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I . INTRODUCTION 

For the past few years the concept of a labile body protein fraction— 
variously referred to as "storage protein," "circulating protein," or "re
serve protein"—has received renewed attention. Despite some 
controversy (1) concerning the importance of such reserves, there is 
little doubt that they do exist. Holmes (2) states the case for reserves 
thus: "Since both human beings and experimental animals can live for 
long periods on protein-free diets, continuing meanwhile to excrete nitro
gen, it is obvious that the body must possess reserves which can be 
used in the absence of dietary protein." 

The major significance of protein reserves for the nutritionist is the 
possible role of these reserves in influencing the protein needs of man 
and animal to best meet the physiological conditions that surround the 
organism in health and disease. 

In this chapter, the concept, role, and implications of protein reserves 
in the young and growing subject and the mature adult subject are 
discussed and differentiated. Furthermore, an attempt is made to relate 
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protein reserves and their depletion to conditions of protein malnutrition. 
Finally, specific evidence of the usefulness of reserves is presented, and 
their dietary implications are emphasized. 

II . DEVELOPMENT OF THE CONCEPT OF PROTEIN RESERVES 

The concept of labile nitrogenous matter in the body that may be 
mobilized under conditions of stress, or when the subject is deprived 
of dietary protein, is not new. According to Munro (3), the suggestion 
that the body of the well-nourished animal contains a store of readily 
available protein originated with Voit. In 1866, Voit concluded that 
dogs excreted considerably more nitrogen during the first few days of 
a fast than after some 5 to 6 days, and that this extra nitrogen excreted 
in the urine during the initial period of the fast represented a loss of 
reserve or storage protein. According to Madden and Whipple (4), in 
1906 Morawitz demonstrated that, during starvation after severe deple
tion of plasma proteins through bleeding, plasma proteins were regener
ated from what Madden and Whipple interpreted to be protein stores. 
Madden and Whipple (4) concluded from their own work on plasma-
depleted dogs that the plasma proteins formed "part of a balanced sys
tem of body proteins" in which a "steady state of ebb and flow exists 
between it [the plasma proteins] and a portion of the cell and tissue 
body proteins." Yuile et al. (5) added to Whipple's earlier work by 
demonstrating that extravascular and extracellular proteins found their 
way into the plasma proteins and contributed considerably to the protein 
stores of the body. 

The lag in nitrogen excretion observed on changing from one level 
of protein intake to another, as demonstrated by the early studies of 
Martin and Robison (6), has also been interpreted (3) as evidence for 
the existence of protein reserves. The magnitude of such reserves has 
been considered to be that shown by the shaded areas in Fig. 1; the 
left-hand side represents the stored nitrogen that is gradually lost 
through excretion by changing the intake of nitrogen from 17 gm to 
4 gm, and the right-hand side shows the amount of nitrogen stored 
when the nitrogen content of the diet is increased once again to a level 
of 16 gm. The magnitudes of the two shaded areas are approximately 
the same. 

When, during the 1950's, Allison and co-workers (7-10) revived inter
est in the concept of protein reserves, they (10) considered the magnitude 
of reduction in nitrogen excretion of animals shifted from a protein-con
taining to a protein-free diet as an estimate of protein reserves. Allison 
and associates (11) also defined protein reserves as those tissue proteins 
that can be reversibly depleted and repleted of protein contributing 
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thereby to the free amino acid pools of the body during depleting 
processes. 

The liver has been looked upon as an important organ for the storage 
of nitrogen. This concept was first proposed by Pfluger (12) and later 
by his pupil Seitz (13). The literature on the subject of protein reserves, 
with particular emphasis on aspects of protein storage in the liver, was 
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FIG. 1. Nitrogen excretion of a human subject at two different levels of protein 
intake. Left-hand side of the shaded area represents stored nitrogen gradually 
removed on decreasing the intake from 17 gm to 4.4 gm; right-hand shaded area 
represents the amount stored on resuming a diet containing 16 gm of nitrogen. 
Curves are reciprocal; the magnitudes of the two shaded areas are approximately 
the same. From Martin and Robison (6). 

exhaustively reviewed for the period prior to 1945 by Kosterlitz and 
Campbell (14). 

Holt et al. (1), who subjected some of the early studies on protein 
reserves to a critical review, defined protein reserves as "a moiety beyond 
current needs which may be called upon to meet situations of privation 
or stress." These authors object to the use of the term "protein reserves" 
to describe the "nitrogenous portion of the healthy body which may 
be lost during dietary privation when the body is obliged to rely on 
its own tissues." 
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In the following sections, the attempt is made to place in perspective 
the differences in approach, interpretation, and definition of protein 
reserves. 

I I I . PROTEIN RESERVES IN THE GROWING ANIMAL 

A. Differences between Growing and Adult Animals 

One of the confusing elements that has beclouded interpretations 
of studies of labile protein reserves concerns the use of both young and 
growing animals and of mature, adult animals for such studies and draw
ing generalized conclusions without reference to the age of the experimen
tal subject. That there are important and marked differences in the 
protein and amino acid metabolism of the young versus the adult subject 
is well documented by the following examples. 

1 . The young, growing animal requires all essential amino acids to 
be present simultaneously in its diet, but the adult animal can make 
use of individual amino acids even if all other essential amino acids 
are absent. Mitchell (15) has termed the simultaneous need for all essen
tial amino acids by the young, growing subject an "aggregate amino 
acid requirement," in contrast to a "particulate amino acid requirement" 
for the adult subject. 

2 . Allison (9), in reviewing the role of plasma proteins in the protein 
economy of the body, stated that "plasma albumin is one labile store 
in the body which seems to be most uniformly depleted whatever the 
cause of depletion." In sharp contrast with these conclusions, based, 
for the most part, on studies with adult animals, is the intriguing report 
on infants by Albanese (16). He showed that infants on a wheat gluten 
diet deficient in lysine exhibited a marked decrease in nitrogen retention 
but maintained normal plasma protein levels including the albumin 
fraction. Apparently in respect to dietary protein for tissue formation 
there are differences in priority between the young, growing subject and 
the mature adult subject. 

3 . The observations of Ju and Nasset (17) further substantiate pri
ority differences on the basis of age; these workers found that adult 
rats lost considerable amounts of nitrogen from the digestive tract during 
starvation or the ingestion of a protein-free diet, which suggests that 
these organs acted as an important source of labile protein. Working 
with growing pigs, Lenkeit e t al. (18) reported that, after heart and 
bones, the digestive tract and the brain ranked second in importance 
among body organs with regard to priority of nitrogen utilization from 
low-protein diets. 
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4-  Whereas the mature, adult animal can withstand and recover from 
relatively long periods of protein malnutrition, the young growing animal 
is often permanently impaired by such nutritional deprivations during 
early life. McCance (19) cites a number of reports which show that, 
during food rehabilitation, undernourished growing animals never 

T A B L E I 
AMINO ACID REQUIREMENT OF GROWING AND ADULT COCKERELS FOLLOWING 

PROTEIN DEPLETION 0 

Amino acid Type of depletion Requirement 

GROWING COCKERELS (% of diet) 
Arginine None > 1 . 5 

Protein-free diet 1.5 
Starvation 1.3 
Gelatin diet 1.2 

Lysine None 0.78 
Protein-free diet 0.87 
Starvation < 0 . 7 0 
Gelatin diet 0.87 

Tryptophan None 0.14 
Protein-free diet 0.17 
Starvation > 0 . 3 0 
Gelatin diet > 0 . 3 0 

Methionine None 0.33 
Protein-free diet 0.33 
Starvation < 0 . 1 5 

ADULT COCKERELS (milligrams per kilogram 
body weight per day) 

Histidine None 0 
Starvation 0 
Starvation and Bleeding 24 

Arginine None 120 
Starvation «100* 

Tryptophan None 19 
Starvation « l l c 

a From Summers and Fisher (22) and Wessels and Fisher (23). 
6 Best estimate; range 100-121. 
c Best estimate; range 11-19.3. 

attained the full size of littermates allowed to grow freely from birth. 
In his own studies, McCance (19) observed that, during rehabilitation, 
cockerels that had been undernourished ceased to grow upon reaching 
a body weight of 2.7 kg. Birds from the same hatch but reared normally 
reached a body weight of 4 kg. Summers and Fisher (20) observed a 
21% loss in carcass nitrogen in 12-day-old chickens during a 6-day 
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starvation period, but (21) a loss of only 12.5% body nitrogen in adult 
cocks during 12 days of starvation. 

5. Perhaps the most convincing evidence for important differences 
in protein and amino acid utilization between young and mature subjects 
was reported by Fisher and associates (22, 23) who studied specific 
essential amino acid requirements of protein-depleted growing cocks as 
well as mature cocks. Table I illustrates the considerable changes in 
requirement of depleted growing cocks for the amino acids tryptophan, 
methionine, arginine, and lysine. In mature cocks depleted by starvation, 
changes of relatively smaller magnitude were noted, particularly since 
the requirement is expressed on a body weight basis which involved 
considerably more loss of body fat than of protein in these starved 
birds. A change in histidine requirement from nonessential to essential 
status was found only in cocks that had been severely depleted by re
peated bleeding in addition to starvation. 

B. Studies Disputing Protein Reserves 
Careful examination of the studies that dispute the existence of useful 

protein reserves shows them to be complicated by such factors as (a) 
adverse calorie-protein ratios of pretest diets, (b) imposition of stress 
conditions unrelated to protein metabolism, and (c) differences in protein 
metabolism induced by differences in protein intake. 

Holt and Halac (1, 24) used growing rats in their studies, which 
led them to question seriously the concept of protein reserves. In one 
series of experiments (24) a group of young, growing rats that had 
reached a body weight of 100 gm was fed for 60 days on a "normal-pro
tein diet" containing 27% casein, and a similar group was fed a "high-
protein diet" containing 64% casein. After 60 days on their respective 
diets, the animals fed the normal-protein diet were heavier in body 
weight but had slightly less carcass protein and more carcass fat than 
the rats fed the high-protein diet (Table I I ) . Two objections may be 

T A B L E I I 
BODY WEIGHT AND COMPOSITION OF RATS F E D FOR 6 0 DAYS 

ON DIETS CONTAINING 2 7 OR 6 4 % CASEIN" 

Dietary 
casein 

(%) 

Body 
weight 

(gm) 

Body composition (%) 

H 20 Fat Protein 

2 7 
6 4 

4 7 8 
4 2 9 

6 2 . 5 1 4 . 8 1 7 . 7 
6 4 . 9 1 2 . 2 1 8 . 2 

a From Halac ( 2 4 ) . 
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raised against the experimental design discussed thus far: (a) the nor
mal-protein diet already supplied an excess of protein for rats of the 
age and weight group used (25), and (b) the two diets, while isocaloric, 
had very different calorie-protein ratios; this ratio was clearly off bal
ance for the high-protein diet, as evidenced by the reduced weight gain 
by the rats on this diet (26). Since the normal-protein diet supplied 
protein in excess of that required for normal growth, it appears likely, 
based on the studies of Cunningham (27, 28), that the slightly greater 

T A B L E III 
EFFECT OF HIGH-PROTEIN DIETS ON THE RESPONSE OF RATS EXPOSED 

TO VARIOUS STRESS CONDITIONS0 

Dietary Body 
casein weight 

Stress (%) (gm) Response 

Swimming test 27 438 503 ± 125& 

64 393 425 ± 44b 

Food starvation 27 402c 27 ± 9°" 
64 377c 21 ± 4 d 

Water starvation 27 436c 31 ± 5 d 

64 382c 26 ± 6 d 

Water and food starvation 27 357c 24 ± 4<* 
64 329c 20 ± 4* 

X-ray exposure 27 446 3 /10 e 

64 491 3/10* 
Metrazol injection 27 420 4/10* 

64 401 6/10 e 

°From Halac (24). 
b Average endurance, in minutes. 
c Initial weight. 
d Survival in days. 
e Mortality: numerator, number of animals that died; de

nominator, number started. 

body protein content of rats fed the high-protein diet resulted as much 
from the reduced food intake on this diet as it did from its higher 
protein content. For the reasons cited, the two groups of rats were not 
well matched for the stress studies which were to follow the 60 days 
on the two diets. 

The rats in this experiment were subjected to a number of stresses 
considered likely to be found in growing children, including: (a) a cold 
water (5°C) swimming test, (b) total food starvation, (c) water starva
tion, (d) water and food starvation, (e) X-ray exposure, and (6) the 
injection of Metrazol, a central nervous stimulant. Table I I I summarizes 
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the responses obtained to these various stress conditions by rats prefed 
either the normal- or high-protein diet. There were no significant differ
ences in terms of endurance or survival between rats from the normal-
or high-protein groups. 

In another study (1), survival on a protein-free diet was the stress 
imposed on two groups of rats fed either an 18% protein diet or one 
containing 70.4% protein. Again, no difference in survival was noted 
between the two groups. In this study, the 18% protein diet could be 
considered normal, but the 70.4% diet again had an abnormal calorie-
protein ratio. This experiment has been criticised by Holmes (2) on 
the grounds that, during the feeding of the protein-free diet, the animals 
received only glucose, thiamine, and water and were deprived not only 
of protein but also of minerals, fat, and the other vitamins. 

Allison and associates (11) repeated Holt's protein-free survival ex
periment with young rats, prefed for 4 weeks on either a 70% casein-pro
tein diet or one containing 18% casein protein. Rats prefed the former 
diet survived less well than did those prefed the 18% protein diet. The 
same criticism concerning the nutritional balance of the 70% protein 
diet holds for this study (11) as it did for that by Holt and Halac. 
The unadjusted calorie-protein ratio resulted in a 30% reduced weight 
gain by the rats fed the 70% protein diet as compared to those fed 
the 18% diet. 

Before examining the logic of the stress conditions imposed and the 
results obtained in the studies by Holt, Halac, and Allison, from which 
it might be concluded that there are no useful protein reserves in the 
growing animal, let us briefly consider whether excess storage of body 
protein is possible in growing animals fed high-protein diets. I t is well 
established (29, 30) that the growing animal can increase its body pro
tein content with increasing levels of dietary protein even beyond those 
considered adequate for normal growth and development. Wallace (31) 
as well as Halac (24) pointed out that differences in carcass protein 
content as a result of feeding various levels of protein disappear when 
expressed on a fat-free basis. For animals of equal body weight, however, 
the fact remains that more protein is present in those fed high-protein 
than in animals on lower levels of dietary protein. Many unanswered 
questions remain concerning the nature of such increased amounts of 
body protein; extra amounts of protein can be retained under conditions 
of excess protein feeding, but they have also been observed under condi
tions of restricted food intake (27, 28). Lenkeit's work (18), with its 
demonstration of different priorities among organs for dietary protein 
in the growing pig, suggests that a surfeit of dietary protein could be 
expected to change the relative rate of development of body organs. 
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Such changes in organ growth and development could well manifest 
themselves in altered responses to stress conditions. 

Although Holt and Halac (1, 24) as well as Allison (11) appear 
to accept the fact that excess protein feeding can lead to increased body 
nitrogen retention, Holt and Halac (1, 24) do not accept the concept 
of protein reserves; in their opinion, the extra nitrogen retained appeared 
to serve no useful purpose under the stress conditions they imposed. 
Based on studies with adult animals, Allison, who has been a staunch 
advocate of protein reserves, offers no convincing evidence or arguments 
for the concept in his recent studies with growing rats (11). 

Our interpretation of these results (1, 11, 24) is different (32). Since 
it is well known that protein metabolism and efficiency of utilization 
depend on previous protein intake (33, 34), total deprivation of protein 
places animals previously given a very high-protein diet at a disadvan
tage. Vaughan et al. (33) showed that a high-protein diet resulted in 
a considerably faster protein catabolism in growing pigs than occurred 
with a more normal protein intake. Thus, in the studies by Holt and 
Halac (1, 24) and by Allison et al. (11), during the days of total protein 
deprivation those rats given the high-protein diets would have been ex
pected to catabolize protein at a greater rate than those animals previ
ously given a more normal protein diet, and major differences in survival 
based on prior body protein excess would therefore not have been ex
pected. The other stress conditions studied by Halac (24) do not, in 
this writer's opinion, appear to be sufficiently specific in terms of protein 
utilization to permit an unequivocal answer to the question of protein 
reserves. 

C. Evidence for the Existence of Protein Reserves 
Those studies which may be cited in evidence for the existence of 

reserves were designed to mobilize reserves, if they existed, to correct 
dietary amino acid inadequacies, or otherwise to place a stress on the 
protein synthesizing capacity of the organism. 

Krauss and Mayer (35) carried out an interesting study in which 
for 6 days rats were fed diets containing from 20 to 80% casein. At 
the end of the 6 days the rats were placed on a 9% casein diet supple
mented with DL-methionine and DL-tryptophan but imbalanced by the 
addition of excess L-leucine, substituted for sucrose. The results of this 
feeding test, as shown in Table IV, indicated that the animals prefed 
diets with 40, 60, or 80% protein consumed considerably more of the 
imbalanced diet and (according to the text) also gained more body 
weight than did the animals prefed the 20% protein diet. 

Fisher et al. (32) carried out a series of studies designed to prevent 
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some of the criticism raised by the studies of Holt and Halac. Chicks 
were fed for 3 or 4 weeks on good-quality protein diets that (1) provided 
the protein needs for rapid growth (22%) or (2) provided a small excess 
beyond the needs for growth (28%). The 28% diet was balanced with 
the 22% diet to provide a similar calorie-protein ratio by increasing 
its caloric density through the addition of fat. Table V summarizes 
a number of experiments with these diets. The growth rate of chicks 
raised on the 22 and 28% protein diets was always very similar; there 
was not, as Holt and Halac (1, 24) and Allison et al. (11) had observed, 
a growth reduction with the high-protein diet. In every instance birds 
fed the higher protein (28%) diet showed a small but discrete increase 
in nitrogen retention. 

T A B L E I V 
AVERAGE FOOD INTAKE (GROWTH D A T A N O T GIVEN) OF AN AMINO ACID-

IMBALANCED D I E T BY RATS PREFED D I E T S CONTAINING VARIOUS AMOUNTS 
OF CASEIN* 

Prefed 
dietary 

casein (%) 

Food intake (grams per rat per day) Prefed 
dietary 

casein (%) Prefed diet Imbalanced diet 

20 17.4 11.3 
40 17.7 15.5 
60 17.6 16.9 
80 12.9 18.0 

a From Krauss and Mayer (35). 

Groups of chicks prefed the 22 or 28% protein diet were next sub
jected to the stress of low-protein, imbalanced diets. In separate studies 
in which low-protein diets were imbalanced through the addition of (1) 
an amino acid mixture deficient only in the sulfur amino acids or (2) 
an amino acid mixture deficient only in lysine, the chicks prefed the 
28% protein diet gained more weight on the imbalanced diets than did 
those prefed the 22% protein diet. Although the nature of the imbalance 
imposed by Fisher et al. (32) was quite different from that studied by 
Krauss and Mayer (35), the beneficial effects observed from prefeeding 
a diet containing protein in excess of the amount required for rapid 
growth were similar. Krauss and Mayer (35) suggested that a greater 
catabolism of the excess amino acid causing the dietary imbalance was 
responsible for the better response of the rats prefed the high-protein 
diets. This might be ascribed to a carryover of the increased protein 
metabolism that accompanies the feeding of high-protein diets (33, 34). 
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The same explanation might also account for the results obtained with 
the chicks, although in this instance it is also possible that more of 
the single limiting amino acid (in the imbalancing amino acid mixture) 
might have become available from the catabolism of the excess protein 
retained in the carcass of the birds prefed the high-protein diet (28%). 

T A B L E V 
EFFECT OF PREVIOUS PROTEIN INTAKE ON THE RESPONSE OF CHICKENS 

TO LOW-PROTEIN D I E T S DEFICIENT IN SULFUR AMINO ACIDS OR LYSINE" 

Preliminary dietary protein level 

Measurement 22% 28% 

Experiment 1 
Starting weight at 4 weeks (gm) 429 ± 6b 423 ± 2 
Carcass nitrogen at 4 weeks (%) 9.26 + 0.29 9.61 + 0.09 
7-day gain with: 

(a) Low-protein, low-sulfur-amino-acid 
diet (gm)c 111 + 8 1 1 2 + 7 

(b) Same as (a) plus sulfur-amino-acid-de-
ficient amino acid mix (gm)0* 9 9 + 8 1 1 4 + 7 

Experiment 2 
Starting weight at 3 weeks (gm) 363 + 5 359 + 4 
Nitrogen consumed (gm/bird/3 weeks) 19.1 22.5 
Carcass nitrogen at 3 weeks (%) 10.35 + 0.27 10.93 + 0.10 
21-day gain with: 

(a) Low-protein, low-lysine diet (gm)e 303 + 10 358 + 13 
(b) Same as (a) plus lysine-deficient amino 

acid mix (gm)/ 219 + 9 252 + 10 

°From Fisher et al. (32). 
h Mean + standard error (S.E.). 
c 13% protein diet; methionine content, 2% of protein. 
D A complete amino acid mixture for chicks from which the sulfur amino acids 

were omitted and added at 4% of diet. 
«13% protein diet; lysine content, 4% of protein. 
F A complete amino acid mixture for chicks from which lysine was omitted and 

added at 4% of diet. 

The second alternative gains credibility from the study of Longenecker 
and Hause (36), who observed a decrease in the free amino acid level 
of plasma for amino acids low in the ingested protein, which suggests 
that free plasma amino acids may serve as a protein reserve by making 
good the dietary protein or amino acid inadequacies. 

Further evidence for the existence of useful protein reserves in the 
young, growing chick was provided by Fisher et al. (32), who also 
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T A B L E V I 
WEIGHT GAIN OF CHICKS INOCULATED WITH NEWCASTLE DISEASE VIRUS 

AFTER BEING F E D A NORMAL AND A SUPER-NORMAL PROTEIN D I E T 
FOR A 4-WEEK PERIOD 0 

Weight gains after prelimi
nary dietary protein level6 

Measurement 22% 28% 

Starting weight at 4 weeks (gm) 501 ± 5C 512 ± 4 
14-day gain (gm) with: 

Low-protein dietrf 242 ± 15 265 ± 14 
High-protein diete 358 + 10 353 ± 17 

a From Fisher et al (32). 
b Twenty-five birds in each group were inoculated with the Horo

witz strain of Newcastle disease virus after being fed the normal 
(22%) or super-normal (28%) diets. 

c Mean + S .E. 
d Provided 13% balanced protein. 
e Provided 26% balanced protein. 

studied the influence of disease stress in birds prefed the same 22 or 
28% diets. Table VI shows the results of feeding a low-or a high-protein 
diet to chicks inoculated with Newcastle virus following 4 weeks on 
either the 22 or the 28% protein diet. Those prefed the 28% diet gained 
more weight on the low-protein diet than did those prefed the 22% 

TABLE V I I 
SERUM ANTIBODY TITERS FOR NEWCASTLE DISEASE VIRUS OF CHICKS 

AFTER FEEDING EITHER A NORMAL OR A SUPER-NORMAL PROTEIN 
D I E T FOR A 4-WEEK PERIOD 0 

Frequency distribution (%) of HI titers6 

after preliminary dietary protein level 

Dilution 22% 28% 

40 68 33 
40-80 27 33 
80-160 5 34 

« From Fisher et al. (32). 
b Forty birds in each group; serum hemagglutination-in-

hibition (HI) titers were determined after the two groups 
had been fed the normal (22%) and super-normal (28%) 
protein diets, respectively, for 4 weeks and using the La Sota 
strain of Newcastle disease virus to challenge the birds. 
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diet; these results suggest utilization of reserves, conceivably for the 
extra stress of antibody production. The importance of this observation 
is strengthened by the rinding of no difference in weight gain between 
the two groups of birds when they were fed a high-protein diet following 
virus inoculation. Table VII gives the frequency distribution of hemag-
glutination-inhibition titers of birds prefed 22 or 28% protein diets. 
Those chicks fed the 28% protein diet for 4 weeks had a higher serum 
antibody titer for Newcastle disease virus than did those prefed the 
22% protein diet. Finally, Fig. 2 shows the greater mortality of chicks 
fed the 22% diet in contrast with those on the 28% diet when inoculated 
with a virulent strain of Newcastle disease virus. 

I 1 I I 1_ 

I da y I 2  3  4 
Age  (weeks ) 

FIG. 2 . Number of chicks that died, expressed as a percentage of those inoculated 
at weekly intervals with a virulent strain of Newcastle disease virus. Until inocula
tion the chicks were fed diets containing either 2 2 % (lot 1 ) or 2 8 % (lot 2 ) protein. 
From Fisher et al. ( 3 2 ) . 

Most studies (37) in which comparisons have been made between 
dietary protein intake and disease stress have compared insufficient ver
sus sufficient levels of dietary protein. An interesting report by Boyd 
and Edwards (38) compared the mortality of chicks fed 15 or 30% 
p r o t e i n diets for 2 weeks and then inoculated with various disease agents. 
They observed that birds inoculated with Escherichia coli suffered 
greater mortality on the 15% protein diet, whereas those inoculated 
with Escherichia gallinarum or with Newcastle disease virus had greater 
mortality on the 30% protein diet. The apparent difference in response 
to Newcastle inoculation observed by these workers and that previously 
cited from the studies of Fisher et al. (32) may be due to the differences 
i n level of protein. Boyd and Edwards (38) compared a protein level 
(15%) inadequate for rapid growth with an adequate level (30%); more-
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over, in changing the diet from 15 to 30% protein, the protein ingredients 
were changed so that the two diets provided different amino acid 
patterns. 

D. Conclusions 
In the preceding sections evidence was presented to show that a lim

ited amount of labile protein reserve may be retained by the young, 
growing animal upon surfeit protein feeding. In providing a dietary pro
tein excess it is probably more important to insure a proper calorie-pro
tein balance than it is to raise the protein level too much beyond that 
needed for rapid growth. The size of such protein reserves in the young 
animal is difficult to assess as an entity apart from the normal growth 
and development pattern. Nevertheless, the usefulness of reserves has 
been established under conditions of (a) exposure of the animal to diets 
imbalanced in their amino acid pattern and (b) exposure to certain 
disease organisms. It was also pointed out why the existence of protein 
reserves cannot be expected to serve a useful purpose during periods 
of total protein deprivation. 

I V . PROTEIN RESERVES IN THE ADULT 

A. Retention of Excess Dietary Protein 
To the extent that they exist, protein reserves in the young depend 

upon a surfeit intake of good quality protein. There is evidence to show 
that even short periods of protein deprivation in young subjects may 
lead to irreversible impairment of body functions. The writer has fed 
an arginine-deficient diet to day-old female chicks for 4 weeks, after 
which they were given a normal diet for the remainder of the study. 
Although maturation of these birds was only slightly retarded, their 
egg-producing capacity was greatly impaired and never equaled that 
of control birds. 

The fact that the adult animal reacts differently to protein depriva
tion is implicit from the many studies by Allison and his associates 
(39), who showed that adult dogs could be depleted of tissue protein 
for long periods followed by repletion without ill consequences. Con
siderable interest has nevertheless also focused in the adult subject 
on the question of extra protein retention when a dietary protein excess 
is fed. Patwardhan (40), who has carefully reviewed this subject, asserts 
that the evidence suggests some retention of dietary protein in excess 
of that needed for maintenance and "adult growth." 

Table VIII summarizes results of studies (41) with adult human 
subjects on diets that provide approximately twice the nitrogen main-
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tenance requirement and supply either (a) high-quality protein (Expt. 
1, Period A) or (b) an imbalanced, tryptophan-deficient protein mixture 
(Expts. 1, 2 and 3, Period B) . All subjects were in strong positive nitro
gen balance on the good-quality protein diet (Expt. 1, Period A), even 
though their protein intake prior to the start of the balance studies 
had been adequate (approximately 100 gm per day). The nitrogen reten
tion of the subjects given the imbalanced protein diet varied inversely 
with their prior protein nutriture. When the subjects had been in strong 
positive nitrogen balance prior to the ingestion of the high-nitrogen, 
low-tryptophan diet, they were in nitrogen equilibrium on the latter 

T A B L E V I I I 
NITROGEN BALANCE OF M A L E COLLEGE STUDENTS RECEIVING DIFFERENT 

AMOUNTS AND SOURCES OF DIETARY NITROGEN AND TRYPTOPHAN0 

Daily intake 

Trypto Nitrogen 
Nitrogen phan balance 

Expt. Period'' Dietary nitrogen (gm) (mg) (gm/day) 

1 A Mixed foods (good quality) 18.13 1100 2.58 ± 0 .29 c 

Β Hydrolyzed casein plus gelatin 19.54 113 0.30 ± 0.10 
2 A Hydrolyzed casein 9.47 213 - 0 . 5 8 + 0.32 

Β Hydrolyzed casein plus gelatin 19.47 113 1.78 ± 1.00 
3 A Hydrolyzed casein 9.47 113 - 1 . 6 2 ± 0.31 

Β Hydrolyzed casein plus gelatin 19.47 113 3.78 ± 1.22 

° From Fisher et al. (41). 
b Each period was 7 days long. 
c Mean ± S.E. 

diet (Expt. 1, Period B). If, however, the imbalanced diet was preceded 
by a low-protein diet, or a low-protein, amino acid-deficient diet (with 
the subjects in negative nitrogen balance), there was, at least during 
the short-term experimental period studied, as strong a nitrogen retention 
as had been observed on the well-balanced, high-protein diet (Expts. 
2 and 3, Period B). These results corroborate Patwardhan's suggestion 
(40) and also provide evidence for reserves, to be referred to again 
in the next section. 

B. Quantitative Aspects of Protein Reserves 
Munro (3) has reviewed a number of studies from which the size 

of labile body protein loss or deposition could be quantitated. From 
studies of nitrogen excretion during the first few days on a protein-free 



116 HANS FISHER 

diet and until the reaching of a so-called "endogenous nitrogen" excretion 
level, labile reserves of 3 to 5% of total body protein could be estimated. 
Values of similar magnitude were calculated from nitrogen-excretion 
data following injury (3). Madden and Whipple (4) found that the 
amount of plasma protein synthesized following plasmapheresis repre
sented between 1 and 4% of total body protein, depending on the size 
of the experimental animal (dog). 

While the quantity of labile protein reserves as estimated from such 
diverse experimental approaches appears similar, exceptions to these 
values and differences in interpretation suggest caution in accepting these 
values as relevant beyond their specific experimental environments. 
Holmes (2) has severely criticized the concept of a constant "endogenous 
nitrogen" excretion and emphasized the exponential manner of nitrogen 
excretion with time on protein-free diets. The calculation of labile body 
proteins based on this type of excretion study is, therefore, subject to 
interpretation, and depends upon the level of excretion judged to equal 
the "endogenous excretion." With reference to the nitrogen excretion 
losses following injury, Howard et al. (42) studied a series of fracture 
cases in which average body nitrogen loss after injury was more than 
10% of estimated total body protein. Finally, Wessels and Fisher (43) 
pointed out, in reference to the studies of Madden and Whipple (4), 
that losses beyond those of the plasma proteins as a result of plasma
pheresis must have occurred during the experimental period on an essen
tially protein-free intake; measuring only the regeneration of plasma 
protein, therefore, probably underestimated the total labile protein re
serves that were lost or repleted during the studies by these workers. 

Wessels and Fisher (43) recently estimated the size of the labile 
protein reserves in adult cocks by a different technique. Earlier work 
by Shapiro and Fisher (44) showed that the decreased nitrogen require
ment observed upon changing adult cocks from a liberal protein intake 
to a protein-free diet was reflected in a decreased requirement for the 
dietary nonessential amino acids but no change in the requirement for 
the essential amino acids. Figure 3, reminiscent of the results by Martin 
and Robison (6) (see Fig. 1), illustrates the corollary finding, i.e., that 
birds depleted on a protein-free diet could be partially repleted by the 
addition to the basic mixture of essential amino acids required for main
tenance of only nonessential amino acid nitrogen. In addition to the 
increased excretion rate and nitrogen retention following the feeding 
of the nonessential amino acid supplement, there was also an increase 
in the plasma proteins, suggestive of partial repletion (44). 

I t was reasoned by Wessels and Fisher (43) that the evident lack 
of requirement for supplementary essential amino acids might indicate 
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that essential amino acids from labile protein reserves were available 
to supplement the dietary nonessential amino acids and thus allow a 
certain degree of repletion. Alternately, depending upon the size of the 
labile protein reserves, the dietary essential amino acids might well be 
utilized more efficiently, since, as Cuthbertson et al. (45) pointed out, 
one really does not know whether the greater retention is of the "excess" 
nitrogen (in this instance, the nonessential amino acid nitrogen) or of 
the nitrogen from the basic diet (the essential amino acid mixture). 
Whatever the explanation, the size of protein reserves might be estimated 
from the body nitrogen losses incurred up to the point at which nonessen
tial amino acid nitrogen no longer will—but balanced proteins would— 
allow repletion. 

350 r 

Day s 

FIG. 3. Average nitrogen excretion of ten adult cocks during periods of varying 
level and source of nitrogen intake. From Shapiro and Fisher (44). 

Adult cocks, therefore, were depleted of different amounts of body 
nitrogen by a combination of starvation and the feeding of a protein-free 
diet. The depletion was followed by a 16-day repletion period during 
which the cocks received the basic essential amino acid mixture required 
for maintenance (115 mg of nitrogen per kilogram of body weight) to 
which was added 165 mg of nitrogen per kilogram of body weight in 
the form of amino acids or good- and poor-quality proteins. The results 
obtained with supplements of (a) aspartic acid, (b) gelatin, and (c) 
fish meal, are shown in Fig. 4. The three straight lines are the fitted 
regression lines for the repletion results obtained with these supplements. 
The correlation coefficients between amount of nitrogen lost per kilogram 
of body weight and percentage of the lost nitrogen regained on repletion 
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were statistically significant for each supplement. Aspartic acid was 
effective in permitting repletion when the body nitrogen loss did not 
exceed 6.9% or 2.6 gm of nitrogen per kilogram of body weight. With 
gelatin, a poor-quality protein totally devoid of the essential amino 
acid tryptophan, repletion was possible when birds had not been depleted 
beyond 8.6% or 3.2 gm of nitrogen per kilogram of body weight. The 
high quality fish meal protein permitted excellent repletion over the 
entire range of nitrogen depletion studied. 
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F i g . 4. Nitrogen repletion as a function of prior nitrogen depletion in adult 
cocks fed on a maintenance mixture of amino acids and given aspartic acid, gelatin, 
or fish meal as the source of supplementary nitrogen: O , fish meal; X, gelatin; 
φ, aspartic acid. From Wessels and Fisher (43). 

If we are correct in assuming that the effectiveness of aspartic acid 
(or other nonessential amino acids) (43) in permitting nitrogen repletion 
is related to the protein reserves of the body, it follows that this study 
provides a quantitative measure of this reserve pool. From this reasoning, 
the protein reserves may be considered to have been depleted (perhaps 
of only one essential amino acid) when 6.9% body nitrogen had been 
lost by the adult cocks. The fact that gelatin permitted retention of 
nitrogen up to a body nitrogen loss of 8.6% suggests that tryptophan 
is not the first limiting amino acid in the labile reserve pool, and it 
supports Mitchell's suggestion that the adult subject has a "particulate" 
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amino acid requirement that permits the utilization of individual dietary 
amino acids even in the complete absence of other essential ones. These 
findings also offer an explanation for the good nitrogen retention observed 
in human subjects on a gelatin, low-tryptophan diet following periods 
of poor protein nutriture (Table VIII, Section IV,B). 

Since the regression lines (Fig. 4) for aspartic acid, gelatin, and 
fish meal that relate percentage repletion to percentage body nitrogen 
loss during depletion had essentially the same slope (parallel to one 
another) a comparison of the y intercept values is possible and useful. 
If one subtracts 100 (100%, or complete repletion) from the y intercept 
values we obtain values of 4.9, 46.7, and 78.1, respectively, for aspartic 
acid, gelatin, and fish meal. These values approximate roughly the ex
pected biological values for these nitrogen sources (46) for growth 
purposes. 

The magnitude of reserves, as estimated from the study of Wessels 
and Fisher (43), is considerably greater than the estimates previously 
discussed. The value of approximately 7% of body nitrogen appears 
even larger when one considers that approximately a third of the total 
body nitrogen in the adult cock is feather nitrogen that is not appreciably 
decreased during depletion (43). On the other hand, a protein reserve 
of the magnitude observed does not seem inconsistent with the previously 
mentioned finding (Table I) that cocks thus depleted had no changed 
pattern in requirement for a number of essential amino acids (23), nor 
were there any problems in rehabilitating cocks thus depleted. 

V. NATURE AND SITE OF PROTEIN RESERVES 

Many studies (3) have shown that the liver loses more of its nitrogen 
than any other organ during depletion. During 7 days of starvation, 
rats lost 40% of their liver nitrogen and 28% nitrogen from the digestive 
tract, 8% from muscles, skin, and skeleton, and 5% from the brain. 
Summers and Fisher (20) observed a 43% loss in liver nitrogen and 
a 21% total carcass nitrogen loss in chickens starved for 6 days whereas 
similar birds, after depletion on a protein-free diet for 14 days (during 
which time the body weight loss was equivalent to that of the 6-day-
starved chickens), lost 31% liver nitrogen and 30% total carcass nitro
gen. Holmes (2) pointed out that the considerable relative nitrogen loss 
of organs such as the liver and digestive tract is negligible when com
pared with the large absolute contribution, during prolonged protein 
depletion, by muscle. 

Allison and Wannemacher (39), who recently correlated the urinary 
nitrogen loss of rats fed a protein-free diet for a 100 days with the 
site of nitrogen loss from the body, concluded "that muscle and skin 
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represent the major sources of protein reserves in the body despite a 
major loss of protein from the liver and part of the viscera." Allison 
(9) and Patwardhan (40) suggested, on the basis of protein-depletion 
studies, that enzymes contribute importantly to the labile protein re
serves. While this is undoubtedly true, it seems questionable that en
zymes could quantitatively contribute significantly to the nitrogen pool; 
on the other hand, low- or high-enzyme concentrations resulting from 
a varied dietary protein intake may play an important role beyond 
their quantitative contribution to the nitrogen pool by controlling tissue 
protein anabolism and catabolism. Wergedal and Harper (47) pointed 
out that adaptation of rats to a high-protein intake generally resulted 
in increased activity for a number of enzymes involved in the catabolism 
of specific amino acids, but also in essentially all enzymes of central 
importance in the catabolism of amino nitrogen. Conversely, during pro
tein depletion the losses in enzymes that do occur may not so much 
add to the supply of labile protein as they may decrease the catabolism 
of protein from various organs and tissues by their decreased activity. 

It is appropriate to point out the sensitivity of certain enzymes and 
coenzymes to specific dietary amino acids. Joshi et al. (48) observed 
an increase in liver coenzyme Q upon the addition of phenylalanine 
to a diet containing 6% casein. Litwack and Fisher (49) showed that 
small additions of L-threonine beyond the level of the amino acid needed 
for optimum growth increased chick liver xanthine dehydrogenase ac
tivity almost threefold. Observations such as these may help explain 
certain beneficial effects from poor-quality protein sources, particularly 
for protein-depleted subjects. 

While the plasma proteins have long been considered an important 
part of protein reserves (9), to which, more recently, extravascular and 
extracellular proteins have also been added (5), it should be noted that 
hemoglobin has also been shown to serve as an important protein reserve 
in protein-depleted subjects (50). On a protein-poor diet, human subjects 
had a decrease in hemoglobin equivalent in nitrogen lost in the urine 
by the amount of negative nitrogen balance. 

Among attempts to differentiate chemically between labile protein 
reserves and the more stable protein components of organs, the early 
negative results by Luck (51) have been confirmed in numerous, more 
recent studies using newer and more sophisticated techniques (3). Hruza 
(52) has shown that the short-term feeding of high-protein diets to 
rats resulted in a greater lability of liver protein to pepsin digestion 
than was the case when diets with lower protein content were fed. This 
increased lability was lost however, when the high-protein diet was fed 
for a period of 6 months (53). 
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V I . USEFULNESS OF PROTEIN RESERVES 

Previously (Section III,C) we referred to the usefulness of protein 
reserves in young, growing animals in relation to disease stress and also 
upon exposure to diets that were imbalanced in their amino acid pattern 
(32, 35). No greater survival during protein depletion has been observed 
in growing animals following the surfeit feeding of protein (1, 11). On 
the other hand, Allison (7) demonstrated in adult dogs "that the greater 
the reserves, the more rapid the initial loss of nitrogen, but the longer 
the period of time required to produce severe depletion." 

McCoy et al. (54) reported that adult dogs, on a protein intake 
that would fill the labile protein reserves, had much greater resistance 
against the toxicity of iV-(3-oxapentamethylone)-iV',iV,,-diethylenephos-
phoramide than did other dogs maintained on a low level of dietary 
protein. The detoxification of 2-aminofluoride in the adult dog has also 
been correlated with the magnitude of the dietary protein intake (8). 

Jansen et al. (55), who studied the effect of protein reserves on liver 
regeneration following partial hepatectomy, found that liver regeneration 
in rats on a poor-quality protein diet was similar in magnitude to that 
of rats on a high-quality protein diet. The absence of differences in 
liver regeneration on a poor- versus a good-quality protein diet is inter
preted by this writer as strong evidence for the existence of protein 
reserves, since the rats on the poor-quality diet were obviously able 
to draw upon other tissue protein for liver regeneration. 

Yoshimura (56), in a report on adult protein requirements, mentions 
that "a certain amount of protein store is needed for permitting resis
tance to stress." In support of this statement, he cites two reports (un
available to the writer) that showed: (a) the retardation in reduction 
of basal metabolism due to protein depletion by a preliminary protein 
repletion (57), and (b) the promotion of skin wound healing in rabbits 
by protein repletion prior to injury (58). Protein repletion, or the term 
as used by Yoshimura, presumably refers to a high-protein intake of 
"normal" subjects. 

Direct evidence for the storage and utilization of protein reserves 
was obtained in studies with laying hens that have an unusually high 
protein requirement and daily turnover (59). When given a diet deficient 
in protein or an amino acid for the maintenance of normal egg produc
tion, the hens reduced their food intake and within a few days stopped 
laying eggs. Upon cessation of egg production, the birds resumed eating 
at a normal rate (presumably because the diet was now adequate for 
maintenance purposes only) and after 10 days started to lay eggs again. 
The cycle repeated itself with food refusal and stoppage of egg produc-
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tion. Apparently, during the period of normal food intake but no egg 
production, the hens stored dietary protein which permitted them to 
resume egg formation until the dietary protein or amino acid supply 
again became limiting for this function. 

V I I . IMPLICATIONS 

We have considered evidence for and against the existence of protein 
reserves and favor the idea that these reserves exist and are useful under 
certain, as yet loosely defined, conditions. Based on the evidence thus 
far available, it appears that the very young animal and infant might, 
under given conditions, benefit from an intake of protein slightly in 
excess of that otherwise considered adequate for normal growth and 
development. The conditions under which such surfeit protein feeding 
might be indicated could involve known exposure to certain diseases 
which might be shown to respond positively to an excess intake of pro
tein. Such an instance was indicated for the growing chick in which 
parental immunity to Newcastle disease virus was prolonged upon the 
ingestion by the chick of excess dietary protein. I t would be interesting 
to study whether similar prolongation of parental immunity to diseases 
such as measles and chicken pox could be achieved in children by sur
feit-protein feeding. At the present time there is no evidence beyond 
that just cited to suggest increasing the dietary protein to levels in 
excess of those required for normal growth and development of growing 
animals and children. 

Protein reserves are quantitatively very important in defining the 
protein requirement of the adult subject. This has been well illustrated 
by the studies of Allison (60) with adult dogs and those of Leveille 
and Fisher (61), who demonstrated that adult cocks depleted of a portion 
of their reserves required only half the daily amount of nitrogen required 
to maintain nondepleted cocks in nitrogen equilibrium. On the basis 
of evidence of this type, Yoshimura (56) suggested that an optimum 
requirement must guarantee an adequate quantity of reserve protein. 
He goes on to recommend the determination of total hemoglobin, total 
albumin, or both as a measure of the protein store in the adult. Another 
relatively simple method that appears clinically useful is the saline infu
sion procedure of Harroun et al. (62). These workers found increased 
circulating plasma proteins in normal subjects following saline infusion 
but a decrease in protein-malnourished individuals. 

While under some clinical conditions it may be important to vary 
the patient's protein intake with the state of his reserves, more generally 
speaking, the concept of protein reserves suggests considerable flexibility 
in the protein requirement of the adult. This may be concluded from 
evidence already cited to the effect that (a) nitrogen equilibrium can 
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be maintained on different protein intakes (60, 61), and (b) that the 
adult animal or man can store excess dietary nitrogen, even from poor 
protein sources (41). I t therefore seems appropriate to consider protein 
reserves in the adult as a buffer against protein deprivation stress. I t 
is interesting, in this regard, to point out that protein malnutrition dis
eases, in regions of the world where the quantity and quality of protein 
are inadequate, afflict essentially only the growing infant and child 
and seldom the adult. Furthermore, it has been found (63) that diets 
with an imbalanced amino acid pattern, to which growing animals re
spond with a decreased food intake and depressed growth rate, are 
tolerated and do not adversely affect the adult subject. 
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