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Preface

The immediate predecessor of Modern Nutrition in Health and Disease was Dietotherapy, published in 1945 and edited by Drs. Michael Wohl and Robert Goodhart.
With the same editors, its successor, the first edition of Modern Nutrition in Health and Disease, appeared in 1955. Its original objective has remained in succeeding
editions: to serve as a comprehensive authoritative text and reference source reviewing the history, scientific base, and practice of nutrition for students, practitioners,
and educators. The broad scope of nutritional sciences has relevance to all basic and applied biologic sciences, medicine, dentistry, dietetics, nursing, pharmacy,
public health, and public policy.

This edition has 115 chapters and multiple sections of an Appendix, updated by 169 authors in 10 countries and from many scientific disciplines. To these authors we
express our deep appreciation.

Thirty-five chapters review specific dietary components in depth; 18 others are concerned with the role of nutrition in integrated biologic systems; 5 review aspects of
nutrition assessment; 41 cover a variety of clinical disorders; and 13 discuss public health and policy issues.

Thirty-six new chapters have been introduced designed to provide better understanding of the role of nutrition in integrated biologic systems and in other areas.
These include general and specific aspects of molecular biology and genetics, ion channels, transmembrane signaling, and other topics—all in tutorial form. The
matter of essential and conditionally essential nutrients is reviewed historically in the opening chapter and considered in separate chapters on individual essential
nutrients and in those on taurine, homocysteine, glutamine, arginine, choline, and carnitine.

There are added chapters on nutritional issues in pediatrics, cardiovascular disorders, gastroenterology, cancer, hematology, and rheumatology. In the field of public
health, new chapters address vegetarian diets, anthropology, “alternative” nutritional therapies, nutritional priorities in less industrialized countries, and risk
assessment of nutrition-related environmental chemicals.

An extensive Appendix includes dietary reference recommendations from various national (including the new 1997 and 1998 U.S. Dietary Reference Intakes) and
international agencies, multiple anthropometric tables, nutrient and nonnutrient contents of foods and beverages, numerous therapeutic diets and exchange lists, and
other sources of nutritional information.

Relevant quantitative data have been expressed both in conventional and in international system (SI) units. The widespread use of the Sl units in major publications
in the United States and especially in other countries makes dual unitage useful to our readers.

We have endeavored to provide the breadth of coverage and quality of content required by this ever-changing discipline in its basic and clinical dimensions. We invite
the comments and suggestions of our readers.

MAURICE EDWARD SHILS
Winston-Salem, NC

JAMES ALLEN OLSON
Ames, |IA

MOSHE SHIKE
New York City, NY

A. CATHARINE ROSS
University Park, PA
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THE CONCEPT OF NUTRITIONAL ESSENTIALITY

The concept of nutritional essentiality was firmly established less than 100 years ago. It arose from observations that certain diseases observed in human populations
consuming poor diets could be prevented by including other foods in the diet and that failure of animals fed on diets composed of purified components or restricted to
one or a few foodstuffs to grow and survive could similarly be corrected by including another food or an extract of the food in the diet. The food constituents that were
found to prevent these problems were classified as indispensable (or essential) nutrients. Nutrients that could be deleted from the diet without causing growth failure
or specific signs of disease were classified as dispensable (or nonessential).

This classification of nutrients served well through the 1950s as the basis of recommendations for treating dietary deficiency diseases, offering dietary advice to the
public, and establishing food regulations and policy. As information about nutrients accrued, however, some essential nutrients were found to be synthesized from
precursors, interactions among some nutrients in the diet were found to influence the need for others, and later, in some conditions, such as prematurity, certain
pathologic states, and genetic defects, the ability of the body to synthesize several nutrients not ordinarily required was found to be so impaired that a dietary source
was needed. As a result, the system of classifying nutrients simply as indispensable or dispensable has been modified to include a category of conditional essentiality

Recently, associations observed between the risk of developing certain chronic and degenerative diseases and the consumption of some dispensable nutrients and
nonnutrient components of foods, as well as the beneficial effects sometimes observed with high intakes of some essential nutrients, have raised questions about the

outlined and problems encountered in classifying food constituents on the basis of their effects on health and disease are identified.
Evolution of the Concept

Differences in the physical properties of foods and in their content of medicinal and toxic substances were considered to be important in the prevention and treatment

at the time.

Between 1770 and 1794, through experiments on the nature of respiration in guinea pigs and human subjects, Lavoisier and Laplace discovered that oxidation of

Lavoisier and his colleagues also established the basic concepts of organic chemistry, thus opening the way for understanding the chemical nature of foods.

Scientists interested in animal production then began to examine food components as nutrients. The first evidence of nutritional essentiality of an organic food
component—protein—was the observation of Magendie in 1816 that dogs fed only carbohydrate or fat lost considerable body protein and died within a few weeks,
whereas dogs fed on foods containing protein remained healthy. A few years later, in 1827, Prout, a physician and scientist in London, proposed that the nutrition of
higher animals could be explained by their need for the three major constituents of foods—proteins, carbohydrates, and fats—and the changes these undergo in the
body. This explanation, which was widely accepted, sounded the death knell of the single aliment hypothesis of the Hippocratic physicians.

During the next two decades, knowledge of the needs of animals for several mineral elements advanced. Chossat found that a calcium supplement prevented the
mineral loss observed in birds fed a diet of wheat; Boussingalt, using the balance technique, showed that pigs required calcium and phosphorus for skeletal
development and also noted that cattle deteriorated when deprived of salt for a prolonged period. Liebig, a leading German chemist with a major interest in
agricultural problems, found that sodium was the major cation of blood and potassium of tissues. Thus, by 1850, at least six mineral elements (Ca, P, Na, K, Cl, and

During this time also, Liebig postulated that energy-yielding substances (carbohydrates, fats) and proteins together with a few minerals were the principles of a
nutritionally adequate diet. Liebig's hypothesis, however, was questioned by Pereira (1847), who noted that diets restricted to a small number of foods were
associated with development of diseases such as scurvy, and by Dumas, who observed that feeding children artificial milk containing the known dietary constituents
had failed to prevent deterioration of their health during the siege of Paris (1870-71). Still, owing to his great prestige, Leibig's concept continued to dominate thinking

In 1881, Lunin in Dorpat, and 10 years later, Socin in Basel, found that mice fed on diets composed of purified proteins, fats, carbohydrates, and a mineral mixture
survived less than 32 days. Mice that received milk or egg yolk in addition remained healthy throughout the 60-day experiments. Lunin and Socin concluded that
these foods must contain small amounts of unknown substances essential for life. Their observations, nonetheless, did not stimulate a vigorous search for essential
nutrients in foods, probably because of the skepticism of prominent scientists. Von Bunge, in whose laboratories Lunin and Socin worked, attributed inadequacies of
purified diets to mineral imbalances or failure to supply minerals as organic complexes. Voit, a colleague of Liebig, assumed that purified diets would be adequate if
they could be made palatable.

During the early 1880s, Takaki, director general of the Japanese Navy, noted that about 30% of Japanese sailors developed beriberi, although this disease was not
prevalent among British sailors, whose rations were higher in protein. When evaporated milk and meat were included in the rations of the Japanese Navy, the
incidence of beriberi declined remarkably. He concluded correctly that beriberi was a dietary deficiency disease, but incorrectly that it was caused by an inadequate
intake of protein. In the 1890s, Eijkman, an army physician in the Dutch East Indies who was concerned with the high incidence of beriberi in the prisons in Java
(Indonesia), where polished rice was a staple, discovered that chickens fed on a military hospital diet consisting mainly of polished rice developed a neurologic
disease resembling beriberi, whereas those fed rice with the pericarp intact remained healthy. He proposed that accumulation of starch in the intestine favored
formation of a substance that acted as a nerve poison and that rice hulls contained an antidote.

Grijns extended Eijkman's investigations and showed through feeding trials with chickens that the protective substance in rice hulls could be extracted with water. In
1901, he concluded that beriberi was caused by the absence from polished rice of an essential nutrient present mainly in the hulls. He provided, for the first time, a

brought to light by research done between 1880 and 1901 had “little or no effect on orthodox views and teaching concerning human nutrition.” Another 15 years of



research was required before the concept that foods contained a variety of unidentified essential nutrients gained widespread acceptance.

Establishing the Concept

tryptophan prolonged the survival of mice fed on a diet in which the protein source was the tryptophan-deficient protein zein. The following year, Holst and Frélich in
Norway reported that guinea pigs fed on dry diets with no fresh vegetables developed a disease resembling scurvy, which was prevented by feeding them fresh

Also, in 1907, Hart and associates at Wisconsin initiated a direct test of the validity of Liebig's hypothesis that the nutritive value of foods and feeds could be

predicted from measurements of their gross composition by chemical analysis. They fed heifers on different rations designed to contain essentially the same amounts
of major nutrients and minerals, each composed of a single plant source—wheat, oats, or corn—using all parts of the plant. The study lasted 3 years and included two
reproductive periods. Animals that ate the wheat plant ration failed to thrive and did not produce viable calves; those fed the corn plant ration grew well and
reproduced successfully. The results of this study, published in 1911, demonstrated that Liebig's hypothesis was untenable and stimulated intensive investigation in

In experiments undertaken between 1909 and 1913 to compare the nutritional value of proteins, Osborne and Mendel at Yale had initially been unable to obtain
satisfactory rates of growth of rats fed on purified diets. They solved this problem by including a protein-free milk preparation in the diets. They then demonstrated that

body cannot synthesize.” In 1912 also, in a review of the literature on beriberi, scurvy, and pellagra, Funk in London, who had been trying to purify the antiberiberi
principle from rice polishings, proposed that these diseases were caused by a lack in the diet of “special substances which are in the nature of organic bases, which

In studies of the nutritional inadequacies of purified diets McCollum and Davis, at Wisconsin, noted that when part of the carbohydrate was supplied as unpurified
lactose, growth of rats was satisfactory if the fat was supplied as butterfat. When butterfat was replaced by lard or olive oil, growth failure occurred. In 1913 they
concluded that butterfat contained an unidentified substance essential for growth. Meanwhile, Osborne and Mendel observed that if they purified the protein-free milk
included in their diets, growth failure of rats again occurred, but if they substituted milk fat for the lard in their diets, growth was restored. They also concluded in 1913
that milk fat contained an unidentified substance essential for life.

McCollum and Davis extracted the active substance from butterfat and transferred it to olive oil, which then promoted growth. They called this substance “fat-soluble
A.” They then tested their active extracts in a polished rice diet of the type used by Eijkman and Grijns and found that even though the diet contained fat-soluble A, it
failed to support growth. The problem was remedied when they added water extracts of wheat germ or boiled eggs. They concluded that animals consuming purified

acids, and three vitamins—A, B, and the antiscorbutic factor—had been identified as essential nutrients.

The concept that foods contained several organic substances that were essential for growth, health, and survival was by then generally accepted. By 1918, the
importance of consuming a wide variety of foods to ensure that diets provided adequate quantities of these substances was being emphasized in health programs for
the public in Great Britain and the United States, and by the League of Nations.

NUTRITIONAL CLASSIFICATION OF FOOD CONSTITUENTS

As discoveries of other unidentified nutrients in foods or feeds continued to be reported after the 1920s, sometimes on the basis of limited evidence, criteria were
needed, both on scientific grounds and for regulatory purposes, for establishing the validity of such claims.

Criteria of Essentiality

Criteria for establishing whether or not a dietary constituent is an essential nutrient were implicit in the types of investigations that had provided the basis for the
concept of nutritional essentiality. Later they were elaborated in more detail as follows:

The substance is required in the diet for growth, health, and survival

Its absence from the diet or inadequate intake results in characteristic signs of a deficiency disease and, ultimately, death

Growth failure and characteristic signs of deficiency are prevented only by the nutrient or a specific precursor of it, not by other substances
Below some critical level of intake of the nutrient, growth response and severity of signs of deficiency are proportional to the amount consumed
The substance is not synthesized in the body and is, therefore, required for some critical function throughout life

arwNE

By 1950 some 35 nutrients had been shown to meet these criteria. Nutrients presently accepted as essential for humans and for which there are recommended

Table 1.1 Nutrients Essential for Humans

Classification According to Essentiality

As knowledge of nutritional needs expanded, nutrients were classified according to their essentiality. This type of classification was applied initially to amino acids. In
the early 1920s, Mendel used the term indispensable for amino acids that are not synthesized in the body. The term nonessential was used widely for those that are
not required in the diet. This term was not considered satisfactory because these amino acids, although not required in the diet, are physiologically essential. Block

and Bolling used the term indispensable for organic nutrients with carbon skeletons that are not synthesized in the body, and dispensable, which does not carry the

Nutritional essentiality is characteristic of the species, not the nutrient. Arginine is required by cats and birds but not by humans. Also, it is not synthesized by the
young of most species in amounts sufficient for rapid growth. It may, therefore, be either dispensable or indispensable depending on the species and stage of growth.
Ascorbic acid (vitamin C), which is required by humans and guinea pigs, is not required by most species.



The Concept of Conditional Essentiality

must be supplied exogenously to specific populations that do not synthesize them in adequate amounts. They applied the term initially to dispensable nutrients
needed by seriously ill patients maintained on total parenteral nutrition (TPN). The term now is used for similar needs that result from developmental immaturity,
pathologic states, or genetic defects.

because preterm infants lack the enzymes for elongation and desaturation of linoleic and a-linolenic acids, elongated derivatives of these fatty acids, which are
precursors of eicosanoids and membrane phospholipids, should be considered conditionally essential for them.

Damage to the cones of the eye and decline in weight gain of infant monkeys fed a taurine-free diet were prevented by supplements of taurine. In premature infants

becomes conditionally essential for children maintained on TPN because they cannot synthesize enough to meet the body's need.

Plasma and tissue carnitine concentrations are lower in newborn infants than in adults, but this condition has not been associated with any physiologic defect. In
infants maintained on TPN without carnitine, however, plasma and tissue carnitine levels are low, and in one study, this was associated with impaired fat metabolism

be conditionally essential for premature infants maintained on TPN but is not conditionally essential for adults.

Pathologic States. Some patients with cirrhosis of the liver require supplements of cysteine and tyrosine to maintain nitrogen balance and normal plasma levels of
these amino acids. Plasma taurine concentration also declines in adults with low plasma cystine levels. Insufficient synthesis of these nutrients in cirrhotic patients
has been attributed to impairment of the synthetic pathway in the diseased liver. In some cancer patients, plasma choline concentrations declined by 50% when they

In human subjects suffering severe illness, trauma, or infections, muscle and plasma glutamine concentrations decrease, generally in proportion to the severity of the
illness or injury. In animals, decreased glutamine concentrations are associated with negative nitrogen balance, decreased tissue protein synthesis, and increased
protein degradation. In clinical trials, nitrogen balance and clinical responses of surgical patients were improved by provision of glutamine in parenteral fluids following
surgery. These findings support the conclusion that glutamine utilization exceeds its synthesis in patients in hypercatabolic states, and thus glutamine becomes

range; (b) appearance of chemical, structural, or functional abnormalities; and (c) correction of both of these by a dietary supplement of the nutrient. All these criteria
must be met to establish unequivocally that a nutrient is conditionally essential.

Conditional essentiality represents a qualitative change in requirements, i.e., the need for a nutrient that is ordinarily dispensable. Alterations in the need for an
essential nutrient, from whatever cause, and health benefits from consumption of nonnutrients, dispensable nutrients, or essential nutrients in excess of amounts
needed for normal physiologic function do not fit this category. Such situations should be dealt with separately.

MODIFICATION OF ESSENTIAL NUTRIENT NEEDS

Needs for essential nutrients may be influenced by (a) the presence in the diet of substances for which the nutrient is a precursor, that are precursors of the nutrient,
or that interfere with the absorption or utilization of the nutrient; (b) imbalances and disproportions of other related nutrients; (c) some genetic defects; and (d) use of
drugs that impair utilization of nutrients. These conditions do not alter basic requirements; they just increase or decrease the amounts that must be consumed to meet
requirements. A few examples below illustrate the general characteristics of such effects.

Nutrient Interactions

Precursor-Product Relationships. Many substances that are physiologically, but not nutritionally, essential are synthesized from specific essential nutrients. If the
products of the synthetic reactions are present in the diet, they may exert sparing effects that reduce the need for the precursor nutrients. Less phenylalanine and
methionine are required, particularly by adults, when the diet includes tyrosine and cystine, for which they are, respectively, specific precursors. Birds, which do not
synthesize arginine, have a high requirement for this amino acid. Inclusion in the diet of creatine, for which arginine is a precursor, reduces the need for arginine.

Precursors of Essential Nutrients. Tryptophan is a precursor of niacin. The need for niacin is therefore reduced by dietary tryptophan, but the efficiency of
conversion differs for different species. The cat has an absolute requirement for niacin, but the rat converts tryptophan to niacin very efficiently. Human requirements
for niacin are expressed as niacin-equivalents: 60 mg of dietary tryptophan equals 1 mg of niacin. b-Carotene, and to a lesser extent other carotenoids, are precursors
of retinol (vitamin A). Human requirements for vitamin A are expressed as retinol-equivalents: 1 pg retinol-equivalent equals 1 ug of retinol or 6 pug of b-carotene.

Imbalances and Disproportions of Nutrients. High proportions of some nutrients in the diet can influence the need for others. This phenomenon was first
recognized when additions of amino acids that stimulated growth of young rats fed on diets low in tryptophan and niacin were found to precipitate niacin
deficiency—an example of a vitamin deficiency induced by an amino acid imbalance. With diets that contain adequate niacin but are low in tryptophan, amino acid

need for copper and precipitate copper deficiency in animals consuming an otherwise adequate amount of copper. Extra manganese in the diets of sheep or pigs
increases the need for iron to prevent anemia, and excess iron reduces the absorption of manganese. The presence in the diet of phytic acid, which binds zinc as well
as other multivalent cations, impairs zinc absorption and increases the need for zinc. Thus, phytic acid can precipitate zinc deficiency in both humans and animals.

Dietary needs for some essential nutrients are influenced by the proportions of macronutrients in the diet. The need for vitamin E in the diet increases as the amount

Genetic Defects

Individuals with genetic defects that limit conversion of a vitamin to its coenzyme form develop severe deficiency diseases. Defects in the utilization of biotin,



cobalamin, folate, niacin, pyridoxine, and thiamin are known. Effects of some of these diseases are relieved by large doses of the vitamin, but the degree of response

Drug-Nutrient Interactions

Many types of drug-nutrient interactions increase the need for a nutrient. The drug may cause malabsorption, act as a vitamin antagonist, or impair mineral absorption

impairment of a metabolic function are not examples of conditional essentiality.

HEALTH BENEFITS NOT RELATED TO NUTRITIONAL ESSENTIALITY

For several decades after the concept of nutritional essentiality was established in the early 1900s, foods were primarily considered to be sources of essential
nutrients required for critical physiologic functions that, if impaired by dietary deficiencies, caused specific diseases. Except for the debilitating effects of malnutrition,
little consideration was given during this time to the idea that the type of diet consumed might influence development of diseases other than those caused by
inadequate intakes of essential nutrients. By the 1950s, dietary deficiency diseases were virtually eliminated in industrialized nations. Improvements in nutrition,
sanitation, and control of infectious diseases had resulted in immense improvements in health; life expectancy had lengthened, and chronic and degenerative
diseases had become the major causes of death. This aroused interest in the possibility that susceptibility to such diseases might be influenced by the type of diet
consumed.

Associations observed subsequently between diet composition, intakes of various individual diet components, and the incidence of heart disease and cancer have
implicated food constituents such as fatty acids, fiber, carotenoids, various nonnutrient substances in plants, and high intakes of some essential nutrients (especially
This has led to proposals for modifying the criteria for essentiality or conditional essentiality to include dietary constituents reported to reduce the risk of chronic and
degenerative diseases or to improve immune function, and for considering such effects of high intakes of essential nutrients as part of the basis for establishing RDIs

The definitions for essential and conditionally essential nutrients are clear from the criteria used to establish them. If the definitions were broadened to include
substances that provide some desirable effect on health but do not fit these criteria, the specificity of the current definitions would be lost. Providing a health benefit,
as for example is the case with fiber, is obviously not an adequate criterion for classifying a food constituent as essential or conditionally essential. Altering the criteria
for establishing RDIs on the basis of effects of intakes of essential nutrients that greatly exceed physiologic needs or amounts obtainable from usual diets would have
similar consequences—the specificity of the term RDI would be lost.

Food Constituents Desirable for Health. A straightforward way of avoiding these problems is to treat food constituents that exert desirable or beneficial effects on
health, but do not fit the criteria established for essentiality or conditional essentiality, as a separate category of food constituents termed desirable (or beneficial) for
for including plenty of fresh vegetables and fruits in diets as sources of both known and unidentified substances that may have desirable effects on health or in
preventing disease has been readily accepted. Individual food constituents that may confer health benefits different from those of physiologically required quantities of
essential nutrients, whether they are nonnutrients, dispensable nutrients, or essential nutrients in quantities exceeding those obtainable from diets, are more
appropriately included in guidelines for health than in the RDI. Some nutrients and other food constituents that have prophylactic actions are presently dealt with in
essentially this manner. Fiber and fluoride are discussed in dietary guideline publications, and this has been suggested as the most appropriate way of dealing with

Fluoride, in appropriate dose, reduces susceptibility to dental caries without exerting a toxic effect. Whether fluoride meets criteria for essentiality, whether it is
essential for tooth and bone development, or even if it should be considered a nutrient is controversial. Nonetheless, in low doses it acts as a prophylactic agent in
protecting teeth against the action of bacteria. It is discussed in RDI and dietary guidelines publications on this basis, and it is certainly classified appropriately as a
dietary constituent that provides a desirable health benefit.

Fiber has been long recognized to be beneficial for gastrointestinal function, to prevent constipation, and to relieve signs of diverticulosis. There is no basis for
classifying fiber as an essential nutrient, but some forms of fiber that are transformed in the gastrointestinal tract into products that can be oxidized to yield energy fit
discussed with carbohydrates in RDI publications and with plant foods in dietary guidelines. A recommendation for inclusion of fiber in diets is apﬁfépriate, but
recommended intakes should not be considered as RDIs, which are reference values for intakes of essential nutrients.

To develop a separate category of food constituents of this type (substances with desirable effects on health that are different from effects attributable to the
physiologic functions of essential nutrients), specific criteria must be established to identify those to be included. Establishing appropriate criteria for assessing the
validity of health claims for a category of food constituents that will include a variety of unrelated substances with different types of effects, many of which apply to
only segments of the population, will be more complex than establishing criteria for assessing the validity of claims for essentiality of food constituents. The latter
criteria apply uniformly to all substances proposed for inclusion and can be measured objectively. Assessing the effects of food constituents on health or in preventing
disease involves a greater element of judgment and is more subjective than evaluating the essentiality of nutrients. Thus, claims for such effects must be evaluated
especially critically.

In establishing criteria for assessing claims for desirable health benefits, consideration must be given to the need for subcategories of substances having different
effects. Susceptibility to chronic and degenerative diseases is highly variable and may be influenced by many factors, including genetic differences among individuals
or between populations, lifestyle, and diet-genetic interactions that can influence expression of genetic traits. Among questions that require answers are, Does the
effect result from alteration of a basic mechanism that prevents a disease from developing or is it due to modulation of the disease process? Does the benefit apply to
the entire population or only to individuals at risk? This has been a source of controversy in relation to dietary recommendations for reducing the risk of developing

consequence only if the immune system is impaired? When is stimulation of the immune system beneficial and when might it have adverse effects?

An immense number of plant constituents with anticarcinogenic actions are currently under investigation. These constituents differ in both their effects on cells and the

quinine, originally isolated from plants, that are used as medicines.

With the current state of knowledge, it is undoubtedly premature to try to resolve definitively the problems encountered in classifying food constituents that have
desirable effects on health or have been implicated in disease prevention. Such actions are not related to the physiologic functions of essential nutrients.
Nonetheless, even though solutions proposed at this stage must be considered tentative, an orderly resolution of questions relating to health effects of food
constituents that do not fit current nutritional concepts must be started. The confusion that would be created by accommodating them through modifying the criteria for
essentiality or conditional essentiality is to be avoided at all costs. They should be considered within the context of dietary guidelines for health, not as part of the
scientifically based RDISs.
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Proteins are associated with all forms of life, and much of the effort to determine how life began has centered on how proteins were first produced. Amino acids joined
together in long strings by peptide bonds form proteins, which twist and fold in three-dimensional space, producing centers to facilitate the biochemical reactions of
life that either would run out of control or not run at all without them. Life could not have begun without enzymes, of which there are thousands of different types in the
body. Proteins are prepared and secreted to act as cell-cell signals in the form of hormones and cytokines. Plasma proteins produced and secreted by the liver
stabilize the blood by forming a solution of the appropriate viscosity and osmolarity. These secreted proteins also transport a variety of compounds through the blood.

The largest source of protein in higher animals is muscle. Through complex interactions, entire sheets of proteins slide back and forth to form the basis of muscle
contraction and all aspects of our mobility. Muscle contraction provides for pumping oxygen and nutrients throughout the body, inhalation and exhalation in our lungs,
and movement. Many of the underlying causes of noninfectious diseases are due to derangements in proteins. Molecular biology has provided much information
about DNA and RNA, not so much to understand DNA per se, but to understand the purpose and function of the proteins that are translated from the genetic code.

Three major classes of substrates are used for energy: carbohydrate, fat, and protein. The amino acids in protein differ from the other two primary sources of dietary
energy by inclusion of nitrogen (N) in their structures. Amino acids contain at least one N in the form of an amino group, and when amino acids are oxidized to CO ,

and water to produce energy, waste N is produced that must be eliminated. Conversely, when the body synthesizes amino acids, N must be available. The synthetic
pathways of other N-containing compounds in the body usually require donation of N from amino acids or incorporation of amino acids per se into the compound
being synthesized. Amino acids provide the N for DNA and RNA synthesis. Therefore, when we think of amino acid metabolism, we must think of N metabolism.

energy needs beyond a few hours. Amino acids from protein are converted to glucose by the process called gluconeogenesis, to provide a continuing supply of
glucose after the glycogen is consumed during fasting. Yet, protein stores must be conserved for numerous critical roles in the body. Loss of more than about 30% of
body protein results in such reduced muscle strength for breathing, reduced immune function, and reduced organ function that death results. Hence, the body must
adapt to fasting by conserving protein, as is seen by a dramatic decrease in N excretion within the first week of starvation.

M5 Eneegy Py
Loy izl ezl sl
By watier and minerals 4 ] i
Proten b 24,000 13
[hycogen ¥, B ]
Fat 15 140,000 1]
Tota L] 164,800 914

[t aciapned v Cafoll GF M Ergl ] Mot 190200 668- 15
Uepiptniny e darwce Y whot e e Sy it IR D] e i
1500 Ry romsding oTes DOTSLpron

Table 2.1 Body Composition of a Normal Man in Terms of Energy Components

Body protein is made up of 20 amino acids, each with different metabolic fates in the body, different activities in different metabolic pathways in different organs, and
differing compositions in different proteins. When amino acids are released after absorption of dietary protein, the body makes a complex series of decisions
concerning the fate of those amino acids: to oxidize them for energy, to incorporate them into proteins, or to use them in the formation of a number of other
N-containing compounds. This chapter elucidates the complex pathways and roles amino acids play in the body, with a focus on nutrition. Since the inception of this
book, this chapter has been authored by the late Hamish Munro, an excellent teacher who spent much of his life refining complex biochemical concepts into
understandable terms. Professor Munro brought order into the apparently chaotic world of amino acid and protein metabolism through his classic four-volume series

AMINO ACIDS
Basic Definitions

The amino acids that we are familiar with and all of those incorporated into mammalian protein are “alpha’-amino acids. By definition, they have a carboxyl-carbon

a-carbon with another functional group. Amino acids can be characterized by their functional groups, which are often classified at neutral pH as (a) nonpolar, (b)
uncharged but polar, (c) acidic (negatively charged), and (d) basic (positively charged) groups.



Figure 2.1. Structural formulas of the 21 common a-amino acids. The a-amino acids all have (a) a carboxyl group, (b) an amino group, and (c) a differentiating
functional group attached to the a-carbon. The generic structure of amino acids is shown in the upper left corner with the differentiating functional marked R. The
functional group for each amino acid is shown below. Amino acids have been grouped by functional class. Proline is the only amino acid whose entire structure is
shown because of its “cyclic” nature.

Within any class there are considerable differences in shape and physical properties. Thus, amino acids are often arranged in other functional subgroups. For
example, amino acids with an aromatic group—phenylalanine, tyrosine, tryptophan, and histidine—are often grouped, although tyrosine is clearly polar and histidine
is also basic. Other common groupings are the aliphatic or neutral amino acids (glycine, alanine, isoleucine, leucine, valine, serine, threonine and proline). Proline
differs in that its functional group is also attached to the amino group, forming a five-member ring. Serine and threonine contain hydroxy groups. The branched-chain
amino acids (BCAAs: isoleucine, leucine, and valine) share common enzymes for the first two steps of their degradation. The acidic amino acids, aspartic acid and
glutamic acid, are often referred to as their ionized, salt forms: aspartate and glutamate. These amino acids become asparagine and glutamine when an amino group
is added in the form of an amide group to their carboxyl tails.

The sulfur-containing amino acids are methionine and cysteine. Cysteine is often found in the body as an amino acid dimer, cystine, in which the thiol groups (the two
sulfur atoms) are connected to form a disulfide bond. Note the distinction between cysteine and cystine; the former is a single amino acid, and the latter is a dimer with
different properties. Other amino acids that contain sulfur, such as homocysteine, are not incorporated into protein.

All amino acids are charged in solution: in water, the carboxyl group rapidly loses a hydrogen to form a carboxyl anion (negatively charged), while the amino group
gains a hydrogen to become positively charged. An amino acid, therefore, becomes “bipolar” (often called a zwitterion) in solution, but without a net charge (the
positive and negative charges cancel). However, the functional group may distort that balance. Acidic amino acids lose the hydrogen on the second carboxyl group in
solution. In contrast, basic amino acids accept a hydrogen on the second N and form a molecule with a net positive charge. Although the other amino acids do not
specifically accept or donate additional hydrogens in neutral solution, their functional groups do influence the relative polarity and acid-base nature of their bipolar
portion, giving each amino acid different properties in solution.

free amino acids. Glutamic acid can be obtained as the free amino acid with a molecular weight of 147 and as its sodium salt, monosodium glutamate (MSG), which
has a crystalline weight of 169. Lysine is typically found as a hydrogen chloride—containing salt. Therefore, when amino acids are represented by weight, it is
important to know whether the weight is based on the free amino acid or on its salt.

Table 2.2 Common Amino Acids in the Body

Another important property of amino acids is optical activity. Except for glycine, which has a single hydrogen as its functional group, all amino acids have at least one
chiral center: the a-carbon. The term chiral comes from Greek for hand in that these molecules have a left (levo or L) and right (dextro or D) handedness around the
a-carbon atom. The tetrahedral structure of the carbon bonds allows two possible arrangements of a carbon center with the same four different groups bonded to it,
which are not superimposable; the two configurations, called sterecisomers, are mirror images of each other. The body recognizes only the L form of amino acids for
most reactions in the body, although some enzymatic reactions will operate with lower efficiency when given the D form. Because we do encounter some D amino
acids in the foods we eat, the body has mechanisms for clearing these amino acids (e.g., renal filtration).

Any number of molecules could be designed that meet the basic definition of an amino acid: a molecule with a central carbon to which are attached an amino group, a
carboxyl group, and a functional group. However, a relatively limited variety appear in nature, of which only 20 are incorporated directly into mammalian protein.
Amino acids are selected for protein synthesis by binding with transfer RNA (tRNA). To synthesize protein, strands of DNA are transcribed into messenger RNA
(mRNA). Different tRNA molecules bind to specific triplets of bases in mRNA. Different combinations of the 3 bases found in mMRNA code for different tRNA molecules.
However, the 3-base combinations of mMRNA are recognized by only 20 different tRNA molecules, and 20 different amino acids are incorporated into protein during
protein synthesis.

Of the 20 amino acids in proteins, some are synthesized de novo in the body from either other amino acids or simpler precursors. These amino acids may be deleted
from our diet without impairing health or blocking growth; they are nonessential and dispensable from the diet. However, several amino acids have no synthetic

2.2 for each amino
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below.

Beside the 20 amino acids that are recognized by, and bind to, tRNA for incorporation into protein, other amino acids appear commonly in the body. These amino
acids have important metabolic functions. For example, ornithine and citrulline are linked to arginine through the urea cycle. Other amino acids appear as
modifications after incorporation into proteins; for example, hydroxy-proline, produced when proline residues in collagen protein are hydroxylated, and
3-methylhistidine, produced by posttranslational methylation of select histidine residues of actin and myosin. Because no tRNA codes for these amino acids, they
cannot be reused when a protein containing them is broken down (hydrolyzed) to its individual amino acids.



Amino Acid Pools and Distribution

The distribution of amino acids is complex. Not only are there 20 different amino acids incorporated into a variety of different proteins in a variety of different organs in
the body, but amino acids are consumed in the diet from a variety of protein sources. In addition, each amino acid is maintained in part as a free amino acid in
solution in blood and inside cells. Overall, a wide range of concentrations of amino acids exists across the various protein and free pools. Dietary protein is
enzymatically hydrolyzed in the alimentary tract, releasing free individual amino acids that are then absorbed by the gut lumen and transported into the portal blood.
Amino acids then pass into the systemic circulation and are extracted by different tissues. Although the concentrations of individual amino acids vary among different
free pools such as plasma and intracellular muscle, the abundance of individual amino acids is relatively constant in a variety of proteins throughout the body and

expression of amino acids is on a weight basis (e.g., grams of amino acid). Comparing amino acids by weight skews the comparison toward the heaviest amino acids,
making them appear more abundant than they are. For example, tryptophan (molecular weight, 204) appears almost three times as abundant as glycine (molecular
weight, 75) when quoted in terms of weight.
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Table 2.3 Amino Acid Concentrations in Muscle and Liver Protein and in High-Quality Egg Protein

An even distribution of all 20 amino acids would be 5% per amino acid, and the median distribution of individual amino acids centers around this figure for the proteins

acids. In the body, a variety of proteins are particularly rich in specific amino acids that confer specific attributes to the protein. For example, collagen is a fibrous
protein abundant in connective tissues and tendons, bone, and muscle. Collagen fibrils are arranged differently depending on the functional type of collagen. Glycine
makes up about one-third of collagen, and there is also considerable proline and hydroxyproline (proline converted after it has been incorporated into collagen). The
glycine and proline residues allow the collagen protein chain to turn tightly and intertwine, and the hydroxyproline residues provide for hydrogen-bond cross-linking.
Generally, the alterations in amino acid concentrations do not vary so dramatically among proteins as they do in collagen, but such examples demonstrate the
diversity and functionality of the different amino acids in proteins.

The abundance of different amino acids varies over a far wider range in the free pools of extracellular and intracellular compartments. Typical values for free amino

acids is 100 uM. There is no defined relationship between the nature of amino acids (essential vs. nonessential) and amino acid concentrations or type of amino acids
(e.g., plasma concentrations of the three BCAASs range from 50 to 250 uM). Notably, the concentration of the acidic amino acids, aspartate and glutamate, is very low

Table 2.4 Typical Concentrations of Free Amino Acids in the Body

It is important to bear in mind the differences in the relative amounts of N contained in extracellular and intracellular amino acid pools and in protein itself. A normal
person has about 55 mg amino acid N/L outside cells in extracellular space and about 800 mg amino acid N/L inside cells, which means that free amino acids are

acids make up only about 1% of the total amino N pool, with 99% of the amino N being protein bound.

Amino Acid Transport

membrane-bound proteins that recognize different amino acid shapes and chemical properties (e.g., neutral, basic, or anionic). Transport occurs both into and out of
cells. Transport may be thought of as a process that sets the intracellular/extracellular gradient, or the transporters may be thought of as processes that set the rates

amino acids is more appropriate, but the gradient (e.qg., intracellular muscle amino acid levels) is measurable, not the rates.

The transporters fall into two classes: sodium-independent and sodium-dependent carriers. The sodium-dependent carriers cotransport a sodium atom into the cell
with the amino acid. The high extracellular/intracellular sodium gradient (140 mEq outside and 10 mEq inside) facilitates inward transport of amino acids by the
sodium-dependent carriers. These transporters generally produce larger gradients and accumulations of amino acids inside cells than outside. The sodium entering
the cell may be transported out via the sodium-potassium pump, which transports a potassium ion in for the removal of a sodium ion.



Few transporter proteins have been identified; most information concerning transport results from kinetic studies of membranes using amino acids and competitive
acids they transport. The neutral and bulky amino acids (the BCAAs, phenylalaniné",' """ methionine, and histidine) are transported by system L. System L is sodium
independent, operates with a high rate of exchange, and produces small gradients. Other important transporters are systems ASC and A, which use the energy
available from the sodium ion gradient as a driving force to maintain a steep gradient for the various amino acids transported (e.g., glycine, alanine, threonine, serine,

carriers are systems N and N™ for glutamine, asparagine, and histidine. System y* handles much of the transport of the basic amino acids. Some overall
generalizations can be made in terms of the type of amino acid transported by a given carrier, but the system is not readily simplified because individual carrier
systems transport several different amino acids, and individual amino acids are often transported by several different carriers with different efficiencies. Thus, amino
acid gradients are formed and amino acids are transported into and out of cells via a complex system of overlapping carriers.

Table 2.5 Amino Acid Transporters

PATHWAYS OF AMINO ACID SYNTHESIS AND DEGRADATION

Several amino acids have their metabolic pathways linked to the metabolism of other amino acids. These codependencies become important when nutrient intake is
limited or when metabolic requirements are increased. Two aspects of metabolism are reviewed here: the synthesis only of nonessential amino acids and the
degradation of all amino acids. Degradation serves two useful purposes: (a) production of energy from the oxidation of individual amino acids (»4 kcal/g protein,
almost the same energy production as for carbohydrate) and (b) conversion of amino acids into other products. The latter is also related to amino acid synthesis; the
degradation pathway of one amino acid may be the synthetic pathway of another amino acid. Amino acid degradation also produces other non—amino acid,
N-containing compounds in the body. The need for synthesis of these compounds may also drain the pools of their amino acid precursors, increasing the need for
these amino acids in the diet. When amino acids are degraded for energy rather than converted to other compounds, the ultimate products are CO ,, water, and urea.

The CO, and water are produced through classical pathways of intermediary metabolism involving the tricarboxylic acid cycle (TCA cycle). Urea is produced because

other forms of waste N, such as ammonia, are toxic if their levels rise in the blood and inside cells. For mammals, urea production is a means of removing waste N
from the oxidation of amino acids in the form of a nontoxic, water-soluble compound.

This section discusses the pathways of amino acid metabolism. In all cases, much better and more detailed descriptions of the pathways can be found in standard
textbooks of biochemistry. One caveat to the reader consulting such texts for reference information: mammals are not the only form of life. Several texts cover subject
matter beyond mammalian systems and present material for pathways that are of little importance to human biochemistry. When consulting reference material, the
reader needs to be aware of what organism contains the metabolic pathways and enzymes being discussed. The discussion below concerns human biochemistry.
First, the routes of degradation of each amino acid when the pathway is directed toward oxidation of the amino acid for energy are discussed, then pathways of amino
acid synthesis, and finally use of amino acids for other important compounds in the body.

Amino Acid Degradation Pathways

Complete amino acid degradation produces nitrogen, which is removed by incorporation into urea. Carbon skeletons are eventually oxidized to CO , via the TCA cycle.
The TCA cycle (also known as the Krebs cycle or the citric acid cycle) oxidizes carbon for energy, producing CO , and water. The inputs to the cycle are acetyl-CoA
and oxaloacetate forming citrate, which is degraded to a-ketoglutarate and then to oxaloacetate. Carbon skeletons from amino acids may enter the Krebs cycle via
acetate as acetyl-CoA or via oxaloacetate/a-ketoglutarate, direct metabolites of the amino acids aspartate and glutamate, respectively. An alternative to complete
oxidation of the carbon skeletons to CO, is the use of these carbon skeletons for formation of fat and carbohydrate. Fat is formed from elongation of acetyl units, and
so amino acids whose carbon skeletons degrade to acetyl-CoA and ketones may alternatively be used for synthesis of fatty acids. Glucose is split in glycolysis to
pyruvate, the immediate product of alanine. Pyruvate may be converted back to glucose by elongation to oxaloacetate. Amino acids whose degradation pathways go
toward formation of pyruvate, oxaloacetate, or a-ketoglutarate may be used for glucose synthesis. Thus, the degradation pathways of many amino acids can be
partitioned into two groups with respect to the disposal of their carbon: amino acids whose carbon skeleton may be used for synthesis of glucose (gluconeogenic
amino acids) and those whose carbon skeletons degrade for potential use for fatty acid synthesis.

The amino acids that degrade directly to the primary gluconeogenic and TCA cycle precursors, pyruvate, oxaloacetate, and a-ketoglutarate, do so by rapid and
reversible transamination reactions:

L-glutamate + oxaloacetate « a-ketoglutarate + L-aspartate
(catalyzed by the enzyme aspartate aminotransferase) which of course is also
L-aspartate + a-ketoglutarate « oxaloacetate + L-glutamate and

L-alanine + a-ketoglutarat « pyruvate + L-glutamate

is catalyzed by the enzyme alanine aminotransferase. Clearly, the amino N of these three amino acids can be rapidly exchanged, and each amino acid can be rapidly
converted to/from a primary compound of gluconeogenesis and the TCA cycle. As shown below, compartmentation among different organ pools is the only limiting
factor for complete and rapid exchange of the N of these amino acids.

The essential amino acids leucine, isoleucine, and valine are grouped together as the BCAAs because the first two steps in their degradation are common to all three
amino acids:

Leucing E I‘u.'.'[lll'\-"lli.li.l-l“-.'.'ll.'

. -kt l;_}|.1LI.l1.I|:I.'
Isoleucinge a-kelo-g-methyivalerate
_ «» rlutamate + _
Valine ' a=-ketonsovalerate

The reversible transamination to keto acids is followed by irreversible decarboxylation of the carboxyl group to liberate CO ,. The BCAAs are the only essential amino
acids that undergo transamination and thus are unique among essential amino acids.

Together, the BCAASs, alanine, aspartate, and glutamate make up the pool of amino N that can move among amino acids via reversible transamination. As shown in
[ 2, glutamic acid is central to the transamination process. In addition, N can leave the transaminating pool via removal of the glutamate N by glutamate

genase or enter by the reverse process. The amino acid glutamine is intimately tied to glutamate as well; all glutamine is made from amidation of glutamate,




is then cleaved into arginine and fumarate The arginine is hydrolyzed by arginase to ornithine, Iiberating urea. The resulting ornithine can reenter the urea cycIe As
is mentioned briefly below, some amino acids may release ammonia directly (e.g., glutamine, asparagine, and glycine), but most transfer through glutamate first,
which is then degraded to a-ketoglutarate and ammonia. The pool of aspartate in the body is small, and aspartate cannot be the primary transporter of the second N
into urea synthesis. Rather, aspartate must act as arginine and ornithine do, as a vehicle for the introduction of the second N. If so, the second N is delivered by
transamination via glutamate, which places glutamate at another integral point in the degradative disposal of amino acid N.
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Figure 2.2. Movement of amino N around glutamic acid. Glutamate undergoes reversible transamination with several amino acids. Nitrogen is also removed from
glutamate by glutamate dehydrogenase, producing a-ketoglutarate and ammonia. In contrast, the enzyme glutamine synthetase adds ammonia to glutamate to
produce glutamine. Glutamine is degraded to glutamate by liberation of the amide N to release ammonia by a different enzymatic pathway (glutaminase).
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Figure 2.3. Urea cycle disposal of amino acid N. Urea synthesis incorporates one N from ammonia and another from aspartate. Ornithine, citrulline, and arginine sit in
the middle of the cycle. Glutamate is the primary source for the aspartate N; glutamate is also an important source of the ammonia in the cycle.

enzymes are distributed in many tissues. In other cases, the transamination reactions are liver specific and compartmentalized and specifically degrade rather than
reversibly exchange nitrogen For example when Ieucine labeled with the stable isotopic tracer 5N was infused into dogs for 9 hours considerable amounts of N

..........................

example, two pathways for cysteine are shown. Both are active, but how much cysteine is metabolized by which pathway is not as clear. Methionine is metabollzed by
conversion to homocysteine. The homocysteine is not directly converted to cysteine; rather, homocysteine condenses with a serine to form cystathionine, which is
then split into cysteine ammonia, and ketobutyrate However the original methionine molecule appears as ammonia and ketobutyrate' the cysteine carbon skeleton

Chapter 27 and Chapter 34.

Glycine is degraded by more than one possible pathway, depending upon the text you consult. However, the primary pathway appears to be the egcine cIeavage

reactions.
Synthesis of Nonessential Amino Acids

The essential amino acids are those that cannot be synthesized in sufficient amounts in the body and so must be supplied in the diet in sufficient amounts to meet the
body's needs. Therefore, discussion of amino acid synthesis applies only to the nonessential amino acids. Nonessential amino acids fall into two groups on the basis
of their synthesis: (a) amino acids that are synthesized by transferring a nitrogen to a carbon skeleton precursor that has come from the TCA cycle or from glycolysis
of glucose and (b) amino acids synthesized specifically from other amino acids. Because this latter group of amino acids depends upon the availability of other
specific amino acids, they are particularly vulnerable to becoming essential if the dietary supply of a precursor amino acid becomes limiting. In contrast, the former
group is rarely rate limited in synthesis because of the ample precursor availability of carbon skeletons from the TCA cycle and from the labile amino-N pool of



transaminating amino acids.

acids by providing the N. Glutamate, alanine, and aspartate may share amino-N transaminating back and forth among them ( Fig. 2.2). As Figure 2.4 is drawn,
glutamate derives its N from ammonia with a-ketoglutarate, and that glutamate goes on to promote the synthesis of other amino acids. Under most circumstances, the

.....................................................

absorb an increase in N from increased degradation or supply N when there is a drain. From this pool, glutamate provides material to maintain synthesis of ornithine
and proline, the latter particularly important in synthesis of collagen and related proteins.
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Figure 2.4. Pathways of synthesis of nonessential amino acids. Glutamate is produced from ammonia and a-ketoglutarate. That glutamate becomes the N source
added to carbon precursors (pyruvate, oxaloacetate, glycolysis products of glucose, and glycerol) to form most of the other nonessential amino acids. Cysteine and
tyrosine are different in that they require essential amino acid input for their production.

Serine may be produced from hydroxypyruvate derived either from glycolysis of glucose or from glycerol. Serine may then be used to produce glycine through a

Therefore, there is significant reverse synthesis of serine from glycine. The other major place where N appeared was in glutamate and glutamine, indicating that the
ammonia released by glycine oxidation is immediately picked up and incorporated into glutamate and the transaminating-N pool.

For example, two of the nonessential amino acids depend upon degradation of essential amino acids for their production: cysteine and tyrosine. Although serine
provides the carbon skeleton and amino group of cysteine, methionine provides the sulfur through condensation of homocysteine and serine to form cystathionine
may become limiting. Therefore, cysteine synthesis depends heavily upon the availability of the essential amino acid methionine. The same is true for tyrosine.
Tyrosine is produced by hydroxylation of phenylalanine, which is also the degradative pathway of phenylalanine. The availability of tyrosine is strictly dependent upon
the availability of phenylalanine and the liver's ability to perform the hydroxylation.

Incorporation of Amino Acids into Other Compounds

reported the importance of plasma concentrations of these and other amino acids upon the synthesis of their neurotransmitter products; most commonly cited
relationship is the increase in brain serotonin levels with administration of tryptophan.

Creatine and Creatinine

Most of the creatine in the body is found in muscle, where it exists primarily as creatine phosphate. When muscular work is performed, creatine phosphate provides
the energy through hydrolysis of its “high-energy” phosphate bond, forming creatine with transferal of the phosphate to form an ATP. The reaction is reversible and
catalyzed by the enzyme ATP-creatine transphosphorylase (also known as creatine phosphokinase).

The original pathways of creatine synthesis from amino acid precursors were defined by Bloch and Schoenheimer in an elegant series of experiments using



guanidino group of arginine onto the amino group of glycine to form ornithine and guanidinoacetate. Methylation of the guanidinoacetate occurs in the liver via
S-adenosylmethionine to create creatine. Although glycine donates a nitrogen and carbon backbone to creatine, arginine must be available to provide the guanidino
group, as well as methionine to donate the methyl group. Creatine is then transferred to muscle where it is phosphorylated. When creatine phosphate is hydrolyzed to
creatine in muscle, most of the creatine is rephosphorylated when ATP requirements are reduced, to restore the creatine phosphate supply. However, some of the
muscle creatine pool is continually dehydrated by a nonenzymatic process forming creatinine. Creatinine is not retained by muscle but is released into body water,

Figure 2.5. Synthesis of creatine and creatinine. Creatine is synthesized in the liver from guanidinoacetic acid synthesized in the kidney. Creatine taken up by muscle
is primarily converted to phosphocreatine. Although there is some, limited direct dehydration of creatine directly to creatinine, most creatinine comes from dehydration
of phosphocreatine. Creatinine is rapidly filtered by the kidney into urine.

The daily rate of creatinine formation is remarkably constant (»1.7% of the total creatine pool per day) and dependent upon the size of the

consumption of creatine and creatinine in meat-containing foods increases urinary creatinine measurements. Although urinary creatinine measurements have been
used primarily to estimate the adequacy of 24-hour urine collections, with adequate control of food composition and intake, creatinine excretion measurements are

Purine and Pyrimidine Biosynthesis

The purines (adenine and guanine) and the pyrimidines (uracil and cytosine) are involved in many intracellular reactions when high-energy di- and triphosphates have
been added. These compounds also form the building blocks of DNA and RNA. Purines are heterocyclic double-ring compounds synthesized with
phosphoribosylpyrophosphate (PRPP) sugar as a base to which the amide N of glutamine is added, followed by attachment of a glycine molecule, a methylene group
from tetrahydrofolate, and an amide N from another glutamine to form the imidazole ring. Then CO, is added, followed by the amino N of aspartic acid and another
carbon to form the final ring to produce inosine monophosphate (IMP)—a purine attached to a ribose phosphate sugar. The other purines, adenine and guanine, are
formed from inosine monophosphate by addition of a glutamine amide N or aspartate amino N to make guanosine monophosphate (GMP) or adenosine
monophosphate (AMP), respectively. These compounds can be phosphorylated to high—energy di- and triphosphate forms: ADP, ATP, GDP, and GTP.

In contrast to purines, pyrimidines are not synthesized after attachment to a ribose sugar. The amide N of glutamine is condensed with CO , to form carbamoyl
phosphate, which is further condensed with aspartic acid to make orotic acid—the pyrimidine's heterocyclic 6-member ring. The enzyme forming carbamoyl phosphate

by adding the amide group of glutamine to uridine triphosphate to form cytidine triphosphate.

TURNOVER OF PROTEINS IN THE BODY

As indicated above, proteins in the body are not static. Just as every protein is synthesized, it is also degraded. Schoenheimer and Rittenberg first applied isotopically
labeled tracers to the study of amino acid metabolism and protein turnover in the 1930s and first suggested that proteins are continually made and degraded in the
body at different rates. We now know that the rate of turnover of proteins varies widely and that the rate of turnover of individual proteins tends to follow their function
in the body, i.e., proteins whose concentrations must be regulated (e.g., enzymes) or that act as signals (e.g., peptide hormones) have relatively high rates of
synthesis and degradation as a means of regulating concentrations. On the other hand, structural proteins such as collagen and myofibrillar proteins or secreted
plasma proteins have relatively long lifetimes. However, there must be an overall balance between synthesis and breakdown of proteins. Balance in healthy adults
who are neither gaining nor losing weight means that the amount of N consumed as protein in the diet will match the amount of N lost in urine, feces, and other routes.
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Figure 2.6. Relative rates of protein turnover and intake in a healthy 70-kg human. Under normal circumstances, dietary intake (IN = 90 g) matches N losses (OUT =
90 g). Protein breakdown then matches synthesis. Protein intake is only 90/(90 + 250) » 25% of total turnover of N in the body per day. (Redrawn from Hellerstein MK,
Munro HN. Interaction of liver and muscle in the regulation of metabolism in response to nutritional and other factors. In: Arias IM, Jakoby WB, Popper H, et al., eds.
The liver: biology and pathobiology. 2nd ed. New York: Raven Press, 1988;965-83.)

Although there is no definable entity such as “whole-body protein,” the term is useful for understanding the amount of energy and resources spent in producing and
breaking down protein in the body. Several methods using isotopically labeled tracers have been developed to quantitate the whole-body turnover of proteins. The

..................................................................

hydrolyzed and absorbed as free amino acids. Those amino acids mix with amino acids entering from protein breakdown from a variety of proteins. Approximately a
third of the amino acids appear from the large, but slowly turning over, pool of muscle protein. In contrast, considerably more amino acids appear and disappear from
proteins in the visceral and internal organs. These proteins make up a much smaller proportion of the total mass of protein in the body but have rapid synthesis and
degradation rates. The overall result is that approximately 340 g of amino acids enter the free pool daily, of which only 90 g come from dietary amino acids. The



devising methods to quantify various aspects of protein metabolism in humans in meaningful terms. The methods that have been developed and applied with success
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Table 2.8 Methods of Measuring Protein Metabolism in Humans

METHODS OF MEASURING PROTEIN TURNOVER AND AMINO ACID KINETICS
Nitrogen Balance

The oldest (and most widely used) method of following changes in body N is the N balance method. Because of its simplicity, the N balance technique is the standard

specific level of amino acid and/or protein intake and their urine and feces are collected over a 24-h period to measure their N excretion. A week or more may be
required before collection reflects adaptation to a dietary change. A dramatic example of adaption involves placing healthy subjects on a diet containing a minimal
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Figure 2.7. Time required for urinary N excretion to stabilize after changing from an adequate to a deficient protein intake in young men. Horizontal solid and broken
lines are mean + 1 standard deviation for N excretion at the end of the measurement period. (Data from NS Scrimshaw, Hussein MA, Murray E, et al., J Nutr
1972;102:1595-604.)

The N end-products excreted in the urine are not only end products of amino acid oxidation (urea and ammonia) but also other species such as uric acid from

adapts its oxidation of amino acids to follow amino acid supply (i.e., with ample supply, excess amino acids are oxidized and urea production is high, but with
insufficient dietary amino acids, amino acids are conserved and urea production is greatly decreased).
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Table 2.9 Composition of the Major Nitrogen-Containing Species in Urine

(<10% of total N loss under conditions of a protein-free diet when adaptation has greatly reduced urinary N excretion) and can be discounted by use of a simple offset
factor for nonurinary, nonfecal N losses. The assessment of losses comes into play in the finer definition of zero balance as a function of dietary protein intake for the
purpose of determining amino acid and protein requirements. As we shall see below, small changes in N balance corrections make significant changes in the
assessment of protein requirements using N balance.



O] 54 !
L Tt T 044
+J mncid deraaidey)

Table 2.10 Obligatory Nitrogen Losses by Adult Men on a Protein-Free Diet

Although the N balance technique is very useful and easy to apply, it provides no information about the inner workings of the system. An interesting analogy for the N

“gumballs out.” However, we should n nclude that the machine turns coins into gum, although that conclusion is easy to reach with the N balance method. What
the N balance technique fails to provide is information about what occurs within the system (i.e., inside the gumball machine). Inside the system is where the changes

positive N balance could be obtained with identical increases in N balance by any of four different alterations in protein synthesis and breakdown: a simple increase in
protein synthesis (case A), a decrease in protein breakdown (case C), an increase in both protein synthesis and breakdown (case B), or a decrease in both (case D).
The effect is the same positive N balance for all four cases, but the energy implications are considerably different. Because protein synthesis costs energy, cases A
and B are more expensive, while cases C and D require less energy than the starting case, 0. To resolve these four cases, we have to look directly at rates of protein
turnover (breakdown and synthesis) using a labeled tracer.
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Figure 2.8. lllustration of the N balance technique. Nitrogen balance is simply the difference between input and output, which is similar to the introduction of a coin
into a gumball machine resulting in a gumball being released. The perception of only the “in” and “out” observations is that the machine changed the coin directly into
a gumball or that the dietary intake becomes directly the N excreted without consideration of amino acid entry from protein breakdown (B) or uptake for protein
synthesis (S). This point is further illustrated with four different hypothetical responses to a change from a zero N balance (case 0) to a positive N balance (cases
A-D). A positive N balance can be obtained by increasing protein synthesis (A), by increasing synthesis more than breakdown (B), by decreasing breakdown (C), or
by decreasing breakdown more than synthesis (D). The N balance method does not distinguish among the four possibilities.
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Using Arteriovenous Differences to Define Organ Balances

Just as the N balance technique can be applied across the whole body, so can the balance technique be applied across a whole organ or tissue bed. These
measurements are made from the blood delivered to the tissue and from the blood emerging from the tissue via catheters placed in an artery to define arterial blood
levels and the vein draining the tissue to measure venous blood levels. The latter catheter makes the procedure particularly invasive when applied to organs such as

tissue that causes the uptake or release that is observed. More information is gleaned from measurement of amino acids that are not metabolized within the tissue,
such as the release of essential amino acids tyrosine or lysine, which are not metabolized by muscle. Their A-V differences across muscle should reflect the

difference between net amino acid uptake for muscle protein synthesis and release from muscle protein breakdown. 3-Methylhistidine, an amino acid produced by
posttrans-lational methylation of selected histidine residues in myofibrillar protein, which cannot be reused for protein synthesis when it is released from myofibrillar

The limited data set of simple balance values across an organ bed is greatly enhanced when a tracer is administered and its balance is also measured across an
organ bed. This approach allows a complete solution of the various pathways operating in the tissue for each amino acid tracer used. In some cases the measurement

simplified equations to define specifically rates of protein synthesis and breakdown in muscle tissue. The conceptual simplicity of this approach with a limited set of
measurements required makes it extremely useful for defining muscle-specific changes in response to a variety of perturbations (e.g., local infusion of insulin into the

Tracer Methods Defining Amino Acid Kinetics

Isotopically labeled tracers are used to follow flows of endogenous metabolites in the body. The labeled tracers are identical to the endogenous metabolites in terms
of chemical structure with substitution of one or more atoms with isotopes different from those usually present. The isotopes are substituted to make the tracers
distinguishable (measurable) from the normal metabolites. We usually think first of the radioactive isotopes (e.g., 3H for hydrogen and C for carbon) as tracers that
can be measured by the particles they emit when they decay, but there are also non-radioactive, stable isotopes that can be used. Because isotopes of the same
atom only differ in the number of neutrons that are contained, they can be distinguished in a compound by mass spectrometry, which determines the abundance of
compounds by mass. Most of the lighter elements have one abundant stable isotope and one or two isotopes of higher mass of minor abundance. The major and
minor isotopes are H and 2H for hydrogen, N and 2N for nitrogen, *2C and *3C for carbon, and 0, 1’0, and *®0 for oxygen. Except for some isotope effects, which
can be significant for both the radioactive ( ®H) and nonradioactive (?H) hydrogen isotopes, a compound that is isotopically labeled is essentially indistinguishable from
the corresponding unlabeled endogenous compound in the body. Because they do not exist in nature and so little of the radioactive material is administered,
radioisotopes are considered “weightless” tracers that do not add material to the system. Radioactive tracer data are expressed as counts or disintegrations per
minute per unit compound. Because the stable isotopes are naturally occurring (e.g., »1% of all carbon in the body is °C), the stable isotope tracers are administered
and measured as the “excess above the naturally occurring abundance” of the isotope in the body as either the mole ratio of the amount of tracer isotope divided by
the amount of unlabeled material or the mole fraction (usually expressed as a percentage: mole % excess or atom % excess, the latter being an older, less

determination of the flow of water in a stream. If you infuse a dye of known concentration (enrichment) into the stream, go downstream after the dye has mixed well



with the stream water, and take a sample of the dye, then you can calculate from the measured dilution of the dye the rate at which water must be flowing in the
stream to make that dilution. The necessary information required is infusion rate of dye (tracer infusion rate) and measured concentration of the dye (enrichment or
specific activity of the tracer). The calculated value is the flow of water through the stream (flux of unlabeled metabolite) causing the dilution. This simple dye-dilution
analogy is the basis for almost all kinetic calculations in a wide range of formats for a wide range of applications. A few of the more important approaches are
discussed below.

Tracer Sample
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Figure 2.9. Basic principal of the “dye-dilution” method of determining tracer kinetics.

Models for Whole-Body Amino Acid and Protein Metabolism

The limitations to using tracers to define amino acid and protein metabolism are largely driven by how the tracer is administered and where it is sampled. The simplest
method of tracer administration is orally, but intravenous administration is preferred to deliver the tracer systemically (to the whole body) into the free pool of amino
acids. The simplest site of sampling of the tracer dilution is also from the free pool of amino acids via blood. Therefore, most approaches to measuring amino acid and

dietary amino acid intake (enteral or parenteral) and by amino acids released from protein breakdown. Amino acids leave the free pool by amino acid oxidation to end
products (CO,, urea, and ammonia) and from amino acid uptake for protein synthesis. The free amino acid pool can be viewed from the standpoint of all of the amino

“single-pool model” because protein is not viewed as a pool per se, but rather as a source of entry of unlabeled amino acids into the free pool, on t hand, and a
route of amino acid removal for protein synthesis on the other. Only a small portion of the proteins in the body are assumed to turn over during the time course of the
experiment. Obviously, these assumptions are not true: many proteins in the body are turning over rapidly (e.g, most enzymes). Proteins that do turn over during the
time course of the experiment will become labeled and appear as part of the free amino acid pool. However, these proteins make up only a fraction of the total protein;
the remainder turn over slowly (e.g., muscle protein). Most amino acids entering via protein breakdown and leaving for new protein synthesis are coming from slowly

[ —rry

\ /7
|

| Amino [ S/
[ —| N PROTEIN
| Pool —
5\
l{:w M
Urea, NH, CO, T

Figure 2.10. Single-pool model of whole-body protein metabolism measured with a labeled amino acid tracer. Amino acid enters the free pool from dietary intake (1)
and amino acid released from protein breakdown (B) and leaves the free pool via amino acid oxidation (C) to urea, ammonia, and CO, and uptake for protein

synthesis (S).

End-Product Approach

first tracer because glycine is the only amino acid without an optically active a-carbon center and therefore is easy to synthesize with a °N label. At that time,
measurement of the tracer in plasma glycine was very difficult. Thus, San Pietro and Rittenberg proposed a model based upon something that could be readily
measured, urinary urea and ammonia. The assumption was that the urinary N end-products reflected the average enrichment in °N of all of the free amino acids
being oxidized. Although glycine *N was the tracer, the tracee was assumed to be all free amino acids (assumed to be a single pool). However, it quickly became
obvious that the system was more complicated and that a more complicated model and solution were required.

Their method dealt only with the effect of the dilution of the *N tracer in the free amino acid pool as a whole, rather than invoking solution of tracer-specific equations
of a specific model. Their assumptions were similar to those of the earlier Rittenberg approach in that they assumed that the °N tracer mixes (scatters) among the
free amino acids in some distribution that is not required to be known but that represents amino acid metabolism per se. This distribution of *N tracer could be

Figure 2.11. Model for measurement of protein turnover using [**N]glycine as the tracer and measurement of the dilution of the **N tracer in urinary endproducts, urea



and ammonia. (From Bier DM, Matthews DE. Fed Proc 1982;41:2679-85, with permission.)

Q =i/Eyy

where iis the rate of [**N]glycine infusion (mg **N/kg/day), and E,, is the N enrichment in atom % excess "N in urinary N (urea and/or ammonia). The free pool is
assumed to be in steady state (neither increasing or decreasing over time), and therefore, the turnover of amino acid will be equal to the rate of amino acids entering
via whole-body protein breakdown (B) and dietary intake (I) and also equal to the rate of amino acids leaving via uptake for protein synthesis (S) and via amino acid
oxidation to the end products urea and ammonia (C):

Q=1+B=C+S

Because dietary intake should be known and urinary N excretion is measured, the rate of whole-body protein breakdown can be determined: B = Q — I, as well as the
rate of whole-body synthesis: S = Q — C. In these calculations, the standard value of 6.25 g protein = 1 g N is used to interconvert protein and urinary N. Attention to
the units (g of protein vs. g of N) is important, as both units are often used concurrently in the same report.

Occasionally in the literature a term called “net protein balance” or “net protein gain” appears in papers. Net protein balance is defined as the difference between the
measured protein synthesis and breakdown rates (S — B), which can be determined from whole-body protein breakdown and synthesis measured as shown above.
However, as can seen by rearranging the balance equation for Q above: S —B = |- C, which is simply the difference between intake and excretion, i.e., nitrogen
balance. The S — B term is a misnomer, in that it is based solely upon the N balance measurement, not upon the administration of the *N tracer.

There is no question that the end-product method of Picou and Taylor-Roberts is a cornerstone method for protein metabolic research in humans and is especially
well suited for studies of infants and children because it is noninvasive, requiring only oral administration of tracer and collection only of urine. However, the
end-product method is not without its problems; the most serious of which are mentioned below.

When the [*°N]glycine tracer is given orally at short intervals (e.g., every 3 h) the time required to reach a plateau in urinary urea °N is about 60 h regardless of

ammonia after a single dose of [*°N]glycine. The advantage is that the '°N tracer passes through the body ammonia pool within 24 hours. Tracer administration and
urine collection are greatly simplified, and the modification does not depend on defining a plateau in urinary urea **N. The caveat here is the dependence of the
amino-'°N precursor for ammonia synthesis is of renal origin, while the amino- **N precursor for urea synthesis is of hepatic origin. Which enrichment should be used?
Probably the urea N, but it is difficult to prove either way (42
The primary difficulty with the end-product method is highlighted from a report in which several different **N-labeled amino acid tracers, including **N-glycine and
some °N-labeled proteins, were compared as tracers for the end-product method. Widely divergent results were determined for protein turnover (from 2.6 to 17.8

different amino acids and illustrate how dependent the end-product approach is on the metabolism of the amino acid tracer. Therefore, it is difficult to determine
whether a change in end-product **N enrichment may be attributable either to a change in protein turnover or to a change in the distribution of >N due to changes in
tracer metabolism that may be independent of changes in protein metabolism. To make these distinctions, the kinetics of the amino acid tracer in the body must be
measured as well.

Measurement of the Kinetics of Individual Amino Acids

As an alternative to measuring the turnover of the whole amino-N pool per se, the kinetics of an individual amino acid can be followed from the dilution of an infused
tracer of that amino acid. The simplest models consider only essential amino acids that have no de novo synthesis. The kinetics of essential amino acids mimic the

same steady-state balance equation can be defined:
Qaa = laa + Baa = Caa + Saa

where Q_, is the turnover rate (or flux) of the essential amino acid, |, is the rate at which the amino acid is entering the free pool from dietary intake, B,, is the rate of
amino acid entry from protein breakdown, C_, is the rate of amino acid oxidation, and S_, is the rate of amino acid uptake for protein synthesis. The most common

method for defining amino acid kinetics has been a primed infusion of an amino acid tracer until isotopic steady state (constant dilution) is reached in blood. The flux
for the amino acid is measured from the dilution of the tracer in the free pool. Knowing the tracer enrichment and infusion rate and measuring the tracer dilution in

Qaa = iaa ¢ (Ei/Ep - 1)

where iy, is the infusion rate of tracer with enrichment E; (mole % excess) and E,, is the blood amino acid enrichment.

quantitatively oxidized is critical. For example, the °C of an L-[1-'3C]leucine tracer is quantitatively released at the first irreversible step of leucine catabolism. In
contrast, a 13C-label in the leucine tail will end up in acetoacetate or acetyl-CoA, which may or may not be quantitatively oxidized. Other amino acids, such as lysine,
have even more nebulous oxidation pathways.

Before the oxidized carbon-label is recovered in exhaled air, it must pass through the body bicarbonate pool. Therefore, information about body bicarbonate kinetics
of bicarbonate pool turnover is the release of CO , into exhaled air versus retention for alternative fates in the body. In general only about 80% of the bicarbonate
produced is released immediately as expired CO,, as determined from infusion of labeled bicarbonate and measurement of the fraction infused that is recovered in

variable (ranging from 0 to 40% of its production) and needs to be determined when different metabolic situations are investigated. In cases in which the retention of
bicarbonate in the body may change with metabolic perturbation, parallel studies measuring the recovery of an administered dose of *C- or *C-labeled bicarbonate

The rate of amino acid release from protein breakdown and uptake for protein synthesis is calculated by subtracting dietary intake and oxidation from the flux of an
essential amino acid—just as is done with the end-product method. The primary distinction is that the measurements are specific to a single amino acid's kinetics
(umol of amino acid per unit time) rather than in terms of N per se. Flux components can be extrapolated to whole-body protein kinetics by dividing the amino acid

The principal advantages to measuring the kinetics of an individual metabolite are that (a) the results are specific to that metabolite, improving the confidence of the
measurement, and (b) the measurements can be performed quickly because turnover time of the free pool is usually rapid (a tracer infusion study can be completed in
less than 4 hours using a priming dose to reduce the time required to come to isotopic steady state). Drawbacks to measuring the kinetics of an individual amino acid
are that (a) an appropriately labeled tracer may not be available to follow the pathways of the amino acid being studied, especially with regard to amino acid oxidation,
and (b) metabolism of amino acids occurs within cells, but the tracers are typically administered into and sampled from the blood outside cells. Amino acids do not
freely pass through cells; they are transported. For the neutral amino acids (leucine, isoleucine, valine, phenylalanine, and tyrosine), transport in and out of cells may



substituted for the plasma leucine tracer enrichment in the calculation of leucine kinetics, then the measured leucine flux and oxidation and, likewise, estimates of
protein breakdown and synthesis are increased by about 25%. However, when protein metabolism is studied under two different conditions and the resulting leucine
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Figure 2.12. Two-pool model of leucine kinetics. The leucine tracer is administered to the plasma pool (large arrow) and sampled from plasma and/or from exhaled
CO, (circles with sticks). Plasma leucine exchanges with intracellular leucine where metabolism occurs: uptake for protein synthesis (S) or conversion to
a-ketoisocaproate (KIC). Oxidation (C) occurs from KIC. Unlabeled leucine enters into the free pool via dietary intake () or protein breakdown (B) into intracellular
pools.

Most amino acids do not have a convenient metabolite that can be readily measured in plasma to define aspects of their intracellular metabolism, but an intracellular
marker for leucine does not necessarily authenticate leucine as the tracer for defining whole-body protein metabolism. A variety of investigators have measured the
turnover rate of many of the amino acids, both essential and nonessential, in humans, to define aspects of the metabolism of these amino acids. The general trend of

...........................................................

studies in humans measured in the postabsorptive state (without dietary intake during the infusion studies) previously consuming diets of adequate N and energy
intake. Amino acid flux is correlated with amino acid composition in protein across a variety of amino acid tracers and studies. This correlation suggests that even if
there are problems in defining intracellular/extracellular concentration gradients of tracers to assess true intracellular events, changes in fluxes measured for the
various essential amino acids reflect changes in breakdown in general.
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Figure 2.13. Fluxes of individual amino acids measured in postabsorptive humans are plotted against amino acid concentration in protein. Closed circles represent
nonessential amino acids, and open circles represent essential amino acids. The regression line is for the flux of the essential amino acids versus their content in
protein. Error bars represent the range of reported values that were taken from various reports in the literature of studies of amino acid kinetics in healthy humans
The regression line slope of 4.1 g proteiN/kg/day is similar to other estimates of whole body protein turnover. (Redrawn from Bier DM. Diabetes Metab Rev
1989;5:111-32, with additional data added.)

............................................................

by the amount of de novo synthesis that occurs. Because de novo synthesis and disposal of the nonessential amino acids would be expected to be based upon the
metabolic pathways of individual amino acids, the degree to which individual nonessential amino acids lie above the line should also vary. For example, tyrosine is a
nonessential amino acid because it is made by hydroxylation of phenylalanine, which is also the pathway of phenylalanine disposal. The rate of tyrosine de novo
synthesis is the rate of phenylalanine disposal. In the postabsorptive state, 10 to 20% of an essential amino acid's turnover goes to oxidative disposal. For
phenylalanine, with a flux of about 40 umol/kg/h, phenylalanine disposal produces about 6 pmol/kg/h of tyrosine. We would predict from the tyrosine content of body
protein that tyrosine release from protein breakdown would be 21 umol/kg/h and that the flux of tyrosine (tyrosine release from protein breakdown plus tyrosine

involved in urea synthesis is very highly compartmentalized in the liver, and this arginine does not exchange with the tracer arginine infused intravenously.



Similar disparities are seen between the measured fluxes of glutamine and glutamate determined with intravenously infused tracers and their anticipated fluxes from
their expected de novo synthesis components. The predicted flux for glutamate should include transamination with the BCAAs, alanine, and aspartate, as well as
glutamate's contribution to the production and degradation of glutamine. However, the glutamate flux measured in postabsorptive adult subjects infused with

.............................................

The results of this study showed that glutamine and glutamate tracers administered intravenously define pools of glutamine and glutamate that reflect primarily
extracellular free glutamine and glutamate. The large intracellular pools (especially those in muscle) are tightly compartmentalized and do not readily mix with
extracellular glutamine and glutamate. Intracellular events such as glutamate transamination are not detected by the glutamate tracer. The same is true of the

oral route. Under normal circumstances, the amino acid tracer is infused intravenously to measure whole-body systemic kinetics. However, enterally delivered amino
acids pass through the gut and liver before entering the systemic circulation. Any metabolism of these amino acids by gut or liver on the first pass during absorption
will not be “seen” by an intravenously infused tracer in terms of systemic kinetics. Therefore, another pool with a second arrow showing the first-pass removal by gut

first-pass, and only | ¢ (1 — f) enters the systemic circulation.
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Figure 2.14. Model of whole-body protein metabolism for the fed state when first-pass uptake of dietary intake is considered. A labeled amino acid tracer is
administered by the gastrointestinal route (iy) to follow dietary amino acid intake (1). The fraction of dietary amino acid sequestered on first pass by the splanchnic bed

(f) can be determined by administering the tracer by both the gastrointestinal and the intravenous routes (i) and comparing the enrichments in blood for the two
tracers (E4 and E;,, respectively).

v

There are two ways to address this problem. The first does not evaluate the fraction sequestered explicitly but builds the tracer administration scheme into the
first-pass losses. One simply adds the amino acid tracer to the dietary intake so that the tracer administration is the oral route (I) and enrichments in blood (E,) come

does not evaluate per se the amount of material sequestered by the splanchnic bed.

The second approach applies the tracer by both the intravenous route and the enteral route. The intravenous tracer infusion (l,,) and plasma enrichment (E; ) are used
to determine systemic kinetics, and the enteral tracer infusion and its plasma enrichment determine systemic kinetics plus the effect of the first pass. By difference, the

amino acids on the first-pass—especially glutamate, which is almost entirely removed.
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Table 2.11 First-Pass Sequestration of Enteral Amino and Keto Acid Tracers by the Gut and Liver in Humans

Synthesis of Specific Proteins

The above methods deal with measurements at the whole-body level but do not address specific proteins and their rates of synthesis and degradation. To do so
requires obtaining samples of the proteins for purification. Some proteins are readily sampled (e.g., proteins in blood such as the lipoproteins, albumin, fibrinogen,
and other secreted proteins). Other proteins require tissue sampling (e.g., muscle biopsy). If a protein (or group of proteins) can be sampled and purified, then its
(their) synthetic rate can be determined directly from the rate of tracer incorporation. Proteins that turn over slowly (e.g., muscle protein or albumin) incorporate only a
small amount of tracer during a tracer infusion. Because the incorporation rate of tracer is approximately linear during this time, protein synthesis can be measured by
obtaining only two samples. This technique has been especially useful for evaluating protein synthesis of myofibrillar protein with a limited number of muscle biopsies
that of the precursor amino acids used for its synthesis (i.e., the intracellular amino acid enrichment). The types of protein that have been measured under these
conditions have been the lipoproteins, especially apolipoprotein-B (apo-B) in very low density lipoprotein (VLDL) ( 104, 105 and 106).

Determination of the protein fractional synthetic rate is a “precursor-product” method that requires knowledge of both the rate of tracer incorporation into the protein
being synthesized and the enrichment of the amino acid precursor used for synthesis. For muscle, L-[1-1*C]leucine is often used as the tracer, and plasma KIC 13C

does not accurately reflect the glycine precursor pool from which the export proteins are synthesized. However, in the absence of better approach, using the hippuric



acid **N enrichment is clearly better than using another tracer where the hepatic intracellular enrichment is completely unknown. For proteins such as VLDL apo-B

that turn over quickly (typically 4—-8 hours), tracer incorporation into the protein will approach a plateau within the period of tracer infusion. If the tracer enrichment in
the protein does not reach a plateau during the time course of the tracer infusion, curve fitting can usually predict the plateau. When the standard precursor-product
relationship holds (i.e., the product is made only from the precursor), the protein plateau amino acid enrichment will reflect the precursor enrichment, simplifying the

urinary hippurate in hyperlipemic subjects who had large, slow-turnover VLDL pools that did not approach plateau during the course of the 8-h infusion.
Degradation of Specific Proteins

Measurement of protein degradation is much more limited in terms of the methods available. To measure protein degradation, the protein must be prelabeled. Three
methods have been used: (a) removal of the protein from the body, followed by iodination with radioactive iodine, and reinjection into the body to follow the
disappearance of the labeled protein; (b) administration of a labeled amino acid to label proteins via incorporation of the tracer during protein synthesis, followed by
measurement of labeled amino acid release from degradation of the protein; and (c) use of posttranslational amino acids such as 3-methylhistidine.

The use of iodination limits this methodology to readily removable and reinjectable proteins (i.e., proteins in plasma). Therefore, the applications of this method are
structure after removal and iodination as they had before removal from the body, and the iodination process may cause untoward effects. However, properly applied,
the method can be very specific for measuring the kinetics of select proteins.

Alternatively, proteins may be labeled by long infusions of amino acid tracer. After the tracer infusion is stopped, the tracer enrichment disappears quickly from
plasma. At that point, serial sampling of the protein and measuring the decrease in tracer enrichment with time will give its degradation rate. However, another
problem occurs: 80% or more of the amino acids released from protein breakdown are reused for synthesis of new proteins. Therefore the amino acid tracer from
protein degradation is recycled into new proteins. Because there is generally not a large starting enrichment in the proteins being measured, recycling of low
enrichments of tracer greatly complicates interpretation of the labeled protein data obtained by this method.

3-Methylhistidine and Other Posttranslational Amino Acids. In the body, a number of enzymes can modify the structure of proteins after they have been
synthesized. The changes are generally modest, occur to specific amino acids, and are either the addition of a hydroxyl group (e.g., conversion of proline to

.............................................

the urine may be acetylated in the liver first (a pathway that is much more predominant in the rat), and urinary samples may have to be hydrolyzed before
measurement of 3-methylhistidine. Conversion of 3-methylhistidine to balenine (the dipeptide 3-methylhistidine-b-alanine) is of less importance in humans than in
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Figure 2.15. Schematic depiction of the formation and disposal of 3-methylhistidine in myofibrillar protein in humans. Because 3-methylhistidine is not reused for
protein synthesis or oxidized/metabolized, its release into blood represents degradation of myofibrillar protein from tissues containing myosin and actin (muscle,
smooth muscle such as gut, skin). In man, 3-methylhistidine is quantitatively excreted into urine; in rat, 3-methylhistidine is also acetylated in the liver before excretion

large mass of protein found in skeletal muscle, skin and gut protein turn over rapidly by comparison and, therefore, continually contribute a significant amount of
3-methylhistidine to the urine. More-recent work suggests that skin and gut contributions, while noticeable, can be accommodated in the calculation of human skeletal
muscle turnover from urinary 3-methylhistidine excretion (113, 117, 120).

A more specific approach to 3-methylhistidine measurement of skeletal muscle myofibrillar protein breakdown measures release of 3-methylhistidine from skeletal
difference can be combined with the A-V difference measurement of an essential amino acid that is not metabolized in muscle, such as tyrosine. In contrast to
3-methylhistidine, tyrosine released by protein breakdown is reused for protein synthesis. The A-V difference of tyrosine across an arm or leg defines net protein
balance (i.e., the difference between protein breakdown and synthesis). Protein synthesis is, therefore, the difference of the 3-methylhistidine and tyrosine A-V

CONTRIBUTION OF SPECIFIC ORGANS TO PROTEIN METABOLISM
Whole-Body Metabolism of Protein and Contributions of Individual Organs

From the above discussion of tracers of amino acid and protein metabolism, it is clear that the body is not static and that all compounds are being made and degraded

day on the basis of the leucine and phenylalanine fluxes. Muscle protein turnover accounted for 65 g/day, and splanchnic protein turnover accounted for 62 g/day. If
secreted proteins are synthesized at a rate of 48 g/day, then nonsplanchnic, nonmuscle organs account for another 75 g/day. The proportion of skeletal muscle mass

and accounts for about one-quarter of the turnover.

If amino acids could be completely conserved (i.e., if none were oxidized for energy or synthesized into other compounds), then all amino acids released from
proteolysis could be completely reincorporated into new protein synthesis. Obviously, that is not the case, and when there is no dietary intake, whole-body protein
breakdown must exceed protein synthesis by an amount equal to net disposal of amino acids by oxidative and other routes. Therefore, we need to consume enough
amino acids during the day to make up for the losses that occur both during this period and during the nonfed period. This concept becomes the basis for methods



defining amino acid and protein requirements discussed below.

protein is made and broken down. The total turnover of protein in the body, including both dietary intake and endogenous metabolism, is 90 + 250 = 340 g/day, of
which oxidation of dietary protein accounts for (75 + 5)/340 = 24% of the turnover of protein in the body per day. When dietary protein intake is restricted, adaptation

.......................................

The preceding discussion defines turnover of protein in various parts of the body but does not integrate flows of material per se or highlight the relationship of amino
acids to metabolites that are used for energy, such as glucose and fatty acids. Clearly, there must be interorgan cooperation to maintain protein homeostasis, simply
because some tissues such as muscle have large amino acid reservoirs, yet all tissues have amino acid needs. A regular feeding schedule means that part of the day
is a fasting period in which endogenous protein is used for energy and gluconeogenesis. The fed period then supplies amino acids from dietary protein to replenish
these losses and provide additional amino acids that can be used for energy during the feeding portion as well. Such a normal diurnal feeding and fasting pattern
causes movement of amino acids among organs, which takes on particular importance in situations of trauma and stress in which adaptation, or rather lack of
adaptation, of amino acid metabolism to physiologic insults or pathophysiologic states occurs.
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Table 2.12 Contribution of Different Organs and Tissues to Energy Expenditure
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Figure 2.16. Interorgan flow of substrates in the body to maintain energy balance in the postabsorptive state (panel A) and after adaptation to starvation (panel B).
The schematic diagrams are patterned after the work of Cahill. In all states, energy needs of the brain must be satisfied. In the postabsorptive state, glucose from liver
glycogenolysis provides most of the glucose needed by the brain. After liver glycogen stores have been depleted (fasting state), gluconeogenesis from amino acids
from muscle stores predominates as the glucose source. Eventually the body adapts to starvation by production and use of ketone bodies instead of glucose, thus
sparing amino acid loss for gluconeogenesis. AAs, amino acids; Ala, alanine; GIn, glutamine; TG, triglycerides; FFA, free fatty acids. respectively. (Redrawn from
Cabhill GF Jr, Aoki TT. Partial and total starvation. In: Kinney JM, ed. Assessment of energy metabolism in health and disease, report of the first Ross conference on
medical research. Columbus, Ohio: Ross Laboratories, 1980;129-34.)

secondarily from glucose synthesis (gluconeogenesis) from amino acids. Other substrates (e.g., glycerol released from triglyceride lipolysis) may also be used for
gluconeogenesis, but amino acids provide the bulk of the gluconeogenic substrate. The pathways of conversion are discussed above for those amino acids whose
carbon skeletons can be easily rearranged to form gluconeogenic precursors. The remaining amino acids released from protein breakdown and not used for
gluconeogenesis may be oxidized. The amino acid N released by this process is removed from the body by incorporation into urea via synthesis in the liver and
excretion into urine via the kidney. Gluconeogenesis also occurs in the kidney, but the effect and magnitude are masked from A-V measurements because the kidney

Role of Skeletal Muscle in Whole-Body Amino Acid Metabolism

Early A-V difference studies across the human leg or arm revealed that more than 50% of the amino acids released from skeletal muscle are in the form of alanine
release is still not well defined. Several possible reasons exist. First, skeletal muscle will oxidize nonessential amino acids and the BCAAs in situ for energy. Because
amino acid oxidation produces waste N and because ammonia is neurotoxic, release of waste N as ammonia must be avoided. Because both alanine and glutamine
are readily synthesized from intermediates derived from glucose (alanine from transamination of pyruvate from glycolysis, and glutamine from a-ketoglutarate), they
are excellent vehicles to remove waste N from muscle while avoiding ammonia release. Alanine removes one and glutamine removes two Ns per amino acid. These
observations have led to the proposal of a glucose-alanine cycle in which glucose made by the liver is taken up by muscle, where glycolysis liberates pyruvate. The
pyruvate is then transaminated to alanine and released from muscle. That alanine is extracted by the liver and transaminated to pyruvate that is then used for glucose
scheme resolves a problem related to the BCAAS. In contrast to the other essential amino acids, which are metabolized only in liver, the BCAAs are readily oxidized in
other tissues, especially muscle. Thus, if the BCAAs, which comprise about 20% of amino acids in muscle protein, are oxidized for energy by the muscle, then the
glucose-alanine cycle could provide a means of removal of the N that is generated in the process.

Whole-Body Adaptation to Fasting and Starvation

especially to the brain. However, glycogen stores are limited and become depleted in less than 24 hours. That point in time when liver glycogen stores are exhausted
is, by definition, the beginning of the fasting state. Now the glucose needs of the brain must be met completely by gluconeogenesis, which means sacrificing amino
acids from protein. Because protein is critical to body function, from enzyme activity to muscle function related to breathing and circulation, unrestrained use of amino



acids for glucose production would rapidly deplete protein, causing death in a matter of days. Clearly, this does not occur, because people may survive without food

The Fed State

Although the body can accommodate to starvation, it is not a normal occurrence. The adaptations seen in everyday life evolve around the postabsorptive period and
the fed period. Basically, we go through our nights after completing absorption of the last meal using nutrient stores of glycogen and protein as depicted in Figure

period; intake that exceeds amounts needed to replete nighttime losses are either oxidized or stored to increase protein, glycogen, or fat for growth or storage of
excess calories. Although muscle contains the bulk of body protein, all organs are expected to lose protein during the postabsorptive period and, therefore, need
repletion during the fed period. What is poorly understood is how the individual amino acids that enter through the diet are distributed among the various tissues in
the amounts needed for each tissue. Just as each amino acid has its own separate metabolic pathways, the rates and fates of absorption and use are expected to
differ among amino acids. Thus, dietary protein requirements cannot be discussed without also considering the requirements for individual amino acids.

Digestion and Absorption of Protein

Two organs have particular, potentially important, regulatory roles during feeding: the gut and liver. All dietary intake passes first through the gut and then through the
liver via portal blood flow. Digestion of protein begins with pepsin secretion in gastric juice and with proteolytic enzymes secreted from the pancreas and the mucosa
proenzymes become activated by intestinal enterokinase secreted into the intestinal juice to cleave trypsinogen to trypsin. The presence of dietary protein in the gut
appears to signal secretion of the enzymes. As trypsin becomes activated, it binds to proteins to initiate hydrolysis. An excess of trypsin occurs when either more
trypsin is secreted than there is protein present or when most of the dietary protein has been hydrolyzed. At this point the presence of unbound trypsin appears to
signal a feedback regulation system to the pancreatic acinar cells to inhibit synthesis and secretion of trypsinogen. Some plants, such as soybeans, contain protein
inhibitors of proteolytic enzymes such as trypsin. These proteins may often be denatured by heating (i.e., by cooking). Feeding unheated soybeans to rats results in
hypertrophy of the pancreas, presumably caused by hypersecretion of pancreatic juices. The presumed mechanism is that the trypsin inhibitor in soy binds trypsin,

................................................................................

smaller peptides on the basis of the amino acid residues targeted by the proteolytic enzymes. For example, pepsin has a relatively low specificity for neutral amino
acids such as leucine or phenylalanine, whereas trypsin shows specificity for a basic target (lysine or arginine). In addition, exopeptidases attack the free ends of the
peptide chains: pancreatic carboxypeptidases at the carboxyl terminus, and aminopeptidases secreted in intestinal juice at the amino terminus.
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Figure 2.17. Digestion and absorption of dietary protein in the intestine. The secretion and feedback system of the pancreatic trypsinogen/trypsin is shown. In
addition to the assumed dietary protein load of 100 g, an additional protein load of about 70 g occurs from secretion of protein and sloughing of mucosal cells. Under
normal conditions, almost all of the protein is recovered by hydrolysis and absorption. Amino acids are absorbed by active transport through the mucosal cells into the
portal blood system. Some amino acids are immediately metabolized by gut and liver during absorption. (From Crim MC, Munro HN. Protein and amino acid
requirements and metabolism in relation to defined formula diets. In: Shils ME, ed. Defined formula diets for medical purposes. Chicago: American Medical
Association, 1977;5-15, with permission.)

peptides, in particular di- and tripeptides, are assimilated on the luminal side intact. Peptide hydrolases present in the brush border and cytosol of the mucosal cells
complete the hydrolysis of these peptides prior to their release into the portal blood system. There are specific transport systems for peptide uptake into mucosal

intestine is continually being remodeled with cells formed in the crypts migrating toward the villus tips, epithelial and other cells are continuously being sloughed off
the tips of the villi. Although the exact amounts of protein secreted and cells sloughed are unknown, a reasonable estimate is that of the 70 g of protein added to the

To a limited but important extent, some proteins and large peptides enter intact directly from the gut into the basolateral blood. Absorption of intact proteins or large
portions of proteins is a tenable physiologic explanation for numerous diseases involving food allergies and idiosyncrasies. The gut is generally viewed as an
impermeable barrier that nutrients cross by active transport or where a break in the barrier occurs through cell injury. Small amounts of some proteins may pass this
barrier by several possible mechanisms, such as through “leaks” between epithelial cell junctions or possibly by transport through uptake into vesicles from the lumen

the proteins or in delivery of some peptide drugs.
Gut and Liver as Metabolic Organs

The gut and liver facilitate absorption and delivery of dietary amino acids to the systemic blood and other tissues in the body. During this process, the gut and liver
see all nutrients being absorbed and may sequester on the first pass during absorption any fraction of the dietary amino acids before these amino acid ever enter the
systemic circulation. The liver has a natural role in this process as it is the organ that inactivates/modifies toxic substances in the blood. Therefore, the liver would be
expected to regulate the flow of dietary amino acids into the systemic circulation following a meal. In addition, the liver is the only site in the body for metabolizing
essential amino acids, except the BCAAs (which are metabolized by several tissues, most notably muscle). As mentioned above and discussed below, in terms of
determining amino acid requirements, amino acids consumed during feeding in excess of the body's current needs would be expected to be oxidized. Therefore, a
potential role for the liver is removal of excess amino acids, especially essential amino acids that cannot be oxidized in other tissues, on the first pass during amino
acid absorption. The role of the gut and liver as active metabolic organs that metabolize dietary amino acids was shown in catheterized dogs by Elwyn et al. in 1968




As discussed above, the first observation was that most of the BCAAs in a meal pass through the splanchnic bed to be extracted and used by peripheral tissues. Later

conditions of feeding, the amount of enteral leucine extract

significant producer of KIC, indicating that the first step in BCAA metabolism is active, i.e., transamination. This step does not irreversibly remove leucine, rather it
only forms a ketoacid that can be reconverted into leucine in a peripheral tissue such as muscle. Alternatively, the KIC produced by liver and released can be
oxidized.

PROTEIN AND AMINO ACID REQUIREMENTS

The most fundamental question in nutrition concerning protein and amino acids is simply, what amount of protein is required in the diets of humans to maintain
health? This question has several parts. First, we must evaluate the intake of both protein and the amounts of the individual amino acids in that protein. Second, this
guestion must be answered in humans (a) over the complete range of life and development, (b) in sickness and in health, and (c) under different conditions of work
and environment. These questions and the methods used to answer them are discussed below in terms of their individual components.

When we discuss the amino acid composition of a specific protein source, we generally focus upon the amount of essential acids contained in it because these are
the amino acids that are indispensable to our diet. Which amino acids are dispensable and which are indispensable was originally determined by testing whether a
diet deficient in a particular amino acid would support growth in a rat. However, there are important species differences between rats and humans that limit the
comparison of rat to man. Furthermore, the growth retardation model, which is effective with the rat, is not applicable to humans. An alternative for studying amino
acid requirements in humans is the N balance technique. A diet that is adequate in total N but deficient in an essential (indispensable) amino acid cannot produce a
positive N balance because protein can be synthesized only if each amino acid is present in adequate amounts. The nonessential amino acids can be synthesized if
protein intake is adequate, but limited intake of an essential amino acid limits the amount of protein that can be synthesized. The body is then faced with a dietary
excess of the other nonlimiting essential and nonessential amino acids that it cannot put into protein. Therefore, these amino acids must be oxidized to urea, and a
negative N balance results.

The classic studies of Rose and colleagues measured N balance in humans fed diets deficient in individual amino acids. They determined that eight amino acids

of these essential amino acids, several of these amino acids (such as the BCAAS) have a catabolic ﬁémfﬁway whose first step is reversible (i.e., transamination to form
branched-chain keto acids). The rat growth model was used to show that growth can be supported by supplying the keto acids of these essential amino acids. Various
formulations have been proposed for supplying the carbon skeleton of several essential amino acids (e.g., the BCAAs) without adding N, which is detrimental in

or methionine is consumed, tyrosine and cysteine also become deficient and essential. This question must be answered across the range of life from infancy to the
elderly as well as in sickness and health. For example, enzymes for amino acid metabolism mature at different rates in the growing fetus and newborn infant. Histidine
is essential in infants but not necessarily in healthy children or adults. Therefore, the classification of “essential” or “nonessential” depends upon species, maturation
(i.e., infant, growing child, or adult), diet, nutritional status, and pathophysiologic condition. Also to be considered is whether a particular amino acid given in excess of
requirement has properties that may ameliorate or improve a clinical condition. These considerations must somehow be evaluated for each population group in which
they are important.

Protein Requirements

Determination of the protein requirement must consider both the amount of amino acid N and its quality (i.e., its ability to be digested and absorbed and its essential
amino acid content). The simplest approach to measuring the nutritional quality of a protein is to measure the ability of that protein to promote growth in young
growing animals, such as rats. Their growth depends on synthesis of new protein, which depends on essential amino acid intake. Because alterations in rat growth
can be measured in several days, the growing rat is often used to compare differences in quality (composition) of protein/amino acid diets. Because this approach
cannot ethically be applied to humans, other approaches for assessing human requirements have been applied: the factorial method and the balance method.

Factorial Method

When a person is placed on a protein-free diet, rates of amino acid oxidation and urea production decrease over several days as the body tries to conserve its

requirement of protein is assumed to be the amount that matches the sum of the various obligatory N losses.

Whereas nonurinary nonfecal N losses are often ignored in N balance studies of adequate protein intake, they are of critical importance in the assessment of protein
requirements by the factorial method. A variety of studies have been performed to assess these losses, and the results are tabulated in a World Health

is considered to be this amount plus an adjustment for the inefficiency of use of dietary protein and for the quality (amino acid composition and digestibility) of the
protein source consumed. For children and pregnant or lactating women, an additional (theoretically determined) amount of protein is added to this recommendation
adaptation to N deprivation, which may not reflect normal metabolism and N requirements of healthy humans near the actual requirement level. Hence, another
method is needed to produce an alternative assessment of protein requirements.

Balance Method

In the balance method, subjects are fed varying amounts of protein or amino acids and the balance of a particular parameter—usually N balance—is measured. An
adequate amount of dietary protein is that level of intake that will maintain a neutral or slightly positive N balance. The balance method can be used to titrate N intake
in infants, children, and women during pregnancy, when the end point is a balance positive enough to allow appropriate accretion of new tissue. The balance method
is also useful for testing the validity of the factorial method estimates. In general, N balance studies in which dietary protein intake is titrated give higher protein
requirements than predicted by the factorial method.

underestimate N losses, and intake tends to be overestimated. Miscellaneous cutaneous and hair losses, which are “best guesses,” may have small but substantial



errors. However, these factors affect both methods. In the balance method, which “titrates” dietary intake to determine zero balance, the response to increasing
protein intake is nonlinear. As protein intake is increased from a grossly deficient status toward an adequate status, the improvement in N balance is at first
proportional to the amount of protein added to the diet. As the balance point is approached, however, the slope of the N balance—protein intake curve progressively

Most studies of N balance have been performed at presumably adequate levels of energy intake. However, N balance is affected by energy intake. Energy intake
below requirements causes the N balance measurement to become negative when protein intake is near the requirement. Most recommendations are based,

Recommended Dietary Allowances for Protein

In 1989, the Food and Nutrition Board subcommittee of the U.S. National Research Council updated their recommended dietary allowances (RDAS) for protein and
largely upon N balance data (rather than factorial method data) from studies using a high-quality, hlghly digestible source of protein. The proteiﬁ """ intake values that
produced zero N balance were then increased by two standard deviations to encompass 97.5% of the population to get the RDA for the reference protein. For
example, from studies of young adult men, the value of 0.6 g/kg/day was increased to 0.75 g/kg/day.

Table 2.13 Recommended Intakes of High-Quality Reference Protein for Normal Humans

The types of protein consumed in the United States were reviewed to determine both essential amino acid composition (see below) and digestibility. The RDA for the

and children. In pregnancy, total protein deposited was estimated to be 925 g on the basis of maternal weight gain and an average birth weight at term. The rates of
protein accretion were then divided by trimesters, with adjustments for variation in birth weight (+15%) and an assumed efficiency of conversion of dietary protein to
fetal, placental, and maternal tissues (+70%) to produce increments in reference protein intake of +1.3, +6.1, and +10.7 g protein/day for the 1st, 2nd, and 3rd
trimesters, respectively. These values were rounded to 10 g/day of additional protein for all trimesters to compensate for uncertainties about rates of tissue deposition
and maintenance of those increases (Table 2.13) (157).

composition of human milk, the volume of milk produced, an adjustment for the estimated 70% conversion efficiency of dietary protein into newly synthesized milk
protein, and a 25% increase to account for a two standard deviation variance among women. This value was also adjusted for duration of lactation.

Protein requirements for newborn infants include additional intake to account for the approximate 3.3 g protein/day accretion of growth of infants fed human milk
which used a modified factorial method. Rates of protein accretion due to growth were calculated by age group, increased by 50% to account for variability amon";éj """""""
children, and adjusted by a 70% conversion efficiency factor of dietary protein to body protein synthesis. This estimate was then increased by 25% (to account for a
two standard deviation variance) to give the RDA.

Amino Acid Requirements

young male subjects were placed upon diets whose N intake consisted of a mixture of crystalline amino acids. The intake of a single amino acid could be altered, and
the N balance measured. Because of the expense of the amino acid diets and the great difficulty in performing serial N balance studies at different intakes, Rose and
colleagues were only able to study a very limited number of subjects per amino acid. Problems with interpreting the N balance data for a limited number of subjects
cloud the extrapolation of these data to populations (161, 162 and 163); yet these N-balance data remain the basis for the present amino acid recommendations in

requirements for individual amino acids is extremely slim.

Table 2.14 Estimates of Dietary Amino Acid Requirements (mg/kg/day) by Age Group

An alternative approach has been taken by Young and colleagues (162, 165, 166), based upon the method of Harper and others to assess amino acid requirements
in growing animals by using amino acid oxidation as an index of dietary sufficiency. Animals fed an insufficient amount of a specific individual amino acid reduce their
oxidation of the deficient amino acid to obligatory levels. Oxidation of the dietary-deficient amino acid will remain at obligatory oxidation levels until the requirement
level is met. Then, as dietary amino acid intake rises above requirement, the excess amino acid is oxidized. Therefore, a two-line curve should appear when amino




acid oxidation is plotted against amino acid intake: a flat line below requirement (indicating obligatory oxidation) and a rising curve above the requirement (indicating
oxidation of excess amino acid intake). The requirement level for the amino acid should be the intersection of the two curves, i.e., where oxidation of excess amino

Young and coworkers to assessing human amino acid requirements using nonradioactive, stable, isotopically labeled amino acid tracers. From the results of these
studies, Young proposed that the present recommended essential amino acid requirements for isoleucine, leucine, lysine, phenylalanine/tyrosine, and valine be

administer and measure the oxidation of an amino acid tracer of the amino acid that is being reduced in the diet, they use another essential amino acid tracer as the
indicator of N balance. Nitrogen balance becomes negative when a single amino acid is deficient in the diet because the excess amino acids that cannot be
incorporated into protein when one amino acid is deficient are oxidized, which increases urea production. As discussed above, measurement of the increase in urea
production is fraught with problems, which is why direct oxidation of the indicator amino acid is measured using an amino acid tracer. When dietary intake of the test
amino acid is below requirement levels, oxidation of the indicator amino acid increases as excess amino acids are wasted. The key to this method is the availability of
an indicator amino acid tracer whose oxidation can be accurately and precisely measured, which differs from the test amino acid being manipulated in the diet. Using

guantities in muscle). Furthermore, gut flora synthesize an unknown amount of histidine, which may be absorbed and used. Histidine must be removed from the diet
for more than a month to observe effects, and those effects are indirect measures of histidine insufficiency (a fall in hemoglobin and rise in serum iron) rather than
alterations in conventional indices (N balance). Thus, even though little direct evidence for histidine synthesis in humans exists, our estimates for the necessity of
dietary histidine intake in adults are still largely inferential.

In contrast to histidine, arginine is synthesized in large amounts in the body for the production of urea. However, like that of cysteine and tyrosine, synthesis of
arginine depends upon the availability of precursors, ornithine and citrulline. Although adequate amounts of arginine, ornithine, and citrulline are normally present in

plasma ammonia concentration, daily urinary excretion of orotic acid, and urinary N excretion. They found no alterations due to the arginine-free diet. These results
would lead to the conclusion that arginine is nonessential to the diet of humans; yet, there is little evidence that the body synthesizes ornithine from glutamate in

that the fluxes of all three amino acids are very low in blood and do not reflect the active urea cycle component, which appears to be highly compartmentalized in the
liver. Ornithine and citrulline fluxes were comparable, but were only one-third the rate of arginine turnover, and a relatively small fraction of the ornithine tracer
appeared in plasma arginine or citrulline. The low flux of ornithine suggests that very little synthesis occurs, but direct measurements of ornithine synthesis are
lacking. Inferential measurements do suggest ornithine synthesis. For example, *N tracer is transferred from glycine into glutamate and into the metabolic products of

Assessment of Protein Quality

The quality of a protein is defined by its ability to support growth in animals. Higher-quality protein produces a faster growth rate. Such growth rate measurements
evaluate the actual factors important in a protein: (a) pattern and abundance of essential amino acids, (b) relative amounts of nonessential and essential amino acids
in the mixture, (c) digestibility when eaten, and (d) presence of toxic materials such as trypsin inhibitors or allergenic stimuli. Methods of determining the quality of a
formula or protein source have generally fallen into two categories: empiric biologic assays and scoring systems.

Biologic Assays

It is assumed that the “highest quality protein” is protein that supports maximal growth of a young animal. Because rats grow quickly and have limited protein stores
and a high metabolic rate, deficiencies and imbalances in amino acid patterns in young growing rats can be easily detected in a short period of time. The protein
efficiency ratio (PER) is defined as the weight gained (in grams) divided by the amount of test protein consumed (in grams) by a young growing rat over several days.
Obviously, duration of diet, age, starting body weight, and species of rat used are important variables. Typically, 21-day-old male rats fed 9 to 10% protein (by weight)
for 10 days to 4 weeks are used. In one series of tests, casein produced a PER of 2.8; soy protein, 2.4; and wheat gluten, 0.4. Clearly, a casein diet produced much
better growth (2.8 g of carcass weight increase for every gram of casein consumed) than gluten (0.4 g of carcass weight increase for every gram of gluten consumed).
optimal mixture of essential and nonessential amino acids should induce the most rapid growth. Results from this method will be skewed in application to humans,
depending upon the extent that human requirements for individual amino acids differ from those of the rat. However, the method has been very useful in comparing a
new protein source against reference proteins, such as egg protein, and does evaluate other factors such as relative digestibility.

Scoring Systems

Rather than using growth in an animal species to indicate protein quality, a variety of methods have been developed to assign a quantitative value to the pattern of
amino acids in a nutritional formula or to a particular dietary protein source. Thus, assignment is based on the amounts and importance of the individual amino acids
in a formula. These “scoring” methods can be used to define protein quality in terms of amino acid content for any species. Block and Mitchell pointed out in 1946 that
any nonessential amino acid would not be limiting, they proposed that the value of a protein could be determined from the essential amino acid most limiting in
abundance relative to the optimum amount needed. From this idea of “most limiting amino acid” came the concept of chemical scoring, which has been incorporated
into the important reports assessing dietary needs of humans (157, 158, 178). The key to the method is that the test protein is defined “against” a reference protein,
deemed to be of the “highest quality” in terms of amino acid composition. Historically, proteins that support maximal growth in animals were considered the proteins of
“highest” quality. Those proteins from the most available sources for human consumption—eggs and cow milk—were consequently used as reference proteins. In
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Table 2.15 Scoring Patterns of Amino Acid Requirements in Humans and of Egg and Body Proteins

The scoring system is easy to apply because no animal studies or clinical studies are required to compare different nutritional formulations. The chemical score of a
protein is calculated in two steps. First a score is calculated for each essential amino acid (EAA) in the protein against the reference protein:

EAA score =
(content of the EAA in the fest protein/ mixture) |00

(content of the EAA in reference protein/ mixtiure)

Next the lowest score is selected; the amino acid with the lowest score is defined as the limiting amino acid. The chemical score of the limiting amino acid is the
protein's score. Typically, the limiting amino acids in dietary proteins are lysine, the sulfur-containing amino acids, threonine, and/or tryptophan. The BCAAs and
phenylalanine/tyrosine are not usually limiting. The scoring method points out the obvious: proteins not balanced among the essential amino acids are not as good as
those that are.

Ratio of Essential to Nonessential Amino Acids in Protein

essential amino acid requirements than in protein requirements. Essential amino acids make up more than 30% of protein requirements in infancy and early childhood
and drop to 20% in later childhood and 11% in adulthood. As essential amino acids become a decreasingly important part of the amino acid requirements with age,
nonessential amino acid intake could increase and become an increasingly greater proportion of our intake. However, such substitution does not necessarily happen.
Except for possibly changing the type of protein eaten (e.g., decreased intake of milk proteins), we continue to eat protein presumably at or above the RDA. If that
protein is of high quality, such as egg protein, it provides almost half of its amino acids as essential amino acids. Therefore, consumption of high-quality protein by
adults at levels that meet the RDA for protein provide a severalfold excess of individual essential amino acids beyond requirements. In general, it is not hard for adults

Amino Acid Availability from Dietary Protein Sources

The above methods provide schemes for determining protein quality based upon either animal growth or amino acid composition using scoring. A particular drawback
with the scoring system is that it does not consider other factors inherent in the test protein or the effect of how the protein is prepared for consumption. How food is
prepared may significantly affect the bioavailibility of individual amino acids. As discussed above, some plants contain protein inhibitors of proteolytic digestive

However, heat processing itself may damage amino acids. For example, heat treatment of protein in the presence of reducing sugars can promote reactions altering
the lysine amino groups in the protein. This reaction, called the Maillard, or “browning,” reaction, can be seen in milk processing in which lactose reacts with lysine at
high temperatures. Oxidative or alkaline processing conditions may alter other essential and nonessential amino acids, inducing loss of methionine or formation of
amino acid products that have toxic properties. Likewise, storage conditions may affect the nutritional quality of the protein. Thus, processing or “cooking” the protein
source as well as storage conditions and other factors must be considered in evaluating the quality of the protein.

Protein and Amino Acid Needs in Disease

Most of the discussion to this point has centered around amino acid and protein metabolism in normal individuals. Although the effect of disease on amino acid and
protein requirements is beyond the limits of this introductory chapter, a few important general points need to be made. The first is that energy and protein needs are
gluconeogenesis. Several disease states increase metabolic rate. The first is infection, in which the onset of fever is a hallmark of increased metabolic rate. The
second is injury, be it trauma, burn injury, or surgery per se. Along with onset of a hypermetabolic state comes a characteristic increase in the loss of protein

Since then, numerous studies of the hypermetabolic state of injury and infection have been performed. For most people, the injuries suffered are minimaland
self-limiting, i.e., the fever goes away in a couple of days or the injury heals. In normal, healthy people the impact of the injury on overall protein metabolism is as
minimal as a bout of fasting. However, in chronic, long-term illness or in patients otherwise weakened by age or other factors, onset of a hypermetabolic state may
produce a significant and dangerous loss of body N.

The second point is that while the diagnosis of a metabolic condition that needs correcting may be straightforward (e.g., finding an increased loss of N and wasting of
body protein), correcting the problem by administration of nutritional support is not as simple. The underlying iliness usually resists or complicates simple nutritional
replacement of amino acids. Trauma and infection are classic problems in which prevention of N loss is very difficult. Supplying additional nutrients either enterally (by

Simple tools have been used to identify the hypermetabolic state: indirect calorimetry to measure energy expenditure, and N balance to follow protein loss. These
measurements have shown that blunting the N loss in such patients is not as simple as supplying more calories, more amino acids, or different formulations of amino
acids. What becomes clear is that although a nutritional problem exists, nutritional replacement will not correct the problem; instead, the metabolic factors that cause
the condition must be identified and corrected. Wilmore has categorized the factors that produce the hypermetabolic state into three groups: stress hormones

have been developed to address these various components. For example, insulin and growth hormone have been administered to provide anabolic hormonal stimuli
to improve N balance. Alternatively, studies have been conducted in healthy individuals in which one or more of the potential mediators are administered to determine



maintain arginine supplies under normal conditions, but we do not know whether additional demands for arginine can be met endogenously or whether arginine
determined little net de novo arginine synthesis, suggesting that under conditions of burn injury, insufficient arginine is made to meet the body's presumed increased
need when the immune system is under challenge.

dietary intake of sulfur amino acids may be reduced by ingesting relatively more of a sulfur amino acid—poor dietary protein, such as soy protein.

While supplementation of specific amino acids or cofactors may produce beneficial responses, there may be occasions when supplementation produces undesirable
effects on the disease state. Supplementing glutamine in the diets of cancer patients may be counterproductive because the glutamine (which is essential for

applications of specific nutrients, the use of isotopically labeled tracers is particularly helpful because the metabolic fate of the administered nutrient may be followed
(labeled nitrate production from nitric oxide synthesis from *°N-labeled arginine) as well as measurement of the promotion or suppression of protein synthesis and
proteolysis in specific tissues. Amino acid and protein requirements in various diseases are quite difficult to assess and require a multifactorial approach. These are
the real challenges facing us in nutrition today and in the days ahead.

Abbreviations: ADP—adenosine diphosphate; AMP—adenosine monophosphate; ATP—adenosine triphosphate; A-V—arteriovenous; BCAA—branched-chain amino acid; GMP—guanosine
monophosphate; IMP—inosine monophosphate; KIC—a-ketoisocaproate; mRNA—messenger RNA; N—nitrogen; PER—protein efficiency ratio; PRPP—phosphoribosylpyrophosphate;
RDA—recommended dietary allowance; TCA—cycle, tricarboxylic acid cycle; TML—trimethyllysine; tRNA—transfer RNA; WHO/FAO/UNU—World Health Organization/Food and Agriculture

Organization/ United Nations University.
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HISTORICAL HIGHLIGHTS

The initial history of carbohydrates is the story of sugar cane and the human passion for sweetness. Although there is some dissension, sugar cane's origin is thought
to be Papua New Guinea. It was probably cultivated from wild plants (still in existence) about 10,000 years ago at the time of the global Neolithic agricultural
revolution. The slow diffusion of migrants carried it to India, Southeast Asia, and China. Sugar was mentioned by an Indian author in 325 BC. After the Arabs defeated
the Romans, they brought the sugar cane from Persia to Europe and the Mediterranean where it failed to thrive, apart from the Moroccan coast. The returning
Crusaders brought sugar to the European courts where it became an important and desirable luxury dietary constituent. Sugar cane was introduced to the Caribbean
by Christopher Columbus on his second voyage, in 1493. The plants came from his father-in-law's plantation established in Madeira in 1492 (Canary Islands). They
thrived and were dispersed to Central and South America and throughout the Caribbean. By the early 17th century, raw sugar was being handled by refineries in
England and France. Beets (unlike sugar cane, which needed a tropical or semitropical climate) could be grown in temperate climates and were first recognized as a
source of sugar by Marggraf in 1747. Napoleon used beets to bypass the British sugar blockade of the French Caribbean Islands; by 1813, approximately 35,000,000
kg (35,000 tonnes) were being produced. Sugar from beets now represents 40% of the world sugar market. Kirchoff, a Russian chemist, reported in 1812 that starch,
the plant storage form of carbohydrate, when boiled with dilute acid gave rise to a sugar identical with that of grapes (glucose). Schmidt, in 1844, designated
carbohydrates as compounds that contained C, H, and O and showed that sugar was found in the blood. Liver glycogen, the animal storage form of carbohydrate, was
discovered by the outstanding French physiologist Claude Bernard in 1856. Sugar is now cultivated in practically every country in the world and is consumed as a
basic or staple food.

DEFINITION

What are carbohydrates? The formal definition is a class of substances having the formula C ,(H,O),, i.e., the molar ratio of C:H:O is 1:2:1. This definition, however,

fails for oligosaccharides, polysaccharides, and sugar alcohols (viz., sorbitol, maltitol, mannitol, galactitol, and lactitol). Of the complex carbohydrate macromolecules
known, the main member is plant starch (and the animal polymer glycogen), but the group includes pectins, cellulose, and gums. Simple carbohydrates include the
hexose monosaccharides (glucose, galactose, and fructose) and the disaccharides maltose (glucose-glucose), sucrose (glucose-fructose), and lactose
(glucose-galactose). Other carbohydrates include trioses (glycerose, C ;HO,), tetroses (erythrose, C,HgO,), and pentoses (ribose, C.H,,O.). The latter are important

constituents of nucleic acids. In general, oligosaccharides yield two to ten monosaccharides on hydrolysis, while polysaccharides yield more than ten. The
polysaccharides serve storage and structural functions. Starch is the storage carbohydrate of plants; glycogen is that of animals (liver contains up to 6% and muscle
about 1%) and is often called animal starch. There are many different types of starch, depending on the plant source. Inulin, for example, is a starch found in the
tubers and roots of dahlias, artichokes, and dandelions and when hydrolyzed yields only fructose; hence it is a fructosan. The oligosaccharide cellulose consists of
glucose units linked by b(1-4) bonds to form long straight chains strengthened by hydrogen bonding. It is the chief structural framework of plants and cannot be easily
digested by humans because they do not secrete an intestinal carbohydrase that attacks the b(1-4) linkage. It is often thought of as a dietary fiber that gives bulk to
food. Bacterial enzymes, however, can break down cellulose. A small amount is probably hydrolyzed by this process in the colons of humans, but it h