dismantling in the macrophage, 
packaging in transferrin, and delivery back to a developing red blood cell. The 
temporary residence of iron in ferritin may be part of this cycle. Erythropoiesis is 
the production of red blood cells. The pathway of erythropoiesis and the names of 
the immature forms of the red blood cell are discussed in the Folic Acid section. 

Biosynthesis of Heme 

Heme synthesis is described in eight steps. Glycine and succinyl-CoA are the 
starting materials; succinyl-CoA is an intermediate of the Krebs cycle, and glycine 
can be derived from the diet or from serine. The first step in heme synthesis is 
catalyzed by aminolevulinic acid synthase, a vitamin B6-requiring enzyme. The 
second step is catalyzed by aminolevulinic acid dehydratase, a zinc metalloen- 
zyme. The third step results in polymerization of four pyrrole units. The structure 
of the pyrrole ring is shown in Figure 10.31. The fourth step involves cyclization 
of the tetrapyrrole structure to form a large ring, the porphyrin ring. This is 
followed by modification of the ring by decarboxylations and oxidations. The final 
step involves insertion of ferrous iron into protoporphyrin IX to form heme. 
Protoporphyrin IX is apo-heme. All of the steps are shown in Figure 10.32. The 
heme biosynthetic pathway is distinguished by the fact that the first and final three 
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FIGURE 10.31 Structure of pyrrole. 
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steps take place in the mitochondrion. The intermediate steps take place in the 
cytosol. 

Aminolevulinic acid dehydratase has the dubious distinction of being ex- 
tremely sensitive to lead ions, Pb 2+. Lead can combine with the sulfhydryl groups 
of the enzyme, resulting in its inactivation. Lead poisoning occurs in children who 
consume paint with a high lead concentration and in workers at lead smelting 
plants. It should be noted that people who die of lead poisoning do not die because 
of heme deficiency. They die because of damage to the nervous system. 

The iron inserted into apo-heme is acquired from the transferrin circulating in 
the bloodstream. Transferrin is taken up by cells according to their need for iron. 
This transport is mediated by a membrane-bound protein of the plasma mem- 
brane called the transferrin receptor. The erythropoietic cell contains a large 
number of transferrin receptors in its plasma membrane. Stem cells contain very 
few transferrin receptors because of their lack of hemoglobin synthesis. The nor- 
moblast contains 0.3 to 0.8 million transferrin receptors, whereas the more mature 
reticulocyte contains 0.1 million receptors. After release of iron, transferrin returns 
to the bloodstream. Most of the transferrin contains iron derived from recently 
catabolized red blood cells, as shown in Figure 10.33. About 99% of the transferrin 
contains iron acquired from macrophages, where old red blood cells are disman- 
tled; only 1% is derived from recently absorbed dietary iron. 

Erythropoiesis is controlled by the hormone erythropoietin. A protein of mo- 
lecular weight 40,000, erythropoietin is fairly large for a hormone. Erythropoietin 
is also called a growth factor. The hormone is produced in the kidney, by cells in 
the walls of the capillaries in the region of the glomerulus. The concentration of 
erythropoietin in the bloodstream is normally 0.02 nM. Increases in the hormone 
stimulate differentiation of the stem cells as well as the rate of division of the red 
blood cell precursors. Increases in plasma erythropoietin are most closely associ- 
ated with exposure to low oxygen conditions, but can also occur following losses 
of large amounts of blood. 

Iron Deficiency 

Those at risk for iron deficiency include infants and children between the ages of 
0.5 and 4.0 years, because of the rapid rate of growth at this time and because the 

Senescent red 99% Immature red 
blood cell > Macrophage ~- Transferrin ~ blood cell in 

bone marrow (Two thirds of the 
iron is released as 
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ferritin.) Transferrin j 
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FIGURE 10.33 Sources of iron for red blood cell synthesis. 
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infant's iron stores are not sufficient to last beyond the age of 6 months. Children 
in early adolescence are also at risk because of their rapid growth. In addition, 
menstruation is a risk factor for a deficiency. Pregnancy is another risk factor 
because of the mother's expanding blood volume, the demands of the fetus and 
placenta, and the blood losses during childbirth. 

The earliest signs of iron deficiency involve the storage forms of iron. Iron is 
stored intracellularly in ferritin. A small proportion of tissue ferritin leaves the cells 
by mechanisms that are not clear, resulting in a very low serum concentration of 
ferritin. The serum ferritin level accurately mirrors the tissue stores of iron. Iron 
status can be assessed during the early stages of the deficiency by measuring 
serum ferritin. This test is easy to perform, in contrast to the more direct test of 
measuring the ferritin content in a bone marrow sample. A serum ferritin level 
under 12 ng /ml  provides a firm diagnosis of iron deficiency. In patients with 
serum ferritin levels below 12 ng/ml ,  marrow iron cannot be detected by the 
histological staining test. The correlation between low serum ferritin and low 
marrow iron stores is quite strong. On the other hand, a serum ferritin level in the 
normal range does not always indicate normal iron status. This is because a variety 
of disorders, such as infections and liver disease, can induce an elevation of serum 
ferritin, even during iron deficiency. Here, an examination of bone marrow iron 
can lead to a conclusive diagnosis of the deficiency. 

In one other instance, plasma ferritin levels may be elevated even when the 
body's iron stores are low. Plasma ferritin may be elevated in the first few days of 
iron therapy in anemia, particularly where the doses of iron are high. Anemia in 
infants, for example, can be treated with 6 mg of i ron/kg body weight per day. The 
iron can be supplied as oral ferrous sulfate. Iron deficiency anemia in adults can 
be treated with 50 mg of iron three times a day. The iron can be supplied as ferrous 
sulfate. Early rises in serum ferritin may not occur at these doses, but can occur at 
higher doses. With the use of standard doses, serum ferritin may rise into the 
normal range only after the anemia has been corrected. 

A more prolonged iron deficiency affects transport iron, as well as the popula- 
tion of red blood cells most recently released into the bloodstream. A deficiency of 
intermediate duration can be revealed by three tests: 
1. Saturation of serum transferrin: This test measures the proportion of transfer- 

rin occurring in the apo-transferrin form. Apo-transferrin is transferrin lack- 
ing iron. 

2. Apo-heme in the red blood cell: This test measures the accumulation of apo- 
heme in red blood cells. Apo-heme is the same thing as protoporphyrin IX. 

3. Mean corpuscular volume (MCV): This is a test for the average volume of the 
red blood cell. The MCV is calculated by taking a known volume of packed, 
settled cells and determining the number of cells in the sample. The number 
of cells in any given suspension of red blood cells can be determined by 
counting the cells under a light microscope. The MCV is calculated from the 
ratio of volume of the cell sample/number  of cells in the sample. 

Once an iron deficiency has been detected by low serum ferritin levels, the preced- 
ing three tests can be used to estimate its severity. 

Depletion of the iron stores is followed by a drop in serum iron, with a defi- 
ciency of intermediate duration. Almost all of the serum iron occurs as transfer- 
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rin-bound iron. Hence, a measurement of serum iron may be thought of as a 
measure of transferrin iron. A drop in serum iron involves an increase in the 
apotransferrin/holotransferrin ratio. Norrnall~ about 20 to 25% of transferrin 
occurs in the saturated, holotransferrin form. A saturation of 20 to 25% strongly 
indicates normal iron status. Where the saturation drops below 16%, there may be 
impairment in the supply of iron to the developing red blood cells in the marrow. 
This is because holotransferrin is required to deliver iron to these cells. In short, 
erythropoiesis may be impaired at a transferrin saturation below 16%. The trans- 
ferrin saturation test is in common use, though the results are somewhat variable. 
The results vary in daily cydes and can vary from day to day in an individual. 
According to Cook (1982), the transferrin saturation test is more applicable for 
surveying populations and less so for diagnosing patients. 

Increased levels of apo-heme can be found in red blood cells during iron 
deficiency. Normally; the red blood cell contains about 350 ng of apo-heme per 
milliliter of packed red blood cells. Levels greater than 1000 ng /ml  cells indicate 
iron deficiency. Hematological tests are useful for assessing iron status when the 
iron stores have been depleted for a relatively long period. The first hematological 
signs are lightly colored red blood cells (hypochromic cells) and small red blood 
cells (microcytic cells) in the circulation. The rnicrocytic anemia of the iron defi- 
ciency should be contrasted with the megaloblastic anemia of folate and vitamin 
B12 deficiencies. 

Anemia is the most severe sign of the iron deficiency that affects the red blood 
cells. Anemia is indicated by an MCV under 70 fl, a hemoglobin level under 130 
m g / m l  of blood, and a hematocrit under 38%. The hematocrit is the proportion of 
whole blood, by volume, composed of red blood cells. The hematocrit is some- 
times called the "packed cell volume." The hematological signs of anemia are 
listed in more detail in Table 10.13. 

Severe anemia is indicated by hemoglobin levels under 70 rng Hb /ml  whole 
blood. The anemia is characterized by weakness and shortness of breath, and may 
not be suspected with a sedentary style of life. A decrease in the Hb concentration 
has been directly related to decreases in maximal work capacity, as determined by 
a standard stairstepping test, and in maximal aerobic capacity. The consequences 
of anemia are serious among populations that are dependent on physically de- 

TABLE 10.13 Standard Values for Hemoglobin and Hematocrit 

Hemoglobin 
(mg/ml) 

Hematocrit 
(%) 

M e n  

Normal 130-160 
Anemia <130 

Women 
Normal 120-160 
Anemia <120 

Pregnant women 
Anemia <110 

. . . . . . . .  

>44 
<38 

>33 
<32 

<31 
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manding tasks, such as the tropical rural poor. These populations may also suffer 
from malnutrition and high rates of infection, which can complicate the diagnosis 
of iron deficiency. 

Surprisingly, individuals with hemoglobin levels as low as 20 to 30 mg Hb /ml  
can continue to be physically active. This is due to adaptive mechanisms involving 
an increase in the heart rate and an increase in efficiency of extraction of oxygen 
from the blood. Experiments with rats have revealed that the decreased work 
capacity of the iron-deficient animals, as determined by their ability to run, was 
due to a deficiency in the enzymes of the respiratory chain of muscle, as well as to 
anemia. In short, transfusion with normal blood failed to restore fully the rtmning 
capacity of the deficient animals. 

Iron is rapidly mobilized from tissue stores (ferritin) during early pregnancy. 
This mobilization is reflected by decreases in serum ferritin levels. Ferritin levels 
may drop from a normal value of 60 ng /ml  to about 15 ng /ml  during the first 2 
months of pregnancy. The iron is being mobilized to expand the blood volume of 
the mother and to produce placental and fetal tissues. Apparentl~ the drop in 
serum ferrifin in early pregnancy cannot be diminished by dietary iron supple- 
ments. 

Both human and bovine milk contain rather low levels of iron. Human milk iron 
gradually falls from about 0.5 rag/liter during the first month of lactation to about 
0.3 mg/li ter  by 4 to 6 months. Cow milk contains about 0.5 to 1.0 mg iron/liter. 
Breast milk, however, is a vastly better source of iron than cow milk; the iron in 
breast milk is 50% absorbed by the gut, whereas cow milk is only 10% absorbed. 
Breast-feeding until the age of about 6 months supplies the iron needed by the 
infant to avoid iron deficiency. During this time the infant's needs are supplied by 
the milk as well as by the infant's stores. Fomon and Strauss (1978) have recom- 
mended supplementing young infants with about 7 mg of iron per day (ferrous 
sulfate) to maintain the infant's stores during the first 6 months of life and to 
ensure growth thereafter. 

Preterm infants may be at a risk for iron deficiency because of their relatively 
rapid rate of growth and low iron stores. The marginal supply of breast milk iron 
dictates that preterm infants be supplemented with iron at an early age. Dallman 
et al. (1980) recommend that preterm infants receive supplements beginning at 2 
months. 

Cow milk-based infant formulas are supplemented with iron at levels of about 
12 mg/liter. Here, the iron is added as ferrous sulfate or ferrous gluconate. Com- 
mercial infant cereals are supplemented with small iron particles (powdered iron) 
at levels close to 50 mg iron per 100 g dry cereal. The particles have a diameter of 
less than 10 mm. This amount of iron is tenfold greater than the iron naturally 
present in the cereal. The absorption of the iron supplied in particulate form is 
about 4%. 

Anemia in infants is defined as an Hb level below 109 mg /ml  of whole blood 
and a hematocrit less than 33%. Extensive surveys conducted in the United States 
have revealed that the incidence of anemia in lower-income families is about 6%. 
The lower-income family was defined as that participating in the WIC (Women, 
Infants, Children) program. The decline in infant anemia in the decade prior to 
1985 is attributed to an increase in the use of iron-fortified formulas and cereals. 
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As mentioned earlier, blood losses from menstruation can result in iron defi- 
ciency and anemia. Other sources of blood loss are important as well. The normal 
rate of blood loss in the feces is 0.5 to 1.0 ml/day. Intestinal blood losses can 
increase in certain cancers. About 60% of the cancers of the colon and rectum lead 
to further blood losses of 2 to 10 ml/day. The fecal blood test is universally used 
to screen for the presence of cancer of the gastrointestinal tract. In the absence of 
periodic testing, cancer may first present as iron deficiency anemia. Duodenal and 
gastric ulcers, as well as hemorrhoids, are extremely common sources of blood loss 
and can result in iron depletion. Aspirin, when consumed in large amounts, can 
provoke bleeding of the gastrointestinal tract, resulting in blood losses of I to 5 
ml/day. 

EXERCISE 
How much chicken must one eat per day to replace the iron lost in the feces as a result of 
blood losses and the normal exfoliation of intestinal cells? Hint: Chicken contains about 9.0 
mg iron/100 g meat. 

The hookworm is a parasitic worm. It is a common source of anemia in warm 
climates, including the southern United States. The parasitic worms are classed as 
flukes (trematodes), tapeworms (cestodes), and roundworms (nematodes). Tape- 
worms, for example, are mentioned under Vitamin B12 in Chapter 9. The hook- 
worm is a roundworm. It enters the body via the skin, that is, bare feet. The 
hookworm resides in the lumen of the small intestines where it attaches itself to 
the villi. This results in damage to the villi, blood losses, secondary infections by 
other microorganisms, and inflammation. The roundworm secretes anticoagulants 
that promote continued bleeding. Each worm may be responsible for the loss of 
up to 0.25 ml of blood per day. Hb levels as low as 20 m g / m l  have been associated 
with hookworm infections. The disease can be prevented by the sanitary disposal 
of feces and by wearing shoes. 

Iron Overload and Hemochromatosis  

Hemochromatosis is a group of disorders involving the progressive deposit of iron 
in the hepatocytes and in cells of the heart, pancreas, and joints. These deposits 
can result from the chronic consumption of excessive levels of iron, repeated blood 
transfusions, or the genetic disease hematochromatosis. This disease is relatively 
rare and appears to result from an inappropriately high absorption of iron. The 
symptoms of hemochromatosis include weakness and weight loss, joint and ab- 
dominal pain, enlargement of the liver, and eventually cirrhosis of the liven Liver 
damage with iron overload is especially problematic in alcoholics. Hemochroma- 
tosis can be screened for by a test for serum ferritin and definitively diagnosed by 
a biopsy of the liven The biopsy is examined by a staining method sensitive to the 
stored iron. Hemochromatosis is treated by the weekly removal of 500 ml of blood 
for about 2 years. This procedure is called phlebotomy. Because of the possibility 
of provoking hemochromatosis in the small population having the genetic disease 
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or in chronic alcoholics, an upper  limit has been set on the level of iron added  to 
fortified foods. 

In an iron overload, the excessive amounts  of iron are stored in ferritin, as might  
be expected, but  to an increasing extent in hemosiderin.  Hemosider in  is a protein 
in the lysosomes. With increased iron storage, the lysosomes m a y  be damaged,  
releasing iron. It is thought  that the iron released may  cause damage  to the 
membrane  lipids and to proteins of the cell, leading to cirrhosis. This damage  is 
thought  to result from the hydroxyl  radicals produced by the Fenton reaction 
(Figure 10.24; see also Figure 10.34). 
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FIGURE 10.34. Iron response element. The IRE occurring in the mRNA that codes for the 
H chain of ferritin is shown. IREs are short regions occurring in messenger RNA that form 
hairpin structures and are used for regulating the availability of the mRNA for use in 
protein synthesis. The IRE occurring in the ferritin's mRNA (shown) resides in the 5'-UTR, 
and serves to regulate the rate of binding of the mRNA to the ribosome. The IREs in the 
mRNA for aminolevulinic acid synthase works in the same manner. In contrast, the IRE in 
the mRNA coding for the transferrin receptor occurs in the 3'-UTR, and is used to control 
the rate of degradation of the mRNA molecule by nucleases. The binding of the iron 
regulatory protein to the IRE has the effect of reducing translation, in the case of ferritin 
and aminolevulinic acid synthase, and of increasing translation, in the case of transferrin 
receptor. The tip of the hairpin is a loop consisting of CAGUGU. The stem structure is 
maintained, because A bonds non-covalently with U, and G bonds non-covalently with C. 
The stem of ferritin's IRE is interrupted by UCG, on the 5'-side of the hairpin, and by C, 
on the 3'-side of the hairpin, as shown. 
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CALCIUM AND PHOSPHATE 

Calcium is a divalent cation. The most obvious function of calcium is as a compo- 
nent of the skeleton, where it occurs as a salt with phosphate. A 70-kg man contains 
about 1.3 kg of calcium, with about 99% occurring in the skeleton. This calcium is 
not metabolically inert. About 0.5 g of calcium leaves the bone and is deposited 
back into the bone each day. About 85% of the body's phosphate occurs in the 
skeleton. Calcium is used in the activation of a number of hydrolytic enzymes. The 
calcium in these enzymes is associated with residues of glutamate or aspartate. 
The enzymes include those that hydrolyze polysaccharides, phospholipids, and 
proteins. Calcium is associated with a number of calcium-binding proteins. The 
calcium, in these cases, supports interactions between macromolecules, that is, the 
binding of one protein to another and the binding of a protein to a phospholipid 
membrane. In the case of some of the blood-clotting proteins, calcium is bound to 
residues of ~-carboxyglutamic acid, where it is required to support the functions 
of the proteins. The calcium-binding proteins include components of the cy- 
toskeleton. The cytoskeleton consists of two networks. One network hugs the 
inside of the plasma membrane of the cell. It maintains the shape of the cell, 
controls locomotion (in migrating cells), and controls phagocytosis (by white 
blood cells). The other network crisscrosses through the interior of the cell. It 
controls the movements of secretory vesicles and organelles, and is involved in 
moving the chromosomes during mitosis. The roles of calcium ions in supporting 
the preceding events are very complex. 

Hormones and Neurotransmitters Bind to Cells and the Cells Respond 

Calcium ions participate in the transmissions of signals to the cell. Different cells 
respond to different signals. The nerve ending responds to a nerve impulse. In 
brief, a nerve impulse is a traveling wave consisting of a brief influx of sodium 
ions. Muscle cells respond to neurotransmitters, such as acetylcholine and no- 
repinephrine. Pancreatic acinar cells respond to cholecystokinin. Adrenal 
glomerulosa cells respond to angiotensin II. The adrenal medulla responds to 
nerve impulses. (Cells of the adrenal medulla respond by secreting norepinephrine 
and epinephrine into the bloodstream.) White blood cells respond to the binding 
of foreign proteins and particles to their surface. In these and other cases, the 
response of the cell to the signal is mediated by calcium ions. The signal induces 
an increase in the concentration of Ca 2+ in the cytoplasm. In the case of some cells, 
such as the endings of nerve cells, the Ca 2+ is acquired from the extracellular fluid. 
In the case of other cells, such as skeletal muscle cells, the immediate source of the 
Ca 2+ is a calcium storage organelle. 

What is the effect of the cytosolic Ca 2§ in elevated concentrations? The imme- 
diate effects are clear in some cases and ill-defined in others. Ca 2+ ions bind to 
various target proteins, causing changes in their behavior. They can bind to pro- 
teins of the cytoskeleton, inducing their polymerization or dissociation. They can 
bind to kinases, inducing their activation and resulting in phosphorylation of a 
number of proteins. In some cases, calcium binds directly to the target protein. In 
other cases, calcium binds to calmodulin, a Ca-binding protein, to form a complex. 
The Ca-calmodulin complex, in turn, binds to a target protein, producing the final 
effect. The final effect in calcium signaling is muscle contraction (in the case of 
muscle cells), hormone secretion (in the instances of nerves and cells of the adrenal 
gland), or phagocytosis and cell division (in the case of certain white blood cells). 
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Calcium signaling plays a part in activating cells to engage in cell division, as well 
as in transforming normal cells to cancer cells. 

Phosphate and Energy Storage and Transfer 

Phosphate consists of a central atom of phosphorus, four atoms of oxygen, and 
zero to three atoms of hydrogen. Phosphate resonates among several forms. A few 
forms of phosphate are shown in Figure 10.35A. Phosphate occurs in equilibrium 
with H3PO4, H2PO4, HPO 2-, and PO43- (Figure 10.35B). The predominant form at 
neutral pH is HPO 2-. The fully protonated form, which is the predominant form 
in an environment of low pH, is phosphoric acid (H3PO4). 

Free phosphate is also called inorganic phosphate. It is abbreviated by Pi. The 
phosphate covalenfly bound to sugars, proteins, and other components of the cell 
is called organic phosphate. The bond is via a hydroxyl group of the parent 
molecule. The ability of the phosphate group to resonate is impaired when it 
occurs as organic phosphate. The number of possible resonating forms is de- 
creased. In addition, the ability of the phosphate group to rotate and move in 
solution is impaired when it occurs as organic phosphate. The enzyme-catalyzed 
cleavage of organic phosphate results in an increase in the number of movements 
available for the free phosphate group. Hence, the cleavage of the phosphate 
group from organic phosphate results in an increase in entrop~ and therefore in 
the liberation of energy. ATP-dependent enzymes have the property that they can 
capture this release of energ~ and couple it with an otherwise energetically unfa- 
vorable reaction, such as the formation of a peptide bond. 
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FIGURE 10.35 A. Resonance of inorganic phosphate. B. Release of protons by phosphoric 
acid and acceptance of protons by phosphate. Phosphoric acid is shown at the far left, while 
fully ionized phosphate is at the far right. 
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The phosphate group most commonly associated with temporary energy stor- 
age, and energy transfer, is the terminal phosphate group of ATP. However, ATP- 
dependent reactions that produce AMP with the release of the terminal two 
phosphate groups, bound together as pyrophosphate (PPi), also occur in the cell. 
Generall~ ATP-dependent reactions that result in pyrophosphate production are 
further driven to completion (in the forward direction) because of the action of 
phosphatase enzymes in splitting the pyrophosphate into two molecules of inor- 
ganic phosphate. If one were required to name the biggest user of ATP in the body; 
one could mention ion transport systems. It is thought that about 25% of the ATP 
synthesized per day is used by the sodium pump (Na, K-ATPase). 

The amount of energy discharged with the hydrolysis of various organic phos- 
phate bonds varies from a low of 13.8 kJ/mol for glucose-6-phosphate to a high 
of 61.9 kJ/mol for phosphoenolpyruvate (PEP). The amount of energy released 
with the hydrolysis of ATP to ADP + Pi is 31.8 kJ/mol (Bridger and Henderson, 
1983). Hydrolysis of creatine phosphate releases 43.1 kJ/mol. The relatively large 
amount of energy released with the hydrolysis of molecules such as ATP and PEP 
is due to the separation of the negative charges as the Pi is released from the parent 
molecule. Hydrolysis of ATP, for example, relieves the internal strain caused by 
the negative charges of adjacent phosphate groups. Cleavage of phosphate from 
glucose-6-phosphate does not result in any such charge separation. 

Phosphate in Nucleic Acids 

A universal function of phosphate is as a component of DNA and RNA. DNA is a 
polymer of deoxyribonucleosides. RNA is a polymer of ribonucleosides. The 
molecular glue in these polymers is the phosphate group. The phosphate group 
links two adjacent nucleosides. The phosphate group remains negatively charged 
in this linkage. The negative charge stabilizes the polymer against spontaneous, 
nonenzymatic hydrolysis. The advantage of the phosphate group as a linking 
molecule is that it can bind to two organic molecules, via their hydroxyl groups, 
and yet remain negatively charged (Westheimer, 1987). Accidental hydrolysis of a 
DNA polymer may involve the attack of a free hydroxyl anion. The negative 
charge of the phosphate linkages of DNA repels such an attack. (dR stands for 
deoxyribose) (Figure 10.36). 

One might envision a type of DNA or RNA held together by sulfate groups, as 
shown in Figure 10.37. Westheimer (1987) has pointed out that the sulfate bond is 
relatively unstable. It is able to link two organic molecules, but it lacks a negative 
charge in this linkage. It is susceptible to attack by a hydroxyl group. The imagi- 
nary DNA shown would undergo spontaneous hydrolysis by the attack of hy- 
droxyl anions, resulting in an unacceptably high rate of damage to the genetic 
material. 

Phosphate Groups Prevent Phosphorylated Compounds from Leaking Out 

In addition to its functions in bone, energy transfer, and nucleic acids, phosphate 
serves to prevent the leakage of biochemicals from the cell. The phosphate groups 
of nucleotides, intermediates of glycolysis, and vitamin B 6 greatly impair the 
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FIGURE 10.37 Imaginary version of nucleic acid using sulfate links and point of attack of 
hydroxide during hydrolysis. 

passage of these molecules through membranes. The phosphate group increases 
the hydrophilicity of the compound, reducing its tendency to enter into the lipo- 
philic environment of the membrane's interior. In cases where phosphorylated 
molecules rapidly pass through membranes, the passage is mediated by a specific 
transport system, as in the example of the ATP transporter in the mitochondrial 
membrane. Other roles of phosphate groups occur in phospholipids and in the 
covalent modification of proteins. 

Dietary Requirements 

The RDA for calcium in adults over the age of 24 is 0.8 g. The RDA for women 
during pregnancy and lactation is 1.2 g. The increased level of 1.2 g is required to 
supply the fetus with the 30 g of calcium present in the newborn and to provide 
the 0.24 g of calcium secreted in the milk each day. The RDA for persons from 11 
to 24 years of age is 1.2 g; the RDAs for children (0.8 g) and infants (0.6 g) are lower. 
Eggs supply about 30% of dietary calcium and 30% of dietary phosphate for the 
overall population in the United States. Meat, poultr~ and fish supply 20-25% of 
our phosphate, but only 10% of our calcium. Milk and dairy products supply 
20-25% of our phosphate, and 50% of our calcium (Calvo and Park, 1996). A 
dietary deficiency in calcium is quite rare, though calcium nutrition receives much 
attention because of mainstream health concerns related to calcium, such as 
osteoporosis, hypercalcemia, and hypocalcemia. 

Studies involving the food content of phosphate and dietary phosphate often 
express the amount of phosphate in terms of the amount of phosphorus. Phospho- 
rus never occurs as free phosphorus in biological systems, just as nitrogen never 
occurs as free nitrogen atoms; however, use of phosphorus content avoids ambi- 
guities that might arise with the use of the phosphate content, as different people 
might consider phosphate to be NaH2PO4, Na2HPO4, H3PO4, or PO43-. In addition, 
the term phosphate may sometimes be thought to mean total phosphate or just free 
inorganic phosphate. The use of molar units would also avoid these ambiguities. 

Ratio of Calcium/Phosphorus in Various Foods 

Phosphate requirements have not been determined for humans. The Food and 
Nutrition Board recommends a 1/1 ratio of calcium to phosphorus, by weight, in 
the diet and states that the precise ratio of Ca/P is not important in human 
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nutrition. The ratio of Ca/P, by weight, in typical diets in the United States is 
about 1/2. Milk and green leafy vegetables are rich in calcium and contain more 
calcium than phosphorus. Dairy products contribute up to two-thirds of 
the dietary calcium, with vegetables, fruits, and grains supplying most of the 
remainder. Meat, poultr~ and fish supply only a small amount of the dietary Ca. 
Human milk and bovine milk contain Ca and P at ratios of about 2/1 and 1/1, 
by weight, respectively. Hence, human milk is relatively poor in phosphorus. 
Generally, meat, poultry, and fish contain 15 to 20 times more phosphorus than 
calcium, by weight. Liver and heart and foods made from these organs, such as 
salami and liverwurst, provide some 25 to 50 times as much phosphorus as 
calcium. Carbonated soft drinks also contain much more phosphorus than calcium 
because of the polyphosphate additives. 

Calcium in Milk 

The fact that milk and milk products are rich in calcium is known by most people. 
Casein is the main protein of milk, accounting for about 80% of milk protein. 
Casein has a molecular weight of about 23,000 and, thus, is a relatively small 
protein; however, the casein in milk occurs as a large complex of casein molecules 
having an overall molecular weight of about 100 x 106. Casein is phosphorylated 
on residues of serine. These phosphate groups bind calcium ions. The calcium ions 
help maintain the stability of the large complex. 

About 30% of the phosphate of bovine milk occurs as free inorganic phosphate. 
About 20% occurs as phosphoserine residues of casein. About 40% occurs as 
inorganic phosphate tightly associated with the casein complex. The remaining 
phosphate occurs as phospholipids. The binding constant involving calcium and 
casein is about 103 M -1 (Berrocal et al., 1989). This indicates fairly weak binding. 
Further details on milk protein are revealed at the beginning of the Protein chapter. 

Absorption and Excretion 

With the typical dietary intake of calcium (800 mg/day),  about 20% of the calcium 
is absorbed. Fecal Ca is about 640 mg/day  and urinary Ca is about 160 mg/day. 
Urinary calcium increases somewhat with an increase in intake. For any given 
increase, urinary Ca increases by an amount equivalent to about 6.0% of the 
increase in intake. Fecal Ca consists of the unabsorbed mineral and a small amount 
of Ca secreted into the gastrointestinal tract (100--150 mg/day).  An amount of Ca 
equivalent to I to 6% of the total fecal Ca is excreted in the bile (DeGrazia and Rich, 
1964). Urinary Ca generally ranges from 100 to 250 mg/day. The Ca lost via the 
skin is about 15 m g / d a ~  with increased losses occurring in the sweat during work 
in warm climates. 

Routes of Calcium Loss with Moderate and High Calcium Intake 

Controlled studies with human subjects consuming moderate levels of Ca (700 
mg/day)  revealed that an amount of Ca equivalent to 26% of the intake was 
excreted in the urine, with 74% excreted in the feces. With high-calcium diets (1600 
mg/day),  urinary Ca was equivalent to 15 to 18% of intake, with the remainder 
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being fecal, indicating a decrease in the proportion of dietary Ca absorbed by the 
gut. In the high-Ca diets, the extra mineral was supplied by milk, CaCO 3 pills, or 
a CaC12 solution (Lewis et al., 1989). 

Studies with baby pigs revealed that urinary Ca levels were low and equivalent 
to about 2% of the intake. Fecal Ca was equivalent to about 21% of the intake. The 
remaining calcium was retained and used for growth. The excreted phosphate was 
more equally distributed in the urine and feces, where the urinary phosphate was 
equivalent to 12 to 27% of the intake and the fecal phosphate to about 13% of the 
intake. The remaining phosphate was used for growth (Miller et al., 1964). 

Routes of Calcium Loss during Fasting 

Studies with human subjects on a total fast revealed the obligatory losses of 
calcium. The total fast was continued for 40 days and involved obese subjects 
(Fisler and Drenick, 1984). Subjects drank 2 liters of water per day. The urinary 
losses during the first 3 weeks of fasting averaged about 150 mg/da3~ whereas 
fecal Ca was about 24 mg/day.  With more prolonged fasting, urinary Ca decreased 
to about 90 mg/day~ and fecal Ca decreased slightly. The obligatory losses of 
phosphate were also studied. Urinary phosphate decreased from about 1.0 g /day  
(0.33 g phosphorus/day) in the initial weeks of fasting to about 0.35 g / da y  later. 
Fecal phosphate fluctuated at about 0.3 g /day  throughout the fast. The results 
from the total fasting study demonstrate that the ability to conserve Ca is less than 
that for sodium or potassium. With fasting, urinary calcium continued at a rate of 
100 rag /day  or higher, a significant fraction of the RDA for this mineral (Fisler and 
Drenick, 1984). 

Influence on the Counterion on Calcium Absorption 

Calcium absorption may be influenced by the solubility of the specific calcium salt. 
Rates of absorption of calcium from calcium salts, such as Ca acetate, Ca lactate, 
Ca gluconate, Ca citrate, and Ca carbonate, seem to be similar and to fall in the 
range 25 to 40%. These values were determined in studies with humans in the 
absence of a concurrent meal (Sheikh et al., 1987). The test dose contained 500 mg 
of Ca. The absorbability of the calcium in whole milk falls in this range and is about 
30%. 

Calcium carbonate is about 30% absorbed and is the preferred form of calcium 
when used as supplements, because of the relatively low molecular weight of the 
counterion, which means the pills are small. Highly soluble calcium salts, such as 
those with citrate, malate, or glycine as the counterion, have been used as supple- 
ments, though they make for large-sized pills. Calcium citrate is more rapidly 
dissolved than calcium carbonate, though this difference has been found to make 
little or no difference on the availability of the mineral. Commercially available 
calcium carbonate supplements are available in a number of physical forms, some 
of which, unfortunatel3~ have been found to be extremely resistant to dissolution 
in water (Sheikh and Fordtran, 1990). The solubilities of a number of calcium salts 
in water are listed in Table 10.14. 
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TABLE 10.14 Solubility of Various Forms of Chlorine 

Maximal solubility 
in water at pH 7 (mM) 

Calcium oxalate 
Hydroxyapatite 
Calcium carbonate 
Tricalcium phosphate 
Calcium citrate 
Calcium citrate malate 
Calcium (glycine)2 complex 

Source: Heaney et al. (1990). 

0.04 
0.08 
0.14 
1.0 
7.3 

80 
1500 

Calcium oxalate is relatively insoluble and is poorly absorbed by the gut. 
Calcium oxalate can be dissolved to concentrations attainable by other "insoluble" 
nutrients, such as the long-chain fatty acids. Only about 10% of the calcium 
supplied as Ca oxalate is absorbed by the human gut. The calcium of spinach is 
only 5% absorbable. This calcium occurs largely as calcium oxalate. It is not clear 
why the mineral in spinach appears to be less absorbable than pure calcium 
oxalate. Hydroxyapatite, a pure crystal resembling that of bone, has a solubility 
and absorbability similar to those of Ca oxalate. 

Calcium Absorption with Gastric Atrophy 

The issue of calcium absorption involves the possible influence of gastric acid. 
Calcium salts are more soluble in acid than at neutral pH. This fact can be 
illustrated by soaking an eggshell or oyster shell (CaCO3) in vinegar and noting 
the disappearance of hard material over the course of a week. The influence of 
gastric acid might be expected to be of interest to those who are not able to produce 
gastric acid (achlorhydria). This condition occurs with gastric atroph~ and with 
pernicious anemia, and is called achlorhydria. Gastric atrophy occurs in 10 to 20% 
of the elderly. Supplements of calcium in the form of calcium carbonate may be 
poorly absorbed (4% of dose absorbed) by those with achlorhydria, whereas 
highly soluble forms such as Ca citrate are well absorbed (Recker, 1985). If those 
with achlorhydria eat food with the calcium carbonate, the absorption of calcium 
may be increased (20% of dose absorbed). Food has been found to increase the 
absorption of both the soluble and less soluble forms of calcium supplements in 
normal persons. A typical absorption of 20% on an empty stomach may be in- 
creased to 30 to 35% by food. Apparentl~ the food results in a more gradual entry 
of the calcium into the intestines, resulting in its more complete absorption. 

A variety of dietary sugars may enhance the rate of calcium absorption, though 
the mechanism of this effect remains unclear (Schuette et al., 1989). This effect has 
brought attention to the sugar in milk (lactose) as a nutrient that can enhance 
calcium absorption. This effect of lactose is not unique; other sugars can produce 
the same effect. 
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Methods for Measuring Calcium Absorption 

The measurement of calcium absorption is of interest to those studying the avail- 
ability of the calcium in various foods or supplements. The quantity and availabil- 
ity of food calcium are concerns in the prevention of osteoporosis. Calcium absorp- 
tion is also of interest to those studying the interactions between different 
components of food and their influence on calcium absorption. Measurement of 
either fecal or urinary Ca can indicate the extent of absorption, but some fine-tun- 
ing is needed to yield an accurate picture, as described in what follows. The 
radioactive calcium can be supplied as calcium-45 or calcium-47. Where the ab- 
sorption of food Ca is of interest, the study can be run most accurately by using 
food containing naturally labeled calcium, that is, foods grown or animals raised 
in the presence of radioactive calcium. A less accurate picture can be attained by 
mixing radioactive calcium with the food, that is, with the plant or animal product. 

Calcium absorption can be measured by the double-isotope technique. In this 
technique a meal containing calcium-45 is consumed and the radioactivity in the 
urine measured. The measurement of urinary 45Ca alone cannot provide the 
fractional absorption, because some of the 45Ca absorbed is taken up by cells, 
deposited in bone, or excreted in the bile. A second isotope of calcium, 47Ca, is used 
to correct for the fates of absorbed calcium, other than excretion in the urine. The 
use of the 47Ca is intended to eliminate cell uptake, bone deposit, and biliary losses 
as variables in the study of the absorption of the dose of calcium-45. 

The double-isotope technique is carried out as follows (DeGrazia et at., 1965). 
The subject consumes a test food containing calcium-45. About halfway through 
the absorptive process, calcium-47 is injected into a vein, in the form of a solution 
of 47CAC12. The absorptive process is about halfway complete at about 2 hours after 
a meal. The injected 47Ca is calcium that is 100% absorbed. A urine sample is 
collected 1 day after the oral and intravenous doses of radioactive calcium. The 
fraction of the oral dose absorbed is calculated by the formula: 

fraction absorbed = 
fraction of oral dose in urine sample 

fraction of injected dose in urine sample 

The use of the second, injected isotope is based on the assumption that once inside 
the bloodstream it behaves identically to the first isotope entering the bloodstream 
from the gut. 

Calcium absorption can also be measured by determining the fraction of the 
mineral in a test dose that is not absorbed. Here, a test meal containing calcium-47 
is consumed and the feces collected for 12 days to measure the isotope excreted. 
The calcium lost in biliary and intestinal secretions may be corrected for by an 
intravenous injection of radioactive calcium (Spencer et al., 1978). 

Calcium/Phosphate Ratios 

The relationship between calcium and phosphate metabolism is very complex. The 
question of the ratio of calcium/phosphate in the diet may be raised when dis- 
cussing diets needed to support maximal growth or when discussing pathological 
phenomena, such as hypocalcemia, osteoporosis, kidney stone formation, and the 
calcification of soft tissues. A firm grounding in one or two relationships in calcium 
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and phosphate metabolism is presented here in a study involving rats. Considera- 
tion of this study may facilitate the understanding of material on more subtle or 
complex issues of calcium and phosphate metabolism. 

Ratio of Calcium~Phosphate in Bone 

A special relationship between calcium and phosphate is suggested by the fact that 
the calcium/phosphorus ratio in bone is about 2.2/1.0, by weight. As almost all of 
the body's calcium and most of the body's phosphate occurs in bone, one might 
expect that the ratio of calcium/phosphorus in the diet that supports maximal 
growth would be similar to the ratio of these elements in bone. This ratio would 
be expected to be influenced by the fact that dietary P is more readily absorbed 
than Ca and by the use of P for soft tissues. 

Animal Studies with Variable Calcium, and Constant Ca/P Ratios 

The following study concerns the dietary requirement for calcium. Different 
groups of rats consumed diets containing different levels of calcium, ranging from 
about 0.8 to 6.0 g Ca/kg diet. All of the diets contained calcium/phosphorus in a 
ratio of about 1/1, by weight. Daily rates of food consumption by the rats consum- 
ing the different diets were similar or identical. The calcium was supplied as 
calcium carbonate, the phosphorus as ammonium phosphate. The feeding trial 
lasted 3 weeks. The amount of food consumed per day was recorded for each 
group of rats and used to calculate the amount of calcium consumed. Weight gain 
was also recorded. The amount of carcass calcium was determined at the end of 
the feeding trial. The results of the study are depicted in Figure 10.38. The total 
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FIGURE 10.38 Rate of weight gain (A) and amount of total body calcium (O) for rats fed 
diets containing different amounts of calcium for 3 weeks. (Redrawn with permission from 
Bernhart et al., 1969.) 
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body calcium is essentially identical to the total bone calcium. The data show that 
near-maximal rates of weight gain occurred with diets supplying 20, 50, and 80 
mg Ca/day. Maximal rates of bone calcium deposition occurred with diets sup- 
plying 50 or 80 mg Ca/day. The data suggest that the minimal amounts of Ca 
needed to support maximal rate of growth and maximal rate of increase in skeletal 
mass are different. Once a sufficient amount of calcium is consumed to support 
maximal growth, a larger amount of calcium is needed to support a maximal 
increase in bone mass. 

Animal Studies with Constant Calcium and Variable Phosphate 

A second study focused on the phosphate requirement. Here, all diets contained 
the same amount of calcium, but the amount of phosphate was varied. All of the 
diets contained 3.6 g Ca/kg  diet. This amount was shown, in the preceding study; 
to support maximal growth and bone mass increase where the ratio of cal- 
cium/phosphorus was about 1/1. The amount of phosphate in the diet was varied 
to supply calcium/phosphorus in ratios of 1/0.2, 1/0.3, 1/0.4, 1/0.6, 1/0.9, and 
1/1.4. Food consumption rates for the groups of rats were nearly identical. The 
data in Figure 10.39 demonstrate that near-maximal weight gains occurred when 
the calcium/phosphorus ratio was 1/0.6, 1/0.9, and 1/1.4. In short, dietary phos- 
phorus could support near-maximal growth when present in the diet in an amount 
slightly lower than, about equal to, and slightly greater than that of calcium. The 
effect of the different diets on bone calcium was also determined. Diets containing 
calcium/phosphorus at ratios of 1/0.6, 1/0.9, and 1/1.4 also seemed to result in 
near-maximal bone calcium levels. The results in Figures 10.38 and 10.39 may be 
summarized as follows. Where the diet supplies sufficient amounts of calcium, an 
amount of phosphorus slightly lower or greater than the amount of calcium could 
support near-maximal rates of growth and bone formation. 
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FIGURE 10.39 Rate of weight gain (A) and amount of femur calcium (O) for rats fed diets 
containing different amounts of phosphorus for 3 weeks. (Redrawn with permission from 
Bernhart et al., 1969.) 
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Studies with dogs revealed that high dietary phosphate results in bone loss and 
a decline in bone mass. The diets contained calcium/phosphorus (rag/rag) at a 
1/10 ratio, and resulted in a loss of trabecular bone at a greater rate than cortical 
bone (Calvo and Park, 1996). 

The dietary calcium/phosphorus ratio is important for the maintenance of 
kidney health. Where there is too much phosphate, mineral deposits may develop 
in the kidneys, in a process called nephrocalcinosis. Female rats are especially 
prone to nephrocalcinosis, which occurs when the calcium/phosphorus ratio is 
under 1/0.77. For this reason, a recommended Ca/P ratio is 1.66 (the same as 
1/0.6) (Reeves, 1997). 

Human Studies with Various Ca/P Ratios 

Dietary levels of calcium and phosphate are relevant to such issues as hypocal- 
cemic tetany in infants, growth and maintenance, and maximal bone mass and the 
consequent protection against osteoporosis. Studies with human subjects have 
revealed that a negative calcium balance is attained with the consumption of 200 
to 400 mg Ca/day, whereas a near-neutral or positive calcium balance is provided 
by 500 to 850 mg Ca/day  (Spencer et al., 1978, 1984; Zemel and Linkswiler, 1981; 
Hegsted et al., 1981). The experiments compared the calcium balances attained 
with diets containing Ca and P in ratios ranging from 1/0.4 to 1/10. In many cases, 
increasing the amount of dietary phosphate resulted in an increase in the amount 
of fecal calcium and a decrease in urinary calcium, but no change in calcium 
balance. In other cases, increasing the amount of dietary phosphate had a slight 
pro effect on the calcium balance. The data indicate that varying the Ca/P ratio 
has little effect on calcium balance. In contrast, elevated levels of dietary phosphate 
may have a striking impact on the newborn, as detailed later in this section. The 
optimal amounts of calcium and phosphate leading to the maintenance of bone 
mass over the long term, that is, several decades, are not clear and remain a subject 
of some controversy. 

Influence of High Protein Diets on Calcium 

A variety of studies have shown that increasing dietary protein can induce exces- 
sive losses of calcium in the urine and a negative calcium balance. This effect is 
called the calciuric effect of protein. The effect may occur in some persons but not 
in others. It is most marked with low intakes of calcium and high intakes of 
protein. Many persons in the United States consume such diets..The calciuric effect 
of proteins has been demonstrated in a number of controlled studies with human 
subjects. The effect can be reduced, and perhaps minimized, by phosphate. A 
simultaneous increase in phosphate intake with protein intake may result in only 
a small increase in urinary calcium and maintenance of calcium balance. Foods 
that are high in protein, such as meat and eggs, also contain high levels of 
phosphate. Thus, the potential hypercalcemic effect of the meat or egg protein may 
be largely reduced by the phosphate in the same food. 

The mechanism by which dietary protein induces an increase in urinary calcium 
is not clear. The effect has been attributed, in part, to the catabolism of sulfur-con- 
taining amino acids to yield sulfate. Elevated levels of plasma sulfate can form a 
complex with calcium. The complex passes into the renal tubule, where it is poorly 
reabsorbed, resulting in its excretion in the urine. The mechanism by which 
phosphate reverses the hypercalciuric effect of protein is also not clear. 
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Phosphate Turnover in the Body 

About 85% of the body's phosphate occurs in bones, with 14% in soft tissues and 
about 1.0% in the extracellular fluids. The normal range of phosphate intake is 20 
to 50 mmol/day (0.6-1.5 g phosphorus/day). Phosphate is absorbed throughout 
the small intestines. In the duodenum, it is absorbed by an Na-dependent trans- 
port mechanism. Here, transport of the phosphate is coupled with the cotransport 
of a sodium ion. The rate of Na-dependent transport of phosphate is enhanced by 
1,25-(OH)2D3. Phosphate transport in the jejunum and ileum occurs by a passive 
mechanism. The rate of phosphate transport in this case is dependent mainly on 
the concentration of phosphate in the lumen and is independent of the levels of 
other nutrients and independent of energy-using processes. About 200 mg of 
phosphorus is excreted per day in fluids of the gastrointestinal tract. About two- 
thirds of this phosphorus is reabsorbed by the gut. 

Phosphate is better used when supplied by food than when supplied by phos- 
phate salts, such as potassium phosphate. The food phosphate occurs largely as 
phosphate esters and, with gradual hydrolysis, enters the body relatively slowly 
and is used efficiently in the metabolic processes. Phosphate supplied as inorganic 
phosphate is rapidly absorbed, with a tendency to be excreted in the urine rather 
than to be used by tissues (Schuette and Linkswiler, 1982). The phosphate in bran 
occurs largely in the form of phytic acid (inositol hexaphosphate). The phosphate 
groups of this compound may be only partially hydrolyzed in the gut. Phytic acid 
tends to be excreted via the fecal route as a complex with iron or calcium. 

Phosphate Deficiency 
Dietary phosphate deficiency is relatively rare because the phosphate content in 
plant and animal foods is well above the requirement and because of the efficient 
absorption of phosphate (50-90%). Phosphate deficiency can occur in a number of 
situations. It can occur with the chronic intake of aluminum-based antacids, par- 
ticularly with a low-phosphate diet. These antacids form a complex with dietary 
phosphate, preventing its absorption and resulting in the deficiency. Deficiency 
can occur with increased urinary excretion of phosphate that occurs with starva- 
tion and in diabetics experiencing ketoacidosis. Chronic alcoholics may be phos- 
phate deficient because of decreased dietary intake, impaired absorption, 
and increased urinary excretion (Berner and Shike, 1988). Phosphate defi- 
ciency has been observed in the small, premature infant. The premature infant has 
a higher requirement for phosphate than the term infant, as it grows at a relatively 
greater rate. Phosphate is required for the synthesis of soft tissues and bone. 
The small, premature infant's requirement for phosphate cannot be fully supplied 
by human milk. 

Phosphate Toxicity and Hyperphosphatemia 
The normal range of free inorganic phosphate, in plasma, is expressed as 2.0-4.3 
mg phosphorus/100 ml. Hyperphosphatemia is defined as the condition where 
plasma phosphate levels rise above 5.0 mg phosphorus/100 ml. Hyperphos- 
phatemia can result from overuse of laxatives or enemas that contain phosphate. 
Phosphate enemas are used in the hospital prior to examinations of the intestines 
for disease, such as colon cancer. However, hyperphosphatemia has occurred in 
the home situation with accidental drinking of enema formulas. Enema drinking 
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has been found to result in serum phosphate levels of 40-60 mg phosphorus/100 
ml. Death from hyperphosphatemia has occurred with administering of enemas 
to infants (Kirschbaum, 1998; Barcia et al., 1997). With enema poisoning, the 
phosphate enters the bloodstream, complexes with calcium ions, and results in 
hypocalcemia. Hypocalcemia, whether due to phosphate poisoning or other 
causes, can result in tetany or even death. 

Hyperphosphatemia is much more commonly produced by chronic renal fail- 
ure, and by other problems of kidney function, than by phosphate poisoning. 
Chronic renal failure, hypoparathyroidism (low parathyroid hormone), and 
pseudoparathyroidism (failure of kidneys to respond to parathyroid hormone) all 
involve the failure of the kidneys to excrete phosphate into the urine at a normal 
rate. The danger of long-term hyperphosphatemia is the deposit of calcium phos- 
phate crystals into the soft tissues of the body (Knochel, 1994; Holick, 1996). 

Osteoporosis 

It is estimated that at least 15 million persons in the United States have 
osteoporosis. The sites of osteoporotic fractures most commonly are the vertebra 
and hip, though the forearm and wrist are also involved. A bone fracture in an 
elderly person is undesirable because it leads to periods of disability. In addition, 
about 10% of the fractures of osteoporosis are fatal. Osteoporosis results from the 
continued activity of osteoclasts but reduced activity of osteoblasts. Hence, the 
disease involves a lack of coordination in the rates of bone resorption and forma- 
tion. The biochemical basis for this imbalance is not clear because of the complex- 
ity of the mechanisms controlling the activities of bone cells (and of all other cells). 
At least a dozen growth factors are used to regulate bone cells. 

Persons at greatest risk for osteoporosis are Caucasian and Asian women, 
though males also acquire the disease. Peak levels in bone mass are reached by 
ages 30 to 35. Bone losses begin before the age of 40 and progress at a more rapid 
rate thereafter. Bone losses are especially rapid with the onset of menopause and 
in the following 5 years, after which the rate of bone loss declines. Caucasian and 
Asian women tend to have a smaller bone mass than other groups, and thus have 
less of a built-in safeguard against osteoporotic disease. African-Americans have 
a greater bone density in young adulthood than Caucasians or Asians and have a 
lower prevalence of osteoporosis. African-Americans also seem to lose bone with 
aging at a lesser rate than other groups. The benefit of attaining maximal bone 
mass by young adulthood, as a guard against osteoporosis, is a good rationale for 
maintaining proper calcium nutrition during adolescence and early adulthood. 

Calcium nutrition and physical activity are contributing factors in maintaining 
skeletal mass. It is firmly established that the loss of bone and a negative calcium 
balance tend to occur throughout the population after the age of 40. It is also 
obvious that a dietary deficiency in calcium leads to progressive bone losses. 
However, when a diet of an adult already supplies the RDA for calcium, further 
calcium supplements are not expected to have a significant influence on the trend 
to bone loss. It is firmly established that complete immobilization results in bone 
losses. These losses occur with prolonged bed rest, as in those suffering from spinal 
cord injuries, as well as when the skeleton bears no weight, as during prolonged 
spaceflight. Evidence suggests that programs of physical activity involving walk- 
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ing, dancing, or sports may have no influence on reducing age-related bone losses 
and the advent to osteoporosis (NIH Consensus Development Panel, 1994). 

The study of osteoporosis is complicated by a number of factors: 

1. The rate of bone loss is relatively slow, thus requiring long periods of 
observation (1--4 years) to determine the influence of preventive measures. 
The rate of bone loss may be only 1% per year. This may be too small to 
measure reliably by the available technology. 

2. Bone loss occurs at different rates at different ages, thus requiring attention 
to age and to the time of onset of menopause. 

3. Bone losses occur at different rates in different bones, and in different re- 
gions of the bone (cortical versus trabecular). For example, from ages 40 to 
80, women lose about 35% of cortical bone and 50% of trabecular bone. 
Losses in men amount to about 66% of these values. Thus, any study of 
osteoporosis must take into account the locale of the bone loss. 

4. Determination of dietary calcium intake is important to those studying 
osteoporosis; however, an accurate value for Ca intake is often elusive. 

Dietary habits and calcium intake during a previous decade of life usually 
cannot be determined reliably by means of an interview or questionnaire. These 
techniques yield data, but the data are likely to be worthless. Such techniques as 
1-week food diaries, recorded at the beginning and end of a year-long study 
period, have been used to gain reliable data. 

Age-related bone loss and the trend toward osteoporosis occur at a greater 
frequency in postmenopausal women than in other groups. Menopause is the 
permanent cessation of menstruation resulting from loss of cyclic ovarian function. 
It occurs spontaneously at an average age of 50 years. It also occurs immediately 
after surgical removal of the ovaries. This operation is fairly common. The loss in 
ovarian function results in a decrease in plasma estrogen levels. Estrogen plays a 
major role in maintaining bone mass in women. The rate of bone loss during the 
first 5 years of menopause is relatively rapid. The rate is twice that of men the same 
age. The rate then decreases and plateaus. After 10 to 15 years of estrogen deft- 
cienc~ the bone mass is about one-third of its peak mass. The danger of bone loss 
is the eventual high risk for fractures of the vertebra, hip, and other bones. 

Estrogen replacement therapy is started in many women immediately after the 
onset of menopause, when the rate of bone loss is greatest, and may be continued 
until the age of 75. It might be noted that all women are estrogen deficient after 
menopause but that osteoporosis does not strike all women. Thus, other factors 
contribute to the disease. Men usually do not undergo striking changes in levels 
of steroid sex hormones, such as testosterone, with aging. The possible role of male 
sex hormones and bone metabolism is not clean 

Calcitonin therapy is also used in the treatment of osteoporosis in men and 
women. Calcitonin is a hormone composed of 32 amino acids. It has a C-terminal 
amide group. Calcitonin is synthesized and secreted mainly by the thyroid gland 
and in much smaller amounts by other organs. Calcitonin occurs in the plasma at 
about 20 pg/ml.  Osteoclasts contain calcitonin receptors. The hormone appears to 
impair the metabolic activity of the osteoclasts. The physiological function of 
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calcitonin is not clear; however, treatment of people with the hormone does result 
in inhibition of bone resorption and maintenance of the bone mass. The treatment 
preserves the bone mass in the spine, femur, and radius. There is little or no 
evidence that low plasma levels of calcitonin are associated with an increased risk 
for osteoporosis. 

Calcium supplements, along with estrogen and calcitonin therap~ are com- 
monly used in the prevention and treatment of osteoporosis. Bone loss clearly 
occurs with diets supplying under 400 mg Ca/day. Bone loss can be minimized 
with the consumption of the RDA for calcium. There is some thought that all 
postmenopausal women should consume 1000 to 1500 mg of calcium per da}~ an 
amount higher than the RDA. There is some evidence that such supplementation 
can reduce bone losses of the ulna but have no effect on spinal bone losses (Smith 
and Gilligan, 1990). 

Calcium absorption by the intestines decreases with aging, especially after the 
age of 70. This decrease is probably a consequence of the 50% decrease in produc- 
tion of 1,25-(OH)2D3 that also occurs with aging. Many homeostatic mechanisms 
of the body tend to become less agile with aging. The adapt-ion of the gut to 
absorbing adequate calcium from borderline diets (500 mg Ca/day  or less) may 
be impaired in the elderly. Because of these changes, there is much interest in 
increasing the RDA for calcium for postmenopausal women. 

Although it might seem reasonable to treat osteoporosis with vitamin D, it must 
be realized that the primary function of vitamin D is to maintain plasma calcium 
levels, not to promote bone formation. An end-effect of vitamin D supplementa- 
tion is an increase in bone resorption and increased excretion of calcium in the 
urine. Calcium supplements should not be used indiscriminately. Two types of 
persons should not receive calcium supplements: persons with hypercalcemia and 
persons with kidney stones or a family history of kidney stones. These two issues 
are discussed in the following pages. 

In summar36 persons with mild osteoporosis are treated with calcium supple- 
ments to bring the calcium intake to the RDA. Those with more severe bone losses 
receive estrogen (women only) or calcitonin. Estrogen and calcitonin decrease the 
rate of bone resorption. The abandonment of a sedentary lifestyle is encouraged. 
Chronic alcoholism is a risk factor, as is cigarette smoking. These practices are 
discouraged. Drugs such as fluoride and bisphosphonates are gaining attention in 
the treatment of osteoporosis (Sahni et al., 1993; Delmas, 1996; Torgerson et al., 
1997). Bisphosphonate has a structure similar to that of diphosphate (pyrophos- 
phate) (Figure 10.40). The bisphosphonate compounds absorb to the bone crystal. 
Bone containing the bisphosphonate resists resorption, resulting in maintenance 
of the bone mass. 
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FIGURE 10.40 Bisphosphonate, a drug, and pyrophosphate. 
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Osteoporosis: An Issue in Child and Adolescent Nutrition 

Calcium Nutrition in Girls 

Adequate calcium nutrition during childhood and adolescence is thought to be an 
important deterrent to osteoporosis in later life. A one-year study of 149 girls (8 
years old) revealed the effects of consuming a typical diet (900 mg Ca/day) or a 
diet supplemented with an additional 850 mg Ca/day (Bonjour et al., 1997). The 
Ca supplement was supplied by specially prepared biscuits, juices, and candy bars 
(rather than pills) to assure compliance. To view some of the data, the density at 
the femoral diaphysis increased by 5% (unsupplemented) and by 6% (plus cal- 
cium) during the 1-year period. The density at the lumbar spine increased by 4% 
(unsupplemented) and by 4% (plus calcium). The data demonstrated a clear and 
definite increase in bone density at some sites, but not at others. This study; as well 
as others (Johnston et al., 1992), tend to show that calcium supplements to children 
can benefit bones of the appendicular skeleton, but not the axial skeleton. The 
appendicular skeleton includes the pelvis, arm bones, and leg bones. The axial 
skeleton includes the skull, vertebra, ribs, and sternum. 

Boys and men tend to consume an amount of calcium that meets the RDA; 
however, girls and women tend to consume only half the RDA level (Bronner, 1994; 
NIH Consensus Development Panel, 1994). Once the peak bone mass has been 
achieved, evidence suggests that Ca supplements have no influence on further 
increasing bone mass. Once menopause has been reached, calcium supplements 
cannot slow the loss of bone, unless estrogen is also taken (there is some evidence 
that this statement applies only to trabecular bone, and that cortical bone loss can 
be reduced by Ca supplements alone (Bronner, 1994)). In viewing the foregoing 
considerations, it seems reasonable that all parents of girls should be persuaded 
to take the RDA for calcium seriously for the duration of their childhood and 
adolescence. 

Prolonged and Intense Exercise May Provoke Lower Estrogen Levels 
and Bone Loss 

Intense and prolonged athletic training in girls and women sometimes leads to 
amenorrhea, i.e., the lack of menstrual periods over the course of an entire year. 
Although amenorrhea is easy to detect by the layperson, further focus on this issue 
revealed that intense and prolonged exercise can lead to endocrine disturbances 
and in bone loss. The endocrine disturbances include reduced estrogen, reduced 
progesterone, and reduced luteinizing hormone. Apparently; the reduced estrogen 
level is the provoking factor in this bone loss. Women who engage in competitive 
sports that require intense exercise Should not expect to acquire any protection 
from osteoporosis (Prior et al., 1990; Winters et al., 1996). 

Bone Loss during Lactation 

During breast-feeding, bone mineral at specific sites (lumbar spine, neck of the 
femur) can decrease by 3-5%. In new mothers, these changes do not occur if the 
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mother does not breast-feed. One might be alarmed that this loss might contribute 
to eventual osteoporosis. However, the losses have been documented to be re- 
versed when lactation is concluded. Furthermore, attempts to prevent bone loss 
during lactation, by means of Ca supplements, have failed to prevent the bone loss. 
Thus, there is little or no reason to increase dietary Ca during the lactation period 
(Prentice, 1997). 

Method for Assessing Bone Density 

In studies of bone growth and of osteoporosis, bone density is measured most 
precisely by dual-energy X-ray absorptiometry. The unit of bone density is 
mg /cm 2, and this unit applies to data acquired from a cross-section. The technique 
uses sodium iodide crystals, not X-ray film, to detect X-rays after passing through 
bone. With repeated measurements over the course of a da~ for example, the 
variation is only 1%. Although this figure is impressive, one should take care in 
using the method since bone mass or density may change by only 1% during the 
course of a research study lasting a year or so (Epstein and Miller, 1997; Lukaski, 
1993). 

Genetics of Osteoporosis 

Osteoporosis appears to result from defects in one of several different genes, as is 
the case for diabetes, cancer, and atherosclerosis. In the case of osteoporosis, none 
of these genes have been identified with certainty. Candidate genes include those 
that code for collagen, collagen-degrading enzymes, certain hormones (cytokines; 
polypeptide growth factors), and the receptors coding for cytokines, polypeptide 
growth factors, estrogen, and vitamin D (Grant and Ralston, 1997). 

Fluoride and Bone 

Fluoride is a monovalent anion. It appears not to be an essential nutrient, as raising 
animals on a fluoride-deficient diet over three generations has been found not to 
impair growth and reproduction. Fluoride has proven to be of value in reducing 
the rate of dental caries (tooth decay). There has been much interest in the possi- 
bility that fluoride can prevent and reverse osteoporosis, though such effects have 
not been proven. 

The effect of fluoride in preventing dental caries was recognized when it was 
found that levels of tooth decay were low in regions of the world where the water 
supply naturally contained high levels of fluoride. In some regions, the levels of 
fluoride are so high that they cause a harmless mottling of the teeth called 
"fluorosis." Both the first set and the permanent set of teeth benefit from dietary 
fluoride. Water and other fluids account for most of our fluoride intake. 
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The optimal range of water fluoride is 0.7 to 1.2 mg/liter. This level of fluoride, 
whether provided by naturally occurring fluoride or by the artificial fluoridation 
of the community water suppl)~ results in about a 50% reduction in the rate of 
dental caries. The water used for making coffee, tea, and soups is a significant 
source of fluoride. The water in soft drinks and alcoholic beverages can also be a 
significant source when the bottling plant is located in an area using fluoridated 
water. Commercial infant formulas are significant sources of fluoride for babies. 

The fluoride content of human milk is slightly under 0.01 rag/liter (0.5 pM). 
Milk fluoride levels are not much influenced by changes in dietary intake, even 
though plasma levels may vary widely. The fluoride content of cow milk is usually 
under 0.05 rag/liter. Commercially available milk-based and soy-based formulas 
contain 0.13 to 0.30 mg F/liter. The recommended upper limit in infant formulas 
is 0.4 mg F/liter. 

The American Dental Association recommends that fluoride supplements be 
taken in areas that do not have fluoridated water. Nonfluoridated water is defined 
as that containing less than 0.3 mg F/liter. The recommendation is 0.25 mg F/day 
from ages 0 to 2 years, 0.5 mg F/day from ages 2 to 3 years, and 1.0 mg F/day 
from ages 3 to 13 years. Fluoride levels greater than 2 mg F/liter may produce 
dental fluorosis. 

Fluoride is incorporated into bone and teeth, resulting in the formation of 
fluoroapatite. Fluoroapatite is like hydroxyapatite, except that the fluoride anion 
substitutes for the hydroxyl anion. Fluoroapatite has a more orderly structure and 
is less soluble than hydroxyapatite. 

There is much interest in the lifelong use of fluoridated water for preventing 
osteoporosis and in using pharmacological quantities of fluoride for reversing 
osteoporosis. Some epidemiological studies have shown that the incidence of 
osteoporosis in areas containing high fluoride levels (1-8 mg F/liter) is lower than 
in nonfluoridated areas (under 0.1 mg F/liter). These effects require many years 
of residence in the fluoridated area and are thought to require the concomitant 
consumption of the RDA of calcium. Pharmacological levels of fluoride (30-80 mg 
F/day) have been tested for their possible effect on osteoporosis. These levels are 
equivalent to that in 50 liters of drinking water. Normally; plasma fluoride is about 
0.5 ~//. A temporary rise to about 5.0 gM occurs with the consumption of a liquid 
meal containing 5.0 mg E The beneficial effects of fluoride in the treatment of 
osteoporosis are thought to require the maintenance of plasma fluoride at 5 to 10 
gM throughout the day. Higher levels of plasma F are associated with side effects, 
such as joint pain. 

The use of fluoride as a drug for periods of 2 to 5 years has been shown to lead 
to increases in bone density in the spine, but little or no effect elsewhere. The 
increase in bone density may be equivalent to 35% of the initial bone density. One 
serious problem remains with this use of fluoride. Some studies have shown that 
treatment results in a decrease in the bone fracture rate (the desired effect); other 
studies have shown that the increase in bone density is associated not with a 
reduction in the fracture rate but in the formation of abnormally structured and 
unusually fragile bone. 

The effect of fluoride might be compared with the effects of estrogen and 
calcitonin. Fluoride treatment results in an increase in bone mass; estrogen and 
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calcitonin tend not to result in a gain in bone mass, but only in minimization of 
further bone losses. 

Calcium and Oxalate 

Calcium and oxalate are closely associated with the formation of stones in the 
urinary tract. Kidney stones (renal calculi) and bladder stones are mineral deposits 
containing protein. They can have a diameter of a centimeter or greater. Most 
kidney stones (75%) are composed mainly of calcium oxalate or calcium oxalate 
with hydroxyapatite. Uric acid stones account for about 10% of stones; xanthine 
stones are rare. Calcium-containing kidney stones occur in Western nations and 
affect about one person in 1000. The disease may occur in children, but typically 
occurs after the age of 30 and in men. Calcium bladder stones occur mainly in the 
children of underdeveloped countries, such as Thailand, and occur rarely in West- 
em nations. Some kidney stones do not result in symptoms. Others may cause 
blood loss in the urine. Stones that obstruct the flow of urine from the kidney into 
the ureter result in violent pain, nausea, and vomiting. 

Small crystals of calcium oxalate are a normal component of the urine. They 
form in the glomerular filtrate as water is reabsorbed and the urine is concentrated. 
The urine of most persons contains compounds that inhibit the growth of crystals. 
These inhibitors include magnesium, citrate, pyrophosphate, and mucopolysac- 
charides. Apparentl~ persons who tend to form renal and bladder stones have 
reduced levels of these inhibitors. Stone formation has a genetic component. The 
disease may "run in the family." 

Stone formation may occur in those with elevated levels of urinary calcium. 
Normall~ adults excrete less than 200 mg of calcium in the urine per da~ even 
with relatively high intakes of calcium. A fraction of the population absorbs more 
calcium than normal and excretes more calcium in the urine, resulting in hyper- 
calciuria. Hypercalciuria is defined as urinary excretion of calcium of more than 
300 mg/day. About half of patients with calcium stones have hypercalciuria and 
may be calcium hyperabsorbers. Persons with hypercalciuria are advised to limit 
their calcium intake to one serving of milk or cheese per day. They are also advised 
to limit their protein intake to the RDA. Their protein intake should be limited to 
minimize the calciuric effect of protein. They are also advised to increase their water 
intake to produce 2 liters of urine per day and to avoid oxalate-containing foods. 
Persons with hypercalciuria and with a familial history of stones should not take 
calcium supplements to raise their intake above the RDA. 

Most of the oxalate in the body arises from endogenous sources, rather than the 
diet. About 40% of the oxalate formed in the body arises from ascorbic acid. About 
60% arises from 2-carbon precursors, such as glycine and ethanolamine. Only 
about 0.1% of the body's glycine is catabolized via oxalate formation. Some people 
increase their intake of ascorbic acid to levels above the RDA by taking supple- 
ments. Consumption of large amounts of ascorbate results in increases in urinary 
oxalate in some persons but not in others. The normal, basal level of urinary 
oxalate is about 50 mg/day. The daily intake of 3.0 g of ascorbic acid may double 
the normal levels of urinary oxalate and thus increase the risk for calcium oxalate 
stones. 

The pathways for the formation of oxalate from glycine, ethanolamine, and 
ascorbic acid, are shown in Figure 10.41. Apparently; oxalate has no function in the 
bod~ nor is it catabolized to carbon dioxide. Oxalate occurs in plants as sodium 
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FIGURE 10.41 Degradative pathways resulting in the formation of oxalic acid. The deg- 
radation of glycine and ethanolamine to yield oxalic acid is catalyzed by oxidases. The 
breakdown of ascorbic acid to produce oxalic and threonic acids occurs spontaneously over 
time. 

oxalate or potassium oxalate. These compounds are water soluble. Oxalate also 
occurs in plants as calcium oxalate, which is insoluble at neutral and alkaline pH. 
Calcium oxalate is soluble at pH 3.0 or less, and thus may be solubilized by gastric 
acid; however, calcium oxalate re-forms with passage into the small intestines. 
Oxalate occurs in high concentrations in cocoa, chocolate, tea, rhubarb, bamboo 
shoots, spinach, chard, parsley; and beet tops. Only about 5% of dietary oxalate is 
absorbed. There is some evidence that eating large amounts of the preceding foods 
can result in the urinary excretion of elevated levels of oxalate, posing a risk for 
stone formation. 

Plasma Calcium Levels 

The regulation of plasma calcium levels is detailed under Vitamin D in Chapter 9. 
Further details on plasma calcium levels in normal and pathological situations are 
revealed in the present section. Plasma calcium levels generally do not reflect 
calcium status. Plasma calcium is maintained in the normal range during periods 
of negative calcium balance because of the actions of PTH and 1,25-(OH)2D3. Our 
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ability to increase the rate of bone resorption during a dietary deficiency in Ca 
makes it difficult to use plasma Ca levels as an indicator of dietary status. There 
has been some interest in using plasma PTH or 1,25-(OH)2D3 levels to assess 
calcium status, though attempts to use these methods have been met with difficul- 
ties. The use of bone density measurements to assess Ca status has also posed a 
number of problems. Bone density can vary by 10% in the normal population. A 
decrease in bone density can be detected only after prolonged calcium deficiency 
(Nordin et al., 1987). 

About 40% of serum calcium is protein bound, with most of it (80%) being 
bound to albumin. Generally; one or two calcium ions are associated with serum 
albumin. Albumin serves as a calcium buffer. It can bind more calcium ions when 
excessive concentrations of calcium appear in the bloodstream. About 13% of the 
calcium in serum is weakly complexed with phosphate, citrate, and sulfate. About 
half (47%) of serum calcium occurs as the free calcium ion. The level of free serum 
Ca 2+ is maintained within narrow limits, 1.0 to 1.25 mM (40 to 50 ~tg/ml). The 
normal concentration of total serum calcium (botLnd plus free) is 85 to 105 ~tg/ml. 
Conditions in which the level of free serum calcium falls below and rises above 
the normal range are called hypocalcemia and hypercalcemia, respectively. The 
term ionized calcium is often used to refer to the concentrations of free calcium. This 
term is not scientifically accurate, because all of the calcium in the body is ionized. 
Calcium does not engage in the formation of covalent bonds (Cotton and Wilkin- 
son, 1966). 

Calcium Sensor Protein Is Used in the Regulation of Plasma Ca 2+ Levels 

Cells of the parathyroid gland are unique among most other cells in that they are 
sensitive to changes in extracellular Ca 2+ levels. Parathyroid gland cells contain a 
protein in the plasma membrane that senses extracellular Ca 2+, called calcium 
sensor protein. Calcium sensor protein is 1078 amino acids long. The N-terminal 
half (613 amino acids) is extracellular and contains regions that bind and respond 
to calcium. With varying amounts of bound calcium, the protein transmits a signal 
to the cell. The transmembrane part of the protein weaves seven times in or out of 
the plasma membrane. The C-terminal region (222 amino acids) is entirely intra- 
cellular. Signaling proteins that weave seven times in and out of the plasma 
membrane are common in biolog~ and all of these proteins communicate directly 
to another signaling protein, called G protein. G protein, in turn, relays a signal tO 
phospholipase C. Activated phospholipase C catalyzes the cleavage of the IP3 
moiety from the membrane phospholipid, phosphatidylinositol bisphosphate. 
This cleavage event releases the IP3 into the cytoplasm. Once free in the cytoplasm, 
the IP3 provokes a momentary increase in calcium levels within the cytoplasm. 
This burst, in turn, provokes the secretion of parathyroid hormone from the cell. 
The sequence of events just described can be represented as follows: 

Decrease in -..> Decrease in CaL~ _.> Increased signal _.~ Increased signal ....> 
plasma Ca2+ binding to sensor to G prolein to phospholipase C 

Increased releese A burst in Fusion of s e c ~  vesldes with plasma Increase in --> of free IP3 - ' ~  calcium ions in __). --> Ca2+ the cytoplasm membrane and 
~ o f  PTH 
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To summarize the overall scenario, as extraceUular calcium ion levels decline, the 
parathyroid gland increases its release of parathyroid hormone, thus increasing 
plasma Ca 2+, and restoring it to proper levels. Most cells of the body contain some 
elements of the preceding signaling scheme, as revealed at a later point in this 
section. 

Calcium sensor protein also occurs in the kidne3a Specifically; the calcium sensor 
occurs in the thick ascending loop, where the N-terminal half juts out into the 
extracellular fluid (not into the lumen of the tubule, but in the space between 
tubules). When extracellular Ca 2+ ions increase in concentration, the thick ascend- 
ing loop decreases its rate of calcium resorption (Chattopadhyay et al., 1996; Pearce 
and Thakkar, 1997; Pearce et al., 1996). The regulatory scenario in the kidney 
represents a mode of regulating the body's calcium balance that appears com- 
pletely independent of vitamin D. The overall scenario is that, as extracellular Ca 2+ 
increases, the parathyroid gland decreases its release of PTH, and the kidney 
reduces its reabsorption of calcium ions from the developing urine. 

Bone and the Regulation of Plasma Calcium 

It is thought that bone can act as a calcium buffer. The readily exchangeable 
calcium of bone accounts for about 5% of total bone Ca. The stable calcium of bone 
requires the resorptive action of osteoclasts (Pinto et al., 1988). The osteoclasts 
secrete acid in their region of contact with the bone, resulting in its dissolution. 
The freely exchangeable calcium occurs as calcium phosphate rather than hy- 
droxyapatite. It is thought that sudden increases in plasma Ca levels can be 
dampened by the binding of this Ca to freely exchangeable sites on bone and that 
sudden decreases in plasma Ca can be dampened by the release of Ca. The 
hormonal control of bone resorption requires a period of at least 30 minutes to 
respond to changes in plasma Ca levels (Brindley et al., 1988). 

Causes and Symptoms of Abnormal Concentrations of Plasma Calcium 

Hypocalcemia and hypercalcemia occur when the calcium regulatory hormones 
fail to respond in a normal fashion. Hypocalcemia can also occur with a severe 
deficiency in dietary calcium, though such a situation is relatively uncommon. 
Some of the events taking place during dietary Ca deficiency are illustrated by an 
example involving growing pigs. Baby pigs were raised on Ca-free and Ca-suffi- 
cient (10.0 g Ca/kg) diets. The feeding trial was 6 weeks long. The deficient pigs 
displayed a number of problems, including impaired growth, serum Ca levels that 
were 50% of normal, and prolonged blood clotting times. The deficient animals 
moved with difficulty and suffered from occasional tetanic convulsions. A variety 
of bone problems presented, including rickets and rib fractures. The signs of 
rickets included wide zones of cartilage and poor mineralization of the epiphyseal 
plates (Miller et al., 1962). Similar experiments have not been carried out with 
human subjects. Impaired blood clotting seems not to be a problem for humans 
with low serum calcium levels. 
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Hypocalcemia can result from hypoparathyroidism, chronic renal failure, vita- 
min D deficienc)~ and hypomagnesemia. Hypomagnesemia occurs mainly in those 
with alcoholism so severe as to require hospitalization. Magnesium deficiency 
results in a decline in the responsiveness of osteoclasts to PTH, resulting in 
interruption of the normal process of bone turnover. In this case, hypocalcemia 
cannot be effectively corrected unless magnesium therapy is used. 

Hypoparathyroidism can result from decreased production of PTH or failure of 
target organs to respond to PTH. In rare cases, it involves the production of 
genetically defective PTH. PTH provokes the kidney to conserve calcium and to 
excrete phosphate. Thus, hypoparathyroidism results in low plasma calcium and 
high plasma phosphate levels. The disease may result in the calcification of soft 
tissues because of the high plasma phosphate level. Elevated phosphate levels 
result in an increased rate of precipitation of calcium and phosphate as the calcium 
phosphate salt. The disease is treated with oral calcium supplements and phos- 
phate-binding antacids to minimize the absorption of dietary phosphate. 

Chronic renal failure can result in the failure to synthesize 1,25(OH)2D3 and the 
consequent decrease in intestinal absorption of calcium (Pak, 1990). Genetic dis- 
eases can also result in the synthesis of defective 1-hydroxylase, as well as the 
synthesis of defective 1,25(OH)2D3-binding proteins. These proteins are involved 
in the regulation of specific genes. Each of these effects interrupts the normal action 
of vitamin D in maintaining plasma calcium levels. 

Many sick persons have low serum albumin levels. The hypocalcemia occurring 
with low serum albumin results in a decrease in the total concentration of plasma 
calcium, but not in a decrease in that of free calcium ions. This type of hypocal- 
cemia, which can occur with cirrhosis of the liver, does not result in the clinical 
signs of hypocalcemia, because free plasma Ca levels are maintained. 

Hypocalcemia commonly occurs during the first I or 2 days of life in premature, 
low-birth-weight infants. The exact mechanism is not clear. Hypocalcemia can 
also present in newborns fed cow milk, because cow milk contains calcium 
and phosphorus in a ratio of about 1.34/1.0, by weight. Mother's milk contains 
relatively less phosphate; the calcium/phosphorus ratio is 2.25/1.0. The ex- 
cess phosphate in cow milk promotes hyperphosphatemia in the newborn. It 
is thought that plasma phosphate, in elevated concentrations, forms a com- 
plex with plasma calcium. Formation of this complex reduces the levels of free 
calcium, resulting in symptoms of hypocalcemia. The newborn is not as able to 
make hormonal adjustments to maintain plasma calcium levels as is the older 
infant (Mizrachi et al., 1968). 

The symptoms of hypocalcemia present when free plasma Ca levels fall below 
1.0 mM. The first symptoms are tingling sensations and paresthesia. (Paresthesia 
is a numbness of the hands and feet.) The most characteristic sign of hypocalcemia 
is tetany. Tetany includes spasms of various kinds, including those of the face, air 
passages, hands, and feet. Convulsions may also occur. Tetany represents an 
emergency situation. It can be relieved by oral calcium or by an intravenous 
injection of calcium gluconate (10 ml of 10% calcium gluconate). Premature infants 
may receive about 5.0 ml of the solution. The injections are halted at the first signs 
of recovery to avoid hypercalcemia. Tetany does not necessarily indicate hypocal- 
cemia. It can be caused by hypomagnesemia as well as by hypokalemia and 
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alkalosis (high blood pH). Acidosis (low blood pH) can prevent hypocalcemia-in- 
duced tetany. Tetany that does not respond to calcium may be the result of a low 
plasma magnesium level and can be corrected by injection of magnesium sulfate. 

Hypercalcemia occurs with hyperparathyroidism, a disease involving the ex- 
cessive production of PTH by the parathyroid gland. Hypercalcemia can result 
from cancers that produce 1,25-(OH)2D3. Cancer cells produce a variety of other 
molecules that stimulate osteoclasts; this condition is called oncogenic hypercal- 
cemia. 

Hypercalcemia can result from an excessive intake of vitamin D. Prolonged 
immobilization can also result in hypercalcemia, as bone resorption increases with 
this immobilization, especially where there is concurrent renal failure (where the 
kidneys cannot excrete the excess calcium). Sudden, severe hypercalcemia results 
in vomiting, coma, and possibly death. Prolonged hypercalcemia can result in the 
formation of kidney stones and in the calcification of soft tissues, such as the eye. 
Stone formation and calcification are more likely to occur with concurrent hyper- 
phosphatemia. 

EXERCISE 
Why might the consumption of a huge dose of oxalic acid lead to tetany? 

EXERCISE 
Why is furosemide plus large amounts of intravenous salt and water used to treat sudden 
hypercalcemia? 

How does hypocalcemia result in tetany? Calcium ions are required at a number 
of points in the transmission of nerve impulses and in the contraction of skeletal 
muscles. Apparently; reduction of the Ca 2+ concentration in the extracellular fluids 
results in an increase in sensitivity of some nerves to the potential difference across 
the plasma membrane. When bathed in a medium of lowered Ca 2+ levels, the 
nerve "thinks" that it is somewhat depolarized and releases acetylcholine at the 
point of contact with muscle fibers. 

Calcium Signaling 

Calcium ions constitute only one of several participants in the pathway of "cal- 
cium signaling." The role of cytosolic Ca 2+ ions, in this pathway; is to rise suddenly 
in concentration over a course of a few seconds or minutes, and then to fall back 
to basal levels. The following commentary concerns events that occur before, 
during, and after the burst of calcium ions. An extracellular stimulant, such as a 
hormone, binds to a receptor in the cell membrane. The event of binding provokes 
the activation of a membrane-bound protein, phospholipase C. 

Phospholipase C catalyzes the cleavage of a phospholipid in the cell membrane, 
phosphatidylinositol-4,5-bisphosphate, generating diacylglycerol plus inositol- 
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FIGURE 10.42 Structures of components of the calcium signaling pathway. Inositol 
hexaphosphate (phytic acid) appears not to be synthesized by mammalian cells. The phytic 
acid in the diet can, to some extent, be hydrolyzed to give inositol. Inositol is required in 
the diet of rodents but not of humans. 

1,4,5-trisphosphate (IP3) (Figure 10.42). At this point, a branch occurs in the 
signaling pathway: (1) the protein kinase C branch, and (2) the calcium branch. 

The Protein Kinase C Branch 

Diacylglycerol binds to protein kinase C and activates it. Activated protein kinase 
C catalyzes the phosphorylation of a number of target proteins, as discussed in the 
Diet and Cancer chapter. 

The Calcium Branch 

IP3 diffuses to specialized regions of the endoplasmic reticulum and induces it to 
release a small amount of stored Ca 2§ (Golovina and Blaustein, 1997). The conse- 
quent increase in cytoplasmic Ca 2+ levels stimulates a number of events in the 
cytoplasm, including the further activation of protein kinase C. Calcium ions 
directly bind to and activate calmodulin, protein kinase C, phospholipase A2, 
proteins of muscle fibers (troponin, caldesmon), and proteins of the cytoskeleton 
(gelsolin, villin). One might hesitate to call these proteins Ca-metalloenzymes. It 
is more accurate to say that these enzymes are regulated by calcium. 

Example of Angiotensin 

The release of IP3 from lipids of the plasma membrane is illustrated here by a 
study involving adrenal glomerulosa cells. Angiotensin was added to the cells at 
0 seconds (Figure 10.43). Samples of cells were collected at the indicated times and 
immediately mixed with acid to halt further metabolism; the soluble metabolites 
were then analyzed. The data illustrate an increase in free intracellular IP3 imme- 
diately after addition of the hormone. 

The release of Ca 2+ from the endoplasmic reticulum and into the cytoplasm is 
illustrated in another study of adrenal glomerulosa cells. The cells were incubated 
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FIGURE 10.43 Adrenal glomerulosa cells were incubated in a medium of salts and other 
nutrients. Inositol was added to the medium. The inositol was radioactive to allow the 
researcher to determine if metabolism resulted in its incorporation into phospholipids or 
its modification by phosphorylation. Incubation of [3H]inositol with the cells resulted in 
its incorporation as phosphatidyl[3H]inositol diphosphate (3H is called tritium). (Redrawn 
with permission from Balla et al., 1988.) 

in a medium containing salts and other nutrients. A Ca-sensitive organic com- 
pound was added to the medium. Cells were allowed to take up the compound. 
Then the remaining extracellular compound was washed away. The compound 
was fura-2. Fura-2 is a synthetic molecule that has binding sites for Ca 2+. It exhibits 
fluorescence in the presence of a specific level of Ca 2+, but not at lower levels. The 
percentage of fura-2 molecules in the cell that bind calcium is proportional to the 
level of intracellular Ca 2+. Thus, the fluorescent response is proportional to intra- 
cellular Ca 2+. More specifically, in the presence of Ca 2+, fura-2 absorbs light of 340 
nm and emits light (the fluorescence) of 480 nm. Fura-2 does not absorb much light 
of 340 nm in the absence of Ca 2+ and hence does not fluoresce under these 
conditions. Angiotensin was added to the cells at the indicated time (Figure 10.44). 
The basal level of free Ca 2+ was about 114 nM. The level rose to about 145 nM 
immediately after adding the hormone and then fell slowly back to the basal level. 
The increase in cytosolic Ca 2+ occurred in response to the IP3 liberated from the 
plasma membrane. An increase in aldosterone synthesis followed the increase in 
calcium, as shown by separate experiments. Some of these events are outlined in 
Figure 10.45. 
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FIGURE 10.44 Adrenal glomerulosa cells were incubated in a medium containing salts and other 
nutrients. Angiotensin was added to the cells at the indicated time and the intracellular Ca  2+ level 
was determined as the fluorescent response of fura-2. (Redrawn with permission from Hausdorff 
and Cart, 1988.) 
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FIGURE 10.45 Calcium signaling. The tiny dots indicate the polar groups of membrane phos- 
pholipids. These polar groups include phosphocholine (PC), phosphoethanolamine (PE), and 
phosphoinositol-4,5-bisphosphate (PI). PC tends to face the extracellular fluid. PE tends to face the 
cytoplasm. Phospholipids that contain inositol are minor lipids, and account for only 0.8 to 5.0% 
of the total phospholipids of the plasma membrane; however, these phospholipids are vital for life. 
Most hormones act by binding to a receptor in the cell membrane (Step 1). One class of receptors, 
once stimulated, relay a signal to an enzyme that hydrolyzes the polar group from PI. This enzyme 
is phospholipase C (Step 2). The receptor does not directly contact phospholipase C; it relays its 
signal to the enzyme via G protein. The cleavage generates free IP3, but also generates diacyl- 
glycerol, which binds to protein kinase C, resulting in the activation of protein kinase C. IP3 induces 
the release of C a  2+ stored in an organelle in the cell (Step 3), resulting in an increase in the levels of 
cytosolic calcium ions. The cytosolic calcium ion levels then return to their basal level. This decrease 
is mediated by calcium pumps in the plasma membrane, which pump C a  2+ o u t  of the cell and by 
calcium pumps in the organelle, which pump C a  2§ back into the organelle. The continued stimu- 
lation of the cell would be expected eventually to deplete the store of Ca  2+ in the organelle. Thus, 
the cell is ultimately dependent on a supply of extracellular calcium. G protein received its name 
because it binds GDP. This protein contains three different subunits, as will be apparent from the 
following discussion. The binding of a hormone (or thrombin) to its receptor provokes the release 
of GDP and its replacement by GTP. The complex of GTP and the (z subunit then dissociates from 
the [3/7 complex. The GTP/(~ subunit complex then activates phospholipase C. Eventually; the (z 
subunit catalyzes the hydrolysis of GTP to GDP, producing an inactive complex of GDP and the cs 
subunit. This is followed by reassociation to form an inactive complex composed of GDP and the 
three subunits. G proteins are also used in mediating the activation of phospholipase C, adenylyl 
cyclase, phospholipase A2, and certain ion channels, depending on the cell. 
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Calcium Signaling Provokes Secretion 

The Ca signal in some cells results in the fusion of vesicles with the plasma 
membrane; as a result the membrane-bound proteins of the vesicle are incorpo- 
rated into the plasma membrane. One example is the acid pump in the stomach. 
The event of fusion also causes the contents of the vesicle to spill out into the 
extracellular fluid. For example, the acetylcholine released by nerve endings 
stimulates the adrenal medulla to secrete catecholamines into the bloodstream. 
Another example is that of cholecystokinin, which induces cells of the pancreas to 
secrete enzymes into the pancreatic duct. In these cases, the fusion of vesicles with 
the membrane is thought to be dependent on annexin or a related protein. Calcium 
binds to annexin. The Ca-annexin complex is thought to insert itself into two 
adjacent membranes, with the consequence of facilitating the fusion of the mem- 
branes with each other. It is thought that the Ca-annexin complex induces a 
localized disruption of the arrangement of the phospholipids in the two adjacent 
membranes, facilitating their intermixing and eventual fusion to form one mem- 
brane. 

Calmodulin is a Mediator of Calcium Signaling 

Ca signaling involves a brief increase in the concentration of cytosolic calcium. In 
some cases, it is the Ca alone at elevated levels that binds to a target protein, thus 
changing its function. In other cases, the effect of the calcium is mediated by a 
complex of Ca and calmodulin. Calmodulin is a protein with four calcium-bind- 
ing sites. Ca 2+ binds to these sites with association constants ranging from 105 M -1 
(weaker) to 109 M -1 (stronger). Calmodulin is used in the processing of the Ca 
signal. The binding of Ca to calmodulin results in a change in the overall shape or 
conformation of the protein, enabling it to bind to specific target proteins, that is, 
kinases or phosphatases. For example, activated calmodulin binds to calmodulin 
protein kinase II. This kinase, in turn, catalyzes the phosphorylation of many 
target proteins (Konick and Schulman, 1998; Putne~ 1998). 

Sarcoplasmic Reticulum and Muscle Contraction 

A rise in cytosolic calcium levels during Ca signaling is provoked by IP3. IP3 seems 
to be involved in all events of Ca signaling, except perhaps in nerves and cardiac 
and skeletal muscle cells. The source of Ca in muscle cells is the sarcoplasmic 
reticulum (SR), a specialized type of endoplasmic reticulum. The SR contains 
ribosomes and many of the enzymes associated with the ER of other cells, but 
uniquely contains large quantifies of the enzyme Ca-ATPase. Ca-ATPase accounts 
for about 75% of the protein of the SR. The SR takes up and accumulates calcium 
from the cytoplasm via Ca-ATPase, which is a membrane-bound protein. Ca-AT- 
Pase, also called the calcium pump, requires magnesium ions for activity. It uses the 
energy of ATP to drive calcium transport into the SR. The Ca release channel is 
used to release calcium from the SR during muscle contraction. The rise in cytoso- 
lic calcium levels during Ca signaling in cardiac and skeletal muscle cells is 
provoked By the wave of depolarization as it passes down the cell fiber. Depolari- 
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zation involves the momentary  infl, ow of sodium ions and induces a change in a 
specific macromolecular complex associated with the plasma membrane. This 
complex seems to be in contact with the membrane of the SR. A change in this 
complex causes the Ca channels of the SR to open, releasing Ca 2+ into the cyto- 
plasm. 

Cardiac muscle cells are dependent  on both extra- and intracellular stores of 
calcium. The wave of depolarization traveling along the cell fiber appears to 
induce the flow of extracellular Ca 2+ into the cell. The rise in cytosolic calcium that 
results is not sufficient to cause contraction of the cardiac muscle. Instead, it seems 
to induce a more substantial release of calcium from the SR of the cardiac muscle 
cell, which then stimulates contraction. 

In muscle, the main target of calcium ions in the Ca signaling pathway is 
troponin. Troponin is a protein of skeletal and cardiac muscle. Troponin is part of 
the contractile filament. The contractile filaments are huge, rodlike structures 
inside the muscle cell. They are aligned with the long dimension of the cell and 
are responsible for the contraction of each muscle cell, and hence the entire muscle. 
Binding of Ca 2+ to troponin results in a change in its conformation, which causes 
contraction. Troponin has a structure similar to that of calmodulin, another Ca- 
binding protein. 

Skeletal Muscles 

The skeletal muscle cell contains two types of filaments, thin and thick. The basic 
contractile unit of the muscle might be considered to be a thick filament sur- 
rounded by thin filaments, as shown in Figure 10.46. The sarcomere is the name 
of this unit. This basic unit is 2.5 ~tm long. The skeletal muscle cell may be about 
500 mm long and 50 ~tm wide. During contraction, the thin and thick filaments 
slide past each other at about 15 ~tm/sec. 
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FIGURE 10.46 The contractile unit of skeletal muscle. The contractile unit (sarcomere) is 
shown in the relaxed and contracted states. The thin filaments are anchored to the cyto- 
plasm and contain the Ca-sensitive element. The Ca-sensitive element is a protein called 
troponin, as indicated by the circles. The thick filaments lie between the thin filaments. 
The figure shows that myosin spans the central part of the sarcomere, while actin extends 
from the right and left edges of the sarcomere. Each vertical edge is called a Z line. Not 
shown is a protein called titin, which spans the entire sarcomere, and is attached to 
opposite Z lines. Titin, a huge protein of about 30,000 amino acids, acts as a molecular 
bungee cord, and gives muscles their springy quality (Keller, 1997). 
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The thin filament consists of a double-stranded helix of actin molecules. The 
filament appears to be relatively thin, as determined by electron microscop}~ 
accounting for the name. Troponin is part of the thin filament. It consists of a 
polymer of actin subunits. Each subunit has a molecular weight of 42,000. Tro- 
ponin occurs as a complex with tropomyosin, another protein of the thin filament. 
There is one molecule of troponin for every seven actin molecules in the thin 
filament. The thick filament is composed of a network of myosin molecules. 
Myosin has a molecular weight of 460,000. It consists of two identical polypeptide 
chains. Myosin is long rather than globular or spherical. Each myosin heavy chain 
is associated with two myosin light chains. 

Both thin and thick filaments are present in the cytoplasm of the muscle cell. 
They are aligned with the long dimension of the muscle cell. In the resting state, 
troponin inhibits the interaction between actin and myosin filaments. When the 
concentration of Ca 2+ rises, the conformation of troponin changes, permitting the 
filaments to interact with each other. The skeletal muscle relaxes when cytosolic 
Ca 2+ levels return toward the basal level. This drop results in dissociation of the 
Ca-troponin complex. 

Much of food we consume is used to provide energy to move our skeletal 
muscles. Hence, it might be of interest to focus on the role of ATP in skeletal muscle 
contraction. The relevant events occur in the contractile cycle, which consists of 
these steps: 

1. ATP binds to a pocket that is formed by the folding of myosin's polypeptide 
chain. This pocket can bind ATP or ADP plus Pi. 

2. When ATP is bound, the myosin and actin dissociate from each other (Ray- 
ment, 1996). 

3. Myosin catalyzes the hydrolysis of ATP, generating ADP plus inorganic 
phosphate (Pi). 

4. In the absence of ATP, myosin rebinds actin, provoking the release of ADP 
and Pi, and leading to muscle contraction. 

Contraction of skeletal muscle does not occur at the same time as ATP hydroly- 
sis, but shortly thereafter when ADP is released. The total cycle time of these steps 
is 50 milliseconds (Schnapp, 1995). Myosin and actin are detached from each other 
during most of the 50 msec cycle time. The strongly bound, actively pulling state 
lasts for only 5% of the cycle time. Each thick filament consists of a great number 
of myosin molecules, and each muscle contains a great number of thick and thin 
filaments. Thus, the many myosin molecules in a muscle can easily share the task 
of maintaining the contraction of a muscle, whether the contraction lasts for a 
fraction of a second or for many minutes. 

Smooth Muscles 

Smooth muscles are present in tissues requiring sustained contraction, rather than 
rapid contraction and relaxation. Smooth muscles regulate the flow of blood 
through arteries, arterioles, and veins, where they control the size of the lumen of 
the vessel. They occur in the gastrointestinal tract, where they are responsible for 
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movements of the stomach and the peristaltic waves of the intestines. Smooth 
muscles are present in sphincters, where they control the flow of fluids through 
ducts. These muscles are involved in the contraction of the uterus. Smooth muscles 
are stimulated to contract by catecholamines released by nerves in the vicinity of 
the muscle, as well as by a number of other hormones. Smooth muscles are also 
stimulated by the catecholamines in the bloodstream that originate in the secre- 
tions of the adrenal medulla. These hormones diffuse over the entire smooth 
muscle cell. Smooth muscle cells are generally quite small, about 200 to 300 ~tm 
long and 5 ~tm wide. The hormone binds to hormone receptors and activates 
phospholipase C, resulting in the release of calcium from the sarcoplasmic reticu- 
lum and contraction. Smooth muscles are different from skeletal muscles in that 
they tend to be less dependent on depolarization of the plasma membrane. The 
contraction of smooth muscles may involve both IP3-dependent release of intra- 
cellular calcium and  depolarization-dependent entry of extracellular calcium 
through Ca channels in the plasma membrane. 

Phosphatidylinositol Is Used for Two Different Types of Signaling Pathways 

Phosphatidylinositol4,5-bisphosphate is cleaved by phospholipase C to produce 
IP3, an essential component in the Ca-signaling pathway detailed earlier. How- 
ever, this phospholipid is used for a totally separate signaling pathway; one that 
does not involve calcium, and that involves PI 3-kinase. PI 3-kinase was first 
mentioned in Chapter 4 in the commentary on insulin signaling. PI 3-kinase 
catalyzes phosphorylation of PI-4,5-bisphosphate to give PI-3,4,5-trisphosphate. 
The latter phospholipid, while maintaining its residence in the membrane, pro- 
vokes the activation of protein kinase B. Protein kinase B contains a special region 
that is used for binding to PI-3,4,5-trisphosphate. Various polypeptide growth 
hormones act by provoking the activation of PI 3-kinase, which results in the 
synthesis of PI-3,4,5-trisphosphate, and the eventual activation of protein kinase 
B (Hemmings, 1997). Protein kinase B is important to the survival of the cell, and 
its targets include proteins used for translation (protein synthesis) and for glyco- 
gen metabolism (Stokoe et al., 1997). 

Calcium-Requiting Enzymes and Proteins 

Established calcium-requiring enzymes and proteins are listed in Table 10.15. The 
calcium metalloenzymes include various hydrolytic enzymes. These hydrolases 
act on polysaccharides, phospholipids, and proteins. Phospholipase C was dis- 
cussed earlier. Even though phospholipase C requires calcium and is involved in 
the Ca signaling pathwa~ it is believed that the changes in cytosolic Ca levels that 
occur with Ca signaling do not influence the activity of this enzyme. 

Possibly the best known Ca-requiring enzymes are those involved in the blood 
clotting cascade. These enzymes might better be described as Ca-binding proteins, 
as the calcium ion is not required for catalytic activity, but for regulation and 
proper physiological function. Ca 2+ ions are required for the binding of the clotting 
factors to phospholipid surfaces. The clotting factors bind Ca 2§ via residues of 
~-carboxyglutamate (GLA). Binding of calcium to these sites results in a conforma- 
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TABLE 10.15 Calcium Metalloenzymes and Binding Proteins 
, 

Function 

Pancreatic (~-amylase 
Pancreatic phospholipase A2 

Trypsinogen 

Calcium-activated protease in muscle 

Phospholipase C 

Protein kinase C 

Phosphorylase kinase 
GLA-containing blood clotting factors 
Calmodulin 
Troponin 
Annexin and related proteins 
Villin and gelsolin 

Hydrolysis of dietary starches. 
Hydrolysis of dietary phospholipids. The enzyme 

cleaves the fatty acid at the 2-position of the glycerol 
backbone. 

The calcium ion promotes the activation of trypsinogen 
to trypsin, and stabilizes trypsin under harsh condi- 
tions. 

The enzyme catalyzes the hydrolysis of troponin to 
tropomyosin. The enzyme is thought to be used in the 
degradation and turnover of muscle fibers. 

The enzyme is loosely associated with the cytoplasmic 
side of the plasma membrane. It catalyzes the hydroly- 
sis of the inositol phosphate group of'phosphatidyl- 
inositol-4,5-diphosphate. 

The enzyme is loosely associated with the cytoplasmic 
side of the plasma membrane. It is used in cell 
signaling. 

Glycolysis 
See Vitamin K in Chapter 9. 
Calcium-dependent cell signaling. 
Calcium signaling in muscle fibers. 
Secretion in response to the calcium signal. 
Proteins of the cytoskeleton. 

tional change of the clotting factor, exposing lipophilic sites that facilitate the 
factor's avid binding to the phosphol ipid  surface. In addition, the Ca 2+ ion may  
form a bridge between the negatively charged GLA residues and the negatively 
charged phospholipids,  suppor t ing the binding of the enzyme to the membrane.  
The clotting factors need to bind to a phosphol ipid surface to interact with each 
other in a normal  fashion. This means,  for example, that calcium ions and a 
phosphol ipid  surface are required for clotting factor Xa to catalyze the conversion 
of factor II to factor IIa. If the concentration of Ca 2+ in the bloodstream was severely 
reduced, blood clotting could not occur. 

The s tudy illustrated in Figures 10.47 and 10.48 reveals the nature of the calcium 
requirement  by enzymes of the clotting cascade. Factor Xa, factor II, phospholipid,  
and the indicated cation were mixed together in a test tube. A small, synthetic 
substrate was also added.  The substrate is hydrolyzed by factor IIa, but  not  by  
factor II, factor X, or factor Xa. The sequence of hydrolytic cleavages that occurs 
with the mixing of all of the required components  is shown in Figure 10.47. The 
results show that calcium ions support  maximal  activity. 

EXERCISE 
Please explain the effect occurring with the addition of both Mg 2+ and Ba 2+ (Figure 10.48). 
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FIGURE 10.47 Diagram of the overall sequence of reactions measured in the experiment 
depicted in Figure 10.48. 
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FIGURE 10.48 Results of a study illustrating the nature of the calcium requirement by 
enzymes of the clotting cascade. Factor Xa, factor II, phospholipid, and the indicated cation 
were mixed together in a test tube. A small, synthetic substrate was also added. Cations: 
(half-black circle) no addition, (@) calcium, (O) strontium, (A) barium, (El) magnesium, (a) 
magnesium + barium. (Redrawn with permission from Nelsestuen et al., 1976.) 

M A G N E S I U M  

The RDA for magnesium is 4.5 m g / k g  body weight. Thus, the RDA for a 70-kg 
man is 315 mg. The typical intake of Mg in the United States is about 300 mg/day.  
Plants and meats contain about 0.2 to 0.3 mg M g / k g  of food. Milk is a relatively 
poor source of Mg. Human  breast milk contains about 1.4 mM magnesium. Thus, 
a typical rate of milk production (750 ml /day)  results in the loss of about 1.0 mmol 
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of Mg/day in the milk. The absorption of Mg from food ranges from 20 to 70%. 
Absorption of dietary Mg is high when low levels of Mg (50 mg) are present in the 
daily diet. Absorption is low when the diet contains high levels of Mg (1000 rag). 
Mg is absorbed through the gut by specific transport systems. There is some 
evidence that the transport systems include the vitamin D-sensitive transport 
system that functions to absorb calcium. Fecal Mg represents unabsorbed Mg. The 
Mg released in bile and in pancreatic and intestinal fluids is almost completely 
reabsorbed, resulting in efficient enterohepatic circulation of the mineral. Gastric 
acid, pancreatic fluid, and bile contain about 0.5, 0.05, and 0.7 mM Mg, respec- 
tively. Most of the magnesium absorbed by the gut is eventually excreted via the 
urine rather than in the feces. Studies with human subjects revealed that, with a 
normal diet supplying 9 mmol Mg/da35 about 50% of the Mg was absorbed. In 
other words, with this level of dietary Mg, about half the Mg was excreted in the 
feces (Dengel et al., 1994). 

Magnesium is distinguished by the fact that it is required by most ATP-using 
enzymes. Here, Mg 2+ occurs as a complex with ATP, as shown in Figure 10.49. In 
other words, the true substrate for most ATP-requiring enzymes is not ATP, but 
the Mg-ATP complex. A deficiency in magnesium is uncommon. When it does 
occur, the physiological function that is most sensitive is neuromuscular activity. 
In molecular terms, the enzymes involved in neuromuscular activity that appear 
to be sensitive to Mg deficiency are those involved in the transport of sodium, 
potassium, and calcium. These enzymes are Na,K-ATPase and the calcium pump 
(Ca-ATPase). 

Biochemistry of Magnesium 

Most or all ATP-requiring enzymes use ATP in the form of the Mg-ATP complex. 
ATP chelates the magnesium ion, which is a divalent metal ion. The glycolytic 
pathway features a number of Mg-requiring enzymes. One of these enzymes is 
phosphofructokinase. The Mg requirement for this enzyme is illustrated by the 
data in Figure 10.50. The study involved phosphofructokinase purified from rabbit 
muscle. Each point in Figure 10.50 represents the catalytic activity of the enzyme 
that was expressed during incubation in separate test tubes. All of the test tubes 
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FIGURE 10.49 Structure of the Mg-ATP complex. 
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FIGURE 10.50 Magnesium requirement of phosphofructokinase. (Redrawn with permis- 
sion from Paetkau and Lardy, 1967.) 

contained identical amounts of ATP (1 mM), substrate (fructose-6-phosphate), and 
enzyme. Different test tubes contained different concentrations of Mg, as indicated 
in the figure. All of the test tubes were incubated for 10 minutes to permit catalytic 
activity. After the 10-minute period, the amount of product (fructose-l,6-bisphos- 
phate) formed in this interval was measured. The data demonstrate that enzyme 
activity did not occur until the concentration of Mg in the incubation mixture was 
equal to or higher than that of ATP. The results indicate the vital relationship 
between Mg ions and ATP. 

EXERCISE 
In the study of phosphofructokinase (Figure 10.50), is there any evidence that free ATP 
inhibits the activity of the enzyme? Is there any evidence that free magnesium inhibits the 
enzyme? 

Pyruvate kinase is an Mg-requiring enzyme of glycolysis. The enzyme requires 
both potassium and magnesium ions for activity. These ions are weakly bound to 
the enzyme. Apparently, K aids in the binding of the carboxyl group of the 
substrate to the enzyme, and Mg aids in the binding of the phosphate group 
during its transfer from PEP to ADP. The following study involved pyruvate 
kinase purified from rabbit muscle. Enzyme activity was measured in the presence 
of a variety of divalent metal ions (Figure 10.51). The greatest activity occurred in 
the presence of 1.0 to 10.0 mM Mg ions. This range of concentrations is similar to 
that found in the cell and is therefore in the physiological range. Significant activity 
was also supported by manganese and cobalt; however, the concentrations of these 
ions required to support activity are greater than the concentrations that occur in 
the cell. 
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FIGURE 10.51 Pyruvate kinase activity in the presence of a variety of divalent metal ions: 
(O) Mg, (A) Co, (@) Mn, (&) Ni. (Redrawn with permission from Kwan et al., 1975.) 

The preceding experiments illustrate the function of Mg in enzymes where the 
metal ion occurs as the Mg-ATP complex and where it occurs in a complex with 
the enzyme. Some enzymes require Mg-ATP as well as free magnesium ions. One 
such enzyme is carbamyl phosphate synthetase, an enzyme of the urea cycle. 
These experiments also raise another issue, namely the magnesium requirement 
of enzymes that are also stimulated by other metal ions. Many Mg-requiring 
enzymes can use manganese in place of Mg. Manganese can form a complex with 
ATP and it can bind directly to enzymes. Because of the fact that magnesium 
occurs in the cell at concentrations much greater than those of manganese, mag- 
nesium would be expected to be the activator in vivo. In some cases, however, 
manganese may activate the enzyme at concentrations much lower than the re- 
quired concentration of magnesium; the binding of manganese to the enzyme may 
occur with a strength more than 10,000 times that of magnesium. Here, it might 
be suspected that Mn is the activator in vivo, rather than Mg. Enzymes that tightly 
bind manganese are discussed under Manganese. 

The documentation, by example, of all of the major Mg-requiring enzymes of 
the body would lead to a very long discussion. Magnesium is required at various 
steps in the synthesis of DNA, RNA, and protein. The metal ion is required by 
various enzymes participating in the synthesis of carbohydrates and lipids. Mg 2+ 
ions play a structural role, where they are bound to phospholipid membranes, 
ribosomes, and chromatin. Mg 2+ ions are required by enzymes that are used in 
transmitting signals within cells. These enzymes include adenylate cyclase, which 
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catalyzes the synthesis of cyclic AMP, and protein kinase C, which catalyzes the 
phosphorylation of a number of proteins. Mg 2+ is required by other protein kinases 
as well. Mg 2+ is used by a number of proteins of the muscle, including creatine 
kinase, actin, Na,K-ATPase, and calcium pumps. Magnesium is vital for energy 
production, as it is required by the F1 protein, the ATP-synthesizing protein in the 
mitochondrion. 

The question for the nutritionist and clinician is: Which Mg-dependent function 
is most sensitive to depletion of the body's magnesium and to hypomagnesemia? 
The answer is probably ion transport systems, such as the calcium pump and 
Na,K-ATPase. The impaired activity of these ion pumps is likely to be responsible 
for the neuromuscular problems that present with an Mg deficiency. The defects 
would involve a difficulty in maintaining the normal movements of calcium, 
sodium, and potassium ions required for nerve conduction and muscle contrac- 
tion. 

Magnesium in the Body 

Normal plasma Mg ranges from about 1.6 to 2.1 mM. Tetany may occur when 
plasma Mg levels drop below 1.0 mM. About half of the plasma Mg occurs as the 
free ion, with about one-third bound to albumin and the remainder occurring in 
complexes with phosphate, citrate, and other anions. The nonprotein-bound Mg 
(70% of total Mg) in the plasma can enter the glomerular filtrate. Nearly all of the 
Mg entering the filtrate is reabsorbed by the renal tubule and is prevented from 
being lost in the urine. 

The free cytosolic Mg concentration has been estimated as 0.4 to 1.0 mM. Total 
cellular Mg, which includes ions bound to metabolites, membranes, and proteins, 
is equivalent to about 10 mM. Mitochondria contain 25 to 40 mM Mg, whereas free 
Mg in this organelle is about 0.5 mM (Fahien et al., 1985). 

About 60 to 65% of the body's Mg is in bone, 27% in muscle, 6% in other cells, 
and about 1% in extracellular fluids. About 20 to 30% of bone magnesium is freely 
exchangeable and is in a rapid equilibrium with serum. The remaining bone 
magnesium is intimately associated with the apatite crystal of the bone and is 
called nonexchangeable magnesium. Nonexchangeable bone Mg remains constant in 
bone in growing and adult animals fed an Mg-deficient diet. 

What do loosely bound and freely exchangeable magnesium mean? The reversible 
interaction between two metabolites, such as a metal ion (M) and a protein (P), can 
be expressed as 

M + P "~" MP 

P can also represent a small molecule, such as ATP, phosphate, or citrate. MP 
represents a complex. The stability of the complex can be expressed by the formula 

K 
[MP] 

[M] [P] 
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The brackets indicate "molar concentration of." K is the binding constant, also 
called the association constant. The value of the binding constant reflects the 
chemical properties of M and P, as well as other factors such as temperature and 
solvent. For example, the binding constants for complexes of Mg and ATP, Mg and 
citrate, and Mg and pyruvate kinase are different. 

The last formula can be rearranged to give: 

IMP] = K[M] [P] 

This formula indicates that the concentration of the MP complex is dependent on 
those of M and P. The formula can be used to estimate the concentration of MP, 
with a knowledge of the total Mg and total ATE The cytosolic level of total Mg is 
about 10 mM and that of ATP is about 2 mM. The value of K is taken from Table 
10.16. The concentration [M] of free magnesium is 1 0 -  [MP]. The concentration 
[P] of free ATP is 2 .0-  [MP]. The value for the concentration [MP] of the Mg-ATP 
complex can easily be found from the following formula using a computer: 

[MP] = (73,000) (10 -[MP]) (2.0 - [MP]) 

This formula can provide only a rough estimate of the amount of Mg-ATP in the 
cell because it ignores the binding constants and concentrations of metabolites 
other than ATP that bind Mg and thus compete with ATP for binding Mg. The 
calculation excludes the concentration of Mg tightly bound to proteins. This con- 
centration should not be included in the calculation because the binding of Mg to 
ATP is only of moderate strength. The contribution of protein-bound Mg to for- 
marion of the Mg-ATP complex would be insignificant. In short, ATP cannot 
effectively compete for the binding of protein-associated Mg. This pool of Mg may 
reside deep within the structure of the protein, rather than on the surface. 

The stability constants for ATP and a variety of cations can be used in the 
following way. One might be concerned that the high levels of potassium ions in 
the cell could form a K-ATP complex and thus prevent formation of the Mg-ATP 
complex required by a variety of enzymes. This concern may arise from the fact 
that the level of K in the cell is about tenfold greater than that of Mg. From Table 

TABLE 10.16 Association Constants for Complexes Involving ATP or Related Chemicals 
, ,, 

Binding Constants 

Mg-ATP 73,000 M -1 
Ca-ATP 35,000 
Mn-ATP 100,000 
Na-ATP 14 
K-ATP 15 
Mg-ADP 4,000 
Mg-AMP 70 
Mg phosphate 500 
Mg citrate 4,500 

Source: O'Sullivan and Smithers (1979). 
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10.16, the association constant for K-ATP formation, 15 M -1, is much smaller than 
that for Mg-ATP formation, 73,000 M -1. Using the formulas given earlier, one finds 
that the concentration of K-ATP in the cell is small compared with that of Mg-ATP, 
despite the higher concentration of cellular potassium. 

Magnesium ions bind to inorganic phosphate (Pi) and to citrate. The levels of 
these anions, respectively; are about 3.3 and 1.2 mM in the cytosol and 17.0 and 5.2 
mM in the mitochondria. The association constants for Mg-Pi and Mg-citrate 
formation are small, compared with that for Mg-ATP formation (see Table 10.16). 
Pi and citrate might be expected to only slightly impair the formation of the 
Mg-ATP complex in the cell. 

The binding constant for Mg-ATP formation may seem large; however, the 
binding is only of moderate strength. The Mg bound to ATP is described as "freely 
exchangeable." Metals that are tightly bound to proteins and not readily exchange- 
able have binding constants ranging from 109 to 1030 M -1 or greater. The association 
constant for Mg-ATP might be compared with that for hormone-binding proteins. 
The 1,25-dihydroxyvitamin D 3 binding protein of the nucleus, for example, binds 
the hormone with a binding constant of about 101~ M -1. The binding of free fatty 
acids by serum albumin was discussed earlier in the text. The binding constants 
for long-chain fatty acids to albumin range from 105 to 10 a M -1. 

Magnesium Deficiency 

Magnesium deficiency is rare for two reasons. First, the mineral is plentiful in plant 
and animal foods. Second, the kidney is able to adjust its reabsorption of filtered 
magnesium to attain a high efficiency of tubular reabsorption. Persons at risk for 
Mg deficiency include those suffering from prolonged diarrhea and those taking 
loop diuretics. Both of these conditions are the same as those that can cause 
potassium and sodium deficiencies. The effects of Mg deficiency include low 
plasma magnesium, tetany; and cardiac arrhythmias. Although Mg deficiency and 
hypomagnesemia are not common, the clinician should evaluate plasma Mg levels 
when tetany presents during such conditions as severe diarrhea. Mg deficiency can 
also occur with malabsorption syndromes, such as sprue, steatorrhea, and that 
occurring with surgical removal of the small intestines. The Mg that is not ab- 
sorbed in steatorrhea is lost in a complex with fatty acids. Mg occurs in a complex 
with the carboxyl group of the fatty acids. Mg deficiency may also occur during 
the malabsorption that accompanies chronic alcoholism, especially where there is 
also malnutrition. 

It is doubtful that a deficiency purely in magnesium and not in any other 
nutrient ever occurs outside the laboratory. Magnesium deficiency has been in- 
duced and studied in humans and animals. The results of these studies have 
proven useful in the diagnosis of Mg deficiency, as it occurs in the real world, and 
in the study of interactions between Mg and other nutrients. 

The following study involved an extended Mg deficiency induced in humans 
(Shils, 1969). Adult human subjects were fed an Mg-deficient diet for 40 to 100 
days. Within a day or so of starting this diet, urinary Mg levels decreased from a 
normal value of 8 to 16 mmol /day  to less than 0.5 mmol/day.  Plasma Mg levels 
decreased gradually over the course of a month and then plateaued at the lower 
level. Normal plasma Mg values were 1.2 to 2.0 mM. The final low values were 10 
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to 30% of the initial values. The wide fluctuations in plasma Mg that can be 
tolerated wouldprove to be fatal in the case of potassium, calcium, or glucose. Red 
blood cell Mg levels were only moderately affected during the deficiency. They 
declined to about 60% of the initial value. 

After the plasma Mg levels had decreased, plasma calcium levels began to drop. 
The drop in plasma Ca was moderate compared with that in Mg. Plasma Ca levels 
decreased even though the subjects were receiving adequate amounts of calcium 
and vitamin D. Neuromuscular symptoms developed after about 4 weeks of the 
diet. These symptoms included tetan36 lack of reflexes, tremors, and muscle weak- 
ness. Tetany may be mild, as in mouth twitches, or more severe, as in painful 
spasms. Hypocalcemia produces a tetany similar to that produced by Mg defi- 
ciency; however, Mg deficiency-induced tetany can occur with normal serum 
calcium levels. The tetany of Mg deficiency can be reversed by administration of 
Mg but not calcium. Tetany can result from low concentrations of Ca or Mg in the 
extracellular fluids (which surround the nerves) or from an alkaline pH. Low 
potassium levels in the extracellular fluids, however, do not result in tetany. 

Experimentally induced Mg deficiency in animals (rats, pigs, dogs) generally 
results in a progressive drop in plasma Mg from a normal level of about 0.8 to 0.3 
mM or lower. A diet that is completely lacking in Mg can produce death involving 
a seizure within 2 weeks. Diets that contain Mg, but at inadequate levels, can result 
in the formation of a variety of defects that may take a month or so to manifest. In 
a number of animals, Mg deficiency results in impaired growth, muscle weakness, 
tetan36 and structural abnormalities in the mitochondria and sarcoplasmic reticu- 
lum. The deficiency can provoke a slight decrease in muscle potassium levels and 
increases in muscle sodium. It is thought that these effects result from impairment 
of the activity of Na,K-ATPase in the plasma membranes of muscle cells and the 
consequent deterioration in the normal gradients of Na and K. 

Mg deficiency induces a drop in plasma calcium levels in a variety of animals 
(mice, dogs, monkeys) but not in the rat. Apparently; the hypocalcemia that occurs 
in humans and in some animals results from impairment of the process of bone 
reabsorption. Mg deficiency seems to result in a decrease in the sensitivity of the 
osteoclasts to parathyroid hormone. In addition, Mg deficiency may result in a 
decrease in the rate of secretion of this hormone, leading to low plasma parathy- 
roid hormone levels. 

Another calcium-related effect occurs with Mg deficiency. The diet induces the 
deposit of calcium in soft tissues, including the kidneys, heart, and aorta. The 
calcification can result in increases in tissue calcium of 30 to 160 times the normal 
levels. 

Magnesium and High Blood Pressure 

Magnesium supplements may reduce hypertension in some persons. The issue of 
magnesium and the control of blood pressure has been difficult to establish con- 
clusively. One study involving people with moderate hypertension revealed that 
daily doses of 20 mmol (485 rag) Mg could produce a decline in blood pressure, 
where at least three continuous months of supplementation were required for the 
effect (Witteman et al., 1994). The 20-mmol supplement contained about double 
the usual dietary intake from food. Magnesium sulfate is commonly used as a drug 
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to prevent convulsions that may occur during episodes of hypertension during 
pregnancy (see Sodium, Potassium, Chloride, and Water section). 

MANGANESE 

An RDA for manganese has not been established. A provisional dietary Mn intake 
for adults of 2 to 5 rag/day is recommended by the National Research Council. 
Manganese deficiency rarely occurs and has not yet been documented in any 
specific population. Mn is found in grains, fruits, and vegetables. Meat, fish, and 
dairy products are relatively poor sources of the mineral. 

Biochemistry of Manganese 

Manganese is required by mitochondrial superoxide dismutase. This enzyme 
catalyzes the same reaction catalyzed by the cytosolic form of the enzyme, namely 
the conversion of superoxide to hydrogen peroxide. Superoxide is a molecule of 
oxygen containing one additional electron. It is produced as a byproduct of vari- 
ous reactions in which molecular oxygen (02) is involved. These reactions may 
include those of cytochrome c oxidase and various flavoproteins. The HOOH 
formed by superoxide is decomposed by catalase: 

20~ + 2H § ~ ~- H O O H ~ 1 " 1 2 0  + ~O 2 

02 
(10.4) 

There is some thought that the cellular damage occurring in Mn deficiency is 
caused by the toxic effects of accumulating superoxide, though such a connection 
has been difficult to prove. 

Pyruvate carboxylase is a well-known Mn metalloenzyme. The enzyme is a 
tetramer and contains one biotin cofactor per subunit and one divalent cation per 
subunit. The enzyme from calf liver, for example, contains four tightly bound Mn 
atoms. The enzyme from chicken liver contains two Mn atoms and two Mg atoms. 
Raising chickens on an Mn-deficient diet results in the production Of an Mn-free 
enzyme, where magnesium ions replace the usually occurring manganese ions. 
The Mg-containing enzyme is catalytically active, leaving the requirement of the 
enzyme for Mn in question (Scrutton et al., 1972). 

Phosphoenolpyruvate carboxylase may require manganese (Brinkworth et al., 
1981; Columbo and Lardy; 1981). Manganese also appears to be necessary for the 
activity of acetyl-CoA carboxylase, the first enzyme of the fatty acid biosynthetic 
pathway. More explicitly; a regulatory enzyme that catalyzes the activation of 
acetyl-CoA carboxylase appears to require Mn (Thampy and Wakil, 1985). Tyrosine 
sulfotransferase, an enzyme involved in the metabolism of catecholamine hor- 
mones, requires manganese (Sakakibara et al., 1997). Arginase, an important en- 
zyme of the urea cycle, has been reported to be an Mn-metalloenzyme (Brock et 
al., 1994). The biochemistry of manganese function represents an incomplete story. 
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The range of defects occurring during experimentally induced Mn deficiency 
suggests that a variety of Mn-dependent functions remain to be discovered. 

Manganese in the Body 

The absorption of dietary Mn by humans is low, about 6.0%, and can range from 
I to 16%. About 99% of the body's losses of Mn are fecal, with about 0.7% lost via 
the skin and 0.1% via the urine. The primary route of excretion of the body's Mn 
is the bile, which contributes to the fecal manganese. Plasma Mn levels vary from 
0.015 to 0.030 ~//. Plasma Mn can vary within this range from day to day in an 
individual. Red blood cell manganese is about 20 ng /ml  of packed cells. Urinary 
Mn is fairly constant at about 7.0 nmol /g  of creatinine. Plasma and urinary Mn 
levels seem not to be closely correlated with Mn intake. 

The total concentration of Mn in the liver cell is about 35 ~// ,  about 1/1000th 
that of magnesium. Free Mn occurs at about 0.2 to 1.0 ~ / / i n  the liver cell. Loosely 
bound and freely exchangeable Mn occur at about 12 ~dV/, with the rest of the ion 
occurring tightly bound to proteins. Mitochondria contain a concentration of Mn 
equivalent to 300 t~/,  about 1/100th that of mitochondrial magnesium (Senior et 
al., 1980). 

The body loses Mn at a rate of about 50% every 3 to 10 weeks (Davidsson et al., 
1989). This rate, which is called the biological half-life of Mn, was measured as 
follows. Human subjects consumed a meal containing radioactive manganese-54. 
Measurements of total-body 54Mn were then made using a whole-body counter. A 
delay of I week was permitted before the first measurement to allow for excretion 
of the nonabsorbed 54Mn. Then daily measurements of the total amount of radio- 
active Mn in the body were made over the course of several weeks. The biological 
half-life of magnesium is longer than that of manganese and has been reported to 
be 60 to 180 days (Corkey et al., 1986). 

Manganese Deficiency 

In animals Mn deficiency causes poor growth, impairs the ability to stand from a 
supine position, and causes swelling and disorganization of the endoplasmic 
reticulum and defects in the mitochondrial membrane. Mn deficiency in mother 
rats produces offspring with a variety of skeletal abnormalities, such as leg bones 
that are disproportionately short in comparison with the rest of the body. The 
offspring also have tremors and ataxia. In humans, Mn deficiency results in a scalF 
red rash on the skin of the upper torso. Plasma levels of calcium alkaline phos- 
phatase increase, suggesting that Mn deficiency provokes the net dissolution of 
bone (bone resorption) (Freeland-Graves and Tumlund, 1996). 

ZINC AND COPPER 

The RDA for zinc is 15 mg. With mixed diets containing phytate and fiber, about 
30% of dietary zinc is absorbed. The efficiency of absorption increases with diets 
containing very little zinc. Dietary zinc must replace the obligatory losses, which, 
at the minimum, are about 0.7 mg/day. The RDA for copper has not been deter- 
mined. The National Research Council recommends 1.5 to 3.0 mg per day as a safe 
and adequate range of dietary copper intake for adults. The usual dietary intake 
of copper in the United States is about 1 mg/day. This amount is sufficient to 
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maintain copper balance. About one-third of dietary copper is absorbed. Meat, 
poultry, and seafood are the best sources of zinc. Oysters are distinguished as a 
food containing very high levels of zinc and copper (Brody and Mathews, 1989). 
The metals are contained in vesicles or granules in the animal. The vesicles are 
thought to be used for metal detoxification, though their function is not really clean 

Zinc and copper are described together because of their nutritional and simi- 
larities. These metal ions differ biochemical136 however. Copper is involved in 
oxidation-reduction reactions and occurs in the cuprous (Cu +) and cupric (Cu 2§ 
states. Zinc does not donate and accept electrons; it occurs as Zn 2+. Health-threat- 
ening deficiencies in zinc and copper are fairly rare. There is some evidence that 
zinc deficiency occasionally occurs in certain poor populations of the Middle East 
and results in impaired growth and sexual development. Zinc and copper occur 
tightly bound to proteins in the cell, rather than as free ions. Protein-bound zinc 
serves, in some cases, a catalytic function and, in other cases, a structural function. 
The most famous of the zinc-requiring enzymes is carbonic anhydrase. Free zinc 
ions play a part in nerve transmission within the brain, though the exact nature of 
this role is not clear (Koh et al., 1996). A large number of regulatory proteins that 
bind to DNA contain zinc. The zinc-containing DNA-binding proteins belong to a 
class of proteins called transcription factors, i.e., they are used to regulate the rate 
of transcription. If one had to state an overall role of zinc in the bod~ one might 
say genetic regulation. 

The copper metalloenzymes are involved in oxygen-using reactions. These 
enzymes include cytochrome c oxidase (respiratory chain), lysyl oxidase (collagen 
synthesis), and dopamine ~-hydroxylase (neurotransmitter synthesis). Lysyl oxi- 
dase is a small protein with a molecular weight of 32 kDa. This enzyme contains 
an unusual modification, namely cross-linking between two different parts of its 
polypeptide chain. The cross-linked region consists of a structure called lysine 
tyrosylquinone (Klinman, 1996). Two amino acids are involved in this cross- 
linked structure, and these are Lys 314 and Tyr 349. Lysine tyrosylquinone is used 
as a cofactor and is necessary for the catalytic activity of the enzyme. Other copper 
metalloenzymes contain a related cofactor, namely 2,4,5-trihydroxyphenylalanine 
(topaquinone, TPQ). Serum amino oxidase is a copper metalloenzyme that con- 
tains TPQ. TPQ consists of a modified residue of phenylalanine. The copper in the 
active site of the enzyme occurs immediately adjacent to the TPQ cofactor. 

If one had to state an overall role of copper in the bod~ one might say oxygen 
metabolism. One major factor shared by both zinc and copper is that both metal 
ions occur bound to metallothionein. The function of metallothionein is not firmly 
established. Copper is bound to another protein, ceruloplasmin, which occurs in 
the cell and plasma. The function of this protein is not clear either. Zinc absorption, 
as iron absorption, is impaired by high levels of phytic acid. Copper absorption is 
not inhibited by phytic acid. The major route of excretion of both metal ions is 
fecal, rather than urinary. 

Biochemistry of Zinc and Copper 

Zinc is used by a great number of enzymes and proteins, whereas copper seems 
to be limited to only a few functions. The most thoroughly studied zinc metalloen- 
zymes of mammals are carbonic anhydrase, carboxypeptidase A and related pep- 
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tidases, alkaline phosphatase, alcohol dehydrogenase, and cytosolic superoxide 
dismutase. The superoxide dismutase of the cytosol also contains copper. It cata- 
lyzes the same reaction as the mitochondrial enzyme (see Manganese). Table 10.17 
provides a more complete list of the zinc metalloenzymes and metalloproteins. 
Copper metalloenzymes and metalloproteins are also listed. The functions of some 
of these proteins are described elsewhere in the text, in the Vitamin C and Alcohol 
sections. 

Zinc usually binds to proteins via residues of cysteine and histidine. Sometimes, 
zinc is bound to residues of glutamate or aspartate. The zinc ion sometimes plays 
a catalytic role and sometimes a structural role. In the latter case, it helps maintain 
the three-dimensional structure or conformation of the protein. For example, 
carboxypeptidase A contains two atoms of zinc. One is required for catalytic 
activity and is bound to cysteine and histidine. The other, which plays a structural 
role, is bound only to cysteine. Cytoplasmic superoxide dismutase is a dimer. It 
contains one atom of Cu 2§ and one of Zn 2§ per subunit. The zinc is bgund via three 
residues of histidine and one residue of aspartate. It is buried deep within the 
enzyme and serves a structural role. The copper atom is bound via four residues 
of b.istidine. It resides close to the surface of the protein and participates in the 
chemistry of catalysis. 

Zinc Fingers 

A special sequence of amino acids that contains residues of cysteine and histidine 
has been identified in a number of DNA-binding proteins (transcription factors) 
and in some enzymes involved in DNA metabolism. This sequence assumes a 
coiled conformation at the surface of the protein and has been imagined to resem- 
ble a sausage or a finger. The sequence of amino acids, which is about 30 amino 
acids long, has been shown to tightly bind an atom of zinc. The structure is called 
a zinc finger. The zinc atom is required for the binding of the protein to DNA. The 
role of DNA-binding proteins that contain zinc fingers in regulating genetic ex- 
pression is described in the section on Vitamin A, Vitamin D, and Thyroid Hor- 
mone at the Genome. 

The zinc finger contains the following general sequence of amino acids (AAs): 

-Phe-AA-Cys-AA-AA-Cys-(AA)3-Phe-(AA)s-Leu-AA-His-(AA)3-H is- 

This sequence is part of the linear polypeptide chain of the entire protein. The 
sequence may be repeated one or more times in the DNA-binding protein, and the 
exact order of the amino acids differs in zinc fingers found in different types of 
DNA-binding proteins. DNA-binding proteins that contain zinc fingers include 
the transcription factors that bind the respective hormones: RAR, RXR, VDR, and 
THR (Zhu et al., 1997). Other transcription factors that contain zinc fingers include 
TFIIIA, Spl (Spl binds to the GC box) (Narayan et al., 1997), and steroid hormone 
receptors. 

The sex steroid hormones (androgen and estrogen) function by binding to 
transcription factors that contain zinc fingers. The complex of the hormone and 
transcription factor binds to special response elements along the genome, and 
regulates hormone-responsive genes. It is conceivable that the reproductive de- 
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TABLE 10.17 Zinc and Copper Metalloenzymes and Binding Proteins 

Function 

Zinc 

Carbonic anhydrase 
Alcohol dehydrogenase 
Alkaline phosphatase 
Carboxypeptidase A 
Carboxypeptidase B 
Angiotensin-converting enzyme 

Cytoplasmic superoxide dismutase 
Aminolevulinic acid dehydratase 
Insulin in secretory vesicles 
Catecholamine containing vesicles 

Sphingomyelinase 

MetaUothionein 
Lactalbumin/galactosyltransferase 

Component 9 of complement 
Protein kinase C 
Fructose- 1,6-diphosphatase 
Thymulin 
5'-Nucleotidase 

Glyoxalase 
mRNA editing enzyme 

*Transcription factor Spl 
*Transcription factor TFIIIA 
*Glucocorticoid receptor 
* Androgen receptor 
*Steroid hormone receptor 
*Retinoic acid receptor 
*Vitamin D receptor 
*Poly(ADP-ribose) polymerase 
*RAF 

*HRS 

Interconverts CO2 and bicarbonate 
Alcohol catabolism 
Hydrolyzes phosphate groups 
Digestion of dietary protein 
Digestion of dietary protein 
Regulation of blood pressure 

and salt balance 
Toxic oxygen removal 
Biosynthesis of heme 
Used in packaging of insulin 
Used for strengthening the protein matrix 

used in packaging catecholamines 
Mammals have several different enzymes that 

catalyze the hydrolysis of 
sphingomyelin; one of these 
enzymes requires zinc 

Storage or detoxification of zinc 
Synthesis of lactose: 

UDP-galactose complex + glucose ~ lactose + UDP 
Immune system 
Transmission of signals within the cell 
Gluconeogenesis 
Hormone of the immune system 
Cleavage of phosphate from nucleoside 

5'-monophosphates 
Detoxification of aldehydes 
Changes the mRNA coding for apolipoprotein 
B100 (by deamidating a cytosine 

residue), so that it codes for 
apo B48 

DNA binding and basal transcription 
DNA binding and basal transcription 
DNA binding and genetic regulation 
DNA binding and genetic regulation 
DNA binding and genetic regulation 
DNA binding and genetic regulation 
DNA binding and genetic regulation 
Response to damage to DNA 
Used for cell signaling; RAF binds to RAS, 

a membrane-bound protein that is used 
in cell signaling 

Used for endocytosis, a process occurring 
at the plasma membrane that results in the 
creation of small vesicles, and in the 
uptake of chemicals from the extraceUular fluid 

*Indicates presence of zinc finger structures, continued 



TABLE 10.17 continued 

Function 
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Copper 

Cytochrome c oxidase 
Lysyl oxidase 
Dopamine ~-hydroxylase 
Tyrosine oxidase 
Cytoplasmic superoxide dismutase 
Amine oxidase 

Metallothionein 
Ceruloplasmin 
Uricase (not in humans) 

Respiratory chain 
Collagen synthesis 
Neurotransmitter synthesis 
Melanin synthesis 
Toxic oxygen removal 
Catabolism of histamine and related 

endocrinologicaUy active molecules: 
R-CH2NH2 + 02 + H20 --~ R-CHO + NH3 + HOOH 

Copper storage or detoxification 
Copper storage or transport 
Catabolism of uric acid in nonprimates 

fects that occur with zinc deficiency result from the inactivity of the binding 
protein when deprived of zinc. In short, the hormone is functionally ineffective 
unless it can form a complex with the protein and unless the complex can bind to 
the chromatin. 

Cadmium is a divalent metal ion. It is a toxic metal ion that can induce damage 
to the reproductive system. In general, cadmium can bind to sites of proteins that 
are normally used to bind zinc. It is possible that the cadmium-induced damage 
to the reproductive system results from the binding to the zinc fingers of the 
steroid hormone-binding proteins. 

Be Careful before Claiming that a Protein Requires Zinc 

The existence of a zinc finger sequence in a protein does not necessarily mean that 
it binds zinc ions in vivo. The researcher must determine that any protein bearing 
this sequence actually binds zinc before claiming that the sequence is a real zinc 
finger. One might expect, for example, to find a stoichiometry of one zinc atom per 
zinc finger sequence. In the actual practice of studying metalloproteins, one may 
find a stoichiometry of 0.7-0.9 metal ions per metal-binding sequence, because of 
the losses of metal ions during the purification of the proteins. The quantity of 
metal atoms bound to any protein can be determined by atomic absorption 
spectrometry. 

The detection of one zinc atom per zinc finger sequence (or to a related zinc- 
binding sequence) does not necessarily mean that the protein actually requires zinc 
for activity. The researcher needs to determine that the zinc actually functions to 
support activit34 to support a regulatory property, or to stabilize the structure of 
the protein before claiming that the protein is a zinc metalloprotein. The simplest 
method used to assess if a protein requires zinc for activity is to measure the 
activity in the presence and absence of a chelator, such as ethyle- 
nediaminetetraacetic acid (EDTA). However, one should be cautioned that the 
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results from this chelator test can only be used to guide the design of more 
convincing tests. The chelator test can lead to misleading results, as shown by the 
example of zinc and DNA polymerase (Lehman, 1981). The concepts in the fore- 
going discussion apply to the study of most metalloproteins. 

Zinc in the ~-Cells of the Pancreas 

Insulin is stored in the ~-cells of the pancreas, where it resides in secretory vesicles. 
The hormone occurs in an orderly; crystalline structure involving zinc ions. Each 
molecule of insulin is associated with two to four atoms of zinc in a complex that 
can only be slowly dissolved in water. The C-peptide is also contained in the 
secretory vesicle, but it is not included in the crystalline structure. The zinc/insulin 
complex is thought to allow the slow "timed release" of insulin after it is secreted 
into the bloodstream. Once in the circulation, insulin slowly dissolves out of the 
complex. The interior of the vesicle is kept slightly acidic (about pH 6.0) by the 
activity of a proton pump residing in the membrane of the vesicle (Aspinwall et 
al., 1997). The zinc/insulin complex is insoluble at pH 7.0 or below. It might be 
noted that insulin is not complexed with zinc in the ~-cells of some animals, for 
example, guinea pigs, indicating that the complex is not vital. Zinc deficiency 
seems not to have a profound effect on insulin secretion in rats. 

Zinc also seems to serves to maintain a timed release of adrenaline from the 
adrenal gland. Here, zinc acts to cross-link and strengthen the matrix of proteins 
that exists within the secretory vesicle, thus impeding the dispersion of the hor- 
mone from the matrix, in the seconds immediately following secretion (Aspinwall 
et al., 1997). 

Absorption of Zinc and Copper 

Absorption of dietary zinc ranges from about 15 to 60%, depending on the nature 
of the diet. Red meat, liver, raisins, and molluscs are the foods highest in zinc, with 
beans and nuts also containing high levels. Milk, fruits, and vegetables are low in 
zinc (Sandstead and Smith, 1996). The zinc of whole grains is less well absorbed 
than that of milled flour, probably because of the phytic acid that chelates zinc ions; 
however, the higher zinc content of whole grains makes the foods comparable as 
a source of the mineral. The zinc in bread made with yeast has a higher availability 
than that in unleavened bread, probably because of the hydrolysis of the phos- 
phate groups of phytic acid in the flour by enzymes produced by the yeast. The 
phytic acid content of the typical diet in the United States is not high enough to 
impair absorption of dietary zinc; however, the phytic acid in the whole-grain diets 
consumed by populations in the Middle East can reduce the absorption of zinc 
from the normal range to well under 20%. Zinc is absorbed by the small intestines, 
either as free zinc ions or possibly in a complex with amino acids. 

The following study illustrates the effects of different foods on the absorption 
of zinc. Subjects ate a test diet consisting of a roll made with whole wheat flour or 
white flour, along with other foods, as indicated in Table 10.18. The roll contained 
1.0 mg of radioactive zinc (65Zn). The total amount of zinc in the test meal was 
about 3.5 mg. Two weeks later, the amount of radioactive zinc remaining in the 



TABLE 10.18 Absorption of Zinc from Various Meals 

Test diet 

Zinc and Copper 809 

, ,  

Absorption (%) 

Mean Range 

White flour roll 
Whole meal roll 
Whole meal roll + milk 
Whole meal roll + beef 
Whole meal roll + egg 

. . . . . .  

Source: Sandstrom et al. (1980). 

13 9-24 
8 6-11 

10 6-14 
11 6-16 
12 6-22 

body was measured with a whole-body counter. The amounts of 65Zn remaining 
in the body are listed in the table. The results might be compared with those from 
iron absorption tests, described under Iron. Zinc absorption, unlike iron absorp- 
tion, was not drastically changed by including meat in the test meal (8% absorp- 
tion, no meat; 11% absorption, plus meat). Including an egg with the test meal 
appeared to enhance slightly the absorption of the zinc. Absorption from the 
whole meal bread was slightly impaired compared with that from the white flour 
roll. The range of absorption of zinc varied from subject to subject, making it 
difficult to formulate strong and definitive statements concerning the effects of 
various foods on zinc absorption. 

Studies on mineral absorption may raise the question, What is absorption? It 
might be easier to ask, What is not absorption? A nutrient that is not absorbed is 
one that does not enter the enterocyte and is excreted in the feces. Complete 
excretion of a nonabsorbed substance may take 12 days in humans (Turnlund et 
al., 1983). A nutrient that enters the enterocyte, or gut mucosa, to be temporarily 
stored in the enterocyte and then released back into the gut lumen might also be 
considered to be not absorbed. A nutrient that passes through the gut mucosa into 
the bloodstream and is excreted into the urine or bile within I or 2 days is definitely 
absorbed; however, studies that measure the amount of nutrient in the body 1 
week after consumption of the test food would fail to detect nutrients that are 
absorbed into the bloodstream and then rapidly excreted. The life cycle of metal 
ions tends not to follow the latter scenario. Generally; metal ions that are absorbed 
are incorporated into proteins, released during protein turnover (degradation and 
resynthesis), and promptly reused within the cell. The metal ion described by this 
scenario would be detected in the experiment with the radioactive bread rolls. 

The absorption of zinc can change with different dietary intakes. Wada et al. 
(1985) found, in studies with human subjects, that the extent of absorption of 
dietary zinc is relatively high (50%) when low levels of zinc (5.5 mg/day)  are 
consumed. The extent of absorption decreases to 25% when higher levels of zinc 
(16.5 mg/day)  are consumed. In this stud~ the absorption of zinc was measured 
after consumption of 2.0 mg of 7~ mixed in a fruit drink. Zinc-70 is not radioac- 
tive. It is a "stable isotope" of zinc. Samples of biological materials containing 
stable isotopes can be measured by the technique of thermal ionization mass 
spectrometry. In the fruit drink experiment, fecal samples were collected for 12 
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days following the consumption of 7~ The value for the absorption of zinc from 
the drink was calculated by subtracting the total amount of fecal isotope from the 
amount consumed. 

From 30 to 50% of dietary copper is absorbed by humans. As with zinc, the 
extent of copper absorption changes with nutrient status. Studies with humans 
have revealed that a large proportion of dietary copper (56%) is absorbed by the 
gut with the consumption of diets low in copper (0.8 mg Cu/day).  A low propor- 
tion (12%) of the dietary copper is absorbed with high-copper diets (8.0 mg 
Cu/day)  (Turnlund et al., 1989). Absorption of copper was determined by feeding 
diets containing a stable isotope of copper, copper-65, and measuring the fecal 
losses. 

The zinc and copper ions that are absorbed from the diet enter the portal vein, 
where they are weakly bound to plasma albumin. This situation is reminiscent of 
that with dietary medittm-chain fatty acids. The metal ions enter various tissues 
of the body; where they are assimilated into various metalloproteins. 

Plasma Zinc and Copper Levels 

About two-thirds of the zinc in plasma is loosely bound to albumin. Most of the 
remaining zinc is tightly bound to other plasma proteins. A small fraction (2-3%) 
of plasma zinc is weakly bound to amino acids. The amino acids that most avidly 
bind zinc are histidine and cysteine. Amino acid-associated zinc enters the 
glomerular filtrate and thus is a source of the zinc ions destined for excretion in 
the urine. Most of the filtered zinc is reabsorbed and is prevented from immediate 
excretion. The zinc in red blood cells is bound to carbonic anhydrase. Carbonic 
anhydrase is present at a level about 0.1% that of hemoglobin in the red blood cell 
on a per-weight basis. The zinc content of mitochondria is about 1 nmo l / mg  
protein (Link and Jagow, 1995). 

Much of the copper in the plasma (60-95%) is bound to ceruloplasmin. The 
complex of copper and ceruloplasmin is assembled and secreted by the liver. A 
small fraction of plasma copper, under 7%, is weakly bound to albumin and to free 
amino acids, especially histidine, threonine, and glutamine. The copper bound to 
serum albumin is associated with a histidine residue near the amino terminus of 
the protein. The copper in red blood cells is bound to superoxide dismutase. 

Metallothionein and Ceruloplasmin 

The metal-binding proteins metallothionein and ceruloplasmin are recurring 
themes in the study of zinc and copper. Metallothionein is a small protein with a 
protein binds zinc and copper ions, as well as nonnutritive heavy metals. The 
protein consists of about 60 amino acids, and has a molecular weight of about 7000. 
One third of these amino acids (20 of them) are cysteine. The 20 sulfhydryl groups 
of these cysteine residues can bind a total of 7 bivalent metal ions, i.e., 7 zinc atoms 
or 7 copper atoms (Kagi and Schaffer, 1988). 

Knock-out mice lacking the gene coding for metallothionein were produced 
using standard genetic techniques. The mice thrived and reproduced. However, 
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when exposed to cadmium, the knock-out mice showed an increased sensitivity 
to cadmium toxicity, as one might have expected (Lazo et al., 1995). A similar type 
of experiment involved higher or lower levels of metallothionein, rather than its 
presence or complete absence. Experiments with rats have revealed a dramatic 
protective effect of metallothionein against cadmium toxicity. Rat liver cells were 
maintained in cell culture. The ability of liver cells to function normally and 
synthesize protein was inhibited when cadmium was added to the cells. Where 
the levels of metallothionein in the rat had been induced by injecting the animals 
with zinc one day before removing the liver, cadmium toxicity was prevented (Din 
and Frazier, 1985). The study with the knock-out mice also revealed that metal- 
lothionein is not absolutely required for life. 

High levels of zinc stimulate the synthesis of metallothionein in the small 
intestines. The elevated levels of metallothionein then serve as a depot for the 
binding of high levels of zinc consumed in subsequent meals. The induced protein 
has been shown to limit the amount of zinc entering the bloodstream with con- 
sumption of a high-zinc diet (Menard et al., 1981). High doses of copper can induce 
metallothionein synthesis to the same extent as can zinc. At levels near those found 
in the diet, zinc is a potent inducer while copper is only a weak inducer. Normall~ 
hepatic metallothionein contains mainly zinc, whereas kidney metallothionein 
contains copper and, when present in the diet, cadmium. The copper entering the 
liver may be stored in hepatic metallothionein and released into the plasma in 
ceruloplasmin or secreted in the bile later. 

Evidence suggests that the regulation of metallothionein levels by metal ions 
results from the binding of zinc (or other metal ions) to a special transcription 
factor (molecular weight = 105 kDa), with the subsequent binding of the zinc/tran- 
scription factor complex to a promoter that resides near the metallothionein gene. 
The zinc/transcription factor complex actually binds to the metal response ele- 
ment that resides in the promoter. The sequence of the metal response element is: 

TGCACNC 
ACGTGNG 

The N indicates A, T, G, or C (Samson et al., 1995). The responsiveness of metal- 
lothionein's mRNA to zinc levels has prompted some researchers to develop 
mRNA assays as a way to assess zinc status in humans (Sullivan and Cousins, 
1997). 

Metallothionein synthesis is stimulated by heavy metals, such as cadmium, 
zinc, copper, and mercury. This protein tightly binds these metals and prevents 
them from inflicting damage on more vital cysteine-containing proteins of the 
body. Cadmium toxicity, in particular, is a problem in certain parts of the world. 
Cadmium toxicity has occurred in factories producing alkaline batteries and in 
zinc refineries. Long-term exposure to cadmium produces kidney and lung dam- 
age and induces the release of proteins into the urine (proteinuria). Cadmium 
toxicity has been widespread in Japan as a result of the irrigation of rice fields with 
water contaminated with industrial cadmium. The toxicity manifests as fragility 
and deformity of bones. These signs have been found in a few hundred persons 
in Japan. In Japan, the disease is called itai-itai disease, which means "ouch-ouch," 
and refers to the pain occurring in the bones. 
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Ceruloplasmin 

Ceruloplasmin consists of a single polypeptide chain with a molecular weight of 
132,000. About half of the copper atoms bound to ceruloplasmin are in the cupric 
state (Cu 2+) and half are in the cuprous state (Cu+). Ceruloplasmin is synthesized 
in the liver, where it receives six copper atoms, and is then secreted into the plasma. 
The protein is also made in white blood cells (Juan et al., 1997). Ceruloplasmin is 
larger than albumin, and is about the same size as antibodies. The large size 
prevents loss of ceruloplasmin (and the bound copper) through the glomerulus of 
the kidne~ and into the developing urine. Most plasma copper does not originate 
from recently consumed meals, but from the copper consumed in prior weeks or 
months. This copper is directly incorporated into hepatic ceruloplasmin from the 
diet or is slowly released during the normal turnover of copper-requiring enzymes 
and then bound to ceruloplasmin. 

Ceruloplasmin seems not absolutely necessary for life, as several people have 
been found to lack this protein. However, these people suffer from diabetes and 
retinal degeneration, and iron deposits occur in their brain, liver, and pancreas 
(Harris, 1995). The exact physiological role of ceruloplasmin remains unclear, but 
it is related somehow to the transfer of iron in and out of ferritin. Ferritin is a huge 
multisubunit iron storage protein with an overall molecular weight of 450 kDa. It 
can hold up to 2500 iron atoms. Studies have shown that iron can spontaneously 
be incorporated into ferritin, and also that ceruloplasmin can load iron into ferritin. 

There is some evidence that ceruloplasmin is involved in iron metabolism. It 
has been suggested that ceruloplasmin and ferritin in plasma work together to 
reduce the levels of free ferrous ions in plasma. Here, the ceruloplasmin catalyzes 
the oxidation of Fe 2+ (ferrous) to Fe 3+ (ferric), the form of the metal that binds to 
ferritin. Ceruloplasmin acts as an oxidant in this process. This proposed function 
may reduce damage to membrane lipids possibly inflicted by the small amount of 
Fe 2+ in the circulation. It is thought that ceruloplasmin may be used in the mobi- 
lization of iron from intracellular stores. Here, the protein may facilitate the 
transfer of iron from ferritin to transferrin (Frieden and Hsieh, 1976). A relationship 
between copper and iron is suggested by the fact that copper-deficient rats may 
develop iron deficiency anemia, as revealed by measurements of hemoglobin and 
hematocrit (Johnson and Dufault, 1989; Cohen et al., 1985). Ceruloplasmin may 
also function in a unique iron transport mechanism, as mentioned in the Iron 
section. 

Zinc Excretion and Zinc Deficiency 

The normal range of serum zinc in the adult is 11 to 18 ~ I .  Urinary zinc is 300 to 
700 btg/da~ which is equivalent to 2 to 5% of zinc intake. Most of the absorbed 
zinc is excreted in the bile and is eventually lost in the feces. Fecal zinc originates 
from nonabsorbed zinc and from pancreatic secretions and exfoliated enterocytes. 
The zinc released by the pancreas can be reabsorbed and thus participates in 
enteropancreatic circulation. Nearly all of the zinc in pancreatic juices is bound to 
carboxypeptidase A and B. About 1 mg of fecal zinc per day is derived from 
pancreatic secretions. In any accounting of the nutrients absorbed each da~ one 
needs to realize that the enzymes and salts released in the digestive juices each day 
(during a meal) actually represent a second meal. The digestive enzymes, for 
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TABLE 10.19 Approximate Normal Values for Zinc Levels and Losses 

Plasma 0.7-1.25 ~tg/ml 
Red blood cells 10--14 ~tg/ml 
Urine 0.3-0.7 mg/day 
Feces 5-15 rag/day 
Saliva 0.5 ~tg/day 
Hair 90-250 ~tg/g 
Semen 80-1500 ~tg/day (250 l~g) 
Sweat 700 ~tg/day 

,, 

Source: Baer and King (1984). 

example, are eventually hydrolyzed to amino acids and absorbed. With the onset 
of consumption of a zinc-deficient diet, zinc continues to be secreted in the pan- 
creatic fluids. This continued release contributes to the negative zinc balance that 
occurs during the deficienc)~ since zinc is not efficiently absorbed from the gut 
lumen. Zinc levels in various tissues of the normal adult are listed in Table 10.19. 

Zinc Deficiency in Rats 

Zinc deficiency in the rat is very well characterized. The symptoms of the defi- 
ciency in this animal may be used as a reference point when considering the effects 
of a severe deficiency in humans. In the rat, deficiency produces the following 
symptoms. Within 3 to 4 days of consumption of the deficient diet, the rats become 
anorexic (loss of appetite). They ate about half as much food per day as rats fed a 
complete diet. (In general, feeding animals diets that are totally lacking in one 
essential nutrient leads to a drop in food consumption. This effect seems to be not 
so pronounced in humans, in the few cases where it has been studied.) The 
efficiency of food utilization is poor with the zinc-free diet. The deficient rats 
gained only 0.2 g of body weight per gram of food consumed, which is about half 
that of the rats that ate a complete diet. Thus, the deficient rats gain weight at about 
one-quarter the rate of rats fed a normal diet. Interestingl~ force-feeding the 
zinc-free diet in an attempt to overcome the anorexia results in a decline in health 
of the animals and can result in death within a few days. 

Zinc-deficient rats develop fissures at the comers of the mouth, a poor hair coat, 
scaly feet, and a kangaroo-like posture. Reproductive defects are common. The 
female rats fail to have an estrus cycle, and the males show atrophy of the testicles 
and do not produce sperm. 

Bone contains a small amount of zinc. Studies have shown that feeding growing 
rats a zinc-free diet results in low levels of bone zinc. Normal bone contains 0.4 
mg zinc per gram of bone salts (bone ash), whereas deficient bone contains 
one-quarter of that level (Swenerton and Hurle)~ 1968). The zinc that is present in 
bone cannot be readily tapped as a reservoir during a dietary deficiency in the 
mineral. Only under one condition can this zinc be used: when bone mobilization 
is stimulated (i.e., by feeding a low-calcium diet) as shown in a clever experiment 
by Hurley and Tao (1972). Zinc deficiency during pregnancy produced birth 
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defects in the neonatal rats. These defects strike a number of organ systems. An 
attempt was made to release skeletal zinc by feeding the pregnant rats a calcium- 
deficient diet. The calcium deficiency induced the mobilization of bone salts, 
resulting in the liberation of some zinc. Consequentl~ induction of calcium defi- 
ciency in rats on a zinc-free diet resulted in an increase in litter size and prevention 
of some birth defects. 

Zinc Deficiency in Monkeys 

Raising young monkeys on adequate (50 mg Zn/kg  diet) or deficient (2 mg Zn/kg  
diet) diets produced differences in plasma zinc, though these differences were 
small (12 laM with normal diet; 9 WVI with deficient diet) (Golub et al., 1996). The 
Zn-deficient diet did not produce anorexia. The monkeys continued to survive 
during a 2-year feeding trial. At the end of the trial the deficient animals weighed 
20% less than the sufficient animals. 

Bone density was measured by X-ray analysis, and revealed that the bone of the 
deficient animals was about 10% less dense than that of the control animals. 
Unexpectedly; the Zn-deficient diets seemed not to prevent the young monkeys 
from attaining sexual maturity (puberty) (Golub et al., 1996), in contrast to an effect 
seen in some humans living in the Middle East. It is quite possible that, if the 
researchers had used a diet containing less zinc, or had added phytate to the diet, 
then impairment of sexual development would have resulted. 

Zinc Deficiency in Humans 

The onset of dietary zinc deficiency induces a decline in urinary zinc. Studies with 
humans have revealed that consumption of normal zinc diets (16 mg/day)  fol- 
lowed by low-zinc diets (0.3 rag/day) results in a decline in urinary zinc levels. 
Within I week of initiating the low-zinc diet, urinary zinc may fall from an initial 
value of about 450 ~tg/day to less than 150 ktg/day (Baer and King, 1984). Plasma 
zinc levels tend to be maintained during a dietary deficiency in zinc. This relation- 
ship indicates a role for the kidney in conserving the body's zinc and in reabsor- 
bing it from the glomerular filtrate. Zinc losses in the sweat alone change depend- 
ing on the diet. Sweat losses may average about 600 ~tg/day with a high-zinc diet 
(34 mg/day)  and 200 I~g/day with a low-zinc diet (4.0 mg/day).  

Zinc deficiency in humans is difficult to diagnose because a suitable functional 
test, or a test for zinc reservoirs, has been lacking. Milne et al. (1987) documented 
that a variety of zinc-requiring enzymes of the red blood cell seem to resist the 
effects of dietary zinc deficienc)9 but demonstrated that liver alcohol dehydro- 
genase may be sensitive to the deficiency. The activity of this enzyme was assessed 
by a functional t e s t -  the ethanol tolerance test. The ethanol tolerance test would 
be expected to be influenced by factors unrelated to zinc status, such as the state 
of induction of the ethanol oxidizing system, and hence may not be the functional 
test of choice for assessing zinc status. 

Golub et al. (1984) pointed out a problem in using plasma zinc levels to assess 
zinc status in children. Periods of rapid growth are associated with decreased 
levels of plasma zinc. Therefore, nongrowing individuals may have relatively high 
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plasma zinc levels even with a low-zinc diet. In short, plasma zinc levels are 
influenced by intake as well as by the needs of growing tissues. Illness may also 
influence plasma zinc levels. Plasma zinc levels may temporarily fall to less than 
half the normal levels in severe illness or inflammation. It is thought that this drop 
is due to increased synthesis of zinc-requiring enzymes. There has been some 
interest in using hair zinc content to assess zinc status. This technique has proven 
to be less useful than had been hoped. 

Zinc deficiency is relatively uncommon in the United States, but may occur in 
adults with alcoholism or intestinal malabsorption problems. Low plasma zinc has 
been found in patients with alcoholic cirrhosis, Crohn's disease, and coeliac dis- 
ease. Zinc deficiency; as well as deficiencies in a variety of other trace minerals, has 
occurred in humans fed for prolonged periods with intravenous diets from which 
the mineral had been inadvertently omitted. Controlled studies with humans have 
shown that the signs of zinc deficiency present after 2 to 5 weeks of consumption 
of a zinc-free diet. The signs include a facial rash, diarrhea, and alopecia. The rash 
occurs on the face, groins, hands, and feet. The symptoms can be reversed by 
administering zinc. 

There seems to be little reason to suspect that the elderly have a tendency to be 
deficient, or even marginally deficient, in zinc (Wood et al., 1995). On the other 
hand, an emerging concern is that increased calcium intake can interfere with zinc 
absorption or retention (Sandstead and Smith, 1996). A study of postmenopausal 
women revealed that supplements of zinc plus calcium seemed to prevent bone 
loss, while supplements of calcium only permitted bone loss (Strause et al., 1994). 
Hence, there is some interest in the question of whether persons taking calcium, 
with the possible effect of preventing osteoporosis, should also take zinc supple- 
ments. 

A variety of symptoms, not mentioned earlier, have also been associated with 
zinc deficiency. Zinc deficiency is thought to delay wound healing, impair the 
senses of taste and smell, and impair the functions of the immune system. (The 
impaired sense of taste is called hypogeusia.) Severe zinc deficiency results in 
impairment of the immune system and increased infections. These problems have 
been found in the severe deficiencies that occur in starvation (marasmus) and 
acrodermatitis enteropathica and in studies with animals. The immune system 
involves a large array of hormones, hormone receptor proteins, signaling proteins, 
and DNA-binding proteins, some of which require zinc for activity. It is not clear 
which of these components is most sensitive to zinc deficiency. 

Zinc Deficiency in the Middle East 

Zinc deficiency has been found among peasant populations in rural areas of the 
Middle East. Unleavened whole wheat bread can account for 75% of the energy intake 
in these areas, that is, Iran, Egypt, and Turkey. This diet, which does not contain 
meat, does contain zinc, but it also contains phytic acid at a level of about 3 g/day. 
The phytic acid inhibits zinc absorption. The yeast used to leaven bread produces 
phosphatases that hydrolyze the phosphate groups from phytic acid. 

The deficiency results from general malnutrition (lack of meat), as well as from 
the wheat-based diet. The symptoms include lack of sexual maturation and small 
stature. Supplementation of affected young adults with zinc provokes the growth 
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of pubic hair and enlargement of genitalia to a normal size within a few months 
(Prasad, 1991). The zinc deficiency that results is thought to be a contributing factor 
in a type of dwarfism found among these populations. The victims are very short, 
show marked retardation in sexual development, and have levels of plasma zinc 
somewhat below normal. It is not clear if any lack of sexual development, due to 
malnutrition, which continues far beyond the age of 20, can be successfully treated 
with supplements of zinc or other nutrients. Ethical concerns have prevented 
collecting any clear data on this issue. 

Acrodermatitis E n teropathica 

Zinc deficiency occurs in a rare genetic disease, acrodermatitis enteropathica. The 
disease develops in the early months of life, produces pigmented areas on the 
elbows, knees, face, and buttocks, and is fatal if left untreated. The disease results 
from an impairment in zinc absorption. Intestinal disturbances, diarrhea, and 
growth failure also occur. The disease can be treated successfully by administering 
oral zinc at two times the RDA (Grider and Young, 1996). 

Copper Excretion and Copper Deficiency 

The normal range of serum copper in the adult is 11 to 24 gM. Urinary copper is 
normally about 20 ~tg/day. This level is equivalent to 0.5 to 3.0% of copper intake. 
Most of the copper absorbed into the body is excreted by way of the bile and lost 
via the feces. About 1.7 mg of copper is excreted in bile per day; this amount varies 
with the amount absorbed from the diet. This copper occurs complexed with 
protein and bilirubin. Bilirubin is a catabolite of heme. The copper is excreted in 
the bile and tends not to be absorbed back into the body. There is little or no 
enterohepatic circulation of copper. The concentration of bile copper drops mark- 
edly with a copper deficiency; contributing to the conservation of this mineral by 
the body. 

Copper Deficiency in Animals 

Experimentally induced copper deficiency produces anemia in a variety of ani- 
mals. It produces an anemia. As one might expect, this type of anemia cannot be 
cured by iron. The heart may enlarge and the mitochondria of the heart may 
enlarge dramatically. The heart and arteries may rupture with deficiency; probably 
because of a drop in the activity of lysyl oxidase, a copper metalloenzyme involved 
in the synthesis of connective tissue proteins. Skeletal defects, such as 
osteoporosis, occur in experimental copper deficiency. Infections appear to affect 
copper metabolism. Infections can induce a threefold increase in plasma ceru- 
loplasmin levels. Copper-deficient animals have a reduced ability to exercise, as 
measured by running on treadmills (Klevay and Medeiros, 1996). 
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Copper Deficiency in Humans 

Dietary copper deficiency has not been identified in any specific human popula- 
tion. It is probably very rare, but might be expected to occur with extreme malnu- 
trition. Evidence suggests that the elderly do not have impaired copper metabo- 
lism and do not tend to be copper deficient (Wood et al., 1995). In carefully 
controlled studies of human subjects, men were fed diets containing various 
amounts of copper (0.38 mg Cu/day;  0.66 mg Cu/day;  2.5 mg Cu/day). The 
associated plasma copper levels were similar in all cases, i.e., 12.6-13.8 ~ d  (Turn- 
lund et al., 1997). Salivary copper levels ranged from 0.6 to 1.0 ~M, and were 
considered not to change much in response to the diet. A clearer response was 
found with assays of copper in white blood cells. The diet supplying 0.38 mg 
Cu/day  resulted in a level of 54 pmol C u / m g  protein (with the white blood cell 
assay), and 80-90 pmol C u / m g  protein with the higher copper diets (Turnlund et 
al., 1997). 

A response similar to that noted in the foregoing has been found with experi- 
mental deficiency of another mineral - -  zinc. Zinc deficiency in humans also 
leaves plasma zinc levels in the normal range, but provokes a decline in white 
blood cell zinc (Prasad, 1991). 

Genetic Diseases of Copper Metabolism 

Wilson's Disease and Menkes Disease 

Severe alterations in copper metabolism occur in two genetic disorders, Wilson's 
disease and Menkes disease. Both of these diseases are rare and occur in about 
one in 100,000 births. Both diseases involve naturally occurring mutations in 
copper transport proteins, i.e., membrane-bound proteins that mediate the pas- 
sage of copper ions through cell membranes. The copper transporters that are 
defective in these two diseases are not the same protein, but they are related. To 
express this relation in numbers, over half (57%) of the sequence of amino adds, 
as they occur in the polypeptide chains, are identical. Both proteins are thought to 
utilize ATP to drive copper ions through membranes. 

To highlight one contrast between these two proteins, the "Wilson's disease 
protein" occurs in several tissues but is most abundant in liver, while the "Menkes 
disease protein" appears to occur in a variety of tissues but to be absent in the liven 
This statement applies to normal humans. 

Wilson's Disease and Copper Transporters 

Wilson's disease presents in teenagers and in young adults, but very rarely in early 
childhood. The disease results from defects in copper transport. The excretion of 
copper in the bile is impaired. Copper accumulates in the liver, kidne~ and brain, 
resulting in hepatic and neurological damage. Copper also deposits in the cornea 
of the eyes, giving rise to characteristic yellow-brown rings. The symptoms of liver 
damage tend to occur in children over 8 years of age, whereas the neurological 
problems occur in middle age. 
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Wilson's disease often involves low plasma levels of ceruloplasmin, increased 
plasma nonceruloplasmin copper, and increased urinary copper. The disease can 
involve a tenfold increase in liver copper levels. The normal value for hepatic 
copper is 20 to 50 ~tg/g of liver (dry weight). Outward signs of the disease include 
episodes of jaundice, vomiting, and tiredness. Bone disorders such as osteoporosis 
can also occur. The neurological damage includes a loss in coordination. Wilson's 
disease does not result in mental retardation. The rate of incorporation of copper 
into ceruloplasmin is reduced and biliary excretion decreases to 20 to 40% the 
normal rate. 

Wilson's disease can be diagnosed by increases in urinary copper and elevated 
levels of nonceruloplasmin copper in the plasma. The disease is fatal if left un- 
treated. It can be successfully controlled by lifelong treatment with chelating 
agents. The copper chelating agent of choice is D-penicillamine. Treatment also 
involves avoiding foods that are high in copper, such as liver, nuts, chocolate, and 
mollusks. After an initial period of treatment with penicillamine, Wilson's disease 
may be treated with zinc (150 mg oral Zn/day).  The zinc inhibits the absorption 
of dietary copper. The levels of zinc present in normal diets are not sufficient to 
impair the absorption of copper. The mechanism of the zinc effect is as follows. 
High levels of dietary zinc induce the synthesis of metallothionein in the cells of 
the gut, as shown in studies with rats. Metallothionein, at increased levels, tightly 
binds dietary copper. Most of this copper is then lost in the feces when the cells 
are shed from the intestinal villi. 

The defect in W'flson's disease has been traced to a mutation in a copper 
transport protein. For clarity and brevity, the term "Wilson's protein" may be used 
to refer to normal and mutated versions of this copper transport protein. Muta- 
tions in the W'flson's protein result in a defect in the normal passage and elimina- 
tion of copper from the liver cell via the bile. Another defect is the failure to load 
copper ions into ceruloplasmin. The most common occurring mutation in the gene 
coding for Wilson's protein results in a change of His 1069 to Gin 1069 (Shah et al., 
1997). The numbers refer to the sequence of amino acids in the polypeptide chain. 

Studies with yeast cells have revealed that several proteins are used to pick up 
copper ions, as they are transported from the outside environment through the 
inside of the cell, and to shuttle them to appropriate copper metalloproteins. These 
shuttles, or "taxicabs," are proteins having names such as Atxl, Lys7, Cox17, and 
CCC. Each of these proteins have a human equivalent. For example, the human 
equivalent of the yeast's CCC protein is the human Wilson's protein (Valentine and 
Gralla, 1997). 

One should take interest in attempts to predict human physiology from studies 
with yeast. Although one might hesitate to call yeasts "mini-mammals," the field 
of yeast genetics has provided us with much of our knowledge of how human cells 
work. 

Menkes Disease and Copper Transporters 

Menkes disease is a genetic disease involving mental retardation and death before 
the age of 3 years. The disease is also called Menkes steely hair syndrome. This term 
came from the abnormal, steely or kinky hair that results. The hair is tangled, 
grayish, and easily broken. 

The disease involves a decrease in copper levels in the serum, liver, and brain 
and increases in the gut mucosa cells, kidne)r and connective tissue. Some of the 
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consequences of Menkes disease result from a defect in the absorption of copper 
through the intestines. Instead of passing into the bloodstream, copper accumu- 
lates in the cells of the gut mucosa, the absorptive layer of the small intestines. 
More specificall~ copper accumulates in the metallothionein in the gut cells. 
Growth failure, skeletal defects, and neuronal degeneration result. 

Menkes disease results in low serum levels of copper (2-6 ~d).  Normal levels 
in the infant are 11 to 24 ~M. Arterial weakness in Menkes syndrome results from 
the defective cross-linking of elastin and collagen due to the impaired activity of 
lysyl oxidase. Osteoporosis occurs, probably because of problems in the cross- 
linking of collagen. The neurological signs of Menkes disease may possibly result 
from the impaired activity of dopamine ~-hydroxylase. The disease cannot easily 
be treated, though therapy has involved large oral doses of copper (0.6 g of copper 
in a complex with histidine). 

The protein defective in Menkes disease is a membrane-bound protein consist- 
ing of 1500 amino acids. Evidence suggests that this protein occurs in the mem- 
brane of the endoplasmic reticulum, not in the plasma membrane. The mutations 
in the gene coding for Menkes protein that are responsible for the disease take a 
number of forms. The gene, as studied in hundreds of human subjects, may 
contain insertions (an extra nucleotide), deletions (one less nucleotide), conver- 
sions of an amino acid's codon to a stop codon (resulting in a truncated protein), 
and other types of mutations. 

MOLYBDENUM, SULFITE, A N D  SULFATE 

Molybdenum 

Molybdenum is required in the diet. It is required by three enzymes in mammals: 
sulfite oxidase, xanthine dehydrogenase, and aldehyde oxidase. Molybdenum 
occurs in these enzymes as part of the molybdenum cofactor (Figure 10.52). This 
cofactor is biosynthesized in the body with GTP as the starting material. All known 
Mo metalloenzymes, with the exception of nitrogenase (a plant enzyme), use Mo 
in the form of the molybdenum cofactor. 

An RDA for Mo has not been set, though the intake range of 75 to 250 ~tg/day 
has been recommended by the Food and Nutrition Board. This range is based on 
the typical intake of the mineral (0.1-0.2 mg/day) (Freeland-Graves and Turnlund, 
1996). Apparentl~ M0 deficiency rarely occurs. Molybdenum deficiency cannot 
easily be induced by feeding animals an Mo-deficient diet. This is because it is 
difficult to remove or eliminate the molybdenum present as a trace contaminant 

o 
H OH 

HN r -- C ~ C - -  C --CH2OPO~-. 
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H2N NH o//M~ 

FIGURE 10.52 Molybdenum cofactor. 
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in chemically defined diets. The effects of Mo deficiency have been studied by 
using an Mo antagonist in conjunction with the low-Mo diet. This antagonist is 
tungsten, which is similar in size and electronic structure to molybdenum. There 
has been one report of an Mo-deficient human. The mineral had been inadver- 
tently omitted from a solution used for total parenteral feeding (Abumrad et al., 
1981). Conclusive evidence for a dietary requirement for Mo was provided by 
certain genetic diseases involving a failure to synthesize sulfite oxidase or a failure 
to synthesize the molybdenum cofactor. A failure to synthesize this cofactor leads 
to a lack of activity of the three Mo metalloenzymes. The genetic diseases lead to 
neurological damage, mental retardation, dislocation of the lens of the eye, and 
death. It is thought that these problems result from the lack of sulfite oxidase, 
rather than the lack of xanthine dehydrogenase or aldehyde oxidase. 

Absorption of Molybdenum 

Molybdenum is very efficiently absorbed, in contrast, for example, to copper and 
iron. With doses of 0.025-1.4 mg Mb, only 1% of the mineral is recovered in the 
feces. With a single dose of a low level of the mineral (<0.025 mg), about 20% of 
the mineral is recovered in the urine during a 6-day collection period. With a large 
test dose (1.4 mg), about 90% of the dose is recovered in a six day period (Turnlund 
et al., 1995). 

Molybdenum Biochemistry 

The molybdenum of the Mo metalloenzyme is directly involved in the chemistry 
of catalysis. It changes its oxidation state and accepts and donates electrons during 
the catalytic cycle. During the event of catalysis, molybdenum is thought to cycle 
between the different ionic forms Mo 6+, Mo 4+, and Mo s+. Hence, molybdenum may 
be compared with iron and copper, which also change their oxidation state during 
catalysis. Mo metalloenzymes are also iron metalloenzymes. The iron in sulfite 
oxidase occurs as heme. The iron in xanthine dehydrogenase and aldehyde oxi- 
dase occurs bound to sulfur. The latter two enzymes also contain FAD. 

Sulfite oxidase catalyzes one of the final steps in the oxidation of the sulfur 
amino acids. The catabolism of methionine can result in the appearance of its 
sulfur atom in cysteine, as shown in Chapter 8. Cysteine can be oxidized to 
cysteine sulfonate, as shown in the section on taurine in Chapter 2, and then 
degraded to pyruvate. Dail~ an average of 25 mmol of sulfite is produced in the 
body. This amount is large compared with the daily intake of food sulfite, which 
is about 2.5 mmol. The point at which sulfite oxidase occurs in the cysteine 
catabolic pathway is shown in Figure 10.53. Sulfate (SO 2-) is required for the 
synthesis of sulfated polypeptides and polysaccharides. It is thought that sulfate 
is not required in the diet. 

EXERCISE 
Please calculate the fraction of dietary sulfur amino acids that is degraded to generate 
sulfite. 
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FIGURE 10.53 Cysteine catabolic pathway and sulfate formation. 

Sulfite oxidase is a vital enzyme. Its absence leads to the accumulation of sulfite 
in the body. Sulfite is a toxic substance. In addition, sulfite oxidase is required for 
the generation of sulfate in the body. If it were not for this enzyme, we would 
probably require sulfate in the diet. 

Sulfite 

The sulfite in the diet occurs mainly as a food additive. The use of dietary sulfite 
has been a matter of concern to asthmatics, because a small percentage of persons 
with asthma respond to sulfite with an asthmatic attack. Apparently these asth- 
matics have low levels of sulfite oxidase, leading to impairment of sulfite catabo- 
lism and removal. The sulfite threshold associated with provoking an asthmatic 
attack is 3.0 mg. The concentration of sulfite is normally very low in the plasma, 
under 3.0 laM. The level may be about 15 ~ in persons deficient in sulfite oxidase. 
The level in these persons can increase to over 100 ~ with consumption of a diet 
high in cysteine. 

Sulfite is in an equilibrium with various forms: 

S02in air 

H~at~ ~ 

802 + H20 ~ H2S03 ""- 
Dehydration ' ~ " ~  

H § 

Sulfur Sulfurous 
dioxide acid 

H + 

. sG .~~~.-" so~ 

H § 

Suff~e Bisulfite 

(~0.5) 
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In an acidic environment, it is protonated, and occurs mainly as sulfurous acid. In 
an alkaline environment, the protons dissociate, and it occurs mainly as bisulfite. 
Sulfurous acid is in an equilibrium with sulfur dioxide, which can leave a solution 
of water to enter atmosphere. The toxic effects of sulfite arise from its reactions 
with sulfhydryl groups, aldehyde groups, and ketones. Sulfite can also react with 
enzyme-bound NAD and FAD. It is well known that the sulfite added to foods can 
react with the thiamin in the food, destroying this vitamin. The reaction of sulfite 
with sulfhydryl groups (RmSH) results in its conversion to an S-sulfonate group 
(RmS---SO3). 

Sulfite is used by the food industry for the following applications. Sulfite (about 
5 mM) is added to wine, where it acts as an antimicrobial agent. Sulfite is used to 
preserve the color of various products, such as canned beans, instant mashed 
potatoes, orange juice, and dehydrated apricots and peaches. The sulfite acts by 
bleaching away degradation products that would otherwise discolor the food. 
Sulfite is used for bleaching cherries before adding artificial colorings, in the 
production of maraschino cherries. These cherries contain small amounts of resid- 
ual sulfite (50 mg SO2/kg cherry). The source of the sulfite additive is usually 
sodium metabisulfite (Na2S205). This compound is hydrolyzed to yield bisulfite 
when it is dissolved in water. Dried fruits receive sulfite by another technique. 
They are sulfited by exposure to fumes of burning sulfur. The fumes Contain SO2, 
which dissolves into the fruit. Dehydrated fruits contain up to 2.0 g of sulfite per 
kilogram of food. 

Sulfate 

Sulfate is a component of major structural molecules of the bod~ such as chon- 
droitin sulfate, heparan sulfate, and the sulfated gangliosides, as well as choles- 
terol sulfate. Sulfate is also a component of mucus. Mucus is secreted by epithelial 
cells as a protective agent. Gastric mucus, for example, is a glycoprotein containing 
about 500 chains of carbohydrate. The sulfate groups are connected to residues of 
the sugars N-acetylglucosamine and galactose. Sulfate is also a component of 
various proteins and hormones. The sulfate group is bound to residues of tyrosine. 
The proteins containing tyrosyl sulfate tend to be secretory proteins, that is, those 
occurring in the plasma and interstitial spaces. 

The donor of the sulfate group in the compounds just mentioned is 3-phos- 
phoadenosine-5'-phosphosulfate (PAPS). The structure of PAPS and its synthesis 
from ATP and free sulfate appear in Figure 10.54. PAPS is used as a substrate by 
sulfotransferases. PAPS is synthesized in the cytoplasm and then transported into 
the Golgi, where it participates in the sulfation of macromolecules destined for 
secretion from the cell. 

Free sulfate occurs in the plasma at concentrations of I to 2 mM. The sulfate in 
the plasma and glomerular filtrate has been a concern for those interested in 
calcium status. Consumption of high-protein diets leads to increases in urinary 
calcium levels. This effect has been attributed, in part, to the catabolism of sulfur 
amino acids to yield free sulfate. The sulfate forms a complex with the calcium in 
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FIGURE 10.54 Biosynthesis of PAPS from sulfate and ATP. PAPS is the biological donor 
of sulfate groups. 

the glomerular filtrate and prevents its reabsorption by the epithelial cells of the 
renal tubules. Whiting and Draper (1981) have shown that feeding animals diets 
high in free sulfate can induce hypercalciuria. The continued feeding of sulfate can 
eventually lead to losses in bone mass in the animals. 

Xanthine Dehydrogenase 

Xanthine dehydrogenase and aldehyde oxidase catalyze reactions involving hy- 
droxylation. The enzymes recognize a range of substrates having similar struc- 
tures. These structures include those with purine and pyrimidine rings. Both 
enzymes can hydroxylate hypoxanthine and xanthine, though the reaction cata- 
lyzed by xanthine dehydrogenase occurs at a much greater rate. Both enzymes can 
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catalyze the conversion of acetaldehyde to acetic acid, where the rate of catalysis 
is slightly greater with aldehyde oxidase. This reaction, as catalyzed by these two 
enzymes, does not occur at a physiologically significant rate. Another enzyme, the 
NADH-dependent aldehyde oxidase, catalyzes the conversion of acetaldehyde to 
acetic acid at a rapid rate. 

Xanthine dehydrogenase appears not to be a vital enzyme. Its absence is com- 
patible with human life. One problem can arise where the activity of the enzyme 
is reduced or absent: formation of kidney stones composed of xanthine. This 
problem may be caused in rare instances by a genetic lack of enzyme activity, as 
well as by treatment with the drug allopurinol. Xanthine stone formation occurs 
because the compound is relatively insoluble and, thus, tends to crystallize in the 
renal tubule, as water is resorbed and the urine is concentrated. The tendency of 
any molecule to crystallize is enhanced when present at a greater concentration. 
Dilution reduces this tendency. The major reactions catalyzed by xanthine dehy- 
drogenase are shown at the end of Chapter 8. The physiological function of 
aldehyde oxidase is not clean 

Xanthine dehydrogenase has received much attention because of its poten- 
tial in the production of superoxide. Superoxide formation is often associated 
with the production of other toxic forms of oxygen, such as HOOH and the 
hydroxyl radical. Normally; xanthine dehydrogenase catalyzes an NAD-depend- 
ent reaction: 

Hypoxanthine 
0=m't.=) 

b .  

H20 + NAD* NADH + H" 

(10.6) 

Under certain conditions, xanthine dehydrogenase is converted to xanthine oxi- 
dase. These conditions involve the oxidation of a cysteine residue of the enzyme 
or the proteolytic cleavage of a specific peptide bond of the enzyme. In short, the 
conversion occurs with damage to the enzyme. Damage of this sort occurs with 
the purification of the enzyme from biological tissues. It can also occur under in 
vivo conditions, such as during a heart attack. The result is generation of an 
enzyme that catalyzes the conversion of molecular oxygen to toxic forms of 
oxygen. Xanthine oxidase (damaged xanthine dehydrogenase) is often used by 
researchers who require a convenient method for generating superoxide in a test 
tube. The in vivo production of xanthine oxidase is thought to contribute to the 
damage inflicted during a heart attack, because of its potential for producing 
superoxide. Xanthine oxidase catalyzes the oxygen-dependent reaction: 

H ~ ~ t h m  x ~ , ~ ~  Xar~ir~ 

H20 + 202 20~- + 21"1* 

(10.7) 
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SELENIUM AND GLUTATHIONE 

The Food and Nutrition Board has defined the recommended dietary allowance 
for selenium as 70 mg for adult males, 55 mg for adult females, and 10-15 mg for 
infants. An RDA for selenium has not been established. Seafoods and muscle and 
organ meats are high in selenium, whereas most fruits and vegetables are low in 
the element. Selenomethionine is the major form of selenium in plant foods. 
Selenomethionine is identical to methionine, except that selenium replaces the 
sulfur atom. The selenium consumed as selenocysteine is broken down to form 
alanine and hydrogen selenide (H2Se). The breakdown pathway of selenomethion- 
ine is not clean Although selenium does not occur to a great extent as selenite in 
foods, selenite is readily used as a source of the element by humans and animals. 
Selenium also occurs as selenate in foods such as beet leaves, garlic, and cabbage. 

The chemistry of selenium resembles that of sulfur. Inorganic forms of sulfur 
include hydrogen sulfide (H2S), sulfite (SO32-), and sulfate (SO42-). The correspond- 
ing forms of selenium are hydrogen selenide (H2Se), selenite (SeO2-), and selenate 
(SeO2-). Cysteine is the most well known organic form of sulfur. The correspond- 
ing selenium derivative is selenocysteine. 

A few differences in the chemistry of sulfur and selenium might be noted. The 
protonated forms of two selenium-based compounds, H2Se and H2SeO3, are more 
acidic than the corresponding sulfur-based compounds (Combs and Combs, 1984). 
In other words, when present in an aqueous solution at neutral pH, the selenium- 
based compounds tend to be dissociated and ionized, whereas the sulfur-based 
compounds remain protonated and nonionized. Sulfur-containing compounds 
tend to be oxidized in the bod36 resulting in the production of sulfate as the final 
product. In contrast, selenium-containing compounds tend to be reduced to pro- 
duce selenide compounds, such as H2S and dimethyl selenide (CH3--Se--CH3). 
Elevated levels of dimethyl selenide are formed after a toxic dose of selenide, for 
example. Some of the dimethyl selenide is excreted in the breath, producing a 
garlic odor. A larger proportion of selenide may be trimethylated to produce 
+Se(CH3)3, which is excreted in the urine. 

Selenium-Requiring Enzymes 

Selenium is incorporated into Se-requiring enzymes by the modification of serine. 
This serine is not modified when it is in the free state or when it occurs in a 
polypeptide chain. The serine residue in question is modified when it occurs 
bound to transfer RNA, that is, as the aminoacyl-tRNA derivative. Seryl-tRNA is 
converted to selenocysteinyl-tRNA by the action of selenocysteine synthase (Stur- 
chler et al., 1993). The codon for selenocysteine is UGA (TGA in DNA; UGA in 
mRNA). The fact that this particular triplet of bases codes for an amino acid is very 
unusual, as UGA normally is a stop codon. Stop codons occur in mRNA and signal 
the termination of synthesis of the protein; however, in the case of the UGA codons 
that code for selenocysteine residues, regions of the mRNA that lie beyond the 
coding sequence somehow convert the UGA from a codon that halts translation to 
one that codes for selenocysteine (Figure 10.55). The structure of selenocysteine is 
shown in Figure 10.56. 
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FIGURE 10.55 Typical pathway for incorporation of an amino acid into a growing 
polypeptide chain (top). Pathway used for the incorporation of selenocysteine into a grow- 
ing polypeptide chain (bottom). 

Selenium-requiring proteins include GSH peroxidase, deiodinase, selenopro- 
tein P, and selenoprotein W. GSH peroxidase is vital for the removal of certain 
forms of toxic oxygen, i.e., lipid peroxidides and hydrogen peroxide. 5'-Deiodinase 
is used for the synthesis of thyroid hormone. The functions of selenoproteins P and 
W are not known. 

Deiodinase 

The deiodinase enzymes are used for the removal of iodine atoms from various 
thyroid hormones. Three types of deiodinase occur in mammals, and these are 
called type I, type II, and type III deiodinase (St. Germain, 1994; Pallud et al., 1997). 
Type I enzyme is used for deiodinating T4 and T3. It is thought to act only on a 
modified form of thyroid hormones, namely on T4-sulfate and T3-sulfate. When 
type I enzyme acts on sulfated hormones, it catalyzes the deiodination at the 
5'-position (on the phenolic ring). Type II deiodinase acts at the 5'-position (on the 
phenolic ring), and is used for converting T4 to T3. Type II enzyme occurs in the 
central nervous system, pituitary gland, and in brown adipose tissue. Type III 
deiodinase catalyzes the conversion of T4 to reverse T3, and the conversion of T3 
to T2. Since these products (reverse T3 and T2) are hormonally inactive, type III 
deiodinase may be called the inactivating deiodinase. Type HI enzyme acts only on 
the tyrosyl ring. 

HSe - -  CH 2 - -  CHCOOH I 
NH 2 

Selenocysteine 

FIGURE 10.56 Structure of selenocysteine. 
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The various deiodinases respond in different ways to selenium deficiency. 
Studies with rats revealed that nutritional Se deficiency results in a decline in 
activity of the type I enzyme in the liver and kidne~ with little effect on the type 
I activity in the thyroid gland, and with little effect on the type II and type III 
enzymes in the brain (Pallud, 1997). 

The genes for all three deiodinases contain the TGA triplet in the coding 
region of the DNA, while the mRNA contains a UGA triplet at the corresponding 
position. Part of the coding sequence of type II deiodinase is shown in 
what follows. The entire protein consists of 266 amino acids. The codon resulting 
in selenocysteine is indicated by "SeC," where this amino acids resides in 
the context-glycine-serine-alanine-threonine-selenocysteine-proline-proline- 
phenylalanine-threonine- (Pallud et al., 1997): 

- G l y  - S e r -  A l a -  T h r -  S e C  - P ro  - P ro  - P h e  - T h r -  

- G G T - T C A - G C G - A C C - T G A  - C C A - C C T -  T T T -  A C T -  

In the cases of all three deiodinases, the mRNA contains a special sequence in the 
region of ribonucleotides following the coding region, that is, in the 3'-untrans- 
lated region (3'-UTR). In the mRNA coding for selenoproteins, the 3'-UTR sponta- 
neously folds upon itself to form a structure that has a little stem topped with a 
loop. This structure, which is called a stem-loop, is required for the recognition, 
during translation, of the UGA as a codon for selenocysteine. 

Glutathione Peroxidase 

Glutathione peroxidase is a selenium-containing enzyme that catalyzes the reac- 
tion 

G ~  

HOOH F - ~  " 2H20 .... (10.8) 
(ROOH) (ROH + HOH) 

2GSH GSSG 

The enzyme is used for the reduction of organic peroxides, including the peroxides 
of free fatty acids and other lipids. Apparently; esterified fatty acid peroxides are 
not recognized by the enzyme. The fatty acid peroxides that are part of membrane 
phospholipids (esterified to glycerol backbone) do not seem to be recognized by 
GSH peroxidase. GSH peroxidase activity results in the detoxification of perox- 
ides, with the conversion of two molecules of glutathione (GSH) to the glutathione 
dimer (GSSG). Here, two GSHs are connected via a disulfide linkage, just as two 
residues of cysteine are connected via a disulfide linkage in many proteins. Glu- 
tathione reductase, a flavoprotein, catalyzes the NADPH-dependent reduction of 
GSSG back to 2 GSH. 

Glutathione is a tripeptide composed of glutamate, cysteine, and glycine (Glu- 
Cys-Gly). The tripeptide is unusual in that the bond between the glutamate and 
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FIGURE 10.57 Structure of glutathione, a tripeptide with a variety of functions. The 
residue of glutamic acid is linked directly to the cysteine residue via the ~/-carboxyl group 
of glutamate, not the cz-carboxyl group of glutamate. The c~-carboxyl group of cysteine is 
bound directly to glycine. 

cysteine involves the ~,-carboxyl group, rather than the cz-carboxyl group, of glu- 
tamate (Figure 10.57) Glutathione is synthesized in the cytosol in two steps: 

G~no 
G ~  + 

ATP ~ + Pi ATP ~ + Pi 

(10.9) 

The concentration of GSH in the liver is 5 to 10 mM, whereas that of GSSG is 
about a tenth of this value. For comparison, note that cytosolic cysteine and 
coenzyme A occur at about 0.2 and 0.06 mM, respectively. Glutathione is thus a 
major sulfhydryl compound of the cell. In human plasma, GSH occurs at about 2 
l~d, while the level of GSH in rat plasma is tenfold higher, 10-20 IJM (Halliwell 
and Gutteridge, 1990; Leeuwenburgh et al., 1997). 

Glutathione participates in a variety of reactions and has a number of functions 
in the body. These include the detoxification of hydrogen peroxide (HOOH) and 
organic peroxides (ROOH), the maintenance of vital sulfhydryl groups in the 
reduced form, the synthesis of certain hormones derived from arachidonic acid 
(leukotrienes), and the metabolism of a vast number of foreign compounds. These 
foreign compounds include the aromatic organic molecules responsible for the 
color, flavor, and fragrance of plants; the aromatic organic molecules produced by 
the immune systems of plants; the polycyclic aromatic hydrocarbons produced in 
the charring and smoking of foods; and a number of drugs and pesticides. Glu- 
tathione is also a cofactor in the metabolism of certain aldehydes (methylglyoxal, 
formaldehyde) and, perhaps to a small extent, in the resorption of amino acids by 
the kidney. The reactive part of GSH in all of the preceding functions is the 
sulfhydryl group of the cysteine residue. 

Glutathione metabolism is depicted as a number of cycles and blind-end path- 
ways (Figure 10.58). The synthesis of GSH (1), its use by GSH peroxidase (2), and 
the regeneration of GSH (3) have already been described. The function of GSH in 
maintaining cellular sulfhydryl groups (4), scavenging free radicals (5), conjugat- 
ing with foreign compounds and various metabolites (6), and possibly in trans- 
porting amino acids (7) are outlined in Figure 10.58. 

Important thiols (sulfhydryls) of the cell, such as the sulfhydryl groups of 
proteins and coenzyme A, are maintained in the reduced form by thioltransferase 
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FIGURE 10.58 Outline of glutathione metabolism. Glutathione is used as a component of 
an amino acid transport system (7), as a cofactor in peroxide elimination (2), as a reductant 
(4), and as a scavenger of radicals (5). 
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FIGURE 10.59 Utilization of glutathione by thiol transferase. 

(Figure 10.59). A sulfhydryl group can spontaneously condense with another 
sulfhydryl group, forming a disulfide bond. In many cases, the formation of a 
disulfide bond involving two residues of cysteine in a protein is required for the 
normal functioning of the protein and is desirable. In other cases, the disulfide 
bond represents an abnormal structure and may be reversed by thioltransferase. 

Radicals can form in the cell with exposure to high-energy radiation, such as 
the ultraviolet rays of the sun and radiation used in cancer chemotherapy. Radicals 
can also be produced in the course of HOOH metabolism, where the HOOH is 
cleaved to produce a hydroxyl radical followed by reaction of this short-lived 
chemical with organic compounds in the cell. The direct, nonenzymatic reaction 
of GSH with a radical compound is 

GSH+Ro ~ G S o + R H  (10.10) 

This reaction results in production of a glutathione radical, which is relatively 
stable and unreactive. GSH can also react with superoxide, and here the products 
are the glutathione radical plus HOOH (Wefers and Sies, 1983)" 
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H + 

GSH. O~ k,~ ~ GS- . HOOH (10.11) 

Two glutathione radicals can condense with each other to form GSSG: 

GS, + GS, ~ GSSG (10.12) 

It has been proposed that ascorbic acid can aid in the removal of the GSH radical 
(Figure 10.60) (Wefers and Sies, 1988). The reactions are nonenzymatic and occur 
in the aqueous phase. 

Selenium and Viruses 

Selenium is an issue in the biology of one of the poxviruses, one of the largest 
viruses in existence, as well as in the biology of coxsackievirus, one of the smallest 
of viruses. In the case of MCV, a poxvirus, the virus's genome codes for the 
well-known selenoprotein glutathione peroxidase. Apparently; this enzyme protects 
the virus from the defense system of the host. In the case of coxsackievirus, 
selenium deficiency in the host, whether a mouse or human, provokes activation 
of the virus within the host cell, resulting in disease to the host (damage to the 
heart). 

A type of poxvirus, called MCV, can live in the skin of people and cause tumors 
in children. The genome of this virus contains about 150 genes, where one of the 
genes codes for GSH peroxidase, a selenoprotein. The mRNA sequence of this 
enzyme, in the virus's genome, contains one UGA triplet in the coding region, 
which codes for selenocysteine, as well as a stem-loop in the 3'-UTR. The stem- 
loop consists of 50 consecutive ribonucleotides, i.e., it is 50 bases long, and allows 
the UGA to be recognized as a selenocysteine, rather than as a stop codon (McFad- 
den et al., 1998; Shisler et al., 1998). Evidence suggests that the virus-coded GSH 
peroxidase serves to protect its home, that is, to protect itself (and the host cell) 
from the barrage of hydrogen peroxide produced by vigilant white blood cells, 
and thus allow the generation of large amounts of virus. One way that cells of the 
immune system (white blood cells) kill invading viruses is to release hydrogen 
peroxide and other forms of toxic oxygen in the immediate vicinity of the infected 
cells. Apparently; the poxvirus's own GSH peroxidase is used to protect its home 
against attack. 

Coxsackievirus is a small virus that can infect mammals. The genome of this 
virus consists of RNA (not DNA), and it contains only 7400 ribonucleotides. The 

R �9 - - ~  GSH ~ Ascorbate radical 

RH ~ ~ GS- Ascorbate 

FIGURE 10.60 Detoxification of a free radical by glutathione, and regeneration of glu- 
tathione by ascorbate. 
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RNA genome codes for four proteins. Three of these proteins are virus capsule 
proteins (they coat the RNA), and one of these proteins is a viral protease. The 
virus can cause temporary fever and sore throats in children; however, about 5% 
of infections in adults and children result in damage to the heart. It is thought that 
Keshan disease in China, which is associated with selenium-deficient populations, 
is due to some influence of the selenium deficiency on the activation of cox- 
sackievirus. Studies with mice have revealed an interesting phenomenon. One 
particular strain of coxsackievirus can infect mice, but does not result in much 
harm to the mice. However, when the mice are raised on an Se-deficient diet, the 
virus acquires mutations in its genome and produces damage to the mouse's heart 
(Beck et al., 1995). 

An interpretation of these phenomena is that the Se-deficiency allows toxic 
oxygen to build up in the host cell. The increased levels of toxic oxygen result in 
an increased rate of damage to the virus's DNA. The increased DNA damage 
results in the acquisition of mutations in the virus's genome. Mutations have been 
detected in several different regions of the virus's genome (Beck et al., 1995). 

Glutathione  and Cancer 

Plant foods contain a great variety of compounds that are not useful to mammals. 
Many of these compounds are aromatic and tend to be stored in the body's fat or 
excreted in breast milk, rather than immediately excreted in the urine or feces. The 
body attempts to make these compounds more readily excretable by introducing 
hydroxyl groups into the compounds. The hydroxylation reaction is catalyzed by 
one or more of the cytochrome P450 enzymes of the endoplasmic reticulum. In 
addition, the compound may be modified by conjugation with a sugar (glucuronic 
acid), sulfate, methyl group, acetyl group, or GSH. The substrate used in the 
donation of the sugar group is uridine-5'-diphosphate-glucuronic acid. PAPS, 
SAM, and acetyl-CoA are used in the enzymatic transfer of the sulfate, methyl, and 
acetyl groups, respectively. A number of glutathione S-transferase enzymes are 
used in the transfer of GSH to various compounds. Chemicals formed during the 
heating of foods (pyrolysis products), as well as drugs and other compounds, are 
also metabolized by hydroxylation and conjugation. The following material con- 
ceres the role of GSH in the detoxification of polycyclic aromatic hydrocarbons, 
aflatoxins, and anticancer drugs. 

The structures of some of the polycyclic aromatic hydrocarbons are shown in 
Figure 10.61. They occur in smoked fish and meats, grilled and roasted foods, 
and vegetables and grains. They can originate from smoke, from the charring of 
foods, and from the soil used to grow plants. The most well known of these 
compounds is 3,4-benzpyrene. Benzpyrene can occur, for example, in smoked fish 
and charcoal-broiled steaks at levels reaching 10 to 50 ~tg/kg food. Benzpyrene is 
one of the more notorious compounds in food, as it is converted to a potent 
carcinogen in the body. Benzpyrene is converted to a 7,8-epoxide compound, 
followed by hydrolysis of the epoxide group to form two hydroxyl groups. The 
resulting 7,8-dihydroxide is again epoxidized, resulting in the formation of 7,8-di- 
hydroxy-9,10-epoxy-benzpyrene. The series of reactions leading to the formation 
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FIGURE 10.61 Polycyclic aromatic hydrocarbons. 

Chrysene 

of 7,8-dihydroxy-9,10-epoxy-benzpyrene appears in Figure 10.62. Epoxides are 
fairly reactive and are able to condense with a variety of target compounds 
including DNA. The reaction of benzpyrene epoxide with DNA to form an adduct 
is shown in Figure 10.62. The adduct consists of benzpyrene bound to a residue of 
guanine of the DNA. The significance of the adduct is that it is believed to be an 
early event in the conversion of a normal cell to a cancer cell, in the case of 
chemically induced cancer. 

The most well-established form of chemically induced cancer is lung cancer 
caused by smoking. Tobacco smoking is the main cause of lung cancer. It has also 
been associated with cancer of the mouth, esophagus, bladder, and pancreas. It is 
thought that formation of an adduct between the polycyclic hydrocarbons of 
cigarette smoke and DNA is an early event in the development of lung cancer. 
Studies with extracts of lung tissue from deceased smokers have revealed that 
adducts occur at a frequency of about 100 adducts per 109 DNA nucleotides 
(Randerath et al., 1989). 
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FIGURE 10.62 Steps in the conversion of a polycyclic aromatic hydrocarbon to a DNA adduct. Metabolism of a 
polycyclic aromatic hydrocarbon in the cell can result in its conversion to an epoxide derivative. Epoxides are very 
reactive, and can condense with a variety of constituents in the cell, including with DNA. Specifically, epoxides can 
react with the bases of DNA. One of the functions of DNA is to support transcription. Another activity of DNA is 
replication. As DNA polymerase moves along a strand of DNA, during replication, it encounters many types of 
covalent damage. Most of this damage is repaired by a class of enzymes called DNA repair enzymes. However, if 
this damage is not repaired before the cell decides to divide, a mutation can occur. The type of mutation that results 
depends on the exact nature of the chemical modification of the DNA. These chemical modifications, and the 
mutations that result, are usually harmless to the cell, but sometimes they can cause lethal damage to the cell, or 
worse, result in the conversion of a normal gene to a "cancer gene" (oncogene). The conversion of covalent damage 
to a mutation is totally dependent on the process of replication, where the DNA polymerase encounters the damage, 
makes a mistake, and catalyzes the polymerization of an incorrect base (in the newly made DNA) across from the 
damage (residing in the old, template DNA). 
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FIGURE 10.63 Possible positions of attack of chemical carcinogens on DNA bases. 

Guanosine is not the only nucleotide base that can be modified. Adenine, 
cytosine, and thymine may also be modified. Figure 10.63 illustrates the positions 
of attack and complex formation by various chemical carcinogens. 

7,8-Dihydroxy-9,10-epoxy-benzpyrene, as well as other epoxide compounds, 
can be detoxified by glutathione. A number of different GSH S-transferases can 
catalyze the transfer of GSH to the epoxide. This transfer results in the formation 
of a GSH conjugate. An example of the reaction is shown in Figure 10.64. The 
resulting conjugate is not carcinogenic. It can be readily excreted in the bile. 

One of the most potent chemical carcinogens, as determined in studies with 
rats, is aflatoxin. Aflatoxin consists of a family of related compounds. They are 
natural products and are synthesized by the fungus Aspergillusflavus. Aflatoxin is 
most closely identified with peanuts and peanut butter; however, it is also present 
in dusts from grain and may contribute to cancer of the respiratory system in grain 
processors. Alfatoxins in grain and peanuts consumed in Africa and China are 
thought to contribute to the liver cancer found in these regions of the globe. Liver 
cancer is common in China and Africa but rare in Europe and America. Liver 
cancer is thought to be dependent on exposure to both aflatoxin and hepatitis 
virus. Conversion of aflatoxin B1, the most potent of the aflatoxins, to the carcino- 
genic epoxide is shown in Figure 10.65. Also shown is detoxification of the epox- 
ide, as catalyzed by GSH S-transferase. An alternate pathway of detoxification, 
involving hydrolysis of the epoxide group, is shown as well. 

A few fine points concerning GSH S-transferase might be of interest. There is 
evidence that a large proportion of the population lacks one of the GSH S-trans- 
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FIGURE 10.64 Formation of the glutathione conjugate of benzpyrene. 
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FIGURE 10.65 Conversion of aflatoxin B1 to the epoxide form and pathways for detoxifi- 
cation of the epoxide. 

ferases. Hence, there is some thought that these persons are more susceptible to 
chemically induced cancers than might otherwise be prevented by the enzyme. 
There is also strong interest in designing and using inhibitors of GSH S-trans- 
ferase. GSH S-transferase can catalyze the inactivation of certain anticancer drugs. 
Such drugs as nitrogen mustard, nitrosoureas, and melphalan can be inactivated 
by the action of GSH S-transferase. Inactivation results in insensitivity of the 
cancer cell to the drug. The use of drugs that inhibit GSH S-transferase or that 
induce depletion of the levels of GSH in the cancer cell would be expected to 
restore the effect of the anticancer drug (Waxman, 1990). 

The modification of foreign compounds by hydroxylation and conjugation with 
glutathione or other small molecules does not always lead to detoxification of the 
compound. In many cases the modification results in the conversion of the com- 
pound to a more toxic substance. In this case, the process is called toxification. 

Glutathione  and Aldehyde  Metabol i sm 

Glutathione is required as a cofactor by two enzymes in aldehyde metabolism: the 
glyoxylase system: 

O H20 
I] k,_ H (10.13) 

R-O-OH=O ~ R-O-OOOH 
GSH I 

OH 
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and formaldehyde dehydrogenase: 

NAD + NADH + H* 

HCHO ~ , ,  ~ =. HCOOH 
(formaldehyde) f~GSH "- (form~ ~ (10.14) 

H20 

The first step in the catabolism of an aldehyde by these enzymes is its condensation 
with the sulfur atom of GSH. 

The glyoxalase system is active with a variety of 2-keto-aldehydes, including 
methylglyoxal. Methylglyoxal is formed from an intermediate of glycolysis, 
glyceraldehyde-3-phosphate. The concentration of glyceraldehyde-3-phosphate in 
the liver cell is about 30 ~.M (Sarau et al., 1977), whereas that of methylglyoxal is 
0.1 to 2.0 ~M (Thomalley; 1990). Apparently; methylglyoxal is formed with the 
slow spontaneous breakdown of glyceraldehyde-3-phosphate in the cell. Methyl- 
glyoxal is 2-keto-propionaldehyde. The glyoxalase system converts it to lactic acid. 

Formaldehyde dehydrogenase catalyzes the oxidation of a number of alde- 
hydes, including formaldehyde, to the corresponding acid. The enzyme is impor- 
tant as it catalyzes the detoxification of formaldehyde, a chemical present in small 
concentrations in most or all biological tissues. Formaldehyde, as well as other 
aldehydes, spontaneously condense with amino groups ~ via a Schiff base linkage 

to form a condensation product. This type of condensation product is not 
desirable, and contributes to a small extent to the various types of damage inflicted 
upon the proteins of the body. 

Formic acid, a product of the aforementioned reaction, is not toxic at low 
concentrations. Formic acid can be converted to CO2 by catalase or by folate-de- 
pendent enzymes. 

Glutathione in the Glomerular Filtrate 

The main purpose of the kidneys is to purify the blood and remove waste prod- 
ucts. The kidney does this by two methods: (1) by means of a filter that retains the 
blood cells and most of the proteins, and produces a filtrate that resembles blood 
serum; and (2) by reclaiming all the nutrients in the filtrate (salts, amino acids, 
sugars, water) by transport systems in the renal tubule. In this way; the renal tubule 
behaves as a microscopic gut. One of the biochemicals that passes through the 
filtrate is glutathione. To retain this tripeptide, or its constituent amino acids, 
glutathione is broken down in the lumen of the renal tubule. This breakdown 
process is initiated by 7-glutamyltranspeptidase. The enzyme is membrane- 
bound, and its active site resides in the lumen of the renal tubule. The enzyme 
catalyzes the exchange of the cysteine-glycine moiety of GSH for an amino acid 
occurring in the glomerular filtrate. The result is the formation of two dipeptides. 
One of the dipeptides contains glutamic acid, where the glutamate residue is 
attached to its partner via its y-carboxyl group (the a-carboxyl group remains free): 

Y -Glutamyltranspeptidase 
Glutathione - 

Amino acicl Cys-Gly 

t.- Y-Glutamyl-arnino acid 
(1o.15) 
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The amino acid substrates that are most recognized by y-glutamyltranspeptidase 
are cysteine, glutamine, methionine, alanine, and serine. The products of the 
reaction, apparentl~ are efficiently transported into the epithelial cell, and then 
broken down into their constituent amino acids in the cell. The elucidation of the 
series of reactions involving formation of the y-glutamyl-amino acid, absorption 
of the products, hydrolysis of the products, and re-formation of glutathione was 
mainly the work of Alton Meister (Meister, 1989). 

The major function of y-glutamyltranspeptidase appears to be to initiate the 
breakdown of glutathione, thus allowing the reclamation of its constituent amino 
acids. Mutant mice lacking in the enzyme were created by standard genetic tech- 
niques. The urine produced by these mice contained 600-fold greater levels of 
excreted glutathionine than that of normal mice. The mice became ill and failed to 
reproduce. Supplementing the mutant mice with cysteine prevented some of their 
health problems (Lieberman et al., 1996; Harding et al., 1997). 

y-Glutamyltranspeptidase appears to contribute only very slightly to the gen- 
eral amino acid resorption by the kidney. Still, there continues to unfold evidence 
that this enzyme, and related enzymes, play a part in some types of amino acid 
transport (Lee et al., 1996). 

Selenium Nutrit ion 

Selenium status in humans is a concern in certain parts of the world where the 
soils, and thus the foods, have very high or low contents of the element. Selenium 
status may also be a concern during total parenteral nutrition where Se is not 
included in the feeding solution. Assays of GSH peroxidase appear to be the most 
promising mode of assessing Se status. Se status may be assessed by measuring 
the Se content of liver or muscle. Because of the difficulty in obtaining biopsies, 
red blood cell Se levels have often been used for measuring intracellular Se levels. 
Red blood cell and tissue Se levels reflect long-term Se status. Plasma and urinary 
Se levels can also be measured, but these are very sensitive to the amount of Se 
consumed in foods the previous day or two and would not be expected to accu- 
rately reflect tissue levels. Assays of platelet GSH peroxidase have been proposed 
as a convenient method for assessing Se status. Assays of the enzyme in platelet 
extracts may be more accurate than those using red blood cell extracts because the 
hemoglobin in the red cell extracts can interfere with the enzyme assay. Note that 
the GSH peroxidase in red blood cells protects hemoglobin and red blood cell 
membranes from HOOH-induced damage. 

Whole blood selenium levels can vary between 10 and 3000 ng Se/ml. These 
levels reflect dietary intake. With an Se intake of about 50 ~tg/da~ plasma Se levels 
in humans are about 70 ng/ml ,  and red blood cell Se is about 90 ng /ml  (Levander 
et al., 1983). Maximal activity of GSH peroxidase, as determined by assays of the 
platelet enzyme, is supported where the plasma selenium level is about 100 
ng/ml .  

Selenium status may be a concern for premature infants, since this population 
may have lower levels of plasma Se and of GSH peroxidase. Full-term infants have 
0.6-1.8 WVI Se, while premature infants have been found to have 0.3-0.5 ~VI Se, 
though levels as high as 1.1-1.6 WV/have also been found (Tyrala et al., 1996). 
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Studies with infants have clearly shown that plasma Se levels respond to dietary 
Se levels. A very rough correlation may be made from the available data. A 2.5-fold 
increase in selenate intake provoked a 66% rise in plasma selenium levels (Tyrala 
et al., 1996). 

Selenium deficiency has occurred in patients fed by total parenteral nutrition. 
The signs of deficiency include muscle pain. The deficiency can be reversed by 
feeding 100 ~g Se/day for a week in the form of selenomethionine. Se deficiency 
may also occur during severe malnutrition. 

Selenium intake varies widely in different parts of the world. High intakes 
(750-5000 ~tg Se/day) occur in regions with high-Se soils. These regions include 
Hubei Province in China, where the mining and burning of high-selenium coal 
introduce Se-containing dust into the environment. Selenium poisoning (se- 
lenosis) occurs in areas of high-selenium soils, where the daily intake of Se is about 
0.5 mg or greater. Selenium toxicity results in changes in fingernails and in hair 
loss. Neurological symptoms may also occur. The breath may have a garlic odor 
as a result of the increased production of dimethyl selenide. Low intakes (10-30 
~tg Se/day) are found in areas with low-selenium soils, such as Keshan County in 
Heilongjiang Province in China, New Zealand, and Finland. Keshan disease, 
named after the region, occurs in rural and mountainous areas in a belt extending 
from northeast to southwest China. The populations most affected are children 
and young women. The disease involves necrosis of areas of the heart and replace- 
ment of these areas by fibrous structures. The disease, which can prove fatal, is 
thought to be induced by two concomitant factors: Se deficiency and a virus. 
Apparentl~ the animal equivalent of Keshan disease cannot be produced by 
feeding Se-deficient diets. The damage to the heart may be caused by the decline 
in GSH peroxidase activity, the accumulation of toxic oxygen, and damage to the 
mitochondria. The incidence of Keshan disease has been reduced by supplement- 
ing children in China with selenium (1.0 mg sodium selenite per week). 

Topics of continuing concern in Se nutrition include the availability of Se when 
supplied as selenomethionine or sodium selenite and the definition of normal 
levels of tissue selenium and the normal activity of GSH peroxidase. In many 
tissues, the Se associated with GSH peroxidase accounts for only a small propor- 
tion of tissue Se. This situation raises the question of whether values of tissue Se 
or of enzyme activity can more accurately define adequate or optimal Se status. 

Mild and Severe Selenium Deficiency in Animals 

A mild deficiency in Se can be induced by feeding animals a diet deficient in 
selenium. A more severe deficiency can be induced by feeding the diet to the 
pregnant mother and to the offspring (multigenerational deficiency). Se deficiency 
in rats results in anorexia, a slow growth rate, lack of sperm production, loss of 
hair, cataracts, and death. Neurological problems and damage to the kidney and 
heart also occur. 

Studies with animals have revealed an interesting pattern of relationships 
involving Se and vitamin E nutrition. In chicks, experimentally induced deficien- 
cies in both Se and vitamin E result in exudative diathesis, muscular dystrophy, 
and pancreatic atrophy. The first two problems can be prevented by vitamin E 
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alone. Pancreatic atroph~ on the other hand, cannot easily be prevented by vita- 
min E. Exudative diathesis involves edema resulting from increased permeability 
of capillaries. The muscular dystrophy in chicks involves the degeneration of 
skeletal muscles; the muscles acquire a pattern of white lines or striations. Sele- 
nium alone can reduce the muscular dystrophy but cannot completely prevent it. 
Pancreatic atrophy involves the degeneration of the acinar cells and a loss in 
exocrine function. With continued feeding of the Se-deficient diet the acinar cells 
are infiltrated by fibroblasts and macrophages. Eventually the pancreas becomes 
fibrotic. With continued feeding of the Se- and vitamin E-deficient diet, hemor- 
rhages develop under the skin. 

A combined deficiency in Se and vitamin E has occurred naturally in farm 
animals (sheep, cattle) in regions of the world where the soil is low in selenium, 
such as in western Oregon in the United States and in New Zealand, where forages 
low in vitamin E were used. This deficiency results in muscular dystrophy. The 
heart and skeletal muscle appear white. The disease has been called white muscle 
disease. Death may occur. The disease can be prevented by supplementing the 
animals with either Se or vitamin E. 

The selenium in soils occurring as selenate is readily taken up by plants, 
whereas that occurring as elemental Se, selenide, or selenite is poorly accumulated 
by plants. The plant converts the selenium to organic forms, such as se- 
lenomethionine, Se-methyl-~elenomethionine, selenocysteine, and Se-methyl-se- 
lenocysteine. The structures of two of these compounds are shown in Figure 10.66. 
In some plants these amino acids tend to be free; in other plants they tend to be 
incorporated into proteins. Although selenium is readily incorporated into the 
plant, Se has not been found to be required for plant life, despite attempts to 
address the possibility. Selenium deficiency can be prevented in farm animals by 
feeding them alfalfa grown on local soils treated with sodium selenite. There has 
been some hesitance in supplementing soils with selenate because of the possibil- 
ity of the plant accumulating high levels of selenium, which may cause selenium 
toxicity in animals consuming the plants. 

The close relationship between Se and vitamin E has a biochemical basis. 
Vitamin E acts to minimize damage to membranes inflicted by free radicals. 
Selenium (GSH peroxidase) acts to prevent the accumulation of HOOH, which is 
a source of hydroxyl radicals. Hydroxyl radicals can damage cell membranes, as 
well as other components of the cell. Damage that is more closely identified with 
Se than with vitamin E, such as pancreatic atroph~ may be caused by HOOH-in- 
flicted damage to soluble components of the cell, rather than damage to cell 
membranes. The converse situation also holds. For example, vitamin E deficiency 
in rats produces fetal resorptions. This problem cannot be prevented by Se. 

+ 

CH 3 - -  Se - -  CH2CH2CHCOOH CH 3 - -  Se - -  CH2CH2CHCOOH 
I / / 

CH 3 NH 2 NH 2 

S e - m e t h y l - s e l e n o m e t h i o n i n e  S e l e n o m e t h i o n i n e  

FIGURE 10.66 Structures of Se-methyl-selenomethionine and selenomethionine. 
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Possible Anticancer Effect of Selenium Supplements 

The possibility that selenium supplements can reduce the risk for certain cancers 
arose from controlled studies with animals and from epidemiological studies on 
human populations. One might assume this effect to be related to the action of 
GSH peroxidase and the role of this enzyme in maintaining the body's defenses 
against toxic oxygen (Rayman, 1997). On the other hand, evidence suggests that 
any anticancer effect can occur by other mechanisms (Lanfear et al., 1994; Reddy 
et al., 1997). Some attention has focused on the notion that high doses of selenium 
can provoke apoptosis. Apoptosis is a normal event in the lifetime of many cells. 
Apoptosis, which results in the cell committing suicide, is also called programmed 
cell death. This process is closely identified with a protein called p53 and with the 
fragmentation of the entire genome catalyzed by special nucleases. In short, acti- 
vation of the apoptosis pathway within a cancer cell, whether provoked by natural 
means, by selenium, or by a drug, would be expected to be beneficial to human 
health. 

Epidemiological studies have suggested that selenium can prevent certain types 
of cancers, though conclusive evidence is not yet at hand (Colditz, 1996; Clark et 
al., 1996). Epidemiological studies generally involve large numbers of people 
(1000-100,000) and attempt to identify risk factors for disease, by acquiring infor- 
mation on diet, genetic make-up, gender, blood biochemistry, and occupation. 
Cancer is a multistep disease, where the disease often cannot be detected until after 
all the steps have been taken. In contrast, diabetes can be detected by high plasma 
glucose well before the patient dies by the disease. 

Similarl~ risk for atherosclerosis can be detected by high plasma LDL-choles- 
terol long before a heart attack occurs. The goal of making correlations between 
any component of the diet, and risk for cancer, is a difficult one. 

OTHER INORGANIC NUTRIENTS 

There is some evidence that chromium (Cr3+), silicic acid (Si(OH)4) or related 
silicon-based compounds, borate (B402-), nickel (Ni2+), and arsenate (AsO~) are 
required inorganic nutrients. However, the available evidence tends to be not 
convincing to all researchers (Reeves, 1997). The functions of arsenate and nickel 
are not clean There is some indication that arsenate is used in the metabolism of 
sulfur-containing amino acids. An experimentally induced deficiency in arsenate 
or nickel results in impaired growth. 

Chromium 

Chromium is a trivalent cation that occurs as Cr 3+. A typical daily intake is 0.5-3.8 
~tmol (25-200 ~tg/day). After absorption from the diet, chromium occurs bound to 
transferrin. A safe and adequate intake of 50 to 200 ~tg Cr /day  has been estab- 
lished. Chromium appears to participate in glucose metabolism. The ion may play 
a part in mediating the hormonal effects of insulin. Chromium deficiency results 
in abnormally high glucose tolerance curves and impaired clearance of plasma 
glucose. Chromium deficiency can be induced in animals. There is evidence that 
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this deficiency has occurred in some humans  fed Cr-free liquid diets by total 
parenteral nutrition. 

Borate 

The usual dietary intake of borate is about 0.1 mmol/day.  Borate occurs as B(OH)3 
and B(OH)4, and also occurs as weak, covalent complexes with sugars. Borate 
never occurs in biology as free boron atoms. Dietary borate is readily absorbed by 
the gut, and most of this chemical is excreted in the urine. Studies with humans 
have revealed that 88-97% of dietary borate is excreted in the urine (Hunt et al., 
1997). There is some evidence that borate deficiency provokes a further decline in 
health during vitamin D deficiency. 

Silicon 

Silicon appears to be required for the normal synthesis of the organic matrix of 
bone and for its normal calcification. The silicon in the blood serum occurs entirely 
as silicic acid. Osteoblasts may contain the highest concentrations of silicon of all 
the cells of the body. Within these cells, silicon occurs mainly in the mitochondria. 
Silicon deficiency in animals results in bones with abnormal structures. These 
abnormalities include thinner cortical bone, reduced bone flexibility, and flattened 
cranial bones. Silicon deficiency also affects cartilage, and results in a dramatic 
reduction in the width of the epiphyseal cartilage (Carlisle, 1985). 

Cobalt 

Cobalt is a required mineral since it is a vital component of vitamin B12. There is 
no reason to believe that extra cobalt needs to be supplied, in addition to that 
occurring in dietary cobalamin. 
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DIET AND CANCER 

OVERVIEW 

Cancer is a disease that in- 
volves the acquisition of mu- 
tations in several specific 
genes in a cell, where the sum 
of these mutations allows the 

cell to divide and multiply and invade sur- 
rounding tissues and organs. Most genetic dis- 
eases, such as phenylketonuria, result from a 
change in a specific gene in the DNA, where 
the change occurs in all of the cells of the body. 
All of the cells of the body are affected because 
the change (a mutation) in the DNA was in- 
itially present in the father's germ cells or in 
the mother 's eggs. In cancer, the genetic 
change arises in one cell in an existing person, 
resulting in only a small group of daughter 
cells (the cancer cells) that contains the muta- 
tion. 

Mutations in APC, RAS, p53, 
and Cadherin 

This chapter will focus on mutations in genes 
that code for proteins called APC, RAS, p53, 
and cadherin. RAS is pronounced "rass." 
The name "p53" arose because it is a protein 
(p) with a molecular weight of 53 kDa. These 
proteins have vital and useful functions in the 

879 
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body; as do nearly all of our proteins. However, these proteins have the unfortu- 
nate property that, when altered by certain mutations, they convert their host cell 
to a cancer cell. The genes coding for APC, RAS, p53, and a variety of other 
proteins are called proto-oncogenes prior to mutation, and oncogenes after they have 
been mutated. In the case of any oncogene, the gene itself is totally harmless. The 
danger occurs because of the altered protein that is produced. Many of the proto- 
oncogenes were discovered and identified before their function was suspected. For 
this reason, some of their names are not related to their function, and may consist 
only of the initials of the researcher. 

The functions of the normal (before mutation) and abnormal (after mutation) 
forms of these genes are known for several of these oncogenes. The following 
commentary will detail changes occurring in APC, RAS, p53, and cadherin. Muta- 
tions in the genes coding for these proteins occur in colorectal cancer, but also in 
other types of cancer. A mutation in any one of these genes is not sufficient to 
convert a normal cell to a cancer cell. The net effect of mutations occurring in 
several specific genes, such as these, is sufficient for conversion of a normal gut 
cell to a cancer cell. Mutations can involve the change of one base to another, the 
deletion of one or more bases, or even the permanent transfer of a gene from one 
chromosome to another chromosome. 

Epidemiology and Cancer 

Epidemiological data have shed light on some of the mechanisms of cancers of 
the colon and rectum, as reviewed towards the end of this chapter. Diets high 
in fruits and vegetables have been associated with lower rates of colorectal 
cancer. Diets high in red meat have been associated with higher rates of colorectal 
cancer. An eventual goal is to find a consistent story; using data acquired from 
large populations as well as from test tubes. The common goal of epidemiologists 
and lab researchers is to tell each other where to look in the search for dietary risks 
in cancer. 

Difference between DNA Damage and Mutations 

The science of DNA damage, DNA repair, and mutations constitutes a vital bridge 
that is needed to connect the conceptual gap between oncogenes and food eating 
habits. In other words, any evidence that drinking orange juice can prevent muta- 
tions in the p53 gene can best be rationalized with a commentary that involves the 
chemistry and enzymology of DNA damage. 

Forms of Damage Occurring in DNA 

DNA consists of two molecules of single-stranded DNA (ssDNA) wrapped to- 
gether in a fiber called the double-stranded helix (dsDNA). Damage can be done 
to DNA by a number of separate and distinct processes, for example: 
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1. Spontaneous hydrolysis of the amino group of cytosine. This results in 
cytosine (C) being converted to thymine (T) plus free ammonia. 

2. Damage due to hydroxyl radicals. Small amounts of reduced iron bound to 
our DNA may allow the Fenton reaction to occur, thus producing HO~ in 
the immediate vicinity of DNA. The HO~ radical attacks guanine (G) resi- 
dues, producing residues of 8-oxo-guanine (oxo-G). 

3. Covalent damage due to naturally occurring components of the diet. Com- 
pounds in cooked meat, for example, are converted in the body to reactive 
chemicals, which in turn attack our DNA. 

4. Covalent damage due to chemicals acquired from cigarette smoke. 
5. Covalent damage due to ultraviolet rays from the sun. 
6. Rare mistakes made by DNA polymerase during DNA synthesis (replica- 

tion). 

Damage may also be acquired from other sources. For example, workers in chemi- 
cal plants, farm workers, and victims of nuclear powerplant disasters acquire 
damage from specific sources (synthetic chemicals and radiation) that do not affect 
the general population. 

How Does the Cell Respond to Damage to Its DNA ? 

The acquisition of DNA damage in a proto-oncogene, by itself, does not result in 
its conversion to an oncogene. In most cases, the damage is repaired or reversed 
by the cell's DNA repair system. A second type of response to DNA damage is for 
the cell to commit suicide and die. This orderly; controlled process of suicide is 
called apoptosis. How may apoptosis benefit the organism? It is far more desirable 
to lose an occasional cell by apoptosis than to retain and propagate a damaged, 
abnormal cell. A third response to DNA damage is for no response to occur at all, 
that is, for the damage to linger until the time of DNA synthesis, resulting in a 
permanent mutation in the daughter cells. 

Behavior of DNA Polymerase When It Encounters a Lesion 

The exact nature of the mutation is a reflection of two things, namely the structure 
of the lesion and the response of DNA polymerase to the lesion. For convenience, 
any type of damage may be called a "lesion." During the process of replication, 
DNA polymerase may encounter a lesion and fortuitously insert the correct DNA 
base across from a lesion, resulting in a daughter double helix that is totally 
normal. However, when DNA polymerase encounters a lesion, it may also insert 
an incorrect DNA base. The result is that one of the two daughter double helices 
will contain only correct bases, while the other daughter will contain the lesion (in 
one strand) and an incorrect base (in the opposite strand). Damage to DNA, 
whether taking the form of a modified base, a hydrolyzed base, or a broken strand, 
is not called a mutation. Only when this damage results in a stable alteration in 
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the DNA that can be transmitted from generation to generation is the result called 
a mutation. 

Not all mutations are harmful. DNA bases that code for polypeptides occur as 
a series of triplets. Each triplet is called a codon and codes either for a specific 
amino acid, or for a translation stop signal. Please recall that the genetic code is 
degenerate and that some amino acids are coded for by more than one type of 
codon. Hence, a mutated base may change the codon, but with no alteration of the 
amino acid that is coded. Furthermore, a change in amino acid may or may not 
result in a change in function of the polypeptide. 

In viewing dietary habits that are associated with greater or lesser rates of 
cancer, one might keep in mind the question, "Which of the components of food 
would be expected to provoke specific mutations, and which components might 
be expected to reduce the rate of mutations?" Various components of the diet react 
may directly with DNA. Aflatoxin is the most notorious dietary contaminant that 
reacts directly with DNA. Other components may react with toxic oxygen and 
inactivate it, thus preventing the rate of DNA damage. Still other components, 
which are chronically present in the diet, may interact with certain regulatory 
proteins and provoke sustained changes in the cell that contribute to cancer. 
Phorbol ester is the most notorious plant chemical that interacts with a regulatory 
protein and causes cancer. The chemical occurs in croton oil and activates protein 
kinase C. 

CANCER OF THE LARGE BOWEL 

We will focus on cancer of the large bowel, rather than on revealing fragments of 
information on all of the major types of cancers. The incidence of cancer of the 
large bowel (colon and rectum) in the United States is 136,000 cases per year, while 
the incidence of death from colorectal cancer is about 55,000 per year (Lewis, 1996). 
Large bowel cancer develops with the appearance of a distinct number of genetic 
mutations, as do all other types of cancers. In the case of cancers of colorectal 
cancer, the steps tend to follow this progression: 

1. Normal epithelial cell. 

2. Polyp formation. These polyps are harmless (benign) tumors and are called 
adenomas. 

3. Cancer cell. The cell continuously grows and divides. 

4. Invasive cancer cell. The cell migrates and penetrates other tissues. 

Polyps Occur in the Mucosal Layer of the Large Intestines 

Polyps may take two forms. They can occur with stalks or without stalks (Haggitt 
et al., 1985). Polyps, or adenomas, with stalks are called pedunculated, while those 
without stalks are called sessile (Figure 11.1). When discovered in the doctor's 
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office, these structures are often from 2 to 4 cm in diameter. Figure 11.1 reveals the 
structures that normally occur in the epithelial lining of the large intestines. These 
include the mucosa, submucosa, muscularis, and underlying connective tissues. 
The shaded areas indicate regions of the adenoma that may contain cancer cells 
during the early stages of colon cancer. Most of the cells in the shaded area are 
ordinary cancer cells, while only a tiny minority of the cancer cells may have 
acquired additional mutations that cause them to be invasive. 

When cancer cells are detected in a pedunculated adenoma, the polyp can be 
easily removed by surgery by inserting a probe in the large intestine and snipping 
off the polyp by its stalk. The lack of the stalk in sessile adenomas allows any 
cancer cells to invade more easily the underlying structures. A cancerous adenoma 
that is confined to the mucosal area can be easily removed by a "polypectomy;" 
whereas cancerous adenomas that have reached the submucosa are removed by 
"colectomy." Colectomy means the surgical opening of the abdomen, removing a 
segment of the intestines, and sewing together the shortened intestines. Colectomy 
can be an effective cure for colon cancer, except where the cancer cells have 
migrated to other organs. 

Colorectal cancer is often detected via widely used screening tests. These in- 
clude rectal exams, using the finger. This test detects only the colorectal adenomas 
and cancers that grow within reach of a finger, i.e., only 10% of all cases (Edd~ 
1990). The fecal blood test is generally performed annually; after the age of 50, and 
detects adenomas and cancers throughout the entire large intestines. The test is 
useful because about one-third of adenomas bleed into the gut lumen before 
becoming cancerous. The bleeding occurs for about 2 years before the adenomas 
become cancer cells. It is interesting to note that the average time it takes a 1 cm 
wide adenoma to become an invasive cancer is about 7 years (Eddy; 1990). 

Metastas is  

The stage at which a cancer cell invades other tissues is called metastasis (Gabbert, 
1985). After formation of a harmless tumor, a small minority of the cells become 
invasive. This does not mean that they grow faster; it means that they move 
(migrate), they lose their adhesiveness to neighboring cells, and that they secrete 
proteases that break down barriers, such as collagen fibers and cell matrix pro- 
teins. Once migration starts and protease secretion occurs, the cancer cells invade 
nearby blood vessels and lymph ducts. Collagenase was measured in biopsies 
(tissue samples) taken from normal and abnormal large bowel. Samples were 
taken from the normal gut wall, adenomas, cancer invading the muscularis prop- 
ria, and cancer invading the lymph nodes (Liabakk et al., 1996) (Figure 11.2). The 
results show that that activity was not detectable in normal gut wall and adenoma 
samples, but was clearly detectable in about half of the samples taken from 
cancerous tissues. The data emphasize that the progression occurs in various 
stages and that protease secretion is a recognized and easily measured aspect of 
cancerous tissues. 

Sometimes a cancer cell will travel alone through the bloodstream and begin 
growth in distant tissues. Death from cancer can result, for example, when invad- 
ing cancer cells encircle a blood vessel (to acquire the nutrients in the blood) and 
cut off the blood supply to a vital organ. 
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Figure 11.2. Collagenase activity in biopsies of normal human colon, adenomas, and tissue 
containing various stages of cancer. Collagenase activity was expressed in terms of "spe- 
cific activity." Specific activity (S.A.) is a standard term used by all biochemists to express 
enzyme activity. S.A. = millimoles of product/minute/mg protein, or some variation of 
this formula. The results show that normal tissue and adenomas contain little or no 
detectable activity, while a large fraction of the cancer tissues did contain activity: (Redrawn 
with permission from Liabakk et al., 1996.) 

Possible Correlation between Gene Mutation and Cell Behavior 

The transition between each of the previous steps is thought to result from the 
acquisition of additional specific mutations in our DNA. In colorectal cancer, these 
mutations have been identified to occur in genes coding for proteins called APC, 
RAS, p53, and cadherin. A suggested scenario of spontaneous colorectal cancers is 
shown in what follows (Vogelstein and Kinzler, 1993). The scenario correlates loss 
in a specific gene and protein with a change in appearance of the gut. Loss of APC's 
function has been identified as an early step in cancer, though only loss of APC is 
not sufficient to result in cancer. Mutations in RAS tend to occur after mutations 
in APC. Mutations in p53 tend to occur at a still later step: 

Normal Early ---> Late ~ Cancer Metastasis 
epithelium adenoma adenoma cell 

Loss of APC Loss of RAS Loss of p53 Loss of other proteins 
such as cadherin 

G E N E T I C  C H A N G E S  THAT RESULT IN  C A N C E R  

Hereditary and nonhereditary forms of colon cancer exist. Nonhereditary cancers 
involve mutations that are said to arise spontaneously; and these mutations are 
called somatic  mutations.  Hereditary cancers involve mutations that are called 
germline mutations. Hereditary cancers are much less common than spontaneous 
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cancers. About 1% of persons with colon cancer have familial adenomatous 
polyposis coli. In this inherited disease, the large bowel develops thousands of 
polyps at an early age. Some of these polyps become cancerous and kill the patient, 
unless surgically removed. The inherited defect in this disease occurs in a protein 
called APC. Evidence suggests that most spontaneous colon cancers also involve 
mutations in APC. These mutations result in conversion of normal epithelial ceils 
to harmless polyps. 

Hereditary nonpolyposis colorectal cancer (HNPCC) accounts for 1-5% of all 
colon cancers. HNPCC occurs because of a defect in DNA repair. To review the big 
picture, all DNA in all human cells is continuously being damaged, i.e., by spon- 
taneous hydrolysis, by toxic oxygen, by xenobiotics, or by mistakes made by our 
DNA polymerase enzymes during DNA synthesis. These mistakes must be cor- 
rected by special enzymes to prevent them from causing long-lasting changes in 
the cell, and in daughter cells. These enzymes are called DNA repair enzymes. One 
such enzyme, called the mismatch repair enzyme, is defective in HNPCC. 

Mutations in p53 

Mutations in p53 occur in spontaneous and inherited cancers. The role of p53 in 
DNA repair appears to be to momentarily halt the progression of the cell cycle, so 
as to give various DNA repair enzymes a chance to complete their job, prior to 
initiation of DNA synthesis. Overall, p53 is mutated in about half of all human 
cancers. Li-Fraumeni syndrome is a rare type of cancer that involves an inherited 
mutation in p53. About 50% of the affected persons acquire cancer by the age of 
30 (Harvey et al., 1995). 

Mutations in RAS Protein 

RAS is a component of a signaling pathwa~ and is involved in regulating the rate 
of the cell's division. RAS is mutated in about 20% of all human cancers. Specific 
genetic diseases resulting in mutations of RAS and of cadherin seem not yet to 
have been identified. 

Mutations in the APC Protein 

APC is a protein of 2843 amino acids. It contains short stretches of amino acids 
that bind catenin. These short stretches are indicated by the terms "15 amino acid 
repeat" and "20 amino acid repeat" in Figure 11.3. Colorectal cancer cells contain- 
ing defective APC protein were studied. The APC protein was found to be mutated 
and inactive. Researchers used these cells as is, or introduced normal APC, or 
introduced various types of mutated APC into the cells (Morin et al., 1997). These 
mutant forms were acquired from various human cancer patients, and were 331, 
1309, 1941, or 2644 amino acids long. Even before looking at the data, one might 
expect the shorter versions to have a more impaired function and the longer 
versions to function at a near-normal level. 

Figure 11.3 indicates the size of the normal APC protein, as well as the shortened 
versions of APC acquired from the various cancer patients. The results showed 
that the shortened (tnmcated) versions of the protein had lower activity in a 
signaling assay. The experiment provided a measure of the activity of the various 
versions of APC in its cell signaling pathway; and added to growing evidence that 
APC is used in cell signaling. 
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Figure 11.3. (A) (above) Schematic structures of normal APC protein and naturally occurring mutant APC proteins isolated from human cancer 
patients. The normal APC protein binds to cadherin and to catenin. The catenin-binding regions are 15 amino acids long or 20 amino acids long, as 
indicated. Catenin can regulate gene expression. It is thought that when APC binds catenin the event of binding prevents catenin from activating 
gene expression. (B) (opposite) Gene-activating properties of catenin in cultured colon cells. Cultured cancer cells contain inactive APC protein or 
were supplemented with normal APC protein or the indicated mutant APC proteins. Supplementation was by standard techniques of cell biology 
and resulted in the expression of normal or various mutant APC within the cell. After 16 hours of incubation, the influence of these types of APC 
on catenin's action in activating gene expression was measured. The cells containing no APC supplement showed the greatest level of gene 
expression, apparently because all of the catenin was free to activate the gene. The cells supplemented with normal APC showed the lowest level 
of gene expression, apparently because much of the catenin was tied up and bound to the APC. The results also showed that the mutant APC 
proteins had little, or variable, activity in controlling the activity of catenin. 
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FIGURE 11.3B 

Most of the mutations in human APC have been found to result in the conver- 
sion of CGA (cytosine-guanine-adenine), which codes for arginine, to TGA 
(thymine-guanine-adenine), which is a stop codon (Polakis, 1997). The stop co- 
dons in mRNA (UAA, UAG, and UGA) act as a signal during translation that halts 
polypeptide formation at that point. The result is synthesis of a truncated polypep- 
tide. All types of mRNA contain stop codons; however, if a mutation results in the 
appearance of a stop codon in a new location, then transcription will stop at that 
new location. 

Heterocyclic  Amines  and APC 

DNA damage arises via a variety of mechanisms. Some of these mechanisms are 
spontaneous and, for example, involve the hydrolysis of amino groups from C 
residues, resulting in U residues. Other mechanisms that are equally as spontane- 
ous involve the attack of toxic oxygen at G residues, producing residues of oxo-G. 
DNA damage also results from the attack of xenobiotics on DNA to produce 
adducts. Adducts on DNA were described earlier in the section on Glutathione 
and Cancer. The following material illustrates how xenobiotics can attack DNA 
resulting in mutated APC and colon cancer. 

Source of Heterocyclic Amines in the Diet 

Heterocyclic amines are generated from amino acids and other small molecules 
during cooking and can result in the mutation of a great number of genes in the 
body. Heterocyclic amines are produced when cooking meat at high temperatures. 
Cooked beef and pork contain the highest levels, while cooked chicken has less, 
and cooked fish still less (with equal cooking conditions). Cooked organ meats, 
eggs, cheese, and beans contain little or no heterocyclic amines. Broiling and 
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pan-frying produces much greater levels than boiling or microwaving (Schiffman, 
1990). The greatest levels of heterocyclic amines occur in charred meat. Cooking 
meat in aluminum foil reduces charring, and reduces the levels of these com- 
pounds. People are also exposed to heterocyclic amines when using smoky coal at 
home, when working in industrial coke ovens, or when working as chimney 
sweeps (Mumford et al., 1995). 

About 20 heterocyclic amines have been identified to date. Figure 11.4 shows 
the structures of four of these: PhIP, IQ, MeIQ, and 4,8-DiMeIQx. These chemicals 
are potent mutagens and carcinogens. PhIP, for example, has been found to occur 
at the indicated levels in fried cod fish (70 ng /gram food), broiled beef (16 ng/g),  
broiled chicken (38 ng/g),  and fried ground beef (0.6 ng/g)  (Wakabayashi et al., 
1992). Heterocyclic amines do not react with DNA as is, but must first be metabo- 
lized in the body by various enzymes. These enzymes include cytochrome P450, 
prostaglandin H synthase, acetyl-transferase, sulfotransferase, and other enzymes. 
The end-result, may take the form of a nitrenium ion, which reacts with guanine 
residCles of DNA. The adduct occurs at the C-8 position of G (Figure 11.5). 

The body's goal of these enzyme-catalyzed reactions is not to cause mutations 
or cancer, but only to modify the heterocyclic amines to forms that are more 
water soluble and more readily excreted in the urine. Most of the heterocyclic 
amines that bear acetyl groups or sulfate groups are promptly excreted. However, 
a minority react with small molecules and macromolecules in the cell. 

NH2 NH 2 
N ~  N...,...-- 

N~'CH3 H3C V ~  "CH3 

IQ MelQx 

NH 2 

N ~ N  ""CH ~H3 

4,8-DiMelQx PhlP 

Figure 11.4. Structures of various heterocyclic amines. IQ is 2-amino-3-methylimidazo- 
quinoline. MeIQx is 2-amino-3,8-dimethylimidazo-quinoxaline. 4,8-DiMelQx is 2-amino- 
3,4,8-trimethylimidazo-quinoxaline. PhIP is 2-amino-l-methyl-6-phenylimidazo-pyridine. 
These and other related compounds can be found in fried or broiled beef, fish, and chicken, 
but can also be created by cooking mixtures of creatinine, amino acids, and glucose. 
Microwave cooking, or cooking in aluminum foil, reduces the formation of heterocyclic 
amines. (From Sugimura, 1997.) 
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Figure 11.5. Some of the pathways of metabolism, and activation, of heterocyclic amines in 
mammals. A large number of chemicals naturally present in foods, food cooking products, and 
drugs are metabolized by enzymes such as cytochrome P450, glutathione S-transferase, and other 
enzymes. These chemicals tend to be harmless when consumed, but can be converted to toxic 
chemicals by enzymes located mainly in the liver. The goal of hydroxylation or of conjugation 
with glutathione, sulfate, and glucuronic acid is to make the chemicals more water soluble and 
more easily excreted from the bod)a However, this extensive metabolism may also result in the 
products decomposing to highly reactive nitrenium ions. Nitrenium ions can react with DNA, 
proteins, and other molecules in the body. Epidemiologists have taken interest in the fact that the 
some of these enzymes differ markedly in blacks, whites, and Asians, and may influence the forms 
of cancer acquired by these groups. (From Grant et al., 1997.) 

Feeding Heterocyclic Amines Can Result in Mutations in APC 

Let us now return to the study of the APC protein, and view mutations in this 
protein that arise with feeding a chemical normally present in cooked meat. 
Kakiuci and co-workers (1995) fed rats a diet that contained PhIE The goal of the 
work was to acquire cancerous growths (tumors), to extract the DNA from the 
tumors, and determine if any mutations occurred in the APC gene. The researchers 
used very large quantifies of PhIP in the diet (400 ~tg PhIP/g  diet). This introduces 
the suspicion that the dietary PhIP may be metabolized by pathways that are 
abnormal, and in a manner that is totally irrelevant to PhIP metabolism in humans. 
Quite possibly; this error in assembling the diet led to misleading results. However, 
let us not be dissuaded from examining the data. 

About half of the 20 rats acquired colon cancer within a year. (Normally; 
spontaneous colon cancer is rare in rats. Under 1% of rats acquire colon cancer 
within a year of feeding a normal diet (Ito et al., 1991)). Eight of the tumors were 
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used for analysis of the APC gene. Not all tumors contained a mutation in the APC 
gene. Only five mutations were found in the APC gene, and they took the form of 
a one-base deletion; the sequence of DNA bases was normal except that a single 
residue of G was missing. The sequence of a tiny part of the APC gene is shown 
here: 

Change in gene from tumors #1 and #2: GGTGGGATA ~ GGTGGATA 
Change in gene from tumors #3 and #4: AGTGGGATT ~ AGTGGATT 
Change in gene from tumor #5: TCCGGGAAC ~ TCCGGAAC 

The consequence of the one-base deletions was that all bases downstream of the 
deletion were out of frame, thus producing a garbled series of amino acids during 
the process of translation. The garbling of codons downstream of the one-base 
deletion also resulted in generation of an early stop codon, which produced a 
truncated APC protein. 

The results of the feeding experiment of Kakiuchi and co-workers seem consis- 
tent with the picture in humans u mutations in APC that result in a truncated 
protein and cancer. The results of this rat study are relevant to epidemiological 
data regarding high-meat diets and colorectal cancer. 

Details  of p53 

Let us resume our guided tour of the genes that necessarily must acquire muta- 
tions in order to provoke a normal gut cell to become a cancer cell. After the APC 
gene, the next gene in the sequence is the p53 gene. The p53 gene codes for a 
polypeptide of 393 amino acids. The p53 protein functions as a tetramer, i.e., as a 
complex of four of these polypeptides. Various regions of the polypeptide have 
different functions (Ruaro et al., 1997). Amino acid residues 1-43 (N-terminal 
region) are used for activating transcription, p53 is a transcription factor. Residues 
100-300 are used to bind to DNA. All transcription factors have regions that bind 
to DNA. Most of the mutations in p53, which occur in various cancers, occur in 
the DNA-binding region of the protein. This region binds to the p53 response 
element, a short stretch of DNA having the sequence: 

Pu r-Pu r-Pu r-C-A-T-G-Pyr-Pyr-Pyr 

"Pur" means adenosine or guanine, while "Pyr" means thymine or cytosine. 
Continuing with the structure of p53, amino acids 320-360 are used for maintain- 
ing the adhesion of the four p53 proteins to each other (Prives, 1994). This domain 
is also called the "oligomerization domain." 

p53 is not needed for life, since special mice prepared in the laboratory (knock- 
out mice) that contain no p53 develop normally. On the other hand, these mice 
have a greatly increased number of tumors. By 6 months of age, 75% of these mice 
have tumors, and nearly all die by the age of 10 months (Selivanova and Wiman, 
1995). What is the function of p53? p53 senses when DNA damage occurs, and 
responds by momentarily halting the progression of the cell cycle (Figure 11.6). 
When the cell decides that it is time to divide, replication occurs, as indicated by 
the S (S means DNA synthesis). The S phase is followed by the G 2 phase, and then 
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Figure 11.6. The cell cycle. Cells double their content of DNA during the S phase. Follow- 
ing the S phase is a gap period, called G 2, which  is followed by mitosis (M), and then by 
another gap period, called G1. Nongrowing cells are said to reside in a variation of the G1 
period, called Go. Damage to DNA may occur at any stage of the cell cycle. Some types of 
damage are influenced by whether the region of DNA in question is being transcribed. 
Other types of damage depend on whether the region of DNA is wrapped around histones 
(proteins) or is exposed to the environment in the nucleus. A fair number of different 
enzymes catalyze the repair of DNA damage. Repair is not instantaneous, and may 
take many hours to accomplish. One feature of the cell cycle is that, during times 
of extensive DNA damage, the p53 protein functions to halt the cell cycle in the G1 phase, 
to allow the DNA repair enzymes to finish their function prior to the S phase. Any damage 
that exists during the S phase might be expected to result in DNA mutations. Any mutation 
in DNA might be considered to be an echo or reflection of the damage that had once existed 
at that point. 

by mitosis. Mitosis is a complex multistep process where chromosome formation, 
DNA recombination, and cell division takes place. 

Various types of DNA damage, such as a break in one of the strands of the 
double helix, activates p53, and provokes the cell cycle to halt just prior to the S 
phase (Huang et al., 1996). Once activated, p53 provokes the transcription of 
several genes. These genes code for proteins that interfere with cell cycle regula- 
tory proteins and with DNA polymerase. The result is a pause in the cell cycle, 
which gives our DNA repair enzymes a chance to fix the damaged bases or broken 
strands. 

Mutations in p53 that Are Associated with Cancer in Humans 

Mutations in p53 occur in about half of all human cancers, including colorectal 
cancer. Mutations in p53 constitute a necessary step in the conversion of many 
types of normal cells to invasive cancer cells. The defect in p53 increases the rate 
of accumulation of mutations in many other genes. Perhaps one of these mutations 
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will further promote the conversion of the fast-growing cancer cell to a fast-grow- 
ing invasive cancer cell. Most of the mutations in p53 occur within the DNA-bind- 
ing region and tend to result in changes in amino acids 175, 248, and 273 (HoUstein 
et al., 1991). The entire p53 protein is 393 amino acids long. A survey of the 
mutations occurring in human colon cancer revealed that most of the mutations 
involved a change in cytosine to thymine. More accurately; one might say the 
change is from C:G to T:A. This is because DNA consists of a double helix, where 
C is always paired with G, and T with A. All of the biologically possible base 
changes, as well the number of these base changes that were actually detected in 
the survey of human colon cancer, were as follows: 

Mutation in human Number 
colon cancer detected 

C:G ~ T:A 31 
C:G ~ A:T 0 
C:G m. G:C 1 
A:T ~ T:A 1 
A:T ~ G:C 6 
A:T ~ C:G 0 

The biochemical mechanisms that may have led to the C:G ~ T:A mutation are 
discussed later. The mechanisms are consistent with epidemiological data suggest- 
ing that a low consumption of fruits and vegetables leads to an elevated risk for 
colorectal cancer. One might ask, "How can mutations involving C:G ~ T:A, rather 
than other base changes, be associated with a diet low in fruits and vegetables?" 
Possible answers are revealed in what follows. 

Methylation and Spontaneous Deamination Can Result in 
a G:C ~ A:T Mutation 

DNA consists of nucleotides. Nucleotides consist of the bases A, T, G, and C, which 
are attached to residues of deoxyribose-phosphate. This statement is not entirely 
correct, since about 1.0% of the cytosine bases in human DNA is modified by a 
methyl group to form 5-methyl-cytosine. 5-Methyl-cytosine is formed by an en- 
zyme that flips the cytosine residue out of the DNA helix, methylates it, and flips 
it back into the helix. 5-Methyl-cytosine pairs with guanine, as does cytosine. 

DNA damage results when the amino group of cytosine residues spontaneously 
hydrolyzes in the cell, to produce a residue of uracil plus free ammonia. The amino 
group of 5-methyl-cytosine spontaneously hydrolyzes at a somewhat greater rate 
than cytosine. For any particular residue of 5-methyl-cytosine, its half-life for 
deamination is about 40,000 years (Shen et al., 1994). The half-life for deamination 
of cytosine is about twice as long. These rates are very low, and researchers who 
study its rate have to perform their reactions for hundreds of days to be able to 
detect any deamination. However, when deamination does occur in our DNA, it 
can result in a mutation. Research has shown that the "hotspots" for mutation in 
p53 all actually occur at residues of 5-methyl-cytosine, and not at cytosine 
(Schmutte et al., 1996). 
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The spontaneous deamination of cytosine produces a residue of uracil in the 
DNA helix. During replication, when DNA polymerase encounters a residue of 
uracil in a strand of DNA, it recognizes it as a residue of thymine. The newly 
synthesized strands of DNA are indicated by boldface: 

ATCGCATCG ~ ATCGUATGC D 
TAGCGTAGC D~mi~ation TAGCGTACG Replication 

ATCGUATGC 
TAGCATACG 

+ 

ATCGCATCG 
TAGCGTAGC 

Daughter 
DNA helices 

Please view the following deamination example. Deaminated 5-methyl-cytosine is 
identical to thymine. Hence, the overall scenario of deamination of 5-methyl-cyto- 
sine followed by replication involves the conversion of 5-methyl-C:G to T:A. 

ATCGTATGC 
TAGCGTACG Replication 

ATCGme-CATCG 
TAGC .... GTAGC Deamination 

ATCGTATGC 
TAGCATACG 

+ 

ATCGCATCG 
TAGCGTAGC 

Daughter 
DNA helices 

Deamination of cytosine results in the formation of a U:C mispair. This mispaired 
region is rapidly processed by a special enzyme, which hydrolyzes the residue of 
U, and totally releasing it from the deoxyribose moiety. The enzyme is called uracil 
DNA glycosylase. The enzyme is on the small side, and has a molecular weight of 
only 37 kDa. The action of the enzyme in the hydrolysis of uracil is shown in Figure 
11.7 (Teebor, 1995). An abasic site is formed. The subsequent action of two enzymes 
(AP endonuclease and 2'-deoxyribophosphodiesterase) in trimming out the re- 
maining waste material is also shown in the figure. Please note that only one 
strand of the double-stranded helix is shown in Figure 11.7. 

Deamination of 5-methyl-cytosine results in the formation of a T:C mispair. This 
mispair is slowly repaired by a special enzyme, which slowly hydrolyzes the 
residue of T. The enzyme is called thymine DNA glycosylase (Neddermann and 
Jiricny; 1993). 

Let us continue to discuss the mechanisms of mutations that commonly afflict 
the gene for p53. Within a few paragraphs we will learn some of the most likely 
mechanisms that account for lower rates of cancer with diets high in fruits and 
vegetables. 

The difference in deamination rates of C and 5-methyl-C is not enough to 
account for the much greater rates of mutation occurring at 5-methyl-C. Most of 
the difference is due to the much slower repair rate for mismatch occurring at 
5-methyl-C, after deamination. Schmutte et al. (1995) examined the rates of enzy- 
matic cleavage of U:G mismatches (black bars) and T:G mismatches (light bars) in 
normal colon biopsies taken from seven human subjects (see following diagram 
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Figure 11.7. Enzymatic events leading to removal of DNA damage. The various types of DNA 
damage are removed by the action of several families of DNA repair enzymes. The result, in many 
cases, is a region where part of one strand of the double-stranded helix is missing. The empty 
region is then filled in with new nucleotides in a reaction catalyzed by DNA polymerase. The 
sequential activities of uracil DNA glycosylase, AP endonuclease, and 2'-deoxyribophosphodi- 
esterase catalyze the total removal of uracil residues, as shown. Uracil DNA glycosylase hydro- 
lyzes the uracil base from the DNA. The other two enzymes catalyze the hydrolysis of a phos- 
phodiester bond, and then the complete removal of the sugar residue. (From Teebor, 1995.) 
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Figure 11.8. Activities of enzymes that remove inappropriate bases from DNA. The spe- 
cific activities of uracil DNA glycosidase (black bars) and thymine DNA glycosidase (open 
bars) were measured in extracts of colon mucosa. Extracts were prepared from seven 
normal human subjects (subjects A to G). To the extracts were added synthetic strands of 
double-stranded DNA that contained a mismatched U:G pair or a mismatched T:G pair. 
The unit of specific activity used was nmol/mg protein/rain. The results show, at least in 
tissue extracts, that the removal of U occurs at a dramatically greater rate than the removal 
of T. 

and Figure 11.8). The researchers ground up the tissues and added  a substrate. The 
substrate consisted of a stretch of synthetic double-stranded DNA that contained 
a U:G mismatch or a T:G mismatch, as shown. The X indicates the position of the 
U or the T. The substrate was incubated with the tissue extract, the reaction was 
quenched, and the product  was measured: 

5'-GGCTATCGTGGCXGGCCACGACGG-3' 
3'-CCGATAGCACCGGCCGGTGCTGCC-5' 

(Double-stranded DNA 
substrate; X indicates U or T) 

Cleavage of single strand by enzymes in tissue extracts 

5'-GGCTATCGTGGC-3' + 5'-XGGCCACGACGG-3' (Products 
formed after 

3'-CCGATAGCACCGGCCGGTGCTGCC-5' after cleavage) 

The results showed that the U:G mismatches (black bars) were processed about 
1000-fold quicker than the T:G mismatches (light bars), accounting for the fact that 
occurrences of 5-methyl-C:G are mutat ional  hotspots for various genes, including 
the p53 gene. Data from studies of biopsies of colon cancers from seven h u m a n  
subjects are shown in Figure 11.8. One can see the striking difference in activities 
in enzymes (glycosylases) that process the mismatches resulting from the deami- 
nation of cytosine and of 5-methyl-cytosine. 
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Complete Repair of U:G and T:G Mismatches 

The catalytic action of these glycosylases results in formation of a nucleotide that 
has lost its base. The result is an apyrimidinic site (AP site). The AP site consists 
only of a residue of deoxyribose-phosphate. What happens next in the DNA repair 
pathway? The deoxyribose-phosphate is subsequently snipped out of the strand 
of DNA by an enzyme called endonuclease. The full name for the enzyme is AP 
endonuclease (APE). The action of AP endonuclease results in a small gap in the 
double-stranded DNA helix, which is then filled in by DNA polymerase to yield 
repaired DNA. 

A short outline of various DNA repair pathways has been presented. It is now 
possible to reveal several likely theories on how eating fruits and vegetables can 
reduce the occurrence of cancer. 

DNA Polymerase Can Make a Mistake 

Folate deficiency can result in mutations at positions in DNA normally occupied 
by thymidine. Low levels of folate in the cell may result in accumulation of the 
substrate for thymidylate synthase (dUMP), and a decline in its product (dTMP) 
(see Folate section). This dUMP, after conversion to dUTP, is mistakenly recog- 
nized by DNA polymerase, and incorporated into DNA during replication. When 
DNA polymerase makes this mistake, it catalyzes the incorporation of U opposite 
A, as shown here: 

A-T-C-G-T-A-T-G-C 

T-A-G-C-G-T-A-C-G 

m, 
Replication 

A-T-C-G-T-A-T-G-C 

U-A-G-C-A-U-A-C-G 

+ 

A-U-C-G-C-A-U-C-G 

T-A-G-C-G-T-A-G-C 

The resulting U:A mispair is recognized by uracil DNA glycosylase, and the uracil 
base is cleaved off, as shown in Figure 11.7. Then, AP endonuclease catalyzes the 
cleavage of the phosphodiester bond just upstream of the abasic residue of de- 
oxyribose. The action of AP endonuclease is followed by hydrolysis of the deoxyri- 
bose and filling in of the gap in the single strand of DNA with the correct base, as 
mentioned earlier. Evidence suggests that human folate deficiency may result in 
increased levels of dUTP, increased incorporation of uracil into DNA, and in- 
creased activity of uracil DNA glycosylase in the DNA (Blount et al., 1997). 

The continued accumulation of uracil in DNA, over many cell divisions, is 
thought to result - -  eventually - -  in the occurrence of residues of U across from 
each other in a double-stranded helix. Where uracil DNA glycosylase processes 
the U residues, the result is cleavage at both strands, and a double-stranded break. 
Double-stranded breaks are repaired by recombinational repair. Recombinational 
repair is not perfect, and may yield reconnected DNA that contains mutations. 
Very little direct evidence exists to support the previous scenario. However, it is 
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may account for the decreased rates of cancer found with diets that are high in 
fruits and vegetables. 

DNA Methylase Can Make a Mistake 

5-Methyl-C residues are formed by a special enzyme called cytosine DNA methyl- 
transferase. The immediate source of the methyl group (--CH3) is S-adenosyl- 
methionine (SAM). SAM is made by the 1-carbon cycle (see Folate section). Evi- 
dence suggests that, when SAM is in short supply in the cell, the methylase makes 
a mistake. During the normal methylation reaction, the enzyme activates the 
residue of C and makes the C residue responsive to the incoming methyl group. 
But the absence of an incoming methyl group, due to lower folate levels and lower 
SAM levels, can result in the deamination of C to produce U (Schmutte et al., 1996) 
(Figure 11.9). The mechanism shown in Figure 11.9 represents the simplest expla- 
nation for the apparent finding that folate deficiency can result in mutations and 
cancer, but direct evidence that this scenario occurs in mammalian cells is not yet 
available. 

EXERCISE 

Please devise a genetic analysis test for determining if a human cancer arose from dietary 
PhIP or from the spontaneous deamination of 5-methyl-cytosine. Hint: Start with taking a 
biopsy (tissue sample) of the cancerous tissue. A variety of tests, not detailed in this text, 
are routinely used for determining the exact sequence of DNA bases occurring in any 
human gene, and in any mRNA produced by that gene. 

EXERCISE 

Please describe why mutations at 5-methyl-cytosine might be considered to be spontaneous 
and not related to diet. Then explain how mutations at 5-methyl-cytosine can depend on 
folate status. 

RAS AND THE MAP KINASE SIGNALING PATHWAY 

In the process of formation of colorectal cancer, a mutation in p53 is followed at a 
later point in time m perhaps many years later - -  by a mutation in RAS. What is 
the normal function of RAS? Several hormones provoke growth of the their target 
cell via binding to membrane-bound receptors, with the consequent activation of 
RAS. These hormones include insulin, nerve growth factor, and epidermal growth 
factor. The binding of one of these growth factors to its receptor provokes the 
activation of RAS, of MAP kinase, and the consequent phosphorylation of a 
number of transcription factors. The end-result is the activation of many genes that 
provoke or maintain growth. 
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Figure 11.9. Cartoon representation of DNA methyltransferase. (A) Methylation under normal conditions. (B) 
Methylation under conditions of folate/methyl group deficiency. DNA methyltransferase utilizes SAM as a 
substrate and source of the methyl group, as is the case with most other methyltransferase enzymes in biology. 
Transfer of the methyl group to DNA produces SAH as the byproduct. The folate-dependent enzyme methion- 
ine synthase catalyzes the recycling of homocysteine back to methionine, and a separate enzyme converts 
methionine to SAM. Newly synthesized DNA lacks methyl groups in the newly polymerized strand of the 
daughter DNA, but contains methyl groups in the old strand that functioned as the template. Shortly after 
DNA synthesis, DNA methyltransferase scans the double-stranded helix, searching for unmodified CG se- 
quences that reside across from G5-methyl-C sequences. DNA methyltransferase acts at the sequence CG, 
where the target CG sequence is base-paired across from G5-methyl-C. Evidence suggests that, when SAM is 
in short supply in the cell, DNA methyltransferase makes a mistake and catalyzes the conversion of the target 
cytosine to a uracil residue plus free ammonia. Eventually, with further DNA synthesis and cell division, the 
uracil base-pairs with adenine, resulting in a C:G ~ T:A mutation. 
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Mutations in the genes coding for any of the signaling proteins could conceiv- 
ably result in the constitutive (continual) operation of the signaling pathwa3r and 
the consequent maintenance of cell growth. 

Very Simple Version of the MAP Kinase Signaling Pathway 

A very simple version of the cell-signaling pathway involving RAS and MAP 
kinase is shown in Figure 11.10. Step 1 depicts a hormone (in the bloodstream) 
binding to its receptor in the plasma membrane. Step 2 shows RAS, in the cyto- 
plasm, binding to the inside of the plasma membrane, and the consequent activa- 
tion of RAS. Step 3 shows the phosphorylation of JUN, and the production of an 
active transcription factor (JUN-phosphate). JUN-phosphate, in turn, binds to the 
JUN response element on DNA and provokes the activation of a nearby gene. 

Simple Version of the MAP Kinase Signaling Pathway 

A more complete version of the cell-signaling pathway involving RAS and MAP 
kinase appears in Figure 11.11. The binding of the hormone to its receptor provokes 
the recruitment of the GRB2/SOS protein complex to the cell membrane. RAS 
binds to GRB2/SOS. When RAS is complexed in this way, RAS releases its GDP 
(guanosine diphosphate). A notable property of RAS is that it binds GDP or GTP. 
When RAS binds GDP, RAS is not active. When GDP is released, and replaced by 
GTP, RAS becomes active. Once activated, RAS binds MAPKKK (MAP kinase 
kinase kinase) and, in this wa~ activates MAPKKK. Then, MAPKKK phosphory- 
lates MAPKK, which phosphorylates MAPK, which phosphorylates JUN. Hence, 
this signaling pathway involves a cascade of phosphorylation reactions. 

It is amusing to point out that "SOS" means "son of sevenless." The name, 
which may be of historical interest, arose from studies of fruitflies that contained 
mutations in the SOS protein. The name MAP means "mitogen-activated protein." 
The names of these, and other signaling proteins, are not particularly relevant to 
our discussion. This mode of regulation involving RAS may seem excessively 
complicated, and may bring to mind the inventions of Rube Goldberg. However, 
this is the way that cell signaling actually operates. 

~ Step1 H~ Step2 H ~  
Hormone ~ 

Step~3 H ~  
JUN JUN-Q 

Figure 11.10. Very simple version of the RAS cell-signaling pathway. Step 1. A hormone 
binds to its receptor in the plasma membrane. Step 2. Hormone binding provokes the RAS 
protein to bind to the receptor, and thus adhere to the inside of the plasma membrane. This 
event activates RAS. Step 3. The activation of RAS results in the phosphorylation of JUN, 
a transcription factor. The activated transcription factor (JUN-phosphate) binds to special 
sequences of DNA upstream of certain genes, and activates the genes. 



RAS and the MAP Kinase Signaling Pathway 901 

Hormone ~ t  r 

H o r ~ G D P  

GDP 

H o r ~ T P  

Hor~~ P 

MAPKK MAPKK ~ (~ 

~k~._ ~__ I~~A~Dp .!. pi 

K-Q MAPK MAP 
JUN JUN-Q 

@ (RNA polymerase) 

Figure 11.11. More complete version of the RAS cell-signaling pathway. A hormone binds to its 
receptor. The binding event recruits the complex of GRB2/SOS proteins to the plasma membrane. 
The GRB2/SOS complex acts as an adhesive and binds RAS/GDP. GDP is guanosine diphosphate. 
When RAS contains GDP, RAS is inactive. The binding of RAS/GDP to proteins of the plasma 
membrane result in the release of GDP and its replacement with GTP, and in the activation of 
RAS. The RAS/GTP complex (active RAS) binds MAPKKK and activates it, resulting in a cascade 
of phosphorylations involving various protein kinases. The final event is the phosphorylation of 
JUN, resulting in its conversion to an active transcription factor, and the consequent increase in 
the rate of transcription of specific genes. Eventually; RAS is inactivated by another protein, called 
GAP. The binding of GAP provokes RAS to hydrolyze the terminal phosphate of the GTP, 
producing GDP and free phosphate. 
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JUN forms a dimer with itself to form JUN-JUN, a homodimer. JUN also forms 
a dimer with another protein, called FOS, to generate the heterodimer JUN-FOS. 
In the forms JUN-JUN and JUN-FOS, these proteins function as transcription 
factors. To turn to the detail of phosphorylation, the activity of JUN depends on 
its phosphorylation at Ser 63 and Ser 73 (Kallunki et al., 1996). 

Inactivation of RAS by the Hydrolysis of GTP 

The cascade of phosphorylation, and consequent enzyme activation, is driven by 
RAS in its active form. Eventual136 however, the GTP is hydrolyzed to GDP plus 
Pi, with the result that RAS reverts to its inactive form. GAP provokes the hydroly- 
sis of GTP. In detail, GAP binds to RAS, and this event provokes RAS to catalyze 
the hydrolysis of GTP (Sprang, 1997). Hydrolysis of GTP is followed by the 
dissociation of MAPKKK, the consequent inactivation of M APKKK, and the even- 
tual deactivation of all downstream proteins. 

Does Anything Bad Happen When RAS Is Prevented from Hydrolyzing GTP? 

Mutations in RAS are common in various types of cancer. Mutations in RAS can 
result in an inability to hydrolyze GTP, with the following consequence: RAS is 
maintained in its active form, cell signaling is constitutive (rather than momen- 
tary), and the cell is provoked to divide and grow continuously. 

As mentioned earlier, GAP has the useful property of switching RAS off. Mu- 
tations in GAP cause a common disorder called neurofibromatosis. Here, GAP no 
longer can provoke RAS to catalyze GTP hydrolysis. In its most common form, 
neurofibromatosis results in multiple, harmless caf6-au-lait spots over the skin. In 
its most severe and rare form, the disease results in deforming tumors, as occurred 
in the case of the Elephant Man (Riccardi, 1981). To sum up, the tumors of the 
Elephant Man probably resulted because GAP failed to terminate the activity of 
RAS. Mutations in MAPKKK and MAPKK have also been found that result in 
cancer (Stang et al., 1997). 

MUTATIONS IN THE RAS GENE AND CANCER 

A study of colorectal adenomas and cancers in human patients revealed several 
types of mutations occurring in RAS. The most common mutations affected codon 
12, which consists of GGT, and codes for the 12th amino acid of the polypeptide. 
Most of these mutations resulted in the conversion of GGT, which codes for 
glycine, to GAT (aspartate), to GTT (valine), and to GCT (alanine) (Zhu et al., 1997). 
The mutations occurred at the central base of codon 12 and can be summarized as: 

Mutation in human Number 
adenomas or cancer detected 

G:C --~ A:T 3 
G:C --~ T:A 3 
G:C ~ C:G 3 
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Oxo-G Can Resul t  in  G:C =~ T:A Mutat ions  

The G:C ~ T:A mutation reported in the study of RAS, as discussed earlier (Zhu 
et al., 1997), may have been due to oxidative damage. Oxidative damage occurs at 
a rate of about 10,000 residues/cell per day in humans (Shigenaga et al., 1989). The 
most common type of oxidative damage occurs at residues of guanine, and the 
most common product is a residue of oxo-G (Steenken, 1989). Oxo-G is short for 
8-oxo-7,8-dihydroguanine. It might be noted that, at pH 7, oxo-G actually occurs 
as 6,8-diketoguanine (McAuley-Hecht et al., 1994). However, it has become cus- 
tomary to refer to the product as "oxo-G." Guanine residues pair with cytosine, 
but oxo-G pairs with adenine (Figure 11.12). 

How does oxo-G arise? Evidence suggests that atoms of iron naturally occur as 
contaminants on our DNA. Any ferrous iron present can catalyze the cleavage of 
HOOH, via the Fenton reaction, to produce hydroxyl radicals. Stuart Linn and 
others have provided evidence that iron can bind to DNA, support the Fenton 
reaction, and generate specific forms of DNA damage (Henle and Linn, 1997; 
Henle et al., 1996; Enright et al., 1992, 1996; Altman et al., 1995; Yaffee et al., 1996). 
Experiments in the laboratory showed that damage could not be prevented (the 
DNA could not be protected) by special molecules that are known to scavenge 
HO.. This resistance indicates that the HO~ was produced directly on the surface 
of the DNA. Although ascorbate has been shown to support the Fenton reaction, 
Stuart Linn's group has provided evidence that NADH (the cofactor) can also 
reduce iron in vivo with the ultimate result of provoking DNA damage. 

Repair of  Oxo-Guanine  

The oxo-G in our DNA is normally repaired by the catalytic action of oxo-guanine 
DNA glycosylase (Aburatani et al., 1997). The enzyme's catalytic action is similar 
to that of uracil DNA glycosylase. In the living cell, most of the oxo-G residues and 
the resulting abasic sites are enzymatically eliminated and replaced with undam- 
aged guanosine. However, if DNA synthesis occurs before the oxo-G is repaired, 
this damaged base will pair with adenosine (code for adenosine instead of cyto- 
sine) and will result in a mutation in the daughter cells. 

H . . -  O.,. H 
N \ N  ' ' H  . . . .  " % 1 "  " 

H 0 R 

NH 2 

Figure 11.12. Orientation and binding of residues of adenine and oxo-guanine, contained 
in opposite strands of the DNA double helix. The R groups represent deoxyribose-phos- 
phate, as well as opposite strands of the DNA. Compare the orientation of these bases with 
the normal pairing of adenine and thymine, as shown in the introductory chapter. (From 
McAuley-Hecht et al., 1994.) 
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How Oxo-G May Miscode during DNA Synthesis 

Shibutani et al. (1991) detailed the coding or pairing properties of oxo-G residues. 
They did an experiment that involved mixing these components in a test tube: 
DNA polymerase, dATP, dTTP, dGTP, dCTP (substrates for DNA polymerase), 
double-stranded DNA, and a solution of various salts. The DNA consisted of a 
piece of double-stranded DNA. The mixture was incubated for a short time to 
allow the enzyme to settle on the DNA and begin polymerizing the dNTP residues 
to form a longer strand of DNA. One of the strands of the double-stranded DNA 
was actually short, and served as a primer to allow the enzyme to get a start in the 
polymerization reaction. The results using undamaged DNA were as follows, and 
revealed the expected normal product: 

AGAGGAAAGT 

TCTCCTTTCATCGCTTCC 

DNA synthesis 

D AGAGGAAAGTAGCGAAGG 

TCTCCTTTCATCGCTTCC 

The results using oxidatively damaged DNA revealed that adenosine was placed 
opposite the oxo-G, as shown here: 

DNA synthesis 

AGAGGAAAGT 

TCTCCTTTCATC~176 

AGAGGAAAGTAA - -  AGAAGG 

TCTCCTTTCATC~176 

If this scenario were to occur in a living cell, subsequent cell divisions would result 
in the maintenance of the abnormal A, and in its coding for a residue of T. The 
overall scenario is summarized as: 

G:C i,- oxo-G:C ~- oxo-G:A I,- T:A 

A succinct statement of the big pictures is as follows. The rate of formation of any 
mutation is a function of the rate of occurrence of the damage to DNA, how fast 
the damage is repaired, and in the behavior of DNA polymerase when it encoun- 
ters the lesion during replication. 

Can any component of the diet influence the rate of oxo-G formation? This is 
an obvious question, to be sure, but an obvious answer is not yet at hand. The 
control of toxic oxygen generation in the body is relevant to cancer, but also to 
aging. The notion that the accumulation of oxidative damage to our DNA is 
responsible for the aging process has stimulated a number of intriguing studies 
(Sohal and Weindruch, 1996). For example, restriction in the amount of food has 
been demonstrated to result in a marked increase in the lifespan of various 
animals. Evidence suggests that restriction of food also restricts the amount of 
oxygen consumed by the bod36 and thus the quantity of toxic oxygen that is 
produced. To resume with the topic of RAS, it has recently been found that one of 
the branches of the RAS signaling pathway requires the participation of toxic 
oxygen, as reviewed in what follows. 
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One Form of RAS Protein, Called RAC, Uses Superoxide as a Signal 

Superoxide and HOOH are forms of toxic oxygen. Most superoxide and HOOH 
arising in the cell are undesirable byproducts of the mitochondrial cytochromes. 
Recentl3r toxic oxygen has been found to be used for cell signaling (Irani et al., 1997; 
Sundaresan et al., 1996). The activation of one type of RAS protein (called RAC 
protein) provokes the activation of NADPH oxidase. NADPH oxidase, in turn, 
catalyzes the formation of superoxide. Superoxide, in turn, is converted to HOOH. 
Increased levels of HOOH in the cell then react with specific proteins in the cell, 
causing the activation of various transcription factors. Mutations in RAS that 
result in the constitutive activation of RAS also result in the continual elevated 
production of superoxide. The discovery of RAC protein, and its apparent require- 
ment for toxic oxygen in its signaling pathwa3r represents a new avenue in the 
complex map of toxic oxygen, cell growth, DNA damage, and cancer. 

CADHERIN PROTEIN 

Colorectal cancer involves the sequential accumulation of mutations in APC, p53, 
RAS, and possibly also in cadherin. The invasion of neighboring tissues occurs 
during one of the later steps in the life of the cancer cell. One of the properties of 
an invading cell is that it has lost its ability to adhere its sister cells (cell-to-cell 
adhesion). 

Cadherin Is One of Several Proteins Used for Cell-to-Cell Adhesion 

The adhesion of cells to each other is normally due to interactions that involve a 
number of proteins of the extracellular matrix and the plasma membrane. Cad- 
herin is a membrane-bound protein. The N terminus of cadherin is extracellular. 
The N termini of cadherins sticking out of adjacent cells bind to each other. This 
interaction requires calcium ions, hence the name Cadherin. An intracellular inter- 
action is also required for adhesion to occur between cells. The C terminus of 
cadherin contacts the cytosol and binds to a protein called catenin (pronounced 
ca-TEE-nin). Catenin, in turn, binds to the cytoskeleton. The cytoskeleton is a 
network of proteins that crisscross about the plasma membrane and through the 
cell. Defects in the cadherin gene have been found in many samples of colorectal 
cancer. These mutations tend to occur in the N-terminal region, i.e., in the extracel- 
lular calcium-binding domain. 

Another type of mutation in cadherins is the deletion of part of chromosome 
#16. This mutation results in the loss of the entire cadherin gene, as well as of many 
other genes. Human cells contain 22 pairs of numbered chromosomes plus two sex 
chromosomes, giving 46 chromosomes in all. The deletion of small segments of 
chromosomes is a well-documented phenomenon in lung cancer cells (Minna and 
Mangelsdorf, 1997), in other cancers (Holliday; 1989), as well as in a number of 
genetic diseases, such as Angelman's Happy Puppet Syndrome (Buiting et al., 
1995), and most types of steroid sulfatase deficiency (Alperin and Shapiro, 1997)). 

Cadherin consists of 882 amino acids. A detailed study of cadherin mutations 
is available from cancer cells (Risinger et al., 1994). The DNA sequence for the 
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cadherin gene from 135 tumors  was  analyzed. The normal  codons,  and  muta ted  
codons, are listed in Table 11.1. The posi t ion of the amino acid in cadherin is also 
listed. By convention,  the codon number  of the m R N A  coding for all po lypept ides  
indicates the amino acid count ing from the N terminus.  The results do not  inform 
us of the function of cadherin. Nor  do they provide  evidence that the acquisition 
of a cadherin muta t ion  occurs at an early or late step in the deve lopment  of cancer. 
But the data do document  that these muta t ions  do occur in some cancer cells, and  
that  such muta t ions  are consistent wi th  the failure of invading cancer cells to 
mainta in  a tight adhesion to each other. 

EXERCISE 
Please consult Table 11.1. State evidence that some mutations found in oncogenes in a 
cancer cell can have no relevance whatsoever to the formation of that cancer cell. 

EXERCISE 

The human body contains about 6 x 1013 cells (Ames, 1989). The DNA in each human cell 
contains a total of about 7.8 x 109 base pairs. This DNA is distributed among 44 numbered 
chromosomes and 2 sex chromosomes. It has been estimated that oxidative damage occurs 
at about 10,000 bases per cell each day in the human body. The coding region for p53 is 
1279 bases long. Assuming that oxidative damage is randomly distributed along our DNA, 
please calculate the number of oxidative lesions expected to occur in the coding region for 
p53 each day. 

TABLE 11.1 Mutations and Their Positions in the Cadherin Polypeptide Chain 

Position of Mutation 
Number of amino acid (amino acid and 

tumors or codon codon changes) 

1 711 

1 617 

1 838 

1 145 

3 311 

3 560 

2 632 

64 692 

16 751 

3 764 

1 879 

Source: Risinger et al., (1994). 

CTG (Leu) ~ GTG (Val) 

GCA (Ala) ~ ACA (Thr) 

AGC (Ser) ~ GGC (Gly) 

TCC (Ser) ~ TCA (Ser) 

CTC (Leu) ~ CTG (Leu) 

ACG (Thr) ~ ACC (Thr) 

CAC (His) ~ CAT (His) 

GCT (Ala) ~ GCC (Ala) 

AAC (Asn) ~ AAT (Asn) 

GAC (Asp) ~ GAT (Asp) 

GGC (Gly) ~ GGT (Gly) 
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Summary 

One way to view the big picture is to ask oneself the following questions: 

1. For any particular cancer cell, was a researcher able to detect a mutation in 
any of the genes (oncogenes) associated with cancer? 

2. Would the mutation be expected to result in any change in the sequence of 
amino acids in the protein? A change in a DNA base can result in a change, 
or no change, in the amino acids. 

3. If a change in amino acid did occur, would the change be expected to result 
in a change in function of the protein? It is likely, one might note, that all 
existing proteins in biology can acquire slight changes in amino acid se- 
quence with no change in the biological function of the protein. 

4. Would any component of the diet be expected to attack DNA and become 
attached to one of the nucleoside bases? Would any constituent of the diet 
be expected to influence the normal process of methylation of cytosine 
residues on our DNA? Could any component of the diet influence the 
concentration of hydrogen peroxide, or other forms of toxic oxygen, in the 
cell? Is there any reason to believe that a particular cancer patient has a 
genetic defect in one of the DNA repair enzymes? 

E P I D E M I O L O G Y  OF DIET A N D  C O L O N  C A N C E R  

Cancer is not one disease but many. There may exist at least one kind of cancer 
corresponding to every type of cell in the human body. About 530,000 deaths from 
cancer occur each year in the United States, where cancer of the lung, colon and 
rectum, breast, and prostate gland account for just over half of the cases. 
Epidemiological studies suggest that diets rich in fruits and vegetables reduce the 
incidence of various cancers, whereas diets rich in red meat and animal fat increase 
various cancers. In focusing on the nutrients in fruits, for example, epidemiologi- 
cal data suggest that the folic acid and fiber in fruits may be responsible for cancer 
reduction. Cruciferous vegetables (broccoli, cabbage, brussels sprouts), polyphe- 
nolics (in wine and green tea), fiber, calcium, and vitamin E (Ge~ 1998) have also 
been associated with reduced cancer rates. 

An introduction to the terms and tools used to express and evaluate 
epidemiological data are presented here. One might consult Appendix C for 
definitions of various terms in epidemiology. 

Epidemiological Study of Colorectal Adenomas 

A case-control study was designed to explore risk factors for colorectal adenomas. 
Adenomas are precursors to 80-90% of all colorectal cancers. The study used 236 
cases (with adenomas or polyps) and 409 Controls (no adenomas) (Tseng et al., 
1996) (Table 11.2). All subjects were patients receiving colonoscopy exams. The 
subjects were not recruited from the general public. A month or so after the exam, 
the subjects were asked to fill out a food choice questionnaire. 
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TABLE 11.2 Odds Ratios for Acquiring Adenoma and Associated Estimated 
Nutrient Intake 

Folate (mg/day) OR Vitamin C (rag/day) OR 

Women 

Men 

Source: Tseng et al. (1996). 

44-172 1.0 10-88 1.0 
172-231 0.59 89-138 1.01 
231-318 0.54 139-201 0.63 

319-2877 0.39 203-2322 0.60 

5-212 1.0 2-92 1.0 
212-285 1.86 93-133 2.4 
285-386 1.17 134-213 1.35 
386-1792 0.84 217-3163 0.83 

By viewing the indicated food choices, and using tables of nutrients in foods, 
the researchers were able to estimate the daily intake of various nutrients, such as 
folate, vitamin C, calcium, and iron. The results for folate and vitamin C are shown 
separately for women and men in Table 11.2. The daily intakes for the nutrients 
were divided into four groups, as indicated. The risk for adenomas is expressed 
by a special term, called the odds ratio (OR) (see Appendix C). 

An OR of greater than 1.0 indicates that the indicated dietary practice is associ- 
ated with an increased rate of adenoma. An OR of less than 1.0 means that the 
indicated dietary practice is associated with a decreased rate of adenoma. An OR 
that is greater than 2.0 or under 0.5 is considered to be impressive and convincing. 
An OR that is between 0.5 and 2.0 may be less convincing or, perhaps, confound- 
ing. These values are not strict cutoff points. They might be considered to be fuzzy 
cutoff points. The fuzzy cutoff points of 0.5 and 2.0 apply to odds ratios. These 
fuzzy cutoff points also apply to another term, the risk ratio. 

The results show that women with the greatest estimated folate intake had a 
lower tendency to develop adenomas when compared to women with the lowest 
folate intake. In contrast, the trends in men indicated no consistent relationship 
between folate intake and adenomas. 

Since the study was retrospective, and not prospective, a cause-and-effect rela- 
tionship cannot clearly be distinguished. A source of random error is that one 
cannot be totally sure if the style of diet consumed by the subject, and reported in 
the questionnaire, was adopted years before the adenomas developed, or only in 
the very recent past. 

A source of bias in retrospective diet studies is that sometimes people change 
their diet and behavior after being diagnosed with a disease. After being diag- 
nosed with colon cancer, a person may switch to a diet that is considered to be 
correct and fashionable (oranges and broccoli) and quit smoking. Cancer patients 
may practice these new dietary practices for several years. Upon receiving a diet 
questionnaire from an epidemiologist, these cancer patients will state that their 
diet usually contained oranges at lunch and broccoli at supper. The result is a 
source of bias, with the consequence that the epidemiological study will reveal a 
trend where colon cancer is associated with oranges and broccoli. 
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Epidemiological Study of Colon Cancer 

A study by Giovannucci et al. (1995) revealed that low folate status can increase 
risk for colon cancer. This study was a prospective study that involved 47,931 
males over the course of six years. Food intake was estimated by means of 
questionnaires. Low folate, alone, was found not to be associated with increased 
risk for colon cancer. However, when accompanied with (or combined with) low 
dietary methionine and regular alcohol intake, a dramatic risk for colon cancer was 
found. This risk ratio associated with the aforementioned three factors (low folate, 
low methionine, habitual alcohol) was 3.3. As noted elsewhere, risk ratios of 
greater than 2.0 or less than 0.5 are considered to be "convincing," and not merely 
"somewhat suggestive." 

Is there any relationship between folate status and methionine intake? Methion- 
ine has a pro-folate effect, as revealed in the Folate section. In brief, dietary 
methionine spares the use of 1-carbon units that might otherwise be used for the 
conversion of homocysteine to methionine. Furthermore, methionine is converted 
in the cell to SAM, which in turn inhibits 5,10-methylene-H4folate reductase. This 
inhibition prevents the useless accumulation or trapping of 1-carbon units in the 
form of 5-methyl-H4folate, and allows the folate cofactors to be used for other 
purposes, such as the synthesis of thymidylate. 

Various Nutrients and Colon Cancer 

Alcohol and Colon Cancer 

Is there any connection between alcohol intake and cancer? With alcohol drinking, 
a fraction of this nutrient is converted to acetaldehyde. Acetaldehyde, as most 
aldehyde compounds, can condense with amino groups. Evidence suggests that 
physiological levels of acetaldehyde can condense with the amino groups of the 
DNA bases, and provoke DNA damage (breakage of the strands of the double- 
stranded helix) (Singh and Khan, 1995). It is reasonable to believe that breakage of 
DNA can result in mutations, but direct evidence is not yet available. 

Red Meat, Animal Fat, and Colon Cancer 

A study on diet and colon cancer was reported by W. Willett's group (Willett et al., 
1990) (Table 11.3). The study examined various components of the diet, such as 
fiber, fat, and meat. The fiber component was divided into cereal fiber and fruit 
fiber. The fat component was divided into meat fat, dairy fat, saturated fat, and 
unsaturated fat. The meat component was divided into beef, pork, and lamb, and 
into rare versus well-done styles of cooking. The body mass index, as defined in 
the Obesity chapter, was also recorded. The study was part of the Nurses' Health 
Study Cohort, which was initiated in 1976 and involved 121,700 female nurses. 
Every 2 years, the nurses filled in a questionnaire that asked about various risk 
factors for disease. The questionnaire asked, for example, about 61 foods and their 
frequency in the diet. The foods were chosen to allow epidemiologists to make 
broad statements regarding the component nutrients. 
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TABLE 11.3 Amount of Food Eaten and Risk Ratio for Colon Cancer 

Number of main 
courses per month 

<1 1-3 4 12 24 >30 

Beef, pork, or lamb (risk ratio) 

Processed meats (risk ratio) 

Chicken without skin (risk ratio) 

Fish (risk ratio) 

1.0 1.39 1 . 3 9  1 . 5 0  1 . 8 4  2.49 

1.0 1.09 1 . 4 5  1 . 8 6  1 . 2 1  1.21 

1.0 1.0 0.96 0.47 0.47 0.47 

1.0 1.29 0 . 9 2  0 . 7 5  1 . 0 6  1.06 

Estimate of fiber intake 

Fruit fiber intake (g/day) 

Fruit fiber (risk ratio) 

Cereal fiber intake (g/day) 

Cereal fiber (risk ratio) 

<0.8 0.8-1.6 1.7-2.6 2.7-4.0 >4.1 

1.0 0.94 0.87 0.81 0.62 

<2.8 2.8-3.9 4.0-5.2 5.3-7.0 >7.1 

1.0 0.72 0.58 1.04 0.74 

Source: Willett et al. (1990). 

Generall)~ 96% of the questionnaires were filled out and returned. Deaths of 
participants were accurately moni tored by a source of information, called the 
National Death Index. Over a 6-year period, 150 cases of colon cancer occurred. 
Of the 61 foods in the questionnaire, the strongest association wi th  colon cancer 
was with  beef, pork, or lamb (as the main  course) (Table 11.3). All of the associa- 
tions are expressed in terms of the risk ratio. A risk ratio over 1.0 indicates that 
indicated dietary practice is associated with  an increased rate of disease. A risk 
ratio under  1.0 means  that the indicated dietary practice is associated with a 
decreased rate of disease. 

Components of Red Meat that May Contribute to Cancer 

Several mechanisms may  contribute to the association of meat  wi th  colon cancer. 
The heterocyclic amines and polycyclic aromatic hydrocarbons present in cooked 
meat  are metabolized, in the body; to mutagens  that may  condense with  DNA to 
form adducts.  If the adduct  occurs at a vital base, and if the adduct  is not p rompt ly  
repaired, cancer may  result. Another  possible mechanism is related to the en- 
hanced excretion of bile salts into the intestines that occurs with a high-fat diet. In 
brief, the increased amount  of bile salts (with a high-fat diet) that reaches the large 
intestines is metabolized by the gut microflora to an increased amount  of modified 
bile salts. Specificall~ lithocholic acid and deoxycholic acid are formed. These modi-  
fied bile salts are thought  to contribute to the conversion of a normal  gut cell to a 
cancer cell. Recent studies suggest  that chronic exposure of gut  cells to these 
modif ied bile salts may  result in chronic activation of protein kinase C and chronic 
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stimulation of various transcription factors (Matheson et al., 1996). This scenario 
constitutes just one of many reasons why the student of diet and cancer needs to 
be familiar with the collection of protein kinases that are used for relaying signals 
in the cell. 

Fiber and Colon Cancer 

The data in the Nurses' Health Study Cohort also indicate that decreased rates of 
colon cancer are associated with increased fruit fiber. Fiber has enjoyed enormous 
publicity as an anticancer agent, though clear and direct evidence for a cause-and- 
effect relationship has not yet been found. Decreased rates of cancer associated 
with high-fiber diets may arise from the fact that fiber provokes an increase in the 
rate of passage of material through the intestines. This increased rate would be 
expected to reduce the time of exposure of bile salts and bile salt metabolites to 
the gut mucosa. Evidence also suggests a totally different scenario, which also 
involves a gut microflora/fiber relationship. In this scenario, increases in dietary 
fiber result in an increase in production of butyrate by the gut microflora, where 
this butyrate slows the growth of gut cells and impedes any tendency of normal 
gut cells to turn into cancer cells. What is the relationship between continued 
growth and the tendency of a cell to be converted to a cancer cell? One connection 
is that a continuously growing cell may not be capable of repairing all the damage 
occurring in its DNA, while a cell that divides only occasionally may have a better 
chance to repair most of the damage in its DNA before committing itself to cell 
division. 

Trock et al. (1990) have pointed out some difficulties in pinpointing fiber as an 
anticancer agent. Most of the fiber in Western diets comes from vegetables, rather 
than from grain. Any variation in grain intake that is found in epidemiological 
studies may not be great enough to classify the diet as a high-fiber diet or a 
low-fiber diet. Another difficulty is that the protective effect of fiber may really be 
due to other potential anticancer agents found in vegetables, such as folate and 
isothiocyanates. Still another problem is that there is a tendency for the amount of 
dietary animal fats and red meats (associated with increased colon cancer) to vary 
inversely with the amount of dietary fiber. Thus, any association between lower 
colon cancer and higher fiber intake may really be due to lower intake of fats and 
red meats. 

Vegetables and Colon Cancer 

A group from Atlanta, Georgia conducted a study regarding diet and death from 
colon cancer (Thun et al., 1992) (Figure 11.12). Data on dietary habits were acquired 
in 1982 from 764,343 adults who did not seem to have cancer. The questionnaire 
asked about vegetables (i.e., carrots, tomatoes, potatoes, cabbage), fruits, grains, 
fatty meats, low-fat meats (fish, chicken), and dairy foods. The grain questions 
asked about high-fiber grains (branmuffins, brown rice, oatmeal) and low-fiber 
grains (white bread, spaghetti, white rice). The questionnaire also recorded other 
risk factors, such as body mass index (see Obesity chapter), physical activity, 
cancer in the famil3~ and aspirin use. 
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The average age of the subjects in the group of 764,343 adults was 57 years. 
Between 1982 and 1988, there were some 1150 deaths from colon cancer. In 1988, 
a group of control subjects was chosen from the larger group. These controls were 
matched with; the dead cancer patients. Five controls were chosen for each dead 
cancer patient, and they were matched according to age, race, and gender. The 
study was a prospective study, rather than a retrospective study, since the subjects 
were chosen before any of them had acquired cancer. 

The investigators (Thun et al., 1992) found that increased vegetable and grain 
intake was associated with a lower risk for death by colon cancer (Figure 11.12). 
Most, but not all, of the plant foods were associated with this lower risk. It is 
curious to point out that there was no association of colon cancer risk with the 
intake of potatoes and tomatoes. In contrast, most other existing epidemiological 
studies (50 different studies in all) that addressed all types of cancers (and asked 
about tomatoes) found that tomatoes have a protective effect (Table 12 in Stein- 
metz and Potter, 1996). 

Let us digress briefly from the topic of tomatoes. The most confounding and 
inaccurate part of a study is the use of a single questionnaire m or perhaps even 
several questionnaires m to acquire data on long-term food intake. Use of a 
questionnaire to acquire data on the previous day's food intake is not particularly 
accurate. Epidemiologists attempt to use the technique of large study groups to 
even out the gross inaccuracies of dietary recall. Another source of variation is that 
various human populations actually differ from each other with respect to their 
spectrum of diseases. Perhaps the best course, in viewing the data of Thun et al. 
(1992), is to focus on the findings that are harmonious and consistent with other 
epidemiological studies, and not to dwell on apparent contradictions. 

Aspirin and Colon Cancer 

In addition to finding an association between dietary vegetables and lowered rates 
of death from colon cancer, Thun et al. (1992) found a strong association with 
aspirin intake. Greater aspirin intake was associated with lowered rates of cancer 
(Figure 11.13). Data from the laboratory bench suggest that aspirin can reduce the 
risk of colorectal cancer by inhibiting the synthesis of certain prostaglandins, 
thereby reducing inflammation in the gut (Marcus, 1995). Chronic infection, for 
example, can result in continual inflammation of human tissues. Inflammation (by 
definition) involves the production of toxic oxygen by human white blood cells. 
The toxic oxygen may leak into nearby cells, damage the DNA, and provoke 
cancer (Ames et al., 1996). One might note that HOOH, which is not charged, 
readily passes through the cell membrane, in contrast to superoxide, which is 
charged. A practical consequence of the previously cited work is that all persons 
with colorectal cancer in their family history are recommended to consume aspirin 
throughout their lifetime. 

Isothiocyanates: Possible Anticancer Agents from Vegetables 

Broccoli, cabbage, Brussels sprouts, horseradish, and mustard contain unique 
chemicals called glucosinolates and isothiocyanates. These chemicals are respon- 
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Figure 11.13. Results from an epidemiological study involving 764,343 adults. The subjects were followed for 6 years. During this period 
1150 subjects died from colon cancer. Using techniques conventional to epidemiology, the researchers divided the subjects, and their dietary 
patterns, into various groups. The results indicated lower risks for colon cancer with increased aspirin consumption (in men and women), 
and lower risks for colon cancer with increased plant consumption (in women only). (Redrawn with permission from Thm et al., 1992.) 
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sible for the pungent and acrid flavors of these plants. When plant cells are injured, 
a plant enzyme may convert the glucosinolates to the corresponding isothiocy- 
anates plus glucose and sulfate. Glucosinolate and isothiocyanate have the follow- 
ing general structures: 

S-glucose 
J 

R--C \ 
N__O__SO 3-- 

Glucosinolate 

R~N- -C~-S  
Isothiocyanate 

Studies with rats have revealed that dietary isothiocyanates can provoke a 
decrease in activity of enzymes (cytochrome P450) that activate carcinogens, and 
an increase in enzymes (glutathione S-transferase) used for the detoxification of 
carcinogens. The task of sorting out how the diet influences the metabolism of 
carcinogens is complicated by the existence of dozens of different types of cyto- 
chrome P450 and several types of GSH S-transferase. For example, human tissues 
contain the cz, ~t, ~, and 0 classes of GSH S-transferase. Another complicating factor 
is that the transfer of a molecule of GSH to some xenobiotics (such as heterocyclic 
amines) may either increase or decrease its mutagenic properties. Studies with 
humans are only beginning to be conducted (Nijhoff et al., 1995; Bogaards et al., 
1994). The identification of which glucosinolates and isothiocyanates are actually 
protective will allow nutritionists to give firmer recommendations on diet. The 
identification of the genetics of human GSH S-transferases will allow geneticists 
to pinpoint which human populations are more likely to benefit from cruciferous 
vegetables. 

An enzyme involved in cell cycle control has been identified as the target of a 
compound supplied by broccoli, cabbage, and Brussels sprouts. One of the glucos- 
inolates of these foods is the source of a chemical called indole-3-carbinol. Indole- 
3-carbinol enters the cell and influences the activity of a special protein kinase that 
is used to control the cell cycle. The chemical prevents the synthesis of the enzyme, 
and thus reduces its activity. The action of this protein kinase (cyclin-dependent 
protein kinase 6) normally functions to make the cell embark on the G1 phase of 
the cell cycle, and thus to stimulate progression through the cell cycle. The chronic 
decrease in activity of this protein kinase serves to prevent cell division, but also 
prevents spontaneous cancers. The effect of indole-3-carbinol has been shown to 
occur in cultured cells, as well as in animals (Cover et al., 1998). 

Ascorbic Acid: Possible Anticancer Agent from Fruits and Vegetables 

The major antioxidants in the body include enzymes (catalase, glutathione peroxi- 
dase, superoxide dismutase), small molecules (vitamin E, vitamin C, and various 
sulfhydryl compounds), and the sulfhydryl groups of proteins. These antioxidants 
act either by destroying the toxic oxygen or by condensing with it ("soaking it 
up"). The terms "toxic oxygen" and "reactive oxygen species" are both used to 
mean the same collection of molecules, i.e., superoxide, hydroxyl radical, and 
hydrogen peroxide. Superoxide and HOOH are relatively unreactive, though 
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superoxide does react with the sulfhydryl groups of proteins. On the other hand, 
when HOOH is mixed with reduced iron (or copper), it can result in the Fenton 
reaction with the production of the hydroxyl radical, which is extremely reactive. 

Vitamin C has commanded some attention because it is an antioxidant present 
in fruits and vegetables--  foods associated with lower rates of cancer. Vitamin C 
has clearly been shown to act as an antioxidant in studies with purified molecules 
in test tubes. However, the notion that vitamin C acts as a significant antioxidant 
inside living people remains controversial. The available studies have not sup- 
ported the notion that supplements of vitamin C prevent cancer (Greenberg et al., 
1994; Prieme et al., 1997). A fair number of studies with cultured cells or with pure 
components in test tubes have conclusively demonstrated that vitamin C can 
provoke damage to DNA (Singh, 1997; Shamberger, 1984; Anderson et al., 1994). 
This damage is likely to be mediated via the Fenton reaction. On the other hand, 
it has not yet been shown that large doses of vitamin C given to living animals do 
result in DNA damage. 

One study has revealed a protective effect of vitamin C in people. B. N. Ames 
and co-workers (Fraga et al., 1991) maintained a group of human subjects on 
defined diets containing either 250 or 5 mg of vitamin C per day. The investigators 
measured the amount of oxidative damage to DNA (oxo-G residues) in the sperms, 
with the two diets. The advantage of using sperms is that they exist as a pure 
population of cells, and that they are freshly made and thus might be expected to 
be influenced by recent dietary practices. 

Semen from the high-vitamin-C group contained 0.39 mM ascorbate, while that 
from the low-vitamin-C group contained 0.20 mM ascorbate. Sperm from the 
high-vitamin group contained 5.4 residues of oxo-G per 10,000 residues of gua- 
nine. The low-vitamin-C diet resulted in an increase to 10.6 residues of oxo- 
G/10,000 residues of guanine (Fraga et al., 1991). These results will inspire further 
studies with human subjects. 

Ascorbic Acid and Nitrosamines 

One of the more established antioxidant effects of ascorbate in the body is that of 
preventing nitrosamine formation. In fasting humans, saliva contains about 0.1 
mM nitrate and 0.05 mM nitrite (McKnight et al., 1997). This nitrate is produced 
by the gut microflora, absorbed into the blood, and secreted into the mouth. The 
nitrite in the saliva of a fasting person is created from the nitrate by rapid conver- 
sion by the bacteria living on the tongue. Nitrate (NO 3-) is also a naturally occur- 
ring component of the diet, as it occurs in green leafy vegetables. The bacteria in 
the mouth convert some of this nitrate to nitrite. About 80% of the nitrite we 
consume arises from conversion in the mouth. About 20% of the nitrite comes 
directly from the diet. Upon contact with stomach acid, the nitrite spontaneously 
becomes nitrous acid (HOmN~O) .  Nitrous acid reacts with dietary amines (R m 
NH2) to produce nitrosamines (N-nitroso compounds). The nitrosamines are then 
absorbed into the body and converted in the liver to highly reactive compounds 
which react with DNA and proteins. The carcinogenic action of nitrosamines has 
been thoroughly established by animal studies. Ascorbate interrupts this scenario 
by reacting with nitrous acid, in the stomach, to yield nitrous oxide (HONO) plus 
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dehydroascorbate. We cannot count on dietary ascorbate to protect us from all 
nitrosamines. This is because nitrosamines occur, pre-formed, in cigarette smoke 
and in certain foods (Anderson et al., 1997). 

Peroxynitrite: A Form of Toxic Oxygen 

Peroxynitrite (O~N---O---~H) fits well into this narrative, as this compound may 
be included in the list of toxic oxygens. Peroxynitrite is generated in the blood- 
stream of the human body by the condensation of nitric oxide (NO), a hormone, 
with superoxide (Pfeiffer et al., 1997). Evidence suggests that the peroxynitrite 
damages tyrosine residues of proteins, such as low-density lipoproteins, in the 
bloodstream and provokes atherosclerosis (Leeuwenburgh et al., 1997). Although 
ascorbate can react with peroxynitrite and detoxify it, the reaction rate seems much 
too low to have any influence on human health (Squadrito et al., 1995). 

Chronic Exposure Theory 

This chapter has emphasized the role of DNA mutations in the pathways leading 
to cancer. However, a number of chemicals are cancer-promoting purely because 
of their ability to activate certain enzymes, where there exists no direct or indirect 
influence on DNA mutations. This functional class of compounds promotes or 
prevents cancer only when present on a chronic basis, i.e., at elevated levels every 
day for many years. The notion that bile salt metabolites may result in chronic 
stimulation of protein kinase C was discussed earlier. The related event of fiber 
decreasing exposure of the colon to bile salts was also outlined. The chronic 
exposure theory applies to the phorbol esters that are present in certain plants. 
People who drink tea made from the plant Croton jqaveus tend to acquire esopha- 
geal cancer. This cancer results from chronic exposure to phorbol esters, which 
occurs in the leaf extract or in an oil prepared from the plant (croton oil). The 
phorbol esters enter the cell, bind to protein kinase C, and activate this enzyme. 
Activated protein kinase C, in tum, activates the MAP kinase cascade (Ueda et al., 
1996). The continual activation of protein kinase C, when combined with muta- 
tions in specific proto-oncogenes, may lead to cancer and sustain the cells in the 
cancerous state. 

Studies with animals and humans have shown that chronic treatment with 
estrogen can provoke the formation of certain cancers or tumors, such cancer of 
the breast, vagina, and endometrium (Lupulescu, 1996; Prentice et al., 1990). An 
interesting chronic exposure relationship involving soy beans and cancer has been 
suggested. High consumption of soybean products has been proposed to account 
for the low incidence of breast cancer in Japan (Willett, 1997). Soybeans are high 
in isoflavonoids, compounds that have been found to counteract the action of 
estrogens. Hence, there is reason to suspect that soybean products may reduce the 
rate of estrogen-dependent cancers. 
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SUMMARY 

Cancer is a major public health problem throughout the world. A few dramatic 
epidemiological studies have revealed that the nature of various cancers differs 
between countries, and that these differences may be due to dietary differences. 
Also dramatic are epidemiologic studies that show that the types of cancers of 
immigrants become less similar to those of the ancestral nation, and more similar 
to those of the newly adopted nation. International epidemiology is, by nature, 
less reliable than studies performed within one nation. For this reason, only 
American studies were discussed in this chapter. The most basic units of measure- 
ment in epidemiology are odds ratio and risk ratio, and care was taken to define 
these terms in Appendix C. Epidemiological studies have found increased rates of 
various cancers associated with high intakes of red meat or animal fat, high intakes 
of overall energy; and a sedentary lifestyle. Decreased rates have been associated 
with high intakes of fruits, vegetables, cruciferous vegetables, cereal fiber, or fruit 
fiber. 

One goal of epidemiology is to identify the families of chemicals responsible for 
the increased and decreased risks for cancer. These chemicals might be expected 
to exert a function on cell membranes, on regulatory proteins within the cell, on 
various enzymes, or directly on the DNA. Ultimately, the conversion of a normal 
cell to an invasive cancer cell might be expected to result largely from a collection 
of mutations in the DNA, and care was taken to depict the mechanisms of muta- 
tion. Many types of mutations, such as spontaneous deamination or base hydroly- 
sis, are not expected to be influenced by lifestyle. Other mutations, such as those 
caused by smoking, by eating charred meat, or by chronic inflammation and 
infection, are a result of the environment. 

As a concluding Word, one should realize that the following things are different 
from each other: (1) a reasonable theory; (2) studies of reactions among purified 
components in a test tube; (3) studies of cells in culture; (4) experiments with 
laboratory animals, and (5) clinical or laboratory studies of human subjects. A goal 
in cancer research is to use theories, and data from the types of studies listed, to 
predict and explain each other. The researcher may find that consistency between 
data acquired in the aforementioned ways, and between data and theory; is not 
always apparent. 
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APPENDIX A 

NUTRITION 

METHODOLOGY 

The researcher interested in comparing the effects of control and experimental 
diets, or a control diet and a diet containing a drug or toxin, needs to be aware of 
certain issues in raising animals. These include pair feeding, trained meal eating, 
the multigeneration deficienc~ and the use of chemically defined diets. 

Deficient diets may result in anorexia as well as impaired growth or weight loss. 
Do the lesser growth and associated biochemical changes result mainly from the 
lack of appetite or from the impairment of biochemical functions dependent on 
the nutrient? Pair feeding is used to distinguish between these two effects. The 
food consumed by the control animal (complete diet) and experimental animal 
(deficient diet) is weighed daily. The rat, for example, tends to eat food mainly at 
night, that is, in the dark. The rat is a nibbler and naturally consumes food in about 
10 small meals per day. In the morning, the researcher using the pair feeding 
technique measures the amount of food consumed by both groups. The deficient 
group may have consumed less food than the controls. The researcher then at- 
tempts to equalize the amount of food to be consumed by both groups during the 
following evening by giving both groups an amount of food equal to that con- 
sumed by the deficient group the previous evening. In this wa~ the amount of 
food consumed can be equalized on a day-to-day basis. 

Ensuring Equal Food Intake by Control and Experimental Animals 

Two examples of the use of the pair feeding technique are shown in Figures A.1 
and A.2. Figure A.1 depicts the effects of a vitamin D-deficient diet, and Figure A.2 
concerns a thiamin-deficient diet. Three groups of rats were used in each study: 
(1) rats eating the control diet ad libitum (--@--); (2) rats eating the deficient diet 
ad libitum (--A); (3) pair-fed rats consuming the control diet ( - -O--)-  The results 
demonstrate that the vitamin D-sufficient rats (--@--) steadily gained weight for 
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FIGURE A.1 Effects of a vitamin D-deficient diet. See text for details. [Redrawn with 
permission from Brommage et al. (1984).] 
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FIGURE A.2 Effects of a thiamin-deficient diet. See text for details. [Redrawn with per- 
mission from Singh (1982).] 

8 days. The deficient rats ( ~ ~ )  and pair-fed rats (C)) consuming the suffi- 
cient diet lost weight at similar rates, indicating that the weight loss was due 
entirely to anorexia. The results with the thiamin-deficient diet indicate that the 
failure to grow was due to both anorexia and the lack of thiamin for growth and 
maintenance. 
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Changes in the diet can result in changes in feeding patterns. With pair feeding 
the small amount of food (complete diet) given to the control animals is usually 
consumed rapidly; leaving the animals hungry for the rest of the day. The experi- 
mental animals receiving the same amount of food (deficient diet) consume the 
food gradually over the course of the day. Differences in feeding patterns can result 
in changes in the body's biochemistry. For example, meal feeding (in rats) has been 
shown to produce an increase in body fat, when compared with nibbling (Cohn 
and Joseph, 1960). A number of biochemical differences between meal feeding and 
nibbling have been noted in humans (Wadhwa et al., 1973). The requirements for 
certain nutrients, such as an amino acid (when supplied as a free amino acid), may 
be greater when consumed in a meal rather than when consumed continuously 
throughout the day or in many small meals (Baker, 1984). 

The problem of different feeding patterns can be solved by training animals to 
consume their food over the same period of time. Here, control and experimental 
rats are trained to consume food in a short interval, for example, 2 hours (Harper, 
1986). Another technique is to use a mechanical food dispenser. The dispenser 
monitors the amount of food consumed by the experimental animals and coinci- 
dentally delivers identical quantities of food to the control animals (Suttie, 1968; 
Quarterman et al., 1970). A third method for ensuring equal intake of food with 
identical feeding patterns is force feeding. In force feeding, a lubricated tube 
inserted into the animal's mouth and esophagus delivers liquid diet to the stom- 
ach. 

Multigeneration Deficiency Technique Is Used When Typical Feeding 
Techniques Fail to Provoke Signs of Deficiency 

Special techniques have been developed to induce deficiencies and assess require- 
ments. A multigeneration deficiency is induced where a severe deficiency in a 
particular nutrient cannot be induced in the life span of the animal. This technique 
is also used to study the effect on the neonatal or young animal. The multigenera- 
tion deficiency has been used in studies of taurine (Sturman et al., 1985), essential 
fatty acids (Tinoco et al., 1978), and fluoride (Tao and Suttie, 1976). 

Nutrient Balance Is Used to Assess Requirements 

The nutrient balance technique is sometimes used to determine requirements, as 
illustrated by the example of growing monkeys in the Protein chapter. This intake 
indicates only the amount required to maintain a constant level of the nutrient in 
the body. Under some conditions, the determination of the minimal intake that can 
support nutrient balance in an adult animal does not necessarily indicate the 
requirement (Mertz, 1987). Other techniques must then be used to determine if 
higher, but still constant, levels are of greater value to the animal. Here, biochemi- 
cal tests may be used to assess a relevant physiological function. Kopple (1987) has 
pointed out a number of difficulties in using the nutrient balance technique. For 
example, the value for nutrient intake tends to be overestimated and that for 
excretion tends to be underestimated. These two factors can lead to an artifactually 
high value for the nutrient balance: 
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Nutrient Antagonists Can Be Used to Provoke Deficiency 

Nutrient antagonists are sometimes used where a deficiency cannot easily be 
induced by diet alone. An advantage of the use of antagonists is that they can take 
effect rapidly and can target specific enzymes or nutrient transport systems. A 
disadvantage of antagonists is that in some cases they can cause side-effects not 
related to the nutrient of interest. In brief, methotrexate is a folate antagonist, 
oxythiamin and pyrithiamin are thiamin antagonists, warfarin and chlorovitamin 
K are vitamin K antagonists, galactoflavin is a riboflavin antagonist, c0-methyl- 
pantothenic acid is a pantothenic acid antagonist, tungsten is a molybdenum 
antagonist, and ethionine is a methionine antagonist. 

Gut Microflora and Feces in Animal Nutrition 

A fine point regarding fiber is that it can reduce the requirements for certain 
nutrients, that is, folate in animals and biotin and vitamin K in animals and 
humans. This is because fiber is available to the gut microflora as an energy source, 
thus supporting the intestinal production of vitamins, which may be released and 
used by the host (Harper and Elvehjem, 1957; Leoschke et al., 1953; Cohen et al., 
1971). In addition to direct absorption by the gut, microbial vitamins can be 
supplied by coprophagy. Rats, along with most other mammals, practice copro- 
phagy; that is, they eat their own feces. Feces are rich in a variety of nutrients. 
Coprophagy can be minimized by raising animals on screen-bottom cages, or 
completely prevented by raising animals in tube cages (Geyer et al., 1947). Tube 
cages are made of chicken wire, with a feeding jar at the rat's head end. The cage 
must fit snuggl)~ but not tightl)~ around the rat to prevent it from reaching 
backward and eating its own feces. The researcher may encounter difficulty in 
placing the rat in the tube cage. This problem can be overcome by enshrouding the 
cage in a paper bag. The rat, seeing the darkened end of the tube cage, eagerly 
crawls inside. Another technique for eliminating the contribution of the gut mi- 
croflora is use of the "germ-free" animal. Here, the neonate is delivered by ce- 
sarean birth and raised under sterile conditions. Still another technique is the use 
of antibiotics in the diet. Sulfa drugs have been used in a number of nutritional 
studies to wipe out much of the gut flora and thus minimize their contribution to 
the host's vitamin requirement. Sulfa drugs have been used in the study of folate 
nutrition, as well as in recent studies of pyrroloquinoline quinone, a compound 
having vitamin-like properties (Killgore et al., 1989). 

Choosing the Diet 

Greenfield and Briggs (1971) and Baker (1986) discussed the importance of gender, 
age, weight, and strain in the experimental design. They also stressed the impor- 
tance of recording the duration of feeding. One important factor in raising an 
animal on a specific diet is that the animal may require several days to adjust to 
the diet. This is because changes and adjustments in the enzymes used to metabo- 
lize or transport specific nutrients of the diet may take place over several days after 
introduction of the new diet. 
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The response to a diet may change when the proportions of energy supplied as 
carbohydrates and fat are varied. For example, an animal may increase its con- 
sumption of food when carbohydrates are substituted in place of an equal weight 
of fat. This increase is due to the animal's desire to satisfy its energy requirement. 
The increase in food consumption results in increases in the intake of protein, 
vitamins, and minerals, and thus their possible oversupply. A solution to the 
problem of comparing physiological responses to diets of different carbohy- 
drate/fat  ratios is available. The equivalent of I kJ of carbohydrate can be omitted 
from the diet and replaced by I kJ of fat plus nonnutritive fiber, where the-weights 
of the carbohydrate and fat + fiber are identical. This type of substitution maintains 
the nutrient density of all the other nutrients (Harper, 1986). 

Commercially available animal chow diets are useful for raising animals until 
they are ready for the chemically defined control and experimental diets. Chow 
diets are generally not acceptable for use in experiments. It is the goal of the 
researcher to control as many aspects of the experiment as possible. Chow diets 
represent an unknown. Their chemical makeup is not precisely known. Chow diets 
can vary markedly from supplier to supplier and for one supplier from time to 
time. Different stock chow diets can vary in the lipid used (plant versus animal 
lipid). They can contain markedly different levels of sodium. Some researchers 
have devised studies where the control group receives chow and the experimental 
group receives a chow diet plus a nutrient or additive. This experimental design 
is generally not acceptable, as it would be expected to result in untrustworthy 
results. Two wrongs (chow diet for control and experimental groups) do not make 
a right. When using commercially available chemically defined diets, mineral 
mixtures, or vitamin mixtures, it is the responsibility of the researcher to ensure 
that the diets are complete (Greenfield and Briggs, 1971; Ad Hoc Committee, 1977). 

Reeves (1997) has discussed the current recommendations of the American 
Institute of Nutrition (AIN) for assembling rat diets. Issues discussed include the 
use of sugar versus starch as the source of carbohydrate, methionine versus cystine 
as the source of cysteine, and the best oil for providing the essential fatty acids. In 
embarking on any study, the researcher needs to reevaluate the role of each of the 
recommended nutrients to make sure that their quantities suit the purposes of the 
planned experiment. For example, although the AIN recommends using casein as 
the source of protein, researchers interested in the interactions of calcium and 
phosphate need to take into account the fact that casein contains significant 
amounts of phosphate. 
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APPENDIX B 

DOT BLOTSj, 
MOLECULAR CLONING, 
AND DNA SEQUENCING 

Techniques involving the manipulation of DNA and RNA include molecular clon- 
ing, dot blots, and DNA sequencing. These and related techniques were required 
to provide information appearing throughout this textbook, especially in sections 
concerning metabolic regulation, genetic diseases, mutations, the iron response 
element, stem-loop structures, transcription factors, and hormone response ele- 
ments. The term molecular cloning, indicates the cloning of DNA sequences, and is 
distinguished from the cloning of cells or of organisms. The term dot blot usually 
refers to the measurement of the amount of mRNA, as acquired from a biological 
sample, and indicates the shape of the raw data, i.e., a little blot. DNA sequencing 
refers to the determination of the order of nucleotide bases in a gene, as well as in 
regions of DNA that do not contain genes. The dideoxy method for DNA sequenc- 
ing is one of the most powerful, and yet simple, techniques in biology. 

Any regulatory event, whether involving a special element in the DNA mole- 
cule or a special structure in the mRNA molecule, should always be compared 
with the consequent change in the amount of polypeptide that is produced. 
Enzymes are one type of polypeptide, and since enzyme activities are generally 
easy to measure, the discussion will begin with an outline of the task of measuring 
enzyme activities. 

ASSESSING METABOLIC REGULATION BY MEASURING 
CHANGES IN ENZYME ACTIVITY 

A common question in metabolic control is whether a change in enzyme activity 
is provoked by regulation at the enzymatic level or at the genetic level. Regulation 
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at the enzymatic level, for example, may involve enzyme phosphorylation, bind- 
ing of cyclic AMP, or binding of the calmodulin-Ca 2+ complex to the enzyme. 
Regulation at the genetic level usually entails a change in the rate of transcription 
of the gene coding for the enzyme of interest. Transcription is the production of 
messenger RNA. A regulatory action that provokes an increase in the rate of 
transcription, results in an increase in the amount of protein encoded by that gene. 

Determination of the activity of an enzyme in an organ or tissue involves the 
following steps: 

1. Homogenization: The tissue is homogenized. This means that the cells are 
broken by disruption while suspended in a solution of buffer and salts. A 
blender is used. In the case of a liver homogenate the resulting material is 
pink and somewhat viscous. 

2. Assay mixture: The enzyme assay mixture is assembled. To a test tube are 
added a known amount of tissue homogenate, a known concentration of 
substrate, and specific salts, buffers, and other agents known to support the 
maximal activity of the enzyme. The homogenate is usually treated to re- 
move debris and particulate matter prior to its addition to the assay mixture. 

3. Incubation of assay mixture: The enzyme assay mixture is incubated for a 
specific period. Incubation gives the enzyme an opportunity to catalyze the 
conversion of a small proportion of the substrate to the product. Enzyme 
incubations are usually carried out at body temperature (37~ Catalysis is 
terminated by adding strong acid or strong alkali, by immersing the tube in 
boiling water, or by adding an appropriate inhibitor of the enzyme of inter- 
est. 

4. Measurement of the product: The terminated enzyme assay mixture contains 
a certain amount of product. The product is measured by an appropriate 
technique. The detection of enzyme control at the genetic level may be 
assessed by measuring the amount of mRNA coding for the enzyme or 
protein of interest. Measurements may be carried out using tissue samples 
taken from animals exposed to different dietary or hormonal conditions. 

ASSESSING METABOLIC REGULATION BY MEASURING 
LEVELS OF MESSENGER RNA (DOT BLOTS) 

Determination of the amount of mRNA molecules coding for a protein of interest 
involves the following steps: 

1. Homogenization: The tissue is homogenized to break up the cells and release 
all of the types of mRNA. 

2. Blotting: A known quantity of the homogenate is placed on a special type of 
paper called nitrocellulose. The mRNA molecules bind tightly to the paper. 
All types of mRNA bind to the nitrocellulose, not just that coding for the 
protein of interest. 

3. Addition of DNA probe to the blot: The amount of mRNA coding specifically 
for the protein of interest can be measured by use of a DNA probe. The DNA 
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probe is mixed with the nitrocellulose paper in a bath of water. The probe 
is allowed to contact all regions of the paper until it binds to the mRNA of 
interest. This process of binding is called hybridization. The DNA probe that 
does not hybridize to the mRNA of interest is washed away. The DNA probe 
binds to the mRNA of interest because these molecules contain nucleotide 
bases that are complementary to each other, as explained later. 

4. Measurement of bound DNA probe: The total amount of DNA probe that is 
bound to the paper reflects the amount of mRNA coding for the protein of 
interest. The quantity of DNA probe that is bound to the paper can be 
measured because the DNA probe is radioactive, and no component of the 
tissue extract is radioactive. This is the dot blot technique. In cases where 
the various species of mRNA extracted from the tissue are separated from 
each other prior to transfer to the nitrocellulose, the technique is called the 
northern blot technique. Here, separation is by gel electrophoresis. 

Hybridization 

DNA contains the bases adenine (A), thymine (T), guanine (G), and cytosine (C). 
These bases are covalenfly attached to the deoxyribose phosphate to form nucleo- 
tides. The respective nucleotides are called deoxyadenylic acid (dA), deoxythy- 
midylic acid (dT), deoxyguanylic acid (dG), and deoxycytidylic acid (dC). The 
prefix "deoxy" indicates that the sugar is deoxyribose, rather than ribose. The 
word "acid" indicates that the ribose contains a covalently bound phosphoric acid 
group. 

RNA contains the nucleotide bases adenine (A), uracil (U), guanine (G), and 
cytosine (C). These bases are covalently attached to the ribose phosphate to form 
nucleotides. The respective nucleotides are called adenylic acid (A), uridylic acid 
(U), guanylic acid (G), and cytidylic acid (C). 

A molecule of single-stranded DNA (ssDNA) is comprised by a polymer of 
nucleotides: 

d A - d A - d A - d G - - d G - d C - d C - d A - d A - - d A - d A - d G - d T - d G - d T - d C  

A molecule of mRNA is made of a polymer of nucleotides: 

C - C - G  -(3 -(3 - U - G  - G  - G  - G  - U - U - A - C - A - C  -G  - G  -G  - G  - A - A - C  

A molecule of double-stranded DNA (dsDNA) contains two polymers of nu- 
cleotides. Each of these polymers may be called a DNA strand. The nucleotides in 
one strand bind to the nucleotides in the associated opposite strand. This binding 
is not covalent. The binding occurs in an orderly manner. The bases of A in one 
strand bind only to the bases of T in the opposite strand. The bases of G in one 
strand bind only to the bases of C in the other. All of the nucleotide bases in one 
strand occur in an order that is complementary to the bases in the opposite strand. 
To summarize, A binds to T and G binds to C. 

The dot blot technique takes advantage of the fact that the bases in DNA can 
also bind to bases in mRNA. Here, as before, A binds to T and G binds to C. The 
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T A C G T A G C T T T A A G A G C G T C C A T T A T T C T T T T T  IDNA]  

4 A T G C A T C G A A A T T C T C G C A G G T A A T A A G A A A A A  
T A C G T A G C T T T A A G A G C G T C C A T T A T T C T T T T T  

[DNA]  
[DNA]  

FIGURE B.1 Abbreviations for double-stranded nucleic acids. 

base of uracil in mRNA binds to the base of A in DNA. The stable complex of a 
strand of DNA with a complementary strand of RNA is a hybrid. The strands have 
hybridized with each other. Complementary strands of nucleic acid that are bound 
to each other may be abbreviated in a number of ways (Figure B.1). 

Nitrocellulose 

Figure B.2 shows a disk of nitrocellulose with mRNAs tightly adhering to it. Part 
of the mRNA coding for the protein of interest, acetyl-CoA carboxylase, and part 
of an unrelated mRNA are shown bound to the disk. In practice, hundreds of 
different types of mRNAs are bound to the disk. Also shown are molecules of the 
radioactively labeled DNA probe. The probe contains an atom of phosphorus-32, 

[ ~P]dA--dT--.dT_ c/G...~ C 

.__ dA...<lA.--dG~dG.-~/G... , �9 \O',q 
dA_dT._.dT_..dG----d C'-'dT " * * .  , , , \"-'-'-q,,~, 

p2p] . ~ ' ~ - .  
~'G . . . . . .  " "  

[3zPldA~dT--dT~dG._dChdT.._dA..~A 
~'"dG...=dG_...dG . . . . . . . . . .  ~ 

[32p] dA--dT--dTwdG--dC-.dT---dA---dA--dG__dG.._d G . . . . . . . . . . .  

U--A--A' - -C-- 'G--A--U--U~C"Cx, . ,  mRNA Coding for 
~'X r,._~-G--'G-~J ~ . . f  an unrelated 

mRNA Coding for ~ ~ , . ~  "~,<1..~ A j r  protein 
protein \ ~  "-'O~'-U.,v, 

of interest \ ~  ~ "-'-- ~-~, 

FIGURE B.2 Hybridization of the DNA probe to messenger RNA adhering to a nitrocel- 
lulose disk. 
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abbreviated 32p. One of the molecules of probe is shown bound to the mRNA of 
interest; the others remain unhybridized and in solution. 

The mRNA coding for the protein of interest is chemically quite similar to those 
coding for unrelated proteins; however, the sequence of bases in the mRNA of 
interest is highly unique. The DNA probe contains a sequence of bases that is 
complementary to part of the mRNA of interest and hence binds to, or hybridizes 
with, this mRNA. A short DNA probe, perhaps consisting of less than a dozen 
nucleotides, binds only weakly and nonspecifically and is easily washed away. A 
long probe, that is, one containing 50 or more nucleotides, binds avidly and in a 
highly specific manner. In an analysis for mRNA coding for acetyl-CoA carboxy- 
lase, for example, from an extract of the liver of a rat, one must prepare a liver 
extract, purify the mixture of all mRNAs, treat the collection of mRNAs with 
formaldehyde, and finally associate with the disk of nitrocellulose. Formaldehyde 
promotes near-irreversible adhesion of the mRNA to the disk. The [32p]DNA probe 
is then mixed with the disk and incubated to allow a maximal level of hybridiza- 
tion. Nonbinding probe is carefully washed awa3~ and the amount of bound probe 
is then measured. In the event that samples from 10 different livers are used, 10 
different disks must be prepared. 

Obtaining the [32p]DNA Probe 

A long radioactively labeled DNA probe can be synthesized using cloning tech- 
niques, as in the 10-step procedure illustrated in Figure B.3. The material needed 
to synthesize the probe includes a number of DNA-metabolizing enzymes, a 
plasmid, a DNA primer molecule, and Escherichia coli. Also needed is a source of 
mRNA coding for the protein of interest, that is, rat liver extract. The liver extract 
contains many different types of mRNA, and these are present in only small 
quantities. The power behind the cloning procedure is that it enables one to obtain 
the information in any particular mRNA molecule in large quantities (several 
milligrams) in pure form: 

1. Homogenize the tissue: The tissue is homogenized to extract all of the mRNAs. 
2. Enzymatically produce mRNA/DNA hybrids: The mRNAs in the extract are 

used as a template, or guide, for the production of complementary DNA. 
Reverse transcriptase uses mRNA as a template and catalyzes the synthesis 
of a strand of DNA bearing a sequence of nucleotide bases complementary 
to that of the mRNA. The reaction is carried out in a test tube. At this point, 
one has a hybrid structure containing a strand of mRNA and a strand of 
DNA. The cloning procedure, on the other hand, requires the use of dsDNA, 
not the mRNA/DNA hybrid. The reaction mixture is then made mildly 
alkaline and incubated. This procedure destroys (hydrolyzes) the mRNAbut 
not the DNA. 

3. Produce dsDNA: The strands of DNA in the test tube, after treatment of alkali, 
occur as ssDNA. Each molecule of ssDNA may be converted to dsDNA by 
adding DNA polymerase I. DNA polymerase I catalyzes the synthesis of a 
strand of DNA that is complementary to the original strand of ssDNA. The 
dsDNA prepared in this way cannot easily be introduced into the bacterium, 



940 Appendix B: Dot Blots, Molecular Cloning, and DNA Sequencing 

mRNA 
~ ~  ~ 

g e e  j 

. . . . . . . . . . .  mRNA mRNA 
Be  �9 e o e  g e e 

o o  o o o o  Qo eeo  aoee  

hybrid . . . . . . .  rid 
o o o  o o o o o o  

~ 1 7 6  o 

ssDNA ~ ssDNA 
o a o • o n o o o  
o o o o o o o o o  

o o o o o O O ~ 1 7 6  
dsDNA . . . . . . . . .  

dsDNA 

ooooooooooOOOCCCC C 
CCCCC oooaoooooooo 

Homogenize tissue to extract mRNAs (Step 1). 

Enzymatically produce mRNA/DNA hybrids (Step 2). 

Convert hybrids to ssDNAs (Step 2). 

Convert ssDNAs to dsDNAs (Step 3). 

Add sticky ends to the dsDNAs (Step 4). 

Hybridize the sticky 
ended insert with the 
sticky ended plasmid 
(Step 4). 

~ c C C C C  
GGG, 

q 

insert 

/ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GGGGGG 
' ~  GGGGGGG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Plasmid) 

plasmid 

At this point, the symbol used to depict 
the DNA changes from circles to ribbons. 

Let the circular plasmids enter the 
bacteria (Step 5). 

Grow the bacterFa to form a suspension of bacterial cells (Step 6). 

O Pour the bacteria over a petri dish 
containing solid medium (Step 6). 

FIGURE B.3 Use of cloning techniques for the synthesis of a long DNA probe. The procedure, 
shown in 10 steps, begins with a mixture of mRNA extracted from tissue. The information in the 
mRNA is converted to a form that can be propagated in E. coli, i.e., a DNA insert connected to a 
plasmid. The E. coti are grown and then spread in a dilute smear over petri dishes. This step 
constitutes the event that separates the information present in heterogeneous collections of cellu- 
lar mRNAs from each other. The information contained in each bacterial colony represents that 
from one single type of mRNA. 
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Press a filter paper against the colonies (Step 7~. 

Press the filter (. ~ :~ : :~  
against all the 

Open up the cells within the colonies that had been 
co, onies. I f f I transferred, in part, to the f, lter paper (Step 7,. 

Soak the filter psper in a solution containing the 
radioactive antibody (Step 7). 

f ~ (The two sDots on the film 
mean that two of the colonies 
have desired p[asmids) 

Place a square sheet of film over the 
round filter pa per to detect the position 
of the colony that binds the antibody (Step 7). 

Develop the film to revear the photog raphic 
image (Step 7). 

Remove the colony of interest with a toothpick 
and transfer to medium (Step 8). 

open grown to Break the bacteria 
obtain the plasmids (Step 9). 

f 
C CC 

Separate the two strands t o ~  
obtain ssDNA (Step 10). / 

FIGURE B.3 continued 
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in preparation for cloning, because it is a linear molecule. Linear dsDNA is 
degraded by nucleases if it enters E. coli (Smith, 1988). The DNA should be 
in the form of a loop for use in the cloning procedure. A second problem is 
that, even if the dsDNA were to enter the bacterium, it would not be able to 
reproduce itself during growth and reproduction of the bacterial cell. The 
problems of entry and subsequent reproduction are solved by using a plas- 
mid. A plasmid is a type of double-stranded DNA that is able to reproduce 
itself within a living cell. A plasmid shares some of the qualities of virus 
DNA. 

4. Attach the dsDNA to the plasmid: The dsDNA prepared by use of DNA po- 
lymerase I is linked with the plasmid, which also takes the form of linear 
dsDNA. When linked together, a circle of dsDNA forms. The dsDNAbearing 
the information of interest is called an insert, or passenger DNA. The plas- 
mid contains information that ensures its survival in the bacterial cell, allows 
its reproduction along with cell division, and guides the transcription of the 
DNA of the insert. 

Note that the insert and plasmid need to be specially modified to link together. 
"Sticky ends" must first be attached to the insert and the plasmid. The sticky ends 
attached to the linear insert consist of stretches of deoxycytidylic acid 
(CCCCCCC). The sticky ends attached to the linear plasmid consist of stretches of 
deoxyguanidylic acid (GGGGGGGG). The sticky ends consisting of "CCCCCCC" 
can hybridize with those consisting of "GGGGGGGG." The result is a closed, 
circular dsDNA. The sticky ends are attached to the insert and plasmid by terminal 
transferase. Terminal transferase catalyzes the attachment of nucleotides to one 
end of a linear DNA molecule. 

5. Introduce the plasmid into the bacterium: At this point, the test tube contains 
thousands of different plasmids, each of which contains an insert derived 
from a different molecule of mRNA. Perhaps only a dozen plasmids in the 
test tube contain an insert coding for the enzyme of interest. The plasmids 
are mixed with a suspension of bacteria. Each bacterium tends to accept only 
a single plasmid molecule. Normally; bacteria do not readily take up plas- 
mids; however, the simple procedure of treating the bacterial suspension 
with calcium ions enhances the cell's ability to take up the dsDNAs, without 
harming the bacteria (Hanahan, 1983). This technique is called the calcium 
shock technique. An alternate and more powerful technique is electropora- 
tion. Electroporation involves exposing the suspension of bacteria and plas- 
mid to a brief, high-voltage electric field. The field induces the temporary 
formation of pores in the cell, allowing uptake of DNA that may be adhering 
to the cell surface. The fact that linear strands of DNA cannot survive in the 
bacterium simplifies the cloning procedure. The survival of plasmids not 
containing an insert would result in generation of unwanted varieties of E. 
coli, thus complicating the procedure. Only the plasmids containing the 
insert are able to circularize and thus be propagated in the cells. 

6. Grow a colony from each bacterial cell: The growth of the bacteria is initiated. 
Each plasmid within the cell is given a chance to reproduce itself, generating 
perhaps several dozen identical copies of itself within the cell. The suspen- 
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sion of growing cells is then diluted and poured on a bed of solid nutrient 
medium. The solid medium is contained in a petri dish. The solid medium 
contains a drug that kills bacteria that do not contain a plasmid. Only cells 
that contain the plasmid survive in the petri dish. The amount of cells 
poured over the solid medium is adjusted so that only about 100 bacterial 
cells containing plasmids are in the petri dish. The cells, which are distrib- 
uted evenly over the surface of the solid medium, are permitted to continue 
growing. This growth results in the formation of a tiny clump of cells 
originating from a single cell. The tiny clump is a bacterial colony. 

7. Detect the colony of interest by using an antibody: A bacterium containing a 
plasmid that harbors an insert also may produce the enzyme coded for by 
the insert. Hence, any procedure that can detect the enzyme of interest can 
also be used to determine which colony harbors the insert of interest. One 
of the most sensitive techniques for detecting a protein uses a 125I-labeled 
antibody. Iodine-125 is a radioactive isotope of iodine. The colonies are 
exposed to chloroform vapors. The vapors induce the opening up of the cell 
membranes of the bacteria in each colony. This results in release of all of the 
enzymes of the cells in the vicinity of the colony. The enzyme or protein of 
interest can be detected by use of an antibody that recognizes and binds to 
the protein. The antibody is specially tagged with an atom of iodine-125. 
The opened colonies are mixed with a solution containing 125I-labeled anti- 
body. The antibody binds tightly only to the colonies that had manufactured 
the protein of interest. The nonbinding antibodies are then washed away. 
The location of the colony containing the bound 125I-labeled antibody is a 
simple task. A piece of photographic film is placed over all of the colonies. 
Only the colonies containing the radioactive iodine will produce an image 
on the film. Note that the chloroform treatment and the 125I-labeled antibody 
treatment are not performed using the original colonies. These treatments 
are performed on a piece of filter paper that had been carefully dabbed on 
the bed of colonies. The paper picks up a mirror image of the original 
colonies. Hence, the original colonies are not damaged by the chloroform 
vapors. The photographic results are used to locate the correct colony cor- 
responding to the image on the film. 

8. Grow large quantities of the colony of interest: The colony containing the desired 
insert is removed from the petri disk with a toothpick. It is transferred to a 
flask containing bacterial growth medium. Large quantities of the bacterium 
are grown. Each and every one of the bacterial cells contains the same 
plasmid which bears the identical insert. 

9. Harvest the plasmid from the cells and remove the insert from the plasmid: The 
cells are broken up with a homogenizer, releasing the plasmids. The insert, 
at this point, is still a continuous part of the plasmid. The boundary between 
the insert and the original plasmid still consists of the sticky ends. The sticky 
end region is then cleaved by an enzyme that catalyzes the hydrolysis of 
dsDNA in the region of the sticky ends. This enzyme is called a restriction 
enzyme. Restriction enzymes recognize specific sequences of bases in the 
dsDNA and cleanly cut through the dsDNA in this sequence without dam- 
aging other regions of the DNA. The restriction enzyme used at this point 
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must be chosen carefull~ as it must recognize only a region of dsDNA in or 
very close to the sticky ends. Hydrolysis results in liberation of the insert 
from the plasmid. The insert is much smaller than the plasmid and can easily 
be separated from it and obtained in pure form. 

10. Convert the insert to the DNA probe: At this point, the test tube contains a large 
quantity of the insert. The goal is to convert the insert to a form usable as a 
probe. T4 polynucleotide kinase is used to catalyze the attachment of radio- 
active phosphate to the ends of the DNA: 

dsDNA 
T4 polynucleotide kinase 

f ~ ~ [32p]dsDNA 

[32p] ATP ADP 

Separation 
of strands 

[32p]ssDNA 
The DNA probe 

The product of the reaction takes the form of dsDNA. A separate procedure is then 
used to separate the strands. Only one of the strands is appropriate for use in the 
dot blot procedure. 

Reverse Transcriptase and Terminal Transferase 

Steps 2 through 4 of the cloning procedure are reviewed in detail in Figure B.4. The 
overall goal of these steps is to produce a collection of dsDNAs corresponding to 
the collection of mRNAs in the tissue extract. The messenger RNAs cannot be used 
directly for cloning; however, dsDNAs can be inserted into plasmids, and then 
plasmids inserted into bacteria and cloned. 

The mRNAs coding for nearly all mammalian proteins contain a tail of adeny- 
late molecules. This tail is called poly(A). The tail occurs only at one end of the 
mRNA molecule. Conversion of the mRNA to the mRNA/DNA hybrid takes 
advantage of poly(A). This conversion is catalyzed by reverse transcriptase. Re- 
verse transcriptase cannot bind to mRNA as is. It requires a primer for activation. 
The primer can take the form of a short strand of poly(dT). The poly(dT) primer 
binds to the poly(A) tail of the mRNA, forming a small hybridized region. Forma- 
tion of the hybrid is possible because A binds to T. 

Reverse transcriptase catalyzes the formation of ssDNA, in the form of the 
RNA/DNA hybrid. The RNA is then hydrolyzed nonenzymatically; leaving the 
ssDNA intact. The ssDNA is converted to dsDNA using DNA polymerase I. Here, 
a DNA/DNA hybrid is formed. The plasmid also occurs as dsDNA. Terminal 
transferase is used to catalyze the addition of poly(dC) sticky ends to the insert 
(Figure B.4) and poly(dG) sticky ends to the plasmid (Figure B.5). The modified 
insert and plasmid are then mixed together, allowing hybridization of the sticky 
ends. Annealing of the complementary sticky ends results in the formation of 
circular dsDNA containing one copy each of the insert and plasmid. 
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Terminal 
transferase 

dGTP 

GGG 

FIGURE B.5 Details of the cloning procedure. The steps involving reverse transcriptase, 
DNA polymerase I, and terminal transferase are shown. The overall goal is to produce 
dsDNA suitable for insertion into the cloning plasmid, using mRNA as the starting mate- 
rial. 

USING DRUG RESISTANCE AS A SELECTION TECHNIQUE 

The goal of step 6 (see Figure B.3) of the cloning procedure is to grow and clone 
colonies of the bacteria that had accepted a plasmid, while killing cells that did not 
contain a plasmid. The continued viability and growth of bacteria that do not 
contain a plasmid greatly complicates the search for colonies containing the insert 
of interest. However, this complicating factor is easily overcome in daily practice 
by use of the drug, ampicillin. 

The solid nutrient medium in the petri dish contains the antibacterial drug 
ampicillin. This drug kills E. coli; however, the cells that harbor the plasmid readily 
grow in the presence of the drug because part of the plasmid contains a gene that 
codes for a drug resistance factor. A bacterium that has accepted a plasmid is said 
to have acquired ampicillin resistance. 

The plasmid, in linear form, is depicted in the process of receiving sticky ends 
as part of the cloning procedure in Figure B.5. The region containing the gene 
coding for drug resistance appears shaded. This region remains part of the plasmid 
during the entire cloning procedure. One plasmid widely used in cloning is 
pBR322, the letter p standing for "plasmid." pBR322 consists of 4361 base pairs, 
that is, two strands of DNA, each containing 4361 nucleotides. The region coding 
for antibiotic resistance consists of 1936 base pairs and codes for ~-lactamase, a 
protein of 286 amino acids. The amino terminus of this protein, as well as of other 
secreted proteins, consists of a stretch of some 20 amino acids that guides the 
movement of the protein through the cell membrane and into the periplasmic 
space. This region of the protein is called a signal sequence. ~-lactamase, in this 
space, catalyzes the hydrolysis and inactivation of ampicillin, as well as of related 
antibiotics such as penicillin. In cloning experiments, ampicillin is included in 
growth medium at a level of 0.05 mg/ml .  The antibiotic totally prevents growth 
of E. coli unless the bacterium synthesizes ~-lactamase. 

Note that plasmids exist as circular dsDNA when they occur in bacteria, that is, 
when they are replicated and transcribed in vivo. When plasmids are extracted 
from bacteria they also occur as circular dsDNA, but they can easily be converted 
to linear dsDNA in a test tube for the purpose of receiving inserts. Special enzymes 
called restriction enzymes recognize specific and rarely occurring sequences of 
base pairs and catalyze the hydrolysis of the dsDNA at a specific point within or 
near the sequence. In this wa36 a plasmid consisting of several thousand base pairs 
can be cut at one site only and converted to a single piece of linear dsDNA. 
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RESTRICTION SITES AND RESTRICTION ENZYMES 

The commentary on dot blots is self-sufficient, but one shortcut was taken, namely 
omission of details of restriction enzymes. Restriction enzymes are used for most, 
or all, DNA cloning procedures. DNA cloning by use of plasmids serves several 
purposes. These include: (1) generating large levels of a specific sequence of DNA 
to allow the sequencing of that DNA; (2) generating large levels of a specific 
sequence of DNA to allow generation of an mRNA probe; (3) generating a popu- 
lation of E. coli cells that contain the specific sequence of DNA, thus allowing 
synthesis of large amounts of protein from that DNA. For this purpose, a special 
plasmid must be used, namel~ an "expression plasmid." The expression plasmid 
allows for propagation and cloning of the gene of interest, but also allows tran- 
scription and translation of the gene within the growing E. coli cell. All of the above 
activities are facilitated by use of restriction enzymes and restriction sites. 

Restriction enzymes are nucleases that are made by bacteria to protect them- 
selves from viruses (Bickle and Kruger, 1993). Bacteria that live in the ocean, inside 
the intestines of ladybugs, or in human milk, all make restriction enzymes. These 
enzymes are part of the bacteria's immune system. These enzymes can digest the 
DNA of a virus that attempts to inject its DNA into the bacterial cell, and attempts 
to reproduce within the cell. The enzyme action results in the death of the invading 
virus. Molecular biologists have purified these enzymes for use in cloning. Each 
enzyme digests DNA at specific sequences that occur at rare and infrequent 
positions in the genomes of all living organisms. The use of restriction enzymes, 
as well as of short stretches of DNA bearing the target cutting sites, has replaced 
the use of the tailing reactions and sticky ends, mentioned above. 

All restriction enzymes are named after the bacterium where they originated. 
The cutting sites (restriction sites) are also named, and they bear the same name 
as the relevant enzyme. Table B.1 shows several commonly used restriction en- 
zymes, the structures of the target site that is hydrolyzed by the enzyme, and the 
organisms that originally produced the enzymes in nature (Bhagwat, 1992). 

How can a small piece of DNA replace the sticky poly C and poly G tails, for 
use in attaching two pieces of DNA together? The small piece of DNA containing 
the restriction site is called a linker. Linkers can be attached to the ends of pieces 
of double-stranded DNA, and to the ends of a linear plasmid, as shown here: 

~ Connecting linkers to 
double-stranded DNA 

Then, the ends are digested with a restriction enzyme. The substrate specificity of 
the enzyme must be one that matches the structure of the linker. In addition, the 
enzyme must be chosen so that it does not hydrolyze a restriction site that may 
reside in the sequence of the gene, or in the plasmid. Digestion creates comple- 
mentary ends at each end of each double-stranded DNA, i.e., at each end of the 
passenger DNA, and at each end of the plasmid: 
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4..~J Cleavage of ends of double-stranded 
~ DNA with a reslx~on enzyme 

The enzyme-treated gene and plasmid are then hybridized together (annealed), 
and allowed to form a large circle. The process is exactly as shown at step 4 of 
Figure B.3, except that the cleaved linkers replace poly G and poly C. After 
amplifying the copies of plasmid via culturing in bacteria (step 6, Figure B.3), and 
using antibody probing to locate colonies that actually contain the passenger DNA 
(step 7, Figure B.3), the gene can be removed by treatment with the original 
restriction enzyme (step 9, Figure B.3). 

Linkers have several advantages over connections made of poly C and poly G. 
One advantage is that restriction enzyme treatment can be used as a screening 
technique for locating the bacterial colony that contains the gene of interest. 
Another advantage is that restriction enzymes can be used to attach two different 
genes together at precisely known positions, to create a new gene. Still another 
advantage of using restriction enzymes is that they can be used for transferring 
the gene of interest from a plasmid that is good for DNA cloning in bacterial cells, 
to a different type of plasmid that is good for DNA cloning in mammalian cells. 

What is the purpose of the variety and number of available restriction enzymes 
(see Table B.1)? Not I is an especially useful site, when performing the initial step 
of annealing the insert DNA, coding for the gene of interest, with the plasmid. This 
is because Not I contains many guanines and cytosines. The ionic interaction 
between G and C is about twice as strong as between A and T. Thus, two pieces of 
DNA that have been pre-treated with Not I, tend to form a strong bond, in 
comparison to DNA that had been cut with other restriction enzymes. A plasmid 
and insert DNA that are both treated with Not I can anneal together more readily 
and predictably than when treatment is with any other restriction enzyme. 

Nde I is especially useful where the goal is to attach a promoter (promoters are 
binding sites for RNA polymerase) to a coding region (coding regions always 
begin with the ATG sequence). Please note that the Nde I site contains an ATG 
sequence. 

All of the restriction enzymes have proven useful for screening plasmids con- 
tained within bacterial colonies. Take the example where initial screening (with a 
radioactive antibody or radioactive DNA probe) has given 50 candidate plasmids. 
Screening with a probe does not automatically ensure that every plasmid contains 
the desired gene. In fact, most of the plasmids acquired with initial screening 
contain irrelevant genes, irrelevant pieces of passenger DNA. The use of restriction 
enzymes (restriction screening) is a quick and inexpensive way of creating a 
"fingerprint" of 50 candidate plasmids. 

A knowledge of the restriction site used as the cloning site, and of possible 
restriction sites within the passenger DNA, is used to interpret the fingerprints. 
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TABLE B.1 Restriction Enzymes and Target Cleavage Sites 

Restriction 
enzyme 

Organism 
Cleavage used as 
reaction source of 
in DNA enzyme 

Aat II 

GACGT 
C 

GACGTC 
CTGCAG 

C 
+ TGCAG 

Acetobacter aceti 

Bam HI GGATCC 
CCTAGG 

G GATCC 
CCTAG + G 

Bacillus amyloliquefaciens 

Eco RI GAATTC 
CTTAAG 

G AATrC 
CTFAA + G 

Escherichia coli 

Hind III AAGCTF 
TTCGAA 

A AGCTr 
TFCGA + A 

Haemophilus influenzae 

Nde I CATATG 
GTATAC 

CA TATG 
GTAT + AC 

Neisseria denitrificans 

Not I GCGGCCGC 
CGCCGGCG 

GC GGCCGC 
CGCCGG + CG 

Nocardia otitidis-caviarum 

Xma I 

C 
GGGCC 

CCCGGG 
GGGCCC 

CCGGG 
+ C 

Xanhomonas malvacaerum 

PHAGES,  PHAGEMIDS,  AND PLASMIDS ARE USED TO 
ACQUIRE DNA FOR SEQUENCING 

N u c l e i c  ac id  s e q u e n c e s  w e r e  p r e s e n t e d  in  a l m o s t  e v e r y  c h a p t e r  in  th is  t ex tbook .  
D e t e r m i n a t i o n  of  t h e s e  s e q u e n c e s  r e q u i r e s  a D N A  s e q u e n c i n g  t e c h n i q u e .  T h e  
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technique most often used is the dideoxy technique. Acquisition of the DNA 
utilized in this method requires several steps, namely the construction of a DNA 
librar)~ screening the DNA library to acquire the desired passenger DNA, and 
amplification of the desired DNA by many billion-fold via growth of a plasmid in 
bacteria. A number of different pathways can be used to acquire a DNA sample 
suitable for sequencing. Sometimes several approaches are taken over the course 
of many years in order to get the DNA sample. With luck, the procedure may take 
only a few weeks. 

The following material details a frequently used approach for acquiring a 
homogeneous collection of DNA molecules for use in DNA sequencing. DNA 
sequencing will then be described. 

PHAGES, PLASMIDS, AND PHAGEMIDS 

DNA Libraries Contained in a Phage Can be Screened with 
Radioactive DNA, Where the Screening Process Does Not 
Depend on Transcription and Translation of the Gene of Interest 

Figure B.3 depicts the creation of a "DNA library" whose composition is intended 
to reflect the sequences of all the mRNA molecules made in a particular living cell 
or tissue. DNA library is the term for a plasmid (or other cloning device) that 
contains a collection of DNA, where the collection reflects all the types of mRNA 
in a particular tissue. The tissue may be liver, breast cancer cells, fetal brain, or 
silkworms. 

DNA libraries can be created within (kept and stored within) a plasmid, but 
more often they are initially stored inside a bacterial virus (phage, bacteriophage). 
The phage allows propagation of all the genes of the original tissue of interest, and 
greatly facilitates screening the DNA library for the gene of interest. Plasmids can 
also be used for propagating DNA libraries, and screening DNA libraries, as was 
shown above using the example of the radioactive antibody (step 7, Figure B.3). 
The antibody method of screening is difficult and time-consuming, and depends 
on an assumption that the DNA will be utilized within the bacterium for transcrip- 
tion and translation. There is no guarantee that any type of foreign DNA, when 
placed inside a bacterium, will be used to create a protein. Often, foreign DNA fails 
to be used for protein synthesis, unless the researcher is able to make fine adjust- 
ments in the structure of the foreign DNA. The process of DNA library screening 
is much easier where a virus is used to contain the DNA library. 

The tool used for screening a DNA library contained in a virus is a radioactive 
DNA probe. This DNA probe is designed, by the researcher, so that its sequence 
closely or exactly matches the sequence expected in the gene of interest. The DNA 
probe consists of single-stranded DNA. It may be only 25 deoxynucleotides long, 
or it can be several hundred nucleotides long. 

Use of a phage greatly facilitates probing for the region of the agar on the petri 
dish containing the phage colony (phage plaque) of interest, because of the huge 
concentration of target DNA contained in the phage plaque. 
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Advantages of Placing the DNA Library Inside a Phage 

One phage, called ~ZAP (lambda ZAP), has proved to be a useful cloning device. 
Screening a DNA library contained in ~ZAP is easier than screening a DNA library 
contained in a plasmid. In addition, ~ZAP has special properties that make it easier 
to work with than other lambda phages. ~ZAP facilitates acquisition of a pure 
population of plasmids bearing the gene of interest. What is this property? The 
answer is that ~ZAP has the properties of a phage and of a plasmid. In fact, ~ZAP 
is called a phagemid. 

Advantage of Placing the DNA Library Inside a Phagemid 

In contrast to a typical phage, bearing a genome of about 50 kilobases, kZAP 
contains, within its genome, a plasmid. This plasmid is named pBluescript. With 
construction of the DNA librar~ the genes are inserted into pBluescript, where 
pBluescript is nested inside the genome of ;~ZAP. To view some of the numbers, 
KZAP contains a region (40.8 kb) that consist of phage DNA, and a region (2960 
bases) that consists of plasmid DNA. The plasmid can hold up to 10.2 kb of insert 
DNA (passenger DNA). The insert may consist of a gene, or of non-coding DNA. 

Screening the DNA Library Contained in ~ZAP 

The phage DNA library is analogous to a thousand little ferry boats, each trans- 
porting one automobile, where each automobile holds a single man. The collection 
of ferries carries thousands of automobiles, and thus thousands of different men. 
The goal is to detect and acquire a single ferry (containing the man of interest), and 
to discard the unwanted ferries. Once the correct ferry boat has been found, it is 
child's play to open the door, to let the man out, and to study the man. 

In this analogy, the phage library (consisting of thousands of phage particles 
suspended in a test tube) is analogous to the collection of ferry boats, and the 
automobile is analogous to the plasmid. The man is analogous to the passenger 
DNA. Once the screening technique has located the phage that contains the 
desired passenger DNA, a mechanism (gene II protein) is used to initiate forma- 
tion of multiple independent copies of the plasmid. Gene II protein might be 
analogous to the gangplank of the ferry b o a t -  it allows the automobile to come 
out. The gene II protein is not coded by the genome of the host cell, the phage 
DNA, or by pBluescript's DNA. The gene II protein is supplied by infecting the 
bacterial cells with a helper phage. 

Only after screening the phage library, and acquiring a single phage plaque, and 
infecting bacteria with this single phage plaque is the helper phage used. The 
purified phage plaque and the helper phage are both added at the same time to 
infect the bacterial cell. 

The process of inserting a DNA library into ~ZAP, infecting bacteria with this 
phage, viewing the agar plate containing phage plaques, screening the agar plate 
of phage plaques, acquiring the positive plaque or plaques, infecting host cells 
with the positive plaque, and acquiring pBluescript, are outlined in Figure B.6. 
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Helper phage Step 4/ 
Fresh ~-~ 
bacte~al \ cells 4 1  

0 
0 

0 
0 0 

0 

I 

Step 5 

/ / c~ pBluescrip' Step 6 

/ /  Fresh bacterial cells 

FIGURE B.6 Acquisition of pBluescript-containing homogeneous DNA insert. A DNA library, within lambda phage, 
was created just prior to step 1. The starting material in the sequence of steps 1-7 is a collection of double stranded 
DNA, made from all of the mRNAs present in the cell or tissue of interest. The starting material also includes the 
separate parts of a lambda phage, which can be assembled in a test tube. The assembled lambda phage contains, 
within its genome, the heterogeneous collection of dsDNA molecules acquired from the heterogeneous collection of 
mRNA molecules. The final material in the sequence is a plasmid, containing a homogeneous piece of DNA (coding 
for only one gene), which originated from a single type of mRNA from the extracted cell or tissue. The plasmid can 
be easily extracted from a colony of the bacterium, in a step that takes 30 min, and utilized in a DNA sequencing 
procedure. The DNA sequencing procedure requires only a few hours of actual work, and the actual DNA sequence 
can usually be acquired 1 day after performing the laboratory work. Steps 1-7 refer to a procedure that can be 
followed with KZAP (and pBluescript), or with similar biotechnology products. Step 1 shows the assembly of the 
phage in the test tube. The phage has a head, body, and legs, as do all normal lambda phages. The DNA resides in 
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With detection of the phage of interest (residing at a specific point in the agar 
on a petri dish), the next task is to remove the plasmid (pBluescript) from the 
phage, and to propagate this plasmid (in total absence of phage) in bacteria. The 
removal of the plasmid, from its home in the lambda phage, is initiated by gene 
II protein. 

After removal of the plasmid from the phage, the plasmid can be used in 
reaction mixtures used for DNA sequencing. The dideoxy technique for sequenc- 
ing DNA is shown below. 

How does ~,ZAP differ from lambda phages occurring naturally in the wild? 
Researchers removed much of the genome of the lambda phage. This removal 
prevents the lambda phage from engaging in the lysogenic life cycle. Researchers 
also removed many naturally occurring restriction sites from the phage. Finally; 
pBluescript was inserted into the genome of ~.ZAP. 

How does pBluescript differ from a plasmid in the wild? pBluescript is a 
modified version of pBR322. Researchers removed many naturally occurring re- 
striction sites from the plasmid. They added special DNA sequences, acquired 
from a totally different phage (filamentous phage), called the initiation signal and 
termination signal. These special signals bracket the entire molecule of 
pBluescript (when the plasmid occurs in a linear manner within the genome of the 
lambda phage). These signals are the targets of the gene II protein (supplied by the 
helper phage), and guide the synthesis of many copies of the plasmid which are 
free and independent of the lambda phage. 

pBluescript also contains a gene for ampicillin resistance. The transcription and 
translation of this gene, within the bacterial cell, allows the bacterial cell containing 
the plasmid to live, but kills all other bacterial cells with amazing efficiency. Hence, 
ampicillin is used as a selection technique. 

pBluescript also contains a set of about 20 restriction sites, occurring in a row. 
This region could be considered to be the "grasping hands" of pBluescript, as it is 

the head, and contains the phage's genome, the plasmid, and the DNA insert, all in one continuous DNA 
molecule. Step 2 shows the phage being mixed with E. coli cells, and then poured on a plate containing 
nutrient agar. During this period, the phage binds to the surface of the E. coli, and injects its DNA into the 
bacterial cell. The number of phages is adjusted, by the researcher, to about a thousand phages before pouring 
over the nutrient agar. The purpose of this adjustment is to allow about a thousand evenly spaced regions 
(on the agar plate), each containing a single phage. The number of E. coli cells is odjusted so that they form 
a continuous, even layer of growing bacteria. This continuous layer of cells is called a lawn, as in a grass 
lawn. Step 3 shows the production of an E. coli cell containing a phage particle (actually, each E. coli cell 
contains many phage particles), and the generation of a bacterial lawn bearing seven plaques. Each plaque 
arose from a single phage particle, and consists of an area, about I mm wide, containing dead bacteria and 
large concentrations of phage, where each phage particle contains the exact same DNA insert. The plaque 
looks clear compared to regions of the plate containing healthy uninfected bacteria. Note that if the researcher 
had mixed 10 million phages with the bacteria and then poured them on the plate, it would not have been 
possible to distinguish separate discrete plaques. Step 4 shows the occurrence of seven plaques. Screening of 
all seven plaques (in actual practice, over 1000 plaques occur on the agar) is performed in a manner similar 
to that shown in Figure B.3 (step 7), except that instead of probing with a radioactive antibody, probing is 
performed with a piece of radioactive DNA. The plaques that give a positive signal are then picked. Step 4 
shows one of the plaques being picked (with a toothpick) and placed into a test tube containing a suspension 
of fresh bacterial cells and helper phage. The test tube is incubated to allow each E. coli cell to be infected 
with the harvested phage and with the helper phage (co-infection). Between steps 4 and 5 (during the 
incubation period), large quantities of pBluescript (bearing the insert) are produced, packaged in the filamen- 
tous phage, and excreted from the E. coli into the medium. Step 5 shows the filamentous phage taken out of 
the tube, and step 6 shows it being placed into another test tube and being mixed with fresh E. coli. Step 7 
shows the cells, containing pBluescript, being poured out of the test tube. Typically, each bacterial cell might 
contain 10-30 copies of the plasmid. 
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the only part of pBluescript that contacts the passenger DNA (the insert DNA). 
The researcher has the option of inserting the foreign DNA into any of the restric- 
tion sites occurring in the linker region; however, use of the Not I site allows ease 
of connecting the foreign DNA into the plasmid because of the large number of G 
and C bases. 

PROPERTIES OF PHAGE LAMBDA AND OF 
FILAMENTOUS PHAGE 

An outline of the characteristics of naturally occurring lambda and filamentous 
phages may bring into sharper focus the altered types of lambda and filamentous 
phage described in this appendix. To recapitulate, the altered lambda phage is 
KZAP. Bits of filamentous phage occur within pBluescript as special sequences of 
DNA called the initiation signal and termination signal. In addition, the helper 
phage is an altered filamentous phage. 

Filamentous Phage 

The filamentous phages include strains called M13, fl, and fd. These phages 
consist of a genome of about 6400 bases, which codes for 10 genes. The genome, 
as it occurs within the phage, consists of one piece of single-stranded DNA. This 
DNA is coated with 2800 copies of a protein called gene VIII protein. The coat takes 
the form of a tube that is about 930 nm long and 6.5 nm wide. One end of the tube 
contains a few copies of the gene III protein. Gene III protein mediates absorption 
of the phage on target E. coli cells. Specifically, gene III protein binds to a structure 
of the bacterium called a pilus. In normal bacterial biology; the pilus serves the 
function of a penis, and allows the donor bacterial (male) to transfer some of its 
DNA to a recipient bacterium. In phage biolog~ the filamentous phage utilizes the 
pilus as a point of entry. The phage injects its DNA into the E. coli, and the phage's 
coat proteins remain behind. Once the phage's DNA is inside the cell, the phage's 
gene I! protein is used to begin amplification of the number of copies of the phage's 
DNA within the host cell. DNA polymerase, and other enzymes of the E. coli, are 
necessary for helping make copies of the phage's genome. At one end of the 
phage's genome is a short DNA sequence called the "initiation signal," while at 
the other end is a short DNA sequence called the "termination signal." 

The researcher who takes advantage of filamentous phage biology for cloning 
purposes might take note of the following facts. (1) The filamentous phage is 
capable of holding DNA of a much greater size than normal, i.e., many times the 
size of the normal genome. This fact is beneficial to the researcher, as it allows one 
to include a human gene as part of the phage's genome, for the purpose of cloning. 
(2) The researcher must be sure that recipient bacterial cells are male, when 
attempting to infect E. coli cells with the filamentous phage. On the other hand, 
once the filamentous phage's genome is inside the E. coli, it is not necessary for the 
E. coli to keep the pilus. (3) The researcher who uses pBluescript might like to know 
that most of this plasmid was derived from pBR322; however, the ends of 
pBluescript consist of the initiation and termination signals derived from the 
filamentous phage. 
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Lambda Phage 

Lambda phage consists of a head, tail, and tail fiber. The head contains a genome 
consisting of 48,502 base pairs (48.5 kb) of DNA. The DNA is linear and double 
stranded. At each end of the DNA is a short piece of single-stranded DNA, 
extending by 12 nucleotides. Phage development starts when the phage attaches 
to the bacterium with the tip of its tail fiber. The DNAis injected into the bacterium, 
leaving the phage's body behind. Immediately after injection, the DNA circular- 
izes by means of the 12-base overhangs. The two 12-base overhangs are comple- 
mentary; and they readily anneal together (once outside the phage particle). The 
genome codes for about 50 different proteins. These proteins, as well as some of 
the bacteria's own proteins, are used for reproduction of the phage's genome and 
for creation of new phage particles. For example, three of the phage-coded proteins 
catalyze destruction of the bacterial membrane. Two of the phage-coated proteins 
are used to form terminase, an enzyme that catalyzes cleavage of the circular 
lambda phage genome at one spot, thus creating a linear genome suitable for 
packaging into newly created produced phages. Terminase also serves to insert the 
genome into the empty heads. After 40 minutes of injection of the phage genome, 
about 100 new phage particles are produced, and the host cell is burst. The above 
events are called the lyric cycle. An alternate lifestyle is often practiced by lambda 
phage. In this lifestyle, which is called the lysogenic cycle, the phage incorporates 
its genome into the bacterial genome, and remains indefinitely dormant. Certain 
types of environmental stress can provoke the phage's genome to pop out of the 
bacteria's genome, to create daughter phage particles, and to burst the bacterial 
cell. 

Lambda phage can exist with a genome that is only in a specific size range, that 
is, 38-53 kb long. This means that the maximal size compatible with packaging or 
enclosure of the DNA within the phage coat is 53 kb. One-third of the phage's 
genome can be totally eliminated by the researcher, and replaced with DNA that 
is irrelevant to phage biology. The resulting phage is capable of engaging in the 
lyric life cycle, but can no longer engage in the lysogenic life cycle. XZAP is a 
lambda phage that has the central section of DNA removed and partially replaced 
with plasmid DNA (pBluescript), and with the capacity of accepting a further 10 
kb of insert DNA. ~,ZAP phage can engage in the lytic life cycle, but not the 
lysogenic life cycle. 

Comparison of Filamentous Phage and Lambda Phage 

Lambda phage is closely related to other bacteriophages, and these are called T3, 
T7, T5, Mu, T2, and T4. All of these phages consist of a double-stranded DNA 
genome, an icosahedral head, a long cylindrical tail, and a variable number of tail 
filaments. The related filamentous phages are M13, fl, and fd. 

At the start of the infectious process, lambda phage contacts a nutrient transport 
protein (the maltose transporter) on the membrane of the E. coli. Without this 
membrane-bound protein, the phage cannot infect the E. coli. At the start of the 
infectious process, filamentous phage contacts the pilus of the E. coli. Without this 
extracellular structure, the phage cannot infect the E. coli. When lambda phage 
reproduces, it causes the bacterial cell to burst, and the E. coli is killed. When 
filamentous phage reproduces, it leaves the E. coli in a harmless budding process, 
and the E. coli survives. 



956 Appendix B: Dot Blots, Molecular Cloning, and DNA Sequencing 

SEQUENCING OF DNA 

Figure B.7 depicts the dideoxy method of DNA sequencing. This method was 
devised by Fred Sanger. The procedure is bipartite: (1) utilization of plasmid DNA 
and DNA polymerase to create a few hundred different pieces of DNA, where each 
piece differs in length (from the other pieces) by one nucleotide; and (2) use of gel 
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FIGURE B.7 Polyacrylamide gel containing bands of radioactive DNA. The figure shows a radioautographic image 
of a portion of a polyacrylamide gel that was used for determining a DNA sequence. Samples taken from four separate 
reactions, described in the text, were applied to four wells, and these wells were named T, C, G, and A. The 
corresponding lanes containing the ladder pattern were also named T, C, G, and A. The order of application of the 
four samples is up to the discretion of the researcher, as this order may also be A-T-G-C, for example. Each band 
contains a homogeneous population of radioactive single-stranded DNA. All of the DNA molecules in the first lane 
begin with the primer sequence, and end in T. All of the DNA molecules in the second lane begin with the primer 
sequence, and end in C, and so on. The figure depicts the image acquired after exposing the gel to the X-ray film for 
I day. This technique is called autoradiography, because the sample of interest (the DNA molecules embedded in the 
gel) are radioactive and provoke a graphic image in the film. The electric field, applied to the gel, forces the negatively 
charged molecules of DNA to migrate downward through the polyacrylamide gel. The separation of the DNA 
molecules from each other is based on their size, not charge. The polyacrylamide gel acts as a sieve, allowing smaller 
DNA molecules to migrate faster through the gel matrix, and larger DNA molecules to migrate more slowly. The 
DNA molecules tend to stay in their own lanes, and tend not to cross-contaminate adjacent lanes. The sequence of 
DNA is read starting from the bottom. The indicated sequence is TCGAATACGACACCT. The image in the figure 
represents an "in-flight" picture of the DNA sequences, which captures their relative positions when they have 
migrated only partly through the length of the foot-long polyacrylamide gel. In determining the sequence of an insert 
contained in pBluescript, or within any other plasmid, the researcher can design a primer that binds to either strand 
of the double-stranded DNA. By convention, one strand is called the coding strand, while the other strand is called 
the template strand. The coding strand bears the same sequence of bases as found in the messenger RNA. The 
template strand is the strand that is physically contacted by the various transfer RNAs, during translation. The careful 
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electrophoresis to separate the different pieces of DNA, to provide an image 
consisting of a few hundred signals (shaped like tiny lines) that are stacked on top 
of each other. 

Chemicals  

The chemical components of the procedure include: 

1. DNA polymerase. All organisms contain DNA polymerases that have differ- 
ent properties. Even some bacteriophages code for their own DNA polym- 
erases. The type of DNA polymerase used in the dideoxy technique was 
chosen because it works the best. 

2. Deoxyribonucleotides (dATP, dTTP, dGTP, dCTP). Deoxyribonucleotides are 
the substrates of all DNA polymerases. The dideoxy method utilizes reac- 
tions, where the enzyme catalyzes polymerization of these nucleotides into 
new strands of DNA. The dATP that is used actually is not dATP, but a 
similar compound that is radioactive. This compound is sulfur-35-1abeled 
dATE Only the dATP is spiked with 35S. The other deoxyribonucleotides are 
not radioactive. 

3. DNA primer. The DNA primer consists of a short piece of single-stranded 
DNA that is used to give DNA polymerase its start. The DNA primer also 
serves the vital function of assuring that all DNA sequences that are made 
begin at exactly the same point in the template DNA. 

The researcher chooses the sequence of the primer to be used, and orders their 
synthesis from a vendor. Sometimes the sequence of the primer corresponds to 
part of the insert; sometimes the sequence of the primer corresponds to part of 
pBluescript that occurs immediately adjacent to the cloning site. 

4. Template DNA. The template DNA consists of a preparation of pBluescript 
containing the DNA insert, i.e., the stretch of DNA that needs to be se- 
quenced. 

The researcher has no need to determine the sequence in pBluescript, as its se- 
quence is known with certainty. The template DNA is briefly exposed to mild 
alkali (sodium hydroxide) in order to separate the two complementary strands of 
the double-stranded plasmid. Without alkali-treatment, the primer would not be 
able to bind to the correct starting place. Alkali treatment converts the double- 

researcher always performs sequencing reactions on both strands, and thus needs to use two types of primers. 
Typically~ a researcher may spend a week or so in sequencing one strand, and then devote a week or so to 
sequencing the opposite strand. The determination of the sequence for the entire coding region of a gene may 
involve use of several different plasmids, bearing overlapping bits of the gene, and a dozen different primers. 
Although sequencing a DNA insert contained in a plasmid may take a few weeks, sequencing an entire gene 
can take several months. Almost every known gene, whether occurring in viruses, bacteria, maize, worms, 
cancer cells, or humans, has been (or will be) sequenced by a protocol similar to that depicted here. Data 
from Brody et al. (1995). 
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stranded target DNA into two separated pieces of single-stranded DNA. Only one 
of these two strands contains the binding site for the primer. 

5. Dideoxyribonucleotides (ddATP, ddTTP, ddGTP, ddCTP). Each of the above 
deoxyribonucleotides (dATP, dTTP, dGTP, dCTP) are spiked with low levels 
of the corresponding dideoxyribonucleotides (ddATP, ddTTP, ddGTP, 
ddCTP). Deoxyribonucleotides are the normal substrates of DNA polym- 
erase. The deoxyribose moiety of these substrates contains one free hydroxyl 
group. This free hydroxyl group is used for attachment of further deoxyri- 
bonucleotides, allowing elongation of the growing DNA chain. 

Dideoxyribonucleotides lack the free hydroxyl group, and contain a hydrogen 
atom in its place. DNA polymerase is able to recognize a dideoxyribonucleotide 
as a substrate, and is able to catalyze its addition to the end of a daughter DNA 
chain. However, where the terminus that is encountered consists of a dideoxyri- 
bonucleotide, the DNA polymerase is prevented from adding more deoxyribonu- 
cleotides to this end. The result is a dead-end product. 

All of the dead-end products consist of exactly the same starting point (the 
5'-end of the DNA). However, each of the dead-end products has a different length 
and a different termination point (the 3'-end of the DNA). The dead-end products 
consist of a mixture DNA molecules that are from about 20, 21, 22, 23, 24, 25, 26, 
27, 28, 29, 30, 31, 32, and so on up to about 400 deoxyribonucleotides long. Thus, 
each of the dead-end products has a different length. 

Protocol for Using the Template, Primer, Enzyme, and Substrates 

Four separate test tubes are used, and four separate reactions are performed. Each 
of the four test tubes contains all of the ingredients listed above, with one excep- 
tion. The first test tube contains ddATP, the second ddTTP, the third ddGTP, and 
the fourth ddCTP. Each test tube contains equal quantities of enzyme, template, 
and primer. 

With assembly of the four reaction mixtures, the primer rapidly diffuses 
throughout the solution, and within seconds finds its resting place on the DNA 
template. The primer that is 15 deoxyribonucleotides long is shown in the follow- 
ing diagram. The 5'- and 3'-ends of the primer are indicated. The process of 
binding of the primer to the template is called annealing or hybridization, as 
indicated in the diagram. Please convince yourself that every A anneals to a T, and 
that every G anneals to a C: 

Region of hybridization 

5 ' -GCT~T~CCACA-3' ~/ ~ ~  
oooOCGACCGACCGGGTGTCTAGGACGGTGGTACGGCGTCGTAGCAGTCCTGGGAGGTGGTCGTATTeeOooooo 

As soon as the primer binds, DNA polymerase locates the 3'-end of the primer and 
catalyzes the covalent attachment of deoxynucleotides to this end, resulting in a 
growing chain of single-stranded DNA, as shown in the following diagram: 
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Direction of 
polymerization - ~  

5 ' -C43TGGCTGGCC, CACAGAT CC TGC CAC CAT GCCGCAG 
eeeeCGACCGACCGGGTGTCTAGGACGGTGGTACGGCGTCGTAGCAGTCCTGGGAGGTGGTCGTATTeeeeeeee 

A few of the growing chains will grow to about 400 deoxyribonucleotides in 
length. A few will grow to 399 deoxyribonucleotides. A few will grow to only 30 
or 40 deoxyribonucleotides. The eventual length of the daughter strand of DNA 
depends on how soon DNA polymerase encounters a dideoxy substrate (ddNTP), 
and catalyzes its incorporation into the growing strand of DNA. The conditions of 
the reaction mixtures assures that chain termination occurs evenly throughout the 
length of the entire DNA template. The diagram depicts the termination of a 
daughter strand of DNA caused by the incorporation of a molecule of dideoxyG. 
The dideoxyG (G-H) was incorporated opposite the complementary deoxyri- 
bonucleotide (C). The H in the symbol "G-H" indicates the hydrogen atom in 
dideoxyguanosine that replaces the hydroxyl group of deoxyguanosine: 

Point of chain ~ termination 
enzyme dissociates) 

5 ' -GCTGC4:TGC4:CCAC.AGATCCTGCCACCATGCCGCAGCATCG-H 
eeeeCGACCGACCGGGTGT CTAGGACGGTGGTACGGCGTCGTAGCAGTCCTGGGAGGTGGTCGTATT,,eee,e, 

The first test tube contains a collection of daughter DNA molecules, of various 
lengths, where each molecule begins with the primer and ends with ddAMP. The 
second test tube contains DNA products that begin with the primer and end with 
ddTMP. The third test tube contains DNA that begins with the primer and ends with 
ddGMP. The fourth tube contains DNA product that begins with primer and ends 
with ddCMP. All of the DNA products contain radioactivity (35S) due to the pres- 
ence of radioactively labeled dAMP groups occurring periodically and at various 
intervals in the daughter DNA. 

The contents of the four respective test tubes are loaded into four separate wells 
located at the top of a slab of polyacrylamide gel. The polyacrylamide gel may be 
a few inches wide and a foot long. The wells consist of small indentations (wells) 
at the top of the gel. These indentations function as chambers that hold the reaction 
mixture until an electric field draws the DNA molecules into the gel. Electrodes 
are fastened to the top of the gel and to the bottom of the gel, and the power is 
turned on. 

The electric field draws the negatively charged DNA molecules into the gel. The 
shorter DNA molecules migrate at a faster rate, as they can move quickly through 
the pores of the gel. The longer DNA molecules migrate at slower rates. This 
method of separation is extremely sensitive, as it can easily separate DNA strands 
that differ in length by only one deoxyribonucleotide. For example, the method 
can separate a molecule that is 387 deoxyribonucleotides long from one that is 388 
deoxyribonucleotides long. The power is turned off just before the shortest DNA 
products reach the bottom edge of the polyacrylamide gel. 
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Interpretation of the Pattern on the Polyacrylamide Gel 

The polyacrylamide gel is placed on top of a sheet of X-ray film for a day or so. By 
allowing close contact between the gel and the film, the radioactive DNA mole- 
cules that reside in the gel produce a corresponding pattern of bands on the X-ray 
film. After the exposure period, the X-ray film is developed in a manner similar to 
that used for developing ordinary black-and-white film. The result is four ladder- 
like stacks of spots, or bands. The four ladders reside side by side and correspond 
to the four wells. All of the bands occur at unique distances from the top edge of 
the gel. 

In interpreting the pattern of the gel, one's eyes need to play a game of hop- 
scotch. This game of hopscotch is played as follows. First, one views the lowest 
band. The lowest band may be in the first, second, third, or fourth ladder (lane). 
The four lanes are labeled according to the particular dideoxyribonucleotide that 
was used for spiking the respective reaction mixture (Figure B.7). In Figure B.7 the 
lowest band is in the fourth lane. Thus, one should write A on a piece of paper. 
Then one searches for the next band up. The next band up resides in the third lane, 
which is the G lane. One can then write G on the paper, and so on. Part of the DNA 
sequence revealed by the gel is indicated in Figure B.7. 

SUMMARY 

The dideoxy technique of DNA sequencing depends on the ability of DNA polym- 
erase to make a complementary copy of the DNA template, on the ability of the 
enzyme to catalyze the incorporation of an occasional residue of dideoxyribonu- 
cleotide, and on the fact that this nucleotide brings a halt to further polymeriza- 
tion. The conditions of the enzymatic reaction are such that a separate daughter 
chain is created that terminates with a base corresponding to every one of the 
several hundred bases in the target DNA. In other words, chain termination occurs 
to about the same extent at every base of the template. Finally; the dideoxy method 
depends on the ability of gel electrophoresis to separate, by a fraction of a milli- 
meter, daughter DNA products that differ in length by only a single deoxyribonu- 
cleotide. Daughter DNAs that are 20-100 deoxyribonucleotides long and one base 
apart in length are clearly resolved from each other on the gel. However, daughter 
DNAs that are 300--400 deoxyribonucleotides long and one base apart in length 
may be poorly resolved from each other, i.e., the bands are squeezed together. 

EXERCISE 
With use of the dideoxy technique, and with viewing the autoradiographic gel (the 
"autorad'), would you expect to be able to read and determine the DNA sequence that 
occurs in the primer? 

What activities follow the determination of a DNA sequence? The first task is 
to determine the region of DNA that codes for amino acids, and which regions are 
likely to be nontranslated regions. The coding region can be found by determining 
the sequence of part of the polypeptide in question. Usually the sequence of some 
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of the amino acids in the polypeptide is known prior to embarking on the DNA 
cloning project. Once 10 consecutive amino acids have been identified by direct 
sequencing, the corresponding 30 consecutive DNA bases can be inferred, by 
consulting the genetic code (see Chapter 1). The "best guess" for these 30 DNA 
bases is then entered into the computer and compared with the DNA sequence 
acquired from the polyacrylamide gel. The computer will then highlight the region 
on the gel that codes for the known amino acids. 

The above task, once accomplished, allows the researcher to view the sequence 
of DNAbases (read from the polyacrylamide gel) in terms of a series of consecutive 
codons (triplets of bases that code for amino acids). The next task is to search for 
the translation start site and the translation stop site. Once the entire sequence of 
the polypeptide has been acquired from the DNA sequence, the researcher may 
compare the amino acid sequence with those of all known proteins. This task, 
which is performed on the computer, can reveal whether or not the polypeptide 
being studied is closely related to another, better characterized polypeptide. If a 
close match is found, the researcher may gain insight into the functions of the gene 
being sequenced. 

Acquisition of DNA and Protein Sequences Using the Internet 

The sequences of a great number of genes have been determined and stored 
electronically in several databanks. Where it was possible to derive protein se- 
quences from the coding regions of the genes, the derived protein sequences were 
also stored in various databanks. By utilizing one's computer and a search engine, 
one can access the information within a databank. By entering the name of a 
protein of interest, one can acquire a display of its amino acid sequence, or of the 
DNA sequence of its gene. 

The National Institutes of Health maintains a databank called Genbank. Its 
address on the intemet is http://www.ncbi.nlm.nih.gov. Once the homepage has 
been displayed on the screen, one can highlight Nucleotide Sequence Search, type 
the name of the protein coded by the nucleotides, and access the nucleotide 
sequence. Altemativel~ one can highlight Protein Sequence Search, type the 
name of the protein, and acquire the amino acid sequence. If one knows the partial 
DNA sequence, i.e., about 50 consecutive nucleotides, one can enter the sequence 
and, in this wa~ acquire a display of any gene that contains the entered sequence. 
If one knows the partial amino acid sequence, i.e., about 15 consecutive amino 
acids, one can also enter this sequence and get a display of any polypeptide 
containing the entered sequence. 

Another DNA sequence databank aside from Genbank is that of the European 
Molecular Biology Laboratory (EMBL) (the corresponding protein sequence dat- 
abank is called SWISS-PROT). There is also the DNA Databank of Japan (DDBJ). 
Bioinformatics means the use of computers for the creation and storage of great 
quantities of DNA sequences, and the use of special applications for the analysis 
and comparison of these sequences. Benton (1996) and Fishman (1996) have out- 
lined the field of bioinformatics. A related term, genomics, means the study of the 
genomes of various organisms, an activity that usually involves the use of com- 
puters. 
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APPENDIX C 

METHODS AND TERMS 

IN EPIDEMIOLOGY 

Epidemiology is a vital tool for guiding nutritionists who need to advise the public 
on dietary choices. Epidemiology has also proven helpful to molecular biologists 
who find inspiration in data suggesting that specific nutrients can influence the 
activity or behavior of specific genes. All epidemiological studies involve large 
groups of people, i.e., from a thousand to a million. Many problems studied by 
epidemiologists occur at low levels in the population, i.e., 0.01 to 1.0%, and hence 
require the study of large groups. Two terms, incidence and prevalence, are used to 
refer to the levels of a disease in any population. Incidence means the number of 
new cases to arise during a particular time interval. Prevalence means the number 
of cases existing in a specific instant of time, i.e., on September 2, 1996. 

The following definitions are needed for a clear understanding of the presenta- 
tion of colorectal cancer that appeared earlier in the text. Several types of studies 
are used by epidemiologists. Two general studies are cross-sectional studies and 
longitudinal studies. Cross-sectional studies are relatively inexpensive, and usually 
take note of the number of occurrences of a specific disease, and risk factors, 
existing during a specific small interval of time (prevalence). Cross-sectional stud- 
ies can also take note of the number of new occurrences of a disease, and risk 
factors, occurring in a specific interval of time (incidence). Cross-sectional studies 
cannot be used to determine cause and effect. For example, a cross-sectional study 
may produce data that associates obesity with inactivity, but it will not tell you 
which came first, i.e., obesity or the sedentary lifestyle. The terms cross-sectional 
study and prevalence study generally mean the same thing. The results from a 
prevalence study have limited value, but they may be used to justify setting up a 
specific screening test in a clinic, or for acquiring funding for a longitudinal study. 

A problem with prevalence studies is that they may underestimate diseases 
having a rapid, early fatality rate. Bacterial diarrhea in infants may be detected and 
then kill an infant within a week or so. Please imagine a tropical village where 10% 
of the persons die from this disease in I year. However, prevalence data may reveal 

963 
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that none of the persons had this disease during the first week of July. The use of 
prevalence data to assess a rapidly fatal disease in a given population may there- 
fore grossly underestimate the seriousness of this disease. Hence, one might prefer 
to use incidence data for acquiring information on infectious diarrhea. 

Longitudinal studies follow a certain property over the course of time, taking data 
points at various times. Longitudinal studies can be prospective (cohort studies) 
or retrospective (case control studies). In a prospective study, the investigator 
contacts two or more groups, one group exposed to a certain risk factor and 
another group not exposed to the factor, follows both groups for several years, and 
eventually determines which group was associated with the risk factor. Prospec- 
tive studies are also called cohort studies. The term cohort means the entire group 
of people that is contacted, i.e., those exposed to various suspected risk factors as 
well as those not exposed to risk factors. The subjects are classed according to 
exposure to such things as diet, alcohol intake, radiation exposure, age at first 
pregnanc}~ use of hair dye, smoking, and frequency of exercise. Only after the 
subjects are classed according to relevant risk factors does the epidemiologist 
maintain communication with the subjects and determine if they acquire a specific 
disease. Cohort studies are expensive because one might need to contact at least 
10,000 persons, and wait 5 years, before 10 persons acquire the disease of interest. 

The most conclusive, and most expensive, type of study is a prospective study 
where the epidemiologist intervenes with the subjects. This type of study is called 
an intervention study. For example, 5000 persons may be given pills containing 
folic acid, while 5000 persons may be given pills containing only filler, where the 
pills are consumed for 10 years and the subjects are evaluated for cancer. In this 
manner, the investigator exerts some control over the risk factors of interest. 

One problem with cohort studies is that often a third of the subjects will drop 
out of the study. However, this should lead to error only if the reason for dropping 
out is somehow connected to the disease. Another problem with cohort studies is 
nonparticipation. For example, evidence suggests that smokers are more likely to 
refuse to participate in epidemiological studies than nonsmokers. This trend to 
refusal could result in a failure to correlate smoking in a cohort study of cancer. In 
short, a significant number of data points taken from smokers would not be 
available. The problem of nonparticipation and dropouts can be reduced by select- 
ing subjects from one compan~ such as an oil refinery. Persons exposed to various 
risk factors will include those directly involved in manufacturing, while those not 
exposed to risk factors will include those involved in clerical and administrative 
tasks. The boon to the epidemiologist is that employees and retirees from a specific 
company (e.g., General Electric), or with a specific profession (nurses), are less 
likely to drop out than subjects taken from the general public. 

Still another problem with cohort studies is that a person with a specified risk 
factor (smoking, oral contraceptives, wealthy social classes) may be more likely to 
seek medical attention than others. An increased rate of medical attention given to 
smokers, for example, could result in an increased rate of detection of certain 
relevant (bronchitis) or irrelevant (baldness) diseases in this group. An increased 
rate of medical attention given to contraceptive users or wealthy persons could 
also lead to increased rates of detection of bronchitis and baldness in these groups. 

In a retrospective study, the epidemiologist first contacts persons with a certain 
trait (and controls without it) and then seeks to discover the risk factor in their past 
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history. Retrospective studies are also called case-control studies. For example, 
one might choose 500 subjects with colon cancer and 500 subjects selected at 
random from the general population. Where the epidemiologist is studying colon 
cancer, for example, subjects with colon cancer are acquired from records of 
patients admitted for treatment of this disease. Controls are also often recruited 
from patients admitted for medical care, i.e., for routine tests such as pelvic and 
rectal exams. Only after acquiring the two groups does the epidemiologist acquire 
information from medical records and interviews on likely risk factors, such as 
diet, smoking, and coffee. 

Case-control studies are relatively inexpensive because the epidemiologist is 
able to select a large population of persons who already have the disease of 
interest. Even diseases that are rare, and strike only one person in 100,000, can be 
studied by case-control studies, simply by scanning medical records. In contrast, 
the epidemiologist embarking on a cohort study does not have the privilege of 
knowing who will contract the disease of interest. 

A source of error in case-control studies is where the disease of interest did not 
have a clear beginning point. For example, hypertension is a disease that may be 
undiagnosed for many years. As the goal of the study is to determine possible risk 
factors for hypertension (such as smoking, obesity, diet), any data regarding hy- 
pertension is confused by the lack of knowledge of which came first, the disease 
or the possible risk factors. 

ALGEBRA USED FOR CALCULATING RISK RATIO AND 
O D D S  RATIO 

Risk and odds are two terms used to express, in numbers, the frequency of 
association of a risk factor with a disease. Risk ratio (relative risk) and odds ratio 
are two terms that compare the rate of occurrence of a disease in persons exposed 
and not exposed to a specific risk factor. Odds ratio is commonly used in case-con- 
trol studies. Risk ratio tends to be used in cohort studies. "Risk" and "risk ratio" 
are concepts that are easy to grasp, while "odds" and "odds ratio" are somewhat 
more difficult. 

An imaginary study involved smokers and lung cancer. The cases (persons with 
disease) consisted of 75 smokers and 20 nonsmokers. The controls (no disease) 
consisted of 175 smokers and 180 nonsmokers. The risk of cancer in smokers was 

(75 ) / (75  + 175) = 0.3 

When somebody asks, "What is my risk of cancer if I smoke?" this is a request 
for a comparison of the number of smokers with the disease to the number of all 
smokers (healthy and nonhealthy). The question can be answered by "Your risk is 
75 out of 250, which is 75/250, or 0.3." However, the value for risk ignores the 
possibility that nonsmokers may have the identical risk for cancer. The value for 
risk does not tell us if smoking is risky. The value does not involve a comparison 
of risk for smokers and nonsmokers. The risk of cancer in nonsmokers was 

(20) / (180 + 20) = 0.1 
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To compare the risk of cancer in smokers to the risk in nonsmokers, one can 
calculate the risk ratio. The risk ratio, from the above stud]6 is 0.3/0.1 = 3.0. The 
risk ratio is a number  that contains two different rates of risk. Risk ratio is also 
called relative risk. 

Odds is another style of expressing the association of pre-existing facts with an 
outcome. The odds of cancer with smoking is calculated from Formula A. Formula 
A gives the odds of finding cancer in people who smoke. The request "What are 
my odds for getting cancer if I smoke?" is a request for an answer that takes these 
forms: "So you want  to know your odds for getting cancer if you smoke? Your 
odds are 75 to 20. Your odds are 75/20. Your odds are 3.75." 

FORMULA A 

(Probability of cancer with smoking) 0.3 
m 

(Probability of health with smoking) 0.7 
- 0.429 

The value for odds may tell a smoker if he should expect to get cancer, or if he 
should not worry about cancer. However, the value for odds, whether high or low, 
can never supply motivation for quitting smoking. This motivation can be ac- 
quired by also calculating the odds of cancer with no smoking. Formula B gives 
the odds of finding cancer in people who do not smoke: 

FORMULA B 

(Probability of cancer with no smoking) 

(Probability of health with no smoking) 
0.1 
0.9' = 0.111 

The odds of finding cancer in smokers (0.429) is greater than the odds of finding 
cancer in nonsmokers (0.111). These two numbers are used to create a ratio. The 
odds ratio (OR) is a number  that is found by dividing the two sets of odds, as 
follows: 

O d d s  ratio = (Formula A) / (Formula B) = 0.429 / 0.111 = 3.86 

The equation OR = (Formula A)/(Formula  B) can also be written in another wa]6 
as one can see by using simple algebra. Odds ratio can also be calculated by 

(# cases with specific risk factor) (# controls without risk factor) 
OR = = 3.86 

(# cases without risk factor) (# controls with risk factor) 

Stepping back to view the big picture, one can see that the values for the risk ratio 
(3.0) and odds ratio (3.86), as calculated above, are not exactly the same. For both 
risk ratio and odds ratio, a value of 1.0 corresponds to a situation where no 
association exists between the risk factor and the outcome. The use of the risk ratio 
or odds ratio for expressing epidemiological data can be a matter of personal taste 
and custom. However, it should be noted that odds ratio has a valuable property 
not shared by risk ratio, as illustrated with imaginary data involving cholesterol 
and diabetes (Feinstein, 1985). 
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In setting up an imaginary epidemiological stud~ 80 diabetics were selected 
from 497 diabetics, and 80 controls were selected from 9503 available controls. The 
occurrence of high or normal cholesterol in the small group (Table C.1) and big 
group (Table C.2) are shown. 
For the small group, the risk for diabetes in high-cholesterol subjects is 

TABLE C.1 

No diabetes 
Diabetes (controls) 

High-cholesterol subjects 
Normal-cholesterol subjects 

21 6 
59 74 

(21) / (21 + 6) = 0.777 

The risk for diabetes in normal-cholesterol subjects is 0.443. The risk ratio is 
(Feinstein, 1985) 

(0.777) / (0.443) = 1.753 

The odds ratio is 

(21) (74) / (6) (59) = 1554 / 354 = 4.39 

For the big group, the risk for diabetes in high-cholesterol subjects is 0.154, while 

TABLE C.2 

No diabetes 
Diabetes (controls) 

High-cholesterol subjects 
Normal-cholesterol subjects 

130 713 
367 8790 

the risk for diabetes in normal-cholesterol subjects is 0.040. The risk ratio is 

(0.154) / (0.040) = 3.847 

The odds ratio is: 

(130) (8790) / (713) (367) = 4.37 
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For the small and big groups, the risk ratios and odds ratios are well over 1.0, and 
reveal that high cholesterol is a risk factor for diabetes. However, the purpose of 
this exercise is to demonstrate that risk ratios change, according to the size of the 
group chosen for making the calculation, but the odds ratios do not change. Again, 
one might note that, in the small group and in the big group, 10 out of 28 persons 
with high cholesterol had diabetes, and that 10 out of 123 persons with normal 
cholesterol had diabetes. It might be useful, but not essential, for the measure of risk 
to have the property of being not influenced when perusing population groups of 
different sizes. The odds ratio has this property. The risk ratio does not. 

This concerns whether one should use risk ratio or odds ratio for expressing 
results when evaluating a retrospective or prospective study. It is possible to 
calculate risk and risk ratio using data from a case-control study; and to acquire 
mathematical results, but it is not correct to do so. This is because the denominator 
(the number in the denominator) in the risk formula does not represent a broad 
random sampling of the population. The number in the denominator represents 
two groups of subjects who were screened and recruited into the study. Risk and 
risk ratio are used for prospective studies. Odds ratio can be accurately used for 
both retrospective and prospective studies but is customarily only used for retro- 
spective studies. 

A C Q U I R I N G  DATA O N  F O O D  A N D  NUTRIENT INTAKE 

Food consumption can be measured most accurately by confining human subjects 
to an apartment for several days or months, with feeding accurately measured, 
chemically defined diets. This type of study is very expensive, and is necessarily 
used when conducting nutrient balance studies. Somewhat less accurate is the 
food diary. Here, subjects record the quantity of all foods eaten (at home) over the 
course of a week. Subjects use measuring cups to record the intake of liquid foods 
and flour, and a balance to record meat and plant consumption. Even less accurate 
is the use of questionnaires, which are either filled out along with an interview, or 
by mail. The type of questionnaire chosen depends on the goal of the epidemiolo- 
gist or clinician. Sometimes questionnaires are given once, and they may ask about 
general frequencies of food intake during the previous year. Sometimes question- 
naires are given four times during a year, and they ask about food intake only 
during the previous 24 hours. 

Questionnaires generally list some 50-100 foods and ask the subject toindicate 
portion size and frequency in the diet. When interviews are given, the interviewer 
may estimate portion sizes by displaying photographs or plastic models of differ- 
ent portions of food. In this way; one reduces variation due to different perceptions 
of what is meant by a "large serving of potatoes" or a "small fish." Some question- 
naires are designed to measure a broad variety of nutrients, while others are 
designed to pinpoint intake of a specific nutrient, i.e., how much fat is eaten. 

Gladys Block and co-workers have devised a questionnaire for collecting data 
on the general diet, but also on suspected risk factors for cancer. Part of this 
questionnaire is shown in Figure C.1. Block's questionnaire takes care to include 
artificial sources of vitamins and minerals, which can be major sources of these 
nutrients in the diet. These include vitamin supplements (e.g., One-A-Day vita- 
mins), mineral supplements (e.g., Turns, calcium), and fortified foods, such as 
"breakfast bars." 
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EXERCISE 
Look at the questionnaire shown in Figure C.1. Why does it ask about "oranges (not 
including juice)"? What do oranges contain that juice does not contain? 

EXERCISE 

Which nutrients would be expected to vary most (and least) from day to day in the diet: 
vitamin B12, energy; protein, and sodium? See Block and Hartman (1989). 

Having conducted a dietary survey; an epidemiologist may be able to correlate 
the risk for certain diseases with certain dietary habits. To inspire and guide the 
activities of research scientists, epidemiologists often try to correlate the risk for 
disease with the actual chemical constituents of the diet. The connection between 
food eating habits and these chemicals is made possible by using food tables. The 
most comprehensive food table available is Handbook No. 8: Composition of Foods, 
Raw, Processed and Prepared, written by the U.S. Department of Agriculture (USDA). 

The diverse collection of eating habits of 10,000 persons may be confounding to 
an investigator when expressed in terms of fish, apples, wine, nuts, milk, pizza, 
and hundreds of other foods. However, correlations that are striking and useful 
may materialize when these foods, and their frequencies and portions, are entered 
into a computer software application that converts the intake of various foods into 
the intake of the chemical constituents of foods. To summarize, a simple survey 
may correlate a lower incidence of a specific type of cancer with diets of frozen 
orange juice, broccoli, and omelets (a bewildering array of foods), but no correla- 
tion with diets of canned peas, fried potatoes, and soda crackers (another bewil- 
dering collection of foods). By inputting these foods into a software application 
that contains a comprehensive food table, one may discover, for example, that the 
lower incidence of cancer can be correlated with an increased intake of folate. 

One might note that food tables are not extremely accurate. The levels of specific 
nutrients can vary by several-fold, depending on methods for storage and cooking 
of food, plant variety, breed of farm animal, minerals in the soil used to grow the 
plant food, and method of nutrient analysis. 
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FIGURE C.1 Food questionnaire used to assess long-term intake of all foods, with the intention 
of assessing intake of nutrients thought to be associated with increased or decreased risk for 
cancer (pp. 971-973). These nutrients include vitamin C, ~-carotene, calcium, fat, and folate. Only 
three of the eight total pages are shown. The questionnaire asks about intake of vitamin pills, 
bananas, oranges, pancakes, eggs, beans, tomatoes, soy meat substitutes, hamburgers, oysters, 
pasta, various types of bread, children's drinks containing vitamin C, high-fat foods such as 
bacon, doughnuts, pastry, ice cream, and cream, and use of cigarettes. (Reproduced with permis- 
sion from Dr. Gladys Block, the University of California at Berkeley.) 
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TYPE OF FOOD 

EXAMPLE: Bananas 

Bananas 

Apples, applesauce 

Oranges (not 
_ including juice) 

Grapefruit (not 
including juice) . . . .  

Cantaloupe 

Peaches, apricots (fresh, 
in season) 

Peaches, apricots (canned 
or dried) 

Prunes, or prune juice 

Watermelon (in season) 

Strawberries, other berries 
(in season) 

Any other fruit, including 
kiwi, fruit cocktail, 
grapes, raisins, mangoes . 

Fiber cereals like raisin bran, 
granola or shredded wheat 

Sweetened cereals like 
frosted flakes 

Other cold cereals like corn 
flakes or cheerios 

Cooked cereal like oatmeal, 
oat bran or grits 

Milk on cereal 

Breakfast bars, granola bars, 
power bars 

Breakfast shakes, diet shakes 
I . . . . . . . . . . . . . . . . .  

Pancakes; or waffles 

I 
' Eggs 

i 

Egg substitutes, Egg Beaters, 
egg whites i 

Sausage or bacon ! 

Cottage cheese 

Other cheeses and cheese 
spreads (regular or low-fat) 

Yogurt, frozen yogurt (regular 
or low-fat) 

HOW OFTEN 
Never or 
less than 1 2-3 1 2 3-4 5-6 
once per per per per per per per 

per month mon. mon. week week week week 

J I 

HOW MUCH 

Every MEDIUM 
day SERVING 

1 medium 

I medium 

I medium 

I medium 

1/2 
medium 

1/4 
medium 

I medium 

S E R V I N G  

SIZE 

S M L  

I medium 
or 1/2 cup 

1/2 cup 

I slice 

1/2 cup i 
i 

1/2 cup 

1 medium 
bowl 

I medium 
bowl 

I medium 
bowl 

I medium 
bowl 

1/2 cup 

I serving 

I serving 

2 med. 

I egg 

2 eggs 

I 
2 patties 

1/2 cup 

2 slices or 
2 ounces 

8 OZ. 

container 
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TYPE OF FOOD 

VEGETABLES 
. . . . . . . . .  

String beans, green beans 

Peas 

Chili with beans (with 
or without meat) 

Other beans such as baked i 

i beans, pintos, kidney (not 
,, ,including soup) .... 

C o r n  

Alfalfa sprouts, including 
on sandwiches 

Tomatoes, tomato juice 

Salsa, ketchup, taco sauce 
. . . .  

Broccoli 
. . . . . . . . . .  

Cauliflower or 
brussels sprouts 

. . . .  

Spinach (cooked or raw) 

Mustard greens, turnip 
greens, collards 

Cole slaw, cabbage 
. . . . . .  

Carrots, or mixed vegetables 
.... containing carrots 

Green salad 
, .  

Salad dressing & mayonnaise 
(regular or low-fat) 

. . . .  

French fries and 
fried potatoes 

White potatoes not fried, 
including boiled, baked, 
mashed and in potato salad 

Sweet potatoes, yams 
. . . . . .  

Any other vegetable, such 
as cooked onions, 
summer squash 

Butter, margarine or other fat 
added to veg., potatoes, etc. 

. . . . . . . . . . . . . .  

Tofu, bean curd 
. . . . . . . . . .  

Meat substitutes made 
from soy 

HOW OFTEN 
Never or 
less than 1 2-3 1 2 3-4 5-6 
once per per per per per per per 

per month mon. mon. week week week week 
Every 

day 

HOW MUCH 

MEDIUM 
SERVING 

1/2 cup 

1/2 cup 

1 cup 
, 

SERVING 
SIZE 

S M L  

3/4 cup 

1/2 cup 

1/2 cup 

I med. or 
6 oz. glass 

2 tbsp. 

..... 1/2 cup 

1/2 cup 

1/2 cup 

1/2 cup 

1/2 cup 

1/2 cup 
. . . . . . . .  

I med. bowl 

2 tbsp. 

3/4 cup 

I med. 
or 

1/2 cup 

1/2 cup 

1/2 cup 

2 pats 

1/2 cup 

I cup 
or patty 
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b. 

d. 

e.  

SUMMARY QUESTIONS 

How often do you use 
fat or oil in cooking? 
About how many 
servings of vegetables 
do you eat, not counting 
salad or potatoes? 
About how many 
servings of fruit do you 
eat, not counting juices? 
About how many 
servings of cold 
cereal do you eat? 
About how many 
glasses of milk (or 
chocolate milk) do 
you drink? 

L e s s  

than 
o n c e  

per 
week 

AVERAGE USE LAST YEAR 

1-2 3-4 5-6 1 1.5 2 3 4+ 
per per per per per per per per 

week week week day day day day day 

What  k inds  of fat do you  usua l ly  use in cooking  (to fry or stir-fry)? 
M a r k  the one or two you  use mos t  often: 

Don't know Pam or no oil Lard, fatback, 
baconfat 

Stick margarine Soft tub Low calorie 
margarine margarine 

Butter Olive oil or Corn oil, 
canola oil vegetable oil 

Wha t  k inds  of fat do you  usua l ly  add to vegetables ,  potatoes ,  etc.? 
M a r k  the one or  two you  use mos t  often: 

Don't add Butter Soft tub Crisco 
fat margarine shortening 

Stick Lard, fatback, Whipped Low calorie 
margarine baconfat butter margarine 

W h e n  you  eat the fo l lowing  foods,  h o w  of ten  do you  eat a low-fa t  or 
non-fa t  vers ion  of that  food? 

Cheese Always low-fat 

Ice cream Always low-fat 
or yogurt 

Salad dressing Always low-fat 

Cake or cookies Always low-fat 

Sometimes 

Sometimes 

Sometimes 

Sometimes 

Crisco 
shortening 

Olive oil 

Rarely low-fat 

Rarely low-fat 

Rarely low-fat 

Rarely low-fat 

How often do you add salt to your food? 
How often do you eat the skin on chicken? 
How often do you eat the fat on meat? 
How do you like your meat cooked? 

Seldom 
Seldom 
Seldom 
Rare 

Sometimes 
Sometimes 
Sometimes 
Medium 

Often 
Often 
Often 
Well done 
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A 

Absorption, see also Digestion 
calcium, 766-769, 776 
carbohydrates, 111-113 
cholesterol, 96-101, 326 
copper, 804, 808-810 
iron, 749-752 
lipids, 93-103 
molybdenum, 820 
peptides and amino acids, 88-91 
physiology, 117-121 
sugars, 111-113 
thiamin, 603 
vitamin A, 556 
vitamin E, 630 
zinc, 804, 808-810 

Acetaldehyde, alcohol metabolism and, 246 
Acetic acid 

as energy source, 143 
ionization and water solubility, 29-30 

Acetoacetate, 236, 237 
Acetone, 236, 237 
Acetylcholine, 319 
Acetyl CoA (acetyl coenzyme A), 143, 159 

cholesterol biosynthesis, 327 
ketone body synthesis, 236, 273 

Acetyl CoA carboxylase, 163, 254 
fatty acid synthesis, 216-219, 291 
manganese and, 802 

N-Acetylglutamic acid, 446 
Achlorhydria, 518-519, 768 
Acidic amino acids, 19 
Acidosis, 116, 241, 477, 723, 726, 785 
Acid phosphatase, 66 

Adds, 6-8 
Acinar cells, 80, 163, 164 
Aconitase, 228, 744 
Acrodermatitis enteropathica, 816 
ACTH, 408 
Activation cascades, 64, 530 
Activation peptide, 532 
Active site, enzyme, 43 
Adenomas, 146, 882-884, 907 

epidemiology, 907-908 
folate and, 908 

Adenosine, chemical structure, 14 
Adenosine diphosphate, see ADP 
Adenosine triphosphate, see A T P  

S-Adenosylhomocysteine (SAH), 497 
S-Adenosylmethionine (SAM), 201, 314, 

497, 898 
Adenylate cyclase, 179, 185 
Adipocytes, 93, 319, 387 
Adipose tissue 

android fat, 385-386 
brown fat, 383 
formation, regulating, 399-401 
gynoid fat, 385-386 
measuring, 382-383 

body mass index, 382, 388-392 
computed tomograph~ 383, 396-398 
densitometry, 383, 394-396 
skinfold measurement, 382, 384-385, 

392-394 
racial differences, 397-398 
subcutaneous fat, 384, 398 
visceral fat, 384, 398 
vitamin E, 630 
white fat, 383, 411 

975 
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ADP (adenosine diphosphate), 32 
ADP-ribosylation reactions, 597 
Adrenal gland, 707, 786-788 
Adrenal medulla, 761 
Adrenodoxin, 744 
Adrenoleukodystrophy, 653 
Adult respiratory distress syndrome, 

leukotrienes and, 649 
Aerobic glycolysis, tumors, 235 
Aerobic metabolism, 159 
African-Americans, 397-398, 519, 576, 613, 

729, 774, 890 
Agar, 107, 108 
Agouti gene, 408 
AIDS, wasting in, 480, 482 
Alanine 

BCAA catabolism, 209 
chemical structure, 18 
plasma concentration, 465 
waste nitrogen and, 209-210 

Alanine aminotransferase, 426 
Alanine cycle, amino transferases and, 427- 

428 
Albumin, half-life, 244 
Alcohol 

blood alcohol concentration, 249-250 
cardiovascular disease and, 367 
colon cancer and, 909 
in energy metabolism, 245-247 
intoxication, 252 
nervous system and, 252 
toxicity, 249 

Alcohol dehydrogenases, 246-247 
Alcoholism 

defined, 245 
effects of 

fetal alcohol syndrome (FAS), 250, 251 
Korsakoff's psychosis, 606 
liver disease, 250 
Wemicke's disease, 606 

nutrient deficiencies and, 251 
folate deficiency, 506 
magnesium deficiency, 800 
phosphate deficiency, 773 
thiamin deficiency, 606 
vitamin B6 deficienc)~ 545 

Aldehyde metabolism, glutathione and, 
835-836 

Aldehyde oxidase, 823-824 
Aldosterone 

chemical structure, 708 
Na,K-ATPase, 714 
potassium and, 718 
sodium balance and, 707, 715-716, 717 

Aldosteronism, 722 
Alginate, 108 
Alkaline phosphatase, 66 
Alkaline tide, 724 

Allergies, see Food allergies 
Allopurinol, 478-479 
Allosteric regulation, 257 
AUoxan, action, 163 
All-trans-~-carotene, 554 
All-trans-refmal, 561, 562 
AU-trans-re~moic acid, 585 
Alpha cells, pancreas, 163 
Amidating enzyme, 625 
Amidating reaction, 625-626 
Amiloride, 713 
Amino acid oxidase, 428, 439--440 
Amino acids 

absorption, 88-91 
aminotransferases, 425-428 
biosynthesis, 435-436 
catabolism, 423, 425-435, 460 
chemical structure, 18-23 

(x-amino acid, 16, 421 
classical amino acids, 16-21 
D-amino acids, 17-18 
dispensable and indispensable, 22-23 
essential and nonessential, 22-23 
glucogenic and ketogenic, 23, 423 
gluconeogenesis, 208 
L-amino acid, 18 
modified amino acids, 21-22 
nutritional requirements, 460-464 
plasma concentrations, 465-466 
solubility, 26 

2-Aminoethane sulfonic acid, see Taurine 
Amino groups, water solubility, 29 
Aminolevulinic acid dehydratase, 753, 755 
Aminolevulinic acid synthetase, 543, 753 
Aminopeptidase N, 88--89 
Aminotransferases, 209, 425-428 
Ammonia 

molecular structure, 3--4 
as waste nitrogen, 439-441, 445-456 

Amphipathic molecules, solubility, 26 
AmpiciUin, in solid nutrient medium, 946 
Ampulla of Vater, 58, 78, 80 
a-Amylase, 59, 60 

action, 78, 109 
starch digestion and, 139, 793 

Amylopectin 
chemical structure, 12, 103, 105 
in foods, 106 

Amylose 
chemical structure, 12, 103, 105 
in foods, 106 

Anaerobic metabolism, 159 
Androgens, zinc fingers and, 805 
Android fat, 385-386 
Anemia 

copper deficiency, 816 
defined, 518 
hematological signs, 757 



megaloblastic anemia, 507, 513, 521 
microcytic anemia, 514 
pernicious anemia, 83, 434, 516, 

.518-519, 523 
Anencephaly, 514 
Angiotensin II 

aldosterone, 707-708 
biosynthesis, 707 
renin, 706-707 
sodium balance and, 705, 707-708, 710, 714 

Angiotensinogen, 707, 708 
Angular stomatitis, 612 
Annexin, 793 
Anorexia, 382, 477, 723, 813, 930 
ANP, see Atrial natriuretic peptide 
Anserine, 20 
Anthropometry, 382 
Antibodies, 49, 50-53 

and diabetes, 172 
function, 51, 53 
mammary gland, 135 
molecular structure, 50-51, 52 
in mother's milk, 134-135, 152 
pernicious anemia, 83 
synthesis, 50-51, 61 

Anticoagulation cascade, 535-536 
Antidiuretic hormone, 719 
Antioxidants, 914 

ascorbate, 915 
atherosclerosis and, 634-638 
defined, 628 
vitamin E, 624-638 

Antithrombin III, 535 
Antrum, stomach, 58, 60, 62 
APC, mutations and cancer, 880, 886-891 
AP endonuclease (APE), 897 
Apo A, 96, 635 
Apo A-I, 33, 336, 339-340, 341, 370 
Apo A-II, 33, 336 
Apo B, 96, 335, 635, 636 
Apo B-48, 33, 334 
Apo B-100, 33, 334, 335 
Apo C, 338 
Apo C-II, 33, 334-335, 337, 351, 356-357 
Apo E, 347-355 
Apoenzyme, 492 
Apoenzyme stimulation test, 547-548 
Apo E receptor, 333 
Apo-heme, 753, 755, 756 
Apolipoproteins, 96, 332, 333 
Apoptosis, 840, 881 
Appendicular skeleton, 777 
AQP, 121 
Aquaporins, 121 
Arachidonic acid, 638 

conversion to prostaglandins and 
thromboxanes, 400, 644 

metabolism, 647 
Arginase, 431-432, 802 
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Arginine, 20 
biosynthesis, 435 
catabolism, 431-434 
chemical structure, 20 
plasma concentration, 465 

Argininosuccinate lyase, 439 
Argininosuccinate synthase, 439 
Aromatic amino acids, chemical structure, 19 
Arsenate, 840 
Arteriosclerosis, 357 
Arteriovenous differences, 198-199 
Arter~ physiology, 359 
Ascorbate 

amidated hormones, 625 
vitamin E, interaction with, 627 

Ascorbic acid, see also Vitamin C 
absorption of, 618 
collagen formation and, 493, 621 
colon cancer and, 914-915 
conversion to semidehydroascorbate, 

623, 624 
damage from radicals and, 626-627 
hormone synthesis and, 623-626 
nitrosamines and, 915-916 

Asians, 564, 774, 811, 890 
Chinese, 246, 838 
Japanese, 246, 462, 738, 916 
Southeast Asians, 137, 564, 604, 728, 736 

Asparagine, 19 
biosynthesis, 435 
catabolism, 429 
chemical structure, 20 
plasma concentration, 465 

Aspartame, 469 
Aspartate, as carrier of waste nitrogen, 

437--438 
Aspirin 

action, 646-647 
as anticoagulant, 535-536 
colon cancer and, 912 

Asthma 
leukotrienes and, 649 
sulfites, effect on, 821 

~Atherosclerosis 
antioxidants and, 634-638 
bone and, 583 
defined, 357 
described, 358-360 
diet and, 361-368 
drug therapy; 368-370 

niacin, 603 
homocysteine and, 553 
lesions, 357, 360 
Mediterranean diet, 364-365 
obesity as risk factor, 380 
polyunsaturated fatty acids and, 643 
risk factors, 370-371 
vitamin E and, 634-638 
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ATP (adenosine triphosphate), 32 
electron transport and, 278-282 
energy metabolism, 45 
as goal of respiratory chain, 160 
magnesium and, 795-796 

ATP synthase, 160, 231, 280 
Atrial natriuretic peptide (ANP), 720-721 
Atrophic gastritis, vitamin B12 deficiency, 521 
Autoantibodies, 173 
Autoimmune disease, 172-173 

autoantibodies, 173 
insulin-dependent diabetes mellitus 

(IDDM), 171, 172-173, 730 
pernicious anemia, 83, 434, 516, 518-519 

Avidin, 540 
Axial skeleton, 777 

Bacteria, gut microflora, 142, 143, 147-150 
Bacteroides,  148, 149 
Banana, starch content, 139 
Baroreceptors, 712 
Basal level of transcription, 585 
Basal metabolic rate (BMR), 302, 735-736 
BCAA aminotransferase, 209, 430, 433, 434, 

543 
BCAAs, see Branched-chain amino acids 
BCKA dehydrogenase, 466, 608-609 
BCKAs, 224 
Beef fat, 362, 365 
Beer, 245, 506, 721 
Benzypyrene, 831, 832 
Beriberi, 603, 604, 606 
Beta cells 

diabetes, 172, 174 
pancreas, 163, 808 

Betaine, 506 
Betaine-homocysteine methyltransferase, 502 
BHT (butylated hydroxytoluene), 628 
Bicarbonate, 79, 80, 82, 717 
Bilayer sheet, 25 
Bile, 58, 331 
Bile acid-binding resin, 369 
Bile canahculi, 64 
Bile salts 

action, 96-101 
biochemistry, 59, 60 
chemical structure, 27 
deficiency, 151 
enterohepatic circulation, 97-100 
function, 76-77, 128 
metabohsm, 61 
mixed micelle, 27-29 
solubility, 26 
synthesis, 64-65 

Bilirubin, 752 

Biliverdin, 752 
Bioelectrric impedance, measuring body 

fat, 383 
Bioinformatics, 961 
Biological value (BV), 469-470, 471-472 
Biopterin, 623 
Biotin, 492, 493, 539, 541 
Biotin deficiency, 540-541 
Biotinidase, 539 
Birth defects, neural tube defects, 514-516 
Bisphosphonate, 776 
Bleeding disorders 

hemophilia, 537 
scurvy, 618 
vitamin K and, 526, 527, 537 
von Willebrand disease, 537 

Blood alcohol concentration, 249-250 
Blood cells, differentiation of, 512-513 
Blood clotting, vitamin K, 524, 527-534 
Blood clotting cascade, 524, 527-534 

calcium-requiring enzymes, 792-793 
Blood clotting proteins, 524, 527, 530-531 
Blood pressure 

hypertension, 380, 477, 728-730 
magnesium and, 801-802 
regulation, 199-201, 701 

atrial natriuretic peptide pathway; 
720-721 

Blood volume, 700, 723 
BMI, see Body mass index 
BMR, see Basal metabolic rate 
Body fat, see Adipose tissue 
Body mass index (BMI), 382, 388-392 
Body temperature, regulation during 

exercise, 726 
Body weight, 379-381; see also Obesity 
Bomb calorimeter, 297-299 
Bone 

atherosclerosis and, 583 
biochemistry, 580-581 
as calcium buffer, 783 
fluoride and, 778-780 
inorganic components, 697 
osteomalacia, 576, 583 
osteon, 579-580 
osteoporosis, 583-584, 774-778 
remodeling, 588 
rickets, 482, 483, 575, 576, 582, 583, 584 
solubilization, 696 
structure and synthesis, 577 
turnover and remodeling, 582-583 
zinc and, 813 

Bone density, assessing, 778 
Bone growth, 524, 577-579 
Bone sialoprotein, 581 
Borate, 841 
Bowman's capsule, 711 
Bowman's space, 204, 205 



Brain 
cholecystokinin, action on, 80 
energy metabolism and, 160-161, 181 
feeding center, 403--404 
glucose, need for, 158 
satiety center, 403, 404 

Bran, as dietary fiber, 144 
Branched-chain amino acids (BCAAs), 18 

catabolism, 209, 429-431 
chemical structure, 190 
keto forms (BCKAs), 224 

Breast, immunology of, 135-136 
Breast-feeding, see Lactation 
Breast milk, see Milk 
Brown fat, 383 
Bulimia, 382 
Bumetanide, 719 
Butterfat, 362 
Butylated hydroxytoluene (BHT), 628 
Butyric acid, as energy source, 143 
Butyryl CoA, 143 
BV, see Biological value 

C 

Ca-ATPase, 789 
Cachexia, 480 
Cadherin protein, mutations and cancer, 

880, 905-907 
Cadmium, 807 
Cadmium toxicity, 811 
Calcipotriene, 585 
Calcitonin, 775 
Calcium 

absorption, 766-769, 776 
in biological fluids, 696 
in bone, 697, 770 
Ca/P ratio, 769-773 

in bone, 770 
in foods, 765-766 

dietary requirement, 765 
enzymes and proteins, 792-794 
in foods, 695 
high-protein diet and, 772 
hypercalcemia, 782, 783, 785 
hypercalciuria, 780, 823 
hypocalcemia, 774, 782, 783-785 
kidney stones, 780-781 
loss of, 766-767 
in milk, 695, 766 
osteoporosis, 774-778 
plasma calcium levels, 694, 781-785, 801 
signal transmission, 761-762, 785-792 
urinary calcium, 204 
vitamin D and, 566, 569-573, 574 

Calcium-activated protease, 444, 793 
Calcium carbonate, 767 
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Calcium channel (Ca channel), 789-790, 177 
Calcium deficiency 

tetany, 801 
vitamin D deficiency; 576 

Calcium oxalate 
absorption, 768 
kidney stones, 780-781 

Calcium/phosphorus ratio 
feeding studies, 770-773 
in foods, 765-766 

Calcium sensor protein, 782-783 
Calcium signaling, 761-762, 785-792 
Calmodulin, 761, 789, 793 
Calmodulin protein kinase II, 789 
Calorie, defined, 273 
Calorimetry 

bomb calorimeter, 297-299 
direct calorimetry, 300-301 
indirect calorimetry, 299 

cAMP (cyclic adenosine monophosphate, 
cyclic AMP) 

action, 184-185 
glucagon and, 161 
insulin and, 162 

cAMP response element, 35, 36, 190 
Cancer, 879 

ascorbic acid and, 914-916 
aspirin and, 912 
carotenes and, 565 
chronic exposure theor~ 916 
colorectal cancer, 882-885 

aspirin and, 912 
diet and, 147, 880, 907-912 
epidemiolog36 907, 909, 913 

diet and, 147, 880, 907-912, 916, 917 
DNA damage and, 879, 880-882 
epidemiolog~ 880, 907-908, 913 
estrogen-dependent cancer, 916 
farnesylation reaction, 325 
glutathione and, 831-835 
hereditar~ 885-886 
isothiocyanates and, 912, 914 
MAP kinase signaling pathway; 898-902 
metastasis, 884 
mutations and, 879-880, 885-886 

APC, 880, 886-891 
cadherin, 880, 905-907 
G:C ~ A:T mutation, 893-896, 903 
p53, 880, 886, 891-893, 980 
RAS, 879, 8 8 0 , ~ ,  898, 902-905 

peroxynitrite arfd, 916 
selenium supplements and, 840 
toxic oxygen and, 916 
vitamin A and, 590, 592 
wasting in, 480, 482 

Candy; starches in, 108 
Canola oil, 362 
Carbamyl phosphate synthase, 253, 446, 500 
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Carbohydrate deficiency; 116 
Carbohydrate loading, 206-207 
Carbohydrate nutrition, 115-116 
Carbohydrate-only diet, 458 
Carbohydrates 

absorption, 111-113 
atherosclerosis and, 366 
chemical structure, 10 
digestion, 103-107 

enzymes in, 109-111 
starches, 107-108 

disaccharides, 12 
energy cost, 306 
monosaccharides, 10-12 
oligosaccharides, 10, 12 
polysaccharides, 10, 12 
re~-piratory quotient studies, 294-295 
sucrose intolerance, 137 
sugar transporters, 113-115 
that escape digestion 

lactose, 136-139, 153 
starch, 149-150, 153 

Carbonic anhydrase 
action, 86, 121, 126-127 

~,-Carboxyglutamate (GLA), 526, 536, 538, 
792-793 

Carboxylic acid, resonance of, 254 
Carboxyl terminus, protein, 37 
Carboxypeptidase A, 124 
Carboxypeptidase E, 411 
Carcass analysis technique, 458 
Cardiovascular disease, 357 

alcohol and, 367 
apo E and, 351-354, 355 
arteriosclerosis, 357 
atherosclerosis, 357 

described, 358-360 
diet and, 361-368 
drug therapy, 368-370 
risk factors, 370-371 

diabetes mellitus and, 171, 358 
diet and, 361-368 
drugs and, 368-370 

lovastatin, 330-331 
pravastatin, 357 

drug therapy; niacin, 603 
enterohepatic circulation and, 99-100 
folate and, 553 
homocysteine and, 551-553 
Mediterranean diet, 364-365 
obesity and, 391-392.393 
preventing, 370 
vitamin B6 and, 553 

Carnitine 
action, 220, 223-226, 233 
dietary intake, 225 
synthesis, 222, 224, 225 

Camitine acyltransferases, 183, 220 
Carnosine, 20 
(~-Carotene, 554 

~-Carotene, 554, 556 
conversion to retinol, 555 
plasma level, 637 
toxicity, 565 

Carotenes, cancer and, 565 
Carotenoids, 554 
Carrageenan, 107, 108 
Cartilage, 577, 578-579 
Case-control studies, 965 
Casein, 18, 424 
Cassava root, 106 
Catalyst, defined, 43 
Catecholamines, 185, 623, 624 
Catenin, 905 
Cathepsins, 705 
Caveolae, 341 
CCAAT box, 35, 36 
CCK, see Cholecystokinin 
C/EBP, 399, 401 
Celiac disease, 118, 152 
Cell differentiation, vitamin A and, 559-560 
Cell membrane 

cholesterol in, 327 
glucagon at, 179-180 
insulin at, 175-176, 178 

Cell signaling 
APC, 886 
calcium, 785-792 
cyclic ADP-ribose, 597 
sphingolipids and, 324-325 

Cell structure, 31-32 
Cellulose 

chemical structure, 12, 141, 142 
as dietary fiber, 144 

Cephalic phase, digestion, 66-69 
Ceramides, 110, 322 
Cereals 

carnitine in, 225-226 
celiac disease, 118, 152 
as dietary fiber, 140 

Cerebroside, 322 
Ceruloplasmin, 742-743, 804, 810, 812, 818 
CETP, see Cholesteryl ester transfer protein 
cGMP-activated protein kinase, 200 
Cheese, 365 
Cheilosis, 612 
Chelating agents, 740 
Chemical score, proteins, 469-470 
Chemistry 

acids and bases, 6-8 
amino acids, 16-23 
atomic structure, 2-3 
bonding, 3-4 
carbohydrates, 10-12 
chemical groups, 8-10 
counterions, 10 
dissociation, 7-8 
hydration, 5-6 
hydrogen bonds, 4-5 
ionic groups, 9-10 
lipids, 23-25 



nucleic acids, 12-16 
protein structure, 16-23 
solubili~, 25-31 

Chief cells, 60, 74 
Chloride, 694, 697 

biochemistry, 705 
in biological fluids, 696 
cystic fibrosis and, 705 
dietary intake, 118 
dietary requirement, 702-703 
in foods, 695 
intestinal absorption, 119, 120 
in milk, 695 

Cholate, 64, 65, 96 
Cholecalciferol, 566 
Cholecystokinin (CCK), 59 

action, 69 
on brain, 80 
on gallbladder, 76-78 
on pancreas, 78-79 
on stomach, 79-80 

as satiety signal, 381 
structure, 76 
synthesis, 65-66, 88 

Cholesterol, 312, 326 
absorption, 96-101, 326 
binding to hedgehog, 326 
biosynthesis, 326-330 
cardiovascular disease and, 99-100, 312 
in cell membranes, 327 
chemical structure, 329 
conversion to bile salts, 60, 61 
dietary intake, 326, 361-365 
drugs to lower, 369 
in the liver, 331 
Mediterranean diet, 364-365 
reverse cholesterol transport, 339 
solubility, 26 

Cholesterol esters, 326 
Cholesterol 10~-hydroxylase, 331 
Cholesterol 70~-hydroxylase, 60, 61 
Cholesteryl esters, 326, 331, 341 
Cholesteryl ester transfer protein (CETP), 

343. 
Cholestyramine, 99, 369 
Choline 

in foods, 316, 317 
oxidation, 502, 505-506 
total parenteral nutrition, 316 

Choline deficiency; 317-318 
Choline kinase, 313 
Cholylglycine, bile salt synthesis, 64 
Chondrocytes, 577 
Chondroitin, 50, 577 
Chroman, 628 
Chromanol, 628 
Chromanoxyl radical, 629 
Chromium, 840-841 
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Chronic renal failure, 475, 477, 784 
Chylomicron remnants, 333, 337 
Chylomicrons 

apo C-II, 356 
apolipoproteins in, 333-334 
defined, 96 
fatty acids and, 313, 332-334 
life history of, 336-338 

Chymotrypsin 
activation, 63 
chemical structure, 43-45 
function, 88 
hydrolysis of peptide bond, 123-125 

Cirrhosis, 250, 318 
Citrate synthase, 233, 254 
Citric acid cycle, 228 
Citnflline, 199, 439 
Classical amino acids, 16-21 
Clearance rate, 198 
Clotting pathway, 528 
Cobalamin, 516 
Cobalt, 516, 841 
Coconut oil, 93, 362 
Codons, 37 
Coenzyme A 

action, 613, 614 
metabolism, 615 
structure, 221 
synthesis, 220, 614-616 

Coenzyme Q, 279, 493 
Coenzyme Q reductase, 744, 745 
Coenzymes 

defined, 492 
Cofactors, 425, 491, 492 
Cohort studies, 964 
Colectomy; 884 
Colipase, 94 
Collagen, 50, 621-622 
Colon, anatomy, 57, 147, 883 
Colon cancer, dietary fiber and, 147 
Colorectal cancer 

detection, 884 
diet and, 880, 890-891, 907-912 
dietary fiber and, 147, 911 
epidemiology, 907, 909, 913 
familial adenomatous polyposis coli, 888 
hereditary nonpolyposis colorectal 

cancer, 886 
metastasis, 884 
mutations and, 879-880, 885-888 

APC, 880, 886-891 
cadherin, 880, 905-907 
cell behavior and, 886 
folate status and, 897-898 
G:C --~ A:T mutation, 893-896, 903 
p53, 879, 880, 886, 891-893 
RAS, 879, 880, 886, 898, 902-905 

Colostrum, 134 
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Competitive binding assay, 345, 352, 
353-354, 508 

Complementary proteins, 473-475 
Complementation, nucleic acid bases, 13, 16 
Computed tomography (CT), measuring 

body fat, 383, 396-398 
Cones, 561, 563-564 
Connecting peptide (C-peptide), 42, 167-168 
Constipation, dietary fiber and, 144 
Contractile receptors, 646 
Copper, 803--804 

absorption, 804, 808-810 
biochemistry, 804-808 
in bone, 697 
ceruloplasmin, 742-743, 804, 810, 812, 818 
dietary copper, 810 
excretion, 816 
in foods, 695 
genetic disease and, 817-819 
metallothionein, 804, 810-811 
in milk, 695 
plasma level, 810 

Copper deficiency; 816-817 
Copper transporters, 817-819 
Coprophagy; experimental design and, 932 
Cori cycle, 193 
Corn oil, 77, 93, 227, 321, 347 
Corn starch, 107, 108 
Coronary artery, atherosclerosis, 358 
Cortical bone, 582 
Cows, dietary fiber and, 143-144 
Cow's milk, allergy to, 136 
Coxsackievirus, selenium and, 830-831 
C-peptide (connecting peptide), 42, 167-168 
CRABP (cytoplasmic retinoic acid-binding 

protein), 560 
CRBP (cytoplasmic-retinol binding protein), 

560 
Creatine, 21, 22, 203, 432 
Creatine phosphate, exercise, 195, 196, 

201-202, 203 
Creatine phosphate shuttle, 202 
Creatinine, 202-205 
Cretinism, 737 
Crohn's disease, 152 
Cross-sectional studies, 963 
Cryptoxanthine, 554 
Crypts, anatomy; 117-118 
CT, see Computed tomography 
CTP, see Cytidine triphosphate 
Curds, 424 
Cyanocobalamin, 516 
Cyclic adenosine monophosphate see cAMP 
Cyclic ADP-ribose, cell signaling, 597 
Cyclic AMP, see c A M P  

Cyclic GMP, 200, 201 
Cyclic GMP phosphodiesterase, 562 
Cyclin-dependent protein kinase, 6, 814 

Cyclins, 444 
Cyclooxygenase, 644, 645 
Cyclooxygenase pathway; 647 
Cystathionase, 543 
Cystathione ~-synthase, 550 
Cystathione ~-synthase deficienc3~ 551 
Cystathione synthase, 543 
Cysteine 

biosynthesis, 19, 435 
catabolism, 821 
chemical structure, 18 
methionine sparing by, 466-467 
plasma concentration, 465 
synthesis, 466 

Cysteine sulfinate aminotransferase, 543 
Cysteine sulfinate decarboxylase, 543 
Cystic fibrosis 

chloride metabolism and, 705 
nutrient absorption in, 152 

Cystine, plasma concentration, 465 
Cytidine, chemical structure, 14 
Cytidine triphosphate (CTP), 313 
Cytochrome c oxidase, 231, 745, 746, 804 
Cytochrome P450, 745 
Cytochromes, 231, 280, 743, 745-746 
Cytoplasm, 31 
Cytoplasmic-retinoic acid-binding protein, 

see CRABP 
Cytoplasmic-retinol binding protein, 

see CRBP 
Cytosine, deamination, 894 
Cytosine DNA methyltransferase, 898 
Cytosolic PEPCK, 189-191 

D 

Dahl rat, 730 
db gene, 408 
Deamination, mutations and, 893-896 
Degeneracy; genetic code, 37-38 
Dehydroascorbate reductase, 619 
7-Dehydrocholesterol, 566, 567 
Deiodinases, 734-735, 826 
Delta nomenclature, fatty acids, 639-640 
Denaturation, proteins, 88, 424-425 
Densitometry, measuring body fat, 383, 

394-396 
Deoxyadenosine, chemical structure, 14 
5-Deoxyadenosylcobalamin, 516 
Deoxycholic acid, 910 
Deoxycytidine, chemical structure, 14 
Deoxyguanosine, chemical structure, 14 
Deoxyribonucleic acid, see DNA 
Deoxyribonucleosides, chemical structure, 14 
Deoxythymidine, chemical structure, 14 
Deoxyuridylic acid, see d U M P  

Depolarization, of plasma membrane, 704 



Desaturases, 639, 640, 642, 744, 746-747 
Desaturation, fatty acids, 638, 639-640, 747 
Dextrin, 108, 109 
DHA, see Docohexanoic acid 
Diabetes mellitus, 113, 171 

cardiovascular disease and, 171, 358 
diet for, 116, 147, 174-175 
exercise and, 389-391 
glucagon injection, effect of, 168-169 
insulin-dependent (IDDM), 171, 

172-173, 730 
ketoacidosis, 241 
non-insulin-dependent (NIDDM), 171, 

173-174, 380, 389-391 
obesity and, 389-391 
pregnancy and, 730 
streptozotocin induction, 163-164 
testing for, 171 

Diarrhea, 722-723 
fluid loss from, 696, 699 
magnesium deficiency and, 800 
secretory diarrhea, 118 
therapy; 723-725 

Dicoumarol, 526, 527 
Dideoxy method, DNA sequencing, 935, 

956-960 
Diet 

atherosclerosis and, 361-368 
cachexia, 482 
cancer and 

colon cancer, 147 
colorectal cancer and, 880, 890-891, 

907-912 
estrogen-dependent cancers, 916 

carbohydrate-only diet, 458 
cardiovascular disease and, 361-368 
chronic renal disease, 475 
diabetic diet, 116, 147, 174-175 
energy content of foods, 274 
fasting, see Fasting 
folate deficiency and, 506-507 
gout, 479 
Handbook No. 8, 969 
high-fiber diet, 911 
high-protein diet, 446-447 

calcium and, 772 
hyperuricemia, 479480 
iron availability and, 750 
"liquid protein" diets, 476 
low-potassium diet, 706, 707 
low-sodium diet, 706, 708, 710 
Mediterranean diet, 364-365 
medium-chain fatty acids for 

epileptics, 241 
questionnaire, 970-973 
satiety, 381, 403 
sulfites in, 822 
uremia, 477 
vegetarian diets, 519-520, 521, 576 
vitamin B12 deficiency; 519-520 
vitamin D deficiency; 576 
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weight control, 380, 381, 402 
zinc deficienc36 Middle East, 815-816 

Dietary fiber, 133, 140 
colon cancer and, 147, 911 
constipation and, 144 
dairy cow and, 143-144 
diabetes and, 147, 175 
digestion, 143 
diverticular disease and, 144-146 
function, 143-147 
intestinal health and, 144-146 
irritable bowel syndrome, 146 
recommended intake, 140 
total parenteral nutrition and, 145-146 

Dietary protein, 421-422 
amino acid supplements, 472473 
biological value, 469-470, 471-472 
chemical score, 369-370 
complementary proteins, 473-475 
daily requirement, 450-453, 459-460 
disease and protein malnutrition, 475 
fasting, see Fasting 
net protein utilization, 469470, 472 
protein efficiency ratio, 469471 
protein quality, 423, 469475 
quality, 460 

Dietary triglycerides, 226, 319-320, 366-367 
Digestion, see also Absorption; Digestive 

hormones; Digestive molecules; 
Digestive system 

carbohydrates, 103-116 
control, 58, 88 

cephalic phase, 66-68 
chemical phase, 69 
innervation, 58, 66-69 

dietary fibers, 143 
lipids, 93-103 
microorganisms, 142, 143, 147-151 
nutrients escaping, see Nutrients escap- 

ing/ resisting digestion 
proteins, 88-91, 121-127 

Digestive hormones, 128 
cholecystokinin (CCK), 59, 66, 67, 69, 76-80 
energy metabolism and, 157-158 
gastrin, 59, 60, 66, 69-74 
glucose levels, 161 
secretin, 59, 66, 80-81 

Digestive system, 128 
anatomy; 57-59 
bacterial action, 142, 143, 147-150 
bile acids, 60 
control by nervous system, 58, 66-68, 

69, 88 
enzymes, 59, 128 
gut microflora, 142, 143, 147-150 
hormones, 59, 66, 128 
motility, 78, 80 
stimulation, 66-69 
zymogens, 59, 62, 63, 88, 128 
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Diglycerides, 93 
Dihydrofolate reductase (DR), 43--45, 499 
Dihydrolipoyl dehydrogenase, 609 
Dihydrovitamin K, 524, 526, 527 
Dihydroxyacetone phosphate, 188 
1,25-Dihydroxyvitamin D3, 570, 573, 575, 

585, 588 
Diketogulonic acid, 619 
4,8-DiMeIQx, 889 
Dimethylamine, 31 
Dimethyl selenide, 825, 838 
Dipeptide, chemical structure, 16 
Direct calorimetry, 3430-301 
~ t i o n  of energy flux, 157 
Disaccharides, 12 
Dispensable amino acids, 22-23, 435-436 
Distal tubule, 711, 715 
Diuretics, 719, 728, 800 
Diverticular disease, dietary fiber and, 

144-146 
DMH, see Dorsomedial hypothalamic nucleus 
DNA (deoxyribonucleic acid) 

cellular function, 32 
deamination and cancer, 893-896 
genetic material, 33 
structure, 12, 937 
synthesis, 13, 16, 894 

DNA damage, 880-882, 888, 895 
DNA double helix, 12, 15, 591 
DNA libraries, DNA sequencing, 950-954 
DNA methytransferase, 898, 899 
DNA polymerase, 897-898 
DNA sequencing, 949-950 

dideoxy method, 935, 956-960 
DNA libraries, 950-954 
filamentous phage, 954-955 
Internet, sequence databanks, 961 
lambda phage, 941, 954, 955 

DNases, 122 
Docking proteins, 531 
Docohexanoic acid (DHA), 638, 643, 652 
Docopentaenoic acid (DPA), 638, 652 
Dolichol phosphate, 49, 330 
DOPA decarboxylase, 543, 623 
Dopamine-~-monooxygenase, 624 
Dopamine hydroxylase, 623, 624, 804 
Dorsomedial hypothalamic nucleus 

(DMH), 404 
Dot blot test ,  218-219, 220, 290, 935 
Double-isotope technique, calcium 

absorption by, 769 
Double-stranded DNA, see dsDNA 
Doubly labeled water technique, 303-305 
DPA, see Docopentaenoic acid 
Drug resistance, in molecular cloning, 946 
Dry beriberi, 6O4, 6O6 
dsDNA (double-stranded DNA), 13, 34, 

591, 937, 938 
Dual-energy X-ray absorptiometry, 778 
Duct cells, 63, 80-81 
dUMP (deoxyuridylic acid), 498 

Duodenum, 66, 78 
Dwarfism, 816 

ECF, see Extracellular fluids 
Eclampsia, 730 
Edema 

fluid balance, 701 
leukotrienes and, 649 
malnutrition, 243 

Egg albumin, 470 
Eicosapentanoic acid (EPA), 638, 643 
Elaidic acid, 365 
Elastase, function, 88 
Elastin, 88, 622 
Elderly population 

constipation in, 144 
osteomalacia, 576 
osteoporosis, 583-584, 774-778 
vitamin B12 deficiency~ 521, 553 

Electrolytes, 698 
Electron transport 

ATP production and, 278-282 
defined, 279 
respiratory chain, 159-160, 279 

Electrophoresis, 345 
Embolus, 360 
Embryonic development, see also Pregnancy 

cretinism, 737 
neural tube defects, 514 
prostaglandin F, 646 
taurine, 103 
thromboxane A, 646 
transcription factors, 589 
vitamin A, 565, 589 
zinc and, 813-814 

Encephalocele, 514 
Endocrine cells, 63, 163 
Endocytosis, 83, 335 
Endonuclease, 897 
Endoplasmic reticulum (ER) 

alcohol catabolism in, 247 
choline deficienc~ 317 
lipid digestion, 96 
membrane-bound proteins, 40 
polypeptide synthesis and transportation, 

39-40 
sterol response element, 368 

Energy 
ATP calculation, 278-285 
calculating energy expenditures, 297-299 

bomb calorimeter, 297-299 
direct calorimetry, 300-301 
doubly labeled water technique, 303-305 
indirect calorimetry, 299 

energy nutrition, 305-306 
metabolic rate, 301-333 
obesity and, 295, 297 
respiratory quotient, 274-305 
units of, 274-276 



Energy metabolism, 45-47, 157-160, 
255-257, 279 

alcohol, 245-252 
arteriovenous differences, 198-199 
brain and, 160-161, 181 
creatine, 202-205 
creatine phosphate, 201-202 
energy nutrition, 305-306 
exercise nutrition, 163, 194-195, 195-201 
fasting, 161, 163, 242-243 
fatty acids, 212-228 
fermentative and aerobic energy metabo- 

lism, 180-182, 233-242 
"futile cycle," 182, 281, 384 
glucagon and insulin, 161-180, 255-256 
gluconeogenesis, 158, 185-191, 207-210 
glycogen, 183-185, 206-207 
glycolysis, 158-159, 185-191, 257 
ketone bodies, 161, 236-242 
Krebs cycle, 159, 228-233, 257 
lactate dehydrogenase, 233, 234-235 
lactation, 301, 306 
liver and, 193-195, 252 
malate dehydrogenase, 235-236 
metabolic rate, 301-333 
metabolic zoning, 252-253 
muscle contraction, 791 
pregnancy, 301, 306 
regulation, 157, 255-256 
resting state, 193-194 
running rat experiment, 191-193 
starvation, 243, 245 

Enteric immunization, 136 
Enteric nervous system, 58 
Enterohepatic circulation, 97-100 
Enterokinase, 63-64, 88 
Enteropeptidase, 63 
Enzymes, 43-47, 54, 128 

active site, 44 
amidating enzyme, 625 
apoenzyme, 492, 547 
calcium-requiring enzymes, 792-793 
carbohydrate digestion, 109-111 
chemical structure, 43 
coenzyme, 492 
copper metalloenzymes, 804, 807 
desaturase enzymes, 642 
gluconeogenic pathway; 185 
holoenzyme, 492, 547 
hydrolysis, 122 
iron-containing enzymes, 747 
Krebs cycle, 228, 230, 231 
magnesium and, 795--798 
molybdenum and, 819 
nonheme enzymes, 743, 744 
restriction enzymes, 947 
selenium-requiring enzymes, 825 
urea cycle, 335 
zinc metalloenzymes, 806 

EPA, see Eicosapentanoic acid 
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Epilepsy 
folate deficiency and, 507 
ketosis and, 241 
vitamin D deficiency; 576 

Epinephrine, 185, 213, 623 
Epiphyseal plate, 577, 583 
Equilibrium constant, 6, 8 
Ergocalciferol, 584 
Ergosterol, 566 
Erosion of the fibrous cap, 360 
Erucic acid, 653 
Erythroblasts, 513 
Erythropoiesis, 755 
Erythropoietin, 755 
Eschericia coli, in the gut, 148 
Essential amino acids, 22-23 
Essential fatty acid deficiency; 650-653 
Essential fatty acids (EFAs), 493, 638-639 

assessment of status, 650. 
deficiency, 650--653 
dsesaturation, 638-639, 641-643 
fish oils, 643 
genetic diseases, 652-653 
linoleic acid, 638, 642-643 
linolenic acid, 638, 643 
metabolism, 639-643 
nomenclature, 639-640 
omega-3 fatty acids, 643 
omega-6 fatty acids, 642-643 
prostaglandins and thromboxanes, 

644-650 
Estrogen replacement therapy, bone loss 

and, 775 
Estrogens, zinc fingers and, 805 
Ethanolamine, 316 
Ethanol-oxidizing system, of endoplasmic 

reticulum, 247 
Exercise 

amenorrhea and, 777 
blood flow during, 197-200 
bone loss and, 777 
carbohydrate loading, 206-207 
catecholamine release, 185 
creatine phosphate, 195, 196, 201-202, 203 
diabetes and, 389-391 
energy metabolism and, 163, 194-195, 

195--201 
fatty acids 

carnitine, 224-226 
glycerol, 214 
hormone-sensitive lipase, 212-214, 215 
long-chain fatty acids, 228-229 
medium-chain fatty acids, 226-228 
serum albumin and, 215-216 
synthesis and oxidation, 216-219 
transport into mitochondria, 220-244 

fructose, 211-212 
glucagon and, 163, 213 
glucagon and insulin, 163, 164-166 
gluconeogenesis, 158,185-191, 207-210 
glucose transport into muscle, 210 
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glycogen, 206-207 
respiratory quotient during, 287-288 
sodium and potassium balance, 726-728 
weight reduction and, 476-477 

Exocrine cells, 63, 163 
External elastic lamina, 359 
Extracellular fluids (ECF), 699 
Extracellular matrix proteins, 50 
Eyes, visual cycle, 561-564 

F-l-P, see Fructose-l-biphosphate 
F-1-P aldolase, 211 
Factor II, 524, 527, 531 
Factor IX, 524, 530, 537 
Factor V, 531 
Factor VII, 524, 530 
Factor VIII, 531, 537 
Factor X, 524, 530-531 
FAD (ravin adenine dinucleotide), 160, 257, 

428, 611 
FAD synthase, 609 
Familial adenomatous polyposis coli, 886 
Farnesyl, binding to RAS, 325 
Farnesyl pyrophosphate (FPP), 327, 329, 330 
FAS, see Fetal alcohol syndrome 
Fasting 

body fuels available during, 242-243 
calcium loss during, 767 
epinephrine, 213 
glucagon, 163, 164-166, 213 
glucagon and insulin, 163, 164-166 
glucose fast, 453 
ketone bodies, 181, 236, 237-242 
modified fasting, 475, 476 
protein degradation, 444 
semistarvation diet, 456 
total fast, 453-456, 458 
zero nitrogen balance, 456-458 

Fat, see Adipose tissue 
Fat malabsorption syndromes, vitamin D 

deficiency, 576 
Fats, see also Lipids 

absorption, 93-103 
chemical structure, 23, 24 
chylomicrons after meals of fats/oils, 

345-347 
defined, 91 
dietary~ phospholipids and, 319-321 
dietary cholesterol and, 361-365 
energy cost, 306 
respiratory quotient studies, 294-295 
trans fatty acids, 365 

Fat-soluble vitamins, 493 
Fatty acid metabolism, 181 

dietary fiber, 143 
exercise and, 195-196 

Fatty acids, 320-321 
desaturation, 638, 639-640, 747 
dietary fatty acids, 362-367, 367-368 
exercise and 

carnitine, 224-226 
glycerol, 214 
hormone-sensitive lipase, 212-214, 215 
serum albumin and, 215-216 

free fatty acids (FFAs), see Free fatty acids 
liver, packaging by, 318 
long-chain fatty acids, 216, 228-229, 286, 

320 
medium-chain fatty acids, 216, 226-228, 

241,321 
monounsaturated, 361, 366 
oxidation, 218-219, 228, 285-287 
polyunsaturated (PUFAs), 361, 362, 364, 

366, 631, 643,.653-654, 656 
saturation, 320, 362, 364 
short-chain, 143, 224, 320 
solubilities, 216 
synthesis, 216-217, 216-219 
trans fatty acids, 365 
transport into mitochondria, 220-224 

Fatty acid synthase, 183, 291-293, 613-614, 
616, 639 

Fatty acid synthetase, 183 
Fatty acid transport, 215-216, 220, 222-224 
Fatty liver, 293 

alcoholism, 250-251 
choline deficiency, 317 

Fatty streak, 360, 636 
Fecal blood test, 884 
Feedback inhibition, 256 
Feeding center, brain, 403-404 
Fenton reaction, 627, 635, 903 
Fermentative metabolism, 159, 181-182, 

233-243 
Ferritin, 739, 741, 742, 756, 760 
Fetal alcohol syndrome (FAS), 250, 251 
FFAs, see Free fatty acids 
Fiber, see Dietary fiber 
Fibrinogen, 49, 530 
Fibrous plaque, 360 
Filamentous phage, DNA sequencing, 

954-955 

Fish oils, 643 
Flavin adenine dinucleofide, see FAD 
Flavin mononucleotide, see FMN 
Flavins, 609, 612 
Flavoproteins, 609, 611 
Fluoride, bone and, 778-780 
Fluoroapatite, 779 
Fluorosis, 778 
5-Fluorouracil (5-FU), 498 
FMN (ravin mononucleotide), 609, 611 
Foam cells, 360, 636 



Folate, 492, 493-494 
adenoma risk, 908 
assessment of status, 508-514 
biochemistry, 495--496 
cardiovascular disease and, 553 
colorectal cancer, 898 
homocysteine and, 515 
metabolism 

in mitochondria, 502, 505-506 
1-carbon metabolism, 496-500 

purine biosynthesis, 500, 503, 504, 506 
pyrimidine biosynthesis, 500-502, 504 
vitamin B12 deficiency treated with, 

521-522 
Folate deficiencj6 506-508 

hematological signs, 513 
risk factors, 506-507 
vitamin B12 deficiency and, 507, 511-512, 

518 
Folic acid, 494 

homocysteine and, 553 
neural tube defects and, 514-516 
vitamin B12 deficiency and, 521-522 

Folic acid supplementation, 515-516 
Follicle, small intestine, 135 
Folylpolyglutamates, 494, 495, 497 
Food allergies, 136 
Formaldehyde, 246, 505, 506, 836 
Formaldehyde dehydrogenase, 246, 836 
Formic acid, 836 
Formiminoglutamic acid, 22, 510 
Free fatty acids (FFAs), 93 

albumin to transport, 215-216 
brain, 160 
digestion and, 93, 95-96 
during exercise, 195 
oxidation, 285-297 
transport, 220 

Freely exchangeable magnesium, 798 
Fructose-l-biphosphate (F-l-P), 211 
Fructose, 211 

chemical structure, 11 
malabsorption syndrome, 213 
metabolism, 211-212 

Fructose-2,6-biphosphate (F-2,6-P2), 191-193 
Fructose transporter, 113-114 
Fruits 

dietary fiber, 140 
ripening process, 139 

Fundus, stomach, 58, 60 
Furosemide, 719 
"Futile cycle," 182, 281, 384 
Fyn kinase, 252 

G 

Galactose, 104 
~-Galactosidase, 104 
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Gall bladder, 58 
cholecystokinin, action on, 76-78 
secretions, 64 

Ganglioside, 322 
Gas6 protein, 524 
Gastric acid, 59 

action, 83-87 
cephalic phase, 67-68 
feedback control loop, 73 
sham meals and, 67, 68 
synthesis, 83--87 

carbonic anhydrase, 126, 127 
Gastric atrophy 

calcium absorption with, 768 
vitamin B12 deficienc~ 521 

Gastric glands, 60, 62 
Gastric lipase, 59, 94 
Gastric motility, 79 
Gastric mucus, 822 
Gastric secretions, pernicious anemia 

and, 518-519 
Gastric ulcers, treatment, 87 
Gastrin, 59, 68, 69 

chronic elevation and chronic absence, 73- 
74 

feedback control of release, 73 
physiology, 70-73 
structure, 69-70 

Gastrointestinal tract, see  Digestive system 
GC box, 34 
G cells, 59, 60, 519 
Gelatin, 469 
Gelsolin, 793 
Genbank, 961 
Gene II protein, 951 
Genes 

defined, 35 
hormone response elements, 588-590 
pseudogene, 115 

Genetic code 
defined, 33 
degeneracy, 37-38 

Genetic diseases, 53-54 
acrodermatitis enteropathica, 816 
apo A-I deficienc~ 336 
apo A-II mutants, 336 
apo-B mutants, 334 
apo C-II mutants, 335, 351 
apo E mutants, 351, 355 
of copper metabolism, 817-819 
cystic fibrosis, 152 
F-1-P aldolase deficiency, 211 
fatty acid metabolism disruption, 652-653 
fish-eye disease, 341 
GLUT-2 gene mutation, 115 
hemochromatosis, 759 
hereditary nonpolyposis colorectal cancer, 

886 
homocystinuria, 550, 554 
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maple syrup urine disease, 608-609 
membrane-bound proteins, 48 
Menkes disease, 817, 818-819 
molybdenum metabolism and, 820 
neurofibromatosis, 902 
phenylketonuria, 467, 469 
sulfite oxidase deficienc~ 820 
type UI hyperlipoproteinemia, 335 
vitamin D metabolism, 577 
Wilson's disease, 817-818 

Genome, defined, 12 
Genomics, 961 
GFR, see Glomerular filtration rate 
Gliadin, 152, 461 
Glomerular filtrate, glutathione in, 836-837 
Glomerular filtration rate (GFR), 204, 477 
Glomerulosa cells, adrenal gland, 786-788 
Glomerulus, 204-205 
Glucagon, 63, 180, 255 

action, 161, 161-162, 180 
at cell membrane, 179-180 
exercise and, 163, 213 
fasting and, 163, 164-166, 213 
feeding and, 163 
increase in plasma level, effects of, 189-190 
injection, effects of, 168-169 
protein breakdown, 446 
synthesis, 163-164 

Glucagon-cAMP-kinase pathway; 162 
Glucagon/insulin ratio, 161, 182, 183, 

241, 255 
Glucagon receptor, 179 
Glucine, biosynthesis, 435 
Glucogen, 122 
Glucogenic amino acids, 23, 435-436 
Gluconeogenesis, 23, 158, 183, 185-191, 

207-210 
Glucose 

absorption, 111-113 
chemical structure, 165 
insulin levels and, 167-168 
oxidation, 278, 282-285 

Glucose fast, 453 
Glucose-l-phosphate, 183 
Glucose-6-phosphate, 186 
Glucose-6-phosphate dehydrogenase, 288 
Glucose tolerance test, 171 
Glucose transport 

insulin, effect on, 175-176 
into musde during exercise, 210 

Glucose transporters, 50, 113 
Glucose/apo B condensation, 358 
Glucosinolates, 914 
Glucuronic acid, 107 
Glutamate 

as carrier of waste nitrogen, 437-438, 
440-441 

Krebs cycle, 233 
as neurotransmitter, 252 

Glutamate decarboxylase, 543 
Glutamate dehydrogenase, 439 
Glutamate-oxaloacetate aminotransferase, 

542, 543, 547 
Glutamate-pyruvate aminotransferase, 426- 

427, 543 
Glutamic acid, 19 

catabolism, 428 
chemical structure, 20 
plasma concentration, 465 
solubility, 26 

Glutaminase, 441, 443 
Glutamine, 19 

as amino donor, 501-504 
biosynthesis, 435 
catabolism, 429 
chemical structttre, 20 
dietary glutamine, 460-462 
plasma concentration, 465 
requirement for, 460-462 

Glutamine synthase, 253, 435, 440 
Glutamyltranspeptidase, 836-837 
Glutathione (GSH), 828 

aldehyde metabolism and, 835-836 
cancer and, 831-835 
function, 828 
glomerular filtrate and, 836-837 
iodate conversion to iodide, 731 
metabolism, 828 
synthesis, 828 
vitamin C and, 619 

Glutathione peroxidase, 827-830 
Glutathione radicals, 829-830 
Glutathione reductase, 612-613, 827 
Gluten, celiac disease, 152 
Glycerol 

chemical structure, 22, 23 
lipolysis, 213, 214 
metabolism, 214, 215 

Glycerol-phosphate shuttle, 283, 284 
Glycine 

bile salt synthesis, 64 
catabolism, 502, 506 
chemical structure, 18 
plasma concentration, 465 

Glycocholate, 96, 102 
biosynthesis, 65 
structure, 65 

Glycogen 
carbohydrate loading, 206-207 
catabolism, 184-185 
chemical structure, 12 
during exercise, 195, 206-207 
as energy store, 243 
phosphorolysis, 122-123 
synthesis and degradation, 183-184 

Glycogen phosphorylase, 183, 185, 543 
Glycogen supercompensation, 206-207 



Glycogen synthase, 179, 404 
Glycogen synthetase, 183 
Glycolysis, 158,185-191, 257 

defined, 185 
intermediates, 188-189 
liver, 186, 188 
muscle, 186, 188 
pyruvate as product, 159, 181-182, 183 
regulation, 189-190, 191 

Glycoproteins, 49-50, 116 
Glycosaminoglycan, 578 
Glycyrrhizic acid, 722 
Glyoxalase system, 835, 836 
Goat's milk, 507 
Goblet cells, 58 
Goiter, 736, 738 
Goitrin, 738 
Goitrogens, 738 
Gout, 478 
G protein, 180, 788 

calcium level and, 782 
myristic acid bound to, 325 
RAS, 900-902 
visual cycle, 562 

Grains 
camitine in, 225-226 
celiac disease, 118, 152 
as protein source, 422--423 
starch in, 139 

Ground substance, cartilage, 578 
Growth plate, 577, 578 
GSH, see Glutathione 
GSH S-transferase, 834-835 
GTP, hydrolysis, 902 
Guanidino group, 432 
Guanosine, 14, 834 
Guanylate cyclase, 200 
Gulonolactone oxidase, 617 
Gumdrops, starches in, 108 
Gums, 107, 140, 142 
Gut 

anatomy; 48 
enzymes of, 66 
hormones, 59, 69 
sodium and chloride absorption by; 

118-119 
Gut microflora 

animal nutrition and, 142, 884, 932 
digestion and, 147-150 
microbe-host interactions, 150-151 
pectin and, 142 

Gut mucosa, 98, 117, 145 
Gynoid fat, 385-386 

H 

Half-antibodies, 53 
Halides, 705 
Halogens, 705 
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Haversian system, 580 
HDLs (high-density lipoproteins), 312, 332 

altered by diet, 363 
apo A-I, 336, 339-340 
apo A-II, 336 
apo C-II, 337 
apo E, 337-338 
in bloodstream, 343-344 
cardiovascular disease and, 370 
cycling of cholesterol and, 339-343 
Mediterranean diet, 364-365 

Heart attack, 360 
Heat stroke, 699 
Hedgehog (protein), 326 
Helicobacter pylori, 87 
Helper phage, 951 
Heme 

biosynthesis, 753-755 
degradation, 752 

Hemicellulose, 142, 144 
Hemochromatosis, 759 
Hemoglobin, 741, 743-744, 757-758 
Hemophilias, 537 
Hemosiderin, 741, 760 
Heparan, 50 
Heparin, 535, 536-537 
Hepatocytes, 64, 253 
Hereditary nonpolyposis colorectal cancer 

(HNPCC), 886 
Heterocyclic amines, 889 

chemical structures, 889 
dietary sources, 888-892 
metabolism, 890 
mutations in APC and, 890-891 

Hexokinase, 35, 36, 45 
Hexokinase gene, promoter, 35 
Hibernation, 384 
High-density lipoproteins, see HDLs 
High-fiber diet, 911 
High-protein diet, 446--447, 772 
Histidine, 20 

catabolism, 429, 464, 509-511 
chemical structure, 20 
dietary histidine, 462-464 
plasma concentration, 465 
requirement, 462-464 

Histidine decarboxylase, 543 
Histidine load test, folate status by; 509-512 
H,K-ATPase, 85, 87, 726 
HMG-CoA reductase, 369 

cholesterol biosynthesis and, 327, 328 
regulation, 330-331 

HNPCC, see Hereditary nonpolyposis 
colorectal cancer 

Holotransferrin, 757 
Homocysteine, 22 

cardiovascular disease and, 551-553 
folate and, 515 
plasma concentration, 465, 553 
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Homocystinuria, 550, 554 
Hookworm, anemia and, 759 
Hormone response elements, 34, 399, 575 

gene activation, 588-590 
in genome, 35, 36 

Hormones 
A CTH, 404, 408 
aldosterone, 706-710, 716 
amidated hormones, 69, 625--626 
angiotensin, 706-710, 716, 786 
atrial natriuretic peptide, 720-721 
calcitonin, 775 
catecholamines, 185, 623-624 
cholecystokinin, 59, 76-80 
estrogen, 775, 779 
gastrin, 59, 69-74 
glucagon, 161-170 
1,25-dihydroxyvitamin D, 575, 585-590, 

781-782 
insulin, 42, 114, 161-170, 410-411, 808 
leptin, 405 
leukotrienes, 647-640 
neuropeptide Y, 381 
nitric oxide, 199-201 
parathyroid hormone, 570-475 
prostaglandins, 400, 644--647 
retinoic acid, 560, 585-590 
secretin, 59, 80--81 
thromboxanes, 644-647 
thyroid hormone, 585-590, 731-734, 826 
vasopressin, 719 

Hormone-sensitive lipase, 183, 212-214, 
215, 338 

HOX gene, 589 
HPETE (5-hydroxyperoxyeicosatetraenoic 

acid), 647 
Human milk, see  Milk 
Hyaluronic acid, 578 
Hydration, 5--6, 432 
Hydration number, 5 
Hydrogen bonds, 4-5 
Hydrogen gas 

lactose intolerance, 137, 138, 149-150 
production by gut bacteria, 149-150 

Hydrogen peroxide, 626--627, 633, 635, 739 
Hydrolysis 

defined, 121-122 
enzymes, 122 
fat deposits, 212 
lactose, 104 
proteins, 88-89, 122-125 
starch, 109, 110 
sucrose, 103 
triglycerides, 93, 94 

Hydrophilicity, amino acids, 17-18 
Hydrophilic properties, 26 
Hydroxocobalamin, 516 
Hydroxyapatite, 581 

~-Hydroxybutyrate, 236, 237 
1-Hydroxylase, 577 
5-Hydroxyperoxyeicosatetraenoic acid 

(HPETE), 647 
Hydroxyproline, 21 
Hypercalcemia, 782, 783, 785 
Hypercalciuria, 780, 823 
Hyperkalemia, 722 
Hyperlipoproteinemia, apo E, 351 
Hypematremia, 721, 722 
Hyperparathyroidism, 785 
Hyperphosphatemia, 773-774 
Hyperplastic obesity, 387 
Hypersegrnentation, of neutrophils, 507, 513 
Hypertension, 728-730 

magnesium and, 801-802 
obesity as risk factor, 380 
renal failure and, 477 

Hyperthyroidism, 306, 736 
Hypertriglyceridemia, 319-320 
Hypertrophic obesity, 387 
Hyperuricemia, 475, 478 
Hypocalcemia, 774, 782, 783-785 
Hypoglycemia, plasma glucagon, 169 
Hypokalemia, 698, 721-722, 726 
Hypomagnesemia, 784, 798 
Hyponatremia, 698, 721, 728 
Hypoparathyroidism, hypocalcemia and, 784 
Hypothalamus 

obesity and, 409-410 
physiology; 403-405 

Hypothyroidism, 306, 736 

I cells, 65 
IDDM, see  Insulin-dependent diabetes 

mellitus 
Ileum, intrinsic factor, 81 
Immature urine, 113 
Immune system, 50-53 

infant, 134-135 
iron-containing enzymes, 747 
zinc deficiency and, 815 

Immunization, enteric, 136 
Immunoglobulin A (IgA), in mother's milk, 

134 
Immunoglobulin G (IgG), in mother's milk, 

134 
Indirect calorimetry, 299 
Indispensable amino acids, 22-23 
Indole-3-carbinol, 914 
Infants 

adipose tissue accumulation, 398 
anemia, 758 
beriberi, 606 
calcium defidency; 784 



diarrhea, 723 
essential fatty acid deficiency, 650, 652 
gut microflora, 149 
hypocalcemia, 784 
immune system, 134-135 
intestinal infections, 134-135, 152-153 
iron deficiency; 755-756, 758 
iron needs, 739 
ketone bodies, 161, 182, 240 
malnutrition, 243, 245, 249 
maple syrup urine disease, 608-609 
mother's milk, 102, 134-135 
phosphate deficiency, 773 
protein metabolism in, 134 
selenium levels, 837-838 
thiamin deficiency; 606 
total parenteral nutrition, 147 
vitamin A deficiency; 564 
vitamin B6 deficiency; 545-546 
vitamin B12 deficiency; 520 
vitamin D deficiency; 575 
vitamin E deficiency; 628, 634 
vitamin K deficiency, 537-538 

Inflammatory diseases, leukotrienes and, 649 
Inorganic phosphate, 762 
Inositol-l,4,5-trisphosphate (IP3), 162, 533, 

575, 644, 646, 786 
Insulin-dependent diabetes mellitus (IDDM), 

171, 172-173, 730 
Insulin responsive substrate (IRS), 178 
Integrins, 135-136, 359, 534 
Internal elastic lamina, 359, 360 
Intervention study; 964 
Intestinal tract 

absorption of salt and water, 715 
calcium absorption by; 776 
dietary fiber and, 144-147 
immunology of, 135-136 
infections in infants, 134-135, 152-153 

Intima, 359 
Intrinsic factor, 60, 81-82 
Introns, 32 
Iodine, 731 

deiodinases, 734-735 
goitrogens, 738 
inorganic, metabolism, 731 
in milk, 695 
thyroid hormone 

hormonal effects, 735-736 
synthesis, 731-734 

Iodine deficiency; 731, 736-737 
Iodine goiter, 738 
Ionic bond, 4 
Ionic groups, 9-10 
Ionic strength, calculation, 702 
IP3, see Inositol-l,4,5-trisphosphate 
IP3 receptor, 200 
IQ, 889 

Index 991 

Iron, 693, 739 
absorption, 749-752 
assessment of status, 756 
biochemistry; 740, 743, 747 
in bone, 697 
cytochromes, 743, 745-747 
ferrrifin, 739, 741, 742, 748-749, 756, 

758, 760 
in foods, 695 
heme, 743 

biosynthesis, 753-755 
hemochromatosis, 759-760 
hemoglobin, 741, 743-744 
hemosiderin, 741, 760 
in human body, 740-743 
immune system and, 747-748 
methemoglobin, 744 
in milk, 695 
myoglobin, 741, 745 
nitrite poisoning and, 744-745 
recycling, 752-753 
response elements, 748-749, 760 
solubility of salts, 739-740 
transferrin, 741-742, 748-749, 755, 756-757 

Iron deficiency; 748, 755-759 
anemia, 751 
infections, incidence of, 747-748 
microcytic anemia, 514 
pregnancy; 751 

Iron deficiency anemia, 751 
Iron metabolism, alcoholism and, 251 
Iron metalloproteins, 743, 745, 747 
Iron overload, 759-760 
Iron regulatory protein (IRP), 748 
Iron response element (IRE), 748, 760 
Iron salts, solubilities, 739-740 
Iron-sulfur proteins, 697, 743 
Iron supplements, 751 
IRP (iron regulatory protein), 748 
Irritable bowel syndrome, dietary fiber 

and, 146 
IRS, see Insulin responsive substrate 
Ischemia, 357 
Islets of Langerhans, 163, 164 
Isoleucine 

catabolism, 429-431 
chemical structure, 18, 19 
plasma concentration, 465 

Isomaltase, 122 
Isothiocyanates 

colon cancer and, 912, 914 
structure, 914 

Isotope ratio mass spectrometry, energy 
expenditure measurement, 303 

Itai-itai disease, 811 

J 
Joule, 273 
JUN response element, 900 
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K channel, see Potassium channel 
Keshan disease, 838 
Ketoacidosis, 241 
c~-Ketobutyrate, 466 
Ketogenic amino acids, 23, 435-436 
Ketone bodies, 236-242 

acidosis, 116 
circulation, 238 
during exercise, 195 
fasting, 161, 181, 236, 237-242 
infants, 161, 182, 240 
metabolism, 257 
synthesis, 237, 238-241 

Ketosis, 241 
Kidney disease, 475, 477 
Kidney failure, vitamin D deficiency; 576 
Kidneys 

calcium resorption by~ 574 
choline deficiency and, 318 
creatinine, 202-205 
function, 477 
glutathione in glomerular filtrate, 836-837 
nephron, 709, 711 
renal tubule, 113 
sodium and potassium balance, 705-721 
water balance in body; 705-721 

Kidney stones, 475, 478, 780 
Kinases, 330 
"Knock-out" technique, 54, 587 
Korsakoff's psychosis, 606 
Krebs cycle, 159, 181, 228-233 

enzymes, 228, 230, 231 
glucogenic amino acids, entry into, 

436, 437 
respiratory chain and, 231-232 

Kupfer cells, 512 
Kwashiorkor, 116, 243 
Kynurenine, 22 

Lactalbumin, 451 
Lactase, 104, 109-110 
Lactase-phlorizin hydrolase, 109 
Lactate dehydrogenase, 233, 2.34-235 
Lactation, see also M i l k  

bone loss during, 777-778 
energy requirements, 301, 306 

Lacteal, 96 
Lactose, 136 

chemical structure, 12, 103, 104 
hydrolysis, 104 
resistance to digestion, 136-138 

Lactose intolerance, 104, 136-137, 153 
Lactose synthase, 424 

Lactulose, 144 
Lambda phage, DNA sequencing, 941, 

954, 955 
Lanosterol, 329, 330 
Large bowel, cancer of, see Colorectal cancer 
Large intestine, dietary fiber and, 144-147 
Laxative abuse, 723 
LCAT (lecithin:cholesterol acyltransferase), 

340-341 
LDL receptor, 50 
LDLs (low-density lipoproteins), 312, 331 

atherosclerosis and, 358-369 
cardiovascular disease and, 361-365, 370 
damaged, 358 
drugs to lower, 369 
Mediterranean diet, 364-365 
vitamin E and, 634--636 

Lead poisoning, 755 
Lean body mass, 448 
Lecithin:cholesterol acyltransferase, see LCAT 
Legumes, as protein source, 422 
Leptin 

feedback loop, 410-411 
obesity and, 381, 406--407 

Leptin receptor, 408 
feedback loop, 410-411 
obesity and, 381 

Leucine 
catabolism, 429--431 
chemical structure, 18 
as ketogenic amino acid, 436 
plasma concentration, 465 

Leucine aminomutase, 516 
Leukotriene A4 (LTA4), 647, 649 
Leukotriene B4 (LTB4), 647, 649 
Leukotriene C4 (LTC4), 649 
Leukotrienes, 642-643, 647--649 
Licorice, 722 
Ligand, 585 
Light chain antibodies, 50 
Lignin, 140, 142, 144 
Lingual lipase, 59, 60 
Linoleic acid, 320, 364, 641, 642-643 
Linoleic acid deficienc); 650 
Linolenic acid, 639, 641, 643 
Linolenic acid deficiency, 650, 651 
Lipases, 78, 183 
Lipids, 311-312; see also Fats; Fatty acids; Oils 

absorption, 93-103 
acetylcholine, 319 
bilayer sheet, 25 
bile salts and, 96-100 
cardiovascular disease and, 357-361 

diet and, 361-368 
drugs and, 368-370 
risk factors, 370-371 

cholesterol, 312, 326-331, 339-343 
choline, 311, 316, 317-318 



covalent binding to proteins, 325-326 
dietary cholesterol and, 361-365 
dietary fats and, 319-321 
ethanolamine, 316 
lipoproteins, 312, 317, 332-333 

behavior, 345-357 
chylomicrons, 332, 333, 336-339, 345 
HDLs, 312, 332, 337-338, 339-344 
morpholog~ 3~-345 
properties, 333-336 
VLDLs, 312, 332, 336-339 

micelles, 25 
phospholipids, 23-25, 312-316 
solubility, 91 
sphingosine-based lipids, 322-325 
taurine and, 101-103 
vesicle, 25 

Lipofuscin, 631 
Lipoic acid, 609, 611, 612 
Lipolysis, glycerol, 213, 214 
Lipophilic compounds, 26, 27 
Lipophilicity, amino acids, 17 
Lipophilic properties, 26 
Lipoprotein lipase, 183, 215, 334, 356-357 
Lipoproteins, 93, 312, 317, 332-333 

behavior, 345-357 
choline deficiency; 317 
chylomicrons, 332, 333, 336-339, 345 
cross-section, 336, 344 
HDLs, 312, 332, 336-339, 339-344 
morphology, 344-345 
properties, 333-336 
VLDLs, 312, 332, 336-339 

Lipostat theory, 380 
5-Lipoxygenase, 647 
Lipoxygenase pathway; 647 
"Liquid protein" diets, 476 
Lithocholic acid, 910 
Liver 

alcoholic liver disease, 250 
bile salts, enterohepatic circulation, 97-100 
blood vessels of, 199 
cholesterol in, 331 
choline deficiency; effect of on, 317-318 
energy metabolism, 181 
fatty acids and, 318 
fatty liver, 250-251, 293, 317 
fructose metabolism, 211-212 
gluconeogenesis, 158, 185, 185-191, 

207-210 
glucose-6-phosphate, 186, 188 
lipoproteins, 332 
malate-aspartate shuttle, 235, 236, 283 
metabolic zoning in, 252-253 
secretions, 64 
steUate cells, 556 
sugar transport in and out of, 115 
vitamin A and, 556 
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Liver glycogen synthase, 404 
Lone pair, electrons, 4 
Long-chain fatty acids, 216, 226-228 

defined, 320 
oxidation, 286 

Longitudinal studies, 963, 964 
Loop diuretics, 719, 800 
Loop of Henle, 711 
Lorenzo's oil, 653 
Lovastatin, 330-331, 369 
Low-density lipoproteins, see  LDLs 
Lower body fat, 385 
Low-potassium diet, 706, 707 
Low-sodium diet, 706, 708, 710 
LTA4 (leukotriene A4), 647, 649 
LTB4 (leukotriene B4), 647, 649 
LTC4 (leukotriene C4), 649 
Lysine, 20 

catabolism, 428 
chemical structure, 17-18, 20 
as ketogenic amino acid, 436 
plasma concentration, 465 
supplement to wheat-based diet, 472-473 

Lysine tyrosylquinone, 804 
Lysolecithin, 313 
Lysosomes, 32, 83 
Lysozyme, 117 
Lysyl oxidase, 622, 804, 819 

M 

Macroautophagy; 444, 447 
Macromolecules 

carbohydrates, 10-12 
lipids, 23-25 
nucleic acids, 12-16 
proteins, 16-23 

Macrophages, 752 
Macula densa, 711, 712 
Magnesium, 794--795 

biochemistry, 795-798 
in biological fluids, 696 
blood pressure and, 801-802 
in the body, 798-800 
in bone, 697 
in foods, 695 
in mUk, 695 

Magnesium deficiency, 784, 798, 800-801 
Magnesium sulfate, 801-802 
Malabsorption syndromes, 151 

celiac disease, 118, 152 
Crohn's disease, 152 
fructose, 212 
magnesium deficiency and, 800 
steatorrhea, 151 
tropical sprue, 152 
vitamin D deficiency; 576 
vitamin K deficiency, 525 
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Malaria, iron deficiency and, 748 
Malate-aspartate shuttle, 235, 236, 283 
Malate dehydrogenase, 230, 235 
Malic enzyme, 588 
Malic enzyme/citrate lyase pathway; 288, 289 
Malnutrition, 243; see also Starvation 

infants, 243, 245, 249 
kwashiorkor, 116 
protein-energy malnutrition, 243 

Malonyl-CoA, 218, 222-223 
Maltase, 122 
Maltose, chemical structure, 104 
Manganese, 802-803 

in bone, 697 
in milk, 695 

Manganese deficiency, 803 
Mannuronic acid, 107 
MAP kinase kinase kinase, 900 
MAP kinase signaling pathway, 900-901 
Maple syrup urine disease, thiamine in, 

608-609 
Marasmus, 243 
Marine oils, 643 
M cells, 135 
Mead acid, 640-641, 650-652 
Mean corpuscular volume (MCV), 756, 830 
Media, artery; 359 
Mediterranean diet, 364-365 
Medium-chain fatty acids, 216, 226-228 

defined, 320 
epilepsy diet, 241 

Megakaryocytes, 512 
Megaloblastic anemia, 507, 513, 521 
Megaloblastic marrow, 513 
MeIQ, 889 
Meizothrombin, 531 
Melanocortin, 408-410 
Melanocortin receptors, 408, 409-410 
Melanocyte-stimulating hormone (MSH), 

408, 410 
Membrane-bound proteins, 40, 41 

amino acid sequence, 47-48 
aquaporins, 121 
hormone receptors, 177, 180, 646 
integrins, 135-136 
ion ~ansporters, 713, 717-718 
sugar transporters, 50, 113-115 

Menadione, 524 
Menaquinone, 524, 538 
Menkes disease, 817, 818-819 
Messenger RNA, see mRNA 
Metabolic zoning, in the liver, 252-253 
Metallothionein, 804, 810-811, 818 
Metarhodopsin II, 562 
Metastasis, 884-886 
Methanogen bacteria, in the gut, 149 
Methemoglobin, 744 
Methionine 

biosynthesis, 19 
catabolism, 466 
plasma concentration, 465 
sparing by cysteine, 466--467 

Methionine challenge test, 553 
Methionine synthase, 498, 502, 507 
Methotrexate (MTX), 499-500 
Methylation cycle, folate metabolism and, 

496-497 
Methylcobalamin, 516 
5-Methyl-cytosine, deamination, 894 
Methylglyoxal, 836 
Methylmalonic acid (MMA), 434, 522 
Methylmalonyl-CoA, 434, 517, 518 
Mevalonic acid, 327, 328 
Mg-ATP complex, 795-796 
Micelles, 25, 27-29 
Microautophagy; 444 
Microbiological assays, 508 

biotin determination, 541 
folate status by; 509 
thiamin status, 607 

Microcytic anemia, 514 
Microsomal ethanol-oxidizing system, 247 
Microvilli, 58 
Milk 

antibodies in, 134-135, 152 
biotin, 539 
calcium in, 695, 766 
camitine, 225 
energy in, 306 
inorganic nutrients in, 695 
iron content, 758 
lactose in, 103-104 
lipid makeup, 322 
taurine, 102 
vitamin K, 525-525, 537 

Milk allerg~ 136 
Milk fat, 365 
Milk fever, 569-570 
Milk protein, 424-425 
Milk sugar, chemical structure, 103 
Mitochondria, 31-32, 257 

brown fat, 384 
fatty acid transport into, 220, 222-224 
folate metabolism in, 502, 505-506 
physiology; 231 
proton pump, 281 

Mixed miceUe, bile salts, 27-29 
M M A ,  see Methylmalonic acid 
Modified amino acids, 21-22 
Modified fasting, 475, 476 
Modified starch, 107-108 
Molecular sieve chromatography, 347, 

349-350 
Molybdenum, 819-820 
Molybdenum deficiency; 819-820 
Monocytes, atherosclerosis and, 359 
Monoglycerides, 93 
Mononuclear phagocytic system, 752 
Monosaccharides, chemical structure, 10-12 
Monosodium glutamate, 461 
Monounsaturated fatty acids, 361, 366 



mRNA (messenger RNA), 32, 34 
action, 40 
biosynthesis, 33 
coding regions, 37 
metabolic regulation, assessing using, 

936-946 
structure, 37, 937 
translation, 36-37 

mRNA editing, 333 
MSH, see Melanocyte-stimulating hormone 
MTX, see Methotrexate 
Mucosa, 58, 98, 145, 152, 883 
Mucus, 50, 116, 822 
Multigeneration deficiency technique, 

103, 931 
Muscles 

calcium signaling and, 789-792 
energy metabolism and, 163, 194-195, 

195-201 
glucose transport during exercise, 210 
glycerol-phosphate shuttle, 283, 284 
glycolysis, 185, 188 
sugar transport into, 114-115 

Mycobacterium paratuberculosis, 152 
Myeloperoxidase, 635, 747-748 
Myristic acid, 93, 325, 362, 364 

N 

NAD (nicotinamide adenine dinucleotide) 
biochemistry, 593, 594-595, 600, 601 
biosynthesis, 601 
cyclic ADP-ribose, 597 
function, 160 
post-translational modification of pro- 

teins, 595-597 
NADH, 282 
NADH dehydrogenase, 279, 280, 744, 745 
NADPH, production, regulation, 290-291 
Na-K-2C1 cotransporter, 719 
Na,K-ATPase 

chemical structure, 712 
dephosphorylation, 721 
function, 117, 703 
inhibition, 720 
magnesium and, 798 
phosphorylation, 721 
regulation, 713 

Negative energy balance, 274 
Neonates, see Infants 
Nephron, physiology, 711 
Nervous system 

alcohol and, 252 
digestive system control, 58, 66-69, 88 
enteric nervous system, 58 
hunger, 404 
lead, 755 

Index 995 

Net protein utilization (NPU), 469-470, 472 
Neural tube defects (NTDs), folic acid and, 

514-516 
Neurofibromatosis, 902 
Neuropeptide Y (NPY) 

feedback loop, 410-411 
obesity and, 381, 410 

Neurotransmitters, 623, 761 
Neutrophils 

hypersegmentation of, 507, 513 
immune system function, 747 

Niacin, 593 
assessment of status, 602 
coenzymes, 595 
nicotinamide adenine dinucleotide 

(NAD), 492, 593 
biochemistry, 594-595 
biosynthesis, 601 
cyclic ADP-ribose, 597 
post-translational modification of 

proteins, 595-597 
nutrition, 597-600, 602 

Niacin deficiency 
diet and, 493 
pellagra, 598-600, 602 

Nickel, 840 
Nicotinarnide adenine dinucleofide, see NAD 
Nicotinic acid 

conversion to NAD, 593-594 
pharmacological use of, 369, 593, 603 

NIDDM, see Non-insulin-dependent diabetes 
mellitus 

Nightblindness, vitamin A deficiency and, 
557, 561, 564 

Nitric oxide, vasodilation and, 199-201 
Nitrite, 744-745, 915 
Nitrocellulose, dot blot technique and, 

938-939 
Nitrogen 

atomic structure, 3-4 
urinary nitrogen, 204 
waste nitrogen, see Waste nitrogen 

Nitrogen balance, 447, 448, 456 
Nitrogen metabolism, metabolic zonation, 

253 
Nitrosamines, ascorbic acid and, 915-916 
N-linked glycoproteins, 59 
NMDA receptor, 252 
"n minus" nomenclature, fatty acids, 640 
Non-insulin-dependent diabetes meUitus 

(NIDDM), 171, 173-174 
obesity as risk factor, 380 
weight loss and, 389-391 

Nonpolar solvent, defined, 26 
Nonspecific nitrogen, 460 
Norepinephrine, 185, 623 
NO synthase, 200 
NPU, see Net protein utilization 
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NPY, see Neuropeptide Y 
NTDs, see Neural tube defects 
N terminus, protein, 37 
Nucleic acids 

directionality, 33, 894 
synthesis, 33 

Nucleosides, chemical structure, 13, 14 
Nucleotides, 12, 15 
Nutrient antagonists, 932 
Nutrient balance technique, 931 
Nutrient density, 422 
Nutrients escaping/resisting digestion, 133 

carbohydrates, 133, 136-140 
lactose, 136-139, 153 
starch, 149-150, 153 

dietary fiber, 133, 140-147, 153 
food allergies and, 136 
gut microflora, 133, 142, 143, 147-151 
malabsorption syndromes, 118, 151-152 
proteins, 134-136 

O 
Obese gene, 406--407 
Obesity, 379, 411 

adipose tissue 
android and gynoid fat, 380, 385-387 
classification, 379-380 
measuring, 382-383, 388-398 
regulation, 399--401, 407--408 
subcutaneous and visceral fat, 384-385 
white and brown fat, 383-384 

cardiovascular disease and, 391-392, 393 
defined, 380 
diabetes and, 389-391 
diseases associated with, 380, 411 
energy metabolism and, 295, 297 
genetic factors, 401-411 
hypertrophic and hyperplastic obesity, 

387-388 
hypothalamus and, 409-410 
long-term controls, 381 
overeating, 295 
psychology of, 381-382 
racial differences, 397-398 
rodent studies, 380-381 
satiety, 381, 403 
short-term controls, 381 
signaling pathways, adipocyte formation, 

399-401 
weight control, 380, 381, 402 

Obligatory nitrogen loss, 452, 453, 459 
Odds ratio (OR), 908, 966-968 
Oils, see also Fats; Lipids 

absorption, 93-103 
chemical structure, 23, 24 
chylomicrons after meals of fats/oils, 

345-347 
defined, 91 
dietar~ phospholipids and, 319-321 
dietary cholesterol and, 361-365 

Oleic acid, 320, 364, 365, 368, 640 
Oligopeptides, chemical structure, 16 
Oligosaccharides, 10, 12, 49-50 
O-linked glycoproteins, 49 
Olive oil, 361, 362 
Omega-3 fatty acids, 642, 643 
Omega-6 fatty acids, 641,642--643 
Omega-9 fatty acids, 640 
Omega nomenclature, fatty acids, 639--640 
Omeprazole, ulcer treatment, 87 
1-carbon metabolism, 496-500 
Open reading frame (ORF), 37 
Opsin, 561 
OR, see Odds ratio 
Oral contraceptives, vitamin B6 levels 

and, 549 
ORF, see Open reading frame 
Organic phosphate, 762 
Ornithine, 21-22 
Ornithine cycle, 438 
Ornithine decarboxylase, 452 
Ornithine transcarbamylase, 439 
Osmolality, 700 
Osteoblasts, 577, 579, 582, 841 
Osteocalcin, 524, 538, 581 
Osteoclasts, 570, 582 
Osteoid, 579-580 
Osteomalacia, 576, 583 
Osteon, 577, 579-580 
Osteonectin, 581 
Osteoporosis, 583-584, 774-778 

breast-feeding and, 777-778 
child nutrition and, 777 
exercise and, 777 
fluoridated water and, 779-780 
genetics, 778 
menopause and, 775, 776 
risk factors, 774, 776, 777 
treatment, 776 

Ouabain, 713, 714 
Ovalbumin, 470 
Oxalate 

calcium and, 780 
food sources, 780-781 

Oxidation 
acetyl-CoA, 285 
fatty acids, 218-219, 228, 285-287 
free fatty acids (FFAs), 285-297 
glucose, 278, 282-285 
long-chain fatty acids, 286 
proteins, 295-297 

Oxidative phosphorylation (ox-phos), 257 
Oxo-G, 903-904, 915 
Oxo-guanine DNA glycosylase, 903 
Oxyntic cells, 60 

P 

p53, mutations and cancer, 879, 880, 886, 891- 
893 



Palmitic acid 
LDL cholesterol and, 364 
metabolism, 363 
structure, 92, 320, 325 

Palm oil, 362 
Pancreas 

anatom36 58, 63, 163-164 
bicarbonate release by, 79 
cholecystokinin, action on, 78-79 
e n z y m e s ,  see Pancreatic enzymes 
glucose levels, 161 
insulin, 163-179 

release from, 177-178 
zinc and, 808, 812 

Pancreatic duct, 58, 62 
Pancreatic enzymes, 59, 793 
Pancreatic lipase, 94 
Pancreatic secretions, 62-64, 67, 94, 109 
Paneth cells, 117 
Pantothenic acid, 492, 493, 613-617 
Pantothenic acid deficiency, 493, 617 
Paracellular pathway~ 717 
Parasitic infections 

anemia and, 759 
vitamin B12 deficiency~ 521 

Parathyroid gland 
hyperparathyroidism, 785 
hypoparathyroidism, 784 
vitamin D and, 566, 570, 573-574 

Parathyroid hormone (PTH), 566 
functions, 570 
vitamin D and, 573-574 

Parietal cells 
defects in, 83 
gastric acid production by~ 59, 83-87 
gastrin and, 84 
views, 60, 84, 86 

Pavlov's experiment, 67 
PAX3 gene, 516 
pBluescript, 951, 953-954 
PC, see Phosphatidylcholine 
PE, see Phosphatidylethanolamine 
Peanut oil, 362 
Pectin 

chemical structure, 141 
gut microflora and, 142 

Pellagra, 598-600, 602 
Penicillamine, Wilson's disease treatment, 

818 
Pentose phosphate pathway (PPP), 288, 

604, 605 
PEPCK, 189-191 
Pepsin, 59 

action, 75-76 
function, 88 
structure, 74 

Pepsinogen, 59, 60, 74 
activation, 74, 75 
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PEPT1, 89 
PEPT2, 89 
Peptide bond, 16 

hydrolysis by chymotrypsin, 123-125 
Peptides 

digestion and absorption, 88-91 
hydrolysis, 122-123 

Peptidylglycine r monooxy- 
genase, 625 

PER, see Protein efficiency ratio 
Perilipin, 383, 401 
Periportal hepatocytes, 253 
Perivenous hepatocytes, 253 
Permeability, defined, 119 
Pernicious anemia 

as cancer risk factor, 519 
folic acid and, 516 
parietal cells and, 83 
vitamin B12 deficiency and, 434, 518- 

519, 523 
Peroxisomal disease, 652-653 
Peroxisome proliferation activated receptor, 

see PPAR 
Peroxisomes, 653 
Peroxynitrite, 916 
Peyer's patches, 135-136 
Phagemids 

defined, 951 
DNA library for sequencing studies, 

950-954 
Phages, DNA library for sequencing 

studies, 950-954 
Phenylalanine 

catabolism, 468 
chemical structure, 19 
plasma concentration, 465 
sparing by tyrosine, 467, 469 

Phenylketonuria, 467, 469 
Phenylpyruvic acid, 469 
PhIP, 889, 890 
Phlebotom~ 759 
Phlorizin hydrolase, 109-110 
Phorbol esters, cancer and, 916 
Phosphatases, 54, 66 
Phosphate, 694 

in biological fluids, 696 
in bone, 697 
energy storage and transfer, 762-763 
in foods, 695 
hyperphosphatemia, 773-774 
in milk, 695 
in nucleic acids, 763, 764 
toxicity, 773 
turnover in the body~ 773-774 

Phosphate deficiency, 773 
Phosphate groups, leakage from cell, 763, 765 
Phosphate metabolism, vitamin D and, 584 
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Phosphatidylcholine (PC), 91, 311 
chemical structure, 23, 24 
in foods, 316, 317 
synthesis, 313-314, 315, 316 

Phosphatidylethanolamine (PE), 91, 313 
synthesis, 314-315 

Phosphatidylinositol (PI), 162, 325, 533, 644 
signaling pathways, 792 
synthesis, 315, 316 

Phosphatidylinositol-4,5-diphosphate, 315 
Phosphatidylserine (PS), 314, 316 
Phosphatidylserine carboxylase, 314 
Phosphatidylserine decarboxylase, 543 
3-Phosphoadenosine-5'-phosphosulfate 

(PAPS), 822 
Phosphocholine transferase, 313 
Phosphodiester linkage, 13, 15 
Phosphoenolpyruvate carboxylase, 802 
Phosphofructokinase, 192 
6-Phosphogluconate dehydrogenase, 288 
3-Phosphoglycerate, 188, 435 
3-Phosphohydroxypyruvate, 435 
Phospholipase, 78 
Phospholipase A2, 793 
Phospholipase B, 313 
Phospholipase C, 785, 788, 793 
Phospholipid membrane, permeabili~, 

119, 121 
Phospholipids, 312-316 

chemical structure, 23-25, 91-92 
dietary fats and, 319-321 

Phosphopantetheine, 291, 614, 616 
Phosphoribosylpyrophosphate (PRPP), 

500, 504 
Phosphorolysis, 122-123, 183 
Phosphorylase, 183, 185 
Phosphorylase kinase, 793 
Phosphoserine, chemical structure, 18 
Photosystem I/II, 555 
Phthiocol, 527 
Phylloquinone, 524, 537, 538 
Phytic acid 

copper absorption, 804 
iron absorption and, 750-751 
zinc absorption, 804 

Phytyl group, 628 
PI 3-kinase, 179, 792 
PI 3-kinase signaling pathwa~ 178, 179 
Pituitary gland, 735 
Plasma cholesterol, regulation, 326-327 
Plasma membrane (PM), 31, 40 

crypt cells, 118 
depolarization, 704 
phospholipids and, 320-321 
stimulation Of cell, 644 

Plasmids, DNA library for sequencing 
studies, 950-954 

Platelets 
signaling ,pathways, 533-534 
thrombin and, 532-533, 647 

PLP, see Pyridoxal phosphate 
PMP, see Pyridoxamine phosphate 
Polar solvent, defined, 26 
Poly(A), 944 
Poly(ADP-ribose), 595, 597 
Poly A tail, mRNA, 32 
Polycyclic aromatic hydrocarbons, 831--833 
Polygalacturonase, 141 
Polyglutamation, of folates in the cell, 

495-496 
Polymorphonuclear leukocytes, 512 
Polypectomy, 884 
Polypeptides, 54 

chemical structure, 16, 43-45 
cleavage, 4243 
maturation, 42-43 
secretion into extracellular fluid, 40 
translation, 36 

Polypeptide synthesis, 36-37, 38-39 
at endoplasmic reticulum, 39-40 
mRNA, 36-37 
tRNA, 38 

Polyps, 882-884, 886 
Polysaccharides, 10, 12 

dietary fibers, 140-147 
nonstarch polysaccharides, 141 

Polyunsaturated fatty acids (PUFAs), 361, 
364, 366 

atherosclerosis and, 643 
dietary cholesterol and, 362 
food science and, 654-656 
toxic oxygen damage, 631 
vitamin E and, 653-654, 656 

Pork fat, 362 
Porphyrin ring, 753 
Positive energy balance, 274 
Post-translational modification of proteins, 

NAD and, 595-597 
Potassium, 694, 697-698 

biochemistry, 703-705 
in biological fluids, 696 
in bone, 697 
diarrhea and vomiting, 722-726 
dietary requirement, 702-703 
exercise and, 726-728 
in foods, 695 
growth indicated by accumulation of, 

448-449 
hyperkalemia, 722 
hypertension and, 728-730 
hypokalemia, 698, 721-722, 726 
in milk, 695 
regulation of potassium metabolism, 

705-721 
water balance, 717-719 



Potassium channel (K channel), 177 
Potassium deficiency, 724 
Potassium ions, 703, 704 
Power, defined, 274 
Poxvirus, selenium and, 830 
PPAR, 399, 585, 586, 588, 653 
Pravastatin, 357, 369 
Pre-column derivatization, 607 
Preeclampsia, 730 
Pregnancy; see also Embryonic development 

energy requirements, 301, 306 
folate deficiency in, 507, 511 
high blood pressure and, 730 
iron deficiency; 751, 756 
lactation,306 
phenylketonuria in mother, 469 
skinfold measurements, 384-385 

Prevalence studies, 963-964 
Previtamin A, 554 
Principal cells, renal tubules, 712, 718-719 
Programmed cell death, selenium and, 840 
Proline 

biosynthesis, 435 
catabolism, 433 
chemical structure, 21 
plasma concentration, 465 

Proline monooxygenase, 621 
Promoters, 34-36 
Propionic acid, as energy source, 143 
Propionyl CoA, 143, 431, 432, 434 
Propionyl CoA carboxylase, biotin deficiency 

and, 540 
Propylthiouracil, 736 
Prospective study; 964 
Prostaglandin F, 646 
Prostaglandin H2 (PGH2), 645 
Prostaglandin receptors, 646 
Prostaglandins, 533, 642-643 

biosynthesis, 400 
classification, 645 
colon cancer and, 912 
conversion of arachidonic acid to, 644-645 
function, 646 

Proteases, 60, 63, 88 
action, 123-124, 444 
blood clotting, 530-531 
calcium-activated, 793 

Protein C, 524, 535 
Protein deficiency; 116 
Protein density, 422 
Protein efficiency ratio (PER), 469-471 
Protein kinase B, 792 
Protein kinase C, 786, 793 
Protein kinases, 54, 161, 185 
Protein nutrition, 458-459, 475 

AIDS and, 480 
amino acid requirement, 460-469 
amino acid supplements, 472-473 
biological value, 469-470, 471-472 
cachexia, 480 
chemical score, 369-370 
chronic renal failure and, 477 
complementary proteins, 473-475 

Index 999 

daily requirement, 450-453, 459-460 
species differences, 452 

digestibility, 459 
disease and protein malnutrition, 475 
fasting, see Fasting 
growth, 448-453, 463, 473 
hyperuricemia and, 478--480, 481 
modified fasting, 476 
net protein utilization, 469-470, 472 
nitrogen balance, 447, 448, 456 
protein efficiency ratio, 469-471 
protein quality, 423, 469-475 
protein sparing, 453-458 
wasting and, 480, 482 

Protein quality, 423 
Protein required for maintenance, 452 
Proteins, 54 

amino acids, 16-23, 421 
aminotransferases, 425--428 
biosynthesis, 435-436 
catabolism, 350, 423, 425-435 

antibodies, 50-53 
calciuric effect of, 772 
in cellular structure, 32 
chemical structure, 16, 37 
covalent binding of lipids to, 325-326 
denaturation, 424-425 
dietary sources, 421-422 
digestion, 88-91,121-127 

carbonic anhydrase, 86, 121, 126,127 
digestibility, 459 
hydrolysis, 122-125 
phosphorolysis, 122-123 
proteases, 60, 63, 88, 123-124 

energy content, 274 
food allergies, 136 
glycoproteins, 49-50 
hydrolysis, 88-89, 122-125 
iron-sulfur proteins, 697, 743 
maturation, 40, 42-43 
membrane-bound proteins, 40, 41, 47-49 
metabolism 

nutrition and, 447, 469 
regulation, 444-447 

milk protein, 424-425 
nutrition, see Protein nutrition 
obligatory nitrogen loss, 452, 453, 459 
oxidation, 295-297 
post-translational modification, NAD and, 

595-597 
protein quality, 423, 469-475 
protein turnover, 452 
resistance to digestion, 134-136 
respiratory quotient, 295-297 
sequence homology; 121 
synthesis, 38-39 
waste nitrogen, 209-210, 423, 435--443, 

454, 455 
ammonia, 439-441 
toxicity and packaging, 441-444 
urea cycle, 438-439 

Protein S, 524, 535 
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Protein sparing, 453-458 
Protein status, determining, 244 
Protein turnover, 452 
Proteoglycans, 116, 335, 578 
Prothrombin, 527, 531 
Prothrombin time, 538 
Protonation, water solubility, 29-31 
Proton pump 

diagram, 280 
gastric acid synthesis, 83, 84, 86 
gastric ulcer treatment and, 87 

Protons, 2 
Proton transport, 280-281 
Protoporphyrin IX, 753, 756 
Proximal tubule, 711, 715, 716 
PRPP, see Phosphoribosylpyrophosphate 
PS, see Phosphatidylserine 
Pseudogene, 115 
Psoriasis, 585, 643 
PTH, see Parathyroid hormone 
PUFA radical, 631 
PUFAs, see Polyunsaturated fatty acids 
Purine 

biosynthesis, 500, 503, 504, 506 
catabolism, 478, 480, 481 
dietary purines, 478 

Pyloric sphincter, 79 
Pylorus, 79 
Pyridoxal phosphate (PLP), 541, 542, 544, 

546-547 
Pyridoxamine phosphate (PMP), 541, 544 
Pyridoxic acid excretion test, 548-549 
Pyrimidine, biosynthesis, 5(X)-502, 504 
Pyroglutamate, 69, 70 
Pyrrole, chemical structure, 753 
Pyruvate, 159, 228 
Pyruvate carboxylase, 703, 802 
Pyruvate dehydrogenase, 159, 228, 231, 

466, 491 
Pyruvate kinase, magnesium and, 796 

Q 

Quaternary amine, 594-595 
Quetelet's index, 382, 389 
Queuine, 150 
Queuosine, 150,151 

Rachitic rosar~ 582 
RAC protein, 905 
Radicals 

damage from 
ascorbic acid and, 626 
vitamin E, 631, 632 

formation, 829 

Raffinose, 106 
RAR, 585, 586, 590 
RAR/VDR/THR/PPAR family, 593 
RAS, 325 

famesyl binding to, 325 
inactivation, 901 
MAP kinase signaling pathway and, 898, 

900-902 
mutations and cancer, 879-880, 886, 898, 

902-905 
RAS signaling pathway; 178-179 
RBP, see Retinol-binding protein 
RDAs, see Recommended daily allowances 
Reactive oxygen species, 914; see also Toxic 

oxygen 
Recombinational repair, 897 
Recommended daily allowances (RDAs), 

xiv, 301-303 
Rectal cancer, see Colorectal cancer 
Red blood cells 

catabolism, 751-752 
folate levels, 509 
hemoglobin, 741, 743-744 

Red meat, colorectal cancer, 880, 909--910 
Red muscle fibers, 233, 234 
Relative risk, 965, 966 
Renal disease, 475, 477 
Renal tubules, 205 

anatomy, 709, 711 
blood pH and, 725 
function, 711 
principal cells, 712 
resorption of other nutrients, 716-719 
resorption of water, 701, 713 
sodium resorption by, 713 

Renin, 706-707, 708, 712 
Renin/angiotensin system, 706-712 
Replication, defined, 16 
Resistant starch, 139-140 
Respiratory chain, 159-160, 279 

diagram, 279, 280 
Krebs cycle and, 231-232 

Respiratory quotient (RQ) 
calculation, 274-287, 303 
defined, 275 
during rest and exercise, 287-288 
fatty acid biosynthesis, net rate of, 288-293 
human studies, 293-295 
metabolic rate, 301-333 
protein oxidation and, 295-297 

Response elements, see Hormone response 
elements 

Rest, respiratory quotient during, 287-288 
Resting metabolic rate (RMR), 302 
Resting metabolism, 193-194 
Restriction enzymes, 947-949 
Reticulocytes, 513 
Retinal, 558 
11-cis-Re~Jnal, 561, 562 



Retinoic acid, 558, 561, 585 
Retinol 

biosynthesis, 555, 556 
uptake over time, 558 

Retinol-binding protein (RBP), 215 
protein malnutrition and, 244 
vitamin A and, 557-558 

Retinyl esters, 554, 556 
Retrospective study, 964-965 
Reverse cholesterol transport, 339 
Reverse transcript~ase, 944-946 
Reversibility, enzyme-catalyzed reactions, 46 
Rheumatoid arthritis, leukotrienes and, 649 
Rhodopsin, 325, 557, 561, 562 
Riboflavin, 492, 609 

assessment of status, 612-613 
biochemistry, 511-512, 609 
coenzymes, 595 
metabolism, 609, 610 
urinary riboflavin, 204 

Riboflavin deficiency, 493, 512 
Ribonucleic acid, see R N A  

Ribonucleosides, chemical structure, 14 
Ribonucleotide reductase, 744, 747, 748 
Ribose, 11, 115, 606-605 
Ribosomal RNA, see rRNA 
Ribosomes, 32, 36 
Rickets, 482, 483, 575, 576, 582, 583, 584 
Risk ratio, 908, 965-966, 968 
RMR, see Resting metabolic rate 
RNA (ribonucleic acid), 12 

cellular function, 32 
chemical structure, 13 
structure, 937 
synthesis, 13, 16 

RNA polymerase, 33-35 
RNases, 122 
Rods, 561, 563-564 
rRNA (ribosomal RNA), 34 
Rubidium, 703 
Ruminants, dietary fiber digesti~)n, 143-144 
Running rat experiment, 191-193 
RXR, 585, 586, 588 

Safflower oil, 362 
Salivary glands, 58-60 
Salt, fortified, 736, 737 
Salt absorption, 118-119 
Salt-sensitive/insensitive people, 729 
SAM, see S-Adenosylmethionine 
Sarcomere, 790 
Sarcoplasmic reticulum (SR), 32, 789 
Sarcosine, 506 
Satiety, 80, 381, 403 
Satiety center, brain, 403, 404 

Index 1001 

Satiety factor, obesity and, 380, 381 
Saturated fatty acids 

chemical structure, 639 
dietary~ 320, 362-363 
LDL cholesterol and, 364 

Scavenger receptor A, 358, 635 
S cells, 65 
Schiff base, 9, 249, 348, 428, 435, 543, 561, 

635--636, 655, 836 
Scurvy, 618--619 
Seaweed, carrageenan and agar, 108 
Secretin, 59 

duct cells, effect on, 80-81 
structure, 80 
synthesis, 65--66 

Secretory diarrhea, 118 
Selenium, 825 

assessment of status, 837 
enzymes and, 825 
glutathione, 828 

aldehyde metabolism, 835-836 
cancer and, 831-835 
glomerular filtrate and, 836-837 

nutrition, 837-839 
supplemental Selenium, 840 
toxicity, 838 
viruses and, 830-831 

Selenium deficienc36 838-839 
Selenium poisoning, 838 
Selenium supplements, 840 
Selenocysteine, 21, 825, 826 
Selenosis, 838 
Semidehydroascorbate, 623, 624 
Semistarvation diet, 456 
Sequence homology, 121 
Serine 

biosynthesis, 435 
catabolism, 429 
chemical structure, 18 
plasma concentration, 465 
synthesis, 188 

Serine dehydratase, 543 
Serine hydroxymethyltransferse, 543 
Serum albumin, 215 
Sham meals, 67 
Shock, 723 
Short-chain fatty acids, 224 

defined, 320 
metabolism, 143 

Signaling pathways 
calcium and, 761-762, 785-792 
glycogen, cyclic AMP-dependent, 184-185 
IRS and, 178 
PI 3-kinase pathway, 178, 179 
RAS pathwa36 178-179, 901 
within platelet, 533-534 

Signal sequence, 42 
Silicon, 841 
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Silver chloride, solubility, 6 
Simvastatin, 369 
Single-stranded DNA, see  ssDNA 
Skeletal muscles, 233, 790-791 
Skinfold measurements, 382 

during pregnancy, 384-385 
sites for, 392-394 

Small intestine 
anatomy; 57-58 
dietary fiber and, 144-147 
intrinsic factor, 81 
lipoproteins, 332 
physiolog~ 135-136 
secretions, 63, 65-66, 128 
sodium metabolism, 117-119, 120 
villi, 58, 96, 97, 117-118 

Smoking, cancer and, 832 
Smooth muscles, calcium signaling and, 

791-792 
Sodium, 693, 694, 697-698 

atomic structure, 2, 3 
biochemistry, 703-705 
in biological fluids, 696 
in bone, 697 
diarrhea and vomiting, 722-726 
dietary intake, 118 
dietary requirement, 702-703 
exercise and, 726-728 
in foods, 695 
hypernatremia, 721, 722 
hypertension and, 728-730 
hyponatremia, 698, 721, 728 
intestinal absorption, 119, 120 
kidneys and, 705-719 
in milk, 695 
regulation of sodium metabolism, 705-721 
water balance, 705-721 

Sodium channel, regulation, 713-714 
Sodium chloride, 4-6 
Sodium-dependent glucose transporter, 113 
Sodium ion, 3 
Sodium metabolism, small intestine, 117-119, 

120 
Sodium/nutrient co-transporters, 117 
Sodium pump, 117 
Solubility 

amphipathic molecules, 26 
defined, 25-26 
fatty acids, 216 
hydration, 5-6 
nutrients, 26-28 

Soluble fibers, 140, 174 
Somatic mutations, 885 
SOS protein, 900 
Soybean oil, 93, 362 
Soybean protein, 451 
Space of Disse, 556 
Specific dynamic action, 303 

Sphingolipids 
biosynthesis, 322, 323 
cell signaling and, 324-325 
in food and milk, 322, 324 

Sphingomyelin (SPM), 311, 313, 325 
in foods, 316, 317 

Sphingomyelinase, 324 
Sphingosine, 322, 324 
Sphingosine-based lipids, 322-325 
Spina bifida, 514, 516 
Spironolactone, 714 
Splicing, 32 
Squalene, 329, 330 
SR, see  Sarcoplasmic reticulum 
ssDNA (single-stranded DNA), 13, 937 
Stachyose, 106 
Starch, 106, 107 

chemical structure, 12 
"crystallization," 140 
digestion, 107-108, 153 
energy content, 274 
hydrolysis, 109, 110 
modified starch, 107-108 
resistance to digestion, 139-140 

Start codon, 37 
Starvation, 243-245 

body fuels available during, 242-243 
kwashiorkor, 116, 243 
leptin levels, 410 
marasmus, 243 
protein-energy malnutrition, 243 

Statins, 330, 369 
Stearic acid, 362-363 
Stearyl-CoA desaturase, 746-747 
Stellate cells, 556 
Stem cells, 512, 755 
Steroid hormone binding proteins, 593 
Steroid hormones, 807 

synthesis, 747 
zinc fingers and, 805 

Sterol response element, 367-368 
Sterol response element binding protein 

(SREBP), 367-368 
Stoichiometry, 275 
Stomach 

anatomy; 58 
antrum, 58, 60, 62 
cholecystokinin, action on, 79-80 
fundus, 58, 60 
gastric acid, 59, 67-68, 73, 83-87 
gastric atrophy, 768 
gastric lipase, 59, 94 
gastric mucus, 722 
gastrin, 59, 68, 69-74 
glands, 60, 62 
lipid digestion, 94 
motility, 79 
protein digestion, 88 
secretions, 60, 62, 67, 70-73, 128 

pernicious anemia, 518-519 
ulcers, treatment, 87 



Stop codon, 37, 825 
Streptozotocin 

action, 163-165 
Stroke, 360 
Structural proteins, 54 
Subcutaneous fat, 384 
Substrate 

conventions for depicting, 45 
enzyme, 43, 45 

Succinate dehydrogenase, 228, 230, 231, 
492, 744, 745 

Succinyl-CoA, 228, 517 
Succinyl thiokinase, 228 
Sucrase, 103, 110, 111, 122 
Sucrase-isomaltase, 48-49, 109 
Sucrose 

chemical structure, 12, 103, 104 
energy content, 274 
hydrolysis, 103 

Sucrose intolerance, 137 
Sugars 

absorption, 111-113 
chemical structure, 10-12, 103-104 
defined, 10 
digestion, 107-112 
enzymes, 109-111 
nutrition and, 115-116 
in plant foods, 105 
sucrose intolerance, 137 
sugar transporters, 113-115 

Sugar transporter proteins, 113-115 
Sulfate,, 696, 822-823 
Sulfhydryl groups, cellular, 828, 829 
Sulfite, dietary, 821-822 
Sulfite oxidase, 820-821 
Sulfotransferases, 822 
Sulfotyrosine, 70 
Sunflower oil, 362 
Superoxide, 626 
Superoxide dismutase, 626, 802, 805 
Sweating, sodium and potassium balance 

and, 726-728 
Syneresis, 107 

T3 (3,5,3'-triiodothyronine), 585, 733-734, 825 
T4 (thyroxine), synthesis, 733-734, 826 
Table salt, fortified, 736, 737 
Tapeworms 

anemia and, 759 
vitamin B12 deficiency; 521 

Tapioca, 106 
TATA box, 34 
TATA sequence, 34, 592 
Taurine, 64, 101-103 
Taurocholate, 65, 96, 102 
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TCII, see  Transcobalamin II 
Terminal transferase, 944-946 
Termination signal, 953 
Tetany, 784, 785, 801 
3,5,3',5'-Tetraiodothyronine (T4), synthesis, 

733-734 
Thermodynamics, energy metabolism, 257 
Thermogenin, 384 
Thiamin, 492, 603 

absorption, 603 
assessment of status, 607 
biochemistry, 604, 607 
dietary requirement, 607-608 
maple syrup urine disease and, 608--609 
metabolism, 603 

Thiaminase, 606 
Thiamin deficiency, 493, 603, 604-606, 608 
Thiamin monophosphate (TMP), 603 
Thiamin propyl disulfide, 606 
Thiamin pyrophosphate (TPP), 603, 604, 607 
Thiamin trisphosphate (TTP), 603, 606 
Thick filament, 791 
Thin filament, 791 
Thiocyanate, as goitrogen, 738 
Thiol esters, 96, 253-255, 256 
Thoracic duct, 95, 96, 98 
Thorax, blood vessels, 96, 98 
THR, 585, 586 
Threonine 

catabolism, 429 
chemical structure, 18 
plasma concentration, 465 

Thrombin, 49, 529, 531-534, 703 
platelet activation, 647 

Thrombin receptor, 50 
Thrombomodulin (TM), 531, 535 
Thromboxane A, 646 
Thromboxanes, 533, 642-645 
Thrombus, 360 
Thymidylate synthase, 498, 502 
Thymine DNA glycosylase, 894 
Thyroglobulin, 731-732 
Thyroid gland 

diseases, 306 
regulation, 735 

Thyroid hormone, 585, 731 
action, 588-589 
deiodinases, 734-735 
hormonal effects of, 735-736 
hyperthyroidism, 736 
hypothyroidism, 736 
synthesis, 731-734 

Thyroid-stimulating hormone (TSH), 735 
Thyroperoxidase, 732 
Thyrotropin, 735 
Thyrotropin-releasing hormone (TRH), 735 
Thyroxine (T4), 733-734, 826 
Tight junctions, 713 
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Tissue biopsy; 197-198, 206 
Tissue factor, 528, 530 
TM, see Thrombomodulin 
TMP, see Thiamin monophosphate 
Tobacco smoking, cancer and, 832 
c~-Tocopherol, 628, 629, 630 
Tocopherols, 629, 630 
Tooth decay~ fluoride and, 778 
Topaquinone (TPQ), 804 
Total body water, 304-305 
Total fast, 453-456, 459 
Total parenteral nutrition (TPN) 

choline and, 316 
dietary fiber and, 146-147 
selenium deficiency, 838 

Toxic oxygen, 626, 631, 632, 635, 912, 914, 916 
TPP, see Thiamin pyrophosphate 
TPQ (topaquinone), 804 
Trabecular bone, 582 
Transamination reactions, 426 
Transcobalamin II (TCII), 83, 523 
Transcription, 32, 33 

basal level of transcription, 585 
described, 34-35 
1,25-dihydroxyvitamin D3 and, 575 
termination, 36 

Transcription factors, 50, 399, 444, 592 
gene activation, 588-590 

Transferrin, 741-742, 755, 756 
Transferrin receptor, 50, 755 
Transfer RNA, see t R N A  
Transketolase, 604, 607 
Translation, 36-37, 38--40, 748, 826-827 
Transport systems, amino acids, 89 
TRH (thyrotropin-releasing hormone), 735 
Tricarboxylic acid cycle, 228 
Triglycerides 

chemical structure, 22, 23, 91, 92 
dietary triglycerides, 226, 319-320, 366-367 
energy cost, 306 
fatty acids in, 92, 93 
feeding studies, 348-349 
hydrolysis, 93, 94 
hypertriglyceridemia, 319-320 
location in foods, 93 
metabolism, 255-256 
VLDLs, 337-338 

2,4,5-Trihydroxyphenylalanine, see Topaqui- 
none 

3,5,3'-Triiodothyronine (T3), 733-734, 826 
Trimethyllysine, 224-225 
Tripalmitate, chemical structure, 23 
tRNA (transfer RNA), 34, 38 
tRNA-guanine transglycosylase, 150 
Tropical oils, 362 
Tropical sprue, 152 
Troponin, 790, 793 
Trypsin, 63, 88 

Trypsinogen, 63, 78-79, 793 
Tryptophan, 469 

catabolism, 428, 550, 600, 602 
chemical structure, 19 

Tryptophan load test, 549 
TSH (thyroid-stimulating hormone), 735 
TTP, see Thiamin trisphosphate 
Tubby gene, 411 
Tubulovesicles, 83 
Tumors, energy metabolism, 235 
Tungsten, 820 
Type I deiodinase, 734-735, 826, 827 
Type I diabetes, see Insulin-dependent 

diabetes mellitus 
Type II deiodinase, 735, 826, 827 
Type II diabetes, see Non-insulin-dependent 

diabetes meUitus 
Type III deiodinase, 735, 826, 827 
Type III hyperlipoproteinemia, 35 
Tyrosine 

catabolism, 428, 468 
catecholamine synthesis from, 623, 624 
chemical structure, 19 
phenylalanine sparing by, 467, 469 
plasma concentration, 465 

Tyrosine kinase, 252 
Tyrosine monooxygenase, 623 
Tyrosine sulfotransferase, 802 

U 

Ubiquinone, 279, 330 
Ubiquitin, 444 
UDP-glucose, 183 
Ultrasound, measuring body fat, 383 
Units of energy, 274-276 
Unsaturated fatty acids, 320, 746-747 
Untranslated regions (UTRs), 37 
Upper body fat, 385 
Uracil DNA glycosylase, 399, 499, 894, 895, 

897 
Urea cycle, 20, 335, 438-439 
Uremia, 477 
Uric acid, 475, 478 
Uric acid kidney stones, 475, 478, 780 
Uridine, chemical structure, 14 
Urine, creation of, 113, 205, 711 

V 

Vagus nerve, digestive system control, 58, 
59, 66-69,88 

Valence electrons, 2 
Valine 

catabolism, 431 
chemical structure, 18 
plasma concentration, 465 



Variable region, antibody; 51 
Vasoconstriction, 58 
Vasodilation, 58, 199-201 
Vasopressin, 719-720 
VDR, see  Vitamin D receptor 
Vegetarian diet 

vitamin B12 deficiency; 519-520, 521 
vitamin D deficiency; 576 

Ventrolateral hypothalamus, 403-404 
Ventromedial hypothalamus, 403-404 
Very-low-density lipoproteins, see VLDLs 
Villi, 58 

absorptive cells, 114 
anatomy, 117-118 
structures, 96, 97 

Villin, 793 
Virgin olive oil, 93 
Viruses, selenium and, 830-831 
Visceral fat, 384 
Visual cycle, vitamin A and, 561-564 
Vitamin A, 492, 493, 554-556, 558 

absorption and storage, 556-557 
biochemistry, 557-558 
cancer and, 590, 592 
cell differentiation and, 559-560 
hormonal effects, 560-561 
retinol-binding protein (RBP), 557-558 
toxicity, 565 
visual cycle and, 561, 564 

Vitamin A deficiency, 493, 556-557, 561-564 
alcoholism and, 251 
cell differentiation and, 559 
dietary cause, 244 

Vitamin A supplementation, 564-565 
Vitamin B6, 493, 541-542 

aminotransferase, 209 
assessment of status, 546-550 
biochemistry, 542-545 
cardiovascular disease and, 553 
homocysteine and, 550-554 
homocystinuria, 550, 554 
toxicity, 550 
water solubility, 27 

Vitamin B6 deficiency; 545-546 
Vitamin B6 supplements, 551 
Vitamin B12, 493, 507, 516 

absorption, 81-82 
assessment of status, 522-524 
biochemistry, 516-517 
chemical structure, 517 
cobalt and, 841 
homocysteine and, 553 

Vitamin B12 deficiency, 517-524 
causes of, 518-522 
elderly population, 521,553 
folate deficiency and, 507, 511-512, 518 
hematologic signs, 513 

Index 1005 

impairment of 1-carbon metabolism 
by; 498 

pernicious anemia and, 434, 518-519, 523 
signs of, 518, 524 
tapeworms and, 521 
vegetarian diets and, 519-520, 521 

Vitamin C, 617 
biochemistry, 619-621 
cancer and, 915 
collagen formation and, 621-623 
damage from radicals, 626-627 
hormone synthesis and, 623-626 
metabolism, 618, 619-620 
transport in body, 618 

Vitamin C deficiency; 618-619, 621 
Vitamin D, 492, 493, 565-566, 588 

assessment of status, 569 
bone growth and, 566, 577, 579-584 
calcium and, 566, 569-573, 574 
chemical structure, 566-569 
metabolism, 566-568 
osteoporosis and, 776 
parathyroid gland and, 566, 570, 573-574 
phosphate metabolism and, 584 
precursors, 566 
psoriasis and, 585 
sunlight and, 565, 568 
toxicity, 584 
transcription and, 575 

Vitamin D3, 566-567 
Vitamin D deficiency, 569, 575-577, 584 

bone structure and synthesis, 577, 579-584 
cartilage and, 577-579 

Vitamin D receptor (VDR), 575, 588, 589 
Vitamin E, 493, 628 

absorption and storage, 630 
antioxidant action, 628-629, 634-638 
ascorbate, interaction with, 627 
assessment of status, 633 
atherosclerosis and, 634--638 
biological potenc36 630 
chemical structure, 628, 629 
function, 627 
polyunsaturated fatty acids (PUFAs) and, 

653-654, 656 
structure, 629 

Vitamin E deficiency; 628, 631-634 
selenium deficiency and, 838--839 

Vitamin K, 492, 493, 524-525 
anticoagulation cascade, 535-536 
assessment of status, 538-539 
blood clotting cascade and, 524, 527-534 
chemical structure, 525 
research, 526-528 
vitamin K cycle, 526 
warfarin and, 526-527, 536 

Vitamin K cycle, 526 
Vitamin K deficiency; 525, 537 
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Vitamins, 491-493; see also individual vita- 
mins 

VLDLs (very-low-density lipoproteins), 194, 
332 

apo C-II, 356 
atherosclerosis and, 358-369 
life history of, 336-338 
maturation, 336-339 

Vomiting, 696, 722, 724, 725 
von Willebrand disease, 537 

W 

Warfarin, 357, 526-527, 536 
Waste nitrogen, 423, 436-443 

ammonia, 439-441 
fasting and, 455 
glutamate and aspartate as carriers, 

437438 
toxicity and packaging, 441-443, 441-444 
transport to liver, 209-210 
urea cycle, 438-439 
in urine, 454 

Wasting, in cancer and AIDS, 480, 482 
Water, 694 

biochemistry of, 701-702 
blood volume and, 700-701 
compartmentation in body, 699-700 
dietary requirements, 698-699 
dissociation constant, 6-7 
fluoride content, 779 
hydration, 5-6 
passage through membranes, 119, 121 
renal tubule and, 701 
salt and, 700 

Water balance, regulation, 705-721 
Water solubility, 26-27 

fat-soluble molecules, 27-28 
fatty acids, 216 
ionization, 29-31 

Water-soluble vitamins, 493 
Watt, 273 
Weak acids, 6, 7-8 
Weight loss 

exercise and, 476-477 
"liquid protein" diet, 476 
modified fasting, 475, 476 
non-insulin-dependent diabetes mellitus 

(NIDDM), 389-391 
zero nitrogen balance, 456-458 

Wernicke-Korsakoff syndrome, 606 
Wernicke's disease, 606 
Wet beriberi, 606 
Whey; 424 
White fat, 383, 411, 556 
White muscle fibers, 233 
WIC program, 758 
Wilson's disease, 817-818 

Xanthine dehydrogenase, 744, 823-824 
Xanthomes, 335 
X chromosome, 33 
Xerophthalmia, 564 
X-linked adrenoleukodystrophy, 653 
Xymogens, blood clotting, 530 

Y 

Y chromosome, 33 
Yogurt, 104, 425 

Z 

Zein, 461 
Zero nitrogen balance, 456-458, 467 
Zinc, 803-084 

absorption, 804, 808-810 
biochemistry, 804--808 
in bone, 697 
ceruloplasmin, 810, 812, 814 
dietary zinc, 808-809 
enzymes and, 804, 807 
excretion, 812 
in foods, 695 
metallothionein, 804, 810-811, 818 
in milk, 695 
in pancreas, 808 
plasma level, 810, 814-815 

Zinc deficiency, 813-816 
Zinc fingers, 590, 591, 805-806 
Zinc/insulin complex, 808 
Zymogens, 59, 62, 63, 88, 128 



FOOD AND NUTRITION BOARD, NATIONAL ACADEMY OF SCIENCES-NATIONAL RESEARCH COUNCIL, RECOMMENDED DIETARY ALLOWANCES (1989) 

Weight Height Protein Vitamin Vitamin Vitamin Vitamin L itamin Thiamin Riboflavin Niacin Vitamin Polate Vitamin Calcium Phosphorus Magnmiuni Iron Zinc Iodine i t h i i u m  
A D E K C B6 BIZ 

Age (kg) (Ib) (cm) (in) (g) (pg RF) (pg)' (mg a-TE) (pig) (mg) (mg) (mg) (mg Y E ) '  (mg) (pg) (pg) (mg) (mg) (mg) (mg) (mgl (pg)  (pg)  

INFAYTS 

CHILDREN 

MA1 FS 

FEMALES 

I'regnan t 

Lactating 

0-0 5 6 13 

0 5-1 0 9 20 

1-7 13 29 

4-45 20 44 

7-10 28 62 

11-14 45 99 

15-18 66 145 

19-24 72 160 

25-50 79 174 

511 77 170 

11-14 46 101 

1.5-18 .55 120 

19-24 58 128 

25-50 63 138 

51+ 65 143 

1st 6 mo 

2nd 6 mo 

60 24 

71 28 

90 35 

112 44 

132 52 

157 62 

176 69 

177 70 

176 70 

173 68 

157 62 

163 64 

164 65 

163 64 

160 63 

13 

14 

16 

24 

28 

4 i  

59 

58 

63 

63 

46 

44 

46 

50 

50 

60 

65 

62 

375 

375 

400 

i110 

700 

1000 

1000 

1000 

1000 

1000 

800 

800 

800 

800 

800 

800 

1300 

1200 

7 5  

1 0 

10 

10 

10 

10 

i n  

10 

5 

5 

1 0 

10 

10 

5 

5 

1 0 

10 

10 

3 

4 

6 

7 

7 

10 

10 

10 

10 

10 

8 

8 

8 

8 

8 

10 

12 

11 

5 

10 

15 

20 

30 

45 

0.5 

70 

80 

80 

45 

55 

60 

65 

65 

65 

65 

65 

30 

35 

40 

45 

45 

50 

60 

60 

60 

60 

50 

60 

60 

6 0 

60 

70 

95 

90 

0.3 

0.4 

0.7 

0.9 

1 .0 

1.3 

1.5 

1 .5 

1.5 

1.2 

1.1 

1.1 

1.1 

1.1 

1 0  

1.5 

1 .6 

1 .6 

0.4 

0.5 

0.8 

1.1 

1.2 

1.5 

1.8 

1.7 

1.7 

1.4 

1.3 

1 .3  

1 .3  

1.3 

1.2 

1.6 

1.8 

1.7 

5 

h 

9 

12 

13 

17 

20 

19 

19 

15 

15 

15 

15 

15 

13 

17 

20 

2 0 

0.3 

0.6 

1 .0 

1.1 

1 .4 

1.7 

2.0 

2.0 

2.0 

2.0 

1.4 

1 5  

1 .h 

1 .6 

1 .h 

7 7  -.- 

2.1 

2.1 

25 

75 

50 

75 

100 

150 

200 

200 

200 

200 

150 

180 

1 80 

180 

180 

400 

280 

260 

0.3 

0.5 

0.7 

1 .o 
1.4 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.2 

2.6 

2.6 

400 

600 

800 

800 

800 

1200 

1200 

1200 

800 

800 

1200 

1200 

1200 

800 

800 

1200 

1200 

1200 

300 4 0 

500 60 

800 8 0 

800 120 

800 170 

1200 270 

1200 400 

1200 3.50 

800 350 

800 350 

1200 280 

1200 300 

1200 280 

800 280 

800 280 

1200 320 

1200 355 

1200 340 

6 

1 0 

10 

10 

1 0 

12 

12 

10 

10 

10 

15 

1.5 

15 

15 

1 0 

30 

15 

1 -5 

5 

5 

10 

10 

10 

1 5 

15 

15 

15 

I 5  

12 

12 

12 

12 

12 

I 5  

19 

16 

40 

5 0 

70 

90 

120 

1 50 

150 

150 

150 

150 

150 

150 

1 50 

1 50 

1 50 

175 

200 

200 

1 0 

15 

20 

20 

30 

40 

50 

70 

70 

70 

45 

50 

55 

55 

55 

65 

75 

75 

S o r i r c ~  Food and Nutrition Board (1989). "liecommended Dietary .4llowances," 10th ed. National Academy Press, Washington, DC 
"Retinol equivalents. 1 retinol equivalent= 1 pg retinol or 6 pg p-carotene. 
'As cholecalciferol. 10 pg cholecalciferol=400 IU vitamin D. 
'a-Tocopherol equivalents. 1 mg d-a-tocopherol=l a-TE. 
'!Niacin equivalents. 1 N E = l  mg niacin or 60 mg dietary tryptophan. 
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