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I. INTRODUCTION 
Determination of the nutritional value of proteins is inherently non-

specific. In the case of vitamins or essential minerals one deals from 
the assay standpoint with the evaluation of a single essential nutrient at 
a time. In the assay of protein value, conversely, one must be concerned 

225 
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with the qualitative and quantitative adequacy of at least 9 amino acids. 
There are also problems of amino acid balance and utilization to be con-
sidered. Thus, although blood carries amino acids to all tissues, only 
one of the proteins of blood is nutritively balanced. The keratins of 
skin, feathers, and hair, on the other hand, which have fair balance of 
amino acids, are largely indigestible. 

It is inevitable that different assay methods differ in classifying pro-
teins as to nutritive value. The different assay methods have differing 
parameters of measurement and quite different endpoints. Despite the 
vagaries inherent in this type assay, protein evaluation methods have 
classified most food pfoteins in the same general order of adequacy. The 
balanced proteins of meat, milk, and eggs have been used as standards 
of excellence. By the same token, the major grain proteins, low in one 
or more essential amino acids are generally improved in feeding value 
by appropriate amino acid fortification. Balance of amino acids is usually 
achieved in man by a sufficiently varied food intake. Balance can also 
be purposefully achieved, as in the case of manufactured feeds for 
poultry and swine, by minor fortification of a single protein source, 
soybean meal. 

We now know the approximate amino acid needs of several species. 
Knowing the essential amino acid composition of a protein one can 
predict its feeding value with fair accuracy. One cannot predict, how-
ever, failures in digestibility or effects of processing, some of which are 
not revealed by composition analyses. Protein methods, which reflect 
true feeding value, continue therefore to provide the ultimate in bio-
logical evaluation. Indirect methods of protein evaluation confirm and 
complement the direct feeding methods. 

The pattern of amino acid requirements is much more similar than 
dissimilar for growing rats (Rose et al., 1948), for adult man (Rose, 
1949), for adult protein-depleted rats (Cannon, 1948), for adult rats 
(Benditt et al., 1950), and as exemplified in the National Research 
Council nutrient requirements for swine (Natl. Acad. Sei., 1953) and 
for chickens (Natl. Acad. Sei., 1954). Albritton (1954) has compiled 
requirements also for mice, turkeys, dogs, various invertebrates, and 
microorganisms, insofar as these are known. In the search for "unity 
amid diversity" the nutritive quality of proteins has equal connotation 
for many species. Muscle and tissue proteins differ little as to amino 
acid composition between species. Generally, choice of one protein 
evaluation method over another is made on the basis of convenience, 
or application to a given species, or set Qf circumstances. 

Meister (1957) has provided an excellent treatise on the biochemistry 
of amino acids, including their nutritive role. The nutritive value of pro-
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teins was recently reviewed in a colloquium of six papers (Cuthbertson, 
1957). One of these, by Bender, reviews recent biological methods of 
evaluating protein quality. Bender describes, among others, his own 
abbreviated protein retention assay (Bender and Doell, 1957), the 2-day 
nitrogen restitution method of Vardi and Tatar (1954), the single dose 
nitrogen retention test of Silber and Porter (1949) for protein hydrol-
yzates, and the microbial assays of Fernell and Rosen (1956), Halevy 
and Grossowicz (1953), and Horn et al. (1952). Only the methods of 
Bender (1956) and Bender and Doell (1957) are reviewed here. In this 
same colloquium both Carpenter and Ellinger detail the accomplishments 
and many of the limitations consequent to processing proteins for use 
in animal feeds. Importantly also Henry and Kon (Cuthbertson, 1957) 
strive to bring the whole matter of protein evaluation into perspective, 
pointing the need for reliable assessment of diets as eaten. 

In an earlier review of the same title (Frost, 1950a) classic methods 
of protein evaluation were discussed pertinent to evaluation of the rat-
repletion method. The latter was new at that time and was extensively 
applied to assay liquid protein hydrolyzates. Weanling rats cannot con-
sume enough highly dilute protein hydrolyzate solution to support max-
imum growth. Near adult protein-depleted rats, if need be, consume 
volumes approaching their own body weight each day. The speed and 
precision of the method, plus the fact that the same animals are used 
for repetitive assays, serving to some degree as their own controls, 
proved uniquely valuable for this purpose. 

The basic repletion method was developed as a tool by Cannon 
(1948) in his classic studies of the pathological consequences of protein 
deficiency, particularly the loss of natural resistance to disease. The 
method itself proved so intriguing that Cannon and his students went 
on to establish the essential amino acid requirements to support rapid 
repletion in the adult protein-depleted rat. This provided the same 
precise basis for assay of proteins by the repletion technique as Rose 
and his co-workers (1948) had established for growth. Cannon (1954) 
reviewed the advantages and scope of the rat-repletion method, describ-
ing its flexibilities and broad application to medical problems. 

In the earlier review, questions were raised as to the effects of amino 
acid balance, the role of other than essential amino acid nitrogen, and 
the inhibition by D-amino acids. The nature and consequence of amino 
acid imbalance is rapidly unfolding (Elvehjem, 1956; Harper, 1958). 
The same is true for effects of D-amino acids (Berg, 1953; Wretlind, 
1956, and Womack et al, 1957). These are areas in which the repletion 
method can be used conveniently, with precision, and at relatively low 
cost. 
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Fisher (1956) has raised the interesting question whether excessive 
intake of essential amino acids, which are all quite toxic given indi-
vidually, may limit life span. This is a timely question to which Fisher 
suggests an experimental approach. We can only conjecture now, how-
ever, on such points. Presumably the highest nutritive value proteins 
place least metabolic stress. 

Studies in rats at the National Institutes of Health with chemically 
defined water-soluble diets (Greenstein et al., 1957) clearly show that 
mixtures of only the natural, L-amino acids are indeed superior for 
growth in rats to ones containing various DL-amino acids. As previously 
noted (Frost and Sandy, 1950), the avidity of protein-depleted rats for 
mixtures containing DL-amino acids was always markedly less than for 
protein hydrolyzates. This was true even when a two-fold excess of 
essential amino acids was supplied. Sources of nitrogen other than 
essential amino acid nitrogen, such as glycine, glutamic acid, arginine, 
ammonia salts, and even urea, proved superior to an excess of essential 
amino acids. Because the mixture of essential amino acids contained 
some DL-forms at least part of the inhibition was suspected due to the 
D-amino acids. Recent studies by Rechcigl et al. (1957) bear on this 
point and, like the reports of Greenberg and his co-workers, reveal the 
precision in interpretation which is only possible when L-amino acid 
mixtures are used. 

In time, re-evaluation of the essential amino acid requirements for 
repletion should be made in terms of only the natural isomers. When 
this can be done, it will again be worth while to determine the substi-
tution value of various nonspecific forms of nitrogen. 

In a precise series of investigations Schultze (1956) has shown that 
chemically defined diets suffice for reproduction in rats. The 10 "essen-
tial amino acids" did not support lactation as well as a mixture of 16 
amino acids, similar to the findings for both growth and repletion in 
rats. This work supports the general notion that the nutritive quality 
of proteins is reflected also in their ability to support reproduction and 
lactation. 

II. PROTEIN EVALUATION METHODS — GROWTH AND 
NITROGEN BALANCE 

A. GROWTH METHOD AND PROTEIN EFFICIENCY RATIO 

The way in which different proteins support growth in young rats 
has been the most general and widely used criterion of protein value. 
In 1919 Osborne and his co-workers introduced the concept of "protein 
efficiency ratio" as a refinement of the simple growth method. The grams 
weight gain per gram protein intake were measured for several proteins 
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and it was found that varying levels of protein in the diet gave different 
protein efficiency ratios. A rather definite level was found for each 
individual protein which produced the greatest gain per gram protein 
ingested. These levels for casein and lactalbumin were 12% and 7.9%, 
respectively. In general, it has been found that the better the protein, 
the lower the level in the diet required to produce the highest protein 
efficiency ratio. This is a clear reflection of the importance of the proper 
nutritive balance of all of the amino acids to produce optimum metabolic 
efficiency. In practice, however, it became fairly customary to determine 
protein efficiency ratios at a level of 10% of dietary protein. Mitchell 
(1944) criticized the method on the basis of certain of the weaknesses 
which were recognized by its originators. 

Barnes and his associates, working with mice, made a careful study 
of the protein efficiency method which led Bosshardt et al. (1946) to a 
new, improved, and shortened technique. It may be mentioned again, 
however, that Block and Mitchell (1946) have criticized these refine-
ments in the method as being too cumbersome to be generally followed. 
The latter criticism may, of course, be voiced for the nitrogen balance 
methods as well, depending on one's experience and accommodations. 
Hegsted and Worcester (1947) appear to have brought the most cogent 
criticism of the protein efficiency ratio method as ordinarily practiced. 
They have established that in a large series of experiments the protein 
efficiency ratios almost exactly parallel the rates of weight gain. Thus, 
in the ordinary comparison of proteins by the growth method, nothing 
may be gained by the calculation of protein efficiency ratios over and 
above the information obtained from direct comparison of the growth 
increments themselves, and the extra effort of measuring daily food 
intakes is avoided. 

Nitrogen efficiency ratios have been calculated in this laboratory 
under the conditions of the rat-repletion method, wherein the rats are 
allotted a definite amount of amino acid nitrogen daily. In instances 
where rats do not take the complete allotment of nitrogen, the figure 
for nitrogen efficiency ratio provides a useful reflection of the net nutri-
tive values of various preparations. In instances where animals consume 
the full allotment of nitrogen, comparison of weight increments alone 
is sufficient. It may be mentioned that the basis of feeding levels used 
in this laboratory is nitrogen, rather than protein. This seems appro-
priate in view of the considerable difference in nitrogen content of dif-
ferent proteins, and even between different samples of the same protein. 

The growth method of assay obviously classifies proteins according 
to their adequacy to meet the needs for tissue synthesis, and is generally 
considered a critical index of protein value. The method is most critical 
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when proteins are fed at a near-minimum level, i.e., 1 to 1.5% nitrogen 
added to a protein-free diet. 

A method based on rat growth and calculation of "protein efficiency" 
was suggested recently by Derse (1958a) as offering greatest utility from 
an official food control standpoint. The need for calculation of protein 
efficiency is, however, not demonstrated. A possible weakness of the 
method is that it states only one level of protein for test, i.e., 9%, a level 
well below the level of protein ordinarily obtained in foods by most 
species. In all fairness, however, the author, recognizing the limitations 
of all protein evaluation methods, strives only to classify proteins as 
excellent, good, or insignificant from the general dietary standpoint. 

Speaking from the control official's standpoint, Friedman (1958) 
points the need for simple, precise methods to measure protein value of 
foods as eaten by man and by livestock. One may indeed question the 
preoccupation on assay of single proteins, which is prevalent throughout 
the literature. This emphasis is, of course, understandable in develop-
ment of new methods to evaluate proteins. Almost all such methods 
measure the adequacy, balance, and availability of the amino acid pat-
tern of individual proteins for growth, maintenance, or repletion. Gen-
erally, they classify food proteins in the same relative order. They may 
thus be expected to similarly reflect the supplementary effects of different 
proteins, and of entire diets. One of the very worthy objectives voiced 
by Derse (1958b) is, "A method cannot be chosen that will be the com-
plete answer, but one can be chosen that will clearly assist the public 
officials in interpreting food protein claims." 

B. NITROGEN BALANCE METHODS 

1. Biological Value 

The second of the older methods of protein assay is the method of 
determining biological value from the data on nitrogen intake and 
excretion. The concept of "biological value" was first introduced by 
Thomas (1909) in terms of per cent of digestible nitrogen from a test 
food which was retained by the adult human. Mitchell (1924), on the 
other hand, applied the method to the growing rat, thus including the 
requirements for both growth and maintenance. Mitchell et al. (1945) 
brought the method to an eventual high stage of precision as applied 
to the growing rat. The method involves paired feeding. In this regard, 
it is worthy of note that Hegsted and Haffenreffer (1949) have recently 
presented evidence and a rationale in support of ad libitum feeding, 
particularly in regard to calorie intake. The many ramifications of such 
questions as this are beyond the scope of this paper. It may be argued, 
however, that the biologic value method presents fully as many impon-
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derables and problems, and is no more precise than the growth or 
repletion methods of protein assay as now carried out with rats. 

Forbes and Yohe (1955) checked the Thomas-Mitchell nitrogen 
balance method for determination of biological value of 10% dietary 
blood fibrin against the modified method of Bender and Miller (1953). 
Although values in the range 76.6 ± 1.57 to 80.8 ± 2.88% were ob-
tained, respectively, the authors raise pertinent questions about the 
reliability of the latter method, particularly when carcass nitrogen is 
calculated from carcass water content. They also point the need for 
fairly large numbers of animals to reduce standard error. 

In critical appraisal of the nitrogen balance technique, Forbes and 
Yohe (1955) found that at 4.0 gm. food intake biological values for 
soybean oil meal and methionine-supplement fibrin were 59.1 and 74.3, 
respectively. But when the rats were allowed 6 to 8 gm. food per day, 
calculated values were 71.0 and 96.8. Even more significantly, Forbes 
et al. (1956) reported that biological value decreased linearly for three 
different proteins as the protein concentration increased. Furthermore 
the rate of change in calculated biological value was different for 
increasing feeding levels of each protein. The authors conclude, "Thus, 
not only does the biological value depend on the concentration in the 
diet, but the relationships between different proteins depends on the 
levels at which the proteins are fed." This is clear statement of the 
limitation in assigning hard and fast figures for biological value of 
proteins to cover all feeding circumstances. 

2. Nitrogen Balance Index 

As shown by Allison and Anderson (1945) and Allison et al. (1946), 
when adult dogs are highly standardized so that the endogenous excre-
tion is fairly constant, it is possible to plot absorbed nitrogen against 
nitrogen balance to obtain a straight line. The linearity holds, however, 
only in the region of negative balance and slight positive balance, indi-
cating that reliable values are obtained only at critical intake levels. 
The application of "nitrogen balance index" is essentially similar in 
practice to that of "biological value." Melnick and Cowgill (1937) had 
previously pointed to a linear relationship between nitrogen balance and 
per cent protein calories in the diet. It should be recognized that these 
relationships do not in themselves add anything essentially new to the 
method of determining biological value. Indeed if these relationships 
did not hold true for carefully executed experiments, it would be evi-
dence that the method is unreliable. 

The problems encountered in determining biological values or nitro-
gen balance indices in adult rats and dogs are also encountered, and 
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possibly even to a greater and less controllable degree, in experiments 
with humans. For this reason, the clinical determination is fraught with 
much difficulty and uncertainty. Hoffman et al. (1948) have applied 
the nitrogen balance index in human studies and have pointed to the 
following disadvantages: (1) the requirement of a long, tedious, difficult 
balance study; (2) the inherent error of the estimation of endogenous 
nitrogen excretion; and (3) the diffiiculty in drawing an accurate 
straight-line curve. The study, to have a reasonable degree of accuracy, 
must extend over a period of at least 3 weeks. The accuracy of the curve 
relating nitrogen balance to nitrogen intake depends primarily on the 
establishment of the endogenous nitrogen excretion. The latter is not 
really a constant, and a figure of even relative constancy is not easy to 
determine. Nitrogen loss on nitrogen-free diet decreases rapidly at first 
and then gradually as body protein stores are depleted. Smith (1926) 
reported that endogenous nitrogen excretion had not become stabilized 
even after 24 days of a nitrogen-poor diet. Thus, the state of the patient 
with regard to protein need is always open to conjecture. The third 
consideration, the slope of the curve, depends upon the accuracy of a 
number of points. The variables may be so great as to produce a suc-
cession of points for which no line can be drawn. Too few points may 
falsely give a semblance of a straight line and be even more misleading. 

An experiment under closely controlled conditions in this laboratory 
(Frost and Risser, 1946) in which dogs were maintained for 15 weeks 
on low levels of intravenous protein hydrolyzate gave a fair graphic pic-
ture when all points were plotted (Fig. 1). The nitrogen balance indices 
calculated from the slopes of the lines for the 2 dogs used in the experi-
ment were 0.83 and 0.86, which are satisfyingly close. The fact may be 
stressed in defense of the method that the ability to construct a recti-
linear curve from a series of nitrogen balance values provides valuable 
authentication of the over-all determination. Bricker et al. (1945), using 
essentially the same technique as that of Allison and his associates, 
studied natural food sources of protein with regard to minimum require-
ments in adult humans. They confirmed the parallel response to various 
levels of dietary protein intake even though individual test subjects were 
found to differ as to nitrogen balance requirement. 

The weaknesses of the nitrogen balance method are for the most part 
greatly minimized by conducting the experiments over a fairly extended 
period so that internal compensation of protein deficiencies does not play 
a significant part. Despite this truism, it should be recognized that 
maintenance of nitrogen balance alone is not a guarantee of protein 
adequacy. The hypoproteinemic animal may come into bare nitrogen 
balance at low levels of nitrogen but continue to lose weight. The well-
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FIG. 1. The upper figure shows weight and nitrogen balance curves for 2 dogs 
which received partial acid hydrolyzate of fibrin intravenously as the sole source of 
amino acid nitrogen. Injections were made daily for 14 weeks. The rate of injection 
was 1 mg. N per kilogram body weight per minute. The level of nitrogen injected 
was varied and is shown in parentheses in mg. N per kilogram per day. Despite 
the fact that they came into balance at the 110 mg. N level, it will be noted the 
dogs continued to lose weight. 

The lower figure is a plot of nitrogen balance against absorbed (injected) nitro-
gen for the 2 dogs, above, for the 15-week period. The slope of the line, k, accord-
ing to Allison's formula [Nitrogen balance = k (absorbed nitrogen minus endoge-
nous nitrogen)] represents that fraction of the injected nitrogen retained in the 
body, the biological value, or nitrogen balance index. The value for endogenous 
nitrogen was taken as the average excretion on a low-protein standard diet. This 
average value is in the range 90-100 mg. N per kilogram per day. 
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fed animal requires much more nitrogen from a given source to main-
tain equilibrium than does the depleted, or standardized, animal. The 
well animal remains in obvious health and buoyant spirits, and, in so 
doing, appears quite prodigal of food nitrogen. The depleted animal, 
on the other hand, has great avidity for nitrogen and this avidity is not 
ordinarily satisfied except by a prolonged period of high protein feeding. 
This situation is difficult to reconcile with the exact analytical require-
ments of the nitrogen balance methods as applied to the assessment of 
protein value. 

3. Egg Replacement Method 

This method is essentially the determination of biological value as 
proposed by Thomas and by Mitchell, and has been carried out chiefly 
by Murlin and his co-workers in studies with adult humans at Rochester. 
Sumner et ah (1938) observed that egg protein is of outstanding value 
for maintenance of nitrogen balance. Egg protein was found to have a 
biological value near 100; that is, the protein was almost completely 
absorbed, and there was no urinary loss of nitrogen over the normal loss 
on protein-free diet. This led to the concept of determining "biological 
value relative to egg." It also led to the practice of standardization of 
test subjects on maintenance levels of a high biological value protein, 
rather than on nonprotein diet. Values for "endogenous nitrogen excre-
tion" obtained when the subject is on a very low level of protein are 
certainly as reliable as values obtained when the subject is on nonprotein 
diet. Furthermore, protein-depletion is avoided by the first procedure. 
The last of a series of six papers from the University of Rochester group 
(Hawley et ah, 1948) is concerned with the determination in adult 
humans of the biological value of the six reference proteins distributed 
from Rutgers University (1946-1950). 

C. ENDOGENOUS NITROGEN 

It is generally agreed that Form's theory of endogenous and exog-
enous protein metabolism is no longer tenable in toto. Borsook (1950) 
has recently reviewed the question of protein turnover and rate of amino 
acid utilization. As he points out, it has become increasingly clear that 
the rate of turnover of body protein in animals in nitrogen balance is 
far greater than was envisaged by Folin's theory. The effects of en-
docrine stimulation of nitrogen excretion and retention are dynamic and 
may at any time serve to jeopardize the value of nitrogen balance deter-
minations. 

Block and Mitchell (1946-47) have defended the concept of endog-
enous nitrogen as applied in the calculation of biological value and have 
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pointed to the independence of the conversion of creatin to creatinine 
by dietary amino acids as a case in point. Berg (1948) has resolved 
the argument over the actuality of "endogenous nitrogen" and concludes 
as follows: "The change needed is one of viewpoint. What was once 
considered static is now proved only to have appeared so. The state 
which actually obtains is one of equilibrium, involving the summation 
of a complex assay of interdependent equilibria between opposing 
dynamic forces." Murlin et al. (1948) have made the interesting obser-
vation that the per cent of total nitrogen excreted as creatinine varies 
for different proteins and that close correlation can be drawn between 
this percentage figure and the biological value of the protein fed. 
Creatinine nitrogen is remarkably constant on a creatine and creatinine-
free diet and this constancy adds workable credence to the concept of 
"endogenous nitrogen" excretion. 

D. EXPERIENCE WITH THE NITROGEN BALANCE METHOD 

Early in the work on intravenous protein hydrolyzates in this labora-
tory, Risser et al. (1946) concluded on the basis of short-term nitrogen 
balance studies in dogs that there was no difference in the biological 
value of partial acid hydrolyzates of both casein and fibrin over a wide 
range of hydrolysis, extending to complete hydrolysis. Later work, in 
which dogs were maintained over very long period of time (Frost and 
Risser, 1946), and in which severely protein-depleted dogs were used 
(Frost et al., 1946), led to somewhat different conclusions and demon-
strated the need for considerably more heroic measures than the simple 
4 or 5 day nitrogen balance method to provide a final answer. Results 
of this study are shown in Fig. 2. 

Allison and co-workers (1949) reported that wide variations in the 
degree of enzymatic hydrolysis of casein did not significantly alter the 
nitrogen balance index as determined in 4-day periods. The dogs were 
consistently in negative balance at an intake of 120 mg. nitrogen per 
kilogram per day. Lactalbumin was fed during the 3-day periods before 
and after injection. The findings are comparable to the early findings in 
this laboratory, except that our dogs were essentially in balance. Our 
subsequent findings, however, would cast much doubt on the real sig-
nificance of such short-term experiments. 

We may also make general note of the experience of the six labora-
tories which collaborated in the U. S. P. study of the nitrogen balance 
method for the standardization of intravenous protein hydrolyzates. 
The study was carried out under the chairmanship of J. B. Allison and 
the author, and the method used was essentially that of Allison et al. 
(1947). The results of the general study showed great variation both 



236 DOUGLAS V. FROST 

within and between laboratories although some classification of the 
different products could be made in a broad way. The study clearly 
demonstrated the need for careful standardization of the test animals, 
but failed to provide a highly critical and practicable method of stand-
ardization. A primary criticism of the method was the inadequacy of 
the 4-day period to allow a good resolution of differences. 

FIG. 2. Graphic presentation of the sequence of repeated protein deprivation 
on nonprotein diet and regeneration on massive intravenous therapy. The graph 
corresponds to the data mentioned in the text (Frost et al., 1946), and shows 
the method of comparing the ability of two different hydrolyzates to correct severe 
experimentally induced hypoproteinemia. 

A further point of interest is found in the report of Silber and Porter 
(1949) who have described the results of their own laboratory in the 
above collaborative study. These authors reported a zero biological 
value for one preparation, when injected, as opposed to good utilization 
when the product was given orally. The general conclusion was that 
there was a significant loss of peptides following injection of all partial 
hydrolyzates and that certain products were markedly less well utilized 
by injection than by oral dosing. These results are quite contrary to 
those of Allison et al. (1947). In the author's opinion, it is rather fruit-
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less to draw final conclusions on such points of difference without 
recourse to more rigorous criteria, such as long-term balance studies at 
minimum nitrogen levels and the correction of induced hypoproteinemia. 
As shown by Weech (1942) the rate of plasma protein regeneration is 
a useful criterion of protein value in the latter type study. 

In the experience in this laboratory, the short-term method of deter-
mining biological value, or nitrogen balance index, in adult dogs is not 
as useful for resolving differences in protein and protein hydrolyzate 
values as are the rat-repletion or rat-growth assay methods. The large 
quantitative differences between requirements for growth and main-
tenance may account in part for the differences in discerning power of 
the two types of assay. Hegsted et al. (1945) have estimated that the 
tryptophan requirement per kilogram body weight for growth of rats 
versus nitrogen balance in dogs are 94 and 1.6 mg., respectively, and 
for isoleucine 880 and 15 mg., respectively. In the normal adult animal 
there is clearly a reserve, however small, of protein which makes for 
equilibrium. In the depleted or growing animal, conversely, there is no 
reserve and all of the driving mechanisms of the body are in the direc-
tion of protein storage. The quantitative day-to-day requirements for 
equilibrium are not nearly so critical as are those for growth or repletion. 

E. NET PROTEIN UTILIZATION AND PROTEIN RETENTION EFFICIENCY 

Miller and Bender (1955) describe a 10-day method to estimate that 
fraction of the food nitrogen eaten which is retained by weanling rats. 
The net protein thus used (N.P.U.) is calculated from a formula which, 
like the calculation for nitrogen balance, accounts for the amount of 
nitrogen needed for maintenance. A group of rats on nonprotein diet 
provides the "endogenous or maintenance N" correction. The body 
nitrogen deposited as new tissue by the test group is thus estimated with 
reference to the total nitrogen consumed. Body water is determined 
in place of body nitrogen in the shortened method. This procedure is 
based on the assumption that the ratio of nitrogen to water is constant. 
In various assays calculation from the water content of rats appeared 
to agree well with values calculated from nitrogen content. 

In a careful comparison of the above method with measurement of 
protein efficiency ratio, Bender (1956) reveals certain limitations of the 
latter. Thus, rats accepted various amino acid mixtures to varying 
degree. This failure of acceptance has a more profound effect in calcu-
lating protein efficiency ratio than for net protein utilization. Despite 
this variation, values obtained by the two methods for various proteins 
agreed well. 
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Bender and Doell (1957) recently describe a further modification of 
the method for protein efficiency ratio, as follows: paired litter mate 
groups are fed 10% of a test protein or nonprotein diet for 10 days; 
the difference between the gains in weight of the two groups divided by 
the weight of protein eaten is termed net protein ratio; this value, 
multiplied by 16, is called the protein retention efficiency. The latter 
encompasses the maintenance needs of the test animal as well as the 
growth requirement. Protein retention efficiency correlates in turn with 
values determined by carcass analysis for net protein utilization. As final 
conclusion the authors state, "It is concluded that body weight is a 
reasonably accurate index of body protein in young growing rats." 

This series of investigations, thus, in a sense, completes a full circle 
to reveal that measurement of growth rate alone may suffice to differ-
entiate protein value. If, indeed, growth rate closely parallels protein 
efficiency ratio (Hegsted and Worcester, 1947), little may be gained in 
practice by these more complex methods. 

Rate of growth at low protein level clearly classifies proteins as to 
adequacy, balance, and availability of amino acids. Various protein 
feeding levels can be used with the growth technique. This helps to 
establish the extent of the primary limitation. When the essential amino 
acid composition is known, one can readily estimate which amino acids 
limit growth. Step wise, amino acid fortification then completes the 
picture. Calculation of protein efficiency may provide a useful check 
particularly in instances where failures in digestibility or absorption are 
suspected. 

Athough Bender (1956) studied response to amino acid mixtures, 
no attempt was made to establish the method for net protein utilization 
in terms of precise amino acid needs. One may conjecture that failure 
of rats to consume the amino acid mixtures used was due to inhibition 
by D-amino acids. Here again, assay, based on response to only L-amino 
acids, would have finite value. 

Interpretation is difficult and one can easily become immersed in 
semantics when too many methods and too many slightly ambiguous 
terms are compared. Bender (1958) in measuring the nutritive value 
of bread protein attempts to correct errors in interpretation made by 
other workers. Despite these differences, three investigations came to 
the similar conclusion that about half of the protein of bread is used 
for growth and that utilization is increased at least 10% by addition 
of lysine. 
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III. ASSAY METHODS BASED ON PROTEIN REGENERATION 
A. REGENERATION OF LABILE LIVER CYTOPLASM 

Addis and his collaborators (1940) examined the relationship be-
tween dietary protein intake and protein content of the liver and found 
it to be a fair measure of protein value. Kosterlitz and Campbell (1945) 
developed rapid methods based on the estimation of labile liver cyto-
plasm following brief fasting in rats, and Harrison and Long (1945) 
confirmed the general method. The methods are based on the fact that 
adult rats fed protein-free diet lost practically all labile liver cytoplasm 
in a few days and that the rate of regeneration is a fair measure of the 
nutritive value of a test protein. The method has been examined 
statistically and reduced to as simple a form as possible by Campbell 
and Kosterlitz (1948). The method even in simplest form, however, 
requires several determinations on the excised livers of highly stand-
ardized animals, and, therefore, appears somewhat formidable as com-
pared with methods based directly on body weight gain under equally 
closely defined conditions. 

Mendes and Waterlow (1958) have reviewed the recent literature on 
the effects of protein deprivation on the deoxyribonucleic acid (DNA) 
content of tissue. They determined that a low-protein, high-carbohydrate 
diet, simulating that eaten by the poor people of Jamaica, completely 
arrests growth in weanling rats. The ratio of nitrogen to DNA was 
reduced in both liver and muscle. On re-feeding, new protein and DNA 
appeared rapidly in the liver, more slowly in muscle. Although this 
technique is not posed as a protein assay method, it was suggested as a 
method to help assess the effects of protein malnutrition in human 
infants. 

B. MAINTENANCE OF PROTEIN-DEPLETED RATS 

Tomarelli and Bernhart (1947) have described a method which 
measures the amount of nitrogen from any protein which is required to 
maintain constant weight in protein-depleted rats. The method calls 
for a one-week depletion of adult rats on nonprotein diet. Separate 
groups are then fed varying levels of the test samples and standard 
protein and the effects on weight are observed for one week. The weight 
change plotted against nitrogen intake provides an index to maintenance 
requirement, which is evaluated by comparison with the casein standard. 
Neither of the above methods have been widely studied. Nor have they 
been standardized in terms of the requirement for each of the individual 
essential amino acids. Both methods appear, nevertheless, to offer cer-
tain advantages in special situations, which may recommend them for 
more thorough investigation. 
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C. REPLETION METHOD 

Cannon et al. (1944) devised a fairly rapid method of protein assay 
as a tool in their studies of the relationship of protein metabolism to 
antibody production and resistance to infection. The latter relationships 
and the pathologic consequences of protein and amino acid deficiencies 
have been reviewed by Cannon (1948, 1945). As pointed out by 
Cannon, the principle utilized is similar to that used often in biology, 
viz., the production of a biological deficit in order to measure the 
replacement value of a material to be tested. The method can demon-
strate variations in protein quality in 1 to 2 weeks. Adult protein-
depleted rats show great avidity for protein supplements, and typify 
the clinical conditions wherein the use of protein and balanced amino 
acid feeding is most clearly indicated. According to Cannon (1945) 
also, the method has shown excellent agreement with the rat-growth 
assay in unpublished experiments for the Quartermaster Corps. 

In the early work (Cannon et al., 1944) on the rat-repletion method, 
a close parallelism was noted in the capacity of proteins to promote both 
weight recovery and plasma protein regeneration. The specific effects 
of the essential amino acids for the two functions were exactly shown 
in two concurrent papers by Frazier and his co-workers (1947) and by 
Benditt and associates (1947). In the first paper, the requirement in 
the adult rat for each of the 9 amino acids, previously shown by Rose 
to be essential to the growing rat, was established. The omission of 
any one of the 9 essential amino acids led to prompt loss in appetite 
and weight. The promptness and clear-cut effects on appetite and 
weight gain upon restoration of the individual missing amino acids like-
wise leave no doubt as to their essentiality and profound physiological 
effect. The findings clearly demonstrated also the surprising fact that 
food acceptance by protein-depleted rats may be determined by the 
presence or absence of only a few milligrams of a particular essential 
amino acid. Cannon (1948) has tabulated the approximate daily re-
quirement in milligrams for rapid weight recovery for each of the 
9 essential amino acids and has shown that the ratio of these require-
ments is very close to the ratio in which these amino acids occur in 
whole egg protein. 

The requirements for maintenance and for repletion in the adult rat 
have been shown to be qualitatively similar by Wissler et al. (1948). 
The quantitative requirements for maintenance of nitrogen balance and 
of weight have been reported by Frazier et al. (1949). The ratios of 
these requirements are of interest and differ only in a few instances, 
one from the other, as shown in Table I. Rose's (1937) minimum 



TABLE I 
COMPARISON OF RAT REQUIREMENTS FOR THE ESSENTIAL AMINO Acms FOR GROWTH, REPLETION, AND MAINTENANCE 

Amino acid 

Repletion 
requirement« 

mg./rat day
c 

14.5 
45 
72.5 
61 
39 
43 
58 
21.5 
51 

Ratio 

1 
3.1 
5 
4.2 
2.7 
3.0 
4.0 
1.4 
3.5 

Requirements 
maintenance 

mg./lOOcm 

2.2 
6.0 
8.0 

13.7 
7.3 
5.3 
4.5 
2.2 

10.0 

weight
0 

.
2
/day 

for 
of 

Ratio 

1 
2.7 
3.6 
6.2 
3.3 
2.4 
2.0 
1.0 
4.5 

Growth 
requirement

0 

% of diet Ratio 

E2 

Ϊ 

Tryptophan 
Phenylalanine 
Leucine 
Isoleucine 
Methionine 
Threonine 
Lysine 
Histidine 
Valine 

0.2 
0.7 
0.8 
0.5 
0.6 
0.5 
1.0 
0.4 
0.7 

1 
3.5 
4 
2.5 
3 
2.5 
5 
2 
3.5 

a
 These values, which are somewhat different from those first reported (Cannon, 1948), are the preferred values 

and are used here through the courtesy of Dr. Paul Cannon and his collaborators (Steffee et al., 1950). 
b
 Frazier et al. (1949). 

β Rose (1937). 
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o 

hi 
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requirements for rat growth are also shown. The difference in ratios 
of requirements for the individual amino acids is not large enough in 
any of the three situations to be considered significant, except possibly 
in the case of lysine, in which the ratio of requirement for growth and 
repletion is higher than for maintenance. These data provide a better 
foundation for the comparison of methods based on growth, repletion, 
and maintenance than has obtained heretofore. 

1. Assay of Dry Protein Hydrolyzates 

The assay of various protein hydrolyzates by the rat-repletion method 
has been reported by Wissler et al. (1947). The following points were 
listed by the authors as advantages of the adult protein-depleted rat as 
a test animal to measure the potential value of protein hydrolyzates: 

(1) Its qualitative essential amino acid requirements parallel closely 
those of man. 

(2) Such animals simulate conditions of protein depletion seen in 
many sick patients. 

(3) The small size of the rat and its ready consumption of synthetic 
rations make the assay relatively simple and inexpensive. 

(4) Protein depletion provides an increased stimulus for the fabri-
cation of tissue and blood proteins. Consequently, in a relatively short 
experimental period, one can measure much larger increases in protein 
than those found in physiological growth. 

(5) It is possible to measure refilling of several protein compart-
ments simultaneously. The authors point out further that weight recov-
ery alone is sufficient as a measure of protein value, as this parallels the 
regeneration of plasma protein, hemolysin, hemoglobin, liver protein, 
and total carcass protein. 

The amino acid requirements of rats for growth, maintenance, and 
repletion may now be compared with maintenance requirements for the 
adult human. The ratios of requirements of Table I may be compared 
with the minimum requirements for maintenance of nitrogen balance in 
adult humans, recently reported by Rose (1949). Comparison may also 
be made with the calculated human maintenance requirements of Harte 
and Travers (1947) and of others. Albanese (1947) has further esti-
mated the amino acid needs of infants and of children. The latter values 
obviously provide a less secure basis for comparison than do the experi-
mentally determined values. An objective should be to determine as 
exactly as possible the amino acid needs for growth in children and for 
optimum rate of protein regeneration in adult protein-depleted humans; 
however, such a program is beset with great difficulties and will certainly 
not be accomplished in the near future. 
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As a point of interest in Table II, we have compared the ratios of 
the rat-repletion requirements of Cannon, and the minima for nitrogen 
balance in humans established by Rose and calculated by Harte and 
Travers. It is important to point out certain of the pertinent differences 
in the way in which the respective minima were established, as these 
differences have a bearing on certain of the requirements. For instance, 
the human minima (Rose, 1949) were established in absence of cystine 
and tyrosine, so that the methionine and phenylalanine requirements 
are absolute. The rat-repletion requirements were established, on the 
other hand, with a 16-amino acid mixture (Frazier et at, 1947) contain-
ing small amounts of cystine and tyrosine, so that the methionine and 
phenylalanine requirements are not absolute. In each case it would 
appear that there was sufficient nitrogen other than essential amino acid 
nitrogen to spare the latter fully for tissue synthesis. Thus, the relative 
ratios of requirements for methionine and phenylalanine as determined 
for the human would be expected to be somewhat greater than that for 
the rat, as is indeed the case. 

Comparing the ratios of requirements in Tables I and II, one has 
little to choose in selecting a method which is most representative of 
human needs. In general, one would say that methods based on growth, 
maintenance, or repletion would be of equal value, and that the choice 
of method may rest with the inherent and desired accuracy of the 
methods themselves. 

2. Assay of Liquid Protein Hydrolyzates 

The assay of liquid protein hydrolyzates presents a variety of prob-
lems, as follows: (1) hydrolyzates containing dextrose cannot be con-
veniently dried without loss of nutritive value; (2) dried hydrolyzates 
are hygroscopic and, therefore, difficult to blend into dry rations; (3) 
weanling rats cannot, or do not, ingest sufficient volumes of dilute 
hydrolyzate solutions to meet the needs for maximum growth. 

Mueller (1945) reported the assay of liquid protein hydrolyzates fed 
in dry or liquid form to weanling rats. Although the method was not 
eminently sucessful, it provided the first working basis for a rat assay. 
Frost and Sandy (1948a, b) adapted the "rat-repletion method" to the 
assay of liquid protein hydrolyzates in protein-depleted rats. The 
method had a marked advantage over the growth method previously 
reported by Mueller in that adult protein-depleted rats are able to 
consume very large volumes of liquid and show a much more uniform 
appetite for liquid protein hydrolyzates than do young rats. 

The question of liquid balance and liquid tolerance is an interesting 
one in itself with regard to the way in which animals of various ages 



TABLE II 
RATIO OF MINIMUM DAILY REQUIREMENTS OF THE INDISPENSABLE AMINO ACIDS AS DETERMINED BY THREE METHODS: 
RAT REPLETION,» NITROGEN BALANCE STUDIES IN ADULT MEN,

0
 AND CALCULATION FROM MINIMUM PROTEIN REQUIRE-

MENTS FOR MAINTENANCE IN ADULT HUMANS
0 

Amino acid 

Tryptophan 
Phenylalanine 
Leucine 
Isoleucine 
Methionine 
Threonine 
Lysine 
Histidine 
Valine 

Rat 
repletion 

requirement 

mg./rat day 

145 
4.5 

72.5 
61 
39 
43 
58 
21 
51 

Ratio 

1 
3.1 
5.0 
4.2 
2.7 
3.0 
4.0 
1.4 
3.5 

Requirement 
N-balance i 

adult men 

gm./day 

J25 
1.1 
1.1 
0.7 
1.1 
0.5 
0.8 
— 
0.8 

for 
in 

Ratio 

1 
4.4 
4.4 
2.8 
4.4 
2.0 
3.2 
— 
3.2 

Calculated 
requirement 

N balance 
adult huma 

gm./day 

0.4 
1.4 
1.7 
1.2 
0.5 
1.0 
0.8 
0.5 
1.1 

for 
in 
ms 

Ratio 

1 
3.5 
4.2 
3.0 
1.3 
2.5 
2.0 
1.3 
2.8 

ö 
o s t"

1 

> 
c/3 < 
*i 

o 
H 

« Cannon (1948). 
ö Rose (1949). 
c
 Harte and Travers (1947). 
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can and will take liquid nutrients. Robinson and Adolph (1943) have 
established that a deficit of water relative to other body components 
provides a signal which initiates drinking in ordinary life. The amount 
of water drunk to correct the immediate deficit is ordinarly about 0.5% 
of body weight. Under extraordinary urges to drink in order to obtain 
nutrients, however, adult rats may drink more than their own body 
weights of water every 24 hours. Adolph (1947) has reported that adult 
rats maintained weight on milk diluted to as low as 2.6% solids, but 
only by drinking very large volumes sufficient to meet caloric needs. 
McCance and Wilkinson (1947) have made the further pertinent obser-
vation that very young animals are less capable of handling large 
volumes of liquid than adult animals. These combined observations 
suggest that the adult protein-depleted rat is well adapted to the assay 
in question; whereas weanling rats are not as well adapted. 

Dutta and Thadani (1957) reported the repletion value of horse 
fibrin hydrolyzate greater than that of a similarly prepared acid hydrol-
yzate of casein, or of Amigen. The method of Frost and Sandy 
(1948a, b) was used, but with essentially ad libitum feeding of the 
hydrolyzates, i.e., 50 ml. per rat day. The standard error of the compari-
son was not reported, thus leaving the comparison with Amigen open 
to question. Where comparisons of this type are undertaken, one may 
urge assay at controlled levels of nitrogen input and full report of the 
data. 

Suitability of the repletion method for assay of amino acid solutions 
was studied by Cannon et at (1950). They emphasized the speed with 
which catabolism ensues in acute deficiency of any one of the essential 
amino acids. They demonstrate also the sensitivity of the method to 
reveal slight amino acid imbalance. 

3. U. S. P. Method for Protein Hydrolyzate Infection 

An advantage of the repletion method, particularly from the control 
standpoint, is that rats can be used repeatedly for as many as five assays. 
The "Pharmacopeia of the United States" (15th rev. ed., 1955) described 
the method as a standard of nutritive adequacy for Protein Hydrolyzate 
Injection. The method has been used for routine control of production 
lots of aqueous 5% protein hydrolyzate in our laboratory. The U. S. P. 
method is modified so that water is supplied ad libitum throughout 
the assay. This has given less variation in rate of gain than restricting 
water intake, as outlined in the U. S. P. method. 

The method is a rapid, convenient, and accurate means to determine 
nutritive adequacy and balance of amino acid mixtures and protein 
hydrolyzates in solution. As discussed elsewhere in this review, the 
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method may not reflect the true intravenous feeding value of partial 
hydrolyzates of proteins. The method is more directly adaptable to 
complete hydrolyzates and amino acid mixtures. With appropriate 
allowance, correcting for peptide loss on injection, the method may 
approximate the true intravenous feeding value. A further complication, 
only recently recognized, is the apparent failure of oral assay to detect 
the presence of amino acid-hexose reaction products. Further research 
is needed to establish the significance of this reaction, both for initial 
sterilization by autoclaving and as induced by normal aging. 

4. Other Applications in Rats 

Cox et al. (1953) used the repletion method effectively to measure 
rate of recovery of rats fed suboptimal amounts of protein hydrolyzate-
dextrose mixture as compared to an isocaloric amount of dextrose. They 
showed that the greater need for protein the greater the use of protein 
hydrolyzate. This applied when calorie intake from dextrose was greater 
than 25% of estimated need. The implication was made by the authors 
that such response to protein hydrolyzates should apply equally for 
parenteral feeding. On the other hand, Christensen (1956) has ques-
tioned the full utilization of partial hydrolyzates given parenterally. 

Data by Christensen et al. (1946, 1955) leaves little doubt that 
peptides and reaction products of partial hydrolyzates, and particularly 
those with dextrose, are excreted in part when given parenterally in 
humans. UnpubHshed experiments by Lambert and Frost in dogs are 
in accord. This limitation was not revealed in extensive studies by 
Overby and Frost (1952) using the rat-repletion method. The latter 
work clearly showed incipient reactions in fibrin hydrolyzate heated 
with dextrose. In accord with the earlier report by Friedman and Kline 
(1950) increase in fluorescence was noted, as perhaps the earliest evi-
dence of complex formation. Decrease in nutritive value was not re-
vealed, however, until there was some disappearance of L-amino nitrogen 
and also of tryptophan. These changes in turn did not occur until heat-
ing was sufficient to produce obvious browning of the hydrolyzate-
dextrose solutions. By repletion assay (Fredericks on et al., 1955) fibrin 
hydrolyzate with glucose lost nutritive value on heating faster than 
fibrin hydrolyzate with fructose. This loss appeared to parallel the rate 
of color formation. 

As reported by Silber et al. (1946) the metabolic fate of amino acid 
mixtures orally or parenterally may be similar. The evidence at hand 
suggests, however, that retention and use of complete hydrolyzates and 
amino acid mixtures, autoclaved or aged with dextrose, will favor the 
oral route. This problem may logically be resolved by admixing amino 
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acid and sugar solutions just prior to injection, or by separate injection. 
Thus more research is needed to establish the optimum in parenteral 
amino acid feeding. The problem and the goal are, however, now well 
defined and await technological accomplishment. 

The acute metabolic disturbance which attends deficiency of potas-
sium in protein-depleted rats was first shown by Cannon et al. (1951, 
1952). This was clearly verified by Frost and Sandy (1953), who studied 
also effects of deprivation of sodium, calcium, phosphorus, and mag-
nesium on rate of repletion. Very little sodium appeared necessary under 
the test conditions. When phosphorus was withheld, repletion was 
slowed, but failure and death did not occur as with potassium depriva-
tion. As with sodium, deprivation of calcium or magnesium did not 
appear to limit recovery to any marked degree. Magnesium deprivation 
had greatest effect of these three. Requirement for potassium for max-
imum recovery was established at more than 7 mg.—up to 14 mg. 
potassium per rat day. 

Allison and Wannemacher (1957) point to the variety of metabolic 
effects which may be brought about by protein depletion. Scientific 
effects limiting antibody formation and phagocytosis are reviewed by 
La Via et al. (1956). Failure of testosterone to influence rate of either 
depletion or repletion was reported by Geiger and El Rawi (1952). 

Cannon's group at the University of Chicago have systematically 
applied the repletion method to various aspects of protein metabolism. 
For instance, Dittmer et al. (1950) showed the suitability of the protein-
depleted rat for study of amino acid antagonists. The work in this case 
was done with beta-3-thienylalanine, a phenylalanine antagonist. Use 
of intravenous fat emulsion as a calorie source was also studied in 
connection with the rate of amino acid utilization (Cannon et al., 1954). 
These experiments show the dynamic nature of the body fat reserves 
and their capacity to contribute calories to the metabolic pool for a 
considerable period of time. Amino acids were used to some degree, 
even with a subcaloric diet intake, at least until the fat depots were 
exhausted. After exhaustion of fat depots, amino acid utilization was 
markedly impaired and was corrected by supplying fat emulsion by 
injection. An important continuing contribution by this group has been 
the clear definition of the need for potassium to support amino acid 
utilization (Frazier et al., 1956). Cannon et al. (1953), and Rahman 
et al. (1957) have further described the toxic effects of excess sodium 
in potassium depletion. These experiments support the point of view 
that excess sodium may lead to an intracellular displacement of potas-
sium. In the last mentioned experiments growing rats were used. The 
repletion method was used throughout most of these studies, however, 
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because of the speed and dramatic effects which were obtained by this 
technique. 

Evaluation of the protein quality of foodstuffs has not been a major 
aspect of the studies by the Chicago group. As pointed out by Cannon 
(1954) claims for assay value of the repletion method must obviously 
be supported by evidence that it possesses qualities of reliability, ease 
of performance, and a reasonable quantitativeness. A number of reasons 
are presented why the principle of repletion is sound from the nutri-
tional standpoint. 

The Rutger's collaborative study (1950) showed good correlation 
between the repletion method and all other protein evaluation methods 
used. The method has, however, not been applied to a wide range of 
protein foods; nor has it been extensively studied in comparison with 
other protein evaluation methods. 

5. Repletion Method in Chicks and Pigs 

Protein assay in individual protein-depleted chicks (Beaty et al., 
1957) provided the first application of the repletion method in this 
species. The basal diet, consisting of cerelose, corn oil and purified 
vitamins, and salts, is comparable to that used effectively in rats. Chicks 
lost 25% of body weight in 6-16 days on nonprotein diet. The chicks 
were repleted for 2 weeks on diets made to contain 6.5, 9, or 12% pro-
tein. Some chicks were used for three assays. There appears no reason 
why this method should not be applied to small groups of chicks, using 
standard equipment. Interestingly, casein proved superior to lactal-
bumin for weight recovery in the chick. Also a 1:1 mixture of feather 
meal and lactalbumin performed better than either alone. 

The repletion method, as applied to baby pigs (Peo et al., 1957), also 
appears highly reproducible. Pigs were used for three 7-day assays 
during their most rapid growth. Graded responses were reported for 
six levels of protein, with greatest response to the highest level, i.e., 22%. 
Frost and Sandy (1949) reported average responses for 5 rats ranging 
from 20 to 28 gm. in ten consecutive repletion assays, a remarkable 
uniformity of response to a lactalbumin standard. Similar to the above 
work in pigs, greater resolution of differences and reproducibility of 
response came when protein feeding was high, i.e., 0.24 gm. nitrogen 
per day in rats and 22% protein in pigs. Two or four pigs were used in 
each assay in the Iowa work. Dried skim milk proved superior to two 
soybean meal diets in rate and efficiency of repletion. Effects on blood 
components were also studied (Peo et al., 1957). Although the repletion 
response was reflected in the albumin/globulin ratio, blood constituent 
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measurements did not appear to offer advantages over weight gain as a 
criterion of protein repletion. 

D. CRITIQUE OF REPLETION METHODS 

1. Depletion—Length of Depletion Period and Type of Diet 

The method of assay of liquid protein hydrolyzates (Frost and Sandy, 
1948a, b) differs in certain particulars from the method as originally 
developed and practiced by Cannon and his collaborators (Cannon 
et al, 1944; Frazier et al, 1947; Benditt et al, 1947; Wissler et al, 1948). 
One of these differences is the time and conditions of depletion. The 
latter work was first carried out (Cannon et al, 1944; Wissler et al, 
1946) with a protein-low diet (3E) based on natural materials, including 
carrots, brewer's yeast, and liver concentrate. In later studies (Frazier 
et al, 1947; Benditt et al, 1947), adult rats were depleted for approxi-
mately 3 months on the protein-low diet (3E) and then transferred to 
protein-free diet (4E) during the repletion periods. In still later studies 
(Benditt et al., 1948a,b), the protein-free diet has been used for the de-
pletion and repletion periods. In the first instance (Frazier et al., 1947), 
male rats (220-244 gm.) were depleted on ration 3E about 3 months. 
Animals were then chosen for repletion on the basis of uniformity in 
initial weights, percentages of weight loss (25-33%), and concentration 
of serum proteins and hemoglobin. In the later studies, adult male rats 
weighing initially 288-350 gm. were depleted of 15-25% of their body 
weight in a period of 5 weeks on the protein-free diet. 

Experience in this laboratory (Frost and Sandy, 1948a) was that male 
rats (140-220 gm.) lost 21-28% of body weight in 12 days on protein-
free diet. The original weights of the rats in this range did not appear 
to have any marked influence on the per cent weight loss during deple-
tion or the magnitude of the repletion response. The 12-day depletion 
period appeared entirely adequate to elicit a uniform and maximum 
repletion response. More recently a method has been developed (Frost 
and Sandy, 1949) for routine control purposes with an improved basal 
protein-free diet wherein rats are used repeatedly with intermittent 
7-day depletion periods between assays. 

Optimal conditions of protein depletion for the purpose in question 
have as yet not been determined by direct experiment. One may assume 
that the object would be to thoroughly deplete the test animals of reserve 
protein without causing serious damage and without depleting to the 
point where edematous changes would mask true tissue weight loss. The 
following reports from the literature appear to have a fairly direct bear-
ing on this question. 
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Addis et al. (1936) showed that the liver is the primary organ to 
suffer a serious loss of protein, 40% being lost in a week's fasting. 
Kosterlitz (1947) states that rats fed protein-free diet lose practically 
all labile liver cytoplasm in 4 days. Liver losses become much less rapid 
after the first few days, and thenceforth, according to Campbell and 
Kosterlitz (1946), follow an exponential curve as protein starvation pro-
ceeds. Thus, the methods (Kosterlitz and Campbell, 1945; Campbell 
and Kosterlitz, 1948; Harrison and Lang, 1945) based directly on regen-
eration of liver protein are of particularly short duration, allowing for 
only 2 to 7 days fasting or depletion on protein-free diet. 

The complete study of Wang and his co-workers (1949) is perhaps 
most pertinent to the question at hand. It is apparent from these studies 
that the major changes in the liver nitrogen occur within the first 12 days 
of protein depletion. From this time on, subcutaneous edema appeared 
in a few of the animals, although the tendency toward edema was only 
slight. After about the 25th day of depletion, the liver returns toward 
normal, both in chemical and Cytologie character. The authors interpret 
the latter phenomena as representing an attempt within the animal body 
to conserve liver tissue after the first primary loss of more or less dis-
pensable material. One may judge from these data that the depletion 
period on protein-free diet would certainly not need to be more than 
25 days, and that a period of 12 days may actually serve as well to 
accomplish the desired protein depletion. 

2. Methods of Feeding Nitrogen Supplements and Remainder of 
Diet 

A second question in the mechanics of the rat-repletion method is the 
manner of feeding the protein supplement. The procedure of the Chi-
cago group (Cannon et al., 1944; Cannon, 1945; Frazier et al., 1947, 1949; 
Benditt et al., 1947, 1948a, b; Wissler et al., 1948) is as follows: the 
ration is so constructed that 1.35 gm. of protein is obtained in 15 gm. 
of ration, which supplies 48 calories. Consumption of the total allotment 
is reported to be complete for the better protein supplements, but is 
quite incomplete when an amino acid imbalance is presented (Wissler 
et al., 1947). The avidity for the ration is, indeed, a fair measure of the 
value of the amino acid mixture which is incorporated in the diet. 

The protein supplement may be fed separately from the remainder 
of the diet as reported by Frost and Sandy (1949). This practice was 
an outgrowth of the separate feeding of liquid protein hydrolyzate, and 
was found to work equally well for dry proteins. The protein supple-
ments are weighed daily into cups, which are then attached to the side 
walls of the cages in such a way that the adult rats have easy access to 
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them, but cannot upset them. Daily protein feedings on the order of 
0.12, 0.2, 0.24 and 0.36 gm. nitrogen per day have been used. The level 
of 0.12 gm. nitrogen per day is highly critical, representing only about 
1% of the total diet consumed. 

Figure 3 illustrates the reproducibility of response to lactalbumin 
over eight 5-day assays in 5 rats. In practice in this laboratory rats are 

Lactalbumin Standard O 0.2 Gm. N/Day 

270 

260 

250 h 

240 

ε· 230 
CD 

_ 220 
sz 
σ» 
Ö 210 

^ 2 0 0 

m 190 

180 

170 

160 

150 

20gm. 
l5-24gm. 

Depletion 
r— Repletion 

Stock Diet 
Ave. 28 gm. 
Range 2 2 - 3 3 gm. 

20 40 80 100 120 60 
Days 

FIG. 3. The reproducibility of response to lactalbumin over eight 5-day assays 
in 5 rats using the rat repletion method. 

generally not used for more than three or four repeat assays. Unless 
response is near maximal, undesirable variations develop between 
groups. It is desirable also, where repletion rate is variable or poor, to 
replete all groups 9 days prior to redepletion and assay. 

The avidity for protein in general is very great, and after a brief 
learning period, the protein supplements are immediately and regularly 
consumed. The nonprotein diet is fed ad libitum, as it is felt the appetite 
for the remainder of the diet should be in no way limited but should 
reflect the full effect of the supplement on the capacity for recovery. 
It is very clear that protein-depleted rats will not take unbalanced amino 
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acid mixtures either added to the diet (Frazier et al., 1947) or fed 
separately from other parts of the diet (Frost and Sandy, 1948a). In this 
type of diet, then, in which all other components are presumed to be 
adequate, the most important appetite-conditioning factor is the quality 
of the protein component. For this reason it appears desirable to limit 
the feeding of the protein component at some desired critical level, and 
to allow ad libitum intake of the bulk of the diet. 

Hegsted and Haffenreffer (1949) have provided experimental evi-
dence that nutritional deficiency automatically limits appetite, presum-
ably by some mechanism related to total metabolism, which can or 
cannot proceed at maximum rate, depending on the balance and supply 
of all nutritive factors. One argument against paired-feeding of the 
entire diets is that no pertinent information is gained over and above 
what is learned from experiments wherein ad libitum feeding, partic-
ularly of calories, is practiced. 

Ad libitum feeding of both the protein and nonprotein components 
of the diet in the rat-repletion assay was practiced in a few beginning 
experiments by Frost and Sandy (1948a). This type of experiment is 
applicable in assessing the general nutritive value of a protein, and 
particularly, the practical feeding value of a mixture of proteins. The 
procedure of Cannon and his co-workers, as described above, supplies 
an abundance of calories. The level of protein added to the basal diet 
is relatively low, only 9%; however, an intake of 15 gm. daily would 
supply 1.35 gm. of protein, equivalent to about 0.2 gm. of nitrogen. The 
latter level is at least twice the minimum required for a half-maximum 
rate of regeneration. One may judge that, in practice, this method allows 
essentially ad libitum consumption of calories, but a controlled feeding 
of the protein component. The point at question is whether or not there 
is advantage in limiting the caloric intake at all by tying it to the protein 
intake. 

3. Effects of Different Feeding Levels of Nitrogen 

Frost and Sandy (1948b) have studied the response to various con-
trolled levels of nitrogen. The dose response curve for a fibrin hydrol-
yzate was linear in the range 0.12-0.3 gm. nitrogen per rat day. Levels 
of 0.12 and 0.24 gm. nitrogen per rat day were used (Frost and Sandy, 
1949) in the assay of the Rutgers reference proteins, and of beef blood 
fibrin and lactalbumin. Table III shows the rat-repletion response to 
these proteins at the two feeding levels, together with the per cent of 
requirement supplied by the most limiting amino acid in each protein. 
The fact that, in each case, at least one of the essential amino acids is 
supplied at a level below the maximum is sufficient for the failure of any 
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of these proteins to give a maximum response at this very low feeding 
level. It is obvious, also, that at the 0.24 gm. nitrogen level, such pro-
teins as egg albumin and whole egg will supply more than 100% of 
the requirement, but wheat gluten and peanut flour still fall far short. 
There is evidence that the methionine of casein is not well utilized 
(Frost and Sandy, 1948b) so that the apparent superiority of casein over 
beef muscle appears as an artifact. The differences in proteins fed at 
levels which supply more than the full requirements of all amino acids 
for maximum performance may be accounted for on the basis of amino 
acid balance, a subject discussed later in this paper. 

4. Use of Thyroprotein 

Cabell and Earle (1951) reported that protein depletion could be 
hastened in rats by addition of 0.1-0.15% iodinated casein to the basal 
ration. It was their feeling that use of thyroprotein speeded up the 
repletion without effecting rate of repletion. The use of thyroprotein was 
applied first to the original method of Cannon, in which a nonpurified, 
moderately low protein ration was used for slow (about 3 month) 
depletion. Cabell and Earle (1954) later used a purified nonprotein 
ration as described from our laboratory, but continued to use 0.1% 
Protamone during the much shorter 3-week depletion. The authors 
reported general correlation for the results of their repletion assay with 
the three other methods compared, but failed to reach the desired pre-
cision. They, nevertheless, point to many distinct advantages of the 
method and suggest that greater precision might be obtained at a higher 
level of nitrogen feeding than they used, i.e., 0.1564 gm. nitrogen per 
rat per day. 

Considering the relative speed of the repletion method and the pro-
found metabolic effects of thyroprotein one may question the advisability 
of its use to hasten depletion. Thyrotoxicosis is counteracted in part by 
dietary lipids, particularly by bile acids and fats. Thus it would seem 
that more should be known about the effects of thyroprotein feeding 
before adapting this technique as part of the method. 

As reported by Cabell and Earle (1954) consumption of the protein 
supplement was prompt and complete as offered at the same time each 
day. This corresponds with the experience in our laboratory (Frost and 
Sandy, 1949), but again raises the question whether a single supplement 
during each 24-hour period provides optimum opportunity for maximum 
nutritive performance. It would be interesting to determine whether 
the same total supplement fed in two or more well-divided doses each 
day would lead to greater weight recovery than when fed all at one time. 
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IV. METHODS OF CHEMICAL SCORING 
A. DISCUSSION OF METHODS TO 1950 

Evaluation of the nutritive value of a protein from knowledge of its 
amino acid composition still leaves much to be desired. Nevertheless, it 
provides a real challenge and is capable of disclosing many useful 
correlations. It is particularly useful when considering the supple-
mentary effects of mixtures of proteins or protein derivatives. The early 
work of Osborne and Mendel (1915) established the great improvement 
in the nutritive value of gliadin by the addition of lysine, and of zein by 
the addition of both lysine and tryptophan. More recent findings have 
established many other limiting deficiencies in specific proteins, such as 
the deficiencies of isoleucine and methionine in hemoglobin, or isoleucine 
and tryptophan in blood albumin, and of methionine in peanut and 
soybean. 

Mitchell and Block (1946) and Block and Mitchell (1946-47) have 
tabulated the essential amino acid content of many of the common food 
proteins and have compared them with whole egg protein as a standard 
of excellence. According to their formulation, the biological value of a 
protein (y) may be roughly estimated from its maximum percentage 
deficit in an essential amino acid (x) by the equation: y = 102 — 0.634x. 
As pointed out by the authors, although correlation between the experi-
mental and derived values are fairly good in general, there are instances 
in which agreement fails. For instance, the nutritive value of cereal 
proteins may be greatly impaired by heat, although no change in the 
content of essential amino acids is apparent by analysis. 

There are many other factors which operate against the clear appli-
cation of the above method, particularly for comparisons between pro-
teins of intermediate or high nutritive value: (1) the composition of 
whole egg protein cannot be assumed to be in the exact ratio of mini-
mum requirements for each amino acid; (2) analytical values for each 
of the essential amino acids are not irrefutable; and (3) in a few in-
stances, whole egg protein has appeared somewhat inferior to certain 
other proteins. 

One may also compare the composition of proteins with the estab-
lished ratios of requirements, as is done to some extent in Table III. 
The ratio of the essential amino acids of whole egg (Mitchell and Block, 
1946) has been calculated as a matter of interest and is as follows: 
tryptophan 1, phenylalanine 4.2, leucine 6.1, isoleucine 5.3, methionine 
3.7, threonine 3.3, lysine 4.8, histidine 1.4, and valine 4.9. The corre-
spondence of the above ratio to the ratios of requirements of rats and 
humans (Tables I and II) is probably no better nor worse than the 
correspondence between any of the other sets of ratios. 
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There is rather general agreement following the classic work of Rose 
that the essential amino acid composition of a protein provides the 
master key to protein quality. It is clear also that proteins of high 
nutritive value contain all of the essential amino acids in good amount 
and in ratios not greatly different one from the other. Analytical data 
(Frost and Sandy, 1949) on the Rutgers reference proteins showed that 
the essential amino acids accounted for about 60% of the total weight 
of the better proteins, but only about 40% of the poorer proteins. Both 
bio-assay methods and methods of chemical scoring were easily capable 
of separating the better from the poorer proteins in this series, as shown 
in Table III. 

On the other hand, the problem of differentiating the better proteins, 
one from the other, on the basis of their essential amino acid composition 
(Frost and Sandy, 1949) as related to requirement is not clearcut, as 
seen in Table IV. Although peanut flour and wheat gluten display easily 
discernible limiting deficiencies, this is not equally true for defatted 
whole egg, egg albumin, casein, and defatted beef muscle. The defi-
ciency in casein is undoubtedly that of the sulfur amino acids, methio-
nine plus cystine. Egg albumin appears to have slightly better composi-
tion to meet the needs of the protein-depleted rat than does whole egg, 
and this is borne out by the experimental results of Table III. Egg 
albumin is particularly rich in the sulfur amino acids, followed by whole 
egg, beef muscle, and casein. 

In any event, none of the proteins appears to have a composition 
which closely matches the ratio of rat-repletion requirements. Inci-
dentally, also, the ratio of essential amino acids outlined for whole egg 
protein by Mitchell and Block (1946) varies considerably from that 
determined for defatted whole egg in this laboratory (Frost and Sandy, 
1949). 

The uncertainties in methods will undoubtedly become less in time, 
and this coupled with the increasing knowledge of average species 
requirements may be expected to provide more exact means of estimating 
the ability of a protein or mixture of proteins to fulfill specific functions. 
Even with the attainment of this goal, however, there will be continued 
dependence on animal assay methods if only because of their relative 
simplicity and directness. 

B. DISCUSSION OF METHODS SINCE 1950 

In recent years index to the nutritive value of proteins has been 
sought using various microorganisms. Growth rate of Tetrahymena 
geleii was used to evaluate protein hydrolyzates (Anderson and Wil-
liams, 1951) and whole proteins (Pilcher and Williams, 1954). Terri 
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et al. (1956) attempted full evaluation of proteins by enzymatic libera-
tion of amino acids, followed by microbiological assay and Chromato-
graphie analysis. Sheffner et al. (1956) in somewhat different context 
determined the pattern of amino acids released by pepsin. This, together 
with the amino acid pattern of the residue, was used to estimate the 
physiological availability of the essential amino acids. The values thus 
obtained for several proteins show remarkable agreement with biological 
values determined by Mitchell and Beadles (1950) in adult rats. There 
was, however, poor agreement for many proteins with the chemical score 
calculated by Oser (1951). 

The fact that biological value of proteins is expressed as per cent 
has facilitated mathematical correlations between this method and the 
methods of chemical scoring. As stated elsewhere, the simple rat growth 
method is hard to beat for ease and reliability to test amino acid ade-
quacy of proteins. Perhaps growth value of any protein can best be 
calculated as per cent of the response given by an isonitrogenous level 
of whole egg. Even more ideally the response can be in ratio to response 
to an optimum mixture of L-amino acids. In a thorough analysis, both 
the chemical score, such as Oser's (1951) (see Chapter 10) essential 
amino acid index, and bio-assay should prove complementary. Combina-
tion of the two approaches should provide a clear picture of true feeding 
value, with indication as to which amino acids are limiting and to what 
degree. 

To be fully used, amino acids must be liberated in the digestive tract 
at a rate permitting mutual supplementation. Thus, the rate of in vitro 
digestion of proteins by pancreatin appears to provide a useful index to 
in vivo availability (Ingram et al., 1949). 

Lyman et al. (1953) reported good correlation between solubility 
of cottonseed meal in 0.02 N sodium hydroxide and chick growth rate 
as measures of protein quality. This method accounted also for the 
gossypol content, an important factor limiting the nutritive value of 
cottonseed meal. More recent experiments (Green and Stephenson, 1955; 
Eagle and Davies, 1957) have not found nitrogen solubility of cotton-
seed meal in dilute alkali a reliable indicator of protein quality. 

Methods of chemical scoring can be more and more widely applied 
with increasing knowledge of the essential amino acid content of foods. 
Williams (1955) and Lyman et al. (1956), for instance, list the essential 
amino acid content of a wide variety of feed ingredients. 

C. LIMITING EFFECTS OF AMINO ACID IMBALANCE 

The question of amino acid imbalance is large and complex and 
cannot be reviewed adequately here. That amino acid imbalance limits 
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nutrition and may even lead to severe disturbances in metabolism and 
toxicity is well known. Methods of chemical scoring deal thus far only 
with adequacy of each essential amino acid and do not attempt to pre-
dict the effects of overabundance of single amino acids, or the effects of 
variations in proportions. There is sufficient variation in the dietaries 
of animals and groups of people and in the composition of individual 
proteins, which have been used extensively in nutrition studies, to war-
rant the idea that the body adjusts well to fairly large variations in the 
proportions of amino acids which are presented to it. 

The extreme imbalance of certain proteins with regard to adequacy 
of the indispensable amino acids is heightened in some cases by the 
preponderance of certain amino acids which are actually inhibitory at 
high levels in the diet. This is notably true of gelatin and is related to 
the high glycine content of this protein, as shown by Hier and his co-
workers (1944). 

Christensen and his co-workers (1948, 1949) and Christensen and 
Streicher (1949) have presented new experimental evidence showing 
that the cells actually reject unbalanced amino acid mixtures. The 
studies show that the amino acid pattern of the cells can be upset by 
unbalanced amino acid levels in the extracellular fluid, leading to a loss 
of amino acids from the interior of the cells. This provides a rational 
explanation as to why certain acute amino acid imbalances such as that 
reported for high levels of glycine or methionine work to the nutritional 
disadvantage of the diet. These phenomena are not within the present 
scope of chemical scoring. 

D. AMINO ACID IMBALANCE OF BLOOD 

Previous studies demonstrating the isoleucine-methionine deficit in 
blood led Frost (1954) to test its repletion value. Diluted whole human 
blood, rejected by depleted rats, was readily accepted when fortified 
with isoleucine and methionine (Fig. 4) . Subsequently, Perdue et al. 
(1957) reported the amino acid composition of human blood and plasma, 
as compared to dog blood. Amounts of L-isoleucine and DL-methionine 
needed to support rapid repletion were established for whole human 
blood. Human plasma, unlike blood, supported a slow rate of repletion, 
but was also markedly improved by fortification with isoleucine and 
methionine. Dog and human blood were shown to differ considerably 
in content of isoleucine and methionine. 

The unique leucine-isoleucine imbalance in blood, plus the methio-
nine deficit, might be expected to lead to eventual nutritive failure in 
patients requiring repeated transfusions. The very slow entrance of the 
amino acids of transfused blood and plasma into body pools is recog-
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nized. It would be of interest, nevertheless, to determine whether orally 
administered isoleucine plus methionine is capable of sparing nitrogen 
loss in the terminal stages of long term transfusions. Reports that added 
leucine markedly increases the need for isoleucine (Harper et al, 1955) 
and that infusion of leucine greatly accelerates isoleucine excretion 
(Beyer et al.} 1947) are provocative along this line. 

Grams 

180 

Fibrin Hydrolyzate, 5% 
Ave. Gain 11.6 gm. 

8 0 h 

60 

Whole blood with 
Isoleucine and Methionine 

Ave. Gain 9.6 gm. 

Whole blood 
Ave. loss- -22.2 gm. 

J L _L J_ J_ _L J_ 
0 10 20 30 0 10 20 30 

Days 

FIG. 4. Amino acid deficiency in whole blood. 

0 10 20 30 

The situation in bleeding peptic ulcer may represent an example of 
amino acid imbalance. Here the individual, digesting large amounts of 
his own blood, often develops azotemia. Whether the azotemia is actu-
ally associated with this cyclic phenomenon is not clear. An attempt to 
approach this situation by experiments in rats and dogs was not revealing 
(Perdue et al., 1957). Due to experimental limitations, however, these 
results may have little bearing on the metabolic problems created by 
repeated hemorrhage into the tract in humans. 

The possibility occurs that whole blood, available in large amounts 
and high in lysine, can be fed effectively with appropriate grains to 
supply isoleucine. This is discussed briefly in considering direct and 
indirect determination of the nutritive value of proteins (Frost, 1950b). 
One may ask the surest, most convenient way to answer this question. 
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The answer is undoubtedly direct assay in species for which such mix-
tures might be used economically. This is an example where again, 
however, the plan of mixtures for assay is best guided by complete 
knowledge of the amino acid patterns. Whether the amino acids are 
liberated in the digestive tract to allow mutual supplementation may 
also be indicated by in vitro digestion experiments. Most experiments 
with indirect methods of evaluation have been conducted to date with 
single proteins. The crux of their usefulness must come, however, in 
demonstrated ability to predict the value of practical mixtures. 

V. SPECIFICITY OF AMINO ACID REQUIREMENTS 

A. ESSENTIAL AMINO ACIDS 

Rose defines an "essential amino acid" as one which cannot be syn-
thesized by the animal organism out of materials ordinarily available 
at a speed commensurate with the demands for normal growth. This 
concept was based on rat growth studies extending over many years. 
A final classification based on this work was presented by Rose 
et al. (1948). The classification for the requirements for maintenance 
of nitrogen balance in normal adult man as described by Rose (1949) 
differs in that histidine and arginine do not appear to be needed by 
adult man. The adult dog differs from adult man only in the require-
ment for histidine, cf., Rose and Rice (1939). According to Frazier et al. 
(1947), the adult rat requires the same 9 amino acids as the adult dog. 
The requirements of the chick for maximum rate of growth are more 
fastidious than that of either man or the rat according to Almquist and 
Grau (1944). The 8 key amino acids required by all species under all 
conditions are: leucine, isoleucine, lysine, methionine, phenylalanine, 
threonine, tryptophan, and valine. In addition to these, the chick re-
quires for maximum growth histidine, arginine, glycine, and glutamic 
acid. 

B. THE ROLE OF NONESSENTIAL AMINO ACIDS AND OTHER SOURCES 
OF NITROGEN 

The fact that glutamic acid and proline, like arginine, will stimulate 
growth rate in weaning rats fed a mixture of the 10 amino acids was 
indicated by the work of Womack and Rose (1947). Later Rose et al. 
(1948) showed that removal of glutamic acid from a mixture of 19 amino 
acids resulted in only slight inhibition of growth rate, which was sta-
tistically of doubtful significance. Still more recently Rose and his 
co-workers (1949) reported the ability of diammonium citrate, glutamic 
acid, glycine, or urea to provide the extra nitrogen, in addition to the 
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10 essential amino acid mixture, required for synthesis of the nonessen-
tial amino acids. 

The work of Lardy and Feldott (1949) is very clearcut, even though 
limited to only a few rats, in showing the complete dispensability of 
all but 10 amino acids for the growing rat. In these studies, an isonitro-
genous amount of diammonium citrate was used to effectively replace 
the 8 nonessential amino acids of the complete amino acid mixture 
(Mixture XXIII) of Rose et al (1948). 

Work in this laboratory by the method of liquid supplement feeding 
to adult protein-depleted rats confirmed the above reports as to the 
ability of diammonium citrate to replace the nonessential amino acids. 
Unlike the young rat, the adult protein-depleted rat requires only 9 
amino acids, responding maximally to isonitrogenous supplements of 
arginine, or glutamic acid, or diammonium citrate. In agreement with 
the findings of Rose et al. (1949) for the growing rat, our findings in the 
adult protein-depleted rat place glycine in a position of intermediate 
effectiveness, and urea least efficient of all. Rose et al. (1949) reported 
that ammonium acetate was fully as effective as diammonium citrate, 
thus ruling out involvement of the citrate ion. 

In our studies (Frost and Sandy, 1951), the mixture of 9 essential 
amino acids in the proportions used by Steffee et al. (1950) was fed at 
a level to supply exactly twice the minimum amounts of each amino acid 
required to support a maximum rate of repletion. This is still a very 
low level of nitrogen, amounting to only 138 mg. nitrogen per rat day, 
of which 36 mg. was D-amino acid nitrogen of the unavailable isomers 
of isoleucine, threonine, and valine. Thus, the amount of nitrogen physi-
ologically available for repletion in these studies was only about 100 mg. 
per rat day, well below the level required for maximum rate of reple-
tion. Despite this critical feeding level of total nitrogen, there was a fair 
response to the minima mixture alone. However, when about one-third 
of the total nitrogen of the minima mixture was replaced by diammonium 
citrate, arginine, or glutamic acid, the rate of weight gain was increased 
more than 50%. One-third isonitrogenous replacement with urea gave 
about a 25% weight increase over the minima mixture alone. Thus it 
would appear that the ability of rats to convert the essential to non-
essential amino acids is rather poor, and that the other sources of nitro-
gen mentioned are much more readily used by the body for this purpose. 
Results of replacement of part of the essential amino acid nitrogen by 
glutamic acid, arginine, urea, or diammonium citrate are shown in 
Table V. 

Foster et al. (1939) had clearly demonstrated that dietary ammonium 
N15 is rapidly incorporated into rat tissue proteins. The above findings 
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establish the utility of ammonia nitrogen in an entirely different way. 
In his general review of the role of the isotopes to reveal the dynamic 
state of body constituents, Schoenheimer (1942) reported the virtually 
complete excretion of dietary urea N15 in unchanged form. It is reveal-
ing then, from the above work, that under conditions of stress, the body 
can actually use urea to some extent as a source of nitrogen, and can 
use urea nitrogen even more efficiently than essential amino acid nitro-

TABLE V 
RESPONSE OF ADULT PROTEIN-DEPLETED RATS TO THE 9 ESSENTIAL AMINO ACID 

MINIMA MIXTURE FED AT TWICE THE MINIMUM LEVELS. EFFECT OF REPLACING 

PART OF THE ESSENTIAL AMINO ACID N BY VARIOUS NONSPECIFIC NITROGEN 

SOURCES 

Mixture fed 
Minima mixture alone (1st assay) 
Minima mixture (Repeat assay in same rats) 
Minima with 19.3% arginine N (1st assay) 
Minima with 19.3% arginine N (repeat assay) 
Minima mixture alone 
Minima with 32.4% urea N 
Minima with 32.4% arginine N 
Minima with 32.4% glutamic acid N 
Minima mixture alone 
Minima with 10% ammonium acetate N 
Minima with 20% ammonium acetate N 
Minima with 30% ammonium acetate N 

Av. 12-day 
weight 

gain, gm. 
19 
22 
34 
32 
21 
26 
35 
36 
23.2 
34 
36 
43 

Standard 
error, gm. 

± 2 . 2 

± 2 . 0 

± 2 . 6 
± 2 . 4 
± 2 . 3 
± 1 . 9 
± 1 . 9 
± 3 . 5 
± 4 . 3 
± 8 . 4 

Four sets of experiments are shown. Groups of 5 to 6 rats were used in each 
experiment. All solutions were made to contain 0.55 to 0.65% nitrogen. Standard 
nitrogen allotments of 0.138 gm. N per rat day in 25 ml. were fed throughout. This 
level of nitrogen provided twice the amounts of Cannon's minima for each of the 
essential amino acids in the case of the minima mixture alone. Replacement of 
part of the nitrogen of the minima mixture by other nitrogen sources was made, 
as shown. 

gen for general synthetic purposes. In the adult protein-depleted rat 
as in the growing rat, there is a wide range of nitrogen compounds other 
than the nonessential amino acids which would need to be synthesized 
from dietary nitrogen. These compounds must all be synthesized physi-
ologically from ammonia and carbon residues derived from normal 
metabolism cycles. 

It is well established that two chief reactions occur in the tissues 
with regard to changes in the nitrogen moiety (1) transamination and 
(2) oxidative deamination and subsequent urea formation. It is also 
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fairly well established that alanine and glutamic and aspartic acids enter 
most readily into transamination reactions with the α-keto acids known 
to occur in the body. Glutamic acid is an efficient source of nitrogen 
to replace all other nonessential amino acids, and by the same token, 
alanine and aspartic acid serve well in the same capacity. On the other 
hand, none of the essential amino acids enter readily into this reaction 
and, therefore, must be degraded by decarboxylation or by oxidative 
deamination. There is evidence that the latter reaction occurs in the 
liver and leads directly to urea formation. In the body economy one 
might expect that reaction mechanisms would be in the direction of 
conserving the essential amino acids, rather than degrading them rapidly, 
and this, indeed, appears to be the case. 

The beauty of the isotope technique to trace the metabolic fate of 
amino acid nitrogen is exemplified in studies by Wu and Rittenberg 
(1949) in which the metabolic fate of L-aspartic acid is described. The 
findings suggest that aspartic acid is so rapidly deaminated that its 
amino group behaves metabolically like ammonia. In regard to the 
isotope studies, it may be worthy of note that the first broad interpreta-
tion was that all L-amino acids are readily deaminated. This idea is 
apparent in the extensive review of the role of the dicarboxylic acids 
in nitrogen metabolism by Braunstein (1947). On the contrary, the 
nutritional studies in this laboratory with protein-depleted rats clearly 
support the idea that the deamination of essential amino acids is quite 
limited. One deals both with equilibria and rates of reaction, and, 
coupled with these factors in utilization from the nutritional viewpoint, 
is the factor of renal excretion. For example, normal animals on normal 
diets excrete urea almost quantitatively, whereas animals receiving only 
the assential amino acids use urea to fairly good advantage. Further-
more, in balance studies, these animals did not excrete much more urea 
than did rats receiving only the 9 essentials. Rats receiving one-third 
of their total nitrogen intake in the form of diammonium citrate did not 
excrete appreciably more ammonia and urea nitrogen than rats on 
normal diets. 

C. THE ROLE OF ARGININE 

The situation with regard to arginine requires special consideration. 
As first reported by Frazier et al. (1947), rats receiving only 9 essential 
amino acids did as well as animals receiving a 16 amino acid mixture 
patterned after casein, or the 10 amino acid mixture containing arginine. 
This is contrary to our experience, as we have consistently found that 
almost any source of other than essential amino acid nitrogen will serve 
to improve the response over that shown by the mixture of 9 essentials 
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alone. Following the work of Frazier et al. (1947) it was noted in the 
joint work of Wissler et al. (1948) that the addition of arginine to a 
9 amino acid mixture did stimulate appetite in normal adult animals. 

A possible explanation of the failure of Frazier et al. (1947) to show 
an effect of the nonessential amino acids over and above that of the 9 
essentials is found in the comparative amino acid mixtures used by these 
authors. The mixture of 16 amino acids patterned after casein contains 
a rather low level of methionine and only a trace of cystine. One would 
expect the sulfur amino acids to be limiting, as in casein. In the com-
parative feeding experiments, however, the rats received a much higher 
level of methionine from the 9 than from the 16 amino acid mixture. 
Thus, the nutritional advantage related to higher methionine level in 
the mixture of only the essentials may have balanced the nutritional 
advantage which we would ascribe to the presence of the nonessential 
amino acids in the 16 amino acid mixture. 

The role of arginine in the nutrition of the growing rat had been a 
subject of continued study at the University of Illinois for many years. 
The results of comprehensive studies of Borman et al. (1946) confirmed 
the earlier evidence as to the requirement of arginine for maximum 
growth in the rat. The diet used was much improved with regard to 
purity and adequacy of vitamin supplements over diets formerly avail-
able, so that average growth rates were greatly increased and the effect 
of arginine was clearcut. Finally Womack and Rose (1947) demon-
strated the fact that either glutamic acid or proline could partly sub-
stitute for an isonitrogenous addition of arginine. The findings were 
interpreted "as evidence that the three amino acids are mutually inter-
convertible in the organism of the rat, but at different rates as exempli-
fied by their different influence upon growth." In view of our recent 
findings in the adult rat, one would say that glutamic acid and arginine, 
at least, are readily used as sources of ammonia nitrogen for conversion 
to all other nonessential amino acids. Emphasis was placed in the report 
of Womack and Rose (1947) on the essentiality of arginine, and the 
relation of glutamic acid and proline to arginine. The requirement of the 
growing rat for arginine appears to be well established from the work 
of Rose and his collaborators. It would be of interest, in the light of 
recent work, to determine whether or not there is a sparing effect of 
fairly high levels of glutamic acid and diammonium citrate for arginine 
in the growing rat. 

D. THE ROLE OF GLUTAMIC ACID 

Concluding experiments of Rose et al. (1948) showed that in 28 days 
rats receiving only 10 amino acids gained about 70 to 75% as much as 
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litter mates which received 19 amino acids. Although addition of glu-
tamic acid to the 10 amino acid mixture stimulated growth, removal 
of the glutamic acid from the 19 amino acid mixture did not have a 
statistically significant effect. The authors stated further that under sim-
ilar conditions the influence, if any, of glutamic acid upon growth is 
much less than that manifested by arginine. In view of these facts, 
glutamic acid was classified as a dispensable dietary component for the 
rat, and this conclusion is well supported by the work cited from other 
laboratories. 

Establishment of the complete dispensability of glutamic and aspartic 
acids for the nutrition of the rat is of interest with regard to the prep-
aration of intravenous amino acid mixtures, wherein the presence of a 
high proportion of these amino acids is undesirable. 

E. RATIO OF ESSENTIAL AMINO ACID NITROGEN TO NONSPECIFIC 
NITROGEN 

On the basis of experiments in this laboratory (Frost and Sandy, 
1950), it would seem that the ratio of essential to other than essential 
amino acid nitrogen is of primary importance when studying the effi-
ciency of any given source of other than essential amino acid nitrogen. 
Although the optimum level of other than essential amino acid nitrogen 
has not been determined accurately, it is clear that one-third substitution 
of the total nitrogen in the form of glutamic acid, arginine, or diammo-
nium citrate supports an excellent response. The effect of these sources 
of nitrogen is pronounced at the above level. Very significant effects 
were noted also for arginine, glycine, and a mixture of glycine and 
alanine at one-fifth of the total nitrogen. Thus, it is clear that small 
additions or substitutions of various sources of nitrogen to the essential 
amino acid mixture would all be expected to produce a supplementary 
sparing effect, up to an undetermined optimum ratio. 

The conditions used by different laboratories in showing the utiliza-
tion of sources of other than essential amino acid nitrogen are all quite 
different and are, therefore, difficult to compare. Rose et al. (1949) 
measured the stimulation of growth of young rats when other sources 
of nitrogen were added to the mixture of the 10 essential amino acids 
fed at the predetermined minimum levels, i.e., 8.82% of the diet. Under 
these conditions of additive effect, glutamic acid and diammonium 
citrate produced the greatest growth, glycine was next, and urea poorest. 
In another type of experiment, these authors fed only one-half the min-
imum levels of the 10 essentials to 3 young rats and measured the effects 
of additions on the maintenance of weight and nitrogen equilibrium. 
Only the L-amino acid forms were used in this experiment, and the 
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mixture comprised only 3.46% of the diet. Supplements of urea or 
diammonium citrate were made to supply an amount of nitrogen equal 
to that of the amino acid mixture. Under these conditions, both supple-
ments induced strong nitrogen retention accompanied by some weight 
increase. 

Lardy and Feldott (1949) compared weight gain and nitrogen reten-
tion of young rats on: (a) the 18 amino acid mixture (Mixture XXIII) 
of Rose et al. (1948) at 10.3% of the diet; (b) the 10 essential amino 
acid mixture at 8% of the diet; and (c) the 10 essential amino acid 
mixture at 8% and diammonium citrate (2.15%) to equal the non-
essential amino acid nitrogen of the 18 amino acid mixture. Mixtures of 
the 10 L-amino acids and the same plus diammonium citrate were also 
studied. The level of essential physiologically active amino acids in the 
diets was 6.4%. The data presented showed that the diammonium 
citrate replaced all of the nonessential amino acids in stimulating growth 
rate above that shown with the 10 amino acids alone. The balance data 
further showed that urinary ammonia nitrogen loss following diammo-
nium citrate feeding was not far greater than that following amino acids 
alone. With regard to the ratios of the different forms of nitrogen, it 
was of interest to calculate that 19% of total nitrogen of the mixture, plus 
diammonium citrate, consisted of NH3 — N, and 30.7% of total nitrogen 
was present as NH3 — N plus arginine nitrogen. 

The experiments in this laboratory with adult protein-depleted rats, 
as compared with the experiments with growing rats, involved controlled 
rather than ad libitum amino acid feeding. The essential amino acids 
were offered at twice the levels required for rapid recovery. Substitution 
of a part of the nitrogen of the essentials by various other sources of 
nitrogen elicited a much greater response than that given by the essential 
amino acids alone. Thus, it became clear that the essential amino acids 
themselves are not readily available as sources of nitrogen for conversion 
to other nitrogen components of the body. The conversion of methionine 
to cystine and of phenylalanine to tyrosine appears as an exception to 
this generalization. This failure in ready conversion of the essential 
amino acids to other general forms of nitrogen may represent a real 
difference in metabolism of the two classifications. There is, of course, 
good reason for the body to conserve essential amino acid nitrogen, if 
one wishes to invoke purely teleological reasoning. It is, nevertheless, 
surprising that the body can utilize urea even more efficiently as a non-
specific nitrogen source than it can a complete mixture of the essential 
amino acids. 
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VI. RACEMIC AMINO ACID MIXTURES 
A major problem in both the experimental and developmental use 

of mixtures of synthetic amino acids comes in the fact that the unnatural 
D-forms of certain of the essential amino acids are not utilized. Unfor-
tunately, this is true for certain of the most expensive and rare amino 
acids, namely, threonine, isoleucine, and valine. 

Tryptophan presents a special problem in that the DL-forms are both 
used by the rat and the dog although the D-form may be less well 
utilized than the L-form. Only L-tryptophan is used by the human 
according to Rose (1949) and Heber and Berg (1949). Thus, assays of 
protein preparations with rats may not give a clear prediction of their 
value for human use with regard to the content of this amino acid. This 
circumstance deserves special consideration because of the relative in-
stability of tryptophan to chemical treatments, such as acid hydrolysis. 

Rose (1949, 1938) has discussed the activity of the D- and L-forms of 
each of the essential amino acids for the rat and the human. A review 
of the literature pertinent to the activity of the optical isomers of each 
of the amino acids for various species will not be attempted here (see 
Chapter 4 by Berg). It would appear, however, from the results to date 
that the only significant discriminatory difference in utilization by rats 
and man is found in the case of tryptophan, as discussed above. Neither 
species, according to Rose, can utilize the D-isomers of valine, leucine, 
isoleucine, threonine, and lysine. Both species can use racemic methi-
onine fully, and can make partial inversion of D-phenylalanine. 

A. THE QUESTION OF INHIBITION BY D-AMINO ACIDS 

One might expect that the unusable isomers of the amino acids 
would show some interference in the normal metabolism of their usable 
enantiomorphs. That this is indeed true, at least in the case of D-valine 
and D-leucine, has been shown by Fling and Fox (1945) in experiments 
with bacteria. D-Alanine was not inhibitory, and this was explained 
theoretically on the basis that the methyl group of alanine is sufficiently 
small, that it would not intervene, or cause steric hindrance, as is thought 
to be the case for the larger side chains of leucine and valine. The 
antipodal specificity of proteolytic enzymes is well known and it would 
not be surprising if the inhibition caused by certain of the D-amino acids 
comes at that point. The further illuminating finding has been reported 
by Prescott et al. (1949) that DL-tryptophan is not as effective in meeting 
the growth requirements of certain microorganisms as a one-half level 
of L-tryptophan. The presence of D-tryptophan in this case made for an 
increased requirement for L-tryptophan, a situation common to many 
reversible competitive inhibitions. 
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Evidence for the inhibitory effect of D-amino acids in animals is less 
clear than that for bacteria; however, the preponderance of evidence 
indicates that competitive inhibition does take place. Wretlind (1948) 
reported that a mixture of 10 DL-amino acids patterned after Rose's 
minimum requirements for the rat gave a greater growth response at a 
level of 20% than at 30 or 40% in a purified diet. The results were 
interpreted as meaning that completely racemic substances contain toxic 
substances. Because Wretlind did not supply any source of other than 
essential amino acid nitrogen in the diet, there remained the possibility 
that the inhibition was caused by an overloading of the capacity of the 
body to convert essential amino acid nitrogen to nonessential amino 
acids and other nitrogenous compounds necessary for growth. 

The presence of racemic valine, isoleucine, threonine, and phenyl-
alanine in three of the mixtures studied by Lardy and Feldott (1949) 
did not appear from their data to inhibit intake or weight response as 
compared with mixtures of only L-amino acids. On the other hand, 
Brand and Bosshardt (1948) reported that a mixture of L-amino acids 
duplicating the composition of ß-lactoglobulin supported the same 
growth in mice as a corresponding amount of the whole protein, whereas 
use of certain DL-amino acids in the mixture impaired the growth re-
sponse. It has been repeatedly observed in this laboratory in the afore-
mentioned rat-repletion studies that amino acid mixtures containing the 
racemic forms of valine, isoleucine, and threonine are accepted with 
much less avidity than are complete hydrolyzates of fibrin supplemented 
only with DL-tryptophan. This is true even when adequate sources of 
other than essential amino acid nitrogen are supplied. A very striking 
difference is the slow rate at which the rats consume the amino acid 
solutions compared with the eager and rapid drinking of hydrolyzate 
solutions. The crucial experiment to finally answer this point must await 
the preparation of a mixture of the 10 essential L-amino acids in fair 
quantity. The suggestion is clear, however, that certain of the D-amino 
acids exert inhibitory effects on metabolism in various forms of life. 

Albanese (1949) has recently presented the thesis, based on certain 
indirect evidence in work with human infants, that DL-tryptophan may 
have some untoward effects not shown by L-tryptophan when used as 
supplements to tryptophan-low diets. There is need for a critical and 
fundamental study in humans of the effects of DL-tryptophan as com-
pared with L-tryptophan. The addition of DL-tryptophan to parenteral 
amino acid solutions is now common practice and no gross aberrant 
effects have been noted. The question is a complex one, however, and 
may require more basic study than it has received. 

In comparing rat growth on mixtures of amino acids with casein and 
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casein hydrolyzates, Ramasarma et al. (1949) noted slower growth on 
the former. One possible explanation which they advanced for the 
slower growth on the amino acid mixtures was the presence of D-amino 
acids. As stated, "at the levels used, they may not produce any symptoms 
of toxicity but may cause a slight depression of growth." 

A paper by Van Pilsum and Berg (1950) bears directly on the effects 
of the D- and L-forms of amino acids on growth. The authors reported 
that the L-forms of the 10 essential amino acids as components of a 
DL-mixture constituting 22.4% of the diet grew less well than control 
rats fed only the L-isomers at a dietary level of 11.2%. However, when 
only half as much DL-phenylalanine, tryptophan, methionine, and argi-
nine, and an intermediate level of DL-histidine were included, the result-
ing 18.6% of DL-amino acids promoted as good growth as that attained 
on the L-mixture. 

The interesting finding was then made that removal of half of the 
DL-methionine overcame the growth-retarding effect of the 22.4% DL-
mixture. Comparative tests showed that the growth retardation pro-
duced by the natural L-isomer of methionine was greater than that 
produced by either the DL- or the D-modification. The toxicity of excess 
methionine is well-known. Both forms of methionine can be used, and 
it is possible that an excess of L-methionine exerts more toxicity than 
the D-form. This situation, of course, may not apply for those amino 
acids for which the D-amino acid is not used. 

Van Pilsum and Berg concluded that "contrary to the often repeated 
conjecture that the D-forms of the essential amino acids may be toxic in 
the rat, proportionately large amounts can actually be fed as components 
of DL-amino acid mixtures without producing any apparent growth 
retarding or other deleterious effect." Although it is clear from these 
experiments that the D-amino acids are for the most part inert, certain 
questions require investigation before the argument can be entirely 
closed regarding their reputed inhibitory effects. It will be noted that 
in the above cited work, growth rates were slower on both the L- and 
DL-amino acid mixtures than on properly fortified casein hydrolyzates. 

An important consideration in interpretation of the work of Van 
Pilsum and Berg is the absence of nonspecific nitrogen from their amino 
acid mixtures. Although these authors added ammonium citrate and 
glycine to their essential amino acid mixtures in a few studies, the addi-
tions did not appear to have any effect on growth, and the question was 
not examined further. The absence of a sufficient concentration of other 
than essential amino acid nitrogen would, however, be expected to in-
hibit response to a measurable degree, judging from the work of Lardy 
and Feldott (1949), as well as the work in this laboratory. The possi-
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t i l i ty appears, therefore, that there may have been a second variable at 
work, other than the optical form of the amino acid groups. Judging 
from all of the evidence, it would seem desirable to have present in such 
a study an adequate source of other than essential amino acid nitrogen 
so that synthesis of nonessential nitrogen compounds could proceed more 
readily than is the case when only essential amino acids are present. 
The excellent study of Van Pilsum and Berg points up the need for this 
additional experimental approach to the effect of D-amino acids. 

VII. RECENT STUDIES WITH L-AMINO ACID MIXTURES 

Rechcigl et al. (1957) studied the value of single nonessential 
L-amino acids, diammonium citrate, urea, or biuret to promote growth 
in weanling rats when added to a mixture of essential L-amino acids 
patterned after the rat carcass. L-Glutamic acid was the most effective 
single supplement for growth, feed conversion, and net nitrogen utiliza-
tion; followed by L-alanine, L-aspartic acid, L-asparagine, L-proline, 
L-glutamine, diammonium citrate, urea, biuret, glycine, and L-serine. In 
addition to measuring growth rate the rapid procedure of Miller and 
Bender (1955) and Bender (1956) was used for estimating net utiliza-
tion of these nonspecific nitrogen sources. Both measurements placed 
the nitrogen supplements in the same relative order of efficacy. Inter-
estingly, in this study an excess of the entire group of essential L-amino 
acids proved almost as effective as L-glutamic acid when judged by 
growth, food efficiency, and net nitrogen utilization. This finding indi-
cates that the presence of several DL-amino acids in the essential amino 
acid mixture may have accounted for their poor repletion response, as 
compared to nonspecific nitrogen sources. 

The above results, together with those of Greenstein et al. (1957), 
provide final answers to many questions which complicated the earlier 
use of DL-mixtures in rats. As stated by the latter, "Animal tissues are 
geared to handle metabolically the natural, L-forms of the amino acids, 
and although some of the D-forms can be more or less rapidly inverted 
(Berg, 1953), they may, in mixtures, interfere in each other's inversion. 
This has been clearly shown in the experiments of Wretlind (1956), 
and the peculiar behavior of D-valine in the presence of the D-isomers 
of other amino acids, such as leucine and isoleucine (Womack et al., 
1957), gives rise to the typically confusing situation evoked by the 
presence of appreciable amounts of unnatural materials in an experi-
mental diet. It should hardly be necessary to press this point, but the 
substitution of financial economy for quality of experiment has little to 
recommend it." 

Although practical application is still far off, the time may come 
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when essential L-amino acids can be used economically for intravenous 
feeding. L-Glutamic acid and L-aspartic acid are poorly tolerated intra-
venously. Thus, the search may well go on to establish a suitable low 
cost source of nonspecific nitrogen to supplement the 10 essentials 
(counting histidine and arginine). Whether L-tryptophan can replace 
DL-tryptophan to advantage in i. v. protein hydrolyzates should also 
be determined. 

Birnbaum et al. (1957) suggest that, "No amino acid is nonessential 
for maximum growth." The capacity of the body to build purines, pyri-
midines, porphyrins, etc. is clearly dependent on adequate supplies of 
metabolizable nitrogen. Just how well simple combination of nonessen-
tial L-amino acids with ammonia sources can fill specific needs has yet 
to be determined. Work in intermediary metabolism has shown many 
common pathways for interconversion between amino acids, carbohy-
drates, and lipids. One can safely generalize that hormonal control of 
metabolic patterns differs greatly between individuals, and particularly 
in those who are ill. Thus it may come to pass that most of the tissue 
amino acids do have nutritional import. Use of massive doses of glutamic 
acid in mental disease states and the use of arginine (Fahey et al., 1958) 
to reduce ammonia intoxication are examples. 

Conversely, Frost and Sandy (1951) concluded on the basis of their 
studies that about 20-30% of the nitrogen, supplied with an amino acid 
mixture, should be other than essential amino acid nitrogen for maximum 
repletion. This is much less nitrogen in the form of nonessential amino 
acid nitrogen than is present in proteins of the highest biological value» 
The question still appears to remain open as to whether a man-made 
mixture of L-amino acids will actually surpass the highest biological 
value proteins in nitrogen efficiency. It is quite conceivable and of some 
import, particularly for intravenous feeding, that 9 or 10 essential 
L-amino acids supported by other easily available sources of nitrogen 
may yet be shown to be the most efficient source of nitrogen. A reveal-
ing experiment now will be to test solutions of the 9 essential L-amino 
acids fortified with arginine and an ammonium salt. Avidity for such 
mixtures, as compared to that for protein hydrolyzates, will indicate 
whether such simple mixtures supply the full physiological need. Fahey 
et al. (1958) have clearly shown the value of arginine, ornithine, or 
citrulline to prevent ammonia intoxication in dogs receiving a mixture 
intravenously of the 8 essential L-amino acids plus L-alanine as a non-
specific source of nitrogen. Final proof of the over-all value of such 
mixtures given intravenously is a worthy objective. 
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VIII. AMINO ACID ANALOGS 

The DL-hydroxy analog of methionine represents thus far the only 
commercial application for hydroxy or keto analogs of amino acids. 
Hydroxy DL-methionine substitutes equally for methionine in chick 
rations (Bird, 1952; Machlin and Gordon, 1957). When a low level of 
soy protein was fed, methionine proved superior to methionine hydroxy 
analog as a supplement to promote growth (Sullivan and Bird, 1957). 
When a nonspecific source of nitrogen was also supplied growth response 
for methionine hydroxy analog equaled that for methionine addition. 
This demonstrated utilization of nonprotein nitrogen by the chick, pre-
sumably for amination of the hydroxy acid. 

Gordon and Sizer (1955) found DL-methionine less efficient than 
equimolar supplements of L-methionine, D-methionine, or methionine 
hydroxy analog (calcium DL-2-hydroxy, 4-methylthiobutyrate) for chick 
growth. Resolution of optical isomers is often an expensive and impon-
derable one for the chemist. The body may expedite this job, given the 
proper metabolic fragments. Thus, it is conceivable that appropriate 
mixtures of the hydroxy or keto analogs of many or all of the essential 
amino acids, with adequate sources of nonspecific nitrogen sources, may 
in time prove advantageous for parenteral feeding. 

Rose et al. (1949) made the significant disclosure that the a-keto 
analogs of valine and isoleucine promote excellent growth in rats as the 
sole sources of these amino acids. The suggestion is made that they 
undergo asymmetric amination in vivo to supply the corresponding 
L-amino acids. If the α-keto analogs are less costly to synthesize, stra-
tegic use might be made of them, together with a source of ammonia, 
in idealized mixtures. 

IX. SUMMARY 

There is obvious need for general acceptance, official or otherwise, 
of methods to measure nutritive value of proteins. Such methods should 
be simple and low cost for wide application. Requirements for maximum 
performance should be known in terms of each amino acid, ultimately 
the L-amino acids. Requirements for nonspecific sources of nitrogen, 
to support maximum use of the essential L-amino acids, should likewise 
be established. The growth and repletion methods satisfy many of these 
criteria. Amino acid requirements, as presently established, are quite 
similar. Both methods clearly measure the adequacy, balance, and 
availability of the amino acid composition of proteins for tissue synthesis. 
Careful comparisons are needed to establish their relative reliability 
and convenience for specific applications. 

Determination of biological value has been precisely studied, but has 
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obvious limitations for broad applicability. It is, nevertheless, the 
method of choice to measure maintenance and reproduction require-
ments in adults. The nitrogen balance technique can pass final judgment 
also as to utilization of protein hydrolyzates on injection. 

These methods, properly standarized and extended to various species, 
appear to provide a reasonable base for broad evaluation and compari-
son of amino acid mixtures, individual proteins, protein hydrolyzates, 
and protein foods. 

The growth and repletion methods may be supplemented by calcu-
dation of protein efficiency ratio, or, going further, net protein utilization. 
There is considerable doubt, however, whether these refinements confer 
precision over the basic methods alone. In any case, final definition in 
terms of L-amino acids appears so close at hand as to preclude specula-
tion on these points. 

Space has not permitted full consideration of all of the literature and 
methods which deserve attention. The rat repletion method is most 
extensively discussed. Although highly sensitive to amino acid adequacy 
and balance, this method does not fully predict the value of partial 
protein hydrolyzates given intravenously. It serves well as a production 
control method, due to its rapidity and low cost. 

Methods of chemical scoring provide theoretical support for bio-
assay, but are now no less complicated or less costly than bio-assay. The 
same holds true for amino acid liberation from intact proteins by en-
zymes. Thus far, direct assay of protein value by microorganisms 
appears to offer inadequate correlation with animal assay. 

Various nonspecific forms of nitrogen support anabolism in presence 
of the essential amino acids. The question remains whether ammonium 
salt can effectively replace all or part of the nonessential amino acids. 
Most studies are clearly complicated by the use of DL-amino acid mix-
tures. The alpha hydroxy or keto analogs of some amino acids may avoid 
this complication. These basic questions will be resolved only when 
sufficient L-amino acids and suitable analogs are available for precise 
study. By the same token, amino acid requirements require re-evaluation 
in terms of only the L-forms. 
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