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The Committee on Amino Acids of the Food and Nutrition Board was 
initially established to consider the merit of amino acid fortification of 
foodstuffs in the American diet. This study led to a bulletin entitled 
"Evaluation of Protein Nutrition," in which information about amino 
acid requirements, amino acid intakes of the U.S. population, and ef
fects of amino acid deficiencies was summarized and the nutritional 
merit of amino acid fortification, primarily lysine fortification, of cereal 
products was assessed. 

The mission of the committee was subsequently broadened to include 
assessment of amino acid fortification as a procedure for improving pro
tein nutriture worldwide. Almost a decade has been devoted to this 
study, which has been augmented by the fact that, beginning in 1971, 
three members of the committee have served on the F AO I WHO Expert 
Committee on Energy and Protein Requirements. In this way, docu
ments generated by the FAO/WHO group became available before the 
final version of this report was prepared and have been particularly use
ful in preparing the section on nitrogen and amino acid requirements. 
Understandably, the two reports show distinct similarities, as well as 
certain differences. The FA o /WHo report develops recommendations 
for practical protein allowances. By contrast, this document evaluates 
procedures for improving protein nutriture through fortification of diets 

iii 
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iv Preface 

with amino acids but does not contain recommendations for protein al
lowances. Assessment of the validity of information on protein and 
amino acid requirements is obviously a necessary part of such an evalua
tion. Finally, although all members of the committee participated in 
the discussion of each section, it is presented as a collection of individual 
papers. 
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A. E. HARPER 

Basic Concepts 

We tend to oversimplify the complex problem of protein nutrition in 
man-to seek a single figure for protein requirement and a defmite value 
for its nutritional quality, to seek a simple explanation for the problem 
of "protein" malnutrition and a simple solution for improving protein 
nutriture. However, because nutritional needs change with age and are 
influenced by the environment; because mammals have complex regula
tory systems that respond to the stimuli that impinge upon them; and, 
above all, because the body is a highly adaptable mechanism, simple 
answers and simple solutions to these problems are, almost without ex
ception, inadequate. 

Using the experimental approach, in which each of the many variables 
that influence some property of a system can be studied in turn while 
the others are held constant, information can gradually be assembled. In 
practice, the relative importance of the various factors that can be exam
ined experimentally in isolation is difficult to assess. Such assessment 
must ordinarily be made through inference from information gained ex
perimentally. This consideration of protein nutriture improvement will 
begin with a general discussion of basic concepts and the characteristics 
of regulatory systems of the body; then those topics that bear most 
directly on proposals for the improvement of protein nutrition-protein 
and amino acid requirements, methods of protein evaluation, effects of 

1 
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2 A. E. HARPER 

deficiencies and disproportions of amino acids and the distribution of 
amino acids in diets-wiD be presented in more detail. The concluding 
section will deal with the practical aspects of improving protein nutri
ture. 

THE ESSENTIALITY OF AMINO ACIDS 

Man, as well as other monogastric mammals, must have enough protein 
to provide nitrogen and certain specific amino acids for the synthesis of 
new tissue during growth and reproduction, of milk constituents during 
lactation, and of many nitrogen-containing compounds, and for replace
ment of the nitrogen that is continuously lost from the body. The ability 
of a food protein to satisfy these requirements is determined primarily by 
its amino acid composition (Hegsted, 1964a, b; Meister, 1965). Because 
man is unable to synthesize from other compounds nine of the amino 
acids needed for tissue synthesis, the latter must be provided, preformed, 
in the diet. Amino acids that can be synthesized in the body are termed 
"dispensable" or "nonessential"; those that cannot are termed "indis
pensable" or "essential." Classification of amino acids in this way ap
plies only to dietary need-all are essential for the synthesis of proteins.* 

The amino acids that are essential for man are listed in Table I 
(Rose, 1957). Histidine, which is essential for the infant (Snyderman 
et al., 1963), is classified in the same manner, even though adult man 
has not exhibited the need for a dietary supply of it (Rose, 1957). 
Various authorities have questioned the dispensability of histidine for 
adult maintenance on both theoretical and experimental grounds 
(Steele, 1952; Nasset and Gatewood, 1954; Nasset, 1956; Anonymous, 
1964 ). Although microorganisms can synthesize histidine from adeny lie 
acid, such a process is not known to occur in man (Meister, 1965). In 
view of the potential reserves of histidine in hemoglobin and in muscle 
carnosine, it is understandable that histidine might not be required for 
maintenance of nitrogen equilibrium in short-term studies; Rose and 
Wixom ( 1955c), however, found no adverse effects from its absence 
during a period of 60 days. Nonetheless, until defmitive proof to the 
contrary is obtained, histidine should be considered an essential amino 
acid. 

*The term "dispensable" is used here for amino acids that can be synthesized by the body. This 
eliminates the need for terms such as "nonessential" and "semiessential," which are inappro
priate and inaccurate. It also avoids confusion from use of the term E/N, which can be taken 
to mean either essential/nonessential or essential/total nitrogen, by substitution of E/D for the 
fust of these uses. 
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Basic Concepts 

TABLE 1 Amino Acids That Are 
Essential for Man 

Isoleucine 
Leucine 
Lysine 
Methionine 

Histidine 

Phenylalanine 
Threonine 
Tryptophan 
Valine 

3 

Some amino acids can be synthesized in the animal body, but not by 
all species at a rate compatible with normal growth. These may be dis
pensable for one species but essential for another. Arginine is appar
ently dispensable for man, even for the growing infant (Holt, 1967), 
but is essential for the young rat (Rose et al., 1948). Glycine is essen
tial for the chick but not for mammals (Meister, 1965). 

A few of the dispensable amino acids can be synthesized only from 
specific essential amino acids. If the former are provided in the diet, the 
need for the amino acids from which they can be synthesized is reduced. 
Cystine can be formed only from methionine; and when cystine is pres
ent in the diet in adequate amounts, less methionine is required (Rose 
and Wixom, 1955a). Also, tyrosine can be formed only from phenylal
anine; and when tyrosine is present in the diet, less phenylalanine is 
required (Rose and Wixom, 195 5b ). 

The other dispensable amino acids can be synthesized in the body 
from organic acids that are intermediates in carbohydrate metabolism, 
e.g., a-ketoglutarate and pyruvate (Steele, 1952), nitrogen from sur
pluses of individual amino acids, and even from such compounds as 
ammonium citrate (Rogers et al., 1970). For maximum growth of the 
young rat, most individual sources of nonspecific nitrogen are inferior 
to a mixture of all of the dispensable amino acids; and diets containing 
only the indispensable amino acids, even in quantities well above the 
requirements, do not support rapid growth (Stucki and Harper, 1962). 
Whether this is true for the human infant has not been established. 
Nitrogen for adult man can be provided in large part by glycine and 
diammonium citrate (Terroine et al., 1930; Rose and Wixom, 1955c); 
but nitrogen balance in man is adversely affected when only one or two 
sources of nonspecific nitrogen make up a large part of the nitrogen in 
an amino acid diet, possibly because the rate of synthesis of the dis
pensable amino acids is not adequate (Swendseid et al., 1960; Anderson 
et al., 1969). 

Although authorities do not completely agree on this point, the 
weanling rat apparently requires asparagine or glutamine for maximum 
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4 A. E. HARPER 

growth (Breuer et al. , 1964; Ranhotra and Johnson, 1965; Rogers and 
Harper, 1965). The superiority of intact proteins over protein hydro
lysates as a nitrogen source for this species during the phase of rapid 
growth appears to be due, at least in part, to the absence of amides 
from the hydrolysates. In addition, evidence indicates that, if the 
infant rat is fed a diet containing amino acids instead of protein from 
about 18 days of age, it requires another factor, as yet unidentified 
(Schwartz, 1970), that is associated with proteins but is not a component 
of them. 

Besides being necessary for the synthesis of the proteins that must be 
formed during growth, maintenance, reproduction, and lactation, amino 
acids are needed for the formation of many nitrogen-containing, non
protein substances (e.g., creatine, choline, glutathione, heme, epineph
rine, and thyroxine, to name but a few) that are required for body 
functions. Amino acids consumed in excess of these needs undergo 
transamination or are dearninated, primarily but not exclusively, in the 
liver (Miller, 1962) to yield other amino acids or a-keto acids and am
monia. The ammonia is converted to urea, which is excreted in the 
urine. The a-keto acids may be used in the synthesis of fat, glucose, and 
other substances or may be oxidized directly to carbon dioxide and 
water to yield utilizable energy. 

DIGESTION OF PROTEINS 

The role of the gastrointestinal tract in the metabolism of proteins has 
been extensively reviewed (Gitter, 1964; Munro, 1964; Rogers and 
Harper, 1966; and Fauconneau and Michel, 1970) and documented. 
The proteins of foods cannot be absorbed as such, but must first undergo 
hydrolysis. The hydrolysis of proteins is initiated in the stomach under 
the influence of the gastric protease, pepsin. This enzyme is an endo
peptidase, i.e., it facilitates the splitting of peptide bonds within the 
protein molecule. It acts most rapidly on peptide bonds in which the 
carbonyl group of the bond is from an aromatic amino acid. It also acts 
on other bonds, but less rapidly. Thus, gastric digestion of proteins re
sults mainly in the formation of shorter polypeptides rather than in the 
release of free amino acids. 

In addition to functioning as the initial site of protein digestion, the 
stomach acts as an important regulator of metabolism by controlling the 
rate of flow of the partially digested food into the intestine, where di
gestion is completed and the products of digestion are absorbed. This 
regulation normally prevents overloading of the intestine and limits the 
rate at which products of digestion pass to sites of metabolic activity 
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Basic Concepts 6 

within the body. The rate of stomach emptying is influenced by many 
factors, one of which is the composition of the diet. A high fat intake 
is well known to delay stomach emptying; a high protein intake also 
delays stomach emptying. The relative solubilities of the different com
ponents of the diet may result in differential emptying rates of different 
components of the diet; for example, the casein of milk precipitates out 
in the dilute acid solution of the gastric secretions and may be held 
longer in the stomach than are other, more soluble, substances. The 
gradual emptying of protein from the stomach, especially after ingestion 
of a high-protein meal, is probably important for efficient utilization of 
amino acids within the body. 

The partially digested food, mixed with saliva and gastric juice 
(chyme), is emptied gradually from the stomach into the small intestine, 
where it is further mixed with bile, pancreatic and intestinal secretions, 
and cells sloughed from the intestinal mucosa. The polypeptides undergo 
further hydrolysis catalyzed by proteases and peptidases from the pan
creas (trypsin, chymotrypsin, and carboxypeptidases) and the small 
intestine (probably a mixture of peptidases). The intestinal peptidases, 
like disaccharidases, appear to act primarily within the mucosal cells on 
short peptides that pass through the cell membrane (Fern et al., 1969). 
Some proteins, such as gelatin, have peptide bonds that are very resistant 
to proteolytic digestion; and short peptides containing such bonds may 
be absorbed intact and excreted, as such, in the urine (Smiley and Ziff, 
1964 ). These observations indicate that the high efficiency of the diges
tive process and the fact that many proteins are completely digested to 
free amino acids are accounted for, in turn, by the fact that proteins are 
released from the stomach at a rate compatible with complete digestion 
rather than that peptides are prevented from being absorbed. 

Animal studies show that intestinal digestion of protein entering from 
the stomach is rapid. Carbon from ingested 14 C-labeled proteins may be 
found in expired carbon dioxide within 5 to 10 min after ingestion of a 
meal containing an isotopically labeled protein, before most of the 
chyme has emptied from the stomach (Hansson, 1959; Tarver, 1963). 
In man nitrogen from isotopically labeled yeast protein administered 
orally appeared in urine as rapidly as that from a yeast protein hydro
lysate, and labeled nitrogen level was high in blood within 30 min 
(Crane and Neuberger, 1960). Most of the proteins that are secreted 
into the gastrointestinal tract are also digested, but usually more slowly 
than food proteins (Snook, 1965); and the amino acids from them are 
reabsorbed. The indigestible food residue, together with the undigested 
portion of the endogenous secretions and bacterial proteins, pass to the 
colon and are excreted in the feces. 
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6 A. E. HARPER 

DIGESTIBILITY OF FOOD PROTEINS 

A measure of the apparent digestibility of a food protein can be ob
tained by subtracting the amount of nitrogen excreted in the feces from 
the amount ingested and expressing this value as a percentage of the 
intake: 

Apparent digestibility = 1 ~ F X I 00, 

where I= nitrogen intake and F = fecal nitrogen. As fecal nitrogen 
includes nitrogen from bacterial and sloughed intestinal mucosal cells, 
as well as that of undigested food proteins, apparent digestibility is not 
an accurate measure of the digestibility of the dietary protein. Fecal 
nitrogen of nondietary origin may be equivalent in amount to a large 
fraction of the ingested nitrogen when protein intake is low, but to only 
a small fraction when protein intake is high. Thus, values for apparent 
digestibility of a protein will vary with protein intake. 

To determine true digestibility, it is necessary to correct for the 
amount of fecal nitrogen excreted when the subject is consuming 
either a protein-free diet or just enough of a highly digestible protein to 
prevent excessive loss of body protein. These two procedures give com
parable values for fecal nitrogen of metabolic origin (Mitchell and 
Carman, 1926). True digestibility can then be calculated as follows: 

True digestibility = I - (F ~Fm) X 100, 

where F m = fecal metabolic nitrogen loss determined as described above. 
The amount of fecal metabolic nitrogen is not invariable but is in
fluenced by the amount of bulk in the diet and by the total amount 
of food consumed (Mitchell, 1924, 1942; Nasset, 1968). It is therefore 
important, in determining true digestibility, to take these factors into 
consideration (Hegsted, 1964a). 

Most food proteins, with some exceptions, are highly digestible, 90 
percent or greater. Severely heat-processed proteins, for example, may 
be altered in such a way that their digestibility is reduced (Liener, 1958). 
Some amino acids, e.g., lysine, may be altered by heat, particularly in 
the presence of carbohydrate, so that they do not become available to 
the body during digestion. Also, some peptide bonds are resistant to 
hydrolysis, particularly bonds involving proline. They may be hydro
lyzed slowly and result in delayed release of certain amino acids. The 
significance of a delay in release is not known, but it may result in 
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Basic Concepts 7 

some reduction of the efficiency of utilization of the absorbed amino 
acids. When animals are fed a diet deficient in a single amino acid, 
which is provided separately a few hours later, protein utilization is not 
improved nearly as much as it is by supplementation of the diet itself; 
the response is greater with some amino acids than with others (Elman, 
1939; Geiger, 1948; Yang eta/., 1968). This situation, however, is more 
extreme than that likely to be encountered as a result of slow digestibil
ity of proteins in ordinary diets. 

Finally, considerable controversy has occurred about the nutritional 
significance of the protein contributed by digestive secretions and 
sloughed mucosal cells (Gitler, 1964; Munro, 1964; Nasset, 1968; 
Fauconneau and Michel, 1970). They may contribute to the intestinal 
contents during a 24-h period at least as much, if not substantially 
more, protein as is normally consumed by the average American during 
the same time span. The proteins that are secreted into the gastroin
testinal tract, however, must be resynthesized by the body from amino 
acids that are absorbed from the intestine. As the amount of nitrogen 
excreted in feces is normally small and very constant, the reutilization 
of proteins secreted into the gastrointestinal tract represents, primarily, 
a recycling of amino acids of metabolic or endogenous origin. Hence, 
even though the process may contribute substantially to the rapid turn
over of amino acids in the body and represent an important component 
of the dynamic state of body proteins, its nutritional contribution is 
taken into account by the methods used for estimating amino acid and 
protein requirements. 

ABSORPTION OF AMINO ACIDS 

Free amino acids are the end products of protein digestion. A few small 
peptides may not be hydrolyzed; as mentioned above, some proline
containing peptides from gelatin are absorbed and excreted in the urine 
(Smiley and Ziff, 1964 ). Otherwise, amino acids enter the blood stream 
in free form. 

Extensive study of intestinal absorption of amino acids (Wilson, 1962; 
Christensen, 1963; Stein, 1967) has well established that the naturally 
occurring L -amino acids are transported across the intestinal wall by an 
active process. This process, which transports amino acids against a 
concentration gradient, requires energy; it is inhibited by metabolic 
inhibitors, such as cyanide and dinitrophenol, and by a lack of oxygen. 
It has kinetic properties comparable to those of enzyme systems, indi
cating that it is a carrier-mediated process. Different amino acids are 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


8 A. E. HARPER 

absorbed at different rates-the dicarboxylic amino acids are transported 
most slowly. When the concentrations of amino acids are high, some 
will compete with others for transport systems; and mutual inhibitory 
effects may be observed. On the basis of work with isolated ascites 
tumor cells, evidence from measurements of competitive inhibition 
suggests that several distinct systems for the transport of amino acids 
exist and that each is more or less specific for a certain group (Oxender 
and Christensen, 1963). Most of the systems studied are sodium
dependent (Christensen et al., 1967). Transport systems across mem
branes are probably similar throughout the body (Stein, 1967; Christen
sen, 1968). 

The question arises whether amino acid absorption ever becomes a 
limiting factor in the nutrition of the normal subject. Regulation of 
stomach emptying and the continuous nature of protein digestion ensure 
that the intestine will not ordinarily be overloaded and that free amino 
acids will be released gradually. Also, the intestine is a large organ with 
an immense surface area, so its capacity for absorption is great. There
fore, even if competition among amino acids for absorptive sites occurs, 
this should be short-lived and unlikely to reduce the efficiency of 
amino acid utilization. Studies with rats showed no evidence that a 
large excess of leucine in the diet impaired the absorption of isoleucine 
(Rogers and Harper, 1968). Also, observations on the absorption of 
mixtures of amino acids from tied-off segments of rat intestines con
taining about the amounts that would be expected after a meal did not 
reveal evidence of competitive inhibition during absorption (Gitter, 
1964 ). The overall efficiency of digestion and absorption is exemplified 
by observations that the apparent digestibility of wheat gluten by rats 
did not decrease when the amount in the diet was increased to as much 
as 75 percent (Munaver and Harper, 1959) and that the amount of 
leucine excreted in rat feces remains small, even when the amount in the 
diet is great enough to be detrimental (Tannous, 1963 ). 

The gastrointestinal tract is thus a highly efficient system for releas
ing and extracting the amino acids of ingested food proteins. It also 
contributes to conservation of amino acids by controlling their rate of 
flow into the blood stream through regulation of gastric emptying. 

DISTRIBUTION AND METABOLISM OF AMINO ACIDS 

Absorbed amino acids pass from intestine to the portal vein and directly 
to the liver. Some amino acids may be removed for the regeneration of 
intestinal proteins during absorption. Intestinal tissues contain tran• 
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Basic Concepts 9 

aminases that are particularly active with glutamic acid as a substrate. 
Thus, the quantity of this amino acid may decrease and that of alanine 
increase during absorption (Neame and Wiseman, 1958; Peraino and 
Harper, 1963; Pion et al. , 1964 ). Despite the large quantity of protein 
secreted into the intestinal tract and presumably digested and reabsorbed 
(Snook, 1965; Fauconneau and Michel, 1970), an abnormal dietary 
pattern of amino acids in a meal is reflected in the free amino acid pat
tern of the portal blood (McLaughlan and Morrison, 1968). The ab
normal free amino acid pattern may be evident throughout the entire 
blood supply for several hours after a meal, if the meal is large 
(McLaughlan et al., 1963); but in the post-absorptive state, the plasma 
amino acid pattern returns to the rather stable fasting pattern (Adibi, 
1968; Coulson and Hernandez, 1968; McLaughlan and Morrison, 1968). 
If the meal is small, or the protein content of the diet low, the blood 
amino acid pattern may not reflect that of the diet, as amino acids will 
be rapidly removed from blood by tissues for protein synthesis (Ander
son and Linkswiler, 1969). 

The concentrations of amino acids in tissues ordinarily exceed those 
in blood (Tallan et al., 1954; Herbert et al., 1966), indicating that 
amino acids are actively transported across cell membranes. The rate 
of transport increases as the concentration of the amino acid in the 
medium increases (Stein, 1967); therefore, when the concentrations of 
amino acids in blood rise after a meal, the rate of entry into tissues 
should also increase. Amino acid uptake by muscle is stimulated by 
insulin (Wool et al., 1968) and into liver by glucagon (Mallette et al., 
1969; Tews et al., 1970). Because amino acids stimulate secretion of 
both insulin and glucagon (Flijans et al., 1967; Ohneda et al., 1968), an 
influx of amino acids into the bloodstream would stimulate amino acid 
uptake as well. 

The liver is the main organ of protein catabolism and an important 
site for the synthesis of glycine, serine, alanine, and aspartic and glu
tamic acids. It withdraws amino acids from the blood passing through 
it for the synthesis of both liver and plasma proteins; contributes amino 
acids that have been synthesized; oxidizes them, especially those in 
surplus; and incorporates the nitrogen into urea (Tarver, 1963). 
Little quantitative information is available about the impact on ab
sorbed amino acids of passage through the liver (Elwyn, 1970); but 
studies of systemic blood amino acids in man and experimental 
animals indicate that, for some time after ingestion of a meal contain
ing an unbalanced pattern of amino acids, this pattern is reflected in the 
systemic blood (McLaughlan and Morrison, 1968). There are probably 
two reasons for this: First, the composite amino acid pattern of liver 
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10 A. E. HARPER 

and plasma proteins resembles that of a weU-balanced dietary protein, 
so that removal of amino acids for protein synthesis in the liver will tend 
to reduce the concentration of an amino acid that is in short supply; 
second, surpluses of ingested amino acids that cannot be used for pro
tein synthesis will pass through the liver, if the capacity of the liver for 
amino acid oxidation is exceeded (Yoshida et al., 1966; Benevenga et al. , 
1968). Many of the enzymes for the catabolism of indispensable amino 
acids in liver are not highly active unless protein intake has been high 
(Harper, 1965), so the removal of amino acids that are in surplus re
quires time. Elwyn et al. ( 1968) concluded from observations in dogs 
fed a single meal that the liver may take up the entire output of amino 
acids from the intestine. Presumably this would occur only if the sup
ply of protein or energy, or both, were low. 

Amino acids not removed by the liver enter the general circulation 
and are transported to various other organs and tissues. In these, too, 
the pattern of amino acids required for protein synthesis resembles that 
of a well-balanced dietary protein; any abnormalities in pattern will re
main evident in the circulating blood until regulatory mechanisms come 
into play to correct them. Again, this is particularly true if one amino 
acid is in short supply, because a greater proportion of it will be re
moved from the body fluids and its concentration will fall. This is ob
served regularly after the feeding of diets with imbalances of amino 
acids or deficient in a single one of them (McLaughlan and lllman, I 96 7). 
Substantial quantities of some amino acids will accumulate in muscle 
cells (Young, 1970); and transamination, particularly of dispensable 
amino acids, can lead to alanine formation in muscle (Pozefsky et al., 
1969). However, since most of the indispensable amino acids are oxi
dized in the liver, surpluses of these are removed only after recircula-
tion to this organ. The branched-chain amino acids are unique among 
the indispensable amino acids in undergoing transamination in muscle 
(Harper et al., 1970). 

Different organs and tissues incorporate amino acids from the circu
lating body fluids into proteins at different rates. The pancreas and 
small intestine, and probably most secretory organs, incorporate them 
rapidly, as shown by experiments with isotopically labeled amino acids 
(Tarver, 1963). Ingested amino acids taken up by the pancreas, for ex
ample, may be detected in the proteins of pancreatic secretions within 
1-2 h (Hansson, 1959). The liver also takes up amino acids rapidly, but 
less so than some of the primarily secretory organs. Muscle and brain 
incorporate amino acids more slowly, owing to their slower average rate 
of protein turnover. Nevertheless, the total quantity of amino acids 
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taken up by muscle may be great because it represents such a large pro
portion of the total body mass. 

Amino acids circulating through the kidney are efficiently reabsorbed 
from the glomerular filtrate, as evidenced by the low loss of them in the 
urine of animals fed a high-protein diet (Sauberlich and Baumann, 1946 ). 
Even when the circulating concentration ofleucine is in the range that 
leads to adverse effects, urinary loss is small (Tannous, 1963). The 
kidney serves as an organ of excretion of amino acids only when the 
renal threshold is exceeded; and this appears to occur with tyrosine, for 
example, only when the tyrosine load is great enough to cause debilita
tion of the animal (Doctor, 196 7). As with the intestine, the kidney 
appears to have evolved as an organ for conservation of amino acids. It 
does not function as an effective regulatory mechanism for removal of 
excessive amounts of amino acids, even when circulating concentrations 
are in the toxic range. 

Munro (1970) has extensively discussed amino acid pools. The 
amounts of free amino acids in organ and tissue pools are small in rela
tion to the requirements of the growing organism; furthermore, the pat
tern of amino acids in these pools bears little relationship to the pattern 
of amino acid requirements. The free amino acids of plasma and liver 
are in a highly dynamic state (Henriques et al. , 1955; Black, 1968; 
Haider and Tarver, 1969) and turn over rapidly; those of muscle equili
brate less readily with other pools (Henriques et al. , 1955). Muscle, by 
virtue of its mass, is the largest reservoir of free amino acids; and, as the 
latter tend to accumulate when plasma concentrations rise after a meal, 
the muscle pool may serve as a temporary storehouse from which they 
can be released later, when plasma concentrations have fallen. This 
could reduce the flow of amino acids to sites of oxidation in the liver 
after a large meal has been consumed. 

The body does not store extra amino acids as it does energy sources. 
There is no compartment in the body with a reserve of protein that is 
comparable to the reserves of carbohydrate, as glycogen, in liver and 
muscle, or of fat in adipose tissue (Holt and Halec, 1962). The propor
tion of protein in the body (as a percentage of lean body mass) remains 
very constant after the third year of life in individuals consuming an 
adequate diet (Munro, 1964). Although protein is lost from the body 
during periods of starvation or protein deficiency, surfeit consumption 
of protein, even a very large surplus, results in little accumulation in the 
body of the rat (Mayer and Vitale, 1957). Lack of amino acid storage 
is also emphasized by observations that the growth of young organisms 
ceases within hours (Bender, 1965) after they begin consuming a diet 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


12 A. E. HARPER 

that is deficient in a single essential amino acid. In adult man, nega
tive nitrogen balance, indicating loss of body protein, occurs within 
24 h. Finally, if a diet lacks only one essential amino acid, which is pro
vided several hours later, efficient use of all amino acids falls (Elman, 
1939; Geiger, 1948; Spotter and Harper, 1961). 

Although no actual storage of amino acids occurs, the ability of the 
body to maintain some organs at the expense of others during depletion 
has given rise to the concept of "protein reserves." This term, however, 
is controversial (Holt and Halec, 1962); some investigators prefer the 
term "labile body proteins," which, although more appropriate, still 
leaves something to be desired. Regardless of the term, most authori
ties agree about the nature of the phenomenon. During the initial 
phase of starvation or consumption of a low-protein or protein-free diet, 
rapid loss of body protein occurs, particularly from the liver and alimen
tary tract. Thereafter the loss is slow; but eventually, upon prolonged 
starvation or protein depletion, muscle is severely depleted and contri
butes much more to the total protein loss than do the visceral organs. 
The implication of these observations is that amino acids released from 
the breakdown of proteins that are not crucial for survival are reutilized 
to maintain the essential structures and enzymes of the body (Water
low, 1968). Brain proteins and oxidative enzymes are only slowly de
pleted. 

What may be overlooked, however, is that some proteins are labile in 
animals fed a protein-free diet but not in animals subjected to starva
tion, even though both conditions lead to protein depletion. Many of 
the enzymes of amino acid catabolism in liver fall to very low levels in 
animals fed a protein-free diet but increase in activity during starvation. 
Hence, it appears that the lability of body proteins is a reflection of 
adaptive processes, which will be discussed later, and that whether a 
specific protein is labile or nonlabile may depend upon the specific nu
tritional or physiologic state of the organism (Harper, 1965; Waterlow, 
1968). How much protein can be lost during periods of depletion, 
without impairing the ability of the body to respond or adapt to a new 
challenge, will depend upon the severity of the conditions; but adapta
tion to under nutrition must at some point shade into deterioration. 

NITROGEN BALANCE AND THE DYNAMIC STATE 
OF PROTEIN METABOLISM 

Nitrogenous compounds, primarily proteins, are ingested continuously 
throughout the life of an individual; and nitrogen is continuously ex-
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crete.J in the urine and feces and is lost to a lesser extent from the skin. 
Even when the diet contains no protein, the loss of body nitrogen is 
continuous-after an initial rapid loss of nitrogen for a few days, the 
urinary or endogenous loss tends to stabilize at about 2 mg of nitrogen/ 
basal kcal/day for several species of animals. It is somewhat lower than 
this for man (see H. H. Williams et al., pp. 23-63 in this volume). 
Fecal and cutaneous losses occur in addition to this. An amount of 
protein sufficient to replace that lost must therefore be consumed daily 
to maintain an individual in nitrogen equilibrium. Balance studies (Irwin 
and Hegsted, 1971) have provided evidence that the minimal nitrogen 
requirement exceeds the estimates of nitrogen losses. 

Measurement of deviations from nitrogen equilibrium (i.e., nitrogen 
balance) by determining the intake and output of nitrogen can give an 
estimate of the overall metabolic state of a subject (Allison, 1964; 
Hegsted, 1964a, b). Nitrogen balance (B) is calculated as follows: 

B = I - (U + F + S), 

where I is nitrogen intake, U is nitrogen excreted in the urine, F is 
nitrogen excreted in the feces, and S is nitrogen lost from the skin or 
integuments. S is commonly disregarded in short-term nitrogen balance 
measurements, but it should be noted that this can cause a substantial 
error in longer studies (Holmes, 1965; Sirbu et al., 1 96 7). When B is 
positive, nitrogen intake exceeds nitrogen excretion; hence, the body is 
gaining nitrogen. The body should be in positive balance during growth 
or during repletion of depleted tissues. When B is negative, nitrogen in
take is less than nitrogen excretion, and the body is losing nitrogen. 
Negative balance is associated with depletion of body proteins. When 
intake just equals excretion, B is zero and the body is said to be in nitro
gen equilibrium. Balance, however, represents the sum of gains and 
losses from all tissues of the body; it does not give any idea of the rela
tive gains or losses of protein by different tissues or organs. 

For many years it was believed that nitrogen metabolism could be 
divided into endogenous and exogenous metabolism (Folin, 1905). 
Endogenous metabolism was considered to be highly constant and in
dependent of diet and was equated with the nitrogen lost in urine, 
mainly in creatinine and uric acid, by an individual consuming a protein
free diet. Exogenous metabolism was considered to be associated with 
the utilization of dietary protein and was equated with nitrogen ex
creted in the urine, primarily as urea, which fluctuated in response to 
protein intake. This gave rise to the idea that body proteins were highly 
stable and that, during maintenance, protein was required primarily for 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


14 A. E. HARPER 

the replacement of "worn-out" cells, for the formation of proteins that 
were secreted or excreted, and for the formation of nonprotein nitrog
enous substances that were lost in the urine. Any excess of dietary 
proteins was assumed to be directly catabolized without entering into 
these processes (Folio, 1905). 

Studies with isotopically labeled amino acids have shown that this 
concept is inaccurate and that most tissue proteins undergo continuous 
degradation and synthesis, even in subjects who are in nitrogen equilib
rium (Schoenheimer, 1942; Neuberger and Richards, 1964). Protein 
metabolism is thus a dynamic process in which amino acids from the 
diet are mixed in the body fluids with amino acids that arise from the 
hydrolysis of tissue proteins to form a common pool-or more probably 
pools-from which new tissue proteins are resynthesized. This process 
of degradation and resynthesis continues even when no protein is being 
ingested. A very useful process it is; for, during periods of dietary de
privation, it enables the body to utilize amino acids from proteins that 
are not essential for survival, especially muscle proteins, for the mainte
nance of such essential organs as the heart, liver, and kidneys. If the 
amino acids released during the breakdown of tissue proteins were not 
efficiently recaptured, the protein requirements of mammals would be 
immense (Fauconneau and Michel, 1970). 

The major fate of amino acids from diets containing moderate 
amounts of well-balanced proteins is incorporation into tissue proteins. 
Obviously, the system for incorporating absorbed amino acids into tis
sue proteins is highly efficient. Otherwise, diets containing limited 
amounts of high-quality protein would not be utilized so efficiently for 
growth. One factor probably contributing to this is that many amino 
acid-degrading enzymes are present in small amounts in the liver unless 
protein intake exceeds the requirement. In addition, the rates of reac
tion of these enzymes are low if their substrate concentrations are low. 
The rates of reaction of protein-synthesizing systems are high even when 
amino acid concentrations are low, and the effective amino acid con
centration for the maximum rate of these reactions is much below that 
required for amino acid-degrading enzymes. 

Protein-synthesizing systems are also responsive to the supply of 
amino acids. The capacity of cell-free systems from the liver to synthe
size protein increases as a direct function of the amino acid supply of 
the liver from which they are isolated (Jefferson and Korner, 1969). 
Munro ( 1968, 1 970) and Sidransky et al ( 1970) have shown that the 
integrity of the protein-synthesizing system depends upon the presence 
of an adequate supply of all amino acids and that if tryptophan, in 
particular, is lacking, the system fails to aggregate. In rats fed a protein
deficient diet, the rate of protein synthesis in muscle falls rapidly 
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(Waterlow, 1968). With more prolonged deficiency, the activities of the 
amino acid-activating enzymes in the liver increase (Gaetani et a/., 1964 ), 
as though this organ were primed for trapping available amino acids. 
Thus amino acid supply evidently affects regulation of the utilizatio_l) of 
amino acids for protein synthesis at the subcellular level. 

The various body proteins do not all tum over at the same rate (Neu
berger and Richards, 1964 ). Most collagen proteins, for example, tum 
over very slowly-some scarcely at all. At the other extreme are the 
proteins of the digestive secretions, which must be synthesized, de
graded, and resynthesized within a matter of hours. Since the entire in
testinal mucosa is replaced within 2-4 days, protein turnover in this 
tissue is obViously rapid. The turnover rates of various other proteins 
fall between these extremes and are not always constant, but may be 
influenced by the endocrine and nutritional state of the organism 
(Waterlow, 1968). 

HOMEOSTASIS AND ADAPTATION 

Living organisms are dynamic systems with complex regulatory mecha
nisms that function to maintain a relatively constant internal environ
ment (the blood and body fluids) despite changes in the external en
vironment that tend to alter it. This ability, homeostasis, is a basic 
characteristic of living systems. Food is a component of the external 
environment that, upon digestion and absorption, impinges upon and 
may alter the internal environment, thus bringing homeostatic mech
anisms into play. If the food consumed provides the various nutrients 
in approximately the amounts and proportions required by the organ
ism, the internal environment is restored to its standard state within a 
short time after ingestion of a meal. If, on the other hand, the com
position or the quantity of food consumed deviates appreciably from 
that required, the capacity of the regulatory mechanisms may be ex
ceeded. Unless the organism undergoes adaptations that improve its 
ability or increase its eapadty to restore the internal environment to the 
standard state, deleterious effects may ensue. 

The basic homeostatic mechanisms regulate the transport of nutrients 
and their metabolic products and the activities of enzyme systems in
volved in the utilization of nutrients and their metabolic products. In 
higher animals, the coordination of these processes throughout the body 
is accomplished through the endocrine and nervous systems. In the 
organism existing under relatively stable conditions, e.g., consuming a 
relatively constant diet for a prolonged period of time, the regulatory 
mechanisms tend to stabilize at a level of activity that can readily coun-
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teract moderate alterations in the internal environment. As an illustra
tion of this, the rate of reaction of an enzyme is influenced by the con
centration of substrate, end products, activators, and inhibitors, so that, 
without any change in the concentration of the enzyme, the rate of the 
reaction it catalyzes responds to moderate changes in the flow of sub
strate. If, however, the diet is drastically altered, the capacity of the 
enzyme system may be exceeded and the internal environment may be 
altered for a prolonged period of time. Unless the enzyme system un
dergoes an adaptative increase in capacity, the organism may be affected 
adversely. 

The capacity to adapt is another type of homeostatic mechanism. In 
response to a drastic change in the internal environment, the concentra
tion of an enzyme system may increase owing to an enhanced rate of 
enzyme synthesis or a decreased rate of degradation, or it may decrease 
owing to a decreased rate of enzyme synthesis or an increased rate of 
degradation (Schimke and Doyle, 1970). 

These homeostatic mechanisms-both constitutive regulation and 
adaptation-are important in relation to modifications in the composi
tion or content of the dietary protein and in relation to evaluation of 
protein nutrition. The organism can tolerate a wide range of protein 
intakes. As intake increases above the amount required to maintain the 
various body structures in their standard state, the excess of amino acids 
is degraded and used as a source of energy. If intake increases enough, 
the capacity of the organism for degradation of amino acids may be ex
ceeded; and amino acids will accumulate in body fluids. As a result, 
entry of amino acids into the body may be slowed by a reduction in the 
rate of stomach emptying; and, if the protein content of the diet is high 
enough, entry may be further decreased by a reduction in voluntary 
food intake. If protein intake remains elevated and the concentrations 
of amino acids in body fluids remain high, the liver and kidneys en
large; the concentrations of many of the enzymes of amino acid degra
dation increase, i.e., the animal undergoes adaptations that enable it to 
adjust to the high protein intake; and homeostasis is restored at an 
elevated level of protein metabolism. 

If protein intake is low, as a result of either starvation or consumption 
of a protein-free or low-protein diet, other adaptations occur. With low 
protein but adequate caloric intake, the activities of many amino acid
degrading enzymes fall to low levels-a state compatible with the con
servation of the essential amino acids but not with the disposal of a large 
excess of them should the protein intake suddenly be greatly increased 
(Harper, 1965). Also, turnover of body proteins becomes slower, 
another mechanism that tends to conserve amino acids (Waterlow, 1968). 
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Under conditions of starvation, on the other hand, even though protein 
is lacking, the most immediate need is for glucose, which cannot be 
synthesized from the fatty acids released through mobilization of 
adipose tissue fat but only from amino acids (Cahill et al. , 1966). In 
this state, the amino acid-degrading enzymes do not fall, as they do in 
the animal fed a low-protein diet; and some are known to increase in 
activity. The enzymes involved in gluconeogenesis also tend to in
crease. Hence, adaptation in this case is directed toward providing the 
precursors of glucose for the nervous system rather than toward con
serving amino acids. Adjustments or adaptations of differing magnitude 
occur with different feeding regimens (Knox and Greengard, 1965; 
Kaplan and Pitot, 1970). They occur in response to alterations in en
docrine status (Kenney, 1970) and during infections and stresses. De~ 
pite our limited knowledge of adaptive phenomena, it is clear that over
all protein utilization is altered by them. 

Thus, protein nutrition cannot be viewed accurately as a set of rec
ommendations for some standard or average state. The nutritional 
value of a protein is not a constant. It depends upon the physiological 
state and the protein and energy status of the individual. Plasma amino 
acids tend to be very constant in the fasting state but to fluctuate in 
relation to food consumption and the composition of the dietary pro
tein. Requirements change gradually with age, nutritional status, and 
health factors. The effects of disproportionate amounts of amino acids 
vary with diet and age. All of these factors must be considered in rela
tion to problems of improving protein nutriture and of obtaining the 
most efficient utilization of protein resources. It is not possible to pro
vide figures that take into account all of these eventualities. The avail
able figures and recommendations should be viewed as guides from 
which extrapolations must be made, using common sense and keeping 
fmnly in mind the dynamic state of the organism and its capacity to 
undergo adaptations that favor survival. 
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G. ARROVAVE, and L. E. HOLT, JR. 

Nitrogen and Amino Acid 
Requirements 

The dietary need for nitrogen or protein includes a highly specific re
quirement for essential amino acids and a nonspecific requirement that 
can be met by a variety of nitrogenous compounds (Terroine, in Water
low and Stephen, 1957). The quality of a food protein depends upon 
the :amounts and proportions of the essential amino acids that it pro
vides; the quantity of food needed to meet protein requirements de
pends upon its total nitrogen content and upon its content of each es
sential amino acid. 

Animal cells do not store amino acids as they do carbohydrates and 
fats. Instead, they use only as a source of energy those consumed in ex
cess of immediate needs only. Nitrogen, also, is lost continuously in 
sloughed skin, hair, and nails and in urine, feces, sweat, and various other 
body secretions and excretions. The supply of nitrogen and amino acids 
for tissue synthesis must, therefore, be replenished continuously from 
the diet. 

Since the latter part of the 19th century, the nitrogen requirement of 
adult man has been repeatedly estimated, initially through epidemiologic 
observations and later through nitrogen balance experiments and mea
surements of nitrogen losses. During the past 25 yr, amino acid and ni
trogen requirements of infants, children, men, and women have been 
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quantified. Nitrogen requirements for growth and maintenance under 
standard conditions are well established. Nevertheless, much remains to 
be learned about factors that influence these requirements. Amino acid 
requirements, even for growth and maintenance, are less well established 
than those for nitrogen. 

ESTIMATION OF NITROGEN REQUIREMENTS 

Two ways of estimating nitrogen or food protein requirements are the 
so-called "factorial method" and the nitrogen balance method. 

The factorial method involves summation of four components: ( 1) en
dogenous losses of nitrogen in urine; (2) metabolic losses in feces; 
(3) losses through dermal and other minor routes; and (4) deposits in 
new tissue during growth or reproduction or that secreted in milk during 
lactation. The dermal losses include not only the nitrogen in sweat, but 
also that in desquamated epithelium, hair, and nails (Mitchell and Ed
man, 1962). Small amounts are also lost from menstrual, seminal, nasal, 
and oral secretions and excretions from wounds. The fourth component, 
"true growth," is important in infants and children until maturity and 
during pregnancy. An additional demand for dietary nitrogen occurs 
during lactation for the formation of milk proteins, and during conva
lescence from illness or protein deprivation for the repletion of tissue 
proteins. 

Holt eta/. ( 1962) have concluded that there is no virtue in protein 
intakes in excess of the quantity required to provide for these needs. 
However, estimation of nitrogen requirements from summation of the 
amounts of nitrogen lost and amounts of protein synthesized is based on 
the assumption that the nitrogen consumed can be used with 1 00 per
cent efficiency. Egg and other high-quality proteins are used with effi
ciencies approaching this value when they are fed in limited amounts to 
growing animals, but evidence from several studies indicates that even 
the highest-quality proteins are not used as efficiently by man when fed 
at about the requirement level. 

If precise values were available for each of the various categories of 
nitrogen losses and for efficiency of nitrogen utilization in replacing 
them, an accurate estimate of dietary nitrogen or food protein require
ments could be made. An approximation of the minimum nitrogen re
quirement can be calculated from available figures for losses and accre
tion, based on what appear to be reasonable assumptions, but informa
tion on efficiency of nitrogen utilization can be obtained only through 
direct measurements in nitrogen balance studies. In view of the variabil-
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ity among individuals (coefficient of variation for these measurements is 
commonly 15-20 percent), of the changes in requirements with age and 
physiological state, and of the many factors that can influence nitrogen 
retention, it is doubtful whether more precise estimates of nitrogen 
losses than those now available would make estimates of requirements 
more meaningful. 

The second method of estimating nitrogen requirements involves 
measurements of the least amount of nitrogen from the highest-quality 
proteins that will maintain nitrogen equilibrium in adults or satisfactory 
growth and nitrogen retention in children. The nitrogen balance method 
is used for this; and, although it too has several shortcomings (Smuts, 
1935; Nasset, 1956; Wallace, 1959; Hegsted, 1964), it does give a direct 
estimate of nitrogen needs and of efficiency of utilization of different 
proteins in maintaining nitrogen equilibrium. 

Unless efficiency of nitrogen utilization is 100 percent, values ob
tained by the nitrogen balance method should exceed those obtained by 
the factorial method. A correction for any inefficiency of nitrogen utili
zation must be included when estimates of nitrogen requirements are 
made by the factorial method. 

Requirements may be reported in various ways-as the maximum for 
any individual, as the mean or median, or as the mean adjusted for vari
ability within a population. Each of these has its particular merit. It is 
important to recognize that the nitrogen and amino acid requirements 
of individuals, like other nutritional requirements, may differ sub!;tan
tially and that average values, assuming a normal distribution, exceed 
the requirements for one-half of the population and fail to meet those 
of the other half. Recommended dietary allowances are calculated to 
exceed the requirements of almost all individuals and thus are consider
ably in excess of the average requirement. The subsequent discussion is 
concerned with average requirements, not with allowances. The values 
presented should, therefore, not be confused with recommended dietary 
allowances. 

THE FACTORIAL APPROACH AND ENDOGENOUS 
NITROGEN LOSSES 

Endogenous Urinary Nitrogen Excretion 

Smuts ( 1935), on the basis of studies of several animal species, proposed 
a value of 2 mg/basal kcal as the minimum amount of nitrogen excreted 
in urine (endogenous nitrogen) by subjects who had been ingesting a 
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protein-free diet for several days. This value has been used in estimating 
the protein requirements of man (Hegsted, 1964; FAO/WHO, 1965). 

A number of investigators have questioned the validity of the value 
of 2 mg of nitrogen/basal kcal for the relationship between basal meta
bolic rate and endogeneous urinary nitrogen excretion. Table I summa
rizes the results of studies designed specifically to evaluate endogeneous 
urinary nitrogen losses in man. These studies were conducted under a 
variety of conditions over a span of more than 45 yr. The average of all 
measurements is approximately 1.3 mg of nitrogen/basal kcal, with a co
efficient of variation of about 20 percent. All values are well below the 
2-mg figure proposed originally by Smuts on the basis of animal studies. 

Although information on children and infants is limited, it provides 
additional support for the view that the endogenous urinary nitrogen 
excretion of human subjects is less than 2 mg/basal kcal. Children aver
aged 1.1 mg, and infants 0. 7 mg, of N/basal kcal. As pointed out by 
Fomon et al. ( 1965), Ashworth's ( 1935) studies indicated that urinary 
excretion of endogenous nitrogen by weanling rats was 1 mg/basal kcal 
and by adult rats, 1.5 mg/basal kcal. Furthermore, Ashworth and Cow
gill ( 1938) demonstrated that the ratio of endogenous nitrogen excreted 
in the urine to basal caloric expenditure increased rapidly during the 
period of rapid growth after weaning. 

On the basis of the values for endogenous nitrogen excretion shown 
in Table 1, it appears that a sex difference may exist. Consequently, the 
averages are listed separately for the adult males and females. The signifi
cance of the difference has not been evaluated, as but few experiments 
have been conducted in which males and females were studied under the 
same conditions. In one of these (Hawley et al. , 1948) a slightly higher 
value for males was obtained but the difference was not statistically 
significant. 

Accurate estimation of minimum endogenous urinary nitrogen excre
tion is difficult. The output of subjects fed a protein-free diet declines 
rapidly for a few days and then tends to stabilize (Martin and Robinson, 
1922; Munro, 1964). Because this curve lacks a sharp inflection point, 
the relatively constant value obtained during the period when nitrogen 
output plateaus, usually after 5-1 0 days of nitrogen depletion, is taken 
as the minimum. Estimates made before depletion may be more realistic, 
since the body is known to adapt to low intakes of nitrogen (Waterlow, 
1968); in fact, Mitchell ( 1964) and Holmes ( 1965) have concluded that 
the lower values reported for endogenous nitrogen loss are unrealistic. 
Nevertheless, selection of an appropriate point during the period of de
clining nitrogen loss becomes arbitrary. 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Nitrogen and Amino Acid Requirements 27 

Metabolic Fecal Nitrogen Excretion 

The results of studies in which fecal nitrogen losses of subjects con
suming no protein were estimated are summarized in Table I~ Unlike 
the values for endogenous urinary nitrogen, they show a variation from 
the average of more than 80 percent. Undoubtedly, a significant com
ponent of such variation is due to the difficulty of assuring proper as
signment of collections to respective metabolic periods and complete 
fecal collection. Also, fecal nitrogen excretion is influenced by the 
quantity and composition of the food consumed (Mitchell, 1964). 

Values for infants and children are lowering/day, but represent a 
higher percentage of the total nitrogen loss (approximately one-third) 
than that for adults (about 27 percent). The average value of 0.85 g of 
metabolic fecal nitrogen daily for a 7Q-kg man appears to be realistic. 
This is about 12 mg/kg of body weight. 

Integumental Nitrogen Loss 

The values in Table I summarize measurements of skin losses of nitro
gen for primarily sedentary individuals in temperate climatic re-
gions. The higher dermal losses in males due to beard growth and 
sweating may be balanced in the female by losses during menstruation 
(Mitchell and Edman, 1962). The average value of 300 mg/day for 
dermal losses has been considered sufficient to include the nitrogen 
required for hair and nail replacement and probably for other minor 
nitrogen losses (Calloway et al., 1971 ). 

Estimate of Total Nitrogen Loss 

Estimates of endogenous, metabolic, and integumental nitrogen losses 
would provide a basis for estimating the minimum amount of dietary 
nitrogen needed if efficiency of nitrogen utilization were I 00 percent. 
The total nitrogen loss equals the endogenous urinary (UN) plus the 
metabolic fecal (FN) plus the integumental (/N) nitrogen losses: 

Total nitrogen loss = UN+ FN +IN. 

Utilizing the values estimated above, average adult nitrogen loss can be 
calculated for the RDA (recommended dietary allowance) reference man 
(FNB, 1968) as follows: Basal energy requirement for the 7Q-kg refer
ence man is I, 750 (I, 750 + 70 = 25 kcal/kg). Endogenous urinary nitro
gen loss is estimated to average 1.3 mg/basal kcal. Therefore, I, 750 X 
1.3 = 2.28 g of UN/day. Thus: 2.28 + 0.85 (FN) + 0.30 {IN)= 3.43 g of 
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~ 
TABLE 1 Endogenous Urinary, Metabolic Fecal, and Integumental Nitrogen Losses of Human Subjects4 

Urine Feces Integument 

No. of Average No. of No. of 
Subjects (mg/basal Subjects Average Subjects Average 

Ref.c and Sex Kcal) Ref.c and Sex (g/day) Ref.c and Sex (g/day) 

a A 2M l.S a A 2M 1.10 I 0.333 
b A 1M 1.7 b A 1M 0.73 m 0.340 
c A 1M 1.4 c A 2F 0.53 n 0.372 
d A 9F 1.4 d A48 F-M 1.07 0 A 4M 0.360 
e A 5M 1.4 e A 4M 0.95 p A 8M 0.254 
f A 4M 1.5 f A 13 F-M 0.88 q A 20M 0.143 

r A 4M 1.07 
g A 6F 1.2 h A 8M 0.66 
g A 7M 1.3 
r A 4M 1.4 k A 6F-M 0.40 
h A 8M 1.6 s A25 F 0.50 

A 2S F 1.1 
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Mean 
Female, 1.2 
Male, 1.5b 

i,j 

Mean 

Mean 

C 12 F-M 
C 9F-M 
C 7F-M 

6F 
4M 

1.30 Mean 

0.9 i, j 
1.1 
1.4 

ub Mean 

0.6 i 
0.8 

0.1b Mean 

4 A =Adult (17 yr +); C = ChDd; I= lnfllllt (under I yr). 
bwelpted avereces. 

0.85" Mean U.JUU 

C 12 F-M 0.36 
C 9F-M 0.45 
C 7F-M 0.51 

0.43b 

I 7F 0.15 
I 12M 0.27 

0.23b 

cReferencea: a (Martin Uld Robinson, 1922); b (Smith, 1926); c (Deuel et Ill., 1928); d (Bricker et til., 1945); e (Murfin et Ill., 
1946); f (Mueller Uld Cox, 1947); 1 (Hawley ettiL, 1948); h (Younslllld Scrimshaw, 1968); I (Fomon etlll., 1965);j (DeMaeyer 
Uld Vanderborpt, 1961); k (Hepted et tiL, 1946); I (Volt, 1930); m (Cuthbettaon lllld Guthrie, 1934); n (Freybersand Grant, 
1937); o (MltcheU Uld HamUton, 1949); p (Darke, 1960);q (Sirbu et Ill., 1967); r (Gopallllland Naraslnsa Rao, 1966); and 
1 (Bricker lllld Smith, 195 I). 
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N/day or 0.049 g/kg of body wt/day. This is equivalent to 21.4 g 
(3.43 X 6.25) per day of protein with 100 percent efficiency of utiliza
tion or 0.31 g protein/kg of body weight ( 21.4 + 70). The same proce
dure applied to the reference woman (58 X 0.31) yields 18 g of com
pletely utilizable protein or (58 X 0.049) 2.84 g of N/day. 

In a paper published after Table 1 was compiled, Calloway and 
Margen ( 1971 ) reported the mean daily endogenous urinary nitrogen 
loss for 13 men with an average daily basal metabolic rate of 1,875 kcal 
to be 2.41 g or 1.3 mg (2,41 0 + 1 ,87 5) per basal kcal, the same as the 
average value in Table 1. The mean daily fecal nitrogen of 0.96 g found 
in their study was somewhat above the average value of 0.85 g shown in 
Table 1, but is within the range of values reported. The average cutane
ous nitrogen loss of 129 mg/day is included in Table 1, as these subjects 
represent a segment of the 20 male subjects in one of the studies cited 
(Sirbu et al., 1967). Finally, the average daily nitrogen loss in their study 
was 2.41 (UN)+ 0.96 (FN) + 0.129 (IN)= 3.5 g, which, divided by the 
average body weight of the subjects (70.8 kg), is 0.049 g/kg of body 
weight, the same as the value obtained from the information summarized 
in Table 1. 

The value of 49 mg of N/kg of body weight for daily nitrogen loss is 
just over half the amount proposed by the FA 0 /W H 0 (1965) expert 
committee. That committee accepted the value of 2 mg/basal kcal for 
endogenous· urinary losses for animals as appropriate for man, overesti
mated fecal losses, and equated the requirement for "adult growth" 
(discussed below) proposed by Mitchell ( 1964) with dermal and minor 
nitrogen losses. The estimates for these components were therefore su~ 
stantially in excess of those obtained by direct measurement and re
sulted in overestimation of total nitrogen loss. 

Several reports (Sherman et al., 1920; Sumner and Murlin, 1938; 
Bricker et al., 1945; Hegsted et al., 1946; Calloway and Margen, 1971) 
indicate that such high-quality proteins as those of milk and egg, as well 
as the proteins of mixed diets, are used for maintenance by human 
adults with only 60-70 percent efficiency. These observations suggest 
that if the value of 49 mg of N/kg of body weight is increased by about 
35 percent, the resulting value of 75 mg/kg should approximate the 
dietary nitrogen requirement for maintenance of human adults. 

THE NITROGEN BALANCE APPROACH 

Requirement for Nitrogen Equilibrium in the Adult 

Measurement of the least amount of protein that will maintain human 
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subjects in nitrogen equilibrium has been widely used over the years to 
estimate nitrogen and protein requirements of adults. According toTer
roine (in Waterlow and Stephen, 1957), this is the most valid procedure. 

Nasset ( 1956) has emphasized that the results of balance studies can 
be influenced by many factors, e.g., environment, previous diet, total 
energy and nitrogen intake, and the time span and composition of the 
experimental diet. Wallace (1959) has pointed out the inherent cumula
tive errors of the balance technique: "Even with the most refined and 
meticulous technique a finite quantity of the measured intake is lost in 
the process of feeding and, similarly, a finite portion of the excreta is 
not recovered. When output is subtracted from intake, the two losses 
are additive, not self-cancelling as is generally supposed. The problem 
may be stated in another way: the numerical value obtained for intake 
is always larger than actuality while the numerical value for output is 
always smaller. Subtraction of the two numerical values compounds the 
error." The extent to which requirements may be overestimated by the 
nitrogen balance procedure as a consequence of the difficulty of iden
tifying a clear end point has not been established. When the point at 
which the requirement is met must be detected by distinguishing among 
a series of small differences that are determined by subtracting a large 
value for intake from a large value for excretion, the potential for error 
is great. The wide variation among individuals (coefficient of variation, 
15-20 percent) introduces another potential source of error whenever 
experiments can be done with only a few subjects at a time. Effects of 
adaptation to differing nitrogen intakes present still another problem. 
And the probability that a subject in equilibrium will be in positive 
balance one day and negative balance the next poses yet another. 

Not uncommonly in balance studies, efforts to relate apparent 
changes in nitrogen retention to changes in body composition have 
shown that the estimates of retained nitrogen were impossibly high. 
However, average values for nitrogen retention of adults fed amounts of 
protein in the requirement range are more in accord with those pre
dicted, especially if allowance is made for dermal and other losses that 
are rarely measured and for the additive errors of the nitrogen balance 
procedure. Although the pitfalls of balance studies are recognized by 
most of those using the balance technique, inherent errors and dermal 
losses are seldom considered in assessing results. Hegsted ( 1963) has 
used a positive nitrogen balance of 0.5 g/day as the criterion for at
taining nitrogen equilibrium. 

Sherman et al. ( 1920) reviewed the results from 25 different investi
gations of 1 09 nitrogen balance experiments on men and women who 
were fed a wide variety of protein sources. They concluded that the 
average nitrogen requirement was 96 mg/kg of body wt/day, nearly 
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double the value of 49 mg/kg for the estimated daily nitrogen losses. 
These results imply that efficiency of nitrogen utilization, when nitro
gen intake met the requirement, was just over 50 percent. This is low 
compared to information from subsequent studies, even with mixed 
diets; and the requirement value is somewhat high, but both are within 
the range of values reported. Lusk ( 1920) concluded from reviewing 
early nitrogen balance experiments that adult man could be maintained 
in good health and nitrogen equilibrium with an intake of somewhat 
above 4 g and somewhat below 6 g of nitrogen daily, equivalent to 
57-86 mg/kg/day or 25-40 g of protein per day for a 7Q-kg man. 

Information from two subsequent studies designed to evaluate pro
teins as nitrogen and amino acid sources for maintenance of nitrogen 
equilibrium in human adults is summarized in Table 2. Bricker eta/. 
( 1945) tested several single sources of protein, whereas Hegsted eta/. 
( 1946) used combinations simulating a mixed dietary regimen. The 
values obtained ranged from 62 mg of N/kg for milk protein to I 06 mg 
of N/kg for white flour protein. The amounts of protein nitrogen re
quired to maintain adults in nitrogen equilibrium were estimated from 
regression analysis. They ranged from 0.065 to 0.085 g/kg of body wt/ 
day, with an average of 0.075. Values obtained with protein sources 
such as milk, meat-vegetable mixtures, and soybean flour were very 

TABLE 2 Protein Nitrogen Needed by Adults for Nitrogen Equilibrium 
or Slight Positive Balance 

No. of Protein Nitrogen Required Nitrogen 

Subjects Nitrogen for Equilibrium Utllizationa 

Ref. and Sex Source (g/day) (g/q) (percent) 

Bricker 4or5 F Milk 3.59 0.062 70 
etaL, 4 or5 F White flour 6.19 0.106 40 
1945 4or5 F Soybean flour 3.74 0.064 60 

4or5 F Soybean-white flourh 4.39 0.076 52 
4or5 F Mixed foods 4.06 0.070 58 

Hegsted 26M-F Veg. mixture 4.99 0.076 64 
etal., 16M-F +Meatc 4.06 0.064 72 
1946 6M-F +Brea~ 4.99 0.083 64 

6M-F + Soya flour c 4.99 0.082 59 
6M-F + Wheat germc 4.06 0.067 76 

Mun 0.015 

11 DlgestlbDity X biological value. 
bSoybean protein, 36 percent; white flour protein, 64 percent. 
csubstituted on an ilonitrogenous bula. 
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similar and are all higher than the estimated daily nitrogen loss of 49 
mg/kg. The average intake of N from these protein sources (75 mg/kg/ 
day) that is required to maintain equilibrium is almost identical to that 
reported recently for egg proteins (Calloway and Margen, 1971 ). Al
though miscellaneous nitrogen losses were not taken into account in 
calculating the values in Table 2, trials in which efficiency of nitrogen 
utilization was low were included in calculating the average. Since the 
average of the four lowest values is only 65 mg of N/kg of body wt/day, 
a value of 75 mg should allow amply for unmeasured nitrogen losses 
when the dietary protein is of high quality. This would be equivalent to 
0.47 g of protein per kg of body wt/day (0.075 X 6.25), or 27 g (0.47 X 
58) and 33 g (0.47 X 70) of protein daily for the reference adult female 
and male, respectively. 

Obviously, none of the proteins tested was used with an efficiency 
approaching I 00 percent. The value for milk proteins, for example, was 
only 70 percent; and the lowest value, that for white flour proteins, 
40 percent. Also, the differences among proteins as nitrogen sources 
were not as great as might be predicted from comparison of Net Protein 
Utilization (NPU) values. Values below the maximum for efficiency of 
nitrogen utilization are to be expected in these experiments, however; 
because estimates of nutritional value, routinely made under conditions 
in which protein is limiting, tend to fall as the protein content of the 
diet approaches adequacy (Mitchell, 1924; Miller and Payne, 1969). 
Mitchell ( 1948) has emphasized that measurements of Biological Value 
(BV) in adult man yield values that are low for high-quality proteins and 
that exhibit a discouraging lack of agreement among different labora
tories. Moreover, evidence indicates that high-quality proteins may not 
be used with maximum efficiency by adults even when protein intakes 
are less than adequate (Sumner and Murlin, 1938) (see also D. M. 
Hegsted, pp. 64-88 in this volume). 

Bricker eta/. ( 1949) tested the adequacy of their estimate of the 
requirement for protein nitrogen in nine female adults by observing 
them for a period of I 0 weeks while they consumed a diet that provided 
an amount of nitrogen equal to their previously determined require
ments for nitrogen equilibrium, plus an allowance for "adult growth." 
The estimated average daily protein nitrogen requirement of 5.08 g 
represented the sum of 3.80 g for nitrogen equilibrium and 1.28 g for 
"adult growth." With this level of intake, the subjects remained in posi
tive nitrogen balance of about 0.6 g/day throughout the experiment. At 
the end of the 10 week period, there was no tendency for balance to be 
less positive, no change in hemoglobin or erythrocyte count, and no evi
dence of deterioration in several performance tests. 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


34 H. H. WILLIAMS eta/. 

The term "adult growth" is derived from observations on the appar
ent storage of nitrogen by adults in long-term experiments, such as that 
of Grindley and Mitchell ( 1917), in which the average positive nitrogen 
retention, after making allowance for 400 mg/day for dermal losses, was 
about I g of N/day for 220 days. The term, and its use for estimating 
adult protein requirements, has been controversial (Smuts, 1935; 
Hegsted, 1964). In view of the fact that it represents nearly one-quarter 
of the estimated maintenance requirement, this is not surprising. Bricker 
et al. ( 1949) predicted a daily nitrogen loss of 2.94 g (0.049 X 60). This 
value, after adjusting for the 61.4 percent efficiency of protein utiliza
tion observed, would give an estimated daily requirement of 4.8 g (2.94 
+ 0.614). Considering that a positive balance of about 0.5 g/day is prob
ably required to ensure nitrogen equilibrium, the intake by subjects over 
an experimental period of I 0 weeks of 5.08 g of nitrogen, which pro
duced an average daily positive nitrogen balance of 0.61 g, was just 6 
percent greater than the estimated requirement, without allowance for 
"adult growth." Underestimation of endogenous urinary nitrogen loss 
by only 5 mg/kg would give a value of 5.1 g of nitrogen for there
quirement of these subjects. The concept of "adult growth" is, there
fore, unrealistic; retention of 1 g of N/day (Bricker eta/., 1945, 1949) 
should be accompanied by an increase in body weight of about 
2 kg/yr. 

In studies of nitrogen retention in men fed amino acid diets, Rose 
and Wixom (1955c) concluded that equilibrium could be maintained 
with a daily nitrogen intake of 3.5 g. This is little more than the esti
mate of nitrogen loss obtained using the factorial method and is often 
quoted to support the validity of that method. However, the two sub
jects in the study had positive nitrogen balances of only 0.15 g/day and 
required intakes of 4-6 g of nitrogen to achieve positive balances of 
0.26-0.46 g/day with energy intakes of 54 or 55 kcal/kg of body weight. 
Also, after consuming low-nitrogen diets for 20 days or more, they had 
adjusted to lower intakes. Since no allowance was made for integumen
tal losses in this study, and assuming small positive errors in the nitro
gen balance technique, a requirement between 4-6 g/day seems more 
realistic than the 3.5 g proposed and is in accord with the results of 
studjes in which proteins have been fed. This suggests that even a diet 
in which the amounts of all of the essential amino acids have been ad
justed to resemble the amino acid requirements tends to be used ineffi
ciently as the nitrogen requirement is approached. In fact, efficiency in 
retention of the nitrogen in excess of 3.5 g to give a positive balance of 
0.46 g/day was only about 15 percent. 
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Protein Nitrogen versus Total Nitrogen 

The studies summarized in Table 3 involved adults fed primarily diets 
containing a single food source of protein, together with nonspecific 
nitrogen from simple chemical compounds. The results imply that, if 

TABLE3 Amounts of Protein Nitrogen that Maintained Nitrogen Equilibrium 
or Slighdy Negative Bal•nce in Adults 

No. of Nonspecific Intake of 

Subjects Protein Nitrogen Total Nitrogen Protein Nitrogen 

Ref. and Sex Source Supplement Intake (g/day) (g/day) (g/kg) 

a 3F Easa DAAb 6.5 1.30 0.023 
a IF Egsa DAAb 6.5 1.60 0.029 
a 2F Egsa DAAb 10.0 1.30 0.023 
a IF Egsa DAAb 10.0 1.60 0.029 
b IM Egsa Glyand DACe 6.5 1.60 0.025 
b I M,4 F Easa Gly and DACe 6.5 2.00 0.035 
b IM Easa Gly and DACe 6.5 2.40 0.032 
b 2M, IF Ega a Gly and DACe 13.0 1.60 0.027 
b 2M,4F Easa Gly and DACe 13.0 2.00 0.034 
b I M,l F Egsa Gly and DACe 13.0 2.50 0.043 
b 2M,2F Ega a Gly and DACe 13.0 3.00 0.052 

c 4M,2F Rice None 6.6 6.00 0.085 
c 5M,l F Rice Gly and DAC 12.7 5.00 0.061 
d 10M Com None 7.7 7.00 0.061 
e 10M Com Gly andDAC 8.0 6.00 0.079 
f 3M Com Gly and DAC 12.5 4.00 0.048 
f 4M Com Gly and DAC 12.5 4.50 0.058 
f 2M Com Gly andDAC 12.5 5.00 0.063 

g 8M Egad None 4.45 4.45 0.062 
g 6M Egs Gly and DAC 4.45 3.12 0.043 
g 5M Ea• Glyand DAC 4.45 2.67 0.037 
h 9M Beefd None 4.46 4.46 0.062 
h 5M Beef Gly and DAC 4.46 3.66 0.050 
h 3M Beef GlyandDAC 4.46 3.34 0.046 
h 2M Beef Gly and DAC 4.46 3.12 0.043 

14M Cow's Milltd None 4.31 4.30 0.061 
7M Cow'sMillt GlyandDAC 4.31 3.44 0.048 
4M Cow's Millt Gly andDAC 4.31 3.23 0.045 

10M Cow'sMillt DAA 4.70 3.54 0.046 

11The basal diet provided 0.5 1 of nitro1en dally from fruita and vqetablea. 
bDispensable amino acids. 
eGiycine and dlammonium citrate. 
4Most of the subjects in these studies were in sliaht nqative nitrogen balance. The protein 
source represented 90 percent of the total nitroaen. 
<!References: a (Swendseld <!!r al., 1960); b (Swendseid <!!r al., 1959); c (Chen <!!r aL, 1967); 
d (Kieser aL, 1965a); e (Kieser al., 1965b); f (Kiea <!!rIlL, 1967); 1 (Scrimshaw <!!r al., 1966); 
h (Huan1<!!ral., 1966); and I (Scrimshaw<!!ral., 1969). 
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total nitrogen intake is 6.5 g/day or more, part of the high-quality pro
tein can be replaced by dispensable amino acids or such nonspecific 
sources of nitrogen as glycine and diammonium citrate and that the 
amount of nitrogen from intact protein needed to maintain nitrogen 
equilibrium may fall to as low as 0.03 g/kg/day, representing less than 
0.2 g of protein/kg/day. 

Experiments by Swendseid et al. ( 1959, 1960) support the generally 
accepted view that egg protein is a superior dietary source of amino 
acids for man. Their observations suggested that, when the quantity of 
egg protein in the diet is reduced, total nitrogen becomes limiting before 
any of the essential amino acids do so. The concept that nitrogen may 
become limiting in high-quality proteins before specific amino acids do 
was proposed by Snyderman et al. ( 1962), who observed that the growth 
of young infants fed a cow's milk formula in which the protein was 
diluted with nonspecific sources of nitrogen was satisfactory. For two
thirds of the subjects examined by Swendseid et al., less than 3 g/day of 
egg protein nitrogen met the need for specific nitrogen compounds, pro
vided that the total nitrogen intake was at least 6.5 g. As a source of 
nonspecific nitrogen, the dispensable amino acids tended to be superior 
to a mixture of glycine and diammonium citrate. 

The concept that total nitrogen may become limiting before essen
tial amino acids do, when adults are fed small amounts of high-quality 
proteins, also received some support from studies on young men by 
Scrimshaw and associates ( 1966, 1969) and Huang et al. ( 1966 ). In one 
study (Scrimshaw et al., 1966) most of the subjects, with intakes of 
about 4.5 g of N/day, when egg protein provided 90 percent of the total 
nitrogen, were not quite in nitrogen equilibrium; when the proportion 
of total nitrogen supplied by egg protein was decreased to 60 percent, 
i.e., less than 3 g/day, and total nitrogen was maintained at 4.5 g by 
substituting glycine and diammonium citrate for part of the protein, 
nitrogen balance was essentially unaltered (Table 3). Results obtained in 
studies of men fed cow's milk or beef protein (Huang et al., 1966; 
Scrimshaw et al., 1969) were essentially similar to those obtained with 
eggs. 

With such low-quality proteins as those of wheat, rice, and com, the 
amount of nitrogen required to maintain nitrogen equilibrium in adult 
man is between 6 and 8 g/day (Chen et al., 1967; Kies et al., 1965a,b, 
1967)-more than the amounts required from high-quality proteins. Yet 
with these too, when as much as 25 percent of the intact protein was 
replaced by nonspecific sources of nitrogen, nitrogen balance appeared 
not to be impaired. 

These observations pose the question as to whether requirements for 
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essential amino acids are influenced by total nitrogen intake. It is evi
dent that our understanding of relationships between total nitrogen in
take and specific amino acid needs is incomplete and merits further 
study. It may be that, as the requirement for total nitrogen is ap
proached, efficiency of utilization of amino acids for tissue protein 
synthesis falls and at different rates for different amino acids or, con
versely, that the extent of destruction of amino acids increases with in
creasing protein intake, but at different rates for different amino acids. 
Metabolic adaptations, such as more efficient reutilization of amino 
acids from the body pools as the intake of an amino acid falls (Harper, 
1965; Waterlow and Stephen, 1969), may be responsible for some of 
these effects; this possibility deserves attention. Until these relationships 
are better understood and more quantitative information about factors 
that influence amino acid requirements has accumulated, an adequate 
explanation for these observations will not be possible. 

REQUIREMENTS OF INFANTS AND CHILDREN 

Protein requirements of infants are estimated by measuring the amount 
of nitrogen from milk or prepared formulas that will support satisfac
tory weight gain. Protein needs of infants fall rapidly during the first 
year of life (Hegsted, 1957). Fomon ( 1959, 1960, 1961 a), Fomon and 
May ( 1958), Fomon and Filer ( 1967); and Fomon et al. ( 1969) have 
reported protein intakes of infants fed either a cow's milk formula or 
human milk during the frrst 6 months of life or a soybean formula at 
age 5-6 months. The diets supported satisfactory rates of growth. 
Average values, calculated from their reports, as summarized in Table 4, 
indicate that whether human milk or cow's milk is the source of pro
tein, the requirement falls from about 2.2 g/kg/day shortly after birth 
to 1.5 g/kg/day by 6 months of age. This is in agreement with earlier 
observations of Beach et al. ( 1941 ). Both Fomon ( 1967) and Chan and 
Waterlow ( 1966) conclude that, by l year of age, protein requirement 
has fallen further to l.0-1.25 g/kg/day. 

Many other studies have been conducted on infants fed much higher 
intakes of protein than those reported in Table 4. Fomon ( 1961 b) has 
summarized several of these; and he, Hegsted ( 1957), and Woodruff 
( 1961 ) have discussed them. Evidence that nitrogen retention is higher 
when intakes are higher than those reported in Table 4 has not been ac
companied by evidence of greater growth rates. Calculations of body 
composition based on such nitrogen retention lead to values for body 
protein content that are unrealistically high, suggesting, as Wallace 
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TABLE 4 Average Nitrogen and Protein Intakes of Infants with Satisfactory 
Growth Rates Fed Cow's Milk Formula, Human Milk, or Soybean Formula 

Human Milk4 Cow's Milk Fonnulab Soybean Fonnulac 

Age Nitrogen Protein Nitrogen Protein Nitrogen Protein 
(mo) (mg/q/day) (g/q/day) (mg/q/day) (g/q/day) (mg/q/day) (g/q/day) 

0.5 387 2.4 311 2.0 
1.5 351 2.2 288 1.8 
2.5 282 1.8 261 1.6 
3.5 280 1.7 239 1.5 
4.5 255 1.6 243 1.5 298 1.8 
5.5 235 1.5 238 1.5 281 1.7 

4 Fomon and May, 1958. 
bFomon, 1960; Fomon etal., 1969. 
cFomon, 1959. 

( 1959) has emphasized, that nitrogen balance studies are less adequate 
as a method of determining nitrogen requirements of infants than are 
growth studies. 

The requirement for protein (N X 6.25) falls gradually after 1 yr until 
it reaches the adult value of about 0.5 g/kg of body wt/day at maturity. 
Estimates of the rate of fall by Hegsted ( 1957) and Waterlow ( 1970) 
suggest the following pattern: 

Age 9 mo 15 mo 2 yr 6 yr 12 yr 15 yr adult 
gjkg 1.25 1.0 0.9 0.8 0.7 0.6 0.5 

Information on the maintenance requirements of children and infants is 
limited. In view of the growth demands and the difficulty of experimen
tally separating maintenance and growth requirements, this is not sur
prising. DeMaeyer and Vanderborght ( 1961) have calculated the nitro
gen requirement for maintenance of children aged 3-7 yr from 
regression equations. Values of 0.08-0.1 g of N/kg of body weight 
(equal to 0.5-0.625 g of protein) were obtained with proteins of 
excellent-to-good quality. Also, the amounts consumed from cow's 
milk by infants between 1 and 2 months of age who failed to grow 
(Snyderman et al., 1962)-0.14 to 0.26 g of N/kg/day (0.88-1 .6 g of 
protein)-might be taken as an indicator of maintenance needs (Table 5). 

The studies :>f Snyderman et al. ( 1962) with 3-week- to 3-month-old 
infants (Table 5) are unique. Only four subjects were involved, but the 
results suggest that, when the quantity of cow's milk in the diet is de
creased, total nitrogen may become limiting before the essential amino 
acids do. The infants gained weight normally with intakes of 0.28-0.49 g 
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TABLE 5 Protein Nitrogen Needed for Growth (Normal Gain) and Maintenance 
(No Gain) of Infants Fed Cow's Milk Diluted with Nonspecific Nitrogen Sources4 

Intake of Protein Nitrogen 

39 

Subjects' Total Nitrogen Nonspecific Nitrogen Normal Gain No Gain 
Sex and Age Intake (g/kg) Supplement (g/kg) (g/kg) 

F,1 mo 0.42 None 0.42 
0.26 None 0.26 
0.80 Gly 0.21 
0.80 Urea 0.21 

M,3mo 0.31 None 0.31 
0.24 None 0.24 
0.75 Gly or Urea 0.20 

M,3wk 0.49 None 0.49 
0.14 or 0.69 None or Urea 0.14 
0.69 Urea 0.18 

M,3wk 0.28 None 0.28 
0.18 None 0.18 
0.68 Urea 0.18 

4 Snyderman et al., 1962. 

of N/kg of body wt/day from cow's milk ( 1.8-3.0 g of protein). These 
compare with values of 0.26-0.35 g/kg body wt/day ( 1.6-2.2 g of pro
tein) for infants of comparable age fed human milk or cow's milk for
mulas (Table 4). However, when the latter formula was modified and 
the total nitrogen content was augmented with glycine or urea, 0.18-
0.21 g of N/kg of body wt/day (1.1-1.3 g of protein) provided enough 
of the essential amino acids for normal gain. It is difficult to determine 
accurately how much the requirement of these infants for protein was 

1 decreased by the procedure, but the results would suggest that on the 
order of 30 percent of milk protein can be replaced by nonspecific 
sources of nitrogen. This is less, as would be anticipated, than was ob
served with adults in the studies of Swendseid eta/. ( 1959, 1960). 

AMINO ACID REQUIREMENTS 

Requirements Determined with Amino Acid Diets 

Since 1954, when Rose and associates (1954) identified the amino acids 
that were essential for man, researchers have attempted to estimate 
quantitative requirements for infants, children, women, and men fed 
crystalline amino acids in diets in which the amount of each acid could 
be varied independently of all of the others. Although food proteins are 
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TABLE 6 Amino Acid Requirements of Man (mg/kg/day) 

Infants Children 
Adultr•d,e 

(2-6 mof (IQ-12 yr; 36 kg)b Female (58 kg) Male (70 kg) 

Amino acid mg/kg mg/day mgfkg mg/dqy mg/kg mg/day mg/kg mg/day mg/kg 
His 34 ? ? ? ? ? ? ? ? 
ne 119 1,000 28 450 7.8 sso 9.S 700 10.1 

(2So-4SO) (6SQ-700) 
Leu 150 l,SOO 42 620 10.7 12S 12.5 1,100 15.7 

(170-620) (SOQ-1,100) 
Lys 103 1,600 44 soo 8.6 S4S 9.4 800 11.4 

(40Q-SOO) (4oo-800) 
Met 45 800 22 1001 12.1 700 12.1 1,100 15.7 

(30Q-700) (80Q-1,100) 
Cys 80 

~ 
TSAAI 125 800 22 700 12.1 700 12.1 1,01~ 14.4 

(910-1 ,010) 
Phe 90 800 22 100h 12.1 700 12.1 1,100 15.7 

(60Q-700) (80Q-1,100) 
Tyr present - - - - - - - -

TAAAI ? 800 22 700 12.1 700 12.1 I.Jod 15.7 
Thr 87 1,000 28 30S S.3 31S 6.S soo 7.1 

(103-305) (30Q-SOO) 
Trp 22 120 3.3 160 2.8 168 2.9 250 3.6 

(82-157) (ISQ-250) 
Val lOS 900 25 6SO 11.2 622 10.7 800 11.4 

(465-650) (40Q-800) 
Total 835 - 288 - - - 76 - 91 

4Holt and Snyderman, 1965. 6Rose and Wixom, 1955c. Cys will spare 8G-89 percent of the Met requirement. 
bNakqawa et Ill., 1960, 1961a,b, 1962, 1963, 1964. hourrlll and Schuck, 1964. 
cLeverton, 1959. 'Rose and Wixom, 1955c. Tyr will spare 7G-75 percent of the Phe requirement. 
dHepted, 1963. ITSAA Is total sulfur-containing amino acids; T AAA Is total aromatic amino 
"Rose, 1957. adds. 
I Reynolds et al., 1958. 
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the only practical dietary source of nitrogen, amino acid diets will sup
port growth and maintenance of man and other animals. Originally, 
casein proved superior to hydrolyzed casein or mixtures of amino acids 
in supporting nitrogen equilibrium in adult man (Rose, 1957); additional 
energy appeared to be required when amino acids were the nitrogen 
source. Recent observations (Anderson et al .• 1969) have not confirmed 
the general implications of the earlier studies. They do suggest, however, 
that more energy may be required to maintain nitrogen equilibrium with 
diets containing only amino acids than with those containing intact pro
tein, whenever a large proportion of the nitrogen in the amino acid diets 
is from such sources as glycine, diammonium citrate, or urea. 

Estimated amino acid requirements have been summarized by Holt 
and Snyderman ( 1965) for infants, by Nakagawa et al. ( 1964) for chil
dren, by Leverton ( 1959) for women, and by Rose ( 1957) for men. In 
addition, Hegsted ( 1963) has reviewed the information on requirements 
of adults. He plotted all of the values available at that time to indicate 
the degree of variability; and, using the values for women obtained by 
Leverton and some reported by others for several of the amino acids, 
estimated requirements of regression analysis. This information is sum
marized in Table 6. The values for children are averages calculated from 
the information on the individual subjects given in the published reports 
ofNakagawaeta/. (1960, 196la,b, 1962,1963, 1964). The values for 
children, women, and men originally reported as grams per day have also 
been expressed per kilogram of body weight. 

Histidine is listed as essential only for infants (Snyderman et al., 
1963), as no quantitative requirement has been established for other 
age groups (Rose, 1957), even though its dispensability for adult man 
has been questioned (Nasset and Gatewood, 1954; Anonymous, 1964). 

Values for the sulfur-containing amino acids (SAA) and the aromatic 
amino acids(AAA) pose a special problem. Rose and Wixom (1955a,b) 
concluded that, for adult man, 8~89 percent of the required methio
nine could be replaced by cystine and 7~ 75 percent of the required 
phenylalanine could be replaced by tyrosine. A question, therefore, 
arises about the effects of including different proportions of these pairs 
of amino acids in diets used for studying their requirements. The re
quirement of men (Rose and Wixom, 1955a) for the sulfur-containing 
amino acids was less when both methionine and cystine were included 
than when the diet contained only the former. The sparing effects of 
cystine and tyrosine are less in the young rat than in the adult, but 
neither the effect of cystine on the methionine requirement nor that of 
tyrosine on the phenylalanine requirement of the human infant has 
been established. 
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There appears to be a sex difference in the amino acid requirements 
of adults. However, when the requirements of men and women are ex
pressed per kilogram of body weight and when the revised estimates of 
Hegsted ( 1963) for women are compared with those for men, the differ
ences are not great. Rose and associates accepted as the requirement the 
highest value for any individual man, whereas the values arrived at by 
Hegsted for women have been calculated, by regression analysis, as the 
amounts needed to maintain nitrogen equilibrium; this may account for 
the higher values for men. In view of the marked variability of the re
quirements (Hegsted, 1963) and the difference in the criteria of estima
tion, it seems unlikely that there is a true sex difference. 

The most striking feature of amino acid requirements is how low the 
values are for adults. The total essential amino acid requirements of in
fants represent a little more than 40 percent of the protein requirement 
of about 2 g/kg/day; for children, around 36 percent of about 0.8 g/kg/ 
day. The proportion of total essential amino acids required by infants 
is not far below the proportion in high-quality proteins and may exceed 
those in some cereal proteins. In contrast, comparison of the total es
sential amino acid requirements of adults (average of values for men 
and women) with the protein requirement of 0.47 g/kg/day indicates 
that only some 20 percent of the required nitrogen need comes from 
essential amino acids. These calculations would suggest, as has been o~ 
served, that high-quality proteins can be diluted considerably with non
specific nitrogen sources without impairing nitrogen retention-provided 
total N requirements are met~ 

The possibility that the estimated amino acid requirements of adults 
are low must also be considered. Most investigators, when they estimate 
the requirement for a given amino acid, include all others in excess in 
the diet. If analogy to the law of mass action is valid, this procedure 
should ensure high efficiency of utilization of the one that limits pro
tein synthesis. A similar procedure, when used in studies of amino acid 
imbalances, increases the incorporation of the limiting amino acid into 
liver proteins (Yoshida et al., 1966; Benevenga et al., 1968; Soliman and 
King, 1969). The use of maintenance of nitrogen equilibrium as the 
criterion for meeting the requirement may also lead to an underestimate, 
in view of the need for slight positive balance to ensure that equilib
rium has been achieved. 

Amino Acid Intakes of Adults Consuming Low-protein Diets 

Amino acid requirements can also be estimated by calculating, from the 
amino acid composition of proteins (Orr and Watt, 1968; FA 0, 1970), 
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the amounts of amino acids consumed when protein intake is just suffi
cient to maintain nitrogen equilibrium in the adult or to support satis
factory growth of the infant or child (Harte and Travers, 1947). 

The information on amino acid intakes assembled in Table 7 was cal
culated from the results of three of the experiments reported in Table 
2, in which single protein sources were used for estimation of the pro
tein requirements of women (Bricker et al., 1945); two of the studies 
reported in Table 3, in which egg protein was fed at extremely low 
levels while total nitrogen intake was kept high (Swendseid et al., 1959, 
1960); two similar experiments with cereal grains as the major source of 
protein (Chen et al., 1967; Kies et al., 1967); two groups from the ex
periments (Table 3) in which milk protein was fed at a suboptimal level 
of intake and the diet was further diluted with a source of nonspecific 
nitrogen (Scrimshaw et al., 1969); and one in which a combination of 
flour and milk solids was fed, with about 10 percent of the protein pro
vided by the latter (Goyal and Clark, 1964). Amino acid intakes calcu
lated from the results of other experiments were similar to or higher 
than the values included in Table 7. 

Swendseid et al. ( 1960) obtained a positive nitrogen balance of 0.31 g 
in eight trials on young women consuming 1.3 g of N from egg, with 
total nitrogen intakes of 6.5 or 10 g/day, largely from nonspecific N 
sources. The amino acid intakes of these subjects, from the egg protein 
(Columns 4 and 12, Table 7) resemble closely the values for require
ments calculated by Hegsted (1963) (Column 7, Table 6), except for 
the sulfur-containing amino acids and possibly tryptophan, which are 
low. It should be noted that the basal diet included 0.5 g of nitrogen 
from fruits and vegetables, the composition of which is unknown; the 
calculated amino acid intakes could be 20-30 percent low. The values 
for men in this investigation (Columns 5 and 11) were calculated from 
intakes for only two subjects, with nitrogen retentions averaging 0.68 
g/day (Swendseid et al., 1959). Here, too, the basal diet provided 0.5 g 
of nitrogen from fruits and vegetables. Again, the calculated amino acid 
intakes resemble amazingly the requirement values of Rose (Column 9, 
Table 6), except for the sulfur-containing amino acids and tryptophan. 
These amounts did not, however, maintain nitrogen equilibrium in some 
of the subjects. 

Values for the sulfur-containing amino acid requirements are not as 
satisfactory as those for most others (Hegsted, 1963), and the estimates 
derived from subjects fed amino acid diets appear high relative to those 
for other amino acids (FA o /WHo, 1965). The calculations summarized 
in Table 7 (Columns 11 and 12) support that view; and in a study by 
Reynolds et al. ( 1958), several female subjects were in nitrogen equilib-
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TABLE 7 Daily Intakes of Amino Acids Calculated from Protein Intakes in Nitrogen Balance Studies 

WholeEg Milk/ 
Minimum Intake 

White Soybean Flour for N·Equilibrium 
Milk0 Flour0 Flour0 8.1 gb 10.0 t' Riced Corne Undiluted 20%Gly,DAC +Milkg or Positive Balance 

Total N (g) 3.59 6.19 3.74 6.5 13.0 12.5 12.7 4.3 4.3 8.15 
Protein N (g) 3.59 6.19 3.74 1.3 1.6 5.0 5.0 4.3 3.4 6.02 
Subjects F F F F F,M M M M M M,F M F 

Amino acid (mg/day) mg/kg 
De 1,460 1,652 1,256 548 676 1,395 1,445 1,707 1,365 1,380 10.5 9.8 
Leu 2,246 2,718 1,802 726 897 2,565 4,050 2,616 2,093 2,130 14.0 13.2 

t Lys 1,780 805 1,477 528 652 1,175 900 2.013 1,610 1,010 10.2 9.6 
Met 560 462 314 259 319 535 580 642 514 490 
Cys 205 105 415 193 238 405 405 276 221 620 
~A 765 1,167 729 452 557 940 985 918 735 1,110 8.7 8.2 

Phe 1,109 1,960 1,155 477 588 1,495 1,420 1,332 1,065 1,490 
Tyr 1,166 1,205 744 355 438 1,360 1,910 1,358 1,086 1,180 

TAAA 2,275 3,165 1,899 832 1,026 2,855 3,330 2,690 2,151 2,670 16.0 15.1 
Thr 1,055 1,005 920 411 501 1,165 1,245 1,224 979 930 7.9 1.5 
Trp 323 440 322 136 168 320 190 385 307 380 2.6 2.5 
Val 1,572 1,550 1,226 612 156 2,080 1,595 1,849 1,479 1,480 11.8 11.1 

0 Bricker et al., 1945. dchenetaL, 1967. !Scrimshaw et aL, 1969. 
bSwendseld et al., 1960. eKieaetal., 1967. 6Goyal and Clark, 1964. 
cSwendseid et aL, 1959. 
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rium with methionine intaRes of only 300 mg/day. Leverton ( 1959) 
concluded that the total sulfur-amino acid requirement was 550 mg/day 
or about 9.5 mg/kg of body wt/day. There is also a greater discrepancy 
between the requirements of infants and adults for the sulfur
containing amino acids than for others-a further indication that the 
adult values are disproportionately high (Harper, 1973). The same ap
pears to be true for tryptophan. Indeed, in the studies of Rose et al. 
( 1954) and Fisher et al. ( 1963), few individual male subjects required 
tryptophan in excess of ISO mg/day; and values reported by Fisher et al. 
( 1969) for female subjects were considerably lower. 

The other striking feature of Table 7 is that, in trials in which nitro
gen equilibrium, or slight positive balance, was attained with low nitro
gen intakes (Columns I and 3) or with minimal quantities of cereal grain 
proteins (Columns 2, 6, 7, and I 0), amino acid intakes exceeded the re
quirements listed in Columns 6 and 8 of Table 6. In the experiments by 
Kies et al. (1967) and Chen et al. (1967) (Table 7, columns 6 and 7), 
6 g of nitrogen from rice proteins was required to maintain the subjects 
in nitrogen equilibrium when total nitrogen intakes were reduced to 
6.6 g/day; and 7 g of nitrogen from com proteins was required when 
total nitrogen intake was reduced to 7.7 g/day. 

The values reported in Columns 8 and 9 (Table 7) are representative 
of several trials in which marginally adequate amounts of nitrogen from 
milk, meat, or egg were fed (Huang et al., 1966; Scrimshaw et al., 1966, 
1969). In these trials, many subjects were in slight negative nitrogen 
balance, despite intakes of essential amino acids in excess of the es
timated requirements (Columns 7 and 9, Table 6) and in excess of the 
intakes of subjects fed low amounts of egg protein in high-nitrogen diets 
(Column 5, Table 7). When Scrimshaw and associates diluted the diets 
with 20-30 percent of nonspecific nitrogen, the subjects exhibited no 
further increase in nitrogen loss, suggesting that their total nitrogen in
take, rather than the intake of any specific amino acid, was inadequate. 
Minimal intakes of egg protein that maintain adult men in nitrogen 
equilibrium (Calloway and Margen, 1971) provide quantities of essential 
amino acids considerably in excess of the estimated requirements. 

Studies by Swendseid et al. ( 1959, 1960) and by Kies et al. ( 1967) 
suggest that with a nitrogen intake on the order of 10 g/day, quantities 
of essential amino acids approaching the estimated requirements will 
maintain individual human adults in nitrogen equilibrium. Other investi
gations by Romo and Linkswiler ( 1969) and Clark et al. ( 1967) suggest 
that, when nitrogen intake is only about 6 g/day, nitrogen retention is 
improved if intakes of essential amino acids are increased. 

Taken altogether, the results of these and other studies of the 
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TABLE 8 Essential Amino Acid Intakes of Infants with Satisfactory Weight Gain 

Cow's Milk Formula (Snyderman et al., 1962) Milk or Formula (Fomon, 196la) 
A a ob 

Human Cow's Soybean Minimum by Method of 
Mean Range Mean Range Milk Milk Formula Harte and Travers (194 7) 

Protein intakec (g/kg) 2.35 1.75-3.10 1.19 l.IQ-1.32 1.50 1.46 1.73 
N in take (g/kg) 0.38 0.28~.49 0.73 0.68~.80 0.24 0.23 0.28 

Amino acid (mg/kg) 
His 63 47-82 32 3Q-35 33 39 42 33 

~ 
lie 153 114-199 78 73-85 83 94 94 83 
Leu 235 175-307 121 113-131 136 144 135 135 
Lys 186 139-243 95 89-104 99 114 Ill 99 

Met 59 44-76 30 28-33 31 36 24 36 
Cys 22 16-28 11 IQ-12 30 13 31 13 

n'AA 81 60-104 41 38-45 61 49 55 49 
Phe 116 87-151 60 56-65 65 71 87 65 
Tyr 122 91-159 62 58-68 76 75 56 76 

TAAA 238 178-310 122 114-133 141 146 143 141 
Thr 110 82-144 57 53-62 68 68 69 68 
Trp 34 25-44 17 16-19 25 21 24 21 
Val 165 123-215 85 79-92 94 101 92 92 

a Average of four aubjecta. bcow milk protein + glycine and urea. cProtein nitrogen values X 6.25. 
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amounts of different proteins required to meet nitrogen needs indicate 
the following: ( 1) for adult man, and possibly even for children, high
quality proteins provide quantities of essential amino acids in excess of 
the requirements when they are fed in amounts that meet the nitrogen 
requirement; (2) intakes of essential amino acids not much higher than 
the estimated requirements from low-quality cereal grain proteins or 
from small amounts of high-quality proteins are adequate to maintain 
nitrogen equilibrium in adults if sufficient total nitrogen is provided; 
(3) estimates of the amino acid requirements of adults derived from 
studies on subjects fed amino acid diets are probably low; and (4) the 
amounts of essential amino acids required in the diet of adult man may 
be influenced by total nitrogen intake. 

Amino Acid Intakes from Proteins by Infants 

Calculated intakes of amino acids by infants fed three different sources 
of protein and growing satisfactorily are given in Table 8. These values 
were recalculated from the nitrogen intakes, using published values for 
amino acid composition of foods obtained by chromatographic analyses 
(Orr and Watt, 1968). The minimum intakes for some amino acids are 
remarkably similar to values for amino acid requirements determined 
directly (Table 6, Column 1 ); but, in general, the values calculated from 
intakes of protein are lower. It should be pointed out that the infants 
studied by Fomon (1961) were 4.5-6 months of age, whereas many of 
those examined in the amino acid requirement studies (Holt and 
Snyderman, 1965) were younger. Phenylalanine requirement, for ex
ample, is known to fall considerably during the first 6 months of life 
(Holt and Snyderman, 1967). 

EVALUATION OF REQUIREMENT STUDIES 

Estimates of nitrogen losses in adults indicate that a minimum of 49 mg 
of N/kg of body weight must be replaced daily, but figures from nitro
gen balance studies indicate that adult subjects must consume 75 mg of 
N/kg of body weight from high-quality proteins to achieve nitrogen 
equilibrium. These observations imply that efficiency of utilization of 
nitrogen, even from high-quality proteins, for meeting the maintenance 
requirement is about 65 percent. 

The shortcomings of the nitrogen balance procedure (see p. 31) tend 
to result in overestimation of nitrogen retention, and the exponential 
nature of the nitrogen loss curve for subjects fed a protein-free diet 
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probably leads to underestimation of endogenous urinary losses. It is 
also possible that endogenous losses increase when protein is fed. De
spite these difficulties, which may result in underestimation of efficiency 
of protein utilization in balance studies, the conclusion that nitrogen 
requirements for maintenance, predicted from summation of nitrogen 
losses calculated in the accepted way, will be underestimated seems in
escapable, as was emphasized by Calloway and Margen ( 1971 ). The value 
of 75 mg of N/kg/day for the average nitrogen requirement of adults, 
derived from nitrogen balance studies, has proved to be reproducible. 
Long-term studies, however, of subjects with intakes in the range of the 
requirements that have been established in shorter studies, accompanied 
by measurements of body composition, might provide a more reliable 
value. 

Use of the nitrogen balance procedure for estimating requirements of 
infants and their efficiency of protein utilization poses similar difficul
ties. Measurement of growth rate in relation to intake of nitrogen pro
vides an alternative approach for estimating requirements of growing 
subjects that seems more reliable. However, as growth rate slows, growth 
must be monitored over a longer period of time. As a result, errors in 
nitrogen intake measurements tend to accumulate. 

In measuring efficiency of nitrogen utilization by infants, for ethical 
and practical reasons the problem of making an appropriate correction 
for metabolic and endogenous losses cannot be readily solved. It must 
be recognized that most estimates in this category represent "apparent" 
utilization rather than "true" utilization and therefore tend to under
estimate the true efficiency of nitrogen utilization. 

Estimation of amino acid requirements poses all of the problems 
encountered in attempting to estimate nitrogen requirements, as well 
as certain others. The estimates for adults that appear most valid (Table 
6) are those done by regression analysis (Column 7). However, the esti
mates are of the amounts required to maintain nitrogen equilibrium 
rather than to provide a positive balance of about 0.5 g of N/day. 
Estimates from regression equations, using +0.5-g retention as the cri
terion (Hegsted, 1963), give much higher values; but they are not con
sistent with those based on nitrogen equilibrium. It is doubtful, then, 
with the degree of individual variability observed and with the small 
number of points at intakes in excess of the amount needed to ensure 
nitrogen equilibrium, whether an anal)lsis of existing data using this 
criterion gives reliable values. Nevertheless, since integumental and other 
minor nitrogen losses were not taken into account in the studies of 
human amino acid requirements and since no allowance was made for 
additive errors of the technique, the values listed in Table 6 are, in all 
likelihood, underestimates. 
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The estimates for children (Table 6) are from a single series of ex
periments. In these, the increments between the intakes studied were 
large (for several amino acids 400 mg/day or more), and the number of 
subjects was small. The accuracy with which the requirements are de
fined, therefore, is limited. The intakes selected for study produced 
distinct positive balances, but it cannot be assumed that lower intakes 
would not have done so. Whether the values estimated by interpolation 
are more realistic is open to question, as the requirement pattern still 
deviates from those for both adults and infants. 

When nitrogen intakes of adult men were below the estimated re
quirement, as in the studies with meat, milk, and egg protein (Table 7, 
milk), intakes of essential amino acids greatly in excess of the estimated 
requirements did not permit attainment of nitrogen equilibrium. How
ever, when total nitrogen was increased by providing nonspecific sources 
of nitrogen and the intake of egg protein was low (Table 7, whole egg), 
a number of subjects were in positive nitrogen balance, although they 
had intakes of essential amino acids that did not exceed by much the 
requirements estimated on the basis of amino acid diets. Clark eta/. 
( 1963) and Kies eta/. ( 1965a) have reported that nitrogen balance im
proved when amounts of cornmeal that did not support nitrogen equi
librium were supplemented with nonspecific sources of nitrogen. In 
experiments in which nitrogen intake was held constant, Clark eta/. 
( 1967) and Romo and Linkswiler ( 1969) observed that nitrogen reten
tion of young men improved as the quantities of essential amino acids 
in the diet were increased well above the estimated requirements. 
Weller eta/. ( 1971) have recently reported that intakes of amino acids 
30 percent in excess of the requirements estimated by Rose did not 
maintain N equilibrium in young men consuming 7 g of nitrogen daily. 
However, Swendseid eta/. (1959, 1960) achieved nitrogen equilibrium 
in some subjects that were fed 6.5 or I 0 g of nitrogen and given amino 
acids from egg in amounts near the estimated requirements. Rose and 
Wixom ( 1955c) maintained young men in positive nitrogen balance by 
giving them less than 6 g of nitrogen and intakes of essential amino 
acids that were double the requirements. These observations also tend 
to support the view that requirements for amino acids, when estimated 
using amino acid diets (Table 6), are probably low. They also indicate 
the need for investigation of the relationship between requirements for 
essential amino acids and total nitrogen requirement for maintenance. 

The observations on intakes of amino acids by infants that are 
growing well on low-protein formulas (Table 8) support the view that 
estimates of amino acid requirements obtained from studies of infants 
fed amino acid diets tend to be high. However, it should be noted that 
Holt eta/. ( 1960), as did Rose ( 1957) earlier, accepted as the require-
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TABLE 9 Comparison of Amino Acid Requirements as Determined Directly or Indirectly (mg/kg/day) 

Adults Infants 

Requirement Corn Children Cow's MiiJcll (Table 8, Minimum 

(Table 6, Egg Protein (g) Protein Requirement Requirement Cots. I and 3) (Table 8, 

Amino Acid Column 7) 10.0 12.5 IS 31.3 g (Table 6) Table6) Undiluted Diluted Cots. S-7) 

His 34 63 32 33 
De 9.5 9.4 11.8 14.3 20.6 28 119 153 78 83 
Leu 12.5 12.6 15.7 18.8 57.9 42 ISO 235 121 135 

U'l Lys 9.4 9.1 11.4 13.7 12.9 44 103 186 95 99 
0 Met (3.3-12.1) 4.5 5.6 6.7 8.3 22 45 59 30 36 

Cys (8.6-0.2) 3.4 4.2 s.o 5.8 Absent 80 22 11 13 
T.SAA 12.1 7.9 9.8 ll.7 14.1 22 125 81 41 49 

Phe 12.1 8.2 10.3 12.4 20.3 22 90 116 60 65 
Tyr Absent 6.2 7.7 9.2 27.3 Absent Present 122 62 76 

TAAA 12.1 14.4 18.0 21.6 47.6 22 90+ 238 122 141 
Thr 6.5 7.1 8.9 10.7 17.8 28 87 110 57 68 
Trp 2.9 2.3 2.9 3.5 2.7 3.3 22 34 17 21 
Val 10.7 10.6 13.2 15.8 22.8 25 lOS 165 85 92 

4Cow's milk undiluted; diluted with gly and urea nitrogen. 
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ment the highest value for any one individual and that the infants in 
their study were somewhat younger than those used in a study (Fomon, 
1961 a) in which requirements were estimated from intakes of formulas. 
The last column of Table 8, nevertheless, indicates that infants from 
4.5 to 6 months of age can maintain satisfactory growth rates with in
takes of several amino acids from milk proteins that are well below the 
requirements estimated by Holt et al. ( 1960). Again, the individual vari
ability of requirements should be recognized. Fomon and Filer ( 1967) 
reported that three infants in the group studied failed to thriv~ on in
takes of nitrogen and amino acids, despite the fact that their intakes 
overlapped ones that supported satisfactory rates of growth for 19 other 
subjects. 

Table 9 summarizes intakes of amino acids from protein-containing 
diets that proved adequate for infants and adults, as well as require
ments determined in studies on subjects consuming amino acid diets. 
The close similarity between the amino acid requirements of adults 
(as determined using amino acid diets) and the amounts provided 
by I 0 g of whole egg proteins (an amount that was demonstrated to 
maintain several subjects in nitrogen equilibrium when total nitrogen 
intake was above the estimated requirement) is apparent (Columns I 
and 2). The major discrepancy appears in relation to the sulfur
containing amino acids; the possibility of overestimating the require
ment for these substances has been mentioned. Also, the amount of 
tryptophan supplied by I 0 g of egg protein is lower than the estimated 
adult requirement. 

Most of the amino acid intakes from 31.3 g of corn protein (an 
amount that maintained adult subjects in positive nitrogen balance 
when nitrogen intake was high) exceeded the estimated requirements. 
Kies et al. (1967) have shown that tryptophan is not limiting for men 
fed this amount of com in an otherwise adequate diet that is high in 
total nitrogen; the requirements of all but one individual studied by 
Rose et al. (1954) were satisfied by 2.1 mg of tryptophan/kg/day. If 
the digestibility of com protein is less than that of high-quality protein, 
the tryptophan value for subjects consuming corn would be somewhat 
lower. Young et al. ( 1971) concluded that the tryptophan requirement 
of young men was between 2 and 2.6 mg/kg on the basis of nitrogen 
balance experiments, although plasma amino acid measurements sug
gested that it might be somewhat higher. It therefore seems, as has been 
suggested (FAO/WHO, 1965), that among adults the commonly ac
cepted estimates of requirements for tryptophan and sulfur-containing 
amino acids are high in relation to those for other amino acids. 

The values for infants fed diluted cow's milk (Snyderman et al., 1962) 
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TABLE 10 Ratios and Patterns of Amino Acid Requirements 

Requirement (mg/kg) Ratio Pattern --
Infant" Infant/ Infant/ Child/ Child Infant 

Amino Acid Adult' Childb (4~ mo) Adult Child Adult Adult +3 +9.5 Mean 

Protein 470 750 1,500 3.2 2.0 1.6 
His 33 
De 9.5 28 83 8.7 3 .0 3 . 0 9.5 9.3 8.7 9.2 

U'l Leu 12.5 42 135 10.8 3.2 3.3 12.5 14.0 14.2 13.6 
N Lys 9.4 44 99 10.5 2.2 4 . 7 9.4 14.7 10.4 11.5 

TSAA 7.9 22 49 6 . 2 2.2 2.8 7.9 7.3 5.2 6.8 
TAAA 12.1 22 141 11.6 6.4 1.8 12.1 7.3 14.8 11.4 
Thr 6.5 28 68 10.5 2.4 4.3 6.5 9.3 7.2 7.7 
Trp 2.3 3.3 21 9.1 6.4 1.4 2.3 1.1 2.2 1.9 
Val 10.7 25 92 8.6 3 . 7 2 . 3 10.7 8.3 9.7 9.6 

Total fAA 78 214 721 Met1n 9.5 3 . 7 3.0 
fAA ar %protein 17 30 48 

aFrom Table 9, Column I, except TSAA and Trp from Column l. bFrom Table 9, Column 6. CFrom Table 8, Column 8. 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Nitrogen and Amino Acid Requirements 53 

and those for infants fed low-protein formulas (Fomon, 196la) corre
spond closely (Table 9, Columns 9 and I 0). All of these values are below 
the requirements estimated on the basis of amino acid diets (Column 7). 
Here, too, the major discrepancy has to do with the sulfur-containing 
amino acids, but the requirement for methionine was determined only 
with diets that provided a large excess of cystine. Quantities of milk 
that permitted satisfactory growth provided much smaller amounts of 
sulfur-containing amino acids than did the diets used in the requirement 
studies. In view of the satisfactory performance of infants when pro
vided these intakes of milk, the average amino acid requirements of 
infants 4-6 months of age probably do not exceed the values in Table 9 
(Column I 0). 

REQUIREMENTS, RATIOS, AND PATTERNS 

The estimated amino acid requirements of adults, children, and infants 
are listed in Table I 0 (Column 1-3). Those of the sulfur-containing 
amino acids and tryptophan (for adults) are based on intakes from 
quantities of egg protein that meet the requirements for the other 
amino acids and are lower than Hegsted's ( 1963) estimates. Certain 
evidence suggesting that these estimates are high in relation to those for 
other amino acids has already been discussed. 

The ratios given in Columns 4-6 provide a comparison of nitrogen 
and amino acid requirements for different age groups. By maturity, the 
nitrogen (protein) requirement falls to one-third of that at infancy; 
most amino acid requirements apparently fall to one-eighth or one-tenth 
(Holt eta/., 1960; Holt and Snyderman, 1961 ). The magnitude of the 
fall may be somewhat exaggerated if the estimates of amino acid re
quirements of adults are generally low, a point discussed above. Con
versely, the fall between infancy and childhood may be underestimated 
if the values for children are high. The infant's requirement for phenyl
alanine falls by at least 50 percent during the first year of life (Holt and 
Snyderman, 1967); and, since the nitrogen requirement for growth 
represents but a small part of the total nitrogen requirement of the 
I 0-12-year-old child, the amino acid requirements of children would 
generally be expected to approach those for adults, as has been shown 
for tryptophan and the aromatic amino acids. The pattern of change 
with age in amino acid requirements is obviously not established; the 
lack of agreement among the ratios for several amino acids within each 
column in the table emphasizes the need for more information on this 
subject. 
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If the requirements for all of the amino acids fell with age at the 
same rate and if the estimates were highly accurate, the: ratios within 
each column (Table 1 0, Columns 4-6) would be identical. Again, the 
major discrepancy between infant and adult values appears to pertain to 
the requirements for the sulfur-containing amino acids. In view of differ
ences in the roles of different amino acids in the body and the different 
proportions of various proteins being synthesized at different ages, re
quirements might well not be expected to fall uniformly with age; 
nevertheless, it seems unlikely that a discrepancy as large as that seen 
for the sulfur-containing amino acids would occur. The low infant/adult 
ratio for these substances suggests that the adult requirement is over
estimated as compared to requirements for the other amino acids, even 
if the lower value based on intakes of egg protein is substituted. Viewed 
teleologically, egg is the protein source for the developing chick. The 
sulfur-containing amino acid requirements of chicks are relatively 
greater than those of mammals (Almquist, 1948). It would therefore 
not be surprising if the amount of sulfur-containing amino acids in egg 
was disproportionately high for mammals, especially for mature mam
mals. They are not the limiting amino acids in egg proteins, even for the 
growing rat. 

Amino acid requirements of infants and adults are based on more 
detailed information than are those for children; the infant/adult ratios 
are therefore probably the most reliable of the three sets. Comparisons 
may well indicate something about discrepancies among amino acid re
quirements at different ages. The differences in the infant/child and 
child/adult ratios for the total aromatic amino acids and for tryptophan 
suggest that the requirements of these for children may be underesti
mated, especially as there is less discrepancy between the requirements 
of the adult and the infant. Discrepancies in the ratios for lysine, total 
sulfur-containing amino acids, and threonine suggest that the require
ments of children for these amino acids, especially that for lysine, may 
be overestimated. These observations further indicate the need for more 
information about amino acid requirements between infancy and adult
hood. 

A further feature illustrated by comparison of Columns 1 to 3 is that 
total essential amino acid requirements of adults are low. As listed, they 
represent only 17 percent of the total protein requirement. Even if the 
list~d requirements are as much as 30 percent low-because they were 
estimated to maintain nitrogen equilibrium rather than slight positive 
nitrogen balance-the higher estimates would represent only about 22 
percent of the protein requirement. For infants 4-6 months of age, the 
essential amino acid requirements based on intakes of human and cow's 
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milk formulas ( 1.5 g/kg of body wt/day) that supported satisfactory 
growth represent 48 percent of the total protein requirement. The ob
servations of Snyderman et al. ( 1962), that small amounts of milk pro
tein supplemented with a source of nonspecific nitrogen will support 
satisfactory growth of infants (Table 5), indicate that some of the 
amino acid requirements of infants are below those listed. The low es
sential amino acid requirements for maintenance would account for the 
effectiveness of small quantities of such protein sources as egg 
(Swendseid et al., 1959, 1960; Scrimshaw et al., 1966), cow's milk 
(Scrimshaw et al., 1969), beef (Huang et al., 1966), and cereal proteins 
(Chen eta/., 1967; Kies et al., 1967), supplemented with nonspecific 
sources of nitrogen for adults. These observations imply that for adult 
man total nitrogen becomes limiting before the essential amino acids, 
as intake of high-quality proteins decreases. 

The discrepancies mentioned in discussing the ratios for the age 
groups are once more evident in the patterns given in Columns 7-9 of 
Table 10. Surprisingly, considering the limitations of the estimates of 
amino acid requirements, there is much agreement among the patterns 
for the age groups, especially for the infant and adult, when the infant 
requirements are divided by 9.5 and those for the children by 3, the 
average infant/adult and child/adult ratios, respectively. The amino acid 
requirements of the infant are based on observed intakes of human or 
cow's milk. Since the sulfur-containing amino acid requirement of in
fants is based on intakes of cow's milk proteins, which is utilized as effi
ciently as any protein for adult maintenance (Sumner and Murlin, 1938; 
Bricker et al., 1945), the discrepancy between the infant and adult 
values for sulfur-containing amino acids is probably due to overestima
tion of the adult requirement. There is a distinct need for reinvestigation 
of adult needs for these amino acids. The pattern for the child diverges 
in several respects from the other two, especially for lysine, threonine, 
total aromatic amino acids, and tryptophan. 

These comparisons suggest that previous amino acid scoring patterns 
for evaluating proteins, based on amino acid requirements (FAO, 1957; 
FNB, 1959) are inadequate, particularly since the adult requirements 
for sulfur-containing amino acids and tryptophan appear to have been 
overestimated and since these amino acids are two of the three amino 
acids most likely to be deficient in human diets. The use of the amino 
acid composition of egg or human milk proteins as standards for assess
ing protein quality for man (FAO/WHO, 1965) appears invalid, in view 
of their high sulfur-containing amino acid and tryptophan content. 
Nevertheless, despite their inadequacies, past efforts to provide standard 
reference amino acid patterns have focused attention on nutritional 
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practices, have established the value of amino acid scoring as a proce
dure for obtaining an approximation of the nutritional quality of pro
teins, and have stimulated additional research. 

Various amino acid scoring patterns that have been proposed as 
standards for evaluating the nutritional quality of food proteins by the 
Chemical Score procedure are shown in Table II, together with the 
pattern of amino acid requirements of infants expressed as mg/g of pro
tein, derived from information on intakes of human or cow's milk that 
were adequate for growth (see Table 8). In the last column, a new amino 
acid scoring pattern is proposed. In devising this, it has been assumed 
that, since amino acid requirements evidently fall more rapidly with age 
than does the requirement for total nitrogen and since cow's milk pro
tein can evidently be diluted about 30 percent with nonspecific sources 
of nitrogen without loss of nutritional value (Table 5), food proteins 
that contain the amounts of amino acids listed in Column 5 in 1.3 g of 
total protein will be of high nutritional value. In the scoring pattern 
given in Column 6, this relationship is expressed as amount of amino 
acid required per gram of protein. Although the proposed pattern dif
fers considerably from the 1957 F AO pattern, the most critical features 
are the lower values for the sulfur-containing amino acids and trypto
phan. If, as the information reviewed indicates, 1.5 g of protein con
taining the proposed amounts of these two amino acids will meet the 
needs of the infant 4-6 months of age (Table 1 0), then such a protein 
fed in an amount that meets the nitrogen requirement should be more 
than adequate for older age groups. It would provide all amino acids 
except the sulfur-containing ones in great excess of the estimated adult 

TABLE 11 Amino Acid Patterns Propoeecl for Enluting the Nutritionll Quality 
of Proteins (mg/gt 

Amino FAO 1965 Minimum Proposed 
Acid FAO 1957 Human Mi1Jtl' Er;i' Cow's Milt~' (Cots. 2-4) Pattern 

His 22 24 27 22 17 
De 42 55 66 65 55 42 
Leu 48 91 91 100 91 70 
Lys 42 66 66 80 66 51 
TSAA 42 41 55 34 34 26 
TAAA 56 95 101 100 95 73 
Thr 28 45 so 47 45 35 
Trp 14 16 18 14 14 11 
Val 42 62 74 70 62 48 

Total 314 493 545 537 484 373 

410rr and Watt, 1968. 
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requirements. The proposed pattern has rtot been tested directly; it 
should be considered as tentative and be subjected to critical evaluation. 

AMINO ACID REQUIREMENTS AND PROTEIN QUALITY 

If the requirements of adult man for essential amino acids represent as 
small a proportion of the nitrogen requirement as that shown in Table 
10, many proteins of low nutritional quality should be as adequate as high 
high-quality proteins. The differences observed are not as great as would 
be anticipated from measurements of Net Protein Utilization in labora
tory animals, since soybean flour is apparently as adequate as milk for 
adults (Table 2). Differences are observed, nevertheless, e.g., the require
ment for white flour proteins is 50 percent greater than that for milk 
proteins. Assuming 4.9 g/day as the nitrogen requirement of a 7Q-kg 
man, that amount of nitrogen from white flour would carry with it 
about 450 mg of lysine, the limiting amino acid, assuming a high degree 
of refmement (i.e., extraction rate) of the flour. The lysine requirement 
of a 7Q-kg man, estimated experimentally, would be predicted at about 
660 mg/day. Thus the lysine content of an amount of flour that just 
met the nitrogen requirement would be inadequate, and a response to 
increased flour intake would be anticipated. The amount of nitrogen 
from white flour required to support nitrogen equilibrium in a 7Q-kg 
man has been estimated at about 7.4 g/day, an amount that would pro
vide about 680 mg of lysine. The higher requirement for nitrogen from 
flour than from egg or milk is thus well predicted from a knowledge of 
amino acid requirements. If the amino acid scoring pattern had been 
used instead of the actual lysine requirement for assessing the adequacy 
of white flour for adults, need for a much greater nitrogen intake would 
have been predicted. Thus, although the scoring pattern may be appro
priate for assessing protein quality for young children, it will under
estimate protein quality for adults. 

The possibility should be considered, as knowledge of the amino acid 
composition of foods and diets increases and as accuracy of human 
amino acid requirements at different ages improves, of using direct com
parisons of the diet content to the requirement, expressed per gram of 
protein or nitrogen, as the method of choice in assessing protein quality. 
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Assessment of Protein Quality 

The fact that proteins differ greatly in nutritive value was first demon
strated grossly by comparing the performance of animals fed diets con
taining approximately equal amounts of protein. It is also clear that one 
can usually compensate for low-quality protein by feeding larger quan
tities of it. That is, the performance of animals fed a limited quantity 
of a protein of poor quality will be improved by feeding more of the 
same protein. The nitrogen balance of human subjects reacts similarly. 
Finally, it has been established that the nutritional quality of proteins 
is usually· related to amino acid content, since the addition of appropri
ate amino acids will improve the nutritive value of diets based on poor
quality proteins. 

An ideal assay of protein quality would be one such that: 

gofproteinA X/1 = gofproteinBX/2 = gofproteinCX/3 , (1) 

where 11 , 12 , 13 , etc., are the measures of protein quality. Thus, if one 
knew the requirement of a given individual for a given protein and the 
nutritive value of that protein, one could calculate the requirement for 
another protein, provided its nutritive value were known. It has been 
commonly assumed that two measures of protein quality, Biological 
Value (BV) and Net Protein Utilization (NPU), would allow this kind of 
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calculation. Considerable information from animal studies has shown 
that egg protein is for all practical purposes I 00 percent efficient in 
meeting the protein needs for maintenance of nitrogen balance or for 
growth, i.e. , that the BV and NPU of this protein is I 00 percent. Thus, 
the general approach has been to define the requirement of subjects of 
differing size, age, and sex in terms of egg protein, and from this value 
to calculate the requirement for other proteins with known but lower 
nutritive value (FAO, 1957; FNB, 1959; FAO/WHO, 1965). 

It is important to recognize that if the requirement for egg protein 
[BV = 100 percent or fin Eq. (I) = I] is X, then the requirement for 
proteins with a BV of 50 percent, 25 percent, and 12.5 percent would 
be 2X, 4X, and SX, respectively. Substantial differences in protein 
quality at the upper end of the scale have only modest effects upon 
protein requirements. The uncertainties in estimating requirements may 
be great enough to overshadow these differences. On the other hand, 
relatively minor differences in quality have major effects upon the esti
mated requirement when poor-quality proteins are fed. It is especially 
important to have reasonably accurate measures of quality for proteins 
of poor quality, not only because of the effect on requirement of a 
small difference in quality, but also because protein deficiency is likely 
to be a practical problem when diets include primarily proteins of poor 
quality. 

It is now evident that the traditional methods of estimating protein 
quality do not adequately fulfill the expectations expressed in Eq. (I) 
and are likely to yield increasingly less reliable estimates as the quality 
falls. They usually overestimate the nutritive value of poor-quality pro
teins, which leads to an underestimate of the requirement for them. Un
derestimation of the true protein need is a more serious error than over
estimation, since it will result in recommendations that are below re
quirements. Overestimations are simply wasteful. 

BIOLOGICAL VALUE (BV) 

Biological Value, defmed as the "percentage of absorbed nitrogen re
tained in the body," has long been considered the method of choice 
for estimating the nutritive value of proteins (Thomas, 1909; Mitchell, 
1924b; and Mitchell and Carman, 1926). A complete evaluation of the 
dietary protein includes measurements of the Biological Value and the 
digestibility. These are obtained by measuring the fecal and urinary 
nitrogen of a subject fed a test protein diet and then correcting for the 
amounts excreted when a nitrogen-free diet is fed. True digestibility is 
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defined as the percentage of food nitrogen absorbed from the gut: 

1- (F-F) 
Digestibility = 1 ° X l 00, (2) 

and Biological Value as: 

1- (F-F0 )-(U-U0 ) 

BV = I- (F-Fo) X 100, (3) 

where I is the nitrogen intake of test protein; F, fecal nitrogen; F0 , fecal 
nitrogen when a nitrogen-free diet is fed (metabolic N); U, urinary nitro
gen; and U0 , urinary nitrogen when a nitrogen-free diet is fed ( endog
enous N). 

In practice, Mitchell and Carman (1926) found that the amount of 
urinary N, when a small amount of high-quality protein was fed, was 
similar to the endogenous N; and thus they preferred to feed limited 
amounts of egg protein rather than a nitrogen-free diet, in order to pre
vent severe weight loss. The basic assumption made in the measurement 
of Biological Value is that the endogenous Nand metabolic N are con
stant values and can be legitimately subtracted from the test values as 
shown in Eq. (2) and (3). Limited information suggests that this may 
not always be true. For example, the excretion of urinary nitrogen in 
rats and dogs on nitrogen-free diets may be lowered substantially by 
the administration of methionine (Brush eta/., 1947; Johnson eta/., 
194 7), yielding a Biological Value of the latter alone above 1 00 percent. 
This has not yet been thoroughly studied and may not happen in man 
(Cox eta/., 1947). Also, Mitchell eta/. ( 1927) found the BV of gelatin 
to be 20 percent, i.e., 20 percent as satisfactory as the best-quality pro
teins. Because animals cannot survive on gelatin alone, this must be an 
overestimate of the real nutritive value. 

The overall nutritive value of a protein should be obtained from the 
Mitchell method as Biological Value X digestibility; this should be 
identical with NPU as defined below. 

NET PROTEIN UTILIZATION (NPU) 

Like Biological Value, determination of NPU provides an estimate of ni
trogen retention, but does so by measuring the difference between the 
body nitrogen content of animals fed no protein and those fed a test 
protein. This value, divided by the amount of protein consumed, is the 
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NPU, which is defined as the "percentage of the dietary protein re
tained." Miller ( 1963) proposed that replicate groups of four weanling 
rats housed in group cages be fed either the "protein-free" or the "test" 
diet for I 0 days. No special merit of these empirically chosen conditions 
has been demonstrated. Because a high correlation between body nitro
gen and body water content exists in young animals (Miller and Bender, 
1955; Dreyer, 1957, 1962; Henry and Toothill, 1962), the substitution 
of body water measurements for body nitrogen measurements has been 
widely used. Indeed, because certain sampling errors are eliminated, 
measurement of body water may be more accurate than measurement 
of body nitrogen, as well as being much more convenient and less expen
sive. If the body composition of young rats is essentially constant during 
the few weeks after weaning, then weight gain would be an even more 
economical and more accurate measure of protein deposition. Consider
able evidence indicates that this is true. 

Since both NPU and BV are based upon estimates of "retained nitro
gen," they should measure the same thing, except that the calculation 
of BV is based on the amount of N absorbed rather than consumed. 
Biological Value would thus be expected to be somewhat higher than 
NPU. In weanling rats, it is possible, though unproven, that total carcass 
analysis is a more accurate measure of "retained nitrogen" than are ni
trogen balance determinations. The former is certainly less tedious. 
Nitrogen balance measurements must be used in studies on large animals 
and man. 

AMINO ACID SCORE 

Block and Mitchell ( 1946-4 7) originally proposed that, because all 
amino acids must be present at the site of protein synthesis in adequate 
amounts if protein synthesis is to proceed, a deficit of any one of them 
would limit synthesis to the same degree as would a comparable deficit 
of another. Thus, they suggested that if the composition of an "ideal 
protein" were known, i.e., a protein that contained every indispensable 
amino acid in sufficient amounts to meet requirements without any ex
cesses, then it should be possible to compute the nutritive value of a 
protein by calculating the deficit of each indispensable amino acid in 
the test protein as compared to the amount in the "ideal protein." The 
"most limiting amino acid," the one in greatest deficit, would presum
ably determine the nutritive value. 

In practice, they suggested the protein in whole egg as the "ideal," 
since this was known to have a BV closely approaching I 00. They recog-
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nized that it might contain some amino acids in excess of requirements. 
If so, deficits of these in other proteins calculated by the same procedure 
would be misleadingly large. That is, the calculated nutritive value would 
be lower than it actually was. However, Block and Mitchell (1946-47) 
compared BY's that were thought to have been accurately estimated 
with "amino acid deficits," calculated using egg protein as the standard, 
and found a rather high correlation (r = 0.86), which suggested that 
their procedure was valid (Figure 1 ). 

Amino Acid Score has been widely used since that time. Generally, it 
has been calculated as the "percentage of adequacy" rather than as the 
percent deficit. The Food and Agriculture Organization (F AO, 1957), 
recognizing again that egg proteins might contain various essential ami
no acids in excess of the amounts required, proposed that Amino Acid 
Score be calculated from a pattern based upon estimates of amino acid 
requirements in man. A similar approach was recommended by the 
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Food and Nutrition Board (FNB, 1959). However, the second Joint 
Expert Group of FAO/WHO (1965) concluded that the previously sug
gested pattern was not appropriate in certain respects and that there 
was not sufficient information to state that egg, cow's milk, or human 
milk proteins differed in nutritional quality. They therefore suggested 
that any of these three patterns might be considered "ideal" for the 
calculation of Amino Acid Score. Confusion arose, however, because 
the three proteins differ substantially in amino acid composition. The 
FA o /WHo also suggested that the ratio of essential amino acid nitrogen 
to total nitrogen (E:T) was related to, and might be a determinant of, 
protein quality. Since no method was proposed for combining this ratio 
with the Amino Acid Score, still further confusion ensued. 

CRITIQUE 

The use of estimates of protein quality as a base for calculating the 
amount of protein needed to meet requirements when different diets 
are consumed requires that the estimate of quality vary in some known 
fashion, preferably in linear fashion, from 0 to I 00 percent utilization. 
Actually, when Block and Mitchell ( 1946-4 7) first proposed the use of 
Amino Acid Score (Figure I), they found that BV did not follow the 
predicted relationship. Rather, the regression line relating BV and 
Amino Acid Score indicated that proteins completely lacking an essen
tial amino acid, and which therefore would have an Amino Acid Score 
of zero, seemed to yield a BV of approximately 25 percent. If so, the 
requirement could be met with such proteins if they were fed at a level 
providing four times the estimated minimal protein requirement. This 
simply cannot be true, since it implies that the protein needs could be 
met without there being a supply of all of the essential amino acids. 

This apparent discrepancy between theoretical predictions and ex
perimental results has been largely ignored. Indeed, the FA o committee 
simply assumed that the relationship must fit theoretical expectations 
(Figure 2). Obviously, with the scatter of BV data available and uncer
tainties regarding the amino acid composition of the proteins actually 
tested, the true relationship was difficult to ascertain. However, it now 
seems clear that the relationship found by Block and Mitchell (Figure I) 
is, in fact, substantially correct. The values presented in Table I are 
plotted in Figure 3 to show the relationship between BV and Amino 
ACid score. The regression line presented there indicates that a protein 
of zero score would be predicted to have a BV of 40 percent. If BV 
were accepted as the true measure of protein quality, proteins of zero 
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TABLE 1 Quality of Proteins by Various Me81Ures11 

Chemical Chemical 
Protein Source BV NPU PER Score Protein Source BV NPU PER Score 

Duckwheat 77 S1 Pigeon pea S7 S2 l.S4 37 
Maize S9 S1 1.12 41 Soybeans 73 61 2.32 47 
Oats 6S 66 2.19 S7 Soy milk 2.10 ss 
Rice, polished 64 S7 2.18 S6 Velvet bean 40 27 
Rice, whole 73 S7 Coconut 69 2.14 ss 
Sorghum 73 1.78 31 Cottonseed meal 67 S3 2.2S 47 
Wheat, whole 6S 40 l.S3 43 Linseed 71 S6 2.11 S9 
Wheat, germ 74 67 2.S3 S4 Pecan 60 61 
Wheat, gluten S8 39 26 Sesame 62 S3 1.77 42 
Wheat flour S2 0.60 28 Sunflower seed 70 S8 2.10 61 

..... White bread 37 0.89 Alfalfa S7 so 
0 Potato 67 34 Turnip green S2 33 

Beans (various) S8 40 1.48 34 Lupine 83 2S 
Black gram 70 2.12 Beef 74 67 2.30 69 
Lima beans 66 S2 l.S3 41 Chicken 74 64 
Broad beans ss 48 28 Egg 94 94 3.92 100 
Chickpea 68 1.71 40 Fish 76 80 3.SS 71 
Cowpea S7 4S 41 Crustaceans 81 66 
Groundnuts ss 43 1.6S ss Molluscs 81 71 
Ground protein isolate S8 l.S8 Fish meal 81 6S 3.42 60 
Loblah bean 77 60 27 Casein 80 72 2.86 S8 
Lentils 4S 30 0.93 31 Cow's milk 8S 82 3.09 60 
Njugobean S6 S1 Brewer's yeast 67 S6 2.24 S7 
Peas 64 47 l.S7 37 

11Valuea aelected from an FAO report (1970) for which aeveral different measures are available. 
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score should be capable of meeting protein needs if they were fed in 
amounts 2 I /2 times greater than that required with egg protein (BV = 
100). 

Comparison of NPU and Amino Acid Score values taken from Table I 
shows essentially the same relationship (Figure 4), although with some
what less deviation from expectation. According to this plot, a protein 
of zero score yields an NPU of approximately 25 percent. If NPU is ac
cepted as the true measure of protein quality, this implies that protein 
needs can be met by feeding proteins of zero score at four times the 
minimal requirement. 

The hazards of collecting values from a widely scattered literature in 
which the accuracy of neither the biological determination nor the 
amino acid analysis is known, is, of course, well recognized. However, 
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this does not negate the clear fact that Amino Acid Score does not 
measure the same thing as NPU and BV. 

It can be pointed out, of course, that when one is concerned with 
diets in which protein quality is reasonably high-NPU, BV, or Amino 
Acid Score above 60 or 70, for example-the er:or in the correction will 
be relatively small, regardless of which measure of protein quality is 
used. However, it is with diets of poor quality that correction is of im
mediate practical importance; for these the significance of the various 
measures of protein quality is in doubt. 

The reasons for the discrepancy between the theoretical prediction 
and the experimental facts are now becoming clear. The basic assump
tion that has been made is that equivalent degrees of deficiency of any 
essential amino acid will produce the same metabolic effect. That is, a 
protein that supplies only 50 percent of the requirement of any essen
tial amino acid should depress protein synthesis to a comparable degree 
and yield the same BV as a protein that supplies 50 percent of any other 
essential amino acid; and proteins that are completely lacking in any 

0 

FIGURE 3 o.t. takWI from Tllble 1. Amino Add Score 
of zero •pperently yields• BV of •bout 40 percent. The 
dotted 11.- define two stand8rd wrors on either side of 
the ,.......on line. The thrH points in the upper-Wt.flend 
portion t.lllng outside the dotted li.-were omitted In 
celculetlng the r ...... on line. 
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essential amino acid should not allow any protein synthesis. They should 
be nutritionally equivalent to a diet containing no protein and should 
yield a BV of zero. It is now certain that these assumptions are not cor
rect, although the details of the relationship remain to be thoroughly 
studied. 

Bender ( 1961 ), for example, observed that a diet containing no lysine 
yielded an NPU of approximately 40 percent, rather than the expected 
value of zero. Diets lacking other essential amino acids yielded lower 
values, but rarely the expected zero. Similarly, Said and Hegsted ( 1970) 
found that adult rats fed a lysine-free diet lost weight slowly compared 
to rats fed diets lacking other essential amino acids. Only when the rats 
consumed diets lacking threonine, isoleucine, or sulfur-containing amino 
acids were the weight losses comparable to that obtained with a protein
free diet. Thus, with absolute deficiencies of most essential amino acids, 
the loss of tissue protein is less than would be predicted from Amino 
Acid Score. 

Although the biochemical mechanisms are unknown, the logical ex
planation of these effects is that the body is able to adapt to some de
gree to amino acid deficiencies by decreasing the rates of catabolism of 
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the appropriate amino acid and conserving it for reutilization. This 
adaptive response appears to be maximal for lysine, less so for most 
other amino acids, and practically nonexistent for threonine and a few 
others. Thus, we assume that, when lysine becomes limiting, its catabo
lism is greatly depressed, allowing the body to conserve it and, in tum, 
to conserve tissue protein. This results in a BV or NPU that is substan
tially above that predicted from the Amino Acid Score. 

Hegsted and Chang ( 1965a,b ), using young rats, proposed a slope
ratio assay for the estimation of protein quality. They showed, contrary 
to the assumptions of Miller and Payne (196la,b), that over a rather 
wide range of protein intakes, up to those that produced near-maximum 
rates of gain, a linear relationship existed between body nitrogen and 
protein consumed. The slope of the line, relating protein consumed to 
body nitrogen when lactalbumin or egg protein was fed, was such that 
nearly I 00 percent of the nitrogen consumed could be accounted for in 
tissue protein. They thus concluded that lactalbumin was an adequate 
standard and that the relative nutritive values of other proteins could be 
estimated by comparing the slope of its dose-response line for it to 
those obtained for other proteins under the same conditions. 

It should be noted that the estimation of BV or NPU is, in fact, a 
slope-ratio assay based upon only two points-zero intake and some 
arbitrarily selected intake. The difference in response (nitrogen balance 
or retained nitrogen), divided by the difference in intake, defines the 
slope of a straight line connecting these two points. Thus, in the calcu
lation of BV or NPU one must assume a linear response to increased 
dosage, although this cannot, in fact, be verified if only two points are 
available. Statistical evaluation of many assays by Hegsted and Worcester 
(1966) and Hegsted eta/. (1968) demonstrated that, contrary to the 
assumptions made in the calculation of BV, NPU, or the slope-ratio 
assay, the dose-response lines often did not have a common intercept 
at zero dosage. Although it is sometimes difficult to demonstrate this 
with certainty when young rats are used in the assay, it is readily demon
strable in data obtained from studies with adult animals. Figure 5 shows 
the response of adult rats to varying intakes of lactalbumin and wheat 
gluten (Said and Hegsted, 1969). Whereas lactalbumin approximately 
fits the theoretical expectation that the response should be linearly 
related to protein eaten, wheat gluten obviously does not. 

Inoue et al. (in press) have confirmed these kinds of findings. Figure 6 
shows the nitrogen balance of rats fed varying intakes of lactalbumin 
and of wheat gluten. At low intakes, the authors could not distinguish 
between the BV of egg protein and of wheat gluten. In retrospect, it 
seems clear that, at intakes of wheat gluten approximating those re-
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quired for maintenance of nitrogen balance or for weight maintenance, 
lysine is the limiting amino acid. However, at lower intakes, lysine is 
conserved and other factors, perhaps total nitrogen, become limiting. 

Inoue and his associates have also demonstrated this phenomenon in 
human subjects. Figure 7 shows the nitrogen balance in young adult 
men fed varying levels of egg protein and wheat gluten. At intakes be
low 30 mg of N/kg, egg protein and wheat gluten were equally efficient 
and gave the same BV. 

Examination of the dose-response lines (Figures 5, 6, and 7) clearly 
shows that the BV or NPU of egg protein or lactalbumin is approxi
mately constant over a considerable range of intakes. On the other 
hand, the values for wheat gluten are entirely dependent upon the level 
fed. It must be concluded that neither of these methods appropriately 
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defines the nutritive value of wheat gluten or of most proteins. It is 
obviously incorrect to conclude that a protein that is free of lysine has 
a higher nutritive value than a protein that is free of any other essential 
amino acid. 

The true significance of this adaptation to inadequate intakes of 
amino acids is not entirely clear. Although such adaptation should pro
vide some protection against acute deficiencies, it may not be helpful in 
the long run. The fact that the response to gluten shown in Figures 5, 6, 
and 7 is linear over a substantial range on either side of nitrogen balance 
suggests that adaptation does not become operative until deficiency is 
rather severe. In any event, the linear portion of the dose-response line 
in these figures defines the efficiency of the protein to cover nitrogen 
needs in the range around nitrogen balance, the range of practical in
terest. Thus, in Figure 7, for example, the efficiency of wheat gluten is 
only 0.129, or 12.9 percent, in meeting the protein needs of man. Higher 
and variable values will be obtained if one calculates the slopes of lines 
between zero intake and any other selected intake, as in the calculation 
ofBVorNPU. 

Therefore, the most appropriate estimate of the nutritive value of a 
protein, whether estimated by nitrogen retention or by measures of 
growth in young animals, is probably the slope of the dose-response 
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line-within ranges of intakes in which it is linear. This method, how
ever, requires measurement at more than one level of protein intake and 
should not be calculated relative to zero intake. 

OTHER METHODS OF ESTIMATING PROTEIN QUALITY 

Protein Efficiency Ratio (PER) 

Qualitative differences in protein quality can be demonstrated by many 
methods. The Protein Efficiency Ratio (PER), because of its relative 
simplicity, has been the method most widely used. Osborne eta/. ( 1919) 
observed that young rats fed certain poor-quality proteins gained tittle 
weight and ate little protein, whereas those that were fed better-quality 
proteins gained more weight and consumed more protein. In an attempt 
to compensate for the difference in food intake, the investigators calcu
lated the weight gain per gram of protein eaten, which has come to be 
called PER. The PER for any protein is dependent upon the amount of 
protein incorporated in the test diet. Therefore, a set of standardized 
conditions has been proposed (Derse, 1962). The use of 10 weanling 
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rats per test group, diets containing 9.09 percent protein (N X 6.25), 
a test period of 4 weeks' duration, and the inclusion in each experiment 
of a group receiving statdardized casein. PER is calculated as the average 
total weight gain divided by the average amount (grams) of protein con
sumed. Since PER, as determined in various laboratories, was not con
stant for the same protein, it was recommended that a corrected value 
be calculated on the basis of an assumed PER of the standardized casein 
of 2.50 (corrected PER = 2.50 X PER/PER of reference casein). 

In spite of its simplicity, the PER has been severely criticized as a 
measure of protein quality (Mitchell, 1944; Hegsted and Worcester, 
1947; Hegsted and Chang, 1965a). The most common criticisms are 
that dietary protein required for the maintenance of the animal is not 
credited in the measurement of PER, and that variation may occur in 
body composition so that PER is not afford an adequate measure of 
nitrogen retention. From a theoretical point of view, the major criti
cism of PER is that it is not a direct function of the nutritive value of 
the protein ; it is influenced by the weight gain, the amount of food 
consumed, the amount of protein in the diet, and the nutritive quality 
of the protein in the diet. The relationship between these factors is 
complex and undefmed. PER also has the disadvantage that even under 
standardized conditions it is not reproducible in different laboratories 
(Derse, 1962). It is of interest that in a collaborative study, corrected 
PER values showed larger differences among laboratories than did un
corrected values, indicating that correction was not appropriate and of 
no advantage. 

Clearly, PER is not proportional to the nutritive quality of proteins 
tested. A protein that has a PER of 1.5, for example, cannot necessarily 
be assumed to have 50 percent of the value of a protein showing a PER 
of 3. Thus, a statement that "the total protein (must have) . . . a Bio
logical Value (as defined by PER) not less than 70 percent of casein," 
such as has been proposed (Edwards, 1970) as a standard for textured 
protein products, is not meaningful. A judgment often can be made, 
based on PER, that one protein is better or worse than another; but it 
is not appropriate to express these differences as percentages, since the 
differences are not proportional to nutritional quality. 

Net Protein Ratio (NPR) 

A major criticism of PER has been that it does not take into account 
the protein required for maintenance, since only gain in weight is used 
in the calculation. Bender and Doell ( 1957) suggested that this diffi
culty could be avoided by including in each test a group of animals fed 
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a protein-free diet. Net Protein Ratio (NPR) was then calculated as the 
overall difference in gain (gain in weight of the test group plus loss in 
weight of the protein-free group) divided by the amount of protein 
eaten. It is apparent that, if body composition is constant, this proce
dure is identical to NPU except that it is expressed in arbitrary units 
that are less useful than the percentage of protein utilized. 

Relative Nutritive Value (RNV) 

Hegsted and associates (Hegsted and Chang, 1965a,b; Hegsted and 
Worcester, 1966; Hegsted eta/., 1968; Hegsted and Neff, 1970) pro
posed a slope-ratio assay in which the slope of the regression line re
lating body protein (or body water) of rats fed a standard protein (egg 
protein or lactalbumin)-assumed to have maximal nutritive value-was 
compared to that of rats fed the test protein. In developing this method, 
the assumption was made, as in the estimation of BV and NPU, that the 
dose-response lines should have a common intercept at zero dose. How
ever, by using several levels of intake, this assumption can be statistically 
tested; and it can be shown that the regression lines for many, perhaps 
most, proteins do not have a common intercept. Thus, the general sta
tistical procedures used for the evaluation of slope-ratio assays of this 
kind are not entirely valid. As has been indicated in Figures 5-7 and 
previously discussed, the deviation from theoretical expectation will 
depend upon the specific protein under test. When young rats are fed 
diets of varying protein content, up to levels that allow substantial in
creases in body weight, the slope of the regression line may not be 
greatly influenced, whether or not one forces the regression through a 
common zero point. However, since it is certain that the regression lines 
do not meet at a common point, a slope-ratio assay is not entirely ap
;propriate. Rather, the slope of the regression line relating dose tore
sponse should be calculated for each protein individually and then 
compared to that of the standard protein. 

Nitrogen Balance Index 

Allison and Anderson (1945) showed, as noted above, that Biological 
Value, in an ideal situation at least, is the slope of the regression line 
relating nitrogen balance to nitrogen intake. They also suggested that 
the determination of the slope of such a line, as defined by several 
points, might be preferable to the ordinary determination of BV. This 
concept is valid, provided that the nitrogen balance is determined in the 
region of intake in which the balance is linearly related to intake. The 
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slopes of the linear regression lines shown in Figures 6 and 7 would be 
measures of Nitrogen Balance Index. 

COMMENT ON ESTIMATING PROTEIN QUALITY 

It should be clear that, in an ideal situation in which the change in 
retained nitrogen is linearly related to intake, as is approximated by the 
regression lines shown for lactalbumin or egg protein in Figures 6 and 7, 
Biological Value, Net Protein Utilization, Net Protein Ratio, Relative 
Nutritive Value, and Nitrogen Balance Index measure the same thing. 
Biological Value and Nitrogen Balance Index would be slightly larger 
than the others, since these are calculated on absorbed nitrogen rather 
than on protein consumed. However, for most proteins the lines are not 
linear. Thus, measurements of BV, NPU, and NPR will lead to overesti
mates of the nutritive value of such proteins. Relative Nutritive Value 
and Nitrogen Balance Index are assumed to give correct values if the 
proteins are tested at appropriate intakes, i.e., those in the linear part 
of the dose-response curve. Only if several levels of protein are tested 
can one determine whether or not the dose-response curve is linear. 
Thus an adequate assay requires the use of multiple doses. The result 
obtained at zero intake of protein should not be included in the 
calculation of the slope unless the entire dose-response curve is 
linear. 

Adult versus Young Animals 

Further uncertainties concerning the meaning of measurements of 
nutritive value of proteins have recently surfaced. As noted earlier, evi
dence suggests that the essential amino acid requirements of adult man 
are considerably lower per unit of protein required than are those of 
infants and young children. This observation indicates that many pro
teins should be used more efficiently in meeting the requirements of 
adults than those of children. Similar observations repeatedly appear in 
the literature in studies on adult and young rats (Osborne and Mendel, 
1916, 1919; Burroughs eta/., 1940), indicating that various proteins are 
more adequate in meeting needs for maintenance than for growth. Com
parisons of the estimates of the needs for essential amino acids of grow
ing rats (Rama Rao eta/., 1959) and adult rats (Said and Hegsted, 1970) 
also support this conclusion. 

However, observations such as those presented by Clark eta/. (1967) 
and Romo and Linkswiler ( 1969) are not entirely consistent with 
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these conclusions. These authors observed improvements in nutritive 
value of diets that contained essential amino acids in excess of the ap
parent requirements. Considerably more information about the nutritive 
value of various proteins in adult man and adult animals, obtained by 
more acceptable methods, are needed. 

A second uncertainty stems from the observation of Calloway and 
Margen ( 1971) that egg protein is relatively poorly utilized in adult man 
as compared to the young rat. They concluded that it was only about 
65 percent efficient, rather than 9~95 percent, as has been repeatedly 
demonstrated in young rats. Confirmatory evidence is indicated by the 
the data of Inoue et al. (in press), as shown in Figures 6 and 7; the effi
ciency of utilization by adult rats and man of both lactalbumin and egg 
protein is substantially less than the values reported for young rats. It is 
of some interest that the estimated efficiency of utilization of lactal
bumin in growing cebus monkeys (Samonds and Hegsted, 1973) is also 
between 6~ 70 percent. This observation suggests that there may be 
differences among species as well as differences that depend upon age in 
protein utilization. 

It is possible that adult animals that have been rather seriously 
depleted of protein utilize it much more efficiently than do those that 
are only moderately depleted and, under these conditions, may approxi
mate the utilization observed in young rats. This aspect of the problem 
deserves more adequate study. 

Tissue Regeneration 

A variety of techniques based on recovery of weight or of specific tis
sues after protein depletion have been proposed (Whipple and Robscheit
Robbins, 1925; Pearson et al., 1937; Campbell and Kosterlitz, 1948; 
Goyco, 1956). The specific merits of such assays, as opposed to weight 
gain of young rats, for example, remain to be demonstrated. 

Microbiological Assays 

Many microorganisms require the amino acids that are essential for 
monogastric animals. If it were possible to find microorganisms that re
quired amino acids not only in the same pattern, but also in the same 
relative amounts, their growth response when supplied with limited 
amounts of various proteins or protein hydrolysates would provide a 
simple and efficient assay of nutritive value. Considerable effort has 
been directed toward this end (Horn and Warren, 1961, 1964; Ford, 
1964; Baum and Haenel, 1965), and the results obtained with some 
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organisms resemble those observed in some of the rat assays described. 
The limitations of animal assays, however, mean that they may provide 
an inadequate base for comparison. 

Plasma Amino Acids 

As already noted, changes in plasma amino acid concentrations after 
the feeding of various proteins can, under certain conditions, yield esti
mates of the nutritional quality of the proteins fed. However, the range 
in concentration of each of the amino acids in plasma of normal animals 
is relatively large. This variability imposes serious limitations upon the 
quantitative interpretation of any changes in the levels observed. Thus, 
while it may be possible to identify the limiting amino acid in certain 
proteins by this technique, the likelihood that good quantitative assays 
for nutritional quality can be developed, using plasma amino acid con
centrations, is not promising. 

EFFECTS OF DIGESTION AND AVAILABILITY 
OF AMINO ACIDS 

If significant quantities of nitrogen or essential amino acids are not 
absorbed from the gut when a protein is fed, the nutritional quality of 
that protein will be impaired. Much evidence suggests that, in the case 
of many proteins, digestibility is not a primary factor in determining 
nutritive value; but detailed information on the subject is insufficient. 
For example, if a protein is 95 percent digested, the 5 percent not a~ 
sorbed would be of little significance if the nonabsorbed portion were 
of the same composition as the total protein. If, however, this relatively 
small fraction contained primarily one or two amino acids, the effect 
might be substantial. 

Such information as is available upon the amino acid content of feces 
from animals fed various proteins does not indicate that the digestive or 
absorptive processes are very selective. However, it has been shown that 
large amounts of amino acids are secreted into the gut (Nasset, 1964, 
1968) and that the actual source of the amino acids that eventually ap
pear in the feces is unknown. Neither the destructive nor synthetic 
capabilities of the gastrointestinal flora appear to have been investigated. 
Thus, while data on amounts of amino acids in the feces may be useful 
in comparative investigations in which different proteins are studied, 
these values cannot be considered an absolute measure of lack of 
digestion. 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Assessment of Protein Quality 

The formula shown for the determination of "true digestibility" is 
based upon the assumption that F0 , the nitrogen in the feces when a 
protein-free diet is fed, is constant and independent of the diet. There 

83 

is considerable evidence to show that this is not strictly true and that F0 

varies with the kind and amount of food consumed (Mitchell, 1924a, 
1942; Weinstein et al., 1961 ). Although the "bulk" and "roughage" in 
a diet have often been assumed to be major factors affecting fecal nitro
gen excretion, direct studies (McCance and Widdowson, 1947; McCance 
and Walsham, 1948; Dreyer, 1969) do not confirm these assumptions. 
Because a large proportion of the feces is composed of bacteria and be
cause relatively little is known of the factors that control the intestinal 
flora (Weinstein et al., 1961 ), the basic concepts underlying the assump
tions made in the determination of digestibility are subject to question. 
One might suppose that, when relatively pure proteins are compared, 
the remainder of the diet being held essentially constant, valid assess
ments could be made. However, when crude food materials are tested, 
a multitude of factors may influence the amount and kind of fecal flora, 
the rate of transit through the gut, the excretions into the gut, etc.; and 
digestibility of proteins should probably not be considered a function 
of the protein fed. Presumably, true values for digestion of proteins 
might be obtained by the use of isotopically labeled food proteins. 
However, since the "amino acid pool" is rapidly labeled with dietary 
proteins, which then appear in the gastrointestinal secretion, even this 
approach has serious limitations. 

In processed foods, particularly those subjected to heat treatment, 
reactions may occur that result in the destruction of amino acids or the 
formation of compounds that are not easily digestible or utilized by the 
mammalian organism (FN B, 1950; Liener, 1958; Bjamason and Car
penter, 1970). These kinds of reactions apparently involve primarily 
lysine, methionine, arginine, histidine, and tryptophan. "Unavailable 
lysine" has been particularly studied, especially by Carpenter and co
workers (Carpenter, 1960). They have used a method that involves the 
reaction of the terminal amino group in lysine with 1-fluoro-2,4-
dinitrobenzene. During heat treatment this amino group may react with 
carbohydrates, or possibly other materials, and is then unavailable to 
react with fluorodinitrobenzene. In some tests (Carpenter et al., 1963), 
the available lysine determined by the chemical method correlated 
reasonably well with available lysine determined by animal assay, but in 
other studies (Doctor and Harper, 1968) results were less encouraging. 
Comparable chemical methods for other amino acids are not available. 
Microbiologic assays (Ford, 1964; Horn and Warren, 1964) have also 
been used to assess the "availability" of various amino acids. The 
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significance of all such methods clearly depends upon evidence that 
they do indeed reflect availability of the amino acids to animals. Essen
tially no evidence available relates the results of applying these kinds of 
methods on "available amino acids" to human nutrition. 

Various in vitro methods (Mauron et al., 1955; Sheffner et al., 1956) 
have been proposed to evaluate digestibility. While large differences 
in the rate and extent of release of amino acids from different proteins 
can be shown, the relationship between such findings and "true digest
ibility" in the gastrointestinal tract is relatively unexplored. 

There is an abundant literature (Liener, 195~, 1966; Birk, 1968) 
demonstrating poor digestibility and other untoward effects when raw 
legumes of various kinds are fed to animals. These products contain heat 
labile "trypsin inhibitors" and hemagglutinins. However, it is not certain 
that these factors explain all of the diverse effects observed, e.g., hyper
trophy of the pancreas and increased need for methionine. The signifi· 
cance of these effects in human nutrition is relatively unknown; be
cause legumes are usually cooked for man's consumption, they may be 
of minimal importance. 

CONCLUSION 

A critical examination of the various methods in use for the evaluation 
of protein quality shows that the situation is less satisfactory than has 
been widely assumed. Although BV and NPU have been generally 
thought to be the methods of choice, evidence has shown that these 
method~ overestimate the nutritional quality of many proteins. This 
outcome results from the ability of the organism to adapt, in varying 
degree, to different amino acid deficiencies. It seems particularly clear 
at this time that proteins limiting in lysine, which include most, if not 
all, of the cereal proteins, yield BV's and NPU's that are in excess of 
prediction based on Amino Acid Score. 

The best estimate of protein quality, whether obtained by nitrogen 
balance or by growth responses, will be obtained from the slope of the 
dose-response line in the range of intakes where the line is linear. This 
requires that tests be run at several protein intakes, and the response 
should not be calculated from zero intake. 

Considerable data are now available showing that measurements of 
the quality of many proteins will be higher in adult animals than in 
growing animals and that the efficiency of protein utilization may be 
considerably lower in man than in the growing rat. Species differences, 
as well as the effects of age or growth rate, may be involved. 
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Amino Acid Score may be the most logical method of predicting 
protein quality, provided amino acid availability or indigestibility is not 
a determining factor. However, confmnation of this supposition will re
quire the collection of appropriate information by more precise bio
logical methods. 
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Nutritional Significance 
of Alterations in Plasma 
Amino Acids and 
Serum Proteins 

During digestion, proteins are hydrolyzed to free amino acids that are 
absorbed rapidly from the small intestine and pass, via the mesenteric 
and portal veins, to the liver before entering the general circulation. 
After a high-protein meal, free plasma amino acid (PAA) concentrations 
generally increase, the changes being greater in portal than in systemic 
blood (Denton and Elvehjem, 1954). After a meal containing a low or 
moderate amount of protein, systemic PAA changes may be insignifi
cant (Wynne and Cott, 1956; Nasset, 1968). 

Christensen ( 1964) has stated that "the plasma level of each of the 
various amino acids is unquestionably controlled by balances between 
the entry and exit from the plasma, as in the case for the blood sugar 
level. Under basal conditions we can expect each level to tend to reach 
a characteristic value, as does the blood sugar." He neither elucidated 
the homeostatic mechanisms involved nor gave evidence for their exis
tence. The following observations on PAA concentrations, however, 
support his theory: ( 1) Animals in the fasting state tend to have a char
acteristic PAA pattern (Henderson et al., 1949); (2) certain hormones 
have antagonistic effects on those concentrations (Munro, 1964); 
(3) the protein of a single meal is diluted in the gut with a relatively 
large amount of endogenous protein, so that relatively minor alterations 
in PAA patterns may occur after ingestion of moderate amounts of pro-
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teins (Nasset, 1968); and (4) ingestion of a diet that has an amino acid 
imbalance brings about a marked fall in the plasma concentration of the 
limiting amino acid-the low PAA concentration triggers some mecha
nism that inhibits ingestion of food, which in turn tends to keep the 
pattern from becoming more abnormal (Harper and Rogers, 1965; 
Leung and Rogers, 1969). 

FASTING PAA CONCENTRATIONS 

Fasting concentrations for seven of the essential amino acids in four 
species of animals are shown in Figure 1. Except for the high lysine 
value in the rat plasma, patterns are remarkably similar for these widely 
different species of mammals (Potter et al., 1968; Anderson and Link
swiler, 1969; Boomgaardt and McDonald, 1969). Patterns for the dog 
(Longenecker and Hause, 1959) and the guinea pig (McLaughlan, un
published) are also similar to those in Figure I. Fasting threonine values 
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FIGURE 1 Concentrations of -ntialamino acids In plasma of four species of animals fated 
for approximately 24 h. Date from Potter et e/., 1968; Anderson and Linkswiler, 1989; Boom
gurdt and McDonald, 1989. 
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are not given, but these are influenced by previous diet in the rat and 
tend to be variable (McLaughlan, unpublished). Young et al. ( 1971) re
ported that plasma tryptophan concentrations in fasted adult humans 
reflected the tryptophan content of the diet. 

Swendseid et al. ( 1969) observed P AA-concentration changes in 
obese humans starved for periods up to 117 days. Initially, these sub
jects tended to have higher-than-normal concentrations of branched
chain amino acids, which usually fell during starvation. However, 
despite the continuous loss of body nitrogen, PAA concentrations 
(excepting branched-chain) remained near the prefast values. 

Clinical findings on kwashiorkor (Holt et al., 1963) clearly indicated 
that fasting PAA concentrations may be drastically altered by prolonged 
ingestion of a protein-deficient diet. It has been shown, in the labora
tory, that rats fed graded amounts of a balanced amino acid mixture 
evidenced a direct relationship between dietary level and fasting plasma 
amino acid concentration (Young and Zamora, 1968). Similarly, rats 
fed restricted amounts of a 1 0-percent protein diet (egg white) showed 
markedly lower plasma concentration of most of the essential amino 
acids other than histidine (McLaughlan, unpublished). 

Unlike mammals, chicks do not have a characteristic fasting PAA 
pattern. The concentrations of most amino acids, particularly lysine, 
increase steadily in chicks fasted for periods up to 36 h (Hill and Olsen, 
1963). The relatively stable PAA pattern in mammals fasted for 12-24 h 
makes it useful as a reference or baseline (zero time) in PAA studies. 
However, it has recently become clear that the concentrations of free 
amino acids in plasma fluctuate regularly on a biological time cycle 
(Feigin et al., 1968; Wurtman, 1970). Consequently, amino acid 
rhythms should be taken into account in all studies involving P AA 
concentrations. 

HORMONES 

Protein metabolism is controlled by hormones. Insulin, growth hor
mone, and testosterone have anabolic effects leading to nitrogen reten
tion, whereas thyroxine, ACTH, and corticosteroid hormones have the 
opposite effect (Munro, 1964). The injection of insulin into a fasting 
animal causes a rapid uptake of amino acids by muscle; the pattern of 
amino acids removed from the plasma apparently resembles the amino 
acid composition of muscle (Munro, 1964). Similarly, the pattern of 
amino acids apparently removed from the plasma of adult human sub
jects after oral administration of glucose resembled the amino acid com-
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position of high-quality proteins (Swendseid et al., 1967). 
However, Knipfel et al. (1969) did not confmn this finding in studies 

with growing rats; after oral administration of glucose, lysine concentra
tion fell very markedly, but the concentration of plasma tryptophan 
was unaltered. Manchester ( 1970) concluded that the uptake of threo
nine was not stimulated by insulin, although enhanced incorporation 
into protein occurred. The administration of leucine (orally), or intra
venous infusion of any one of several amino acids, may produce hypo
glycemia due to release of insulin. Glucagon causes a sustained decrease 
in PAA concentrations; and Bromer and Chance (1969) suggested that, 
while the main effect of glucagon may be on gluconeogenic enzymes, its 
early action may be on uptake by the tissues. The topic of hormones 
and free amino acids has been reviewed extensively by Munro ( 1970), 
who pointed out that, in addition to hormones controlling PAA con
centrations, the relative amounts of certain amino acids in plasma may 
act as regulators for the secretion of insulin, glucagon, growth hormone, 
and corticosteroids. 

DIETARY FACTORS 

Earlier workers have reported that the increase of concentration of 
various amino acids in plasma after ingestion of differing high-protein 
meals was proportional to the amount of amino acids in the meal. In
vestigators were hopeful that a method based on PAA concentrations 
could provide a kind of in vivo chemical score that rated protein quality, 
pointed out which amino acid was limiting, and gave the relative order 
of abundance and availability of amino acids. The important study of 
Longenecker and Hause ( 1959), in particular, aroused interest, because 
it raised the possibility of being able to rate protein quality through an 
in vivo method that might be readily applicable to humans. It was soon 
discovered, however, that dietary factors other than protein altered PAA 
concentrations and that peak PAA concentrations could occur in portal 
blood within 30 min after ingestion of food (Guggenheim et al., 1960). 
Stomach-emptying time, which varies for different proteins (Rogers 
et al., 1960), is therefore important. Other workers demonstrated 
markedly different rates of absorption of different amino acids (Gitter, 
1964). 

As noted above, Nasset ( 1968) reported the dilution of dietary pro
teins of a single test meal by relatively large amounts- of endogenous 
protein. As a result of these findings, some workers have questioned the 
value of PAA concentrations in nutritional studies. One finding that 
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stands out clearly from the many PAA studies is that the concentration 
of the limiting amino acid tended to fall, often markedly, in plasma of 
animals that were fed deficient diets for 1 day or more. This fall in PAA 
concentration may be transient, however, and the concentration may 
rise soon after an animal begins to fast (McLaughlan et al., 1966). A few 
workers (Wynne and Cott, 1956; Nasset, 1968) reported only minor 
changes in PAA concentrations after single test meals. It is clear from 
the studies of Longenecker and Hause ( 1959) that, in order to overcome 
homeostatic mechanisms and bring about meaningful PAA changes, 
animals must consume some minimum amount of protein and that 
blood must be sampled at the appropriate time if P AA changes are to 
be detected. 

The importance ofsome of these factors is illustrated in Figure 2. 
In this instance, weanling rats that had been fasted for approximately 
12 h were given wheat gluten diets; PAA concentrations were measured 
at regular intervals. The data are expressed in Figure 2 as PAA scores 
so that response curves for aU amino acids could be plotted on the 
same scale. P AA changes were erratic when the dietary protein level was 
5 percent or 1 0 percent and 1 g of diet was fed. Under these conditions, 
lysine, although known to be limiting, could not be so demonstrated. 
When the dietary protein level was raised to 20 percent, however, 
plasma lysine concentration decreased to a minimum value 3 h post
prandial and then rose toward the fasting value (PAA score of 1 00). 
A similar, though more severe, depression in plasma lysine concentra
tion occurred when 1 g of diet containing 40 percent protein was fed. 
Other amino acids showed fluctuations in plasma concentrations but 
tended to rise as the protein level of the diet increased. 

When 4 g of diet containing 5 percent protein was fed, plasma con
centrations of both lysine and threonine decreased continuously for 
6 h after the meal. When the protein content of the meals was increased, 
however, the fact that lysine was the limiting amino acid became more 
and more obvious as the difference in its behavior, compared to that of 
other amino acids, became progressively greater. Although the effect of 
level of protein was very marked, it was apparent also that the quantity 
of diet ingested was important in making the limiting amino acid stand 
out clearly in the P AA pattern. 

In similar studies, Anderson et al. ( 1968) observed PAA concentra
tions, serine-threonine dehydratase activity, and food consumption in 
rats undergoing adaptation to high-protein diets. After one day, PAA 
concentrations were high and food consumption was low. During the 
next few days, PAA concentrations dropped, while liver serine
threonine dehydratase and food consumption increased. 
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Snyderman et al. ( 1970) reported that methionine and tyrosine accu
mulated markedly in plasma of premature infants who were fed a high 
level of cow's milk protein (9 g/kg). They felt that the elevation of 
tyrosine was a consequence of a maturational defect in the metabolism 
of tyrosine at the level of parahydroxyphenyl pyruvic acid. Similarly, 
the high methioine concentration may result from a deficiency of liver 
cystathionase in the premature infant (Sturman et al., 1970). 

A single large dose of amino acid usually brings about a striking 
increase in the plasma concentration of that amino acid. After a single 
load of leucine, the level increased fifteenfold in the plasma of infants 
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(Snyderman et al., 1968); when the same dose was given daily for 
I week, plasma leucine concentrations were normal. On the other hand, 
infants did not adapt to loading with methionine, since plasma methio
nine concentration remained markedly elevated after I week. 

Sauberlich ( 1961) measured PAA levels in young rats fed 6 percent 
casein diets that contained an excessive amount of a given amino acid. 
After I month on these diets, a high plasma concentration of the test 
amino acid was usually found. Individual amino acids exhibited varying 
degrees of toxicity. Glutamic acid was exceptional in that it had little 
or no inhibitory effect on growth and that the plasma concentration of 
the amino acid was only slightly elevated. This finding is hardly sur
prising, as Neame and Wiseman (1957) reported that glutamic acid is 
transaminated in the intestinal wall and gives rise to increased alanine 
levels in mesenteric blood, alanine being removed by the liver. In 
Sauberlich's study, when the diet contained S percent of L-alanine, 
plasma alanine concentration increased sixfold but growth remained 
unaffected. All other amino acids tested individually at the 5 percent 
level in the diet inhibited growth to some extent. The more toxic amino 
acids-methionine, tryptophan, histidine, aspartic acid, and tyrosine
accumulated excessively in the plasma. However, threonine had only a 
slight effect on growth, even though plasma threonine concentrations 
were also very high. Various aspects of amino acid toxicity, including 
PAA concentrations and amino acid metabolism, have been reviewed 
(Harper et al., 1970) and are further discussed by A. E. Harper (pp. 
138-166) in this volume. 

RELATIONSHIP BETWEEN PLASMA AND TISSUE 
CONCENTRATIONS OF AMINO ACIDS 

It has been reported that free amino acids of muscle, like those of 
plasma, tend to reflect dietary excesses and deficiencies of amino acids 
(Tannous et al., 1966; Pawlak et al., 1968). In one study (McLaughlan, 
unpublished), plasma and muscle concentrations of free lysine were 
measured at 3-h intervals in rats consuming a lysine-deficient diet. Ini
tially, both plasma and muscle concentrations were low; but, when the 
diet was removed and animals entered the fasting state, plasma and 
muscle lysine concentrations increased at the same rate. After 16 h, 
both reached levels characteristic of the normal fasting state. Pawlak 
et al. ( 1968) reported that the difference in free lysine content of 
muscle in rats fed diets containing low or high levels of lysine was much 
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greater than was the corresponding difference in plasma lysine concen
trations. 

Because the plasma pool is only a small fraction of the total tissue 
pool of free amino acids, comparison of relative amino acid patterns in 
some of the major pools is of interest. Table I shows amino acid con
centrations in plasma, liver, muscle, and brain. In general, most amino 
acids are present at higher concentrations in liver and muscle than in 
either plasma or brain tissue; the exception is tryptophan, which is 
highest in plasma. All concentrations, except for threonine, which is 
much higher in the brain than in plasma, are lowest in brain. Although 
the data are not given, glutamic acid is normally SO-l 00 times higher in 
brain than in plasma. Clark et al. ( 1966) have shown that most of the 
dispensable amino acids are also present at remarkably high concentra
tions in liver and muscle. 

In his review on free amino acid pools, Munro ( 1970) compared the 
proportion of each amino acid normally present in the various tissues of 
the body. The free amino acid content of the plasma pool is only about 
2-3 percent of the total free amino acid pool, and the amino acid con
tent of the total pool is only a small fraction of the daily requirement 
for amino acids. Christensen (1964) has pointed out, however, that the 
free amino acid pools of the tissues and plasma must serve as principal 
factors in keeping amino acid nutrition at the cellular level from being 
entirely spasmodic. 

TABLE 1 Free Amino Acid Content of Various 
RatTissues11 

Tiuue 

Amino Acid Plasma Mutcie Liver Brain 

Leu 24 33 51 15 
Phe 7.7 15 21 5.6 
Try 6.5 3.7 5.6 2.3 
Val 24 35 38 15 
His 7.4 67 S6 11 
Lys 31 36 40 19 
De lS 23 21 4.8 
Pro 18 38 49 12 
TYr 9.4 20 2S 9.5 
Met 6.6 17 17 8.1 
1br 40 97 136 111 

11Expreaed in "mol/100 ml of plasma or 100 1 of tilaue. 
Recalculated from data of WUIIama et Ill. ( 1950). 
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PAA METHODS FOR EVALUATING PROTEINS 

Many studies have dealt with the possible use ofPAA concentrations 
in the evaluation of proteins, but few of them were carried far enough 
to be practical. Frame ( 1958) measured concentrations in adult humans 
before, and at hourly intervals after, they consumed a large meal of 
eggs. Most of the amino acids increased in concentration after the meal, 
but the increases did not directly reflect the relative amino acid com
position of the food itself. 

The fust truly comprehensive study designed to evaluate the feasi
bility of using P AA concentrations in assessing protein nutrition, how
ever, was carried out by Longenecker and Hause ( 1959). In a fmt series 
of experiments, in which diets contained 16 percent protein, PAA 
changes in adult dogs were irregular; in some cases the values dropped 
after the meal. In subsequent tests using diets containing 32 percent 
protein, plasma concentrations of most amino acids rose. When the 
relative changes in PAA concentrations after the meal were compared 
to the amino acid composition of the ingested protein, no consistent 
relationship was found. 

The investigators then calculated the average increase, or decrease, of 
each amino acid in the plasma and divided by the relative requirement 
of the dog for each; this value, when multiplied by l 00, gave what they 
called the plasma amino acid (P AA) ratio. They applied the method to 
wheat gluten, gelatin, and casein. The ranking of amino acids, according 
to the extent of their relative deficiencies as indicated by P AA ratio, 
paralleled closely the order found by chemical score. In an extension of 
these studies, Longenecker and Hause ( 1961 ) fed two human adults test 
meals consisting of wheat gluten, sugar, and com oil slurried in orange 
juice. The PAA ratio method presumably was valid in indicating lysine 
to be the limiting amino acid in wheat gluten for humans. 

One objection to the P AA ratio method was the large amount of pro
tein that had to be ingested at a single meal (subjects consumed 85 g of 
wheat gluten). Many foods, and almost all diets, contain less than 20 
percent protein; and ingestion of the amount consumed in the investiga
tions of Longenecker and Hause would require some form of protein 
concentration. However, other studies of adult subjects indicated that 
meaningful PAA ratios might be obtained after test meals containing as 
little as 2Q-30 g of protein (McLaughlan et al., 1963; Yearick and 
Nadeau, 1967). 

In studies with chicks, Hill and Olsen ( 1963) avoided the use of a 
single high-protein meal by feeding amino acid-deficient test diets for 
1 week before taking blood samples. They tested several diets and de-
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termined modified PAA ratios. The method correctly predicted the 
limiting amino acids as demonstrated by growth tests that involved 
amino acid supplementation of diets. The principal feature of the PAA 
ratio method is the use of the amino acid requirement pattern of the 
animal as a means of assessing the significance of differences in P AA 
patterns before and after test meals. This attribute could limit the value 
of the method in clinical nutrition, due to the limited reliability of 
values for human amino acid requirements. 

Another method, called the PAA score, was developed from measure
ments on young rats fed test diets for several days (McLaughlan, 1964 ). 
This procedure utilized the "fasting PAA pattern" (plasma level of each 
essential amino acid after animals fasted 12-16 h) as a reference pattern. 
PAA score was defined as the concentration of a given amino acid in 
the plasma of the test group over the concentration of that amino acid 
in the plasma of fasted rats, expressed as a percentage; the amino acid 
with the lowest score was considered to be the limiting amino acid. 
Although the choice elf the fasting PAA pattern for reference purposes 
was an arbitrary one, its use was advocated until the development of a 
more suitable yardstick. 

The PAA score has been applied to more than 40 individual foods 
and mixed diets (McLaughlan, 1964; McLaughlan et al., 1966, 1967). 
In almost all cases in which the limiting amino acid was known, the 
PAA score approach correctly identified it. However, a difficulty arose 
in interpreting PAA data for methionine and cystine. PAA scores 
showed (correctly) that the latter was the limiting amino acid in casein 
for growth of rats (Bergen, 1968), but the high score for the former in
dicated that it also was adequate. In fact, either methionine or cystine 
may be used to correct the cystine deficiency in casein. 

As noted above, the fasting amino acid pattern of the chick is unsuit
able as a reference; another approach involves the use of the PAA pat
tern of chicks fed an "ideal" diet. Dean and Scott ( 1962) developed a 
crystalline amino acid diet containing what they believed to be an op
timal level of each amino acid for growth of young chicks. Smith and 
Scott ( 1965) used the PAA pattern of chicks fed the standard amino 
acid diet as a reference pattern for scoring purposes. When the plasma 
patterns from chicks fed the test proteins were compared with those fed 
the reference diet, acute amino acid deficiencies in those fed the test 
diets were readily apparent. In addition to a low plasma level of the 
limiting amino acid, they exhibited apparent deficiencies of other amino 
acids that, in fact, were adequate in the test proteins. Subsequent tests 
confirmed that the crystalline amino acid diet contained slight excesses 
of these amino acids, which circumstance accounted for the erroneous 
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results in the earlier P AA tests. These studies clearly demonstrated that 
the value of this PAA method for predicting adequacy of intact proteins 
for chick growth depended upon the extent to which the amino acid 
content of the standard reference diet coincided with the exact amino 
acid requirements of the chick. A similar conclusion was reached in 
studies with rats (Mcl..aughlan, 1964 ), in which the "ideal" protein was 
whole egg. 

In order to establish a "steady state" with respect to amino acid 
uptake into the bloodstream, Smith and Scott ( 1965) administered 
800 mg of feed to chicks every 30 min for 6 h before sampling blood. 
They observed, however, that some diets tended to accumulate in the 
crop and that different diets did not reach the absorptive areas of the 
intestinal tract at equal rates. 

ESTIMATION OF AMINO ACID REQUIREMENTS 

When diets that contain widely different amounts of lysine are fed to 
young rats for 1 or 2 days, there is an almost direct relationship between 
plasma and dietary lysine concentrations (Mcl..aughlan et al., 1961 ). 
However, if lysine is the limiting factor in diets that are fed for longer 
periods to young animals (rats, chicks, or pigs), the curve relating plasma 
lysine concentrations to that of the diet is either markedly sigmoid 
(Morrison et al., 1961; Zimmerman and Scott, 1965; Mitchell et al., 
1968; Stockland et al., 1970) or else remains almost horizontal until 
intake approaches the requirement value and then deflects sharply up
wards. In lysine studies, plasma threonine and lysine concentrations 
usually show a reciprocal relationship (Morrison et al., 1961 ). 

Zimmerman and Scott ( 1965) used the "break" (i.e., the point where 
the curve bends upwards) in the plasma response curve as the end point 
in titrating the requirements of the chick for lysine, arginine, and valine; 
the predicted requirements agreed with those estimated by methods 
based on growth studies. This approach has also been used to estimate 
the lysine, isoleucine, leucine, and histidine requirements of the young 
pig (Mitchell et al., 1968) and the lysine needs of the weanling rat 
(Stockland et al., 1970). More recently, Young et al. (1971) assessed 
the value of this method for estimating the tryptophan requirement of 
human adults who consumed test diets for 4-6 days. 

The postprandial plasma tryptophan response curves resembled plas
ma lysine response curves for animals fed graded levels of lysine (Mor
rison et al., 1961; Zimmerman and Scott, 1965; Mitchell et al., 1968; 
Stockland et al., 1970). Nitrogen balance studies carried out in the 
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same subjects indicated a tryptophan requirement of 2-2.6 mg/kg body 
weight, whereas the break in the plasma tryptophan response curve oc
curred at about 3 mg/kg body weight. Young and co-workers have ex
tended these investigations and have laid the ground work for similar 
studies with all the essential amino acids (Ozalp et al., 1972; Young 
et al., 1972). ' 

In studies with young rats (Morrison et al., 1961; Stockland et al., 
1970), the break in the plasma lysine response curve occurred at an in
take below the requirement indicated by the growth curve. The lysine 
content of the plasma at the point where the curve deflects upwards is 
very low (Morrison et al., 1961; Zimmerman and Scott, 1965; Mitchell 
et al., 1968; Stockland et al., 1970; Young et al., 1971 ); this is the 
prime characteristic of any limiting amino acid. Consequently, the re
quirement may be higher than indicated by the break on the plasma 
response curve. 

Mcl..aughlan and Illman (1967) fed test diets for only 3 days to young 
rats and obtained reasonably straight dose-response curves for lysine, 
tryptophan, and leucine, whereas curves for threonine, tryptophan, and 
isoleucine tended to be sigmoid. They reported that the point at which 
the response curve reached the normal fasting value (P AA score of I 00 
for test amino acid) was a suitable end point in titrating amino acid re
quirements of growing rats. Estimated requirements for the six amino 
acids tested agreed satisfactorily with average values obtained by other 
methods as reported recently in the literature. 

The PAA method might be particularly useful for titrating the correct 
level of amino acid supplementation of diets (special case of amino acid 
requirements). When the question of the most appropriate end point in 
the titration of amino acid requirements is resolved, it would be appro
priate to apply this approach to the problem of lysine supplementation 
of cereal diets for children. 

PAA CONCENTRATIONS AND DISEASE 

Screening for abnormalities in neonatal amino acid patterns is now 
widely practiced (Holt and Snyderman, 1964; Scriver, 1969). A com
mon feature of such diseases (phenylketonuria, tyrosinemia, histidinemia, 
etc.) is a high serum concentration of the particular amino acid that is 
being metabolized abnormally. Phenylalanine concentration is one of 
the criteria used in clinical diagnosis of phenylketonuria. Consumption 
of a low-phenylalanine diet early in life is believed to result in normal 
development and intelligence; in such instances, plasma phenylalanine 
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is monitored to assess adequacy of the diet (Holt and Snyderman, 1964). 
The transient hypermethioninemia reported in infants fed high levels of 
milk protein (Komrower and Robins, 1969) requires further study. 

Liver damage induced by carbon tetrachloride or by diet may produce 
marked transient alterations in PAA patterns (Emery and Beveridge, 
1961; Truhaut et al., 1966). Low plasma-arginine and high plasma
ornithine concentrations appear to result from release of arginase from 
damaged hepatic cells (Emery and Beveridge, 1961 ). P AA patterns of 
chronic alcoholics also show significant deviations from the normal 
(Siegel et al., 1963 ). 

PAA concentrations are drastically altered in those suffering severe 
protein malnutrition. Studies have shown that PAN (free plasma-amino 
nitrogen) values in humans correlate only fairly well with protein nutri
tion (Albanese, 1959). Measurement of individual amino acids in plasma 
revealed that the concentrations of essential amino acids usually were 
low in instances of protein deficiency, but that plasma concentrations 
of the dispensable amino acids were often elevated (Holt et al., 1963); 
consequently, the overall change in PAN concentration was minimal. 
Arroyave ( 1962) examined changes in concentration of individual 
amino acids in plasma of children on a protein-free diet for several days. 
Concentrations of the essential amino acids and tyrosine fell rapidly for 
several days and then fluctuated daily around a low value. Concentra
tions of plasma alanine, glycine, and proline showed marked increases 
initially but fell to original values after 15 days. Arroyave concluded 
that measurement of one or several of the plasma amino acid concentra
tions might be more indicative of subclinical protein deficiencies than a 
measurement of PAN concentration. 

Holt et al. ( 1963) presented plasma aminograms for 64 kwashiorkor 
patients from nine countries. Similar plasma amino acid patterns, which 
differed markedly from the normal, were found in patients from all 
countries studied. In general, the dispensable amino acids were present 
at normal or elevated concentrations; those of essential amino acids 
were low. Later, Holt and Snyderman ( 1964) published typical plasma 
aminograms of children with mild and with advanced protein deficiency. 
In serum of children with moderate protein deficiency, the concentra
tions of most amino acids were close to normal; those of alanine and 
glycine were high; and those of valine, leucine, and tyrosine were low. 
Practically all amino acids were present at reduced concentrations in 
serum of children with advanced protein deficiency, but glycine was 
present at near-normal concentrations; values for valine, leucine, and 
tyrosine were very low. Whitehead and Dean (1964) reported similar, 
but not identical, PAA patterns in relation to protein deficiency. 
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Whitehead ( 1964) described a rapid method, using one-dimensional 
paper chromatography, for detecting abnormal PAA patterns. The ratio 
of a group of dispensable amino acids (primarily glycine, serine, and 
taurine) to a group of essential amino acids (primarily leucine, isoleucine, 
and methionine) proved useful for detecting protein deficiency. McLaren 
et al. ( 1965) did not find the method feasible for identifying potential 
cases of protein malnutrition, but other workers (Poey et al., 1967; 
Arroyave and Dowering, 1968) have since confirmed the potential of 
the plasma method for detecting the subclinical cases. 

PAA patterns of children with kwashiorkor suggest that plasma con
centrations of certain amino acids are better indicators of protein nutri
tion than are others. A complete aminogram permits the calculation of 
such potentially useful ratios as phenylalanine-tyrosine and valine
glycine (Arroyave et al., 1962; Whitehead and Dean, 1964). Both of 
these ratios may be better indicators of protein malnutrition than is the 
ratio of essential to dispensable amino acids proposed by Whitehead 
(1964). However, Swendseid et al. (1966) reported that plasma-valine 
responds so rapidly to a low-protein intake that a low plasma-valine 
value is not a reliable indicator of a true protein depletion state, unless 
it occurs in conjunction with decreased concentrations of other essen
tial amino acids. Weller et al. ( 1969) also found a low concentration of 
plasma valine in adult subjects fed a nonprotein diet for only 1 day and 
an only slightly lower level after 2 weeks. Inter- and intrasubject varia
tion in PAA levels was wide, but the authors concluded that fasting 
PAA patterns were more characteristic of the diet than of short-term 
nutritional status. Although PAA methods are not fully satisfactory in 
diagnosis of protein malnutrition, such studies appear to be a valuable 
adjunct to such other methods as the determination of plasma proteins. 

PLASMA PROTEINS IN PROTEIN MALNUTRITION 

Although it has frequently been observed that there is a reduction in the 
amount of total plasma protein in children with kwashiorkor, this altera
tion has been of little value for diagnostic purposes (Arroyave, 1962; 
Krehl and Hodges, 1965 ). In subjects with protein-calorie malnutrition, 
plasma albumin concentration is usually low, but the total protein con
centration is often close to normal; the latter results from elevated glob
ulin concentrations commonly associated with infection. However, the 
possibility of changes in plasma volume complicates the interpretation 
of alterations in plasma protein (Albanese, 1959; Arroyave, 1962). Nev
ertheless, serum protein measurements, particularly of the albumin frac
tion, are widely used as indicators of protein status in nutrition surveys 
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(Kelsay, 1969) and during clinical treatment for kwashiorkor. Heard 
et al. ( 1969) reported that measurement of serum protein concentrations 
in puppies provided a better index of protein nutritional status than did 
the amino acid ratio (Whitehead, 1964 ). 

In the rat (Kirsch et al., 1968), the rate of albumin synthesis by the 
liver is regulated, in part at least, by the protein adequacy of the diet. 
In studies with perfused livers, low concentrations of valine, leucine, 
and isoleucine in the perfusate reduced the rate of albumin synthesis, 
whereas the addition of branched-chain amino acids to the perfusate re
stored the synthesis rate to normal (Kirsch et al., 1969). Recent studies 
with chicks (Thomas and Combs, 1967) also showed that, although 
plasma albumin concentration related directly to the protein content of 
the diet, it also related inversely to caloric intake and weight gain. Con
sequently, chicks fed a low protein diet ad libitum had low plasma 
albumin levels, whereas chicks fed restricted amounts of the same diet 
had "normal" plasma albumin levels. These studies help clarify the 
reason for hypoalbuminemia in children with kwashiorkor (primarily a 
protein deficiency) as opposed to the near-normal albumin associated 
with marasmus (deficiency of both protein and calories). 

Graham et al. (1966) reported that weight gain and increase in serum 
albumin concentration in young children did not necessarily correlate 
during treatment of kwashiorkor. When caloric intake was high, thus 
favoring rapid weight gain and nitrogen retention, serum albumin was 
adversely affected, even when the protein was cow's milk and the level 
of dietary protein was apparently adequate. The value of serum albumin 
under field conditions is not weU established. Rutishauser and Whitehead 
( 1969) studied protein-calorie malnutrition in three areas of Uganda, 
where children were living under different environmental and dietary 
conditions. Measuring a variety of diagnostic variables for detecting 
malnutrition, they found reduced serum albumin and altered amino acid 
ratios; but the correlation between these criteria, or between either of 
these criteria and other criteria of protein malnutrition, was not high. 
The writers pointed out that infestations of hookworm and other para
sites affect certain variables much more than others. They concluded that 
many difficulties must be resolved before biochemical tests for mild pro
tein deficiency can be used with confidence-a situation equally true of 
clinical examinations and anthropometric measurements. 

SUMMARY 

Published information on PAA concentrations is extensive, repetitious, 
and frequently controversial. Although the concentrations usually re-
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fleet the amino acid composition of dietary proteins, numerous other 
factors play important roles. Early enthusiasm for a rapid in vivo 
method for rating protein quality now appears to have been premature. 
Nevertheless, a few limited, but potentially valuable, uses for P AA con
centrations seem assured. Although the plasma method does not neces
sarily give a reliable indication of the extent of the amino acid defi
ciency, several groups of workers have demonstrated that measurement 
of PAA concentrations can provide a guide to identifying the dietary 
amino acid that is limiting. In addition, evidence indicates that plasma 
concentrations may provide a rapid method for estimating amino acid 
requirements of young experimental animals; presumably this approach 
would be fruitful in studies of humans. The PAA pattern of children 
with kwashiorkor is grossly abnormal, a finding that has potential value 
in the clinical diagnosis of various stages of protein deficiency. 

Prolonged intake of a protein-deficient diet without caloric restric
tion results in low serum albumin; regeneration of plasma albumin is 
now an established criterion of adequate treatment of kwashiorkor. 
However, much work needs to be done to clarify the value of changes in 
serum protein concentrations in the detection of early or mild cases of 
protein malnutrition. 
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Effects of Deficiency of 
Protein and Amino Acids 

To formulate a satisfactory definition of protein or amino acid 
"deficiency" is difficult. Deficiency in an organism may be considered 
to commence at a point when the depletion of protein and amino acids 
no longer permits that organism to cope with a stressful situation with
out compromising function. Such a definition implies "stores" or "re
serves" of "labile" protein that can be lost from the body and totally 
regenerated without compromise of function or without permanent 
damage (Munro, 1964; Ashley and Fisher, 1967). If deficiency is de
fined by the first of these criteria-i.e., compromise of function-such 
"stores" are almost certainly less than 5 percent of body protein. If it is 
defined by the second criterion, that of permanent damage, the "stores" 
would be considerably greater; because very large amounts of muscle 
protein can be lost from the body, causing a recognizable compromise 
of function and marked alteration of body composition (Graham eta/., 
1969a; Cheek eta/., 1970), but with the potential for complete regen
eration being retained. 

Researchers have expended much effort in trying to duplicate in 
laboratory animals the complex syndrome of human malnutrition and 
have paid considerable attention to the relations among energy intake, 
total nitrogen intake, supply of individual amino acids, and the balance 
among these. Nevertheless, controversies continue over the relative 
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importance of energy and protein and over the role of specific amino 
acid deficiencies, if any, in the practical problem of malnutrition. 
Much of the difficulty stems from poor understanding of important 
species differences, of human adaptability, and of the precise role of in
fection, the growth process, and the hormonal and enzymatic mecha
nisms that regulate the utilization of nutrients. 

National and regional food balance tables; as well as nutrition surveys, 
fail to bring out individual variations in intake. When availability of food 
is reported as so many calories or so much protein per capita, exact de
termination of the foods given or denied each member of the family is 
impossible. This is particularly true of the vulnerable infant or preschool 
child, because of cultural or physiological considerations or because of 
the availability of time and conveniences to the mother, or her substi
tute, who must prepare and dispense food. Prevalence studies are handfl 
capped by the lack of simple measures of nutritional status, particularl] 
in regard to protein, that might identify the several cases of marginal 
deficiency that almost certainly exist for each case of overt clinical 
malnutrition. 

DEFICIENCY IN MAN 

Increases in the adult size of the Japanese, initially in the United States, 
and more recently in their own country, are striking proof of the ability 
of a whole race of human beings successfully to adapt to a low available 
food supply through failure to attain potential body size (Kimura, 
1967). Only when food supply is abundant is genetic endowment the 
primary determinant of the size of the individual (Dugdale et al., 1970); 
familial growth patterns are masked by adverse environmental influ
ences, particularly limited availability and quality of food (Graham and 
Adrianzen, 1970). Even when seemingly adequate food supplies are 
available in the home, impediments such as those noted above may limit 
the food intake of infants and small children, particularly during epi
sodes of infection. Inefficient utilization of ingested nutrients occurs 
not only as a result of obvious febrile infections but also of the more 
insidious and not so apparent ones, such as primary tuberculosis and 
pyelonephritis. Intestinal losses due to malabsorption or diarrhea are 
of major significance. 

Interracial anthropometric comparisons must take nutrition into 
account. The ability of many groups to exist and multiply, despite in
takes of protein that would rapidly lead to acute deficiency states in 
other groups, is attributable to their proportionately smaller size, lean 
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body mass, and total energy intake, and to efficient adaptation. Little 
evidence exists of adverse effects from the smaller size, per se; indeed, 
much experimental evidence indicates that it is advantageous (Ross, 
1964). 

Prenatal Nutrition 

Distinguishing the effects of nutrition from those of other environ
mental factors in evaluating the outcome of pregnancy has always been 
difficult. The Food and Nutrition Board (FN B, 1970) has published a 
review of the effects of maternal nutrition on the outcome of preg
nancy, including an extensive bibliography. Studies of mass starvation 
during World War II and in chronically deprived populations suggest 
that severe deficits of calories and protein result in decreased fertility, 
in a decrease in the length and weight of the newborn, and in increased 
rates of neonatal mortality. The evidence for an adverse effect of mod
erate lifelong, prepregnancy, or gestational dietary deficiency of calo
ries or protein is more meager. It seems likely that if the mother enters 
pregnancy in a satisfactory nutritional state, or receives an adequate 
diet during pregnancy, particularly during the last trimester, her off
spring at birth will be little affected, at least in size and weight. Con
siderable additional research is needed to clarify this point. 

Infancy and Childhood 

To sort out and understand the effects of protein or amino acid defi
ciencies in growing human beings without understanding the cellular 
events and the regulatory mechanisms that constitute normal growth is 
impossible. Despite significant advances (Cheek, 1968), wide gaps in 
our knowledge still exist. Early growth is the result of a combination of 
cellular multiplication and hypertrophy, with different schedules for 
different tissues. The stimulatory effects of maternal and placental hor
mones probably carry over into early extrauterine life, until the infant's 
own mechanisms take over. Thyroid hormone influences cellular multi
plication, particularly of the supporting tissues, during the entire growth 
period, with growth hormone and eventually the sex hormones assuming 
important roles. Insulin and growth hormone are vital to growth of cells, 
particularly muscle cells. Adrenal glucocorticoids are antagonistic to 
cell multiplication and to muscle cell hypertrophy (Munro, 1964 ). 
Effective energy intake is the dietary factor of greatest importance in 
stimulating cell multiplication. An adequate protein intake is vital to 
cell growth, and the amino acid tryptophan play~ a singular role in ribo-
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somal aggregation during protein synthesis (Fleck eta/., 1965). The 
utilization of amino acids, of dietary or endogenous origin, is limited by 
the supply of the one, or ones, present in least amount relative to re
quirements for protein synthesis at a given site. Infections curtail growth 
by affecting intake, absorption, utilization, and expenditure of nutrients. 

Hypocaloric dwarfism The effects of nutrient deficiencies on growth 
depend on the degree of severity, duration, and timing relative to 
growth phases. Millions of children who are deprived or who suffer 
from diseases that interfere with nutrient intake and utilization experi
ence, as a normal course of events, restriction of both energy and pro
tein intake from the second semester of life until sexual maturation. 
The end result is significant stunting. Although some studies suggest 
that permanent deficits in stature, musculature, and brain size result 
from finite periods of malnutrition (Graham, 196 7; Stoch and Smythe, 
1967; Winick and Rosso, 1969) and that "catch-up" growth is limited 
in duration (Prader eta/., 1963) others suggest that the principal effect 
of malnutrition is a maturational lag and that "catch-up" potential may 
be limited only by the time remaining before the achievement of full 
sexual maturity (Garrow and Pike, 1967; Graham, 1968). The healthy, 
fullterm newborn is able to survive semistarvation during most of the 
first 4 months and yet make up, completely and promptly, extremely 
severe deficits (Chase and Martin, 1970). 

Moderate chronic or intermittent energy deficits that are sufficient 
to arrest growth in most tissues have the effect of decreasing efficiency 
of protein and amino acid utilization. Dietary protein in amounts over 
and above that needed for maintenance is used as a source of energy. 
Total body composition corresponds to that of the "biologic" age, 
which is best estimated from body length, while cellular composition 
usually is normal (Cheek, 1968). Unduly prolonged breast feeding; ex
cessive dilution of milk, intentionally or inadvertently; insufficiently 
frequent feeding; and steatorrhea from various causes can result in 
a state of "hypocaloric dwarfism." 

Marasmus If energy deficit is so severe as not to meet basal require
ments for prolonged periods, activity decreases and maintenance protein 
needs are not met in most tissues, regardless of the protein intake. Im
portant and poorly understood adaptations are then necessary for sur
vival, and the clinical picture of marasmus develops. Arrested cellular 
multiplication occurs, compounded by atrophy of many tissues, with 
decreases in cell size (Frenk eta/., 1957; Gamet al., 1964; Brunser et al., 
1966; Bradfield eta/., 1969; Cheek eta/., 1970) and curtailment of exo-
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crine secretion (Barbezat and Hansen, 1968). The cellular integrity and 
function of some organs, most notably the liver, are conserved; 
enzyme activity is altered to favor survival and the most efficient utiliza
tion of the limited supply of exogenous and endogenous nutrients 
(Waterlow, 1968). Markedly reduced insulin secretion, persisting well 
into the period of rehabilitation, seems to be an integral part of adapta
tion (Graham et al., l969a; James and Coore, 1970). The status of 
adrenal, thyroid, and growth hormone secretion is unclear. For the 
latter, high fasting levels and blunted responses seem to be the rule 
(Graham et al., 1969a). Although energy deficiency is the overriding 
determinant, dietary protein intake is almost invariably deficient as 
well; and protein metabolism is so severely affected that marasmus is 
usually included with kwashiorkor and intermediate forms under the 
broad term protein-calorie malnutrition, or PCM (Jelliffe et al., 1954). 
Marasmus is most commonly the result of very early weaning to grossly 
inadequate liquid concoctions, or to the repeated and prolonged "ther
apeutic" starvation that is practiced in the treatment of repeated diar
rheal episodes. 

Kwashiorkor The dramatic clinical picture of kwashiorkor (edema, 
hypoalbuminemia, and a fatty liver, with or without skin and hair 
changes) represents acute decompensation of a relatively long-standing 
deficiency state, usually precipitated by infection (Jelliffe et al., 1954). 
In most cases, it is characterized by a gradual depletion of intra- and 
extracellular protein and amino acids (Viteri eta/., 1964), most strik
ingly in the liver (Waterlow, 1968), pancreas (Barbezat and Hansen, 
1968), intestinal mucosa (Brunser et al., 1966), hair (Bradfield et al., 
1968), and muscle (Frenk et al., 1957). Simultaneously, a marked loss 
of those ions that are intimately linked to the metabolism of protein 
in cells-potassium (Alleyne et al., 1970), magnesium (Montgomery, 
1961 ), and phosphate (Waterlow and Wills, 1960)-occurs. Of partic
ular importance to the clinical picture of acute protein deficiency are 
losses of liver protein, particularly enzymes (Waterlow, 1968), and the 
accumulation of fat and glycogen in hepatocytes. The fat, derived from 
both dietary and endogenous sources, probably accumulates as a result 
of inadequate synthesis of carrier /}-lipoproteins (Truswell eta/., 1969). 
Other serum proteins, notably albumin (James and Hay, 1968) and 
ceruloplasmin (Graham and Cordano, 1969), are synthesized in inade
quate amounts. The insufficient dietary supply of essential amino acids 
and of total nitrogen results in a characteristic decrease of the plasma 
and intracellular levels of most of the amino acids and an elevation 
of the dispensable ones (Holt et al., 1963). Kwashiorkor is most com-
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monly precipitated by an infection, such as measles, in a child who has 
been weaned to a diet of unsupplemented cereals or tubers. 

The development of simple techniques for the identification of those 
children who are protein-depleted or marginally deficient represents an 
important challenge (IUNS, 1970). In this situation, growth has usually 
slowed down, permitting the use of simple anthropometric techniques. 
These, however, are not entirely satisfactory. Low values for height-for
age or weight-for-age can be of constitutional origin or the result of pre
vious episodes of disease. Low weight-for-height values, which are 
somewhat more useful in diagnosis, can also be of constitutional origin, 
but more commonly are the result of energy and/or protein deficiency 
or of chronic infection. Human infants or children, as distinct from the 
rat, may consume for many weeks a diet adequate or nearly adequate 
in energy but deficient in protein or one of the essential amino acids. If 
they do, without converting the relative excess of energy to heat (Ash
worth, 1969), continued cellular multiplication and growth and a state 
of acute protein deficiem;y may develop in a child of normal height and 
weight, typified by the "sugar baby" (Jelliffe et al., 1954). More com
monly, however, children on a protein-deficient diet gradually decrease 
total food intake, stop growing, or continue to do so at a much decel
erated rate. Body composition begins to change, with decreases in 
muscle and visceral cell size. The creatinine excretion/height ratio de
creases, making this one of the potentially useful tools for detecting this 
state (Viteri and Alvarado, 1970). Total body potassium and intracellu
lar water, which are much less easily measured, are almost certainly de
creased as well, whereas extracellular water increases. Mid-arm circum
ference is a fairly reliable predictor of muscle mass (Standard et al., 
1959). Serum albumin and the plasma amino acids are potentially 
useful indicators of protein status, the latter being overly sensitive to 
recent diet. 

Specific amino acid deficiencies If total intake of a dietary protein of 
poor biological value is not adequate to meet the requirements of one 
of the essential amino acids, one might expect to encounter manifesta
tions of specific amino acid deficiency. In common dietary practice, the 
ones most likely to be limiting are lysine, methionine, and tryptophan. 
Although alterations in serum or plasma concentrations of amino acids 
should, theoretically, identify the limiting amino acid (McLaughlan, 
1964), the alterations (Holt et al., 1963), as well as the clinical manifes
tations, are likely to be indistinguishable from those seen in protein 
deficiency. Under experimental conditions, lysine deficiency has 
brought about decreased weight gain and decreased nitrogen retention 
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without other manifestations (Graham et al., 1969b ), but has also re
sulted in hypoalbuminemia and hepatic steatosis when the diet is pr~ 
longed (Graham et al., 1971 ). 

Tryptophan deficiency merits special consideration. If it is moderate, 
if caloric intake is not excessive, and if adequate dietary niacin is avail
able, manifestations of protein deficiency will appear. If deficiency is 
more severe and is accompanied by high energy intake, low niacin in
take (Goldsmith, 1965), and possibly high leucine intake (Raghuramulu 
eta/., 1965), manifestations of pellagra will result. Truswell et al. ( 1968) 
have described a specific decrease in the plasma level of tryptophan. 

In their studies of the essential amino acid requirements of infants, 
Snyderman and collaborators encountered specific manifestation of 
deficiency only when the diet lacked histidine or isoleucine; in all other 
cases, during the relatively short period of denial, no specific clinical 
signs appeared, although the plasma amino acids were altered in a fash
ion characteristic for each amino acid (Snyderman et al., 1968). When 
infants less than 3 months of age were deprived of histidine, an eczema
toid dermatitis appeared within a few days, but cleared promptly with 
restoration of the missing amino acid (Snyderman, 1965). In two of six 
infants, isoleucine withdrawal resulted in very pronounced loss of nitr~ 
gen, redness of the buccal mucosa, fissures at the comers of the mouth, 
tremors and twitching of the arms and legs, upward deviation of the 
eyes, and the lethargy and anorexia characteristic of other amino acid 
deficiency states (Snyderman et al., 1964a). The marked central nervous 
system irritability disappeared promptly upon reincorporation of 
isoleucine in the diet. All of these manifestations, as well as the charac
teristic alteration of the plasma aminogram, resulted from complete 
withdrawal of each amino acid. 

Effective treatment of phenylketonuria, an inborn error of phenyl
alanine metabolism, depends on the early reduction of phenylalanine in
take. Special dietary products, practically devoid of phenylalanine, are 
used to lower plasma levels; and then milk protein is added cautiously to 
maintain a plasma phenylalanine concentration compatible with normal 
growth-low enough to prevent toxicity, yet high enough to prevent de
ficiency. When very low intakes of phenylalanine have been continued 
too long, persistent failure to gain weight, negative nitrogen balance, 
and, in some cases, death ensue. The skin is particularly sensitive: 
Alopecia occurs in mild deficiency, but in more severe cases a fiery red 
rash or exfoliative dermatitis develops, starting in the diaper area and 
spreading to the intertriginous folds. Lethargy, vomiting, and general 
misery are conspicuous (Woolf, 1963); and bone changes have been re
ported (Murdoch and Holman, 1964). Vitamin deficiencies, however, 
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may have caused some of these symptoms, as well as other manifesta
tions (Wilson and Clayton, 1962). 

In the management of "maple syrup urine disease," an inborn error 
of the metabolism of the branched-chain amino acids, regulation of in
takes of leucine, isoleucine, and valine, has prevented the adverse mani
festations of the disease as well as any signs of deficiency of these amino 
acids (Snyderman et al., l964b). When methionine intake was drastically 
curtailed in an attempt to reduce what was mistakenly thought to be a 
marked elevation in its plasma level, prompt and prolonged cessation of 
growth, but no other adverse manifestation, occurred. 

Secondary and induced malnutrition Management of pediatric dis
orders, notably diarrhea, often requires discontinuation of oral feedings 
and maintainenance of water, electrolyte, and glucose intake by the in
travenous route. Reintroduction of oral feeding within 2 or 3 days, 
however, is usually advisable. When, because of necessity or excessive 
caution, feedings are withheld for longer periods, manifestations of 
acute protein deficiency may appear. Attempts at prolonged intravenous 
feeding, providing water, electrolytes, and glucose in generous amounts, 
can lead to hepatic steatosis, hypoalbuminemia, and salt retention, as 
well as development of edema. If amino acids are given intravenously, 
such manifestations can be prevented, assuming that there is no inter
ference with protein synthesis (Wilmore and Dudrick, 1968). 

Among the most "labile" of proteins are those of the pancreas and 
small intestine. Dietary protein deficiency results in a marked fall in the 
output of pancreatic enzymes and a failure of intestinal mucosal cells to 
regenerate (Bowie et al., 1965). The latter leads to a loss of absorptive 
surface and intestinal enzymes, particularly lactase. Full feeding may 
cause steatorrhea, decreased absorption, and diarrhea due to temporary 
disaccharide intolerance, particularly to lactose. Protein hydrolysates 
and nonlactose sugars will usually be well tolerated. Cautious introduc
tion of diluted milk, allowing time for regeneration of mucosal cells, is 
also likely to meet with success. 

A variety of intestinal malabsorption syndromes, resulting in in
adequate digestion and absorption of protein, can cause protein de
ficiency. Incomplete digestion of starch and fat, with consequent 
caloric insufficiency, can lead to poor utilization of absorbed protein. 
A kwashiorkor-like picture has been described in infants with cystic 
fibrosis of the pancreas who were fed human milk or soybean milk 
(Fleisher et al., 1964). Changing to cow's milk, with its higher protein 
content, or adding pancreatic enzymes to the soybean milk, has resulted 
in satisfactory digestion of protein. 
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Prolonged use of adrenal cortical hormones profoundly affects pr~ 
tein metabolism. Although favoring the synthesis of the same vital pr~ 
teins that are maintained during periods of caloric insufficiency (e.g., 
liver protein), these hormones cause increased catabolism and decreased 
synthesis of muscle and other tissue proteins, resulting in an unfavorable 
effect on growth and decreased nitrogen retention. 

The role of infection Infections play a significant role in the etiology 
of most cases of severe protein deficiency. Repeated episodes of gastro
intestinal infection act in a variety of ways: Intake may decrease from 
anorexia and vomiting and the therapeutic withholding of food; the loss 
of nutrients may occur in diarrheal stools; utilization of protein may 
be impaired owing to systemic infection. Pyelonephritis, pulmonary 
tuberculosis, and other chronic bacterial infections interfere directly 
with protein synthesis and indirectly by increasing energy expendi~ 
ture. Systemic viral infections profoundly alter the direction of pr~ 
tein synthesis in almost all cells toward the replication of virus pr~ 
tein. Measles is particularly important in the etiology of kwashiorkor 
(Scrimshaw, 1964). 

The Adult 

Most of the secondary or ,induced protein deficiency syndromes in 
children also occur in adults, but considerably less frequently. There 
are only four important syndromes in which evidences of protein deple
tion are prominent and in which dietary protein deficiency appears to 
play a role. These are hunger edema, kwashiorkor, pellagra, and nutri
tional liver disease. Only one of these, nutritional liver disease, is of any 
consequence today among adults in the United States. 

Hunger edema During and following World War I, in association with 
the extreme malnutrition existing in central Europe, observers came to 
recognize edema as a familiar accompaniment of semistarvation (Keys 
et al., 1950; McCance, 195 1 ). They soon demonstrated decreases in 
plasma protein concentrations; reductions in the albumin fraction of 
the serum were particularly prominent. During the 1920's and 1930's 
the concept that protein depletion and hunger or starvation edema were 
virtually synonymous was generally taught and accepted. 

With the advent of World War II and the recurrence of mass semi
starvation, the problem of the relation of dietary protein deficiency to 
edema again came into prominence; consequently, it received pointed 
study in its naturally occurring form and in human volunteers in the ex-

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


118 G. G. GRAHAM 

perimentallaboratory (Keys et al., 1950). Such investigations clearly 
indicated that the problem in man was not nearly so simple as had been 
thought. A number of important factors, some of which appeared to be 
more significant than dietary protein deficiency, were singled out and 
studied. In essence, it is now clear that in a given case of edema ass~ 
ciated with energy and protein malnutrition, one or more of the fol
lowing factors may operate: a general increase in body fluid that in part 
replaces lost fat and cells; salt intake; posture; tissue tensions; vascular 
permeability and introvascular pressure; renal function; hormonal 
effects; and intake of nonprotein nutrients, particularly the total energy 
intake. Varying degrees of protein depletion play a role, as well, in the 
deranged metabolism of water. 

Kwashiorkor The clinical picture of kwashiorkor, so often seen in 
small children, is seldom seen in adults, probably because of simulta
neous severe energy deficiency and the lesser protein requirements of 
the mature individual. It has been described in association with chronic 
debilitating diseases, particularly chronic malabsorption, in adolescents 
with chronic infection, and in lactating women (Viteri et al., 1964). 

Pellagra A relation between high-maize diets and pellagra has been 
recognized for more than a century. The low level of tryptophan in 
maize and the possibility that some of its niacin may not be available 
are of undoubted importance. Some rice diets, however, even lower in 
their tryptophan and niacin contents, are much less often pellagragenic. 
This suggests at least one other significant factor in maize, which may 
well be the unavailability of "bound" niacin (Goldsmith, 1964) or its 
elevated content of leucine (Raghuramulu et al., 1965). Of primary im
portance in any pellagragenic diet, however, is the relation of total 
energy to niacin equivalents, either as the vitamin or as tryptophan 
(Goldsmith, 1965). In the United States, the alcoholic, who consumes 
little or no animal protein but relies on cornmeal or grits for his major 
supply of protein, will often develop pellagra. Those patients with carci
noid tumors of the intestine, who develop pellagra as a result of the 
markedly increased production of serotonin from tryptophan, are of 
special interest. 

Nutritional liver disease Increasing evidence has been accumulating on 
the role of nutritional factors in the pathogenesis of liver disease in man. 
It is difficult, however, to translate from carefully controlled laboratory 
observations to the complex bioch~mical and structural alterations that 
are observed in the human disease. The main benefit of the experimental 
studies has been to focus attention on nutritional liver disease; as are-
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suit, intensive biochemical and anatomical (biopsy) studies have been· 
carried out during life and careful observations of the structure of the 
liver in health and disease have been reported. Undoubtedly, protein 
deficiency in man can lead to liver dysfunction, although the precise 
pathogenesis is not always clear. 

Nutritional liver disease is often seen in alcoholics whose diets are 
poor; less frequently it occurs in individuals who are losing or destroy
ing protein at an abnormal rate or are failing to synthesize adequate 
amounts of protein for a variety of reasons. The typical alcoholic may 
maintain an adequate energy intake, while his ingestion of essential 
nutrients, particularly protein, is exceedingly low. A considerable body 
of evidence suggests that there is an interplay between nutritional defi
ciency and a specific toxic effect of alcohol (Hartroft and Porta, 1966). 
The following syndromes, which merge together, may be encountered: 
simple fatty liver disease, fatty liver disease with hepatic failure, and 
nodular or Laennec's cirrhosis (Popper and Schaffner, 1957). 

Simple fatty liver disease is frequently discovered incidentally in a 
known alcoholic or in an individual who, upon questioning, proves to 
be one. Except for an enlarged liver, which upon biopsy is shown to 
contain much fat, relatively little else may be found. If the individual 
is returned to a normal diet, the fat disappears from the liver and does 
not return, unless the diet again becomes inadequate. 

If such a fatty liver persists for any length of time, one may expect 
to find evidence of hepatic functional changes-increased bromsulfo
phthalein retention, for example-and a rise in such indices as serum 
bilirubin and hypoproteinemia. At this stage, the individual may well 
begin to show acute liver failure, which appears to be aggravated by an 
infection. When severe hepatic insufficiency has developed, the course 
of the disease is difficult to reverse, and death frequently ensues. 
Autopsy will reveal an excessively fatty liver, which may or may not 
show fresh necroses and which usually displays relatively little excess 
connective tissue. 

The third, cirrhotic, type develops initially as a fatty liver in which 
connective tissue slowly proliferates and interferes with circulation. 
This process further damages the liver cells. Moreover, since blood flow 
is obstructed, the increased pressure in the portal system leads to de
rangements elsewhere, particularly the formation of collateral venous 
channels and ascites. Liver failure may be the cause of death, or it may 
result from rupture of an ~sophageal varix, infection, or general debility. 

In patients whose liver disease is of the first type (simple fatty liver 
disease), diet therapy is usually effective. A return to normal diet is 
sometimes effective before failure has occurred in the second group, 
though frequently all therapy is of no avail. When cirrhosis has de-
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veloped, one may expect merely to arrest the development of the dis
ease, since little can be done to alter the pattern of connective tissue in 
the liver. Hence adequate diet is indicated. 

In nutritional liver disease, the role of protein is particularly difficult 
to evaluate. The decreased concentration of some plasma proteins, par
ticularly albumin and the 13-lipoproteins that are responsible for lipid 
transport out of the liver are indicative of protein disturbance. Some of 
this is doubtless due to insufficiency of amino acids for protein manu
facture; much doubtless results from decreased formation of protein by 
a diseased liver. 

Specific amino acid deficiencies With the exception of the tryptophan 
deficiency that contributes to the development of pellagra and the pos
sible role of methionine deficiency in nutritional liver disease, no other 
known instances of naturally occurring specific amino acid deficiencies 
can be identified, as such, in adult man. Manifestations of extreme irri
tability and fatigue, as well as a markedly negative nitrogen balance, de
veloped promptly in all subjects who had isoleucine withdrawn from 
their diet under experimental conditions (Rose et al., 1951; Swendseid 
and Dunn, 1956). 

DEFICIENCY IN EXPERIMENTAL ANIMALS 

Much knowledge concerning the role of protein and amino acids in 
nutrition has been obtained from studies of deficient states associated 
with deprivation of a particular material under study; information is 
available concerning experimental animals, particularly the rat, in which 
deficiency may be produced at will by dietary restriction. Caution must 
be exercised in drawing comparisons between artificially produced, 
single-nutrient deficiency states and naturally occurring, multiple
nutrient deficiency syndromes; only recently have close approximations 
of the latter been produced in experimental animals (Platt et al., 1964; 
Pond et al., 1965). Protein deficiency must be studied from two stand
points: quantity and quality. As for quantity, protein deficiency as a 
whole will be discussed; to consider quality, the effects of deprivation 
of single amino acids must be delineated. 

When the protein intake of an experimental animal is restricted, cer
tain biochemical and anatomical changes may be observed that reflect 
alterations in the protein composition of the cells and their extracellular 
products. Changes in the latter indicate biochemical lesions in the for
mer, and thus serve as an index with which to assess cellular function. 
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If the experimental subject is growing, growth may be retarded or cease 
completely, or weight loss may occur. If the subject has attained its full 
growth, weight loss only may be encountered. If the animal has reached 
sexual maturity, reproductive activity, in both the male and the female, 
may be reduced or completely eliminated. 

It is important to distinguish the precise effects of protein deficiency 
per se from those of energy restriction .. Many recent studies have been 
carried out with this in mind and are particularly valuable for the light 
they throw on human protein depletion syndromes. The classical works 
in this field are The Effects of Inanition and Malnutrition upon Growth 
and Structure, by C. M. Jackson (1925), and The Biology of Human 
Starvation, by Keys et al. ( 1950). 

A critical issue in experimentation is the matter of controls. Three 
methods have been utilized in the studies of dietary deficiency: (a) ad 
libitum feeding, (b) paired feeding, and (c) paired weight-gain feeding. 
Each method has its value, depending on the type of information sought. 
To compare structural alterations in the tissues, when it is important to 
detect the nonspecific effects of inanition, the paired weight-gain tech
nique is preferable. Metabolic changes, the result of food restriction 
itself, must also be taken into account (Suttie, 1969). 

Finally, it is important to recognize that the degree of deficiency that 
is produced may have an important bearing on the appearance and 
course of pathological changes. Acute, complete protein deficiency 
leads to relatively little change other than growth failure and atrophy of 
the tissues. On the other hand, less severe forms of deficiency, which 
may permit some biochemical activities as well as growth and reproduc
tion of certain tissues, may provide much more information with respect 
to the metabolism and structure of cells and their extracellular products. 
In most animals a prompt decrease in the intake of a protein-free diet 
or one that is imbalanced with respect to its amino acid content will 
occur, thus imposing the effects of caloric deprivation on the changes 
observed. When animals are force-fed, the effects of deficiency of pro
tein or specific amino acids can be more effectively observed. Although 
the rat will control its energy intake and thus make it difficult to pro
duce a protein or amino acid deficiency, the pig, like the human, will 
continue to consume an inadequate diet. 

Body Size and Composition 

Animals fed on low-protein diets grow more slowly than do littermates 
on high-protein ones. The deprived animals consume less energy than a 
normally growing animal of the same age. If protein without extra 
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calories is added to a low-protein diet, it promotes linear growth rela
tive to body weight; the addition of extra carbohydrate without extra 
protein results in more gain in body weight than in bone growth; the 
latter may even be retarded. The organ weights of protein-deficient ani
mals, as percentages of body weight, are more like those of younger 
animals of the same weight than those of a normal animal of the same 
age. In most forms of malnutrition, the proportion of water in the body 
is slightly increased. Body water content as high as 80 percent has been 
found in pigs fed a low-protein diet with supplemental carbohydrate 
(Platt et al., 1964 ). Chickens fed diets of varying protein value demon
strated parallel variations in body composition, which, interestingly 
enough, were clearly reflected in the concentration of serum proteins, 
particularly the albumin fraction (Thomas and Combs, 1967). These 
observations should help establish the value of serum protein measure
ments in man as an index of protein nutriture. 

Skeleton 

As indicated above, growth of the protein-depleted organism may de
crease sharply; hence, the skeletal tissues may reflect profound altera
tions (Follis, 1949; Frandsen et al., 1954; Platt and Stewart, 1962). 
Depending on the severity of the deficient state; retardation of cell 
proliferation in the epiphyseal or costal cartilages will be retarded. 
These areas are a critical index of the nutritive status of the organism. 
The changes that take place in cartilage are not specific and differ in no 
way from those that occur as the result of restriction of energy intake 
or of deficiencies of any one of many nutrients. Because osteoblastic 
activity is greatly retarded, relatively little formation of periosteal and 
endosteal bone may be observed. In addition to the cessation of bone 
growth, the skeleton becomes rarefied. The latter sign also is observed 
in the adult whose endochrondral bone growth has ceased (Estramera 
and Armstrong, 1948). Evidences of disturbance in activity of the cells 
of the peridontal tissues and of the teeth themselves may be observed 
in protein-depleted animals (Hunter, 1950). Diets of cereal alone are 
more cariogenic than the same diets supplemented with high-quality 
animal protein (Dodds, 1964 ). 

Connective Tissue Cells 

The fibroblast, a cell closely related to those of cartilage and bone, is 
responsible for the elaboration of an important fibrous protein, col-
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lagen. One way of studying the activity of fibroblasts is to observe 
the formation of new collagen during the healing of artificially pro
duced wounds. In severely protein-deficient animals, wound healing is 
markedly affected by the failure of collagen synthesis (Udupa et al., 
1956). 

Reproductive Tract 

In view of the effects on reproductive activity, the discovery of atrophy 
of tubules in the testes and impaired maturation of follicles in the 
ovaries of protein-deficient animals is not surprising (Nelson and Evans, 
1953). Also, limited development of the various accessory sex organs 
would suggest that sex hormone production is reduced. 

Endocrines 

In association with changes in the gonads, alterations have been noted 
in other endocrine glands. The hypophysis and thyroid (Keys et al., 
1950), for example, may atrophy; on the other hand, the cortex of the 
adrenal may thicken (DaCosta and Clayton, 1952). Such changes are 
associated with an overall diminution in the amount of lymphoid tissue, 
including reduction in size of the thymus, lymph nodes, and spleen 
(Follis, 1958). Abnormalities in the anterior part of the hypophysis of 
protein-calorie deficient pigs (Platt eta/., 1964) include vacuolation of 
cells and loss of cytoplasm, as well as a crowding together of nuclei 
that makes identification of different cells difficult. The islet cells of 
the pancreas in protein-calorie-deficient pigs are crowded together, and 
the granules of the j'j-cells are decreased. The follicular cells of the thy
roid glands are predominantly fat and elongated and have very few drop
lets within the cytoplasm, the colloid is mainly acidophilic, and few 
Aron vacuoles are present (Keys et al., 1950). 

Skin 

Pigs maintained on protein-calorie-deficient diets have an unkempt 
appearance; their hair is sparse, fine, and long; their skin, dry and scaly, 
wrinkled and cracked. The dermis of deficient animals is disorganized, 
and the collagen is foamy and broken up with many, probably edema
tous, spaces. Fibroblasts are shrunken and histiocytes are increased. 
Similar changes have been reported in the rat, as well as changes in the 
amino acid composition of hair (Platt et al., 1964). 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


124 G. G. GRAHAM 

Eye 

McLaren ( 1958) fed rats from weaning to 6 months of age on diets with 
different protein values and found that, even on a cassava diet, the 
weight of the eyeball was only about 25 percent less than that of well
fed litterrnates. The proportions of water to dry matter did not vary. 
He also noted cataracts in pigs that had been maintained on diets low in 
protein for longer than 1 year (McLaren, 1959). The fibers of the lens 
were swollen and separated by vacuoles; later they degenerated, and the 
interfibrillar clefts filled with an amorphous deposit. Vascularization of 
the cornea appeared in rats given diets containing 3 percent or less of 
vegetable protein. The corneal epithelium reduced in thickness, and 
some keratinization of the superficial layers occurred. 

Pancreas 

The granular epithelial cells of the pancreas in protein-depleted animals 
exhibit a decrease in the amount of cytoplasm and a reduction in the 
number of granules that represent their secretory product (Grossman 
et al., 1943). Monkeys tube-fed a protein-free diet exhibited atrophy of 
acinar cells in the pancreas (Deo et al., 1965). Rabbits given a protein
deficient diet experienced acinar cell atrophy and a marked decrease in 
zymogen granules, in basal vacuoles, and in the various types of auto
phagic bodies, as well as a measurable loss of acid phosphate (Lazarus 
and Volk, 1965). 

Gastrointestinal Tract 

Epithelial cells in scrapings from the buccal mucosa of protein-deficient 
pigs and dogs stain poorly and are distorted and fragmented when com
pared with cells from normal animals (Squires, 1963). Animals given a 
protein-free diet (Nasset, 1964) lost nitrogen from the stomach and 
pancreas more rapidly than fasted animals. Both groups lost nitrogen 
from the liver at about the same rate, but those fed a protein-free diet 
lost much less nitrogen from the small intestine, and recovery of nitrogen 
was most rapid when an adequate diet was reinstated. This paradoxical 
situation is probably due to utilization by the small intestine of 
amino acids released from the gastric and pancreatic secretions dur-
ing the initial phase of protein depletion. The intestines of protein
calorie-deficient animals appear to be of small diameter, and the mu
cuous and muscle coats are thin. The tips of the intestinal villi are in 
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some instances bare of epithelial cells. Protein-deficient rhesus monkeys 
(Deo and Ramalingaswami, 1964) showed a marked decrease in absorp
tion of vitamin 8 12 , in association with atrophy of the gastrointestinal 
mucosa, that was correctable by the administration of gastric juice. 

Kidney 

The renal cells in protein-deficient rats become atrophic, with no other 
particularly striking change (Jackson, 1925; Keys et al., 1950). 

Nervous Tissues 

Changes in the appearance of the nerve and neuroglial cells have been 
observed in the spinal cord, medulla, and pons of protein-calorie defi
cient animals. The effects are less severe and more irregular at the 
higher levels of the brain. Alterations include chromatolysis, "foaming" 
of the cytoplasm, and an increase in the oligodendroglial nuclei, which 
are often clustered around damaged cells (Platt et al., 1964). Activation 
of astrocytes, with an accompanying increase in the number and cal
ibre of the astrocytic fibers, and, in the more severe cases, severe cell 
changes, neuronal loss, and heavy fibrous gliosis also occur. The neuro
fibrillar arrangement within the nerve cells becomes disorganized. Nei
ther degeneration of myelinated fibers nor excess of fat are apparent. 

The level of energy intake and the proportion of protein in the diet 
were found to influence the incidence of spontaneous chromophobe 
adenomas of the anterior pituitary of the male rat. Three purified diets, 
differing only in the energy-protein ratio, were employed. Each was 
provided throughout postweaning life, either ad libitum or in restricted 
but isocaloric amounts. Under restricted conditions, tumor prevalence 
related directly to the level of protein in the diet (Ross et al., 1970). 

In a study reported by Barnes et al. ( 1970), baby pigs were malnour
ished for a period of 8 weeks by restricting protein or energy intake in 
order to study behavioral changes that occurred during and long after 
nutritional rehabilitation. The nutritional conditions that caused the 
greatest change in behavioral development resulted from feeding a diet 
very low in protein from the 3rd through the II th week of life. 

Dobbing ( 1970) has summarized pertinent recent research dealing 
with the effects of protein and energy restriction on the central nervous 
system of growing experimental animals. Major emphasis centers on the 
effects of myelin formation and its lipid composition and on the role of 
the timing of malnutrition on cell number and size in the different re-
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gions of the brain. Of particular interest is the study of rehabilitated 
animals, showing the disappearance of compositional changes but the 
persistence of deficits in cell numbers and brain size, the latter being 
proportional to deficits in body size. Persistent functional and behavioral 
abnormalities have also been documented. 

Muscle 

Atrophy of cardiac, skeletal, and smooth muscle fibers appears in 
protein-depleted animals (Keys eta/., 1950). In protein-depleted rats, 
incorporation of amino acids increased in the liver but decreased in 
muscle. Concomitantly, the activity of amino acid activating enzymes 
increased in liver and decreased in muscle (Gaetani eta/., 1964 ). Also, 
increased sodium and decreased potassium content, similar to that of 
malnourished infants, has been found. 

Another study compared the amino acid-incorporating activity of 
cell-free preparations from skeletal muscles of rats that were fed a 
protein-free diet for several days to that of rats that had received a meal 
adequate in protein following protein starvation. Both microsomal and 
ribosomal preparations from animals fed a protein-free diet for 4-6 days 
showed decreased amino acid-incorporating activity. Administration of 
a single meal of protein enhanced this activity, which was more pro
nounced with ribosomal (35-65 percent) than with microsomal prepa
rations (I 5-40 percent). Incubation of the cell-free preparations with 
cell sap devoid of low molecular-weight components increased the 
ability of the microsomes and ribosomes to incorporate amino acids 
into protein. The monosomes were apparently reutilized for polypep
tide formation. The data indicated that, although the activity of the 
animals' systems decrease after protein starvation, the functional sites 
for polypeptide formation remain fully intact (von der Decken and 
Omstedt, 1970). 

Bone Marrow and Blood Cells 

Among the most intensively studied effects of protein depletion is de
crease in hemoglobin production and, hence, in the number of red 
blood cells (Madden eta/., 1945). The decrease in erythropoietic ac
tivity in protein-starved animals has been related to a decreased produc
tion of erythropoietin (Reissmann, 1964 ). Recent studies of special 
interest demonstrate that the anemia of malnutrition is often an adap
tive process. hemoglobin mass being a function of metabolically active 
protoplasm (Stekel and Smith, 1969). 
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Liver 

Microscopic examination of the cells of the liver from protein-deficient 
animals may reveal, in the first few days, more fat than normal 
(Kosterlitz, 1947). The RNA content falls subsequently; hence, the 
amount of basophilic material in the cytoplasm decreases. As might be 
expected, changes in the concentrations of numerous enzymes are 
demonstrable (Knox eta/., 1956). Finally, decreases in the concentra
tions of fibrinogen, albumin, and some of the globulin fractions occur 
and may become marked (Miller, 1948). In the first month of protein 
depletion in the dog, the fractional loss of plasma proteins approxi
mately equals that of whole body protein; but, in the second month, 
the loss of plasma proteins is proportionately much greater. Thus, 
plasma protein concentrations usually remain constant the first month 
and then drop sharply (Garrow, 1959). 

The distribution of protein among the tissues of animals depleted of 
protein is the same as in the normal animal, except for a higher relative 
content in the brain of the depleted animal (Waterlow, 1959). When 
labeled methionine was administered to protein-depleted and normal 
animals, more of the label was found in the liver and less in the brain, 
muscle, carcass, and skin of depleted than of normal animals. In both 
groups, approximately equal amounts were found in visceral organs 
other than the liver. These studies suggest an increased rate of protein 
synthesis in the liver of the depleted animals. In animals fed a protein
free diet for prolonged periods of time, neutral glycerides and choles
terol in the liver were elevated for up to 8 weeks, then decreased to 
normal or below normal by 14 weeks (Williams and Hurlebaus, 1965). 

Utilizing rats, investigators examined the hypothesis that fatty liver 
in protein malnutrition stems from a deficit in the availability of the 
protein moiety of low-density lipoproteins. Results of these studies 
strongly suggest this to be true, the impaired rate of synthesis of the 
lipoprotein causing triglycerides to accumulate in the liver (Flores eta/., 
1970). Also, a significant increase in the average DNA content of the 
liver cell nuclei and of the liver of rats on protein-deficient diets may be 
due to polyploidy, resulting from normal DNA synthesis but with 
blocked mitoses (Umana, 1965). 

The livers of protein-energy-deficient pigs (Platt eta/., 1964) are 
often yellow-brown, have well-marked lobules, and are extremely 
friable. Histological changes begin in the periportal area and spread, 
with increasing severity and duration of the protein deficiency, to the 
center of the lobules. The most obvious change is the vacuolated and 
angular appearance of the cells; the cytoplasm is broken up by the ac-
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cumulation of glycogen and fat and loses much of its basophilia. The 
cells appear to be enlarged, and the sinusoids are relatively narrow. 
Some nuclei are enlarged and hypochromatic, others are small and 
hyperchromatic ; most appear to be of normal size. and to have only one, 
large, prominent nucleolus. Karyolysis occurs in the most severely af
fected livers, which also exhibit small necrotic areas. Fibrosis is not con
sistently present. Increasing the caloric intake of malnourished rats 
causes an increased deposition of fat ; restricting the calorie intake, even 
when this involves overt protein deficiency, reduces the amount of fat 
and glycogen (Sidransky and Clark, 1961 ). 

Immune Responses 

A complicated, though important, consequence of protein deficiency is 
its effect on the immune reaction. Animals consuming protein-deficient 
diets have demonstrated decreases in antibody titer and alterations in 
the natural course of experimental infections (Cannon, 1945; Dubos 
and Schaedler, 1958). The response is even more complex when the in
fectious agent is a virus (Sprunt and Flanigan, 1956). In adult rats, titers 
of antibody but not of complement of properdin significantly decreased 
during protein depletion (Kenney eta/., 1965). 

Other workers have measured agglutinins and hemolysins in serum 
and antibody-forming cells in the spleens of adult male rats depleted of 
protein and then repleted with diets containing 5-l 0 percent of protein 
from rice or rice in combination with other proteins or crystalline amino 
acids. They then immunized the rats with sheep erythrocytes. Circu
lating antibodies generally paralleled counts of antibody-forming cells 
in the spleen. Increasing the concentration of dietary protein increased 
the weight of the spleen and the number of antibody-forming cells 
(Piedad-Pascual eta/., 1970). 

AMINO ACID DEFICIENCY IN EXPERIMENTAL ANIMALS 

Studies of deficiencies of each of the essential amino acids in animals 
have shown few responses other than the nonspecific effects of protein 
deficiency already described. They have revealed alterations in all of the 
anatomical areas mentioned in the preceding sections. 

Tryptophan 

In addition to a host of nonspecific effects, tryptophan deprivation 
leads to the following: niacin deficiency, alopecia, and loss of pigment 
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in incisor teeth (Albanese and Buschke, 1942) and necrosis of muscle 
and fatty liver (Adamstone and Spector, 1950). How many of these 
manifestations are due to nicotinic acid deficiency rather than to depri
vation of tryptophan per se is not always clear. As for the fatty infiltra
tion of the liver, tryptophan deficiency is one of several amino acid 
deficiencies leading to this change, which affects primarily the peri
portal parts of the hepatic lobule and contrasts with the centrolobular 
distribution of fat in choline deficiency. In the very young chicken, 
tryptophan deficiency inhibits growth of such tissues as connective 
tissue and cartilage (Gordon, 1964). Reference has already been made 
to the role of tryptophan in ribosomal aggregation (Fleck eta/., 1965). 

Lysine 

Deprivation of lysine leads to two specific changes in the rat: achro
motrichia (Vohra and Kratzer, 1956) and periportal fatty liver (Singal 
eta/., 1953). Gray ( 1963) has demonstrated increased mortality from 
infections with anthrax bacillus in moderately deficient rats, possibly 
because of decreased function of the reticuloendothelial system. In 
young rats force-fed a lysine-deficient diet, the following occurred: In
creased lipid and glycogen in the liver; atrophy of the pancreas, salivary 
glands, and spleen; and no change in the stomach (Sidransky and 
Verney, 1964). 

Isoleucine 

Studies of isoleucine-deficient rats revealed necrosis of the skeletal 
muscle (Scott, 1956). In young rats force-fed isoleucine-deficient diets 
(Sidransky and Verney, 1964) changes resembled those seen in histidine, 
phenylalanine, threonine, and valine deficiency: increase in fat and gly
cogen content in the liver; some pancreatic atrophy; and some shrinking 
of salivary glands, stomach, and spleen. Observations in other similar ex
periments (Lyman eta/., 1964a) included an increase in acetate incor
poration, a decrease in linoleic acid content, and an increase in the pal
mitic acid content of the liver. Glycogen also markedly increased. These 
studies, in contrast to those on choline-methionine deficiency, in which 
the defect appeared to be a block in fat transport from the liver, suggest 
that fatty acid synthesis increased in the liver during isoleucine deficiency. 
Further studies have revealed increased concentration of liver triglyceride; 
increased proportion of palmitic, stearic, and oleic acids; decreased pro
portion of linoleic and arachidonic acids; no impairment of lipoprotein 
synthesis; and some impairment of removal of liver triglycerides (Lyman 
eta/., 1964b). Liver polysome patterns of rats fed isoleucine- or threo-
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nine-deficient diets resemble those induced by tryptophan-deficient diets 
(Pronczuk et al., 1970). 

Threonine 

In young rats force-fed a threonine-deficient diet, the same changes 
were observed as in those fed an isoleucine-deficient diet (Sidransky and 
Verney, 1964). The livers of rats fed diets lacking threonine showed an 
accelerated rate of incorporation of amino acids into protein, which is 
related to enhanced ribosomal activity (Sidransky et al., 1964 ). 

Methionine 

Methionine is a precursor of cystine; lack of it will give rise to 
methionine- and cystine-deficient states unless cystine is added to the 
diet. The presence of adequate dietary cystine aggravates the fatty liver 
caused by combined choline and methionine deficiency (Follis, 1958), 
probably due to the stimulation of growth. The increased liver triglyc
erides and decreased serum lipids in choline-methionine deficiency are 
probably due to decreased ability to transport lipid from liver to the 
blood. In the presence of choline, methionine deficiency results only in 
depressed formation of hemoglobin and plasma proteins. With subopti
mal amounts of methionine in the diet and no added cystine, acute 
necrosis of the liver occurs (Glynn et al., 1945). This situation is made 
worse by lack of tocopherol (Gyorgy and Goldblatt, 1949) and of 
selenium (Schwarz and Foltz, 1958). 

In young rats force-fed a methionine-devoid diet, liver lipids increase 
and a slight decrease in body weight and protein content of skeletal 
muscle occurs (Sidransky and Verney, 1964). Weight loss, unkempt fur, 
hyperirritability, and porphyrin staining about whiskers and forepaws 
are evident in adult male and female rats force-fed a methionine
deficient diet (Lyman et al., 1964b). Observers also noted markedly 
increased liver triglycerides and markedly decreased glycogen, but found 
little evidence of effect on liver weight, phospholipids, nitrogen, and 
cholesterol. The total liver lipid of the female, however, was markedly 
increased; that of the male only questionably so. The female rats ex
hibited a questionable decrease in incorporation of acetate into the liver 
lipid and, as compared to the male, a greater increase in the proportion 
of linoleic acid (probably the result of accumulation of dietary fat or 
fatty acids from adipose tissue) and decrease in palmitic acid. Also, 
serum cholesterol and phospholipids of the female, but not of the male, 
were decreased. In contrast to isoleucine deficiency, methionine lack 
caused no change in acetate incorporation. 
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Valine 

Convulsions have been reported in rats whose diets were deficient in 
valine (Rose and Epstein, 1939; Ferraro and Roizin, 1947). Valine
deficient diets force-fed to young rats produced changes similar to those 
seen in rats force-fed histidine-, isoleucine-, phenylalanine-, and 
threonine-deficient diets (Sidransky and Verney, 1964 ). 
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A.E. HARPER 

Effects of Disproportionate 
Amounts of Amino Acids 

The proportions of amino acids in diets usually differ from the propor
tions required by the body; yet adverse effects other than low efficiency 
of nitrogen utilization, are uncommon. Nevertheless, adverse effects 
have been observed in experimental animals consuming diets contain
ing disproportionate amounts of amino acids, usually much greater than 
would be encountered in nature. Such effects might be anticipated 
when homeostatic mechanisms regulating amino acid concentrations in 
body fluids are deficient or defective, or are artificially overloaded. 
This situation could well occur in human subjects whose ability to han
dle an amino acid load is impaired because of liver damage, malnutrition, 
or a genetic defect of amino acid metabolism. Therefore, observations 
from studies on experimental animals and the limited information from 
human studies have been examined in an effort to assess the likelihood 
of similar effects resulting from the use of amino acid supplements. 

Information about adverse effects from ingestion of diets containing 
disproportionate amounts of amino acids has been reviewed recently 
(Harper et al., 1970), as has information about the pharmacology 
(Milne, 1968) and toxicology of amino acids (Harper, 1966, 1973). The 
1970 review provides considerable detail about animal studies and an 
extensive bibliography; the others place more emphasis on observations 
of human subjects. The material presented here is condensed in large 
measure from two of those (Harper et al., 1970; Harper, 1973). 
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Adverse effects, ranging from moderate depressions of food intake 
and growth to the development of pathological lesions and low survival 
rates, have occurred in animals consuming an excessive amount of a 
given amino acid, the most severe effects occurring in young growing 
animals fed a low-protein diet containing an inordinately large amount 
of one amino acid. Depressions in food intake and growth, usually less 
severe than those resulting from excessive intakes of particular amino 
acids, have also been observed in animals fed diets low in protein and 
containing a more general disproportion of amino acids in relation to 
the requirements for normal growth and maintenance. The severity of 
the adverse effects varies not only with the nature and degree of the 
amino acid disproportion but also with the nutritional adequacy of the 
diet and with the age and physiologic state of the animal. 

In normal human subjects who have been administered large doses of 
individual amino acids, any adverse effects have usually been mild. How
ever, mental deficiency is commonly associated with metabolic defects 
of amino acid metabolism that result in prolonged accumulation of an 
amino acid in body fluids. 

TYPES OF ADVERSE EFFECTS 

Adverse effects in animals resulting from the ingestion of diets contain
ing disproportionate amounts of amino acids have been attributed to 
(a) toxicities, (b) antagonisms, and (c) imbalances (Eivehjem, 1956; 
Harper, 1956). Because different authors have used these terms in dif
ferent ways, the following definitions will apply to this report. 

Toxicity 

The term "amino acid toxicity" includes adverse effects of varying de
grees resulting from ingestion of large quantities of individual amino 
acids. For example, tyrosine, if ingested in large aJ110Unts by young 
growing rats, is clearly toxic, causing severe eye ana paw lesions, and, 
if ingested in great excess, is lethal (Schweizer, 1947); whereas threonine 
even in great excess, causes only moderate retardation of growth and 
depression of food intake (Sauberlich, 1961 ). 

Antagonisms 

Depressions of growth caused by ingestion of excessive amounts of 
naturally occurring amino acids and alleviated by supplements of struc
turally similar amino acids are attributed to amino acid antagonisms. 
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Two examples have been described: one among leucine, isoleucine, and 
valine (Harper et al. , 1955), and another between lysine and arginine 
(Jones, 1964). The bases for these antagonisms have not been clearly 
established, therefore it should not be assumed that the term implies 
classical antimetabolite action. 

Imbalances 

Adverse effects from surpluses of essential amino acids other than the 
one that is limiting for growth or maintenance are commonly attributed 
to amino acid imbalances (Harper, 1967). This term has been used most 
specifically by investigators of nicotinic acid deficiency, who attributed 
to an amino acid imbalance the depressed growth rate of rats fed a low
protein, nicotinic acid-deficient diet to which a quantity of a tryptophan
deficient protein had been added (Elvehjem and Krehl, 1947, 1955). 
Others have reported many examples of growth depressions caused by 
additions of amino acid-deficient proteins or nutritionally incomplete 
mixtures of amino acids to low-protein diets that contain adequate quan
tities of all vitamins and minerals; these depressions are readily pre
vented by a small supplement of the growth-limiting amino acids 
(Harper, 1958a). In some studies of animals fed low-protein diets, the 
amounts of amino acids observed to cause adverse effects attributable 
to amino acid imbalances have represented as little as one-fifth of the 
requirement. 

It is essential to distinguish clearly between imbalances and defi
ciencies; investigations of deficiencies deal with the effects of an inade
quate intake of an amino acid, unlike imbalances, in which concern is 
with the effects of surpluses of amino acids. An imbalance is distinct 
from toxicity in that the latter term applies to conditions in which an 
adverse effect is due to a large surplus of an individual amino acid. To 
create imbalances, the total quantity of amino acids added may be 
greater than the quantities causing toxicity, but usually no single amino 
acid is included in the diet in an amount that, by itself, would be con
sidered toxic. 

EFFECTSOF EXCESSIVE INTAKES OF 
INDIVIDUAL AMINO ACIDS 

Aromatic Amino Acids 

Effects of excessive intakes of phenylalanine and tyrosine have received 
more attention than have effects of excessive intakes of other amino 
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acids because of the great interest in developing experimental animal 
models of the genetic defects of aromatic amino acid metabolism, alcap
tonuria, phenylketonuria, and tyrosyluria. 

Inclusion of 4 percent or more of phenylalanine in an adequate diet 
(Hier et al., 1944) or in a diet inadequate in protein (Wretlind, 1952) 
depresses growth and food intake of the rat, the severity of the growth 
depression increasing with increasing phenylalanine content of the diet 
(Benton et al., 1956a; Kerr and Waisman, 1967). Growth retardation 
lessens as the quality or the quantity of protein in the diet increases 
(Benton et al., 1956a; Sauberlich, 1961; Harper et al., 1966). 

Elevation of plasma phenylalanine and tyrosine concentrations in 
various species of animals (Sauberlich, 1961; Waisman and Harlow, 
1965; Kerr and Waisman, 1967) and in children (Snyderman et al., 
1968) fed diets high in phenylalanine has been well documented, as has 
elevated plasma concentration and urinary excretion of phenylpyruvate 
(Auerbach et al., 1958; Goldstein, 1961 ). Evidence that a high phenyla
lanine intake causes behavioral changes in rats and monkeys (Waisman 
and Harlow, 1965; Polidora, 1967) and depressed brain serotonin con
centration in rats (Yuwiler and Louttit, 1961) makes this an intriguing 
area for further investigation, because many genetic defects of amino 
acid metabolism result in mental deficiency. 

Rats fed excess tyrosine in a low-protein diet develop redness and 
swelling of the paws, a dark exudate accumulates around the eyes, and 
histopathological changes occur in several tissues (Lillie, 1932; Heuper 
and Martin, 1943). The adult rat is more resistant to tyrosine toxicity 
than the young rat (Schweizer, 1947). Tolerance for tyrosine increases 
as the protein content of the diet is increased (Harper et al., 1966); but, 
if the tyrosine content is 10 percent or more, toxicity appears in rats 
fed an adequate diet (Schweizer, 194 7). Addition of ascorbic acid, 
which is known to be involved in tyrosine metabolism, to a high
tyrosine diet does not prevent signs of tyrosine toxicity (Martin and 
Hueper, 1943); but threonine, some other amino acids, and thiouracil 
or cortisol treatment alleviate signs of tyrosine toxicity in rats fed a 
low-protein diet (Alam et al. , 1967). 

Signs of tyrosine toxicity are associated with high blood and tissue 
tyrosine concentrations (Sauberlich, 1961 ; Alam et al., 1967). Neither 
p-hydroxyphenylpyruvate nor thyroxine causes signs resembling tyro
sine toxicity in rats (Boctor, 1967); the syndrome appears to be due to 
the accumulation of tyrosine itself. 

Phenylalanine and tyrosine administered orally in doses of 20 g/day 
to mental patients apparently did not cause adverse effects (Pollin et al., 
1961 ). A single oral dose of 7 g of phenylalanine given to patients with 
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Parkinsonism and control individuals was cleared from the blood in 4 h 
without any adverse reactions (Braham et al., I 969). 

Tryptophan 

The first amino acid demonstrated to be nutritionally essential (Willcock 
and Hopkins, 1906), tryptophan was also the first shown to be toxic 
when fed in excess to the rat (Hicks, 1926). Ingestion of it in excessive 
amounts (Sauberlich, 1961; Harper et al., 1966) causes growth depres
sion in rats fed a low-protein diet; but, as the protein content of the diet 
is increased, the rats develop a tolerance for it (Sauberlich, 1961; Harper 
et al., 1966; Daniel and Waisman, 1968). 

Cows given an oral dose of D L-tryptophan (0. 7 g/kg of body wt) de
velop interstitial pulmonary emphysema, apparently due to a product 
of ruminal metabolism, because injected tryptophan does not have this 
effect (Carlson et al., 1968). The cow may prove a useful animal model 
for study of this disease. 

Tests involving measurement of urinary excretion of tryptophan 
metabolites after a tryptophan load indicate that man tolerates well in
dividual doses of as much as I 0 g of D L-tryptophan repeated weekly 
for many weeks (Baker et al., 1964). Adult patients tolerated oral doses 
of 2Q-50 mg of tryptophan/kg of body wt ( 1.5-3.5 g/day /70 kg) with
out untoward effects; but this amount, administered with a monoamine 
oxidase inhibitor, produced "intoxication," "drowsiness," and "hyper
reflexia" (Oates and Sjoerdsma, 1960). Schizophrenic patients tolerated 
daily doses of 7-15 g of tryptophan for up to a week; if iproniazid was 
administered at the same time, however, some quite startling behavioral 
changes occurred (Pollin et al., 1961 ). Tryptophan, when administered 
with an amine oxidase inhibitor, such as iproniazid, can be highly toxic 
(Hodge et al., 1964). Patients with Parkinsonism tolerated 8-9 g of 
tryptophan or 100 mg of vitamin B6 daily for several days without 
event, but the two administered together caused rapid deterioration in 
their condition (Hallet al., 1972). However, the administration to 41 
patients with depression of 5-7 g of DL-tryptophan daily for 28 days 
resulted in no adverse effects (Coppen et al., 1967). (The patients were 
given vitamin B6 ; 19 of them also received a monoamine oxidase in
hibitor.) Most showed as much improvement in their condition, as did 
others treated with electroconvulsive therapy. 

Certain tryptophan metabolites have been examined as possible blad
der carcinogens (Bryan, 1971; Yoshida et al., 1971 ). There is no direct 
evidence that tryptophan metabolites produce bladder cancer in man, 
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but animal studies suggest that they may act as cocarcinogens in the 
presence of specific carcinogens. 

Sulfur-containing Amino Acids 

143 

In studies of the relative toxicity of ingested amino acids, methionine 
has consistently proven the most toxic-quantities in excess of 2 per
cent in diets containing 10 percent of protein cause growth reduction in 
the rat (Sauberlich, 1961; Benevenga and Harper, 1967). A dietary ex
cess of methionine appears to increase the requirement for pyridoxine. 
Even a small addition of methionine to a low-protein, pyridoxine
deficient diet reduces the survival of rats (Cerecedo and DeRenzo, 
1950). 

An excessive intake of methionine causes kidney hypertrophy and 
marked changes in the pancreatic acinar cells (Earle et al., 1942), as well 
as severe liver damage. Darkened spleens, caused by marked increases · 
in iron deposition, have occurred routinely in animals fed high
methionine diets (Van Pilsum and Berg, 1950), possibly due to iron ac
cumulation as a result of hemoglobin degradation associated with the 
anemia that occurs (Klavins and Johansen, 1965). Supplements of gly
cine and serine (Benevenga and Harper, 1967) afford partial protection 
against methionine toxicity, apparently by enhancing the rate of oxida
tion of methionine and thereby reducing its circulating concentration. 

Depressed growth characterizes rats ingesting amounts of L-cystine 
in excess of 2.5 percent in a low-protein diet (Sullivan et al., 1932), in 
addition to liver damage and kidney necrosis (Curtis and Newburgh, 
1927; Earle et al., 1942). Higher amounts cause a greater mortality rate 
(Graham et al., 1950). The signs of cystine toxicity distinctly differ 
from those of methionine toxicity, indicating that the latter cannot be 
attributed to excessive formation or accumulation of cysteine or cys
tine. 

In one study, methionine was administered to adult patients with 
liver disease in quantities of 8-20 g/day in divided doses for 3-9 days 
(Phear et al., 1956). In seven patients with portal cirrhosis, neurological 
deterioration occurred in 1-4 days following total doses of 11-46 g of 
methionine. When the liver is damaged, large amounts of either protein 
or amino acids in the diet can cause hepatic coma. However, 10 patients 
who had not previously exhibited neurological complications tolerated 
methionine without evidence of neurological change-1 at 20 g/day for 
3 days and another at 10-14 g/day for 9 days. Methionine tolerance 
was impaired in patients with liver disease. Their blood methionine con-
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centrations remained elevated 4 h following intravenous infusion of 6 g 
of methionine, whereas the blood methionine concentration in three 
healthy subjects had returned to normal by this time. Administration 
of chlortetracycline with methionine largely protected susceptible pa
tients from neurological deterioration, suggesting that the intestinal 
flora may be involved in the toxic effects observed. From a review of 
earlier work and their own studies, Phear et al. ( 1956) concluded that 
therapy with methionine was not beneficial, and could be deleterious, 
to human subjects with liver disease. They did, however, demonstrate 
that subjects without severe liver involvement could tolerate daily 
doses of lQ-20 g of methionine for short periods without adverse ef
fects. Methionine at 20 g/day for 7 days, but not at 15 g/day, also 
caused behavioral changes and some gastric distress in schizophrenic pa
tients (Pollin et al., 1961 ). 

Histidine 

Rats fed a low-protein diet containing as little as 2 percent of L-histidine 
suffer severe growth depression, but their tolerance for histidine in
creases with improvement in either the quality or the quantity of the 
protein in the diet (Salmon, 1958; Harper et al., 1966). Infant monkeys 
fed a high-histidine diet (3 g/kg/day) developed a serum hyperlipemia, 
involving several classes of serum lipids, within 3-4 months (Kerr et al., 
1966). The basis for this effect is unknown, but the observation raises · 
the issue of hitherto unrecognized relationships between amino acid and 
lipid metabolism. 

Histidine has not been studied extensively in human subjects, but 
schizophrenic patients tolerated 20 g/day for a week without evidence 
of distress (Pollin et al., 1961 ). In a recent study (Henkin et al .• in press), 
adult volunteers tolerated up to 32 g of histidine/day for short periods; 
but patients with scleroderma who were given histidine doses of 8-64 
g/day for 2-day periods after 2-day intervals experienced a fall in 
serum-zinc concentration and deterioration of taste acuity. 

Threonine 

Threonine is one of the least toxic of the amino acids (Sauberlich, 1961 ). 
A large intake greatly elevates plasma threonine concentration (Sauber
lich, 1961; Alam et al .• 1966). Homoserine, which is metabolized es
sentially like threonine, is also well tolerated by the rat (Cohen et al., 
1958). The relatively high tolerance of the rat for threonine seems to 
be due to the limited effect of an excess of threonine on food intake 
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(Peng and Harper, 1970) and to the ease of oxidation of threonine 
metabolites. 

Lysine 

145 

Chicks (Anderson eta/., 1951) or rats (Jones eta/., 1966) experience 
retarded growth when lysine comprises about 5 percent of a diet 
marginal-to-low in protein. The effect of excess lysine is moderate rela
tive to that of methionine or tryptophan (Sauberlich, 1961 ). Large 
amounts of lysine (I 0-25 percent of the diet) fed to pregnant rats from 
the 5th to 15th day of gestation increased litter mortality, although sur
viving fetuses suffered no gross malformations (Cobian and Stone, 1961 ). 
Lysine accumulates in plasma proportionately to the dietary excess 
(Zimmerman and Scott, 1965). 

Lysine·HCI has been used as an adjuvant to mercurial diuretics in 
treating refractory edema (Lasser et al., 1960). When 10-40 g/day were 
administered for up to 6 days orally in 4 doses to patients with conges
tive heart failure, occasionally abdominal cramps or diarrhea occurred 
when the dose was high but disappeared when it was reduced. Oral ad
ministration of 300 mg of lysine • HCI /kg of body wt to a normal child 
produced no noticeable effects, but led to coma in a child with lysine
mia, a genetic defect of lysine metabolism (Colombo eta/., 1967). 

Arginine 

Rats fed low-protein diets tolerate a high intake of arginine better than 
high intakes of most of the essential amino acids (Sauberlich, 1961 ). 
Four percent of,L-arginine, fed in a low-protein diet, depresses their 
growth (Harper et al., 1966), but the same amount fed in a diet 
containing an adequate amount of protein causes no adverse effect 
(Jones et al., 1966). Although the tolerance of the rat for arginine is 
greater when the protein content of the diet is increased or if the quality 
of a low-protein diet is improved (Harper et al., 1966), the growth of 
rats consuming an adequate amount of protein is depressed if arginine 
content is increased sufficiently (Schimke, 1963). 

Arginine has been tested, with variable results, as a therapeutic agent 
for controlling blood ammonia concentration in man. N~arian and 
Harper ( 1956) infused 15 patients who had elevated blood ammonia 
with 25-50 g of arginine• HC I per day and observed improved mental 
status and reduced blood ammonia concentrations. Fahey eta/. ( 1957) 
infused 29-39 g of arginine•HCI over a period of 60-120 min into 
patients with liver disease without observing beneficial effects. In 
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another study (Reynolds et al., 1958), patients with hepatic insuffi
ciency were infused intravenously with 30 g of arginine•HCI daily with
out evidence of side effects or much beneficial effect. 

Arginine· HC I has also been used as an adjuvant to diuretics for pa
tients with edema (Ogden et al., 1961 ). Intravenous administration of 
up to 42 g of arginine·HCI daily for as long as 9 days proved to be 
"a safe and effective method of producing hyperchloremic acidosis and 
restoring responsiveness to mercurial diuretics in patients" with fluid 
retention. Single infusions of 30 g have also been shown to induce in
sulin response in healthy women and to be well tolerated (Merimee et al., 
1965). Amounts up to 25 g/day for 10 days administered to 9-12-year
old children with cystic fibrosis (Solomons et al., 1971) appeared to im
prove fat absorption without producing observable side effects. 

Glycine and Serine 

The degree of toxicity or growth depression due to an excessive intake 
of glycine depends upon the amino acid composition and the protein 
content of the diet. When the glycine content of the diet is 5 percent 
or less, the protein content is 10-28 percent, and the vitamin content 
adequate, little adverse effect is observed (Naber et al., 1956; Benevenga 
and Harper, 1967). Certain vitamin deficiencies decrease the tolerance 
of animals for glycine (Harper et al., 1970). Extensive clinical and nutri
tional studies in which human subjects consumed large amounts of gly
cine (Harper, 1973) indicate that man's tolerance for this amino acid is 
high. 

As much as 5 percent of D L-serine added to the diet of a chick or rat 
has not resulted in severe growth reduction or death (Graham et al., 
1950; Naber et al., 1956; Sauberlich, 1961; Benevenga and Harper, 
1967), but inclusion of 4-6 percent of L-serine in a I 0 percent casein 
diet depressed the growth of rats by about 25 percent (Benevenga and 
Harper, 1967). 

Other Dispensable Amino Acids 

The dispensable amino acids are tolerated in excess by animals much 
better than are the essential ones, only moderate growth depressions 
occurring with substantial excesses of many of the former. No unique 
toxic effects of the L-forms of the dispensable amino acids have been 
reported. Glutamic acid is well tolerated by the rat in amounts as high 
as 5 percent, and probably up to 1 0 percent, in diets with low-to-mod
erate protein content (Sauberlich, 1961 ; Hepburn and Bradley, 1964 ). 
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Glutamine in the amount of 6 percent in an adequate amino acid diet 
exerted no adverse effect (Hepburn and Bradley, 1968). Alanine ex
erted no adverse effect on rats1fed S percent in a low-protein diet 
(Sauberlich, 1961 ). The growth of rats fed S percent of L-aspartic acid 
or L-asparagine in a low-protein diet was depressed by SO percent 
(Sauberlich, 1961 ), but no adverse effect was observed with rats fed 
a diet adequate in protein. 

Many food proteins contain from 20 to 35 percent of glutamic acid. 
Thus, adults in the United States commonly consume 20-35 g/day of 
glutamic acid throughout life, with children, consuming proportionately 
less, depending on their energy and protein intake. These quantities in 
the food are obviously innocuous. Diets used by Nakagawa eta/. ( 1964) 
in studies of the amino acid requirements of boys 10-12 years of age 
provided 12.75 g/day or more of free glutamic acid. 

Concern about possible adverse effects from glutamate ingestion has 
arisen from observations that subcutaneous injection of 4-8 g/kg of 
sodium L-glutamate into neonatal mice produced changes in the retina 
(Lucas and Newhouse, 1957; Anonymous, 1970) and that large paren
teral or oral doses (9.5-4 g/kg of body wt) will produce neuropathologic, 
growth, and endocrine changes in neonatal mice (Olney 1969; Olney and 
Sharpe, 1969; Anonymous, 1970). Large doses are required to produce 
these lesions, and even larger ones in older animals. 

Although large doses of monosodium glutamate administered to neo
natal animals that have a slowly developing nervous system will produce 
retinal and neuropathological lesions, other species with more fully de
veloped nervous systems are more resistant (Anonymous, 1970); ob
servations on both children and adult man indicate that human tolerance 
for this amino acid is high. 

o-Amino Acids 

Berg ( 1953, 1959) has reviewed information about the nutritional value 
and metabolism of the D-amino acids. His and subsequent information 
indicates, with the exceptions of D-aspartic acid and D-alanine, they are 
tolerated better than the L-forms (Harper et a/., 1970). 

AMINO ACID ANTAGONISMS 

Branched-chain Amino Acids 

Excessive amounts of the branched-chain amino acids depress the growth 
of rats (Russell eta/., 1952). The growth depression caused by excess 
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leucine in low-protein diets can be largely overcome by the concomitant 
addition of isoleucine and valine (Benton eta/., 1956b). In view of the 
structural similarity of these molecules, the growth depression caused 
by leucine has been attributed to an amino acid antagonism. Excess 
isoleucine or valine caused little growth depression; but, when leucine 
was growth-limiting in a diet containing a mixture of amino acids, growth 
was improved by omission of valine from the mixture (Benton eta/ .• 
1956b ). It thus appears that an excessive amount of any one branched
chain amino acid can increase the requirement for the other two. 

The rat adapts to an excessive intake of leucine, the time required to 
do so depending upon the amount of leucine in the diet (Spotter and 
Harper, 1961 ). Moreover, leucine in considerable excess is tolerated 
well by rats fed a diet containing an adequate amount of protein 
(Sauberlich, 1961). Increased litter mortality and a decrease in the 
weight of surviving fetuses occurred when pregnant rats were fed casein 
diets containing 25 percent of leucine by weight, but no gross malforma
tions appeared among the surviving litters (Cobian and Stone, 1961; 
Persaud, 1969). 

In studies of the amino acid requirements of adults, Rose ( 1957) and 
associates and Linkswiler eta/. ( 1960) observed that subjects consuming 
isoleucine-deficient diets experience more severe nausea and anorexia 
than those consuming diets deficient in other amino acids. The leucine 
content of the basal amino acid mixture was high, raising the possibility 
that branched-chain amino acid antagonism may also occur in man. How
ever, if analogy to the rat studies is valid, this antagonism would occur 
only if the diet were low in isoleucine and valine. 

Leucine, either orally or parenterally, causes a severe hypoglycemic 
reaction in persons who are genetically susceptible (DiGeorge and 
Auerbach, 1960). This amino acid stimulates insulin production. How
ever, 10 g of leucine administered orally to normal adults is without 
effect (Fajans eta/., 1963), and 14-20 g causes only a small depression 
in blood glucose concentration (Fajans eta/., 1963; Gopalan, 1968). 

Observations by Gopalan ( 1970) and associates indicate that the high 
leucine content of certain low-protein cereal diets may contribute to the 
development of pellagra. They also observed that oral administration of 
leucine (I 0 g/day for 5 days) to pellagrins or to normal subjects de· 
pressed the ability of erythrocytes to synthesize pyridine nucleotides 
and that inclusion of leucine in a nonpellagragenic diet for pups con
verted it to one that caused pellagra. Further reduction of the leucine 
content of a maize diet prevented pellagra in pups (Belavady, 1967; 
Gopalan, 1970). Hankes et a/. ( 1971 ), in a study of pellagra in South 
Africa, also concluded that the high leucine content of maize depressed 
synthesis of nicotinamide adenine dinucleotide phosphate in the body. 
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Lysine-Arginine Antagonism 

Growth of chicks fed a diet containing an adequate amount of arginine 
was depressed by a supplement of 2 percent of lysine, but optimal 
growth was restored by further addition of arginine (Jones, 1964). The 
growth-depressing effect of excessive dietary lysine is more severe in a 
strain of checks selected for a high arginine requirement than in one 
selected for a low requirement. The difference in arginine requirement 
(Nesheim, 1968a) is exaggerated when casein, which is particularly rich 
in lysine, is the dietary protein. 

Demonstration of a lysine-arginine antagonism in mammals is com
plicated by their ability to synthesize arginine, but has been demon
strated in the guinea pig (O'Dell and Regan, 1962) and in the rat (Jones 
et al., 1966). Lysine-arginine antagonism appears to involve increased 
loss of arginine, probably as a result of competition for reabsorption in 
the kidney (Nesheim, 1968b) and induction of arginase by lysine, re
sulting in increased arginine degradation. 

AMINO ACID EXCESS IN MAN 

Snyderman et al. ( 1968) administered to infants single loads of most of 
the individual amino acids in amounts equivalent to 5 or more times the 
requirement. Preliminary reports of these studies, which have not been 
reported in detail, do not mention adverse effects. Plasma amino acid 
patterns have been altered such that the amino acid administered is 
greatly elevated; while certain other amino acids, depending upon the 
one administered, are depressed. Chronic loading for 1-week periods 
provided evidence that the body adapted to a high leucine intake and, 
after the adaptation period, cleared leucine from the blood rapidly 
(Holt, 1967). 

Information about effects of accumulations of individual amino acids 
in human subjects has also been obtained from study of genetic defects 
of amino acid metabolism in which the initial enzyme for degradation 
of an amino acid is lacking. The amino acid for which the catabolic 
enzyme is missing accumulates in body fluids, even when the amount 
consumed is not excessive. Observers have described defects involving 
all the amino acids except threonine (Hsia, 1966; Nyhan, 1967; Milne, 
1968; Stanbury et al., 1972); they commonly cause mental deficiency 
and neurologic disorders. Probably the best known and most common 
genetic defect of this type is phenylketonuria, in which the absence 
of phenylalanine hydroxylase from the liver results in intolerance of 
phenylalanine. This disease leads to mental deficiency, decreased pig-
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mentation, diminished serotonin formation, and various other changes, 
all of which are associated with high phenylalanine concentrations in 
body fluids. Treatment with a low-phenylalanine diet results in im
proved growth and development and intelligence (Berman et al., 1966; 
Berry et al., 1967; Kennedy et al., 1967). This is, in essence, nutritional 
control of an endogenous amino acid toxicity. 

AMINO ACID IMBALANCE 

The concept of amino acid imbalance arose from observations that sup
plements of tryptophan-deficient proteins depressed the growth of rats 
fed a niacin-deficient, low-protein diet (Krehl et al., 1945; Harper et al., 
1970). After the discovery that amino acid imbalances could be demon
strated with animals fed on diets containing nicotinic acid (Harper, 
1958a; Salmon, 1958), emphasis shifted away from consideration of 
amino acid imbalance as a problem related specifically to nicotinic acid
tryptophan deficiency and toward amino acid imbalance as a more gen
eral condition involving nutritional and metabolic interrelationships. 

Research has provided many examples of growth depressions due to 
amino acid imbalances. Growth of rats fed a rice diet increases with in
creasing increments of threonine until, with 0.3 percent of D L-threonine, 
imbalance occurs, at which point growth rate is depressed. Additional 
lysine is then required to correct the imbalance and prevent the growth 
depression (Rosenberg et al., 1959). Growth of rats fed a low-protein 
diet is depressed by inclusion of an amino acid mixture devoid of 
threonine, and the imbalance so created is corrected by a supplement of 
threonine (Harper, 1958a). The growth depression caused by imbal
ances of both types becomes less severe as the protein content of the 
diet is increased toward adequacy. This is not surprising, as the amount 
of limiting amino acid in a diet is increased when the protein content is 
increased; and, hence, the degree of imbalance is less in relation to the 
total protein content of the diet. 

Effects of amino acids on fat deposition in the liver of rats fed a low
protein diet containing choline have been attributed to amino acid im
balances. For example, the fat content of the livers of rats fed a 9 per
cent casein diet is nearly normal, but the fat content of the livers of rats 
fed the same diet supplemented with methionine is elevated. This eleva
tion can be largely prevented by further supplementation with threonine 
(Harper, 1958b). 

The alteration in amino acid pattern that results in accumulation of 
fat in the liver differs distinctly from that leading to growth depressions 
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attributable to amino acid imbalances. The supplement causing liver fat 
accumulation consists of a quantity of the growth-limiting amino acid; 
the supplement causing growth depression consists of a quantity of an 
amino acid other than the one that is growth limiting. Since restriction 
of caloric intake, without concomitant restriction of protein intake, al
leviates the fatty infiltration of the liver without significantly retarding 
growth (Yoshida et al., 1961 ), the effect is apparently the result of 
protein-calorie imbalance rather than amino acid imbalance, even 
though it is brought about by a change in the amino acid balance of the 
diet. 

The earliest investigations of amino acid imbalances showed that the 
growth depressions observed were associated with depressions of food 
intake. The low intake of food was assumed to be due to a metabolic 
derangement; but, when it was discovered subsequently that food in
take could be depressed within 4 to 8 h by a dietary imbalance of amino 
acids, the basic problem appeared to involve food intake regulation di
rectly (Harper, 1967). To prevent the depressions of growth and food 
intake, it was necessary to increase the content of the limiting amino 
acid in the diet. Nevertheless, studies in which food intake of animals 
fed diets with imbalances that have been equalized with those of con
trols point to the conclusion that imbalances do not affect efficiency of 
utilization of the limiting amino acid under these conditions; the extra 
quantity of the limiting amino acid may be required only to stimulate 
food intake and may subsequently be degraded (Harper eta/., 1970). 

The growth and food intake depressions caused by amino acid im
balances in diets that are not deficient in nicotinic acid are most severe 
during the frrst few days. Thereafter, food intake increases gradually 
and, depending upon the degree of imbalance, growth rate may even
tually approach that of the control group. The time required for adap
tation of rats to diets in which imbalances have been created also de
pends upon the severity of the imbalance (Leung eta/., 1968a). It is 
shortened by conditions that tend to stimulate food intake. 

Dietary amino acid balance can also influence food preference. In 
general, the rat will select a protein-free diet or a diet with a balanced 
amino acid pattern over one in which there is an amino acid imbalance 
(Harper, 1967; Leung eta/., 1968b). If one assumes that the basis for 
these food preferences is rejection by the animal of a diet with an amino 
acid imbalance, the rejection is not on the basis of nutritional inade
quacy, as the protein-free diet that is completely inadequate is selected 
over the more adequate diet with an amino acid imbalance. 

The most reproducible and most extensively studied biochemical 
change that occurs in animals fed a diet with an amino acid imbalance 
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is a greatly altered plasma amino acid pattern following ingestion of a 
meal. In rats fed a diet with an imbalance, the plasma concentration of 
the growth-limiting amino acid falls rapidly; and the concentrations of 
most of the amino acids added to create the imbalance rise substantially, 
such that the plasma amino acid pattern resembles very closely that of 
an animal fed a diet that is severely deficient in an amino acid. The pat
tern in muscle resembles that in plasma. In brain, the concentration of 
the growth-limiting amino acid is depressed, although the concentra
tions of other amino acids in brain are not greatly elevated (Peng et al .• 
1972). 

The time of occurrence of the plasma and brain amino acid changes 
corresponds closely to the time of occurrence of food intake depres
sion. Also, consumption of a protein-free diet, or any of the various 
balanced diets the rat will select in preference to an imbalanced diet, re
sults in restoration of a balanced plasma amino acid pattern. All of the 
observations taken together indicate that a close association exists be
tween the alterations in plasma amino acid pattern and changes in food 
intake and preference. 

Accumulations of essential amino acids in blood and body fluids, 
such as are observed after ingestion of deficient, imbalanced, and high
protein diets and even after ingestion of a diet containing a large excess 
of one amino acid, might indicate that protein-synthesizing sites are 
saturated and thereby provide a general signal for curtailment of further 
amino acid ingestion. In animals fed deficient or imbalanced diets, the 
low concentration of the limiting amino acid could serve as a signal that 
.leads to depression of intake of a diet that, if ingested in large amount, 
might lead to pathologic consequences, as has been shown with rats 
force-fed diets devoid of one amino acid. Leung and Rogers (1969) 
have identified a site in the brain that is responsive to a low concentra
tion of an individual amino acid. 

D!stinguishing between effects of amino acid deficiencies and amino 
acid imbalances in human subjects consuming natural diets is difficult ex
cept by elaborate and well-controlled experiments. However, in some 
studies in which amino acid supplements were tested for their ability to 
improve low-protein diets consisting largely of cereal products, amino 
acid imbalances may have been created. Certain amino acid additions 
decreased nitrogen retention in adult men consuming a rice diet (Hundley 
et al., 1957); and supplement of methionine depressed nitrogen reten
tion of children consuming a vegetable protein diet based on maize; 
this was prevented by a further supplement of isoleucine (Scrimshaw 
et al., 1958). The depressed nitrogen retention was associated with 
anorexia (G. Arroyave, personal communication). 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Effects of Disproportionate Amounts of Amino Acids 153 

PHYSIOLOGICAL AND METABOLIC RESPONSES 

Two common effects of ingestion of diets with different types of dis
proportions of amino acids are: Food intake is depressed, even though 
the depressions may differ in severity and duration depending upon 
the type and degree of disproportion; and plasma amino acid con
centrations are elevated by all of these conditions, even though the 
plasma amino acid patterns may differ distinctly. If the information on 
this subject is fitted into the framework of the concept of homeostasis, 
all of the effects of ingestion of diets containing disproportionate 
amounts of amino acids can be interpreted as responses that occur as a 
result of exceeding the capacity of the organism to maintain homeostasis 
of plasma amino acid concentrations. To emphasize that depressed 
growth and food intake are detrimental rather than to emphasize the 
survival value of a reduced intake of a diet that can produce adverse ef
fects and the importance of food intake regulation as a mechanism con
tributing to homeostasis of plasma amino acid concentrations is, per
haps, misleading. 

The amino acid-degrading capacity of animals, particularly their ca
pacity to degrade the essential amino acids, is highly responsive to change 
in protein intake (Ashida and Harper, 1961; Muramatsu and Ashida, 
1962; Ashida, 1963; Knox and Greengard, 1965). The activities of en
zymes of amino acid catabolism tend to be low in animals fed a low
protein diet, thereby limiting their capacity to remove amino acids 
ingested in excess. Under these conditions, ingestion of a high-protein 
diet, a diet with an amino acid imbalance, or a diet with a surplus of 
one or more amino acids will cause amino acids to accumulate in body 
fluids. If this is the result of a high-protein intake, with the dietary 
amino acids in a reasonably well-balanced pattern, a part of the excess 
can be used to synthesize tissue proteins. Moreover, in animals with a 
substantial intake of high-quality protein, most of the enzymes of amino 
acid catabolism increase greatly in activity within a short time; and thus 
the capacity to degrade a surplus of amino acids increases rapidly and 
homeostasis is restored, but at a higher level of protein metabolism. 

If a surplus of amino acids arises from ingestion of a diet with an 
amino acid imbalance, or one containing a large excess of one amino 
acid, the amount of balanced protein ingested remains low. The amino 
acids that are in surplus cannot be used to synthesize tissue proteins; 
and amino acid-degrading enzymes do not undergo adaptation, either 
rapidly or extensively, as they do in animals fed a high-protein diet, 
presumably because conservation of a limited supply of amino acids in 
a well-balanced pattern has evolved as a mechanism contributing to the 
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survival of the animal receiving an inadequate amount of protein. If 
amino acid-degrading capacity is exceeded by continuous ingestion of 
such diets, amino acids will continue to accumulate in body fluids; and, 
unless some further regulatory mechanism comes into play, the accumu
lation may be so great as to be toxic. This occurs with animals that are 
force-fed diets devoid of one amino acid (Sidransky and Farber, 1958), 
the most severe form of imbalance, and with human subjects who have 
inborn errors of amino acid metabolism. 

Because large amounts of amino acids spill into the urine only after 
toxic levels occur in tissues; and because intestinal absorption of amino 
acids is not curtailed even when the diet consists almost exclusively of 
protein, the sole remaining way to prevent accumulation of amino acids 
is to reduce the influx through depression of food intake. 

From this viewpoint depression of food intake must be looked upon 
as a normal homeostatic response that has survival value, even though it 
may be considered an adverse effect from the viewpoint that rapid 
growth is desirable. Evidence for its survival value is obtained from 
studies in which stimulation, through cold exposure, of the food intake 
of rats fed a high-methionine diet was shown to shorten their survival 
(Beaton et al .. 1963). Force-feeding rats a diet devoid of a given amino 
acid (Sidransky and Farber, 1958) has the same effect. Food intake 
regulation can thus be viewed as a homeostatic mechanism in which the 
entire organism functions as a feedback system contributing to the reg
ulation of free amino acid concentrations of plasma and tissues by re
ducing the influx of amino acids when plasma concentrations are ex
cessive (Harper, 1968). 

Severe adverse effects from ingestion of diets containing dispropor
tionate amounts of amino acids presumably occur only when the capa
city of the homeostatic mechanisms regulating blood and tissue amino 
acid concentrations is exceeded. This occurs most readily in animals fed 
low-protein diets containing an excessive amount of an individual amino 
acid, for such animals have a limited capacity for growth and show 
low activities of amino acid-degrading enzymes; they must therefore 
depend upon depressed food intake to limit the accumulation in body 
fluids of the amino acid that is in excess in the diet. 

The capacity of homeostatic mechanisms is limited; the point at 
which food intake drops is presumably the resultant of the action of the 
mechanisms that stimulate the organism to eat until its energy require
ment is met and those that inhibit its intake of a diet that will drastically 
alter its milieu interieur. If the compromise level of food intake still re
sults in tissue accumulation of the amino acid in excess in the diet, signs 
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of toxicity will develop; in any event if food intake is depressed below 
the amount required to provide the maintenance levels of energy and 
other nutrients, deterioration will occur. Whether the deterioration will 
continue until death ensues depends upon a second aspect of homeo
stasis-that is, adaptation. The animal fed a low-protein diet is at a dis
advantage here too, for the activity of amino acid-degrading enzymes 
tends to increase as an animal matures and as protein intake increases. 
Nevertheless, even with intakes of amino acids that cause signs of 
toxicity, adaptation may occur with time, signs of toxicity abate, and 
food intake and growth rate improve-presumably because the capacity 
for amino acid degradation gradually increases, provided food intake 
has not been too severely depressed. The end result is not necessarily 
prevention of abnormality of the amino acid patterns of blood and body 
fluids; it may only be prevention of accumulations of amino acids that 
are great enough to cause adverse effects. 

IMPLICATIONS FOR HUMAN NUTRITION 

One of the underlying assumptions of methods for evaluating the nutri
tional quality of proteins is that amino acids present in the diet in ex
cess of the amounts that can be used for protein synthesis are innocuous 
(Oser, 1945; Block and Mitchell, 1946-47). The direct relationship ob
served between chemical scores calculated from the amino acid com
position of proteins and estimates of protein quality obtained using 
biological methods for a variety of proteins over a fairly wide range of 
intakes lends support to this assumption, indicating that disproportionate 
amounts of amino acids encountered naturally do not commonly result 
in adverse effects. Adverse effects observed experimentally are usually 
the result of amino acid disproportions greater than those encountered 
in nature and greater than could be created through a rational program 
of fortification of foodstuffs with amino acids. 

Table 1 provides information about the tolerance of the rat for amino 
acids and about quantities of amino acids that might be consumed in 
foods by men. The first column gives a rough estimate of the percentage 
of each of the amino acids that has been observed to cause adverse ef
fects in the young, growing rat fed a low-protein diet. The essential, 
and below them the dispensable, amino acids are listed in order of in
creasing tolerance. Leucine has been listed lower in the sequence than 
would appear appropriate, because tolerance for it increases greatly as 
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-U'l TABLE 1 Amino Acid Requirements of the Rat and Man, Tolerance of the Rat for Excessivelntak• of Individual Amino Acids, 
0) 

and Amounts of Amino Acids in Wheat and Meat Diets 

Requirements for 

Level Causing In 70% Adult Humand Requirements Grams in 1,200 

Adverse Effects Requirements Casein 7G-Icg 58-leg Grams in 2,800 kcal of 
:t for 12-lcg kcal of 

in the Rat" for Young Dietc Male Female Whole Mixed Round Chilcth, 1-2 yr Whole Round 
Amino Acid (%diet) Ratb (% diet) (%diet) (g/day) (g/day) Wheare Dietl Steakl (g/day) Wheare Steakl 

Methionine 2 0.5 2.3 o.ss 0.46 1.8 2.9 11.4 0.41 0.73 4.6 
Tryptophan 1.5 0.12 1.0 0.16 0.13 1.5 1.5 5.4 0.17 0.58 2.2 
Histidine 2 0.26 2.1 - - 2.4 2.5 13.4 0.3 0.95 5.3 
Tyrosine 3 - 4.5 - - 4.4 5.1 13.0 - 1.7 5.2 
Cystine 3 - 0.3 - - 2.6 1.7 5.8 - 1.0 2.3 
Phenylalanine 4 0.9 4.1 0.85 0.70 5.8 5.3 15.8 1.2 2.3 6.3 
Leucine 2.5 0.7 7.0 0.88 0.72 8.0 9.2 37.8 1.2 3.1 15.2 
Isoleucine s o.ss 4.7 0.66 o.ss 5.3 6.3 24.2 0.78 2.0 9.5 
Valine s o.ss 5.2 0.15 0.62 s.s 6.7 21.4 0.84 2.2 8.5 
Lysine s 0.9 5.8 0.66 o.ss 3.2 8.6 40.4 0.96 1.3 16.2 
Threonine s o.s 3.2 0.46 0.38 3.4 S.3 20.4 O.S6 1.3 8.2 
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... 
~ 

Serine 4 4.6 
Arginine 4 0.2 2.8 
Glycine 4-5 1.4 
Aspartic acid 5 5.2 
Proline 5 8.3 
Alanine >5 2.3 
Glutamic acid 7 16.0 
Protein 12-15 

41Based on Information from studies on rats fed a low-protein diet 
compiled In Harper ~till., 1970. 
bRama Rao et Ill., 1960. 
cOrr and Watt, 1957 (assuming 16 percent N In c-ln). 
dBased on Table 10, Chapter l. 

-
-
-
-
-
-
-

40 

~Assuming 330 kcal/100 gand 14 percent protein (Orr and Watt, 1957; 
Watt and Merrill, 1963). 
/From FNB, 1959. 
KOrr and Watt, 1957 (assuming broiled, lean beef= 189 kcal/100 1 and 
31.3 percent protein). . 
hOrr and Watt, 1957 (assuming a requirement of lg protein/kg/day of the 
amino acid composition of cows' milk). 

-
-
-
-
-
-
-

32 

5.5 16.1 - 2.2 6.4 
5.1 24.6 - 2.2 9.7 
7.3 23.7 - 2.8 9.4 
6.5 35.8 - 2.5 14.3 

12.4 19.0 - 4.8 7.5 
4.2 22.2 - 1.6 8.8 

32.2 58.0 - 14.5 23.2 
118 122 464 12 47 182 
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the protein content of the diet is increased and because the rat adapts 
rapidly to a diet containing an excess of it. 

Most adverse effects of essential amino acids have been demonstrated 
in young animals fed a low-protein diet. The young animal is much 
more susceptible to adverse effects from an amino acid load than is the 
mature animal. Also, the animal fed a low-protein diet is more suscep
tible than one fed an adequate amount of protein; the animal fed a 
diet deficient in certain vitamins, especially nicotinic acid, pyridoxine, 
and vitamin B12 , is more susceptible than one receiving adequate 
amounts of all vitamins. Furthermore, adverse effects from excesses 
of individual amino acids usually become less severe with time unless 
the load is so great that a distinctly toxic reaction develops, suggesting 
that animals undergo various types of adaptations that increase their 
ability to tolerate amino acids in excess. 

Examination of Table l indicates that the essential amino acids are 
generally less well tolerated than the dispensable ones, except for tyro
sine and cystine, and that amino acids entering into a variety of meta
bolic pathways and serving as precursors of a variety of biologically 
active substances tend to be less well tolerated than are those with less
complex metabolic interactions. Methionine is the least well tolerated 
of the nutritionally important amino acids, but even the young rat fed a 
low-protein diet will tolerate an amount equal to 3 times the require
ment. The tolerance of tryptophan is about the same on a weight basis; 
but this is about 12 times the requirement, and the effects of an excess 
of tryptophan tend to be less severe than those of an excess of methio
nine. Amounts of other amino acids ranging from four to tenfold the 
amounts required for rapid growth cause growth depressions; yet an 80 
percent casein diet, which causes only a transitory retardation of growth 
(Harper, 1965), contains amounts of seven of the essential amino acids 
in excess of those observed to depress severely the growth of rats fed a 
low-protein diet. 

The amino acid requirements of man and the amounts of amino acids 
consumed when energy needs are met from different food sources are 
also listed in Table l. An individual existing exclusively on a meat diet 
would be ingesting many times the requirements for most amino acids 
in a well-balanced pattern, and he can do so without adverse effects 
(McClellan and Dubois, 1930). Healthy male volunteers who consumed 
a purified diet in which 70 percent of the energy was from protein also 
showed no obvious ill effects (Calloway and Margen, 1968). Thus it is 
evident that normal man, like laboratory animals, can tolerate large in
takes of amino acids in a well-balanced pattern. Such large intakes of 
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amino acids cause liver and kidney hypertrophy in animals (Addis eta/ .• 
1926, 1940) and evidently shorten their life span (Ross, 1959, 1961), 
suggesting that such a metabolic load does place a strain on regulatory 
mechanisms even though specific signs are not evident. 

In human subjects receiving single doses of individual essential amino 
acids, either orally or intravenously, in amounts that exceed the require
ment by tenfold or more, the major adverse effect is mild gastric dis
tress. This was observed mainly when the amino acid was administered 
in a single large dose on an empty stomach. The dispensable amino acids 
arginine and glycine are well tolerated in large doses, as is glutamic acid 
(except in the case of some individuals who are susceptible to a specific 
transitory syndrome produced by this amino acid when it is ingested, es
sentially without food, in amounts of 3 g or more on an empty stomach). 
Evidence indicates that doses of methionine, isoleucine, and threonine 
in excess of tenfold the requirement, administered intravenously, may 
cause nausea, febrile reactions, or headaches. Evidence also exists that 
methionine, and probably other amino acids, should not be administered 
to patients with liver dysfunction in doses of tenfold the requirement, 
that tryptophan in comparable amounts can produce a flushing reaction, 
and that tryptophan and methionine administered in doses of this order 
to mental patients treated with monoamine oxidase inhibitors can pro
duce disorientation. Few amino acids, with the exception of glycine, 
have been administered individually to human subjects in long-term 
studies, but the ordinary mixed diet of adults in the United States pro
vides many amino acids in 5-10 times the required amounts. 

Apart from the observations that leucine may be high enough in 
maize and related cereal grains to contribute to the development of 
pellagra when tryptophan and niacin intakes are low, little evidence sug
gests that individual amino acids are present in foodstuffs in quantities 
large enough to cause adverse effects. Also, quantities of individual 
amino acids great enough to cause untoward reactions could not ra
tionally be used as supplements to foodstuffs. The amounts of amino 
acids (2-5 percent of the diet) found to cause adverse effects in the rat 
fed a low-protein diet would represent intakes of 10-25 g/day by an 
adult man consuming about 500 g of dry matter and 2,800 kcal/day. 
Even general fortification of the diet with specific amino acids would 
be unlikely to increase the intake of individual amino acids by more 
than 1-2 g/day; and, of course, these should be only the amino acids 
that are in short supply in the diet. 

Only if individual amino acids were administered regularly as pharma
ceutic or therapeutic agents, or for some other purpose, would there be 
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much likelihood of approaching the amounts shown to cause adverse 
effects in animal studies or in such human trials as have been conducted. 
Even then, unless protein intake or total food intake was low or the 
subject was otherwise debilitated, amounts of amino acids administered 
orally would have to be very large indeed to cause more than mild ad
verse effects. 

The extent to which an amino acid imbalance can be created in human 
diets through the use of amino acid supplements is not clear; but this 
possibility deserves consideration as suggested in two experimental trials. 
An amino acid supplement is of value only if the diet is primarily defi
cient in that amino acid. A supplement of an amino acid other than the 
one that is most deficient in the diet is at best innocuous and may, if 
the analogy to animal experiments is valid, depress food intake. This is 
likely to occur only if the diet is low in protein and marginal in some 
essentiaf amino acids. Although such effects may not be serious, 
in view of the ability of animals to adapt to diets with amino acid 
imbalances, they are certainly not desirable and can be avoided readily 
by ensuring that any supplement provided makes the diet complete in 
all respects. 
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Protein and Amino Acids in Diets 

PROTEIN INTAKE8-UNITED STATES 

The amount of protein provided by the U.S. food supply has usually 
averaged between 90 and I 00 g per capita/day since 1909-13, the 
earliest recorded period (Table 1 ). These estimates were obtained by 
applying appropriate food composition values to the per capita quanti
ties of individual foods available for consumption at the retail stage of 
distribution. Although these figures are not measures of intake, they do 
show trends in overall patterns of consumption. Contrary to common 
belief, protein consumption has not increased over the years, but the 
relative amounts of protein from animal and plant sources have 
changed. Today more than two-thirds comes from animal sources
meat, poultry, fish, eggs, milk, and cheese. Sixty or more years ago, the 
proportion from these sources was about half, reflecting greater con
sumption of grain products at that time. 

Average amounts of eight essential amino acids and of total sulfur
containing acids provided by the per capita food supply for 1970 and 
the percentage of each contributed by major food groups are shown in 
Table 2. These quantities are generous in terms of estimated human re
quirements; the sulfur-containing amino acids, which are relatively the 
least abundant, are present at roughly three to four times the estimated 
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TABLE 1 Sources of Protein in U.S. Food Supply (Selectad Years) 

Percentage of Protein from Specified Sources 

Foods 1909-1913 1925-1929 1935-1939 1947-1949 1957-1959 1965 1970 

Dairy products (including butter) 16.5 19.1 21.2 23.7 24.6 23.7 22.1 

..a Egs 5.2 6.1 5.8 7.1 6.8 5.9 5.8 

i Meat, poultry, full 29.9 29.4 29.3 32.7 35.7 38.7 41.5 
Total animal sourcesa 51.7 54.7 56.3 63.6 67.0 68.3 69.4 

Grain products 35.8 31.8 28.7 22.9 19.9 19.0 18.1 
Legumes, nuts 4.5 4J 5.1 5.0 5.2 5.1 5.0 
Other vegetable sources 8.0 8.8 9.4 8.4 7.8 7.6 1.5 

Total vegetable sourcesa 48.3 45.3 43.7 36.4 33.0 31.7 30.6 
Protein/penon/day (g) 102 95 90 95 95 97 100 

acomponents may not add to totala due to rounding. 
SOURCES: USDA, 1968, 1970, 1971. Calculations were made by the Consumer and Food Economics Research Division, ARS, USDA. 
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TABLE 2 Essential Amino Acids in U.S. Food Supply (1970) end Percentage Contribution of Major 
Food Groups to Total4 

Percent of Total from Speciited Food Groups 

Amount per Meat, Other 
Capita per Dairy Poultry, Grain Legumes, Vegetable 

Amino Acid Day (mg) Products Ega Fish Products Nuts Sources ... Isoleucine 5,300 26.6 7.2 40.4 15.7 5.0 5.2 

I Leucine 8,200 26.6 6.2 40.0 17.8 4.8 4.6 
Lysine 6,700 25.6 5.5 52.5 6.8 4.3 5.3 
Methionine 2,100 25.4 8.4 48.3 11.6 2.8 3.5 
Total sulfur-containing 3,500 21.2 9.1 44.6 17.3 3.9 3.9 

- Phenylalanine 4,700 23.4 7.1 36.2 20.6 5.9 6.8 
Threonine 4,100 24.1 7.0 44.3 13.7 4.6 6.4 
Tryptophan 1,200 24.7 7.8 39.0 17.4 4.9 6.3 
Valine 5,700 27.0 7.6 39.1 14.9 5.2 6.3 

4 Data computed by Consumer and Food Economics Research Division, ARS, USDA, bued on estimates of per capita 
consumption (retail basis) supplied by ERS, USDA. 
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human requirements. Major contributors are meat, poultry, and fish; 
dairy products; and grain products, in that order. 

Studies of household food consumption and of food intakes of in
dividuals indicate how the food supply is distributed among the popu
lation. Most surveys show a wide range in the distribution of all 
nutrients, including protein, and in energy, to which protein supplies 
are related. Some of the variability is related to food energy require
ments, which influence total food intake, and to food selection; some 
is related to income and the amount of money available for food. 

Households 

A nationwide survey of household diets in spring 1965 (U so A, 1969) 
indicated that the foods estimated to have been used in the household 
during a week provided an average of I 06 g of protein per person per 
day for the nation as a whole. Averages for different income classes are 
as follows: 

Income 

Under $3,000 
S3,00Q-S4,999 
SS,OOQ-$6,999 
$7 ,OOQ-$9,999 
S I 0,000 and over 

Protein per person 
per day (g) 

98 
102 
107 
110 
113 

Among individual households, a wide range in dietary protein supply 
was found at all income levels (Table 3). On a nationwide basis, 95 
percent had diets supplying at least the amount of protein specified in 
the NAS-NRC allowances for individuals of different sex and age 
(FNB, 1964). Of households with incomes under $3,000, 88 percent 
had diets providing recommended amounts, 2 percent had diets provid
ing less than two-thirds of the allowances, and I 0 percent had diets 
providing between two-thirds and I 00 percent of allowances. 

Included in Table 3 are data from several small studies of families 
with limited incomes. One of these is a study of one week's food con
sumption of one- and two-person households in Rochester, New York, 
in which one person was receiving old age, survivors, and disability 
insurance. Included also are data from studies, made in five localities 
in the early 1960's, of families with incomes low enough in relation 
to family size to qualify them for USDA food assistance programs but 
who were not participating in them. Although all were eligible, they 
were classified in three relative income categories for purposes of 

/ 
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analysis. In 196 7, similar studies were made of diets of low-income 
families in two counties of the Mississippi delta that were participating, 
or eligible to participate, in u so A food programs. Protein supplies 
were comparable to those in the earlier studies. 

As might be expected, a larger proportion of those having diets with 
low-protein levels were found among the lower income groups than in 
the population as a whole. What may be surprising is the comparatively 
large proportion with high protein intakes. 

TABLE 3 Protein: Percent of Household Diets in a Week Providing Specified 
Proportions of the Recommended Dietary Allowances0 

Percent Percent 
Households Less Than 67-99% 

Study and Income Oass (No.) 67%RDA RDA 

Nationwide, I96Sb 
All urbanizationr 6,174 1 4 

Under $3,000 1,294 2 10 
S3,00G-$4,999 1,157 1 4 
SS,OOG-$6,999 1,483 h 4 
$7 ,OOG-$9 ,999 1,219 h 2 
$10,000 and over 685 0 2 

OASDI study, Rochesterd 283 2 17 

USDA food program studies 
5 localities, nonparticipants'1 

Low income I (lowest}! 176 7 IS 
Low income nf 195 6 20 
Low income mf 248 2 10 

Missuuppisurvey, 19671 
Food donation program 

Participants 145 2 19 
Nonparticipants 44 7 18 

Food stamp program 
Participants 117 4 11 
Nonparticipants 178 7 18 

0 FNB, 1964, for 1965 and 1967 surveys; FNB, 1958, for other surveys. 
busDA, 1969. 
clncludes households not classified by income. 

Percent 
100% RDA 
or More 

95 
88 
95 
96 
98 
98 

83 

78 
74 
88 

79 
15 

85 
15 

dOne· and two·penon households with one penon receivina old aae, survivon and diaabUity 
insurance. Unpublished data, CFE Division, ARS, USDA. 
eFamDies of two or more persons that qualified for food aaalatance but were not participatina 
in proarama. Unpublished data, CFE Division, ARS, USDA. 
!Baaed on extent to which famUy income met the income standard set by the state for par· 
ticipation in food -iatance proarams. 
lUnpubliahed data, CFE Division, ARS, USDA. 
ho.s or leas. 
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Individuals 

Information on the food intake of individuals is essential for under
standing how food supplies are actually utilized by consumers. For the 
first time data on food consumption and nutrient intake for a random 
sample of individuals in the United States are available. They were 
obtained as a part of the u so A's nationwide survey of household food 
consumption in 1965. 

Average energy and protein intakes of 14,500 individuals, grouped 
by sex and age, are shown in Table 4. These figures, based on recalls of 
food eaten in a single day, are believed to be indicative of usual con
sumption by specified sex and age groups. Average protein intakes are 
generous, exceeding the N As-NRc recommended dietary allowances 
(F N B, 1968) by a considerable margin. Average energy intakes of males 

TABLE 4 Average Energy and Protein Content of 1·Dav Diets of Individuals, 
by Sex and Age 

Sex-Age Group No. of Persons Food Energya (kcal) Proteinb (g) 

Male and female: " I 

Under 1 yrc 408 960 39 
1-2 yr 810 1,405 56 
3-5 yr 1,405 1,705 65 
6-8 yr 1,412 2,015 76 

Male: 
9-11 yr 665 2,355 88 

12-14 yr 627 2,660 100 
15-17 yr 562 2,990 114 
18-19 yr 251 3,050 118 
20.34 yr 1,406 2,915 119 
35-54 yr 2,050 2,630 106 
55-64 yr 742 2,420 98 
65-74 yr 460 2,060 82 
15 yr and over 219 1,870 73 

Female: 
9-11 yr 599 2,010 15 

12-14 yr 626 2,145 81 
15-17 yr 538 2,000 78 
18-19 yr 232 1,920 76 
20.34 yr 1,846 1,805 72 
35-54 yr 2,492 1,650 68 
55~4 yr 916 1,620 67 
65-74 yr 624 1,475 60 
7 5 yr and over 340 1,460 59 

acalories rounded to nearest 5. 
bProtein rounded to nearest Jl&m. 
cDoes not include nunin& infants. In the total sample, 15 such Infants were reported. 
SOURCE: USDA, 1972. 
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are close to those recommended; those of females are considerably 
lower. Group averages such as these are useful for many purposes, but 
they reveal little about the prevalence of nutritionally poor diets. They 
need to be supplemented by more detailed information on the propor
tions of the population whose diets provide different nutrient levels. 

Information on the food intake of more than 500 preschool children 
in Mississippi was obtained in the winter of 1967-68 as a part of a study 
of nutritional status (Owen et al., 1969). This study was designed to 
assess the extent and severity of malnutrition in a state known to have 
a high proportion of low-income families. Nutrient intake data were 
classified by income and by certain other factors for analysis. Children 
in the lowest annual income class (<$500 per capita) had lower intakes 
of most nutrients than did those from families with higher incomes. 
Average energy intakes ranged from 80 kcal/kg of body wt in the lowest 
of four income groups to 101 kcal/kg in the highest group. Protein in
takes averaged 3 g/kg in the lowest income classes and 3.8 g/kg in the 
highest. 

Among individual children in two income groupings, the proportions 
with intakes of energy and protein considered "low" and "deficient" 
were as follows: 

Income groups 
<SSOO >SSOO 
(Percent) (Percent) 

Low intakes 
teal < 7S/kg 44 24 
Protein <l.S g/kg 6 3 

Deficient intakes 
kcal < 60/kg 29 9 
Protein <1.2 g/kg 4 1 

The data show that a small proportion of children had diets low or 
deficient in protein. In fact, 95 percent of the values were between 2.6 
and 3.9 g/kg. With energy intake frequently low, physiologic protein 
deficiencies might have been anticipated; however, clinical examination 
revealed only one child who was judged to have some evidence of 
protein-calorie malnutrition. Inadequate intakes of several other 
nutrients were found, especially in the lower income groups. 

Additional information on diets of individuals is available from the 
Ten-State Nutrition Survey (USDHEW, 1972). Within each state the 
population studied was selected from areas showing the greatest 
amount of poverty according to the 1960 Census. 

In general, protein was one of the nutrients that appeared to be well 
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supplied. Mean protein intakes of most age, sex, and ethnic groups, as 
calculated from 1-day food recalls, met or exceeded dietary standards. 
However, when data for individuals were arrayed by cumulative per
centage distributions, a large number of persons in most analysis groups 
were found to have less than recommended intakes of protein. For 
example, about one-fifth of the females aged 12-14 and 15-16 in the 
five lower-income states had less than 40 g of protein in their food for 
one day. In these states also, 38 percent of the pregnant women had 
intakes of less than 50 g. Many persons over 60, especially women, had 
low protein intakes, frequently associated with low total food con
sumption. It is, in fact, often difficult to meet the body's need for 
nutrients while at the same time restricting calories in line with today's 
reduced level of activity. 

A number of studies suggest that family members do not necessarily 
share in household supplies of protein in accordance with their nutri
tional needs. In families where money for food is limited, the father 
and older boys may well be given a disproportionate share of high
protein foods. Also, low protein intakes of some family members may 
be the result of food preferences and whims, or lack of information 
about foods and food needs. 

An increasingly important cause for U.S. diets being low in protein is 
the reduced food intake associated with sedentary living and with 
advancing age. This was revealed in studies of diet and nutritional status 
of women in the north central region of the United States. Swanson et 
al. ( 1959) reported that "For every increase of 10 years in age, the 
nutritive value of diets of Iowa women decreased on the average by 
about 85 calories, 4 g protein, 0.03 g calcium, 1.4 mg ascorbic acid, and 
194I.U. vitamin A." 

Diets of South Dakota women showed a trend similar to that in 
Iowa (Burrill and Alsup, 1955). They provided daily, on the average, 
amounts of energy and protein for various age classes as follows: 

Energy Protein 
Age class No. (kcal) (g) 

3(}-39 91 1,840 64 
4(}-49 lOS 1,770 59 
SG-59 73 1,608 ss 
60-69 45 1,630 52 
70an·Jover 25 1,353 42 

Evaluation of these nutrient intakes is provided by balance studies 
done on some of the women participating in the north central studies 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Protein and Amino Acids in Diets 175 

(Ohlson et al. , 1952). At each age-decade beyond the thirties, mean 
nitrogen retentions were negative (Figure 1 ), even though intakes were 
of the order of 8 to 10 g (50 to 60 g protein). Figure 1 also shows a 
decreasing caloric intake with increasing age. When these balance data 
were classified by caloric intake level, mean nitrogen retentions were 
negative for all age groups whenever energy intakes were under 1 ,500 
kcal. At least 1,800 kcal/day were required to assure nitrogen equili
brium in this group of women. 

As a number of studies have shown, many persons, particularly 
women, consume less protein than is recommended. However, the 
N AS-NRC allowances for protein are believed to provide generously 
for the needs of most individuals, and consequently intakes below 
recommended amounts are not necessarily inadequate for a particular 
individual. Whether or not protein requirements are met depends not 
only on total nitrogen intake in relation to body size but upon the 
amounts of the various amino acids in the food-meal-by-meal, total 
energy value, and perhaps other factors. 

The essential amino acid content of diets of 10 individuals is shown 
in Table 5. These 1-day diets of homemakers were chosen because 
studies have shown homemakers to be one of the groups more likely 
to have poor diets. As it turned out, the diets selected represent a com
paratively low level of protein intake, 40 g, and were poor in many 
other respects by present-day standards. Apparently, however, they 
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TABLE 6 Homem1ken' Diets: Cllorlc, N18cin, llld Amino Acid Con..,.t of SIIICtld 1·0.V Din Prowldlng 40 g of Protlin 

Total 
Subject Sulfur 
W~t Number Nildn IIOleucine Leucine Lyalne Methionine Cyatine A.A. Pbenylalanlne41 Threonine Tryptophan Valine 

Diet Number (q) teal (1118) (J) (J) (J) (J) (&) (J) (J) (J) (J) (J) 

Birmmpam 
1 49 1,280 8.S 2.2 3.2 2.3 0.9 0.6 1.S 2.0 1.6 o.s 2.3 
2 64 1,120 11.2 2.1 3.3 2.9 0.9 0.6 1.S 1.8 1.7 0.4 2.2 .... 
3 6S 2,325 11.1 2.0 3.3 2.0 0.8 0.8 l.S 2.2 1.6 o.s 2.4 .... 

G) 4 ss 2,325 7.1 1.8 3.S 2.S 0.6 0.6 1.2 2.0 l.S 0.3 2.2 
s ss 2,500 7.2 2.2 3.7 2.6 0.6 o.s 1.1 2.2 1.7 0.4 2.S 

MinnelpoUI 
6 77 1,360 9.1 2.4 3.S 3.1 1.0 0.6 1.6 2.1 1.9 0.6 2.6 
7 so 1,540 9.0 2.2 3.4 2.7 0.9 0.7 1.6 2.0 1.7 o.s 2.4 
8 70 1,720 11.4 2.2 3.4 2.8 0.9 0.7 1.6 2.0 1.7 o.s 2.3 
9 61 1,590 6.8 2.1 3.0 2.7 0.8 0.6 1.4 1.7 1.6 0.4 2.2 

10 S4 1,300 6.8 2.0 3.1 2.2 0.8 0.6 1.4 1.8 1.S o.s 2.2 

41Total aromatic -lno acldl were not computed. 
SOURCE: Unpublllhecl data from 1941 Study of Urban FamDy Food Conaumptlon.lnltitute of Home Economlca, U.S. Department of Apiculture. Reprinted 
from FNB, 1959, Table 10. 
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provided at least the estimated minimum amount of each essential 
amino acid required by normal adult women, but whether or not these 
women were in positive nitrogen balance was not determined. That 
they were seems unlikely in view of the low energy intakes of some 
of them. 

PROTEIN AND ENERGY CONTENT OF DIETS IN COUNTRIES 
OTHER THAN THE UNITED STATES 

Diets in few countries of the world are as well supplied with energy, 
protein, and other nutrients as those in the United States. Information 
on the food supply of other countries is compiled by the Food and 
Agriculture Organization (FA o) as part of its continuing study of the 
state of food and agriculture. It also originates in the USDA's statistical 
studies of food supplies and food needs of the countries of the world, 
such as those summarized in The World Food Budget, 1970 (USDA, 
1964 ). In order to identify the food deficit areas of the world for this 
study, the USDA adopted nutrition reference standards as a basis for 
arbitrarily classifying countries as .. diet-adequate" or .. diet-deficit." 
The reference standards for energy were in line with those developed 
by FAO for short-term targets in the Third World Food Survey (FAO, 
1963). They ranged from 2,300 to 2,700 kcal/person/day for different 
areas. A standard for protein was included also, since the amount and 
type of protein consumed is considered to be an indicator of the 
nutritional quality of the whole diet. Not only is protein a basic dietary 
essential, but protein-rich foods, especially those of animal origin, are 
good sources of certain other essential nutrients. The reference 
standard adopted for protein, for all countries, was 60 g/person/day, of 
which at least 1 0 g were to be from animal sources and another 1 0 g 
from animal sources and/or pulses. For fat, the reference standard was 
arbitrarily set as the amount to provide 15 percent of the reference 
standard for energy. 

Of 92 countries for which so-called balance sheets were prepared for 
the World Food Budget, 37 had food supplies in 1959-61 providing 
fewer calories per capita than were specified in the nutrition reference 
standards. Protein supplies were below the reference standard in 33 
countries. Quality was probably poor also, as judged by how small 
a proportion was derived from animal sources or from pulses. Many of 
the countries with low protein supplies also had low energy supplies. 
The inhabitants of countries with food supplies that are by definition 
deficient in energy and/or protein account for a large proportion of 
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the world's population. This is not to say that other countries do not 
encounter problems in connection with nutrient supplies. In Brazil, for 
example, energy and protein supplies for the country met the reference 
standards; but in large areas either the quality or quantity of the food, 
or both, were inadequate, and malnutrition was widespread. In most 
countries, distribution of the food supply is not equitable. Thus that 
segment of the population far from the source of supplies, or which has 
little money, may fare badly. 

When the amount of protein available per capita is around 4~50 g, 
as it is in several countries in the Far East, parts of Africa, and Central 
America (Table 6), the proportion of individuals with low-protein diets 
must necessarily be large. Furthermore, when low total protein is 
associated with a low energy supply the situation is even worse than it 
appears, since some of the protein will probably be used to meet 
energy needs. 

The four countries listed last in Table 6 are included as examples of 
places where food supplies are extremely low in protein but have 
energy levels that met the reference standard. Important sources of 
energy in these countries are starchy roots and sugars, which furnish 
little or no protein. 

High carbohydrate foods-grains, starchy roots, sugar-account for 
7~80 percent of the energy in many food-deficit countries. Because 
they contain varying amounts of protein, the kinds and amounts of 

TABLE 6 Energy and Protein Levels Per Capita in Food Supplies 
of Selected Countries, 1959-1961 

Protein (g) 

Country Energy (kcal) Total Animal Pulse 

British Honduras 2,020 53 14 4 
Dominican Republic 2,020 41 12 7 
Guatemala 1,970 so 9 4 
Haiti 1,780 46 7 15 
Peru 2,060 51 13 s 
Burma 2,170 46 9 4 
Ceylon 2,120 47 12 6 
Indonesia 2,160 43 s 8 
Philippines 2,000 45 11 4 
Thailand 2,120 45 9 4 
Congo 2,460 44 4 15 
Guinea 2,400 46 3 s 
liberia 2,430 39 s 4 
Sierra Leone 2,410 40 3 3 

SOURCE: USDA, 1964. 
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these foods that serve as the dietary staple can make a substantial dif
ference in the total protein and amino acid content of the diet. To 
illustrate, 1 ,500 kcal from the following foods provide very different 
amounts of protein and of certain key amino acids: 

Total sulfur-
Food Protein (g) Tryptophan (g) Lysine (g) containing (g) 

Cassava 7 0.094 0.295 0.125 
Rice 28 0.343 1.254 1.003 
Millet A 29 0.379 0.901 2.039 
Cornmeal 39 0.235 1.111 1.216 
White flour 45 0.533 0.987 1.437 
Millet B 45 0.591 1.373 1.827 
Oatmeal 55 0.709 2.018 2.006 
Whole wheat 62 0.777 1.725 2.341 

A meaningful appraisal of a nation's food supply requires more in
formation than is provided by balance sheet averages. The real test of 
the adequacy of a diet is the nutritional well-being of the person who 
consumes it. In many of the developing countries, various groups have 
conducted at least limited studies of the food consumption, health, 
and nutritional status of selected portions of the population. Many 
of these studies have been made under country auspices, some with 
assistance from international agencies; and others were made in co
operation with survey teams of the Interdepartment Committee on 
Nutrition for National Defense. 

One cannot generalize about results of these studies, even for a given 
country, except to say that one or more dietary deficiencies are usually 
found, especially among children. Among adults signs of protein mal
nutrition are less common than those of deficiencies of certain other 
nutrients. 

Although dietary levels appear low in terms of commonly accepted 
recommended allowances for protein, they may not be low in relation 
to body size in some populations. For example, the food supply of 
Burma in 1959-61 provided 46 g of protein and 2,170 kcal/person/day 
(Table 6). Average heights and weights of the civilian adults who were 
measured during a nutrition survey in Burma in 1961 (U.S. Interdepart
mental Committee on Nutrition for National Defense, 1963) were: 

Height (em) Weight (kg) 

Males 15+ yr 161.5 49.3 

Females 15+ yr 150.7 42.8 
(non-pregnant, non-lactating) 
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These measurements suggest that the protein supply ( 46 g/person) was 
sufficient to provide an intake of I g/kg of body wt, a level that has 
been considered adequate, except for young children, to compensate 
for a low Biological Value of the dietary protein, provided energy needs 
are met. With the low energy intake level in Burma, however, the aver
age protein supply, 46 g per capita, must be borderline at best, even 
for people of small stature and even if the food is equitably distributed. 
Small body size, as Waterlow ( 1968) has suggested, represents an ef
fective physiological adaptation to inadequate food. 

Altllough signs of protein deficiency were not seen in the Burma 
nutrition survey, the low consumption of animal products undoubtedly 
contributed to the deficiencies of thiamin, riboflavin, and iron fre
quently seen in the clinical and biochemical studies. This situation is 
common in other countries as well. The importance of animal products 
in reinforcing the diet, not only in protein but also in other nutrients 
often deficient, should not be overlooked in plans and programs for 
improving the nutrition of underfed populations. 

PROTEIN IN DIETS OF YOUNG CHILDREN 

The most critical nutrition problem in much of the world is "protein
energy" malnutrition of young children. This problem is not confmed 
to the diet-deficit areas indicated in the World Food Budget, but occurs 
in most of the countries of Asia, Africa, and South and Central 
America. Although quantitative information on its prevalence is lacking, 
protein-energy deficiency has been estimated (Patwardhan, 1964) to be 
acute in 2-10 percent of infants and young children and to be present 
in milder forms in a much larger proportion, especially in the populous 
developing countries. The basic cause is the inadequacy of the post
weaning diet given to the child during the time it is exposed recur
rently to infection. This diet is likely to be low in protein, to provide 
insufficient energy, and often to be marginal in other nutrients as well. 
Poverty is an underlying factor. However, distribution of the food 
among family members is determined largely by the cultural pattern, 
and the young child frequently fares worst. 

Children in Nigeria, for example, may not share in the family food 
supply in accordance with their nutritional needs. This was shown in 
a study of the diets of urban dwellers in Lagos (McFie, 1967). Mean 
nutrient intakes of energy and protein by different age or sex groups 
were compared to recommended allowances, (FAO, 1957a,b), as shown 
below: 
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Sex or Age Energy Percent of Protein Percent of 
Group (teal) Allowances (g) Allowances 

Adult males 2,010 77 71 128 
Adult females 1,610 78 S4 108 
Pregnant and 

lactatina women 2,062 66 63 6S 
Chlldren 

1o-12 yr 1,141 ss 31 63 
7-9 yr 1,207 61 33 83 
4-6yr 1,134 68 30 94 

The data show that children's intakes, relative to allowances, were 
lower than those of adult males and females. In this instance the 
younger children fared better than those I 0-12 yr old. The figures show 
also that energy intakes of all groups except pregnant and lactating 
women were lower relative to allowances than were protein intakes. 

The protein content of diets reflects to a great extent the kind and 
composition of the dietary staple. The cereal-based diets of northern 
groups in Nigeria, for example, provide more protein in relation to 
energy than do those in the south, where starchy roots are staples. 

Extensive studies (Rao eta/., 1969) of the diets of preschool children 
in India provide information on relative deficiencies of protein and 
energy in this age group. Mean protein intakes in six regions ranged 
from 19-28 g, or I. 7-2.8 g/kg body weight. These amounts are above 
the 1.40 g/kg recommended by the Indian Council of Medical Research 
in 1968. Mean energy intakes were 600-950 kcal for the same groups, 
which is well below the recommended allowance of 1,275 kcal for 
children of 1-5 yr. 

Further analysis of the data from one region showed that 35 percent 
of the children had less than recommended intakes of both protein 
(body weight basis) and energy; 57 percent had enough protein, but 
were deficient in energy intake. No diets were found in this group that 
were adequate in energy value but deficient in protein. The authors 
conclude that nearly 90 percent of these children probably were 
victims of some degree of protein-energy malnutrition, primarily the 
result of an energy deficiency. They add that if the children were to 
"consume the types of diets they are eating now in adequate amounts 
to satisfy their energy needs, their protein needs would be satisfied." 
It would be wasteful, they suggest, to provide protein concentrates as 
supplements to the children's usual diets without at the same time 
assuring adequate energy intake. 

A study of the food intake of preschool Guatemalan Indian children 
(Flores et al., 1966) provides an example of nutrition problems in 
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Latin American countries. Average energy and protein intakes of four 
age groups in each of three villages are given below. The NAS-NRC 
Recommended Dietary Allowances (RDA 's) (FNB, 1968) for these 
age groups are provided for comparison. 

1-2 yr 2-3 yr 3-4 yr 4-5 yr 
Village I 

Kcalories 498 883 1,065 1,215 
Protein (g/day) 15.0 25.8 32.1 34.9 

Village 2 
Kcalories 417 869 978 1,110 
Protein (g/day) 11.9 22.8 27.1 31.4 

Village 3 
Kcalories 525 723 847 1,023 
Protein (g/day) 12.8 18.9 21.9 26.7 

U.S.-RDA 
Kcalories 1,100 1,250 1,400 1,600 
Protein (g/day) 25 2S 30 30 

Compared to RDA 'sin the United States, energy intakes were low 
in all groups. Protein intakes were low in many groups, especially the 
1-2-yr-olds, and in all age groups in Village 3. Because of energy 
deficits, protein shortages must have been even more serious than these 
figures indicate. 

The foregoing information is cited to illustrate how low the protein 
and energy intakes of young children in three developing countries are. 
Many children are even less well fed than the ones shown here and 
protein-energy malnutrition of young children is but one aspect of the 
larger problem of food shortages. 
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Improvement of Protein Nutriture 

One encounters two distinct problems in considering improvement of 
protein nutriture: First, improvement of the nutritional value of pro
teins in foodstuffs and diets; second, improvement of the nutritional 
status of individuals, communities, and populations. The former is rela
tively simple and subject to straightforward solutions; the latter is highly 
complex and does not have, nor is likely to have, a simple, single solu
tion. All too frequently, the solution to the first of these problems is 
mistakenly assumed to be the solution to the second. 

IMPROVING THE QUALITY OF FOOD PROTEINS 

More than a half-century ago, Osborne and Mendel (1914) demonstrated 
that the addition of lysine to diets based on wheat proteins improved 
their nutritional value for the rat. Since then repeated animal experi
ments have demonstrated that the protein value of diets consisting 
mainly of cereal grains can be improved by supplements of amino acids, 
especially of lysine, and by supplements of lysine-rich proteins; that the 
protein quality of diets in which legumes (bean, pulse) are the main pro
tein source can be improved by supplements of sulfur-containing amino 
acids or proteins rich in them; and that proteins with complementary 
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amino acid patterns can be combined to produce a protein mixture of 
higher nutritional value than any of the individual component proteins 
(Hart, 1952;Flodin, 1953;Waddell, 1958;FNB, 1959;Rosenberg, 
1959). 

Also, experiments involving man have provided evidence that the nu
tritional value, or efficiency of utilization, of several plant proteins can 
be improved by appropriate supplements of amino acids or by combin
ing them with proteins that have complementary amino acid patterns. 
The protein quality of diets consisting largely of wheat and wheat prod
ucts for both adults (Hoffman and McNeil, 1949; Cremer et al., 1951; 
Bricker et al., 1945) and infants (Bressani et al., 1960, 1963a; Barness 
eta/., 1961; Daniel et al., 1968;Graham eta/., 1969) can be improved 
by supplements of lysine; that of diets consisting largely of maize, by 
supplements of lysine and tryptophan (Gomez et al., 1957; Bressani et 
al., 1958, 1963b; Truswell and Brock, 1961 ); that of diets consisting 
largely of sorghum and millet (Daniel et al., 1965, 1966), or rice, by sup
plements of lysine and threonine (Parthasarathy et al., 1964 ); and that 
of diets in which the protein is largely from soybeans and mixtures of 
beans or peanut and other foods, by supplements of methionine (Goyco, 
1959; Nicol and Phillips, 1961 ; Graham, 1971 b). These studies, which 
were carried out under the controlled conditions provided by a metabolic 
unit, have demonstrated that nitrogen retention of experimental sub
jects fed relatively low levels of these proteins is improved when the 
diets are supplemented with the limiting amino acids. 

Reliable methods are available for determining the amino acid com
position and overall digestibility of proteins, but methods for determin
ing the availability of individual amino acids in foods are less well de
veloped (see D. M. Hegsted, pp. 64-88 in this volume). Nevertheless, 
once the amino acid composition and digestibility of a low-quality pro
tein have been established, the quality of products containing such pro
teins can then be improved by fortifying them with the amino acids in 
which they are low or with a quantity of protein that is rich in those 
amino acids, provided the availability of the amino acids pose no special 
problems, such as is sometimes encountered in severely heat-treated 
products. Specific technical problems may arise in fortifying complex 
foodstuffs with amino acids or with quantities of proteins having com
plementary amino acid patterns; but, as the two procedures are nutri
tionally equally efficacious, selection between them will hinge upon 
economic and technological considerations. These procedures have been 
used for many years to produce feedstuffs that are used efficiently by 
animals; the same principles apply in developing protein concentrates 
for human consumption (Scrimshaw et al., 1959a). 
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These accomplishments do show that it is possible to increase the ef
ficiency of utilization of food proteins and to develop products of high
protein quality from starting materials of low quality, but they bear only 
marginally on the problem of improving the nutritional status of man. 

THE PROBLEM OF PROTEIN INADEQUACY 

Undernutrition and malnutrition are major health problems in econom
ically less favored countries; even in rich countries, segments of the 
population may be undernourished as a result of social instability, low 
income, limited nutritional knowledge, or inadequate health care. There 
is little evidence that protein malnutrition occurs in the United States, 
except as the result of ignorance, neglect, or consumption of inadequate 
amounts of food. Even in less well-to-do countries, protein-energy mal
nutrition, other than that due to an inadequate supply of food, is pri
marily a disease of young children. Hollingsworth and Greaves ( 1970) 
quote W. M. Bayliss, who has said of the Western European-type diet: 
"Take care of the calories and the protein will take care of itself." They 
go on to point out that "this condition is met for adults almost every
where in the world. In other words, almost every mixture of foods lia
ble to be eaten by adults, when eaten in sufficient quantity to meet 
their energy needs, is likely to meet protein needs." This viewpoint has 
been reiterated by the FAO/WHO/UNICEF'Protein Advisory Group 
( 1970). Calculations of the amino acid intakes of adults with low in
comes in the United States (see H. H. Williams et al., pp. 23-63, and 
E. F. Phipard, 167-183, in this volume) indicate that even those with 
low-protein intakes consume the recommended amounts of essential 
amino acids and that any inadequacy is likely to be associated with low
food intake. Calculations of the amounts of amino acids provided by 
plant products in quantities that supply the necessary amount of en
ergy also lead to the conclusion that, for those above the age of 12 to 
have an inadequate intake of protein, they would have to subsist on 
such low-protein products as plantain, cassava, sweet potatoes, or yams 
(Aut ret et al., 1968; Sukhatme, 1970a,b; Nicol, 1971) or be consuming 
a diet in which the amino acids were particularly unavailable (see D. M. 
Hegsted, pp. 64-88 in this volume). 

Data on carbohydrate and fat consumption provide insight as to the 
adequacy of diets with regard to protein (Perisse, 1968; P~risse et al., 
1969). Animal products tend to be high in fat and plant products high 
in carbohydrate; as national income decreases and as individual incomes 
decrease within a given society, carbohydrate consumption tends to rise, 

Copyright © National Academy of Sciences. All rights reserved.

Improvement of Protein Nutriture
http://www.nap.edu/catalog.php?record_id=20068

http://www.nap.edu/catalog.php?record_id=20068


Improvement of Protein Nutriture 187 

owing to the greater dependence on the less-expensive plant products. 
The proportion of energy from protein does not fall appreciably, but 
the total amount of food that must be consumed to meet energy and 
protein requirements increases. Although the adult can consume enough 
of such foods to meet his protein requirements, the young child, with 
higher requirements per unit of body weight and a limited capacity for 
consumption, may not be able to eat enough of some of the bulky, high
carbohydrate products to obtain adequate amounts of either protein or 
energy. The problem is most acute in communities where the major 
staples are cassava and plantain (Nicol, 1971 ). Thus the young growing 
child is most at risk during periods of famine or food shortage, or when 
a low standard of living or a low family income forces him to depend 
upon inexpensive, high carbohydrate, low-protein foods for survival 
(Scrimshaw et al., 1969). 

ETIOLOGY OF PROTEIN-ENERGY MALNUTRITION 

If childhood malnutrition were due solely to dietary protein deficiency, 
providing protein supplements or improving the quality of the protein 
in dietary staples would solve the problem. However, the etiology of 
protein malnutrition is such that it is doubtful whether simple, uncom
plicated protein deficiency occurs naturally to any significant extent; 
and there is no evidence for the occurrence of specific deficiencies of 
individual amino acids (see G. G. Graham, pp.l09-137 in this volume). 
Whitehead (1969) points out that Cicely Williams has been insisting 
since 1950 "that kwashiorkor is not just protein deficiency but many 
other things as well" and that a step toward recognizing this is the sub
stitution, now widely accepted, of the term "protein-calorie" or 
"protein-energy" malnutrition for "protein malnutrition." He warns, 
nevertheless, that this, too, is an oversimplification. 

Although protein deficiency has received major attention as the cause 
of worldwide malnutrition, the complexity of the disease has been em
phasized frequently. Autret and Behar (1954) based their preference 
for the term sindrome policarencial infantil on observations that "when 
the syndrome occurs among poor people, the protein deficiency is al
most always accompanied by a deficiency of calories and various impor
tant nutrients." Multiple nutritional deficiencies have been recognized 
regularly as complicating factors in "protein malnutrition" (Hansen and 
Brock, 1954; Behar eta/., 1958; Whitehead, 1969). Scrimshaw and as
sociates (1957) concluded that "protein malnutrition ... is usually 
associated with a recent or long-standing deficiency of calories." This 
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is reemphasized by Whitehead (1969), even though he points out that, 
where the habitual food is plantain, "a fairly pure form of protein mal
nutrition" may occur. Both Gopalan (1968, 1969) and Sukhatme 
( 1970a,b) report, on the basis of dietary studies conducted in India, that 
"protein malnutrition" is almost invariably associated with a deficit of 
energy. In view of the well-recognized reduction in nitrogen retention 
that occurs when energy intake is inadequate (Calloway and Spector, 
1954), it is not difficult to understand why "protein malnutrition" can 
occur as the result of a food deficit even when the food supply is not 
deficient in protein. Thus, from the viewpoint of diet alone, "protein 
malnutrition" is "many ... things," as emphasized by Cicely Williams. 

Beyond this, discussions of the etiology of "protein malnutrition" 
emphasize the importance of social customs and patterns. The use and 
distribution of foods are influenced by traditional social observances, 
superstititions, and taboos, frequently to the detriment of the young 
child. Even if sufficient high-quality food is available for the family, 
children may not receive as adequate a diet as do adults (Collis and 
Janes, 1968) (see also E. F. Phipard, pp.l67-183 in this volume). 
Owing to ignorance or custom, the child's food may be greatly diluted 
after weaning and during illnesses so that its energy and nutrient content 
are low (Whitehead, 1969). Furthermore, food intake commonly falls 
during episodes of diarrhea and the already-depleted child suffers fur
ther nutritional insult at just the time when needs are high owing to in
complete absorption of nutrients and wastage of tissues. The impor
tance of infections and parasitic infestations as factors contributing to 
the development of protein malnutrition has been strongly emphasized 
(Scrimshaw et al .• 1959b; Bengoa, 1969). Infections can increase both 
energy requirements and nitrogen losses. Thus protein-energy malnu
trition can occur even when the food supply is not conspicuously in
adequate, either because of poor utilization in the home of what food is 
available, or because of poor utilization in the body as a result of non
nutritional diseases. 

Hegsted (1970) has emphasized the difficulty of demonstrating clear
cut deficiencies of either protein or energy because of the close meta
bolic and nutritional relationships between the two and because a defi
ciency of one cannot be alleviated without affecting the other. He 
points out that treatment of protein-energy malnutrition involves the 
provision of a complete diet and that, therefore, one cannot establish 
which of the dietary components is of prime importance. This is ob
viously unlike the situation with deficiencies of many trace nutrients, 
in which specific responses to the administration of minute amounts of 
the appropriate nutrient can be demonstrated. 
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EXPERIENCE WITH FEEDING TRIALS 

In an early review of kwashiorkor, Woods (195 I) emphasized that an 
outstanding feature of that disease was its extraordinary resistance to 
therapy with such individual nutrients or semipurified substances as 
vitamins, lipotropic substances, liver extract, or protein concentrates. 
Limited evidence from general feeding trials with amino acid and pro
tein supplements does not offer much promise that the relatively sim
ple procedure of fortifying basic foodstuffs with amino acids, or even 
providing protein supplements, will alleviate protein-energy malnutri
tion. Widdowson and McCance (I 954) fed some 300 undernourished 
children, aged 4-1 5 years, diets in which about 75 percent of the total 
energy was provided by bread and most of the remainder by vegetables. 
Their subjects' per capita intake of animal protein was about 8 g per 
day. The children grew throughout the 1-year period of the test at a 
rate considerably greater than well-nourished English or American chil
dren would have done and were judged to be well nourished. In a fur
ther test, the children of one group each received a pint of milk daily, 
and the children of a second group received an equicaloric amount of 
biscuits and orange juice. No differences between the two groups ascrib
able to diet variables were observed during the subsequent 6 months 
(McCance and Widdowson, 1955). Thus, with ample food, good sanita
tion, and appropriate health care, a diet composed largely of wheat pro
ducts and vegetables was adequate for children aged 4 or older. 

In a field trial in Haiti, malnourished school children fed a supplement 
of bread or one of bread fortified with lysine exhibited no clear-cut ben
efits from lysine fortification (King eta/., 1963 ). In another study in 
India, which utilized 2-5-yr-old children who received 54 percent of 
their calories and 85 percent of their protein from wheat, those subjects 
in a group receiving additional lysine grew, on the average, 0.6 em more 
in 4 months than did those not receiving lysine (Pereira eta/., 1969). 
However, the two groups showed no difference in weight gain, nitrogen 
retention, serum protein concentration, or hemoglobin concentration; 
and it should be noted that the diet contained oil and sugar, so the pro
tein content represented just 8 percent of the total energy. In a study 
of lysine fortification in Iran, no benefit from a lysine supplement was 
observed (Darby, 1970). In Peru, the effectiveness of a wheat-noodle 
supplement for children was compared to that of the same supplement 
fortified with fish protein concentrate (Graham eta/., 1963 ). Although 
the provision of additional wheat-noodle supplement enhanced nutri
tional status, the supplement containing fish protein was no more effec
tive. In a field trial in Guatemala (Scrimshaw eta/., 1969), the adminis-
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tration of a food supplement to the population of one village "produced 
a measurable, although not a striking, result in promoting physical growth 
and development, and a lesser disease incidence" over that of a village not 
receiving the food supplement. Thus the provision of food, unaccompa
nied by other measures, brought about only a limited benefit. 

ANALYSIS OF THE PROBLEM OF PROTEIN MALNUTRITION 

A striking feature of the literature on what is commonly called "protein 
malnutrition" is the dearth of evidence that this syndrome results from 
any specific amino acid deficiency or even from simple protein defi
ciency. The early reports characterized the disease as malignant malnu
trition of childhood or sindrome policarencial infantil, without focus
sing on any single causative agent. As information accumulated, two 
clinical entities were identified-one, marasmus, was equated with pri
mary energy deficiency or total food deficiency; and the other, kwash
iorkor, with primary protein deficiency (see G. G. Graham, pp. 
109-13 7 in this volume). Despite recognition of these two extreme 
conditions, studies in India (Gopalan, 1969) suggest that differences in 
diet composition are probably less important than are other factors in 
determining which develops. The occurrence of protein deficiency, 
kwashiorkor, thus appears to be the result, not of a unique diet, but 
rather of some acute insult superimposed on a barely adequate or in
adequate diet. In any event, the majority of cases appear to fall between 
the two conditions and are considered to represent varying degrees of 
deficiency of both energy and protein. Investigation of the causes of the 
syndrome and experience in treating it over the years have provided a 
large body of knowledge that reemphasizes its complexity and the 
futility of expecting that a simple, expedient solution for the problem 
can be found (Bengoa, 1965; Graham, 1965; Williams, 1965). 

A recent survey of nutritional status in the United States has pro
duced little evidence that protein deficiency is a general public health 
problem, despite the fact that a few cases of protein-energy malnutri
tion were identified (USDHEW, 1972). Food intake studies of children 
and families support this conclusion (see E. F. Phipard, pp. 167-183 
in this volume). As noted above, when protein-energy malnutrition 
does occur, it appears to be the result of ignorance, neglect, or an in
adequate intake of food associated with poverty. These, together with 
inadequate sanitation, widespread infections, and a general lack of 
health services and nutritional knowledge, are important causes of the 
worldwide problem of protein-energy malnutrition. Although there is 
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no question but that the disease has a nutritional component and that 
it occurs primarily in areas with a low-protein, high-carbohydrate diet, it 
is not simply a nutritional problem, but rather a social and economic 
problem as well. It thus becomes important to assess critically the ef
fectiveness and feasibility of apparently simple measures proposed for 
its alleviation. 

Among the proposals that have received considerable attention in the 
United States and by the FAO/WHO/UNICEF Protein Advisory Group 
are amino acid fortification of basic foodstuffs, especially cereal grains, 
and the development of protein concentrates that can be used in small 
quantity to improve the household supply of protein. A more general 
approach to the world food problem has been developing slowly over 
the past 25 yr, i.e., the improvement of agricultural production through 
genetic improvement of staple food crops and the application of modem 
agricultural methods-the so-called "green revolution." This last is 
recognized as a long-term solution and, as such, requires a long-term 
commitment by governments and by well-trained individuals. The first 
two proposals are put forward as interim solutions to the immediate 
problem, while the longer-term solution is being developed. 

To put into perspective the proposal that widespread fortification of 
cereal grains with amino acids be initiated, it must be acknowledged at 
the outset that the protein quality of diets containing proteins with un
balanced patterns of amino acids can be improved by supplements of 
the limiting amino acids. It must also be recognized that, with the ex
ception of a few diets based largely on root crops or plantain, unsupple
mented low-protein diets will meet the protein requirements of adults 
who consume sufficient food to meet their energy needs. Blix ( 1965), 
in a study of human diets, found that the relationship between the in
take of energy and the intake of protein tended to remain constant and 
that low-protein intakes were almost invariably associated with an energy 
deficit. Even a diet in which 90-95 percent of the nitrogen was supplied 
by white flour was sufficient to maintain 19-27-year-old men who con
sumed an adequate amount of energy in nitrogen equilibrium (Bolourchi 
et al., 1968). The studies with children who were fed a diet in which 75 
percent of the protein was from bread demonstrated that children aged 
4-15 years can grow well on diets with relatively unbalanced amino acid 
patterns (Widdowson and McCance, 1954 ). Begum et aL (1970) have 
reported that children aged 2-5 fed a diet composed entirely of plant 
products ( 100 kcal/kg), with 83 percent of the dry matter derived from 
rice, wheat, and nonprotein energy sources, grew at the same rate as did 
North American children in the 50th percentile. Although protein
energy malnutrition is a problem of the young child, it is most severe in 
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the young child who receives insufficient food and is subject to recur
ring infections. 

Despite the fact that general amino acid fortification of staple foods 
could, at best, be expected to benefit only a small part of the popula
tion, primarily very young children, the procedure could be justified if 
its efficacy were assured. However, it has not yet been established that 
measurable benefits can be obtained in a population through fortifica
tion of staple foods with amino acids. Hegsted ( 1968) assessed the ef
fectiveness of amino acid fortification as a means of improving the nu
tritional quality of wheat flour and concluded that the improvement 
from lysine and threonine supplements is much less than is often pre
dicted. Furthermore, Miller and Donoso (1963) concluded, from biolog
ical assays of food mixtures, that in many poor countries, despite a 
high intake of cereal grains, the sulfur-containing amino acids are likely 
to be the limiting amino acids. The FAO/WHO/UNICEF Protein Ad
visory Group (1970) states as its first consideration for recommending 
amino acid fortification that the limiting amino acid in the diet of the 
target group should be established and that energy intake should be ade
quate. Presumably, other dietary deficiencies should be corrected as 
well. Amino acid fortification, while it may improve the protein quality 
of a staple foodstuff, contributes only trivially to the total energy in
take and does not alleviate any other existing dietary deficiencies. Also, 
questions arise as to whether it will improve the protein quality of the 
diet as a whole; and, even if it does, whether this improvement will be 
reflected in improved nutritional status if energy intake remains low 
and if infections and illnesses remain as complications in the target 
population. 

Quite apart from nutritional considerations, economic decisions con
cerning how much of a limited budget should be invested in a specific 
program must be made. Much has been said about the utility of cost
benefit analysis in deciding among various procedures for improving pro
tein nutrition. What is overlooked in such considerations is that cost
benefit analysis is meaningless if a benefit per se cannot be established 
and quantified. Because evidence of direct benefit deriving from amino 
acid fortification is lacking, calculations are based on anticipated theo
retical improvement in protein quality (Hegsted, 1968). A compilation 
of cereal grain consumption of some 17 Asian, African, and Latin Ameri
can countries shows that the percent of total per capita protein con
sumption from grains ranges between 40-71 percent (Kracht, 1969). 
How closely the theoretical nutritional value of the total dietary pro
tein approaches the actual value will, therefore, depend upon the amino 
acid composition of the other 29-60 percent of protein in the diet. 
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Thus, the basis for calculating benefit is tenuous at best. Further, if the 
cost of the amino acid alone is used in calculating the increase in price 
to the consumer, the increase for wheat fortified with 0.2 percent of 
lysine is about 2.5 percent (Hegsted, 1968). However, a more detailed 
analysis of the total cost indicates that the basic price of flour fortified 
in this way would be increased by 6-8 percent (Kracht, 1969). Inas
much as cereal grains often represent from 40 to 70 percent of a na
tional food supply, this increase would represent a substantial sum of 
money, especially if foreign exchange had to be used to purchase it-as 
indeed it would until such time as local plants were developed to pro
duce amino acids. For a procedure of unproven merit, this appears to 
be a high-risk venture. 

The development of protein mixtures fortified with vitamins and 
minerals has progressed in many areas. Such products are commercially 
available in several developing countries. They are designed so that rela
tively small amounts included in the food during cooking will improve 
the total nutritional quality of the diet. This procedure has more nutri
tional merit as a means of improving individual diets than does amino 
acid fortification of staple foods in that it provides additional quantities 
of several essential nutrients as well as protein and some energy. 

The efficacy of fortified protein mixtures, however, will be limited if 
energy intake is inadequate. Unless they are consumed during periods 
of illness, when food intake is commonly reduced, the benefits they can 
provide may be lost at the most critical time. Perhaps most important, 
if they are not available at a cost that permits them to compete with 
existing staple foods that satisfy the need for energy, such staples are 
likely to take precedence in the food budget of poor families. To assure 
their distribution to those who might most benefit from them will 
probably require government subsidization. Thus, although the nutri
tional basis for the development of protein mixtures fortified with vita
mins and minerals is sound, the potential of such programs for alleviat
ing malnutrition is limited. 

Analyses of the problem of improving protein nutrition (Autret, 1970; 
Hollingsworth and Greaves, 1970) emphasize that the most important 
measure to increase protein supply is to increase the production of 
cereal grains and that improvement of the quality and the quantity of 
proteins of the grains will further improve the supply of protein. Be
cause in many regions cereals provide the most energy for the least cost, 
they often constitute the major food supply of poor people and develop
ing countries. Thus increased production provides greater supplies of 
both energy and protein, as well as of many other nutrients for the pop
ulation as a whole. If the extra food is readily available, the major prob-
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lem lies with the young child, whose nutrient requirements are higher 
than those of the adult. However, because the child's energy needs are 
also higher, requirements for most nutrients per unit of energy are not 
as much greater as it may appear when requirements are expressed per 
unit of body weight. Nevertheless, this vulnerable group should be given 
special attention. The British food program during and after World War 
II (Hollingsworth and Greaves, 1970), which focussed especially on the 
needs of young children and pregnant and nursing women, is of special 
interest in this regard. The program centered on providing milk as the 
food supplement for those groups; and, although in most developing 
countries milk in the required amounts and of adequate quality is not 
available, other types of high-quality foods especially designed as wean
ing foods for children can be a valuable part of an effective national 
food program (Graham, 197la; Nicol, 1971 ). It is in the development 
of special high-quality foods for such programs that amino acid and pro
tein supplements can be most useful. Again, initiation of such a program 
is not just a nutritional problem; it can be accomplished only by com
mitment, both financial and educational, on the part of the appropriate 
government agencies, to a carefully designed national food program. 
Piecemeal approaches offer little to commend. 

The same level of commitment is essential for improving the total 
supply of protein and food. Borlaug ( 1968) has reviewed the develop
ment of the wheat program in Mexico. Only through such long-term ef
forts can any lasting solution to the food and protein problems be 
achieved. The culmination of the program in Mexico required 20 yr of 
effort through agronomic research, the development of an extension 
service program, the training of local scientists, organization of methods 
of financing farmers to enable them to acquire new seed and fertilizer, 
and much more. Nevertheless, it successfully converted Mexico from a 
wheat importing nation to one that is self-sufficient, increased the in
come of many farm units, and resulted in a saving of foreign exchange 
for national investment. Tuck ( 1970) has emphasized the prime impor
tance of concentrating on food production, rather than on other indus
tries, as the first step in economic development. Yet, even in Mexico it 
is not yet clear how much improvement in the nutritional status of the 
population has been achieved. Improvement of nutritional status de
pends upon measures other than increased productivity alone; in Asia, 
for example, the higher yields from the "Green Revolution" apparently 
have not benefitted those most in need (Brown and Rastyannikov, 
1971 ). 

Whenever the causes of protein-energy malnutrition include inade
quate energy supply, inadequate supply of total food, inappropriate dis-
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tribution of the available food, ignorance of basic nutrition knowledge, 
unsanitary living conditions, insufficient numbers of appropriately edu
cated personnel, lack of medical care, low income, and a slow rate of 
economic development, no simple solutions will likely be found. To 
advocate simple expedients as solutions for complex problems not only 
does little to alleviate the basic difficulty, but also obscures the real 
issues; delays the development of the adequate, long-term solutions that 
are essential; and tends to divert funds and effort into directions that 
are likely to delay rather than promote permanent solutions. 

Critical analysis leads to the conclusion that protein-energy malnu
trition intimately relates to poverty and that no general formula exists 
for solving the basic social and economic problems in which worldwide 
malnutrition has its roots. Unique conditions are encountered in dif
ferent countries and even in different localities within a country. To 
ensure that a program will benefit a population that is at risk of mal
nutrition requires systematic analysis.of each situation and critical 
assessment of each proposed solution. It is particularly important to 
identify accurately the basic causes of malnutrition, to develop a strategy 
that focuses specifically on the needs of the target population and to 
evaluate the effectiveness of the program continuously so it can be 
modified as its weaknesses and strengths are recognized. Without such 
an assessment, despite the highest of motives, programs that are inap
propriate or ineffective will undoubtedly be undertaken. For example, 
lysine fortification can improve the nutritional value of wheat proteins 
but is of no value if the overall diet is deficient in neither lysine nor pro
tein; it is of limited value even when lysine supply is inadequate, if it 
raises the cost of a staple produce without at the same time increasing 
the purchasing power of those who need the supplement; introduction 
of nutritionally improved cereals will be without benefit and can even 
be detrimental if the yield is so low that total energy production falls. 
These relationships should be obvious even to the layman; however, 
many superficially simple proposals for changes in agricultural practices 
or in the food supply may have subtle and far-reaching ramifications 
that are not readily recognized without careful analysis of the local 
situation. 

Increased food production and a national food program are two criti
cal steps in alleviating malnutrition; they are but two among many. For 
nutrition programs to be effective, they must be coupled with education 
and public health programs. Limited reports of success in reducing mal
nutrition through having trained dietitians provide mothers with nutri
tional information (Collis and Janes, 1968) indicate the potential for 
educational programs. The success of rehabilitation (mothercraft) cen-
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ters (King, 1972) supports this view. The importance of disease in pre
cipitating bouts of malnutrition is well documented and emphasizes the 
need for public health measures directed toward improved sanitation, 
water supplies, and community health services. Full institution of these 
programs and the ultimate solution of the problem of worldwide mal
nutrition, if it is to be achieved, undoubtedly depend in the final analy
sis upon economic development. Initiation of health and agricultural 
programs directed toward alleviating malnutrition can proceed concur
rently with, and can contribute to, economic development. Neverthe
less, even the most effective nutrition programs will meet with only 
limited success unless economic development proceeds steadily and is 
accompanied by an increase in the purchasing power of those with bare 
subsistence incomes. 
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