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The synthesis of collagen in rats has 
been shown to vary with age and diet 
(Nimni and Bavetta, ’61b). Thus animals 
fed a diet deficient in tryptophan showed 
a marked reduction in the synthesis of skin 
collagen, while that synthesized around a 
subcutaneously implanted sponge was only 
slightly affected by the nature of the diet 
fed. In addition, it was also observed that 
these animals' had a higher specific activ
ity in their liver proteins subsequent to 
the injection of a dose of glycine-l-C14 than 
animals fed a diet adequate in tryptophan.

The principal objective of the present 
experiments was to compare the effects of 
amino acid excess as well as deficiency on 
the synthesis of collagen and on the de
gree of tissue labeling subsequent to the 
injection of glycine-l-C14. In addition to 
the studies on the uptake of labeled amino 
acids by different tissues it seemed perti
nent to investigate the activities of en
zymes directly involved in the metabolism 
of amino acids to try to obtain a further 
understanding of the mechanism of im
paired tissue synthesis which results from 
such dietary changes.

METHODS

Young male rats of the Holtzman strain 
were used. They were implanted subcu
taneously with sterile polyvinyl sponges 
weighing approximately 100 mg and fed 
the experimental diets. The composition 
of the tryptophan-free ration was as fol
lows: acid hydrolyzed casein,2 24%; com 
starch, 55%; cottonseed oil, 10%; and 
salt mixture (Hubbell et al., ’37), 5%. 
Adequate vitamin supplementation was 
provided as previously described (Bavetta 
et al., ’57). Vitamin-free casein3 * was sub

stituted for the hydrolyzed form in the 
tryptophan-adequate diet. In addition, two 
other basal diets were used, one with 12% 
of casein and another with 24% of zein 
as protein sources. The amounts of trypto
phan added to the various diets are shown 
in table 1.

At periodic intervals, subsequent to the 
implantation of the sponge, rats were killed 
and blood and tissue samples taken. Rats 
were injected intraperitoneally 5 hours be
fore sacrifice with 1 uc of glycine-l-C14 
(7.3 X 105 count/min; specific activity
4.5 mc/mmole)/100 gm of body weight. 
Skin, sponge and the tissues under investi
gation were isolated and protein and non
protein fractions counted as previously de
scribed using a gas-flow ultra thin window 
Geiger-Muller tube (Nimni and Bavetta, 
’61a). In addition, the skin and sponge 
samples containing collagen were gela
tinized by autoclaving with water at 15 
p.s.i. for 8 hours and dialyzed against 
water to eliminate radioactivity from the 
noncollageneous components. Liver argi- 
nase was determined by incubating 0.5 ml 
of a 1% liver homogenate with 1 ml of a 
solution containing 425 nmoles of L-argi- 
nine, 45 nmoles of maleic acid and 20 
nmoles of MnSCh, during 15 minutes at 
38°C with constant shaking. The pH was 
adjusted to 9.7 by the addition of buffered 
arginine. Urea formation was determined 
on an aliquot by the colorimetric technique 
of Natelson et al. ( ’51) using diacetyl rea-
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gent. The units represent micromoles of 
urea formed per milligram of liver. Serum 
glutamic-oxaloacetic transaminase was de
termined following the method of Reitman 
and Frankel ( ’57). Collagen was deter
mined by a modification of the Neuman 
and Logan method for hydroxyproline 
(Bekhor and Bavetta, ’61). All values for 
tissue protein radioactivity are expressed 
as specific activity (count/min/mg of tis
sue protein or collagen).

RESULTS

Figure 1 shows the growth retardation 
induced by the addition of 1 and 3% of 
tryptophan to a 24% casein diet. The rats 
consuming a diet supplemented with 3% 
of tryptophan showed the most marked 
growth inhibition. Food consumption was 
influenced by the levels of dietary trypto
phan, being lower in those animals con
suming the tryptophan-supplemented diets. 
The uptake of radioglycine by the skin was 
greatly depressed in animals fed the trypto
phan-deficient diet (group 1) or the zein

diet (group 7). These results are shown 
in table 1. A depressed uptake by the skin, 
although not as marked, was also observed 
in those animals receiving a diet with 12% 
of casein supplemented with 1.5% of tryp
tophan (group 6).

The amount of newly synthesized col
lagen in the implanted sponge was de
creased by the tryptophan deficiency 
(group 1), 12% casein diet (group 5) 
and in the animals fed the zein diet 
(group 7). The specific activity was higher 
in these latter groups but not significantly 
so except in the case of the animals fed 
zein. Table 1 also summarizes the results 
obtained when the specific activities of 
liver and skeletal muscle protein and non
protein fractions were determined. The 
radioactivity in liver protein and nonpro
tein fractions showed an increase in rats 
fed a tryptophan-deficient diet (group 1) 
as well as those supplied with the incom
plete protein zein (group 7).

Since the nature of the diet has been 
shown to significantly alter the composi-

Fig. 1 Growth curve and caloric intake of young male rats receiving different levels of trypto- 
phan supplements in their diets.
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TABLE 2

E ffe c t  o f  feed in g  d ifferen t exp er im en ta l diets over  a 30-day p eriod  on  organ  w eig h t and skin
com p osition  o f  th e rat

Diet Change in 
body wt1

Liver 
100 gm/ 
body wt

Kidney 
100 gm/ 
body wt

Skin

H20 Fat Fat-free
solids

Collagen in 
fat-free 
solids

gril gm gm Vo % % Vo

Tryptophan-deficient - 3 0 3.91 1.00 67.3 3.1 29.6 58.8 ±  l . l 2
-(-Tryptophan, 0.25% +  99 3.76 0.82 65.2 8.9 25.9 52.2 ±0 .9 3

Casein, 24% +  118 3.87 0.65 64.7 9.2 26.1 53.9 ± 1 .2
-(-Tryptophan, 3% +  47 4.22 0.96 67.7 5.1 27.2 55.6 ±  1.6

Zein, 24% - 3 1 4.17 1.00 66.8 3.8 29.4 60.2 ±  1.1
+  Arginine - 3 3 3.77 0.93 66.5 3.7 29.8 57.4 ±  0.6

Protein-free - 4 5 3.96 0.88 66.3 3.3 30.4 59.3 ± 1 .8
Casein, 6% - 2 0 4.32 0.92 68.6 4.3 27.1 51.8 ±  0.6

1 Six rats/'group.
2 Standard error.

tion of skin (Haldi et al., ’41-42) it seemed 
pertinent to investigate the changes in the 
proportion of water, fat and collagen that 
occur during the feeding of the different 
diets (table 2). The liver and kidney 
weights were recorded and expressed as a 
percentage of the total body weight. The 
diets inadequate for proper growth in
creased the water, fat-free total solids and 
collagen content of skin, and greatly re
duced the amount of fat. The different 
types of deficiencies did not appear to 
exhibit similar effects on the kidney. Kid
ney weight was relatively lower in those 
animals receiving the 24% casein diet 
and appeared to increase with the feeding 
of imbalanced or hydrolyzed protein diets.

Serum glutamic-oxaloacetic transamin
ase activity was shown to increase in ani
mals fed a tryptophan-deficient diet, an 
excess of tryptophan, or low protein (6% 
casein), as well as in those where zein 
was the protein component of the diet. 
This serum enzyme has been reported to 
increase in activity in cases of liver cell 
damage (Wroblewsky and La Due, ’55). 
Liver arginase activity was slightly de
creased in those animals consuming the 
low-protein diets and more significantly 
decreased in the rats fed the 24% zein 
diet, with or without arginine supplemen
tation, and the protein-free diet. In 
figure 2 is shown the liver arginase activ
ity plotted against the dietary nitrogen 
intake.

TABLE 3
E ffe c t  o f  dietary com p osition  on  serum  

g lu ta m ic-oxa loacetic  tran sam inase1

Diet
Serum

glutamic-
oxaloacetic

transaminase

Tryptophan-deficient
limole units/ml

221 ( ± 2 5 ) 2
+  Tryptophan, 0.25% 168 ( ± 1 1 )

Casein, 24% 158 ( ± 1 5 )
+  Tryptophan, 3% 220 ( ± 3 1 )

Casein, 6% 264 ( ± 33)
Zein, 24% 286 ( ± 2 3 )

+  Arginine, 0.75% 285 ( ± 6 8 )
Protein-free 246 ( ± 3 9 )

1 Six rats/group (experimental period -2 1  days).
2 Standard error.

DISCUSSION
Amino acid deficiency and the toxicity 

due to excessive dietary tryptophan seemed 
to exhibit different metabolic effects if 
measured by their influence on tissue pro
tein labeling, changes in body weight, and 
tissue composition. Amino acid deficiency 
completely inhibited growth, whereas the 
addition of 3% of tryptophan to a 24% 
casein diet retarded growth to approxi
mately 40% of that of the controls. At a 
lower level of casein (12% ), the addition 
of 1.5% of tryptophan was able to stop 
growth completely. In this respect, Sauber- 
lich ( ’61) recently showed that the addi
tion of 5% of tryptophan to a low-protein 
diet almost stopped the growth of weanling 
rats. By increasing the casein level this 
effect was counteracted emphasizing the
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Fig. 2 Liver arginase activity plotted against 
average N intake during ad libitum feeding of 
different diets: P. F. (protein-free); 6% C, 12% 
C and 24% C (6, 12 and 24% casein); 24% 
CHY (24% casein hydrolysate); T (DL-trypto- 
phan); 24% Z (24% zein); Z + A  (24% zein 
+  0.75% arginine). Each point represents the 
average of 6 rats adapted to their diets 21 days 
and killed during absorption.

dependence of the degree of toxicity in
duced by the excess of an amino acid to 
its relative rather than absolute proportion 
in the diet.

The uptake of radioglycine by the skin 
was decreased considerably in rats fed 
the amino acid deficient ration. Neverthe
less, the percentage of collagen in the dry 
fat-free skin of these animals shows a 
relative increase. This does not appear to 
be the result of increased collagen syn
thesis but primarily a result of the deple
tion of the more metabolically labile skin 
constituents such as fat and noncollage- 
nous proteins. It is therefore to be em
phasized that measurements of collagen 
formation, at a site where previous col
lagen fibers exist, should be based on 
radioisotope incorporation rather than on 
changes in the relative hydroxyproline 
content.

The uptake of radioglycine may be 
influenced by the pool of circulating amino 
acids. The size of this pool undoubtedly 
is affected by diet as well as by rate of 
protein synthesis. Thus in the rapidly 
growing animal, it is conceivable that

competition for glycine by other tissues 
may reduce its availability for synthesis 
of sponge collagen, whereas more glycine 
would be available for collagen synthesis 
in the poorly growing animals. This is 
seen in the higher specific activity of 
sponge collagen in the latter group. The 
reverse situation exists, however, when 
one compares the protein specific activity 
of muscles in animals fed a deficient diet 
as compared with those supplied with 
adequate diets (table 1).

Liver protein specific activity was in
creased by the feeding of the amino acid- 
deficient diets, while the skeletal muscles 
studied showed a higher rate of labeling 
in those groups fed the adequate diets.

Radioactivity of the nonprotein fraction 
of liver was markedly increased in ani
mals fed a tryptophan-deficient diet as 
well as in those fed the zein diet. How
ever, muscle tissue appeared to behave 
opposite to that of liver. This difference 
in behavior appears to be correlated to the 
degree of catabolic or anabolic activity as 
evidenced by growth. It also appears as if 
a consistent effect of the tryptophan-in
duced toxicity would be the abnormal ac
cumulation of amino acid radioactivity in 
muscle nonprotein fractions. It is possible 
that this imbalance at the tissue level 
could cause an impairment in the proper 
utilization of the amino acid pool for the 
purpose of growth. The possibility that 
this phenomenon may occur during the 
feeding of other inadequate diets and that 
this accumulation could be reversed by 
the addition of specific amino acids should 
be investigated.

The increased serum transaminase ac
tivity in rats fed amino acid-deficient diets 
and those subjected to a low-protein in
take may indicate that some degree of 
liver cell injury is occurring in these ani
mals. In malnourished babies a noncon- 
sistent increase in serum transaminase 
was reported by Waterlow ( ’59). Liver 
arginase activity appeared to be dependent 
on the quantity rather than on the quality 
of the dietary protein ingested. The activ
ity of this enzyme appeared to change in 
proportion to the amount of consumed 
nitrogen. A good correlation appeared to 
occur when these two variables were com
pared. The only abnormality occurred in
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those animals fed the zein diet where the 
observed values were much lower than 
those predicted. The addition of 0.75% 
of arginine to this diet did not influence 
the low values observed. Although the 
direct relationship between the levels of 
dietary protein and liver arginase activity 
has been well established (Lightbody and 
Kleinman, ’39) the effect of protein quality 
is not as clear. When 76% of the dietary 
casein present in a balanced diet was re
placed by glycine (Miller, ’50) liver argin
ase activity dropped. In the above experi
ments the authors indicated a marked 
toxicity as a result of the excess glycine. 
The observed decrease in arginase activity 
may be a manifestation of this toxicity in 
addition to the usual decreased food in
take which accompanies such toxic states. 
Therefore the latter’s claim that the level 
of arginase does not respond adaptively 
to variations in dietary nitrogen would 
probably not hold on the basis of the in
gested nitrogen. It seemed more appro
priate to relate arginase activity to the 
actual nitrogen ingested rather than to the 
amount of nitrogen in the diet. Even 
more appropriate would be to try and 
correlate activity with nitrogen absorbed 
from the intestine. The difference between 
ingested and absorbed protein would prob
ably explain the unpredicted results ob
served when zein was fed, a protein that 
has been shown to be in large proportion 
excreted in the feces (Geiger et al., ’52).

SUMMARY

Skin collagen synthesis as measured by 
the uptake of radioglycine was consider
ably decreased in rats fed amino acid- 
deficient diets. Excess dietary tryptophan 
(1.5% added to a 12% casein diet) had 
a similar although less marked effect. The 
composition of skin with respect to its 
water, fat, collagen and fat-free total solids 
was shown to be greatly dependent upon 
the nature of the diet.

The total amount of collagen synthe
sized as a response to the subcutaneous 
implantation of polyvinyl sponges was

slightly decreased by the consumption of 
diets inadequate for optimal growth.

Serum glutamic-oxaloacetic transamin
ase was increased in the animals fed 
amino acid-deficient diets, whereas liver 
arginase activity seemed to reflect the 
quantity of protein ingested rather than 
its amino acid composition.
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Carbohydrate and Roughage Requirement of the 
Cricket, A c h e t a  d o m e s t i c u s '
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Department of Biochemistry, University of Missouri, School of Medicine, 
Columbia, Missouri

Most insects that require carbohydrates, 
and many that do not, can utilize sucrose, 
glucose and fructose very well and a few 
other sugars to a lesser extent. Pentoses, 
as a rule, are either very poorly utilized or 
they are inhibitory to growth and develop
ment of most of the insects studied (Gil- 
mour, ’61; Spector, ’56). Quantitatively, 
however, one cannot generalize. The car
bohydrate requirements of different insects 
have been shown to vary from no require
ment at all for the carpet beetle larva 
(Attagenus sp), or utilization with no re
quirement for the cigarette beetle larva 
( Lasioderma serricorne') to a dietary re
quirement of 80 to 85% for the yellow 
mealworm larva ( Tenebrio violitor) and 
the Mediterranean flour moth ( Ephestia 
Kuehniella) (Spector, ’56).

In preparation for the development of a 
semi-synthetic (or chemically defined) diet 
for the cricket, Acheta domesticus (L ), a 
study was conducted to determine the 
qualitative and quantitative carbohydrate 
and roughage requirement of the insect. 
Finding a suitable carbohydrate for the 
proposed semi-synthetic diet presents no 
problem, for although most of the chemi
cally pure carbohydrates available com
mercially originate from natural sources, 
most of them can be synthesized in the 
laboratory.

Finding a suitable roughage for a semi
synthetic diet was more difficult. For a 
semi-synthetic diet in the strictest sense of 
the word, the roughage, as well as all com
ponents, should be such that it could be 
synthesized in the laboratory or defined 
chemically. The roughage should be non- 
digestable, metabolically inert, of suitable 
density so that it would not separate in the 
diet (nor allow suffocation of the insect at
tempting to walk on it), nonballing when

wet so it will not pack in the stomach of 
the animal, fibrous to aid in the movement 
and mixing of diet in the gastrointestinal 
tract, resistant to swelling in the presence 
of water, soft and pliable enough to pre
vent injury to the intestinal lumen, of 
small enough particle size that it could be 
eaten by the insect, and free of repelling 
odors. About the only materials having all 
of these properties were plastics.

Of the many materials that have been 
used as bulk or roughage in purified diets, 
most are cellulose in one form or another. 
A few examples are oat hull ( FTill and 
Dansky, ’54), alfalfa stem meal, psyllium 
seed husks, ground kapoc, and cellulose 
(Carlson and Hoelzel, ’48; Luckey, ’61). 
A purified cellulose was also used in a pre
vious study of cricket nutrition (Neville, 
et al., ’61) and in part of this study. These 
materials are not synthetic and it is quite 
possible that none of these meet the re
quirement of being metabolically inert. 
Johnson et al. ( ’60) have shown that mi
croflora or other actions in the digestive 
tract enable the rat to utilize a considerable 
amount of ingested C14-cellulose. It is also 
well known that the microflora of termites 
enable them to live on a diet of almost pure 
cellulose and rumen microbes allow effi
cient use of cellulose by many herbivores 
(Stare, ’56). Other materials that have 
been used as roughage or bulk are cello
phane, Karaya gum (Carlson and Hoelzel, 
’48) a poorly defined natural product, and 
Kaolin ( Sibbald et ah, ’60) a rather dense 
clay (density of 2.500 gm/ml). Luckey 
( ’61) found cellophane prevented impac
tion in lambs fed a semi-synthetic diet. 
Agar-agar and similar materials are used * 1

Received for publication April 27, 1962.
1 This investigation was supported by U.S. Public 

Health Service grant A-1025.
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experimentally and clinically (Hawk et 
al., ’54).

M ETH ODS

Techniques and environmental condi
tions previously used for preparing diets, 
rearing the crickets and analyzing the data 
were followed (Neville et al., ’61). One- 
day old crickets, Acheta domesticus (L ), 
hatched from eggs obtained from a stock 
colony were used throughout this investi
gation. Six one-day-old crickets were se
lected at random and placed in a battery 
jar (10 X 10 X 10 cm) containing about 
2 gm of the respective diet and a cotton 
stoppered Erlenmeyer flask containing dis
tilled water Two or three jars were used 
per diet in each experiment. At the end 
of the assay period, which was three weeks, 
the crickets were anesthetized with ether, 
individually weighed and the data analyzed 
statistically. The average weight at 21 
days of age was the main index of activity 
used.

Analysis of variance was used to deter
mine the least significant difference (LSD) 
of the means at the 5 and 1% levels of 
probability. The LDS obtained from this 
analysis of variance means that any two 
weights of crickets within a given experi
ment having a difference equal to or 
greater than the LSD are different at the 
given level of significance. Due to the 
variability of different batches of insects, 
all of which were obtained from the same 
stock colony at varying time intervals, 
comparisons between average weights of 
insects were made only within a given ex
periment. For this reason, the respective 
LSD’s are presented with each experiment.

The compositions of the basal diets were 
as follows: low roughage (LR) diet, L-argi- 
nine, 1.2% ; casein, 30% ; corn oil, 8% ; 
cornstarch, 30% ; cellulose,2 12% ; sucrose, 
12% ; vitamin A, 10,000 IU/kg; ct-tocoph- 
erol, 0.01%; vitamin K3 (menadione), 
0.001%; cholesterol, 0.4%; and B vita
mins and total salts as described for the 
HMC-200 diet (Neville et al., ’61). The 
high roughage (HR) diet was identical to 
diet LR except that 35% polyethylene3 
(PE) and 19% sucrose were incorporated 
at the expense of cornstarch and cellulose. 
Additions and deletions that were made in 
the LR diet and the sequence relating to 
the development of the HR diet are given 
in the result section.

RESULTS

A preliminary experiment was con
ducted first to determine the effects of diets 
with and without carbohydrates and rough- 
age. The results, presented in table 1, in
dicated that during this period in growth 
the cricket does not require sucrose and 
starch or glucose as there was no signifi
cant difference between the weights of the 
crickets fed the LR control and those fed 
the same diet without sucrose and starch 
or the diets in which glucose replaced 
sucrose and starch. However, when com
pared with the control, there was a signifi
cant decrease in the weights of those in
sects fed a diet without cellulose as well as 
sucrose and starch (group no. 3) or a 
diet in which glucose replaced all three

2 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland, Ohio.

3 PE, Alathon “ G”  polyethylene resin. E. I. duPont
de Nemours and Company, W ilmington, Delaware.

TABLE 1
E ffects  o f  carboh yd ra te  and rou gh a ge on  c r ick et grow th

Group
no. Low roughage (L R ) diets Survivors1 Avg

wt2

i LR  control 8 25.8
2 LR m in u s su crose and  starch3 11 18.2
3 L R  m in u s su crose , starch and  cellu lose4 6 16.1
4 LR  w ith  4 2 %  glucose  in  p lace  o f  sucrose 

and starch 9 23.6
5 LR  w ith  54%  g lucose  in  p lace  o f  sucrose, 

starch  and ce llu lose 10 10.2

1 Three-week assay: started 12 one-day-old crickets/diet.
2 LSD 5% = 8.3, 1% = 10.9.
3 Composition (in  per cent) L-arginine, 2; casein, 50; corn oil, 13.3; cellulose, 20; total salts, 13.3; 

a-tocopherol, 0.17; menadione, 0.0017; B-vitamin mix, 0.7; cholesterol, 0.7; vitamin A, 17,000 IU /kg.
4 Composition (in  per cent) L-arginine, 2.5; casein, 62.5; corn oil, 16.7; total salts, 16.7; a-tocopherol, 

0.02; menadione, 0.002; B-vitamin m ix, 0.9; cholesterol, 0.83; vitamin A, 21,000 IU /kg.
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(group no. 5). The significant difference 
between the average weights obtained with 
the 42% glucose diet (containing 12% 
cellulose) and the 54% glucose diet (12% 
glucose replacing 12% cellulose) indicated 
a definite requirement for cellulose or 
roughage, or both.

The results of table 1, which indicated 
that carbohydrates were not required by 
the cricket, did not give evidence that car
bohydrates could not be utilized. A quali
tative carbohydrate study was conducted 
with the insect using the low roughage LR 
diet (table 2). The various sugars replaced 
the 12% sucrose: all of the diets still con
tained 30% of cornstarch and 12% of 
cellulose. Of all the materials tested, chitin, 
a carbohydrate derivative, was the only 
one producing a highly significant increase 
in weight. Lactose and inulin produced 
weight increases that were only significant 
between a P value of 0.05 and 0.01. The 
pentoses, ribose and xylose, and to a lesser 
extent D-arabinose, caused a significant 
decrease in the growth rate.

Because replacing sucrose with chitin 
stimulated cricket growth, it became neces
sary to see what would happen if chitin

TABLE 2
Qualitative carbohydrate requirement of the 

cricket ivith the low roughage (LR) 
basal diet

Cprbohvdrate fed 
at 12% o f diet

No.
survivors1

Avg
wt

LSD 5%  4.8 m g ; 1%  
Sucrose con trol

6.3 m g
10

mg

14.1
Chitin 9 25.7
L actose 12 19.5
Inu lin 11 19.1
M altose 11 13.8
G lycogen 10 13.0
Trehalose 12 13.0
D extrin 10 10.6
C ellobiose 11 10.4

LSD 5%  6.1 m g ; 1%  
Sucrose con tro l

8.0 m g
11 19.0

D-M annitol 11 22.3
D-Glucose 12 19.7
D-Fructose 10 18.8
D-M annose 11 17.9
L-Arabinose 12 17.3
D-Galactose 12 16.0
D-Arabinose 12 12.4
D-Xylose 12 10.3
D-Ribose 10 6.2

1 Three-week assay: started 12 one-day-old crickets/ 
diet.

were to replace all carbohydrate in the diet. 
A similar experiment was run on inulin in 
the event that a higher concentration 
might prove to be stimulatory. It was also 
reasoned that if cellulose was needed in 
the diet simply as bulk or roughage, and 
not as a source of some unknown growth 
factor, other inert materials could be sub
stituted for glucose without a reduction 
in cricket growth. The results of this study 
are shown in table 3. Apparently chitin 
and inulin can both be substituted for glu
cose. However, 30% of chitin caused a 
significant increase in the growth rate of 
the cricket, whereas inulin did not (except
ing the possibility that 0.1% inulin was 
stimulatory).

The results produced by diets in which 
cellulose was replaced by other materials 
(table 3) indicate that the cricket requires 
roughage for optimum growth. As can be 
seen, diets containing 12% activated char
coal,* 4 agar or silica5 were comparable to 
the cellulose controls while the diet with 
42% agar was significantly better. Higher 
concentration of activated charcoal, or 
silica were also tried but because of the low 
density of these materials the crickets were 
unable to survive on diets containing them 
( the crickets literally drowned in these 
diets). The most impressive and signifi
cant results were obtained with the diets 
containing the powdered plastics PE and 
SDB.6 These diets contained no cellulose 
and the plastics were added at the ex
pense of starch (the 42% PE and SDB still 
contained 12% sucrose).

On the basis of the results presented in 
table 3, growth curves were run comparing 
cellulose PE and SDB in order to determine 
the roughage concentration necessary for 
maximum growth (fig. 1). A particular 
roughage was added to a 54% sucrose base 
diet (LR with sucrose replacing starch and 
cellulose) at the expense of sucrose. The 
results of these experiments show that cel
lulose, PE and SDB were equal as roughage 
and that between 25 and 48% roughage 
is necessary for “maximum” growth of the 
cricket. This “maximum” growth rate was

Activated charcoal, Norite-A, Matheson Coleman
and Bell, East Rutherford, New Jersey.

5 Silica, colloidal silica. Godfrey L. Cabot, Inc., 
Boston.

fi SDB, stvrene-divinylbenzene Copolvmer beads, 100- 
200 mesh, Dow Chemical Company, Midland, M ichi
gan.
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TABLE 3

Natural and synthetic sources of roughage

Low roughage (LR) diet changes No.
survivors

Avg
wt

mg
LSD 5% 8.3 mg; 1% 10.9 mg'

12% Cellulose, 42% glucose control 9 23.6
0.1% Chitin, 42% glucose 11 20.9

1% Chitin, 41% glucose 11 23.3
10% Chitin, 32% glucose 10 33.6
30% Chitin, 12% glucose 11 40.1
42% Chitin 11 28.6
0.1% Inulin, 42% glucose 8 32.9

1% Inulin, 41%  glucose 10 24.0
10% Inulin, 32% glucose 12 30.2
30% Inulin, 12% glucose 8 27.8
42% Inulin 8 27.6

LSD 5% 7.2 mg; 1% 9.5 mg'

LR Control, 12% cellulose 12 20.1
12% Charcoal,2 no cellulose 11 27.9
12% Activated charcoal,3 no cellulose 9 26.2
12% Agar, no cellulose 11 20.4
42% Agar, no cellulose and starch 11 34.0
54% Agar, no cellulose, starch and sucrose 10 17.7

LSD 5% 18.8 mg; 1% 24.8 mg4

LR Control, 12% cellulose 12 30.6
12% PE,5 no cellulose 12 52.6
25% PE, 17% starch, no cellulose 12 59.7
35% PE, 7% starch, no cellulose 13 90.0
42% PE, no starch and cellulose 13 93.0
12% SDB,6 no cellulose 12 34.5
25% SDB, 17% starch, no cellulose 14 54.9
35% SDB, 7% starch, no cellulose 07
42% SDB, no starch and cellulose 12 85.9
12% Silica,8 no cellulose 6 15.4
12% Molding compound,9 no cellulose 0

1 Twelve crickets started/diet.
2 Charcoal, bone, Aloe Scientific, St. Louis, Missouri.
3 Activated charcoal, Norite-A, Matheson Coleman and Bell, East Rutherford, New Jersey.
4 Fourteen crickets started/diet.
5 PE, Alathon “ G”  polyethylene resin, E. I. duPont de Nemours and Company, W ilmington, 

Delaware.
6 SDB, styrene-divinyl-benzene Copolymer beads, 100-200 mesh, Dow Chemical Company, M id

land, Michigan.
7 Died from  lack o f water.
8 “ Cab-O-sil”  colloidal silica, Godfrey L. Cabot, Inc., Boston, Massachusetts.
9 Melamine m olding compound, American Cyanamid Company, Bound Brook, New Jersey.

obtained with only 6% of carbohydrate 
(for diet with the 48% roughage). For 
future studies 35% of PE and 19% of su
crose were selected as the new high rough- 
age (HR) base diet. In one experiment, 
the cellulose content was increased to 
100% ; above 54% the cellulose was used 
to dilute a mixture of base diet components 
minus all carbohydrate. Results are also 
included in figure 1 from a dilution experi
ment which was prepared by diluting the 
54% sucrose base diet with PE. The PE

dilution experiment produced but one level 
of significant growth stimulation. This 
occurred with the insects fed the 48% 
PE: 52% basal diet (containing 17.7% 
of protein ). However, the PE dilution diets 
and the diets containing higher concen
trations of cellulose are interesting from 
the point of view that they show how little 
nutrients the cricket actually needs to sur
vive and even grow. The 80% PE dilution 
and the 90% cellulose diets were not sig
nificantly different from the 0% roughage



CARBOHYDRATE AND BULK R E Q U IR E M E N T OF THE CRICKET 143

c o n tro ls  e v e n  th o u g h  th e y  c o n ta in e d  o n ly  
6 a n d  3 %  p r o t e in ,  re s p e c t iv e ly  ( s u r v iv a l  
w a s  6 4  a n d  8 3 % ,  r e s p e c t iv e ly ) .

A  s e c o n d  q u a l i t a t iv e  c a r b o h y d r a te  s tu d y  
w a s  c o n d u c te d  w i t h  th e  H R  b ase  d ie t  as

a  c o n t r o l  ( t a b l e  4 ) .  T h e  v a r io u s  c a rb o 
h y d r a t e  m a te r ia ls  w e r e  s u b s t itu te d  f o r  th e  
1 9 %  s u c ro s e  a n d  a re  th e  o n ly  c a r b o h y 
d ra te s  in  th e s e  d ie ts . T h e  m a te r ia ls  a re  
l is te d  i n  o r d e r  o f  d e c re a s in g  c o m b in e d

P E R C E N T  R O U G H A G E

Fig. 1 Roughage growth curves. The low roughage diet containing 54% sucrose (replac
ing cornstarch and cellulose) was the control. Roughage was added at the expense of sucrose 
first and then at the expense of a mixture of the remaining nutrients. In calculating the 
standard score (Dixon and Massey, ’57) X =  mean weight of the crickets fed a test diet, 
Control =  mean weight of crickets fed the control diet and s =  the respective standard devi
ation. Key: . . . .  indicates cellulose;------- , styrene-divinylbenzene; ------- , polyethylene (A G );
O----- O, AG dilution diets.

TABLE 4
Qualitative carbohydrate requirement of the cricket with a high roughage (HR) basal diet

Carbohydrate 
(19%  )

No.
survivors

Combined 
avg wt1

Carbohydrate
(1 9 % )

No.
survivors

Combined 
avg wt1

mg mg
Sucrose 24 53.8 D-M annose 25 39.4
T rehalose 26 56.6 C orn starch 9 20.3*
M altose 23 55.1 Inu lin 26 19.8*
G lycogen 21 51.8 C hitin 9 16.6*
D-M annitol 27 49 .2 D-Galactose 24 10.7*
D-Fructose 27 48.3 L-Arabinose 24 12.0*
D-Glucose 23 37.6 D-Arabinose 0 0*
D extrin 16 34.8 D-Ribose 3 9.0*
C ellobiose 23 32.7 D-Xylose 8 8.6*
L actose 21 31.0 n-Sorbose 10 10.7*

1 Combined values o f two experiments with a total o f 30 one-day-old crickets started/diet. 
* P values o f 0.01 or less.
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average weights of crickets so that all of 
those below lactose produced a significant 
decrease in the growth rate. Chitin, which 
was stimulatory in a low-roughage diet, 
and cornstarch, which had been present 
in all earlier diets, reduce the growth rate 
of the cricket significantly when they are 
the only source of carbohydrates. All of 
the pentose sugars were found to inhibit 
cricket growth which is consistent with re
ports in the literature concerning other in
sects.

The extent of growth inhibition in the 
cricket by pentoses is shown in figure 2. In 
this study, the 19% of sucrose of the HR 
diet was replaced at various levels by d - 
ribose, D-xylose or D-arabinose. Four per 
cent of ribose or xylose (with 15% su
crose) or 8% D-arabinose (with 11% su
crose) caused a significant reduction in 
the growth rate of the insect.

Since the work of Conrad et al. ( ’58) 
and Johnson et al. ( ’60) indicated the 
utilization of cellulose in rats, a prelimi
nary study was conducted with rats com
paring cellulose and PE as roughage. The 
results presented in table 5 indicate that 
PE was an excellent source of roughage 
for the rat as well as the cricket. The rats 
showed no signs of objection to or gastro
intestinal complications from the PE- or 
cellulose-containing diets.

DISCUSSION

The results of this carbohydrate study, 
although they cover only the first three 
weeks of the crickets’ life, are consistent 
with the reports found in the literature 
(Träger, ’53; Lipke and Fraenkel, ’56; 
House, ’61; Gilmour, ’61). It appears that 
carbohydrate is not essential in the diet for 
survival and growth of the cricket; but that

19 18 17 16 15 14 13 12 II 10 9 8 7 6 5 4 3 2 I 0
PERCENT SUCROSE

Fig. 2 Pentose: sucrose dilution growth curves. Key: O ----- O ,  D-arabinose; •----- ■ •, d-
ribose; A----- A, D-xylose.
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TABLE 5

Comparison of rat growth1 produced by purified diets2 containing various levels 
of polyethylene or cellulose as roughage

Roughage
Avg wt 
gained 

(cellu lose)
Avg

efficiency3
Avg wt 
gained

Avg
efficiency

% mg
0 187.84 0.332
5 209.8 0.343 221.8 0.354

10 203.5 0.327 187.7 0.296
15 176.6 0.302 209.3 0.311
30 187.8 0.274 145.3 0.277
50 80.3 0.151 151.3 0.210
75 - 1 4 . 3 s - 1 3 . 2 s
90 — 19.15 - 1 8 . 2 s

C how  diet 219.3 0.341

1 Six-week assay using three male weanling rats/diet.
2 Diet (g m /k g ) : L-arginine, 10; glycine, 9; L-cystine, 4; casein, 300; glucose (Cerelose, Corn 

Products Co., Argo, Illinois), 500; choline HC1, 2; vitamin C, 10; corn oil, 82.72; B-vitamin mix, 
2.28 (table 1 ); total salts, 80 (table 1 ) ; fat-soluble vitamins in corn oil (A , 10,000 IU; vitamin 
D;j, 2000 IU; a-tocopherol, 0.01; menadione, 0.001); roughage at the expense of glucose up to 50% 
roughage diet; 75 and 90% roughage diets were dilutions o f all components except glucose.

3 Efficiency = Weight gained b ,  rat
Food consumed

4 One rat (weighing 235.0 gm ) died three days before completion o f the assay; its weights and 
data were used to obtain these values.

5 Loss o f weight o f rats that died after being on the diets for one week.

a small amount, as little as 6%, is neces
sary for maximal growth. In the light of 
this, the results obtained from feeding pen
toses indicate that the growth inhibition 
produced by the pentose sugars is not due 
to their being inert but rather to their be
ing toxic metabolically. The fact that 4% 
of ribose or xylose in the presence of 15% 
of sucrose (2.66 mmole of pentose to 4.39 
mmole of sucrose, or 8.36 mmole of a 
hexose after hydrolysis during digestion) 
can significantly inhibit growth is an indi
cation that the toxic effect is more than a 
simple competition for sites of absorption 
in the intestine. In the case of D-arabinose, 
however, competition for absorption sites 
could explain the result obtained since 
the ratio of arabinose to sucrose producing 
inhibition was 8 to 11% or 5.3 to 6.1 
mmole (expressed as a monosaccharide). 
Studies of the actual carbohydrate require
ment of the cricket using parameters of 
longevity and reproduction will be carried 
out in future experiments with semi-syn
thetic diets.

The high roughage and low carbohydrate 
requirements may prove to be very bene
ficial in developing a semi-synthetic diet 
for the cricket, since one of the foreseeable 
problems that could arise with such a diet 
is too high an osmotic pressure from the 
use of simple sugars and free amino acids

in place of polysaccharides and proteins 
respectively. A high roughage concentra
tion will not only reduce the amount of 
sugar and amino acids in the diet but it 
will also limit the nutrient intake due to 
the bulk.

Polyethylene or other plastics could pos
sibly eliminate much of the work involved 
in measuring food intake in larger animals 
such as rats or chickens. It should be pos
sible to determine the food intake of an 
animal by gravimetric analysis of the poly
ethylene found in the feces (from a known 
concentration of plastic in the diet) since 
it can be reasonably ascertained that the 
plastic will not be affected by digestion or 
by the microflora as is the case with cellu
lose.

One can only speculate as to the action 
of roughage in the insect. There could 
certainly be no common nutrient to be 
obtained from such diverse substances 
as polyetheylene, styrene-divinyl-benzene, 
charcoal, cellulose, chitin and agar. In all 
probability the effect is mechanical or 
physical. It is conceivable that roughage 
could stimulate peristalsis or digestion 
generally at the same time that it reduces 
food intake, thereby increasing food effi
ciency. However, increased food efficiency 
does not necessarily lead to an increased 
growth rate. Roughage would increase the
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s u r fa c e  a re a  w i t h i n  th e  in t e s t in a l  m i le u x ,  
p ro v id e  s u p e r io r  e m u ls i f ic a t io n  ( w h ic h  c a n  
be  d e m o n s tra te d  in  v i t r o )  a n d  p ro b a b ly  
im p r o v e  th e  m ix in g  o f  n u t r ie n t s  w i t h  e n 
z y m e  b y  a m ic r o - c h o p p in g  a c t io n .

SUMMARY

A n  in v e s t ig a t io n  w a s  c o n d u c te d  to  d e te r 
m in e  th e  a p p r o x im a te  q u a n t i t a t iv e  a n d  
q u a l i ta t iv e  c a rb o h y d ra te  a n d  ro u g h a g e  r e 
q u ire m e n ts  o f  th e  c r ic k e t ,  A ch eta  d om esti- 
cu s  ( L ) .  T h e  in s e c ts  w e re  fe d  p u r i f ie d  
d ie ts  f o r  th re e  w e e k s  a f t e r  h a tc h in g ,  
w e ig h e d  a n d  th e  d a ta  s ta t is t ic a l ly  a n a ly z e d .

I t  w a s  s h o w n  t h a t  a l t h o u g h  t h e  c r i c k e t  
is  c a p a b le  o f  u t i l i z in g  a  v a r ie t y  o f  c a r b o 
h y d r a t e s ,  a  d ie t a r y  s o u r c e  is  n o t  e s s e n t ia l  
f o r  l i f e  o f  t h e  i n s e c t  d u r in g  t h e  p e r i o d  o f  
a s s a y ;  a n d  a s  is  t h e  c a s e  w i t h  m a n y  i n 
s e c t s ,  D -r ib o s e , D -x y lo s e ,  d -  a n d  L -a r a b in o s e  
a n d  L -s o r b o s e  a r e  i n h ib i t o r y  t o  g r o w t h .

F o r  m a x im a l  g r o w th ,  ro u g h a g e  is  a n  
e s s e n t ia l c o m p o n e n t  o f  th e  d ie t .  T h e  b e s t 
g r o w th  w a s  o b ta in e d  w i t h  d ie ts  c o m p o s e d  
o f  2 5  to  4 8 %  o f  ro u g h a g e  a n d  6  to  2 9 %  
o f  s u g a r . P o ly e th e y le n e  a n d  s ty r e n e - d iv in y l-  
b e n z e n e , i n  a p o w d e re d  f o r m ,  w e re  e q u a l 
to  c e llu lo s e  as a s o u rc e  o f  ro u g h a g e  f o r  th e  
c r ic k e t  a n d  p o ly e th y le n e  w a s  e q u a l to  c e l lu 
lo s e  as a ro u g h a g e  f o r  th e  ra t .
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B io c h e m ic a l  s tu d ie s  o f  b o d y  m e ta b o l is m  
a re  f u n d a m e n ta l  to  n u t r i t i o n a l  s c ie n c e . 
N o n e th e le s s ,  p re s e n t  q u a n t i t a t iv e  d e f in i 
t io n s  o f  n u t r i t i o n a l  r e q u ir e m e n t  re s t  
la r g e ly  u p o n  d e s c r ip t iv e  s ta te m e n ts  c o n 
c e r n in g  th e  p re s e n c e  o r  a b s e n c e  o f  “ d e 
f ic ie n c y  s ig n s ”  w h ic h  a re , as y e t ,  n o t  
e a s ily  d e f in a b le  i n  b io c h e m ic a l te rm s .  N o  
q u a n t i t a t iv e  p ro c e d u re  to  r e la te  n u t r i t i o n a l  
r e q u ir e m e n ts ,  w e ig h t  g a in ,  p h y s io lo g ic a l  
p e r fo r m a n c e  c h a n g e s ,  o r  d e f ic ie n c y  s ig n s  
to  t is s u e  b io c h e m is t r y  h a s  b e e n  d e s c r ib e d .

I n  fe w  p la c e s  is  t h is  la c k  m o re  c le a r ly  
e v id e n t  th a n  in  s tu d ie s  o f  e s s e n t ia l f a t t y  
a c id  ( E F A )  n u t r i t i o n .  H e re  i t  is  e v id e n t  
t h a t  a n u m b e r  o f  p o ly u n s a tu r a te d  f a t t y  
a c id s  ( P U F A ) ,  e i t h e r  a lo n e  o r  i n  c o m b in a 
t io n ,  a re  c a p a b le  o f  o v e rc o m in g  c e r ta in  
E F A  d e f ic ie n c y  s ig n s . I n  c e r ta in  cases 
th e  n u t r i t i o n a l  in t e r a c t io n s  b e tw e e n  th e s e  
c o m p o u n d s  a re  n e i t h e r  a d d i t iv e  n o r  s im 
p le ,  a n d  s u g g e s t a c o m p le x  p a t t e r n  o f  
m e ta b o l ic  in t e r r e la t io n s h ip s .  A n y  a t te m p t  
to  d e s c r ib e  th e  n u t r i t i o n a l  r e q u ir e m e n t  f o r  
E F A  m u s t  ta k e  in t o  a c c o u n t  th e s e  u n d e r 
l y in g  m e ta b o l ic  r e la t io n s h ip s .

H i l l  a n d  a s s o c ia te s  ( ’6 1 )  h a v e  d e s c r ib e d  
th e  c h a n g e s  t h a t  o c c u r  i n  th e  c o n c e n tr a 
t io n  o f  P U F A  in  th e  t is s u e s  o f  s w in e  m a in 
ta in e d  w i t h  d ie ts  d e f ic ie n t  i n  th e  e s s e n t ia l 
f a t t y  a c id s . U s in g  th e  t r ie n e / t e t r a e n e  
r a t io  as a n  in d e x ,  th e  l in o le a te  r e q u ir e 
m e n t  o f  s w in e  w a s  e s t im a te d ,  a n d  w a s  
s h o w n  to  b e  e q u iv a le n t  to  t h a t  o f  th e  r a t  
w h e n  e x p re s s e d  as a  p e rc e n ta g e  o f  th e  
t o ta l  c a lo r ic  in ta k e .

A  p u rp o s e  o f  t h is  p a p e r  is  to  d e s c r ib e  
a n  o b je c t iv e  p ro c e d u re  f o r  e s t im a t in g  n u 
t r i t i o n a l  r e q u ir e m e n ts  f r o m  t is s u e  a n a ly s is  
d a ta ,  a n d  to  u se  th is  p ro c e s s  as a  b a s is  
f o r  d is c u s s in g  th e  p lu r a l  n a tu r e  o f  th e  
E F A  r e q u ir e m e n t .  T h e  d a ta  o f  H i l l  e t a l.

( ’6 1 )  a re  u s e d  as a  b a s is  f o r  t h is  d is c u s 
s io n .

E x p er im en ta l p ro ced u res

T h e  d ie t  c o m p o s it io n ,  e x p e r im e n ta l  
p la n ,  a n d  t is s u e  a n a ly s e s  h a v e  b e e n  d e 
s c r ib e d  p r e v io u s ly  b y  H i l l  e t  a l.  ( ’6 1 ) .  I n  
th o s e  e x p e r im e n ts ,  6 6  s w in e  w e re  fe d  
p a r t ia l ly  p u r i f ie d  d ie ts  c o n ta in in g  k n o w n  
a n d  d i f f e r e n t  a m o u n ts  o f  l in o le a te  f o r  
p e r io d s  o f  t im e  e x c e e d in g  5 6  d a y s . T h e  
d ie t  c o n ta in e d  c a s e in ,  s k im  m i l k  p o w d e r ,  
g lu c o s e , la r d ,  b e e f  t a l lo w ,  l in o le a te  c o n 
c e n t ra te ,  s a lt  m ix t u r e s  a n d  th e  n e c e s s a ry  
v i ta m in s .  A  ta b le  s h o w in g  th e  d ie t  c o n 
s u m e d  b y  e a c h  a n im a l  a n d  th e  P U F A  a n a l
y s is  o f  h e a r t  a n d  l i v e r  l ip id s  o f  e a c h  a n i 
m a l h a s  b e e n  d e p o s ite d  w i t h  th e  A m e r ic a n  
D o c u m e n ta t io n  I n s t i t u t e ,  L ib r a r y  o f  C o n 
g re s s .3 T h e  P U F A  a n a ly s e s  w e re  p e r fo r m e d  
b y  a lk a l in e  is o m e r iz a t io n .  S u b s e q u e n t 
a n a ly s is  o f  th e  f a t  o f  e a c h  d ie t  b y  g as 
c h r o m a to g r a p h y  re v e a le d  t h a t  th e  l in o -  
le n a te  c o n te n t  v a r ie d  f r o m  0 .0 1  to  0 .0 4 %  
o f  c a lo r ie s .  T h e  c o m p o s it io n  o f  e a c h  d ie t  
is  g iv e n  i n  th e  p ro to c o l m e n t io n e d  a b o ve .

E q u a tion s o f  cu rv es . U n d e r  th e  c o n d i
t io n s  o f  t h is  e x p e r im e n t ,  t is s u e  P U F A  c o n 
c e n t r a t io n s  w e re  d e p e n d e n t  u p o n  th e  
a m o u n t  o f  l in o le ic  a c id  i n  th e  d ie t .  A s  
se e n  i n  f ig u r e  1, s o m e  ty p e s  o f  P U F A  in

R e c e i v e d  f o r  p u b l i c a t i o n  A p r i l  2 ,  1 9 6 2 .

1 T h i s  s t u d y  w a s  s u p p o r t e d  i n  p a r t  b y  r e s e a r c h  
g r a n t s  H - 2 5 2 5 ,  A - 2 8 3 6 ,  A - 4 5 2 4  a n d  H F - 7 1 9 6  f r o m  t h e  
N a t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  t h e  G r a d u a t e  S c h o o l  o f  
t h e  U n i v e r s i t y  o f  M i n n e s o t a  a n d  t h e  H o r m e l  I n s t i t u t e .

2 U .  S .  P u b l i c  H e a l t h  S e r v i c e  S p e c i a l  R e s e a r c h  
F e l l o w  o f  t h e  N a t i o n a l  H e a r t  I n s t i t u t e .

3 M a t e r i a l  s u p p l e m e n t a r y  t o  t h i s  a r t i c l e  h a s  b e e n  
d e p o s i t e d  a s  D o c u m e n t  n o .  7 2 6 4  w i t h  t h e  A D I  A u x i l 
i a r y  P u b l i c a t i o n s  P r o j e c t ,  P h o t o d u p l i c a t i o n  S e r v i c e ,  
L i b r a r y  o f  C o n g r e s s ,  W a s h i n g t o n  2 5 ,  D .  C .  A  c o p y  
m a y  b e  s e c u r e d  b y  c i t i n g  t h e  D o c u m e n t  n u m b e r  a n d  
b y  r e m i t t i n g  $ 1 . 2 5  f o r  p h o t o p r i n t s ,  o r  $ 1 . 2 5  f o r  3 5  m m  
m i c r o f i l m .  A d v a n c e  p a y m e n t  i s  r e q u i r e d .  M a k e  
c h e c k s  o r  m o n e y  o r d e r s  p a y a b l e  t o :  C h i e f ,  P h o t o 
d u p l i c a t i o n  S e r v i c e ,  L i b r a r y  o f  C o n g r e s s .

J. N u t r it io n , 78: ’62 147
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HEART LIVER

DIETARY LINOLEATE, % OE CALORIES
Fig. 1 R elationsh ips betw een  dietary linoleate and tissue PUFA con cen tration s in  the heart and

liver o f  sw ine. See d iscu ssion  in  text relating to variations in  dietary lin olea te , w h ich  ca n  also in 
flu ence the shape o f  the pentaene and hexaene curves.
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th e  h e a r t  a n d  l i v e r  in c re a s e d  a n d  so m e  
d e c re a s e d  as th e  le v e ls  o f  d ie ta r y  l in o le a te  
w e re  v a r ie d  f r o m  z e ro  to  1 2 .9 %  o f  c a lo r 
ie s . S o m e  a p p e a r  to  u n d e r g o  s e v e ra l d is 
t in c t  p h a s e s  o f  v a r ia t io n .  T h e  m o s t  r a p id  
c h a n g e s  o c c u r  a t  in ta k e s  b e tw e e n  z e ro  a n d  
2 %  o f  c a lo r ie s ,  b u t  w h e n  o n e  a t te m p ts  to  
d e f in e  th e  c h a n g e s  f o r  e a c h  P U F A  c o m p o 
n e n t  s h o w n  i n  f ig u r e  1, th e y  d o  n o t  b e g in  
a n d  e n d  ( a r r iv e  a t  f in a l  p la te a u  le v e ls )  a t 
th e  s a m e  l in o le a te  in ta k e s .  R a th e r ,  th e  
c h a n g e s  o c c u r  a t  d i f f e r e n t  in ta k e  le v e ls  
a n d  p ro c e e d  a t  d i f f e r e n t  ra te s .

I t  se e m s  p o s s ib le  th a t  i f  th e  d e s c r ip t iv e  
s ta te m e n ts  o f  th e  p re c e d in g  p a r a g r a p h  
c o u ld  be  re d u c e d  to  a p re c is e  m a th e m a t i 
c a l f o r m ,  th e  r e s u l t in g  e q u a t io n s  m ig h t  
p ro v id e  a  b a s is  f o r  s tu d y in g  th e  d i f f e r e n t  
p h a s e s  o f  P U F A  m e ta b o l is m ,  a n d  f o r  d e 
f in in g  th e  E F A  r e q u ir e m e n t  a s s o c ia te d  
w i t h  e a c h  m e ta b o l ic  p h a s e . A s  a  s te p  in  
t h is  d ir e c t io n ,  e x p o n e n t ia l  e q u a t io n s  w e re  
f i t t e d  to  th e  e x p e r im e n ta l  d a ta  o f  H i l l  e t 
a l. ( 6 1 ) .  T h e s e  e q u a t io n s  a re  g iv e n  in  
ta b le  1 a n d  a re  p lo t te d  i n  f ig u r e  1 as 
s m o o th  c u rv e s  p a s s in g  th r o u g h  th e  d a ta .

T h e  a d v a n ta g e  o f  u s in g  a n  e x p o n e n t ia l  
e q u a t io n  o f  t h is  f o r m  is  t h a t  i t  p ro v id e s  
c o n s ta n ts  t h a t  c a n  be  r e in te r p r e te d  in  
te rm s  o f  m e ta b o l ic  m e c h a n is m  a n d  n u t r i 
t io n a l  r e q u ir e m e n t .  T h e  e x p o n e n t ,  b e c a u s e  
i t  is  d i r e c t ly  re la ta b le  to  ra te  o f  c h a n g e , is

T A B L E  1

Equations 1 o f  cu rves in  figure 1

Heart
Diene Y = 14(1 — e “ 2x) + 24(1  _  e _0 03x)
Triene Y = 0 .8 + 1 1  e " 2*
Tetraene Y = 2 + 1 1 ( 1  — e -0 -7x)
Pentaene Y = 1.1 +  1.3 e~°-7x —2.2 e _3-4x
Hexaene Y = 0 . 1 2  +  1.08e- "'6* —e -3x

Liver
Diene Y = 9(1  — e -2x) +  1 8 (l  — e _0-07x)
Triene Y = 1 . 8  + 7 e -1-7*
Tetraene Y = 2 + 1 2 ( 1  —e - x)
Pentaene Y = 1.1 +  1.4 e _0-7x — 2.2 e -3 -4x
Hexaene Y = 0.3 +  2.0 e -°-6x- 2 .1  e " 3-4x

1 I n  e a c h  c a s e  X  r e p r e s e n t s  d i e t a r y  l i n o l e a t e  e x 
p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  t o t a l  c a l o r i e s ,  a n d  Y  
r e p r e s e n t s  t h e  P U F A  c o n c e n t r a t i o n  i n  t i s s u e  l i p i d s  
s p e c i f i e d  i n  t h e  l e f t  c o l u m n .  T h e s e  e q u a t i o n s  w e r e  
d e r i v e d  f o r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  i n  t h i s  i n v e s t i 
g a t i o n  a n d  s h o u l d  n o t  b e  g e n e r a l l y  a p p l i e d  t o  o t h e r  
s p e c i e s  o r  d i f f e r e n t  c o n d i t i o n s .  T h e  f o r m  o f  t h e  e q u a 
t i o n s  f o r  p e n t a e n e  a n d  h e x a e n e  i s  d i s c u s s e d  i n  t h e  
t e x t .  T h e i r  s h a p e  m a y  h a v e  b e e n  i n f l u e n c e d  b y  t h e  
s m a l l  a r m o u n t s  o f  d i e t a r y  l i n o l e n a t e .  D i e t a r y  v a r i a 
t i o n s  i n  l i n o l e n a t e  w h i c h  m a y  h a v e  i n f l u e n c e d  t h e  
s h a p e  o f  t h e  p e n t a e n e  a n d  h e x a e n e  c u r v e s  a r e  d i s 
c u s s e d  i n  t h e  t e x t .

th e  te r m  im p o r ta n t  f o r  t h is  p u rp o s e . T is 
su e  P U F A , th e  v a r ia b le  p lo t te d  a g a in s t  
d ie ta r y  l in o le a te ,  is  ta k e n  to  re p r e s e n t  
a s te a d y  s ta te  le v e l o f  a n  in te r m e d ia te  
p r o d u c t  o f  l i p id  m e ta b o l is m .  I t  is  a s s u m e d  
t h a t  i n  a d e f ic ie n c y  s ta te  th e  n e e d  f o r  E F A  
is  n o t  a p p re c ia b ly  a lte re d ,  a n d  t h a t  th e  
d e c re a s e  i n  t is s u e  le v e ls  o f  c e r ta in  f a t t y  
a c id s  re f le c ts  a d e c re a s e  in  th e  r a te  o f  
f o r m a t io n  o f  th e se  p ro d u c ts  d u e  to  a la c k  
o f  s u b s tra te .  I n  th e  a b s e n c e  o f  a d e q u a te  
a m o u n ts  o f  n o r m a l s u b s tra te ,  c e r ta in  o th e r  
f a t t y  a c id s  m a y  e n te r  c o m p e t i t iv e ly  in t o  
a n  e n z y m a t ic  p a th w a y  to  g iv e  r is e  to  
p ro d u c ts  w h ic h  w i l l  a c c u m u la te  a b n o r 
m a l ly  i n  th e  t is s u e . F o r  e x a m p le ,  b y  a 
s e r ie s  o f  d e h y d ro g e n a t io n s  a n d  a  2 -c a rb o n  
a d d i t io n  re a c t io n ,  l in o le a te  is  n o r m a l ly  
c o n v e r te d  to  a ra c h id o n a te .  W h e n  l i n o 
le a te ,  th e  n o r m a l  s u b s tra te ,  is  la c k in g ,  
o le a te  m a y  be  c o n v e r te d  (M e a d  a n d  H o w -  
to n ,  ’5 7 )  to  5 , 8 , 1 1 -e ic o s a tr ie n e o a te
( M e a d  a n d  S la to n ,  ’5 6 ) .  A s  s tu d ie d  b y  
th e  a lk a l in e  is o m e r iz a t io n  p ro c e d u re ,  th is  
p ro c e s s , u n d e r  c o n d i t io n s  o f  l in o le a te  d e 
f ic ie n c y ,  w o u ld  g iv e  r is e  to  a n  in c re a s e  in  
t r ie n o ic  a c id  w i t h  a d e c re a s e  in  te t ra e n o ic  
a c id  le v e ls  i n  th e  t is s u e s  o f  a n  a n im a l  d e 
f ic ie n t  i n  a d ie n o ic  a c id .  A c tu a l ly ,  a lk a l in e  
is o m e r iz a t io n  m a y  m e a s u re  s e v e ra l c o m 
p o u n d s  in  e a c h  u n s a tu r a t io n  g ro u p .  S om e  
o f  th e s e  c o m p o u n d s  m a y  be  d e c re a s in g  
w h i le  o th e rs  a re  in c r e a s in g  o r  u n d e r g o in g  
l i t t l e  c h a n g e  ( K le n k  a n d  O e tte , ’5 9 ) .

T o  r e la te  th e s e  v a r io u s  p o s s ib i l i t ie s  to  
th e  e q u a t io n  i n  ta b le  1 i t  is  h e lp fu l  to  
t h in k  i n  te r m s  o f  th e  f o l lo w in g  m o d e ls .

M o d e l 1
A s s u m e  th a t  Y  re p re s e n ts  th e  m e a s u re d  

t is s u e  c o n c e n tr a t io n s  o f  so m e  p o ly e n e , y , 
w h ic h  is  d e r iv e d  f r o m  s u b s ta n c e , a , b y  a 
m e ta b o l ic  p ro c e ss e s

k

a —> y
a n d  a s s u m e  th a t  th e  ra te ,  r ,  o f  th e  f o r m a 
t io n  o f  y  is  a f u n c t io n  o f  b o th  a r e a c t io n  
r a te  c o n s ta n t ,  k ,  a n d  th e  s u b s tra te  c o n 
c e n t r a t io n ,  A . A  d e c re a s e d  r a te  o f  f o r m a 
t io n  o f  y  m ig h t  th e n  be  e x p e c te d  in  cases 
o f  d ie ta r y  r e s t r ic t io n  i f  th e re  is  a la c k  o f  
s u b s tra te ,  a , o r  i f  th e  ra te  o f  th e  m e ta b o l ic  
p ro c e s s  is  d e c re a s e d  d u e  to  a d e f ic ie n c y  
o f  so m e  v i t a m in  c o fa c to r .  I n  th e  p re s e n t  
in s ta n c e  th e  s u b s tra te  c o n c e n t r a t io n  is
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th e  e f fe c t iv e  v a r ia b le ,  x ,  a n d  th e  r a te  o f  
f o r m a t io n  o f  y  is  d ir e c t ly  d e p e n d e n t  u p o n  
d ie ta r y  l in o le a te  in ta k e .  I f  th e re  is  a c o n 
s ta n t  d e m a n d  f o r  y ,  th e  d a ta  f o r  th e  
t is s u e  c o n c e n t r a t io n  o f  t h is  c o m p o n e n t  
c o u ld  be  d e s c r ib e d  a t  v a r io u s  le v e ls  o f  
l in o le a te  in ta k e  b y  a c u rv e  o f  th e  ty p e :

Y  =  Y „ ( l - e - " )  ( l )

w h e re  Y n is  th e  “ n o r m a l”  t is s u e  p o ly e n e  
c o n c e n t r a t io n  o b e rv e d  a t  l in o le a te  in ta k e s  
in  e xc e ss  o f  th e  m in im u m  r e q u ir e m e n t ,  r  
is  a c o n s ta n t ,  a n d  e is  th e  b a se  o f  th e  
n a tu r a l  lo g a r i t h m .

M o d e l 2
B y  o n e  o f  s e v e ra l p o s s ib le  m e c h a n is m s ,  

Y  m a y  in c re a s e  w i t h  a  d e c re a s in g  l i n o 
le a te  in ta k e  a f t e r  th e  f a s h io n :

Y =  Y0e _rI (2 )
w h e re  Y 0 is  th e  t is s u e  c o n c e n t r a t io n  a t  a 
z e ro  l in o le a te  in ta k e .  S u c h  a c h a n g e  c o u ld  
r e s u l t  i f  th e  b lo c k in g  o f  a  m a in  p a th w a y  
( a  —» b )  le d  to  th e  f o r m a t io n  o f  a  s e c o n d 
a r y  p ro d u c t ,  y :

k

a  — > b

\
y

o r  b y  th e  in t e r a c t io n  b e tw e e n  a p a i r  o f  
re la te d  re a c t io n s  s u c h  a s : l i n o le a t e - ^  
a ra c h id o n a te ,  a n d  o le a te  —» e ic o s a tr ie n e o -  
a te , as d is c u s s e d  a b o ve . F o r  s im p l ic i t y ,  
th e  m o d e l re a c t io n s ,  a n d  e q u a t io n s  ( 1 )  
a n d  ( 2 ) ,  a s s u m e  t h a t  Y , th e  m e a s u re d  t is 
sue  c o n c e n t r a t io n ,  re p re s e n ts  a  s in g le  
c h e m ic a l c o m p o u n d ,  y ,  w h e re a s ,  i n  th e  
p re s e n t  s tu d y ,  th e  a lk a l in e  is o m e r iz a t io n  
d a ta  re p r e s e n t  m e a s u re m e n ts  o f  e n t ir e  
c la s s e s  o f  P U F A  ( i . e . ,  th e  s u m  o f  a l l  d ie n e s , 
t r ie n e s ,  e tc . ) .  H e n c e  i t  is  n o t  u n e x p e c te d  
t h a t  s o m e  o f  th e  e q u a t io n s  o f  ta b le  1 a re  
o f  th e  f o r m :

Y =  a e -u x  _|_ b e -r2x (3 )
T h is  c a n  be in te r p r e te d  as in d ic a t in g  t h a t  
i n  th e s e  ca se s  th e  o b s e rv e d  t is s u e  c o n c e n 
t r a t io n  c h a n g e s  re p r e s e n t  th e  r e s u l t a n t  o f  
tw o  o r  m o re  d is t in c t  p ro c e ss e s  a n d  m a y  
in v o lv e  m o re  t h a n  o n e  c h e m ic a l ly  d is t in c t  
c o m p o u n d .  I n  s u c h  in s ta n c e s ,  b o th  th e  
f i t t i n g  o f  th e  c u rv e s  a n d  th e  in t e r p r e ta t io n  
o f  th e  re s u lts  s h o u ld  b e  a p p ro a c h e d  w i t h  
re s e rv a t io n s .  T h is  p o in t  w i l l  be  c o n s id e re d  
f u r t h e r  i n  th e  d is c u s s io n  o f  th e  e s t im a te d  
l in o le a te  r e q u ir e m e n t  o f  s w in e .

B asis fo r  co m p u tin g  d ietary  r eq u ir e 
m en ts . C la s s ic a lly ,  th e  m in im u m  d ie ta r y  
r e q u ir e m e n t  o f  a n y  n u t r ie n t  h a s  b e e n  d e 
f in e d  as t h a t  a m o u n t  t h a t  w i l l  p r e v e n t  th e  
d e v e lo p m e n t  o f  a n y  o f  th e  s ig n s  o f  d ie ta r y  
d e f ic ie n c y .  C o n v e rs e ly  a n  in ta k e  t h a t  d oes 
n o t  a l lo w  a m a x im u m  g r o w th  ra te ,  o r  a t 
w h ic h  o n e  c a n  d e m o n s t ra te  m e ta b o l ic  
c h a n g e s  in d ic a t iv e  o f  th e  d e f ic ie n c y  c o n 
d i t io n ,  is  d e f in e d  as a n  in ta k e  b e lo w  th e  
m in im a l  r e q u ir e m e n t  f o r  t h a t  n u t r ie n t .  
T h e  p ro b le m  th e n  b e c o m e s  o n e  o f  d e te c t 
in g  a  d if fe re n c e  b e tw e e n  m a x im a l  p e r f o r m 
a n c e  a n d  th e  p e r fo r m a n c e  o b s e rv e d  in  a 
g ro u p  o f  a n im a ls  a t  so m e  s p e c if ic  in ta k e  
le v e l.  T h e  s m a lle s t  s ig n i f ic a n t  c h a n g e  in  
re s p o n s e  t h a t  c a n  be  m e a s u re d  is  d e p e n d 
e n t  u p o n  th e  p re c is io n  o f  th e  e x p e r im e n ta l  
m e th o d  a n d  th e  v a r ia t io n  b e tw e e n  a n i 
m a ls .

I n  th e  p re s e n t  s tu d y ,  a  d i f f e r e n t  a p 
p ro a c h  w a s  ta k e n  to  th e  p ro b le m  o f  d e te r 
m in in g  th e  r e la t io n s h ip  b e tw e e n  in ta k e  
a n d  m e ta b o l is m .  E x p o n e n t ia l  ( f i r s t  o r d e r )  
c u rv e s  h a v e  b e e n  f i t t e d  to  th e  e x p e r im e n ta l  
d a ta .  B y  t h e i r  v e r y  n a tu r e  th e re  is  n o  
“ b r e a k in g  p o in t ”  i n  th e s e  c u rv e s . T h e re  
a re  c o n t in u o u s  a lth o u g h  e x t r e m e ly  s m a ll  
c h a n g e s  i n  th e s e  c u rv e s  e v e n  a t  th e  h ig h 
e s t l in o le a te  in ta k e s .  T h e  m o s t  c h a ra c 
t e r is t ic  f e a tu r e  o f  a  f i r s t  o rd e r  r e a c t io n  
c u r v e  is  th e  h a l f - l i f e  p e r io d  w h ic h  i t  s h o w s . 
S in c e  w e  ta k e  th e  a b s c is s a  i n  t h is  case  
to  b e  re p re s e n te d  b y  l in o le a te  in ta k e  
r a th e r  t h a n  b y  t im e ,  i t  is  a p p ro p r ia te  to  
te r m  t h is  a  “ h a lf - c h a n g e ”  in ta k e  v a lu e .  
W e  w i l l  re p re s e n t  t h is  h a lf - c h a n g e  in ta k e  
w i t h  th e  a b b r e v ia t io n  I i /2 a n d  c o m p u te  i t  
f r o m  th e  r - v a lu e s  i n  th e  e q u a t io n s  o f  ta b le  
1 b y  m e a n s  o f  th e  r e la t io n s h ip : 4

W e  d e f in e  I i /2 as th e  n u t r ie n t  in ta k e  w h ic h  
p ro v id e s  a  b io c h e m ic a l o r  p h y s io lo g ic a l 
re s p o n s e  ly in g  m id w a y  b e tw e e n  t h a t  f o u n d  
a t  a z e ro  in ta k e  a n d  t h a t  f o u n d  a t  a n  a d e 
q u a te  in ta k e  o f  th e  c r i t i c a l  n u t r ie n t .

4 T h e  d e r i v a t i o n  o f  t h e  p a r e n t  r e l a t i o n s h i p  e q u a t i n g  
h a l f - l i f e  t o  v e l o c i t y  c o n s t a n t  c a n  b e  f o u n d  i n  G l a s s -  
t o n e ,  T e x t b o o k  o f  P h y s i c a l  C h e m i s t r y ,  D .  V a n  N o s 
t r a n d  C o m p a n y ,  I n c . ,  N e w  Y o r k ,  1 9 4 0 ,  p .  1 0 2 7  o r  i n  
a n y  s t a n d a r d  p h y s i c a l  c h e m i s t r y  t e x t .  T h e  p a r e n t  
e q u a t i o n  h a s  b e e n  u s e f u l  i n  d e s c r i b i n g  m o n o m o l e c u l a r  
r e a c t i o n s  s u c h  a s  t h e  d e c a y  o f  a  r a d i o a c t i v e  i s o t o p e ,  
a n d  p s e u d o  m o n o m o l e c u l a r  r e a c t i o n s  a s  a r e  f o u n d  
i n  m e t a b o l i c  s i t u a t i o n s .  I n  t h e s e  c a s e s  a  h a l f - l i f e  
t i m e  i s  d e s c r i b e d .  H e r e  a  p a r a l l e l  p h e n o m e n o n ,  a  h a l f 
r e s p o n s e  i n t a k e  i s  i n v o l v e d .
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A n  e s t im a t io n  o f  m in im u m  r e q u ir e m e n t  
b y  c la s s ic a l m e th o d s  re q u ire s  th e  a b i l i t y  
to  d is t in g u is h  b e tw e e n  e ffe c ts  o b s e rv e d  in  
th e  s lo w ly  c h a n g in g  re g io n  o f  th e  in ta k e -  
re s p o n s e  c u r v e  n e a r  th e  p o in t  a t  w h ic h  
th e  re s p o n s e  is  a s y m p to t ic a l ly  a p p ro a c h 
in g  a  m a x im u m  le v e l.  S m a ll  e r ro rs  i n  
c h e m ic a l a n d  p h y s io lo g ic a l  m e a s u r e m e n t  
c a n  le a d  to  la r g e  e r ro rs  i n  r e q u ir e m e n t  
e s t im a te d  u n d e r  th e s e  c o n d it io n s .  F r o m  
th e  s ta t is t ic a l  c o n s id e ra t io n s  in v o lv e d ,  th e  
g re a te r  th e  e x p e r im e n ta l  u n c e r ta in t ie s ,  
th e  lo w e r  th e  r e s u l t in g  r e q u ir e m e n t  e s t i
m a te .  B y  c o n t r a s t  th e  I t/2 v a lu e  is  d e f in e d  
a n d  m e a s u re d  in  a r a p id ly  c h a n g in g  p o r 
t io n  o f  th e  in ta k e - re s p o n s e  c u rv e .  E x p e r i 
m e n ta l  v a r ia b i l i t y  m a y  le a d  to  e i t h e r  p o s i
t iv e  o r  n e g a t iv e  d if fe re n c e s  in  I i /2 e s t im a te ,  
b u t  th e  e f fe c t  o f  th e s e  e r ro rs  w i l l  be  s m a ll ,  
i .e . ,  th e  e r r o r / s lo p e  r a t io  w i l l  be  m in im a l  
i n  th e  r a p id ly  r is in g  p a r t  o f  th e  c u rv e .

I t  is  a c h a r a c te r is t ic  o f  a s im p le  f i r s t -  
o rd e r  c u rv e  t h a t  th e  a b s c is s a  o f  a n y  p o in t  
o n  i t  c a n  be  d e f in e d  in  te r m s  o f  I i /2 u n i t s .  
H e n c e , w h a te v e r  p o in t  is  c h o s e n  to  r e p r e 
s e n t th e  m in im u m  n u t r i t i o n a l  r e q u ir e m e n t  
( M N R )  i t  fo l lo w s  t h a t :

MNR =  n Ii/2 (5 )
w h e re  n  is  s o m e  c o n s ta n t  o f  p r o p o r t io n a l i t y  
t h a t  r e m a in s  to  be  d e te r m in e d .  W e  as
s u m e  t h is  c o n s ta n t  to  be  a p p r o x im a te ly  
1 .7 , w h ic h  y ie ld s  th e  r e la t io n s h ip :

MNR =  1.7 I1/2 =  —  ( 6 )
r

T h e  a s s u m p t io n  t h a t  n  l ie s  c lo s e  to  1 .7  is  
b a s e d  u p o n  th e  tw o  f o l lo w in g  c o n s id e ra 
t io n s  :

( 1 )  V a lu e s  o f  n  in  th e  ra n g e  1 .8  to  2 .3  
y ie ld  o v e r a l l  M N R  e s t im a te s  t h a t  a re  re a 
s o n a b ly  c o n s is te n t  w i t h  p re v io u s  ju d g e 
m e n ts  c o n c e r n in g  th e s e  s a m e  s w in e  d a ta  
( H i l l  e t  a l. ,  ’6 1 )  a n d  w i t h  M N R  e s t im a te s  
f r o m  s im i la r  d a ta  r e la t in g  to  th e  r a t  ( H o l 
m a n ,  ’6 0 ;  C a s te r  a n d  H o lm a n ,  ’6 1 ) .

( 2 )  D a ta  f r o m  q u ite  d i f f e r e n t  n u t r i 
t io n a l  s tu d ie s  a re  c o n s is te n t  w i t h  v a lu e s  
c lo s e  to  n  =  1 .5 . F o r  e x a m p le ,  i f  o n e  c o n 
s id e rs  th e  c h a n g e s  i n  p y r a m in  e x c r e t io n  
a t  d i f f e r e n t  t h ia m in e  in ta k e s  as re p o r te d  
b y  M ic k e ls e n  e t  a l. ( ’4 7 )  i t  is  f o u n d  t h a t  
I i /2 =  1 .2 5  m g  o f  t h ia m in e / d a y .  C o n s id e r 
in g  th e  c h a n g e s 5 in  p la s m a  p y r u v a te  u n d e r  
d ie ta r y  s tre s s  c o n d i t io n s  as re p o r te d  b y  
C a s te r  ( ’5 7 ) ,  i t  is  f o u n d  t h a t  I t /2 =  0 .8 5  
m g  o f  t h ia m in e / d a y .  I n  v ie w  o f  th e  s m a ll

n u m b e r s  o f  d a ta  in v o lv e d ,  i t  is  d o u b t f u l  i f  
th e re  is  a n y  r e a l  d if fe re n c e  b e tw e e n  th e se  
tw o  v a lu e s .  T h e  N R C  ( ’5 8 )  t h ia m in e  r e 
q u ir e m e n t  f o r  t h is  g ro u p  o f  y o u n g  m a le s  
o n  a p p r o x im a te ly  a 3 ,0 0 0  C a l / d a y  d ie t  is
1 .5  m g  o f  t h ia m in e / d a y .  T h is  y ie ld s  v a lu e s  
o f  n  =  1 .2  a n d  1 .8 , re s p e c t iv e ly ,  f o r  th e se  
tw o  case s. I n  l ik e  m a n n e r ,  th e  w h i t e  c e ll  
v i t a m in  C d a ta  o f  K re b s  ( ’5 3 )  y ie ld  e s t i
m a te s  o f  I i , 2 =  5 0  m g  o f  v i t a m in  C /d a y .  
F r o m  th e  N R C  r e q u ir e m e n t  o f  7 5  m g  d a y , 
i t  c a n  be  e s t im a te d  t h a t  n  =  1 .5 . B e c a u s e  
o f  th e  u n c e r ta in t ie s  a s s o c ia te d  w i t h  th e  
b u i l t - in  s a fe ty  fa c to r s  in h e r e n t  i n  a l l  p re s 
e n t  r e q u ir e m e n t  e s t im a te s ,  i t  is  d o u b t f u l  
w h e th e r  a n y  p re c is e  a n d  u n iv e r s a l ly  a c 
c e p ta b le  v a lu e  f o r  n  c a n  be  d e te r m in e d  in  
th e  n e a r  f u t u r e .  T h e  m in im u m  n u t r i t i o n a l  
r e q u ir e m e n t  ( M N R )  u n i t s  a re  th e  m o s t  
f a m i l i a r  o f  th e  te r m s  u s e d  h e re , a n d  th u s  
w i l l  te n d  to  be  u se d . I t  m u s t  be  r e m e m 
b e re d , h o w e v e r ,  t h a t  r  a n d  L /2 v a lu e s  a re  
th e  m o re  fu n d a m e n ta l  d a ta  a n d  th u s  
s h o u ld  a lw a y s  be re p o r te d  as a b a s is  f o r  
p o s s ib le  la t e r  ré é v a lu a t io n .

L in o lea te  r eq u irem en t o f  sw in e . F ig 
u re  2  s u m m a r iz e s  th e  f r e q u e n c y  w i t h  
w h ic h  c o e f f ic ie n ts  ( r - v a lu e s )  o f  d i f f e r e n t  
m a g n itu d e s  a p p e a re d  i n  th e  e q u a t io n s  o f  
ta b le  1. A lo n g  th e  u p p e r  e dg e  o f  t h is  f ig 
u re  a re  in d ic a te d  th e  c o r re s p o n d in g  M N R  
v a lu e s  a n d  L  2 v a lu e s  as c o m p u te d  w i t h  
e q u a t io n  ( 6 ) .  T h o s e  s q u a re s  w i t h  a c ro ss - 
h a tc h e d  b a c k g ro u n d  a re  d e r iv e d  f r o m  th e  
l iv e r  d a ta .  T h e  o th e rs  a re  f r o m  h e a r t .  I n  
a d d i t io n ,  f ig u r e  2  in c lu d e s  o n e  r - v a lu e  o b 
ta in e d  f r o m  th e  e q u a t io n :

Y =  295 (1 -  e-*) (7)
w h ic h  re la te s  y , w e ig h t  g a in  i n  g ra m s  p e r  
d a y ,  to  x ,  d ie ta r y  in ta k e  o f  l in o le a te .  T h is  
s q u a re  is  m a rk e d  w i t h  W .

I n  f ig u r e  2  th e re  a p p e a r  to  be  4  d is t in c t  
g ro u p s  o f  r - v a lu e s  c o r re s p o n d in g  to  M N R  
v a lu e s  o f  0 .4 , 0 .7 , 1 .5  a n d  2 0  C a l. o f  l in o -  
le a te /1 0 0  C a l. o f  d ie t ,  re s p e c t iv e ly .  T h e  
f i r s t  o f  th e s e  g ro u p in g s  ( M N R  =  0 .4 , 
I , /2 =  0 .2  a n d  r  =  3 .3 )  re la te s  to  p e n ta e n e  
a n d  h e x a e n e  m e ta b o l is m .  T h is  w a s  u n e x 
p e c te d . C u r r e n t  b io c h e m ic a l c o n c e p ts  
( K le n k  a n d  M o h r h a u e r ,  ’6 0 ; W id m a r  a n d  
H o lm a n ,  ’5 0 )  te n d  to  re la te  t is s u e  p e n ta e n e  
a n d  h e x a e n e  m e ta b o l is m  w i t h  d ie ta r y

3 S t a r t i n g  w i t h  t h e  d a t a  i n  t h e  r i g h t  c o l u m n  o f  
p l a s m a  p y r u v a t e  d a t a  i n  t a b l e  2  o f  t h i s  r e f e r e n c e ,  
p l o t  t h e  d i f f e r e n c e s  a b o v e  a  n o r m a l  p y r u v a t e  l e v e l  o f  
0 . 9  m g / 1 0 0  m l  a g a i n s t  t h e  l o n g - t e r m  t h i a m i n e  i n t a k e s .
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Fig. 2 Linoleate requirement estimates derived from  the r-values of the equations in 
table 1. The r-value in each case is the coefficient o f X in the exponent of e. The numerals 
in the squares indicate the num ber o f double bonds in  the tissue polyenes measured by 
alkaline isomerization. The W  is an r-value derived from  weight data. M inimum nutri
tional requirement (M N R ) is related to Ii/2 by equation 6  in  the text.

l in o le n a te  r a th e r  t h a n  w i t h  d ie ta r y  l i n o 
le a te . T h e re  w e re  v a r ia t io n s  i n  l in o le n a te  
in ta k e  i n  th is  e x p e r im e n t  r a n g in g  f r o m  <  
0 .0 1 %  ( d ie t s  5 , 7 , 16  a n d  1 7 )  to  0 .0 4 %  
( d ie ts  18  a n d  1 9 )  o f  c a lo r ie s .  T h e s e  v a r i 
a t io n s  i n  d ie ta r y  l in o le n a te  a re  s m a ll ,  b u t  
u n d e r  th e  c i r c u m s ta n c e s  m a y  n o t  be  c o m 
p le te ly  n e g l ig ib le .  F o r  th e  p re s e n t,  th e re 
fo r e ,  w e  r e f r a in  f r o m  d r a w in g  c o n c lu s io n s  
c o n c e r n in g  th e  n u t r i t i o n a l  s ig n if ic a n c e  o f  
t h is  g ro u p  o f  r - v a lu e s ,  a n d  s u g g e s t t h a t  i n  
f u r t h e r  s tu d ie s  p a r t ic u la r  a t te n t io n  be  p a id  
to  p o s s ib le  l in o le a te  a n d  l in o le n a te  in t e r 
r e la t io n s h ip s  a t  lo w  in t a k e  le v e ls  w h ic h  
m a y  be  re la te d  to  t is s u e  p e n ta e n e  a n d  
h e x a e n e  m e ta b o lis m .

I n  f ig u r e  2  i t  is  se e n  t h a t  th e  s e c o n d  
g ro u p  ( M N R  =  0 .6 ;  I i /2 =  0 .3 ;  r  =  1.9) is  
re la te d  to  t is s u e  d ie n e  a n d  t r ie n e  m e ta b o 
l is m  w h i le  th e  t h i r d  g ro u p  ( M N R  = 1 .5 ;  
11/2 =  0 .8 ;  r  =  0 .8 )  is  re la te d  to  t is s u e  
te t ra e n e ,  p e n ta e n e  a n d  h e x a e n e  m e ta b o 
l is m .  B e c a u s e  o f  th e  re a s o n s  s ta te d  a b o ve , 
w e  h a v e  re s e r v a t io n s  a b o u t  in t e r p r e t in g  
th e  p e n ta e n e  a n d  h e x a e n e  d a ta  o f  th is

e x p e r im e n t  i n  te r m s  o f  n u t r i t i o n a l  r e q u i r e 
m e n ts  o r  m e ta b o l ic  re la t io n s h ip s .  I t  is ,  
p e rh a p s ,  s ig n i f ic a n t  t h a t  th e  b o d y  w e ig h t  
g a in  d a ta  y ie ld  a n  r - v a lu e  i n  th e  ra n g e  o f  
th e  t h i r d  g ro u p . T h is  w o u ld  s u g g e s t t h a t  
a l l  o f  th e s e  th re e  m e ta b o l ic  r e q u ir e m e n ts  
m u s t  b e  s a t is f ie d  b e fo re  o n e  c o u ld  e x p e c t  
a m a x im u m  re s p o n s e  f r o m  s u c h  a  g e n e ra l 
in d ic a t o r  o f  b o d y  w e l l- b e in g  as w e ig h t  g a in .

T h e re  is  a f o u r t h  g ro u p  ( M N R  =  2 0 ;  
I i /2 =  1 2 ; r  =  0 .0 5 )  i n  f ig u r e  2  w h ic h  is  
re la te d  to  c h a n g e s  i n  t is s u e  d ie n e  c o n c e n 
t r a t io n s .  W e  in t e r p r e t  t h is  as b e in g  r e 
la te d  to  th e  s to ra g e  o f  l in o le a te  i n  d e p o t 
f a t  u n d e r  c o n d i t io n s  o f  d ie ta r y  e xc e ss , a n d  
is  n o t  m e a n in g f u l  i n  te r m s  o f  a  n u t r i 
t io n a l  r e q u ir e m e n t  f o r  E F A .

W e  d o  n o t  s p e c ify  1 .5 %  o f  c a lo r ie s  as 
b e in g  th e  m in im u m  d ie ta r y  r e q u ir e m e n t  
f o r  l in o le a te ,  b u t  r a t h e r  t h in k  o f  i t  as th e  
a m o u n t  o f  l in o le a te  n e e d e d  to  s a t is fy  a l l  
th re e  o f  th e  E F A  m e ta b o l ic  r e q u ir e m e n ts  
u n d e r  th e  c o n d i t io n s  o f  th e  p re s e n t  e x 
p e r im e n t .  I f  a ra c h id o n a te  o r  so m e  o th e r  
p o ly u n s a tu r a te d  f a t t y  a c id  c a n  s a t is fy
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m o re  e f f ic ie n t ly  o n e  o r  m o re  o f  th e  h ig h e r  
r e q u ir e m e n t  le v e ls ,  th e  p u re  l in o le a te  
r e q u ir e m e n t  c o u ld  be  c o r r e s p o n d in g ly  
s m a lle r .  E x p e r im e n ta l  w o r k  is  n o w  in  
p ro g re s s  to  te s t th is  p o s s ib i l i t y .

DISCUSSION

H i l l  e t a l. ( ’6 1 )  h a v e  in d ic a te d  t h a t  th e  
l in o le a te  r e q u ir e m e n t  o f  s w in e  is  e q u a l to  
t h a t  o f  th e  r a t  w h e n  e x p re s s e d  as a p e r 
c e n ta g e  o f  th e  c a lo r ic  in ta k e .  I f  t h is  is  t r u e ,  
i t  is  p e rh a p s  p e r t in e n t  to  c o n s id e r  th e  t is 
sue  a n a ly s is  re s u lts  f o r  th e  r a t  (C a s te r  
a n d  H o lm a n ,  ’6 1 )  to g e th e r  w i t h  th e  p re s 
e n t  s w in e  d a ta ,  a n d  re v ie w  b o th  o f  th e s e  
se ts  o f  d a ta  i n  te r m s  o f  th e  c h a n g e s  o b 
s e rv e d  a t  s p e c if ic  ra n g e s  o f  l in o le a te  i n 
ta k e .

F r o m  fa c t o r  a n a ly s is  s tu d ie s  i t  is  e v id e n t  
t h a t  th e  m a jo r  c h a n g e s  in  t is s u e  c o m p o s i
t io n  o c c u r  i n  th e  r a t  as th e  l in o le a te  i n 
ta k e  is  in c re a s e d  f r o m  z e ro  to  0 .1 4 %  o f  
c a lo r ie s  ( C a s te r  a n d  H o lm a n ,  ’6 1 ) .  I n  
th e  in te r m e d ia te  in ta k e  ra n g e ,  0 .1 4  to  0 .5  
C a l . / lO O  C a l. o f  d ie t ,  th e re  a re  a d d i t io n a l  
c h a n g e s  w h ic h  se e m  to  be  in f lu e n c e d  b y  
th e  to ta l  l i p id  c o n te n t  o f  th e  d ie t .  T h e r e  
is  v e ry  l i t t l e  c h a n g e  a b o ve  in ta k e s  o f  1 .0  
C a l. o f  l in o le a te /1 0 0  C a l. o f  d ie t .  I t  is  
t r u e ,  h o w e v e r ,  t h a t  a n  e x a m in a t io n  o f  th e  
t is s u e  a n a ly s is  d a ta  f o r  th e s e  r a ts  re v e a ls  
s m a ll  b u t  s ig n i f ic a n t  (P  <  0 .0 1 )  d i f f e r 
e n ce s  i n  d ie n e ,  t r ie n e s ,  e tc . o c c u r r in g  b e 
tw e e n  g ro u p s  fe d  4 %  a n d  th o s e  fe d  2 0 %  
o f  t h e i r  c a lo r ie s  as l in o le a te .  T h e r e  is  a 
te n d e n c y  to  d is c o u n t  th e  n u t r i t i o n a l  s ig 
n if ic a n c e  o f  th e s e  s m a ll  d if fe re n c e s ,  h o w 
e v e r,  w h e n  th e  t o ta l  d a ta  a re  e x a m in e d  
a n d  th e  e ffe c ts  o f  c h a n g e s  i n  t o ta l  f a t  
in ta k e  a re  n o te d .

H i l l  e t  a l.  ( ’6 1 )  s h o w e d  t h a t  a s im i la r  
s i tu a t io n  o b ta in e d  in  s w in e  n u t r i t i o n .  
T h e re  a re  e v id e n c e s  o f  c h a n g e  a t  l in o le a te  
in ta k e s  r a n g in g  f r o m  0 .2  to  2 %  o f  c a lo r 
ie s . P ro te c t io n  a g a in s t  a o r t ic  le s io n s  w a s  
p ro v id e d  b y  in ta k e s  o f  0 .2  to  0 .3 %  o f  
c a lo r ie s .  T h e  in te r s e c t io n  p o in t  i n  th e  
t r ie n e / t e t r a e n e  r a t io  p lo t  o c c u r re d  a t  0 .3  
to  0 .4 %  o f  c a lo r ie s  b u t  a f in a l  p la te a u  
v a lu e  is  n o t  re a c h e d  b y  t h is  in d e x  u n t i l  
in ta k e s  o f  2 %  o f  c a lo r ie s  a re  in g e s te d .

A l l  o f  th e s e  o b s e rv a t io n s ,  th e n ,  a re  i n  
a g re e m e n t  w i t h  th e  v ie w  t h a t  l in o le a te  is  
s a t is fy in g  n o t  o n e  b u t  s e v e ra l m e ta b o l ic a l ly  
d is t in c t  E F A  re q u ire m e n ts .  I n  th e  p a s t ,

th e  te n d e n c y  h a s  b e e n  to  c e n te r  m a jo r  
in te r e s t  in  d e te r m in in g  w h a t  le v e l o f  l i n o 
le a te  w o u ld  s a t is fy  th e  to ta l  E F A  r e q u ir e 
m e n t .  T h e  d a ta  o f  f ig u r e  2  s u g g e s t t h a t  a 
s u b s ta n t ia l  p o r t io n  o f  th e  m e ta b o l ic a l ly  
u s e fu l  in f o r m a t io n  f r o m  fe e d in g  a n d  t is 
sue  a n a ly s is  e x p e r im e n ts  is  to  be  o b ta in e d  
a t  d ie ta r y  in ta k e s  w h ic h  a re  th re e -  to  te n 
f o ld  b e lo w  t h is  le v e l.

T h e  h is t o r ic  p u rp o s e  f o r  m e a s u r in g  a 
n u t r i t i o n a l  r e q u ir e m e n t  is  re la te d  to  th e  
p r e v e n t io n  o r  c u re  o f  s y m p to m s  a s s o c ia te d  
w i t h  a d e f ic ie n c y  s ta te . I n  th e  p re s e n t  
s tu d y ,  th is  r e la t io n s h ip  is  n o t  d ir e c t  a n d  
o b v io u s .  E F A  d e f ic ie n c y  w a s  o r ig in a l ly  o b 
s e rv e d  in  r a ts  a n d  th e s e  o b s e rv a t io n s  w e re  
e x te n d e d  to  s e v e ra l o th e r  s p e c ie s . T h e  
d e r m a t i t is  o b s e rv e d  in  ra ts ,  m ic e ,  d o g s , 
g u in e a  p ig s ,  c a t t le ,  in s e c ts  a n d  h u m a n s  is  
n o t  e a s ily  o b s e rv e d  in  s w in e ;  a n d  n o  d e r 
m a l  s y m p to m s  a p p e a re d  in  th e  a n im a ls  
u s e d  in  t h is  s tu d y .  N e v e r th e le s s ,  th e  b io 
c h e m ic a l a b e r ra t io n s  i n  th e  P U F A  p a t te r n  
w e re  a m p ly  d e m o n s t ra te d  to  be  re la te d  to  
d e r m a l s y m p to m s  in  s e v e ra l s p e c ie s , a n d  
i t  is  t h is  b io c h e m ic a l le s io n  t h a t  c o n c e rn s  
u s  h e re  a n d  w h ic h  m a k e s  a s s e s s m e n t o f  
E F A  s ta tu s  i n  s w in e  p o s s ib le . M o re o v e r ,  
w e ig h t  re p o n s e s  in  r a ts  a n d  in  s w in e  h a v e  
b e e n  f o u n d  to  p a r a l le l  l in o le a te  in ta k e  a n d  
s e v e r ity  o f  th e  b io c h e m ic a l le s io n s .  T h u s ,  
th e  P U F A  p a t te r n ,  w h ic h  c a n  be  m e a s u re d  
w i t h  m o re  p r e c is io n  t h a n  d e r m a t i t is ,  a p 
p e a rs  to  u s  to  be  th e  b e t te r  in d e x  o f  E F A  
d e f ic ie n c y .

SUMMARY

A  n e w  m e th o d  o f  e s t im a t in g  m in im u m  
n u t r ie n t  r e q u ir e m e n ts  is  p ro p o s e d  w h ic h  
is  p a r t ic u la r ly  w e l l  s u ite d  to  th e  in t e r p r e 
t a t io n  o f  t is s u e  a n a ly s is  o r  w e ig h t  g a in  
d a ta .  F o r  th e  f i r s t  s te p  o f  th is  p ro c e d u re ,  
e x p o n e n t ia l  e q u a t io n s  w e re  f i t t e d  to  th e  
c u rv e s  r e la t in g  t is s u e  P U F A  c o n c e n t r a t io n  
to  d ie ta r y  l in o le a te  c o n c e n t r a t io n .  C o n 
s ta n ts  d e r iv e d  f r o m  th e s e  e q u a t io n s  w e re  
th e n  u s e d  to  d e m o n s t ra te  t h a t  th e re  a re  
4  d is t in c t  m e ta b o l ic  p ro c e ss e s  re la te d  to  
l in o le a te  n u t r i t i o n .  T w o  o f  th e s e  w e re  
f o u n d  to  c o r re s p o n d  to  l in o le a te  r e q u i r e 
m e n ts  o f  0 .6  a n d  1 .5 %  o f  c a lo r ie s ,  re s p e c 
t iv e ly .  T h e  f o r m e r  o f  th e s e  ( 0 .6  C a l . / lO O  
C a l. o f  d ie t )  w a s  a s s o c ia te d  w i t h  th e  d e 
c re a s e  i n  t is s u e  d ie n e  a n d  in c re a s e  in  
t is s u e  t r ie n e  t h a t  is  o b s e rv e d  as l in o le a te  
in ta k e  d e c re a s e s . T h e  la t t e r  ( 1 .5  C a l . / lO O
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C a l.  o f  d ie t )  w a s  a s s o c ia te d  w i t h  te t ra e n e  
m e ta b o l is m  i n  th e  t is s u e s , a n d  t o ta l  b o d y  
w e ig h t  g a in .  T h e  o th e r  tw o  m e ta b o l ic  
p ro c e ss e s  w e re  n o t  in te r p r e te d  i n  te rm s  
o f  n u t r i t i o n a l  re q u ire m e n ts .  O n e  w a s  r e 
la te d  to  th e  s to ra g e  o f  e xce sse s . T h e  o th e r  
w a s  a s s o c ia te d  w i t h  t is s u e  l i p id  c h a n g e s  
o b s e rv e d  a t  l in o le a te  in ta k e s  b e lo w  0 .4 %  
o f  c a lo r ie s ,  a n d  m ig h t  be  re fe r a b le  to  v a r ia 
t io n s  o f  l in o le n a te  i n  th e  d ie ts  u s e d  i n  th is  
e x p e r im e n t .  T h e s e  la t t e r  c h a n g e s  a p p e a r  
c o m p le x  a n d  r e q u ir e  f u r t h e r  s tu d y  b e fo re  
in te r p r e ta t io n .
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T h e  c o m p a r a t iv e  b io lo g ic a l  u t i l i z a t io n  o f  
d i f f e r e n t  p h o s p h a t ic  m a te r ia ls  h a s  b e e n  th e  
s u b je c t  o f  s e v e ra l s tu d ie s .  S in c e  n u m e r ic a l  
r a t in g s  o f  s u c h  c o m p o u n d s  a re  r e la t iv e  
r a th e r  th a n  a b s o lu te ,  s o m e  s ta n d a rd  r e fe r 
e n c e  m u s t  be  s e le c te d  a n d  o th e r  c o m 
p o u n d s  c o m p a re d  w i t h  th e  s ta n d a rd .  S o m e  
c o n fu s io n  e x is ts  i n  th e  l i t e r a t u r e  b e c a u s e  
in v e s t ig a to r s  h a v e  n o t  a lw a y s  re c o g n iz e d  
( 1 )  t h a t  m a n y  p h o s p h a t ic  c o m p o u n d s  m a y  
e x is t  i n  s e v e ra l s ta te s  o f  h y d r a t io n  a n d  
c r y s ta l  m o d i f ic a t io n  a n d  ( 2 )  t h a t  d i f f e r e n t  
sp e c ie s  s u c h  as th e  c h ic k  a n d  th e  tu r k e y  
m a y  d i f f e r  s ig n i f ic a n t ly  i n  t h e i r  a b i l i t y  to  
d ig e s t  a n d  m e ta b o liz e  th e  s a m e  p h o s p h a t ic  
c o m p o u n d .

I n  s o m e  o f  th e  f i r s t  w o r k  o n  th is  s u b je c t ,  
G i l l is  a n d  a s s o c ia te s  ( ’4 8 )  re p o r te d  o n  th e  
u t i l i z a t io n  b y  th e  c h ic k  o f  p h o s p h o ru s  f r o m  
v a r io u s  s o u rc e s , in c lu d in g  orth o-, m eta - 
a n d  p yro -  f o r m s  o f  so m e  c a lc iu m ,  s o d iu m  
a n d  p o ta s s iu m  s a lts  o f  v a r io u s  p h y s ic a l 
fo r m s .  H o w e v e r ,  i n  t h is  s tu d y  th e  p h o s 
p h a te  c o m p o u n d s  w e re  fe d  a t  le v e ls  to o  
h ig h  to  m a k e  a n  a c c u ra te  e v a lu a t io n  o f  th e  
c h ic k ’s a b i l i t y  to  u t i l iz e  th e  m o re  a v a ila b le  
c o m p o u n d s .

I n  la te r ,  m o re  c r i t i c a l  s tu d ie s ,  G i l l is  e t 
a h , ( ’5 4 )  re p o r te d  c o m p a r a t iv e  v a lu e s  f o r  
th e  u t i l i z a t io n  o f  v a r io u s  p h o s p h a te  m a te 
r ia ls  as c o m p a re d  w i t h  3 - t r ic a lc iu m  p h o s 
p h a te  w h ic h  w a s  a r b i t r a r i l y  a s s ig n e d  a 
v a lu e  o f  1 0 0 . T h e y  re p o r te d  v a lu e s  f o r  
d ic a lc iu m  p h o s p h a te  ( r e a g e n t  g r a d e )  a n d  
m o n o c a lc iu m  p h o s p h a te  ( r e a g e n t  g ra d e )  
o f  9 8  a n d  1 1 3  re s p e c t iv e ly .  W i lc o x  a n d  c o 
w o r k e rs  ( ’5 4 )  re p o r te d  th e  a v a i la b l i t y  o f  
p h o s p h o ru s  f r o m  d i f f e r e n t  s o u rc e s  f o r  
t u r k e y  p o u lts .  T h e y  fo u n d  t h a t  th e  p h o s 
p h o ru s  in  m o n o c a lc iu m  p h o s p h a te  w a s  
w e l l  u t i l iz e d  b y  th e  p o u l t  a n d  t h a t  th e  p h o s 
p h o ru s  f r o m  d ic a lc iu m  p h o s p h a te  (U S P

g ra d e )  w a s  u t i l iz e d  to  a  le s s e r e x te n t ,  w h i le  
th e  p h o s p h o ru s  i n  t r ic a lc iu m  p h o s p h a te  
( N F  g r a d e )  a n d  3 - t r ic a lc iu m  p h o s p h a te  
w a s  p o o r ly  u t i l iz e d  b y  th e  tu r k e y  p o u lts  as 
c o m p a re d  w i t h  th e  o th e r  c a lc iu m  o r th o 
p h o s p h a te s .  S c o tt  e t a l.  ( ’5 6 , ’6 2 )  o b s e rv e d  
t h a t  th e  p h o s p h o ru s  i n  a n h y d ro u s  d ic a l 
c iu m  p h o s p h a te  ( r e a g e n t  g ra d e )  w a s  p o o r ly  
u t i l iz e d  b y  th e  p o u lt .

I t  w a s  s h o w n  b y  G i l l is  e t a l. ( ’4 8 )  t h a t  
th e  s o lu b i l i t y  o f  p h o s p h a te s  in  w e a k  a c id  
is  n o t  a r e l ia b le  c r i t e r io n  f o r  e s t im a t in g  th e  
a v a i la b i l i t y  o f  p h o s p h a te s  to  a n im a ls .  S u c h  
te s ts  as th e  s o lu b i l i t y  i n  n e u t r a l  a m 
m o n iu m  c i t r a te  a n d  w e a k  a c id s  w e re  o r ig i 
n a l ly  d e s ig n e d  as a ro u g h  a p p r o x im a t io n  
o f  th e  a v a i la b i l i t y  o f  p h o s p h a t ic  f e r t i l iz e r s  
to  p la n ts .  E v e n  in  t h is  a p p l ic a t io n  th e  
c o r r e la t io n  is  p o o r .  H o w e v e r ,  th e re  is  a 
n e e d  f o r  f u r t h e r  s tu d y  o n  th e  r e la t io n s h ip  
b e tw e e n  c i t r a te  s o lu b i l i t y  a n d  u t i l i z a t io n  
o f  p h o s p h a te s  b y  a n im a ls .

T h e  s tu d ie s  re p o r te d  in  t h is  p a p e r  c o m 
p a re d  th e  s o lu b i l i t y  a n d  b io lo g ic a l  v a lu e s  
o f  v a r io u s  ty p e s  a n d  c h e m ic a l g ra d e s  o f  
c a lc iu m  p h o s p h a te .  C h ic k s  a n d  tu r k e y  
p o u lts  w e re  th e  e x p e r im e n ta l  a n im a ls .

EXPERIMENTAL

C h em ica l and solu b ility  d eterm in a tion . 
T h e  v o lu m e t r ic  m e th o d  d e s c r ib e d  in  A O A C  
( ’5 5 )  w a s  u s e d  to  d e te r m in e  p h o s p h o ru s  
i n  th e  v a r io u s  s a m p le s  a n d  s o lu b le  f r a c 
t io n s .  T h e  w a te r -s o lu b le  a n d  th e  c i t r a te -  
s o lu b le  p h o s p h a te  f r a c t io n s  w e re  a ls o  d e 
te r m in e d  b y  th e  p ro c e d u re s  d e s c r ib e d  in  
A O A C  ( ’5 5 ) .

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  3 ,  1 9 6 2 .

1 P r e s e n t  a d d r e s s :  P o u l t r y  D e p a r t m e n t ,  U n i v e r s i t y  
o f  G e o r g i a ,  A t h e n s ,  G e o r g i a .

2 P r e s e n t  a d d r e s s :  P o u l t r y  D e p a r t m e n t ,  C o r n e l l  U n i 
v e r s i t y ,  I t h a c a ,  N e w  Y o r k .

J. N u t r it io n , 78: ’62 155
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Phosphate samples
The source and, when known, the 

method of preparation of the calcium 
phosphate samples used in this investiga
tion are described. The chemical data ob
tained on these samples are presented in 
table 1.

Sample no. 1. (3-Tricalcium phosphate, 
(3-Ca3(P04) 2. This sample was prepared 
in our laboratory.3 A mixture of 10,000 gm 
of conditioner grade “tricalcium phos
phate” (contained by analysis, calcium 
37.1% , and phosphorus 17.7% ) and 1,750 
gm of food-grade dicalcium phosphate 
(calcium 29.9% and phosphorus 23.4% ) 
were digested with continuous agitation in 
water kept near the boiling point for two 
days, to obtain a uniform mixture. The 
product was washed in acetone and dried 
in a steam oven. It was then ignited by 
raising the temperature to 1,000°C for 
about one hour. X-ray and chemical anal
yses of this material showed it to be (3-tri
calcium phosphate.

Sample no. 2. Tricalcium phosphate
(NF), Ca3(P04) 2. This material is a pre
cipitated calcium phosphate and meets the 
specifications outlined in the National 
Formulary ( ’55). This material is “a vari
able mixture of calcium phosphate having 
the approximate composition Cai0(OH)2
(P04)e. After ignition at about 800°C for 
30 minutes, it contains an amount of phos
phate (P04) equivalent to not less than 
90% of tri-basic calcium phosphate, Ca3 
(P04)2.”

Sample no. 3. Tricalcium phosphate
(AR), Ca3(P04) 2. This was the analytical 
reagent (AR) grade of tricalcium phos
phate purchased from a large chemical 
supply house.

Sample no. 4. Dicalcium phosphate
(USP), CaHP04-2H20. The preparation, 
properties and specifications of this mate
rial are outlined in the Pharmacopoeia of 
the United States ( ’55). It is described as 
“dibasic calcium phosphate, contains not 
less than 98% of CaHP0,-2H20 calculated 
on the anhydrous basis.” Upon ignition to 
constant weight at 800-825°, it should 
lose not less than 24.5% and not more 
than 26.5% of its weight.

Sample no. 5. Dicalcium phosphate 
(AR), CaHP04. This is the analytical rea

gent grade of dicalcium phosphate and 
is the anhydrous salt. Theoretically, when 
ignited at 900°C to a constant weight, 
CaHPOi (monetite) should lose 6.62% of 
weight. This is in contrast to CaHP04-2H20 
(brushite) which should lose 26.17% of 
its weight. The loss in weight on ignition 
is caused by a loss of water and conversion 
to calcium pyrophosphate (Ca2P20 7) for 
both the CaHP04-2H20 and CaHPCh. Sam
ples 4 and 5 did not vary greatly in their 
solubility in neutral ammonium citrate; 
however, the dihydrate form appeared to 
be slightly more soluble in water (table 1).

Sample no. 6. Monocalcium phosphate 
(AR), Ca(H2P04)2 H20. This is the analy
tical reagent grade monocalcium phos
phate. It is 100% soluble in water.

Sample no. 7. Dicalcium phosphate, 
CaHP0,-2H20. This sample was prepared 
in our laboratory by the method outlined 
in Inorganic Syntheses ( ’53). According 
to the reaction Na2HP04-2H20 + CaCl2- 
6H20 -»  CaHP04-2H20 + 2NaCl +  6H.O. 
The reaction was conducted at room tem
perature at pH 4 to 5, using analytical 
reagent grade chemicals and distilled 
water. The air-dried product lost 26.25% 
of its weight upon ignition against a theo
retical loss of 26.17% .

Sample no. 8. Dicalcium phosphate, 
CaHPOi. This sample was also prepared 
in our laboratory by the method outlined 
in Inorganic Synthesis ( ’53). The proce
dure was similar to that used in the prepa
ration of CaHP04-2H20, except that the 
reaction temperature was maintained at 
100°C, and the wash solutions differed 
slightly. The product lost 6.94% of its 
weight upon ignition against a theoretical 
loss of 6.62% .

Samples no. 9, 10, 11 and 12 were com
mercial samples of dicalcium phosphate 
that were collected in the laboratory to 
determine whether their structure was as 
indicated by their manufacturing labels. 
The weight loss on ignition of these sam
ples showed the analytical reagent grade 
samples to be anhydrous dicalcium phos
phate. However, one of the USP samples 
tested (sample no. 9) was apparently not 
CaHP04-2H20, as labeled (table 1). This

3 The authors express their appreciation to Mr. W. L. 
Hill o f the U.S.D.A., Beltsville, Maryland, for inform a
tion on how to prepare the material.
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material lost only 12.3% of its weight upon 
ignition as compared with a theoretical 
loss of 26.17%. The solubility tests of 
this material (table 1) showed that it con
tained only a small amount of water-solu
ble phosphorus, which indicates that the 
material contained insignificant amounts 
of monocalcium phosphate. Practically all 
of the material was soluble in neutral am
monium citrate, which shows the absence 
of large amounts of tricalcium phosphate. 
These results indicate that this sample 
was probably a mixture of CaHPCh and 
CaHP0r2H20.

Biological studies
Chicks. The purified diet used in these 

studies was the blood fibrin-gelatin type 
used routinely in our laboratory (Edwards 
et al., ’58). The unsupplemented diet con
tained about 0.05 to 0.08% of phosphorus 
and would not support life in the young 
chick. Consequently, when phosphorus 
was added at low levels, the chick’s re
sponse both for growth and percentage of 
bone ash was proportional to the amount 
of available phosphorus added. The vari
ous calcium phosphates tested were fed at 
levels to supply suboptimal amounts of 
phosphorus in the diet. The Ca:P ratio 
was maintained at 2:1 in all diets by the 
addition of CaCO;! when needed. Single 
Comb White Leghorn cockerels were wing- 
banded, weighed and housed in electrically 
heated battery brooders with wire-mesh 
floors at one day of age. Feed and water 
were supplied ad libitum. After 21 days, 
the chicks were weighed and killed and the 
percentage of bone ash in the tibiae deter
mined as outlined by the AO AC ( ’55).

Turkeys. The basal diet used in the 
turkey studies contained the following in
gredients expressed as gm/100 gm: dex
trose, 25.0; cornstarch, 30.44; blood fibrin, 
25.0; gelatin, 5.0; dried buttermilk, 1.0; 
brewer’s dried yeast, 1.0; dehydrated al
falfa meal, 1.0; DL-methionine, 0.1; hy
drogenated vegetable fat, 4.5; vitamin A 
concentrate (5,000 USP units/gm), 0.26; 
choline chloride, 0.25; NaCl, 0.60; KC1, 
0.40; MgSCh, 0.302 plus the following ex
pressed as mg/100 gm; inositol, 22.0; 
p-aminobenzoic acid, 4.4; calcium panto
thenate, 2.65; niacin, 6.6; thiamineHCl, 
1.1; riboflavin, 1.1; pyridoxine-HCl, 1.1;
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folic acid, 0.22; menadione, 1.1; biotin, 
0.44; vitamin B,2, 0.005; vitamin D;, con
centrate (15,000 ICU/'gm), 8.8; MnSOu 
H20, 28.7; FeS04-7H20, 57.4; CuS04-5H20, 
1.8; CoC12-6H20, 0.35; ZnCl2, 0.9; KI, 6.2 
and NaMo04-2H20, 0.11. The diet was 
analyzed and found to contain 0.09% of 
phosphorus. The phosphate supplements 
were incorporated into the diet in place of 
cornstarch to give the desired phosphorus 
level and where it was necessary CaCCh 
was added to give a Ca:P ratio of 2:1 in 
all diets. Day-old Beltsville Small White 
toms were used in the first turkey experi
ment, and Broad Breasted White toms 
and hens were used in the second experi
ment. All the poults were wing-banded 
and placed in electrically heated battery 
brooders at one day of age where they had 
free access to feed and water. After 21 
days on experiment, the turkeys were 
weighed and killed and the tibia removed 
from the left leg for bone ash determina
tions (AOAC, ’55).

RESULTS AND DISCUSSION
Experiment 1. In this experiment, the 

availability of the phosphorus to chicks 
from the calcium phosphate samples, num
bers 1 through 6, were determined. The 
experimental design and the growth and 
percentage bone ash results of this experi
ment are presented in table 2. The chicks 
that received the three tricalcium phos
phate samples grew at approximately the 
same rate. Those that received the NF or 
AR grade of tricalcium phosphate had 
higher bone ash values than the chicks 
receiving comparable levels of [3-tricalcium 
phosphate. Chemical data (table 1) show 
that the AR appears to be slightly more 
water-soluble and that both the AR and NF 
grades contain less citrate-soluble phos
phorus.

The USP grade of dicalcium phosphate 
(CaHP04-2H20 )  appeared to be a very 
available source of phosphorus to the 
young chick and was appreciably more 
available than the phosphorus from AR

TABLE 2
C h i c k  s t u d i e s  o n  t h e  a v a i l a b i l i t y  o f  p h o s p h o r u s  f r o m  v a r i o u s  

t y p e s  o f  c a l c i u m  o r t h o p h o s p h a t e

Phosphate description Phosphorus Avg wt 
3 weeks1 Bone ash1

% g m %
1 /9-Tricalcium phosphate 0.20 158 26.4

0.25 176 31.3
0.30 191 35.8
0.35 192 40.2

2 NF tricalcium phosphate 0.20 156 29.9
0.25 193 34.4
0.30 193 39.6
0.35 202 41.4

3 AR tricalcium phosphate 0.20 171 29.8
0.25 188 32.5
0.30 178 36.7
0.35 197 42.8

4 USP dicalcium phosphate 0.20 193 32.7
0.25 200 37.9
0.30 209 42.6
0.35 213 44.6

5 AR dicalcium phosphate 0.20 194 31.5
0.25 190 35.2
0.30 196 37.1
0.35 209 41.7

6 AR monocalcium phosphate 0.20 194 33.1
0.25 214 38.3
0.30 201 41.9
0.35 204 44.6

1 Single Comb White Leghorn cockerels, 10 chicks/treatment.
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dicalcium phosphate (CaHPCh). Here again 
the analytical data (table 1) show that the 
dihydrate salt is slightly more soluble in 
water than the anhydrous material. The 
phosphorus in monocalcium phosphate, 
AR grade, was readily available, and was 
equal to, and perhaps slightly superior to 
USP dicalcium phosphate as a phosphorus 
source for chicks.

Experiment 2. In this experiment the 
availability of the phosphorus in AR tri
calcium phosphate, USP and AR dical
cium phosphate and AR monocalcium 
phosphate to turkey poults was deter
mined. Since we knew from previous ex
periments in this laboratory that the phos
phorus in AR tricalcium phosphate and 
AR dicalcium phosphate was not readily 
available to turkey poults, these materials 
were fed to supply appreciably more phos
phorus to the diet than was supplied by 
either the USP dicalcium phosphate or the 
AR monocalcium phosphate. The experi
mental design and results of this experi
ment are presented in table 3. When 
0.55% of phosphorus was added as AR 
tricalcium phosphate, high mortality and 
poor bone ash resulted. When the level 
of supplemental phosphorus was raised 
to 0.70% , or 0.85% , the percentage mor
tality was decreased, but the bone ash was 
not improved significantly. However, the 
weights and bone ash values from those 
groups that had high mortality have little 
meaning since the poults that survive are

usually heavier and show higher bone ash 
values.

The USP dicalcium phosphate was fed 
to supply lower levels of phosphorus since 
it was known to be fairly available to 
young turkeys. However, the 0.25% of 
phosphorus level was too low and a high 
mortality ocurred in this group. When 
0.40 and 0.55% of phosphorus was sup
plied as USP dicalcium phosphate mor
tality was decreased and the rate of growth 
and percentage bone ash increased appre
ciably. The AR grade dicalcium phosphate 
was completely ineffective in preventing 
mortality when fed at a level to supply 
0.85% of phosphorus to the diet. The AR 
grade monocalcium phosphate proved to 
be the best source of phosphorus for turkey 
poults in this study. Not only was mortal
ity reduced, but growth at the lower levels 
of phosphorus, and bone ash values at all 
levels of phosphorus were superior to that 
obtained from the other types of calcium 
phosphate tested.

Experiment 3. A difference in the avail
ability of the phosphorus from either AR 
dicalcium phosphate (CaHPO-i) or USP 
dicalcium phosphate (CaHP04-2H20 ) was 
shown with both chicks and turkey poults. 
It has been suggested that the difference 
in availability of these materials might be 
explained on the purity of the products 
instead of the difference in physical struc
ture and chemical properties. Therefore, 
the two products, samples 7 and 8, were

TABLE 3

R esults o f the turkey exp erim en t com paring various typ es o f calcium  orthophosphate

Phosphate description Phosphorus Avg wt 
3 weeks1

Bone
ash1 Mortality

% gm % %

3 AR tricalcium phosphate 0.55 242 30.5 80
0.70 246 34.6 30
0.85 236 33.5 10

4 USP dicalcium phosphate 0.25 207 25.4 80
0.40 234 34.9 20
0.55 316 39.0 0

5 AR dicalcium phosphate 0.55 — — 100
0.70 121 20.9 90
0.85 — — 100

6 AR monocalcium phosphate 0.25 217 31.6 30
0.40 298 42.4 0
0.55 305 48.7 0

1 Small White Beltsville toms, 10 poults/treatment.
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TABLE 4
E ffect o f specially prepared dicalcium  phosphates on the grow th  

and bone ash  o f chicks and poidts

Phosphate sample Supplemental
phosphorus

3-Week
wt

Bone
ash Mortality

% gm % %

No. chicks1
7 CaHPOi-2H20 0.20 206 36.2 0

0.30 213 42.7 0

8 CaHPOi 0.20 182 33.7 0
0.30 214 41.9 10

No. turkeys2
7 CaHP0.r 2H»0 0.40 267 38.4 0

0.55 247 43.4 0

8 CaHPCL 0.70 256 35.3 14
0.85 277 42.2 14

1 Single Comb White Leghorn cockerels, 10 chicks/treatment.
2 Broad Breasted White poults, 7 toms and 7 hens/treatment.

prepared in the laboratory from reagent 
grade chemicals, using distilled water. The 
solubility fractionation and loss of weight 
on ignition (table 1) indicated that they 
were pure preparations of CaHPOr2H»0 
and CaHPCh. These samples were tested 
in an experiment and the results are pre
sented in table 4. The results of the 
chick study indicate that the phosphorus 
in the dihydrate form (CaHPOi-2H20) is 
slightly more available than that in the an
hydrous form (CaHPCh). The results of 
the turkey experiment show a marked dif
ference in availability of the two sources 
of phosphate. However, mortality in the 
groups receiving the CaHPCh was not as 
severe as in previous studies (table 3) and 
may be due to the different breed of poults 
used in this experiment. The percentage 
bone ash values are lower for the poults 
receiving the CaHPCh even though the 
phosphorus was supplied at higher levels. 
These results demonstrate the poor avail
ability of the phosphorus in this type of 
calcium phosphate for turkey poults.

The results obtained in this experiment 
show that the difference in the availability 
of the phosphorus in dihydrate and an
hydrous dicalcium phosphate is probably 
due to differences in physical structure or 
chemical properties of the materials and 
not to impurities in the USP samples. The 
differences in availability of the phospho
rus from various types of phosphorus do 
not appear to be correlated with the solu

bility tests conducted except that the 
more water-soluble compounds tended to 
be more available. These results demon
strate the marked difference between 
chicks and poults in their ability to utilize 
phosphorus from various forms of cal
cium phosphate. The reason for this dif
ference is unknown; however, physiologi
cal differences between the chick and the 
turkey, such as the differences in pH of the 
gastrointestinal tract, rate of absorption or 
length of time that food is held in various 
parts of the gastrointestinal tract might 
account for the observed differences in the 
ability of the two species to utilize these 
phosphate materials.

SUMMARY

Experiments were conducted to study 
the availability of phosphorus in different 
chemical grades and various types of cal
cium orthophosphate to chicks and turkey 
poults.

In general the primary calcium phos
phate salt is the most available, followed 
by the secondary, with the tertiary salt be
ing the least available. However, the de
gree of hydration and resulting physical 
and chemical form of the secondary salt 
also affects the degree of availability, with 
the dihydrated salt being more available 
than the anhydrous form.

It was shown that the chick does not 
differentiate to the same degree as the 
turkey poult between the various chemical
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grades and forms of calcium phosphate. 
In particular, the turkey poult utilized the 
anhydrous form of dicalcium phosphate 
much less efficiently than the dihydrate 
form. Thus anhydrous dicalcium phos
phate is not the preferred source of die
tary phosphorus for this species.
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Hematological Studies in Mature Turkey Hens Fed 
Diets Deficient in B Vitamins''2
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Boucher et al. ( ’41 -42 ) reported ribo
flavin to be essential for hatchability of 
turkey eggs. Pantothenic acid and folic 
acid requirements for hatchability in tur
keys were studied by Kratzer et al. ( ’55, 
’56). These are the only B vitamins for 
which the National Research Council ( ’60) 
lists quantitative requirements for adult 
turkeys. Since much more work has been 
reported on the requirements of chickens, 
many estimates of requirements are based 
on the assumption that the response of the 
turkey is similar to that of the chicken.

Recent work (Ferguson et al., ’61) 
showed that reproductive performance and 
hematological changes may be affected by 
deficiencies of several B vitamins including 
riboflavin, pyridoxine, and pantothenic 
acid. The following experiment was de
signed to study further the dietary need for 
riboflavin, pyridoxine, and pantothenic 
acid and the effect of these vitamins on 
blood characteristics in the mature turkey 
hen.

MATERIALS AND METHODS 

Forty-eight Beltsville Small White turkey 
hens, which were reared on range, were 
randomly divided into 8 groups of 6 birds 
each and placed in individual laying cages. 
The synthetic control diet which was fed 
to 12 birds was the same as that used by 
Ferguson et al. ( ’61). Groups of 6 birds 
each were fed the synthetic diet deficient 
in riboflavin, pyridoxine, or pantothenic 
acid or containing very low-level supple
ments of the vitamins as indicated in table 
1. In the diets termed “deficient,” all of the 
vitamin in question was omitted from the 
basal diet. The diets termed “low” had sub- 
optimal levels of the vitamin added; e.g. 
the low-riboflavin diet contained 0.3 mg/ 
454 gm, the low-pyridoxine diet contained

0.3 mg/454 gm, and the low-pantothenic 
acid diet contained 1.5 mg of calcium pan- 
tothenate/454 gm. Since quantitative re
quirements of adult turkeys for pyridoxine 
are unknown, the level in the pyridoxine 
diet was approximately 25% of the esti
mated requirement based on the quantities 
of pyridoxine commonly added to turkey 
diets. The ‘low” levels of riboflavin and 
pantothenic acid in the diet were 20% of 
the minimum requirement according to the 
National Research Council ( ’60).

After the experimental diets were fed for 
12 weeks, three hens of the riboflavin- 
deficient group, two hens of the low-ribo
flavin group and two hens of the low-pyri
doxine group were fed the basal diet that 
contained all vitamins, to permit recovery 
from the deficiencies in an attempt to affect 
resumption of egg production (table 1). 
Feed and water were supplied ad libitum.

Yolks from eggs laid at the beginning 
and near the end of the experiment were 
assayed microbiologically for riboflavin, 
pyridoxine and pantothenic acid. Ribo
flavin was assayed by the method of Snell 
and Strong, ( ’39), pantothenic acid was 
assayed by the method of Skeggs and
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C o r p . ,  C i n c i n n a t i ,  O h i o ;  s t a b i l i z e d  v i t a m i n  A  b y  
S t a b i l i z e d  V i t a m i n s  D i v i s i o n ,  C o m m e r c i a l  S o l v e n t s  
C o r p . ,  G a r f i e l d ,  N .  J . ;  v i t a m i n  D 3 b y  B o w m a n  F e e d  
P r o d u c t s  C o . ,  H o l l a n d ,  M i c h i g a n ;  r i b o f l a v i n ,  t h i a -  
m i n e - H C l ,  c a l c i u m - D - p a n t o t h e n a t e ,  p - a m i n o b e n z o i c  
a c i d ,  p y r i d o x i n e - H C 1 ,  n i a c i n ,  c h o l i n e  c h l o r i d e ,  a n d  
v i t a m i n  B ]2  b y  M e r c k ,  S h a r p  a n d  D o h m e ,  R a h w a y ,  
N .  J . ;  m e n a d i o n e  s o d i u m  b i s u l f i t e  b y  H e t e r o c h e m i c a l  
C o r p . ,  V a l l e y  S t r e a m ,  N .  Y . ;  v i t a m i n  E  b y  D i s t i l l a t i o n  
P r o d u c t s  I n d u s t r i e s ,  R o c h e s t e r ,  N .  Y .

3 P r e s e n t  a d d r e s s :  M e a d  J o h n s o n  R e s e a r c h  C e n t e r ,  
E v a n s v i l l e ,  I n d i a n a .
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TABLE 1
Influence o f  deficiencies o f  riboflavin, pyridoxin e and pantothenic acid on hem atological 

characteristics o f adult turkey hens

Group) Diet Hemoglobin Hematocrit Erythrocyte1 MCV2 MCH3 MCHC4

% % m illions/m m 3
m m 3 / 1 0 7

cells
m g / 1 0 7

cells gm / 1 0 0  ml

i Control 11.38(12) 39 .3(12) 2.62(12) 148(12) 43.4(12) 28.9(12)

2 Riboflavin-deficient, 
12 weeks; control 
5 weeks 9.53(3) 34 .7 (3) 1.90(3) 183(3) 50.2(3) 29.3(3)

3 Riboflavin-deficient 8.52(3) 30 .3 (3) 2.00(3) 150(3) 42 .6(3) 29.1(3)

4 Low riboflavin, 12 weeks; 
control 5 weeks 10.61(2) 37 .5 (2) 2.11(2) 178(2) 50.3(2) 31.2(2)

5 Low riboflavin 11.90(3) 40 .7 (3 ) 2.23(3) 183(3) 53.4(3) 29.2(3)

6 Pyridoxine-deficient 11.08(3) 38 .7 (3) 2.28(3) 170(3) 48 .6(3) 28.7(3)

7 Low pyridoxine 11.04(3) 40 .7 (3) 2.35(3) 173(3) 47.0(3) 27.2(2)

8 Low pyridoxine, 12 weeks; 
control 5 weeks 10.12(2) 37 .0 (2) 2.27(2) 168(2) 44.6(2) 27.4(2)

9 Pantothenic acid-deficient 11.89(6) 40 .0 (6 ) 2.27(6) 176(6) 52.4(6) 29.7(6)

10 Low pantothenic acid 10.39(5) 35 .6(5) 2.24(5) 159(5) 46.3(5) 29.2(5)

1 Treatment main effect was significant at the 0.01 level o f probability. Numbers in parentheses indicate 
the number o f determinations/group.

2 MCV indicates mean cell volume.
3 MCH indicates mean cell hemoglobin.
4 MCHC indicates mean cell hemoglobin concentration.

Wright (’44), and pyridoxine by the method 
of Barton-Wright ( ’45).

In the sixteenth week of the experiment, 
blood samples were drawn from the wing 
veins of the birds for the determination of 
hemoglobin, packed cell volume (hemato
crit), erythrocyte count, and electrophoretic 
migration of plasma proteins. Mean cell 
volume (MCV), mean cell hemoglobin 
(MCH), and mean cell hemoglobin con
centration (MCHC) also were determined. 
Electrophoretic migration of plasma pro
teins was determined in a Spinco model 
R paper strip electrophoresis apparatus 
using veronal buffer of pH 8.6. Heparin 
was used as an anti-coagulant. Total 
plasma protein was determined spectro- 
photometrically by the method of Eichel 
and Swanson ( ’57). Data were analyzed 
statistically by the analysis of variance 
method according to Snedecor ( ’56). Be
cause of unequal numbers of birds in the 
groups, the means were not separated.

RESULTS AND DISCUSSION

The erythrocyte counts were less in all 
deficient and low-vitamin supplemental

groups than in the control group (table 1). 
Counts for the deficient and low groups 
ranged from 1.90 to 2.35 million/mm3, 
compared with 2.62 million/mm3 in the 
control group. Riboflavin-deficient and low 
groups, the pyridoxine-low group and the 
pyridoxine-low group that received the con
trol diet for the last 5 weeks showed no 
improvement in erythrocyte count when 
compared with the corresponding groups 
that continued to be fed the deficient and 
low-vitamin supplemented diets These re
sults agree closely with the results of Fer
guson et al. ( ’61). Erythrocyte counts were 
significantly different at the 0.01 level of 
probability.

Hemoglobin values were lower in the 
riboflavin-deficient groups (2 and 3) than 
in the control group (table 1). Group 2, 
which received the control diet for the last 
5 weeks of the experiment, had 9.53% 
hemoglobin compared with 8.52% for the 
group 3 that was fed the riboflavin-defi
cient diet for the entire experiment. This 
indicates partial recovery of group 2 from 
the deficiency. Hemoglobin for groups 4 
to 10 were essentially the same as that of
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the control group. The differences ob
served in hemoglobin values were not 
statistically significant.

The hematocrit of the group receiving 
the riboflavin-deficient diet was 30.3%, 
compared with 39.3% for the group re
ceiving the control diet (table 1). Partial 
recovery from riboflavin deficiency symp
toms is indicated again in group 2. Slight 
variations in hematocrit were noted in 
other groups but differences were not sig
nificant.

The mean cell volumes were greater in 
all deficient and trace groups, when com
pared with the control group, with the 
exception of group 3 which received the 
riboflavin deficient diet for the entire 17 
weeks (table 1). The value for group 2 
was comparable to the values for the less 
severe riboflavin trace diets. The effect of 
dietary treatments on MCV closely ap
proached statistical significance at the 0.05 
level of probability (F values of 2.10 vs. 
2.19).

The mean cell hemaglobin values (MCH) 
were greater in all groups receiving defi
cient and trace diets than in the control 
group, with the exception of group 2, in 
which the values were approximately equal

to those of the control group (table 1). 
Groups 4 and 8 fed the basal diet during 
the last 5 weeks, showed some reduction 
in MCH when compared with correspond
ing groups (5 and 7) which had been 
fed diets deficient in riboflavin and pyri- 
doxine, respectively, throughout the 17- 
week period. Differences in MCH were not 
found to be statistically significant. Mean 
cell hemoglobin concentration (MCHC, 
table 1) and total plasma protein determi
nations (table 2) showed some variations 
but differences were not statistically signifi
cant.

The ratio of albumin to globulin (A /G ) 
in group 3, (riboflavin-deficient) was 0.31 
(table 2). Riboflavin-deficient hens fed the 
basal diet for 5 weeks (group 2) had an 
A/G ratio of 0.41; the A/G ratio in the 
control group was 0.53. Feeding the basal 
diet to group 2 resulted in a slight increase 
in albumin and a decrease in globulin, 
when compared with the riboflavin-defi
cient group. The globulin fraction was 
lower than that of the control hens in 
groups 4, 9 and 10 (low-riboflavin followed 
by control, pantothenic acid-deficient and 
low-pantothenic acid diets, respectively). 
Albumin was decreased in group 7 fed the

TABLE 2

Influence o f  deficiencies o f  riboflavin, p yridoxin e and pantothenic acid on album in and  
globulin levels in plasm a o f m ature turkey hens

Group Diet Total
protein Albumin Globulin A /G 1

ratio

mg/ml mg ¡m l mg/ml

i C ontrol 5 2 .8 (1 2 ) 1 7 .9 (1 2 ) 3 4 .9 (1 2 ) 0 .5 3 (1 2 )

2 R iboflavin -deficient
12 w eeks; con tro l 5 w eeks 5 0 .5 (3 ) 1 4 .7 (3 ) 3 5 .8 (3 ) 0 .4 1 (3 )

3 R iboflavin -deficient 5 0 .6 (3 ) 1 2 .0 (3 ) 3 8 .6 (3 ) 0 .3 1 (3 )

4 L ow  riboflav in , 12 w eeks; 
con tro l 5 w eeks 4 5 .7 (2 ) 1 8 .0 (2 ) 2 7 .7 (2 ) 0 .6 5 (2 )

5 L ow  riboflav in 5 1 .9 (3 ) 2 0 .1 (3 ) 3 1 .8 (3 ) 0 .6 3 (3 )

6 P yridox ine-deficient 5 3 .9 (3 ) 1 8 .7 (3 ) 3 5 .2 (3 ) 0 .5 3 (3 )

7 L ow  pyrid ox in e 5 2 .2 (3 ) 1 5 .6 (3 ) 3 6 .6 (3 ) 0 .4 4 (3 )

8 L ow  p yrid ox in e , 12 w eeks; 
con tro l 5 w eeks 5 1 .5 (2 ) 1 7 .4 (2 ) 3 4 .1 (2 ) 0 .5 1 (2 )

9 P an toth en ic  acid -deficient 4 7 .6 (6 ) 1 9 .8 (6 ) 2 7 .8 (6 ) 0 .7 1 (6 )

10 L ow  p an toth en ic  acid 4 7 .3 (5 ) 2 0 .6 (5 ) 2 6 .7 (5 ) 0 .8 4 (5 )
1 Treatment main effect was significantly different at the 0.01 level o f probability. Numbers in parentheses 

indicate the number o f determinations/group.
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pyridoxine trace diet, which resulted in an 
A/G ratio of 0.44.

The A/G ratio was higher than that of 
the control groups in hens fed the low- 
riboflavin diets (groups 4 and 5), panto
thenic acid deficient and low-pantothenic 
acid diets (groups 9 and 10). No differ
ence in the A/G ratio was found between 
the pyridoxine deficient group and the con
trol group or the group fed the pyridoxine- 
deficient diet followed by the control diet 
(group 8).

Egg production decreased greatly in all 
groups receiving deficient and trace diets 
except in group 10 which was fed the diet 
containing 1.5 mg of pantothenic acid/454 
gm of diet (table 3). Thus it appears that
1.5 mg of pantothenic acid/454 gm of feed 
is sufficient for maximal egg production 
under the conditions of this experiment. 
Egg production in the entire experiment 
was far below that which would be ex
pected from birds fed a practical-type diet, 
as was the case in the practical control 
group of Ferguson et al. ( ’61).

In the third week of egg production the 
riboflavin level of egg yolks from hens re
ceiving the riboflavin trace diet had de
clined to zero, compared with 0.68 mg/gm 
for the control group. By the third week 
egg production had ceased in the ribo
flavin-deficient group. By the eighth week 
egg production had ceased in the low- 
riboflavin group.

Egg yolks from the groups receiving pyri- 
doxine-deficient and low-pyridoxine diets 
contained 1.32 and 2.02 mg of pyridoxine/ 
gm, respectively, compared with 2.89 mg/ 
gm in yolks from the control group during

the third week of egg production. After 8 
weeks, pyridoxine content of egg yolks 
from the deficient and low-pyridoxine 
groups had decreased in pyridoxine content 
by approximately 50%, whereas that of 
eggs from the control group was only 
slightly below the value obtained at the 
start of the experiment. The control group 
had a value of 2.62 mg/gm compared with 
0.75 and 0.88 mg/gm in the deficient and 
low-pyridoxine groups, respectively.

The pantothenic acid content of egg 
yolks from the group receiving the control 
diet was essentially unchanged during the 
8 weeks of the production period (112 m g/ 
gm of yolk in the third week; 108 mg/gm 
in the eighth week). The group receiving 
the pantothenic acid-deficient diet showed 
a decline in yolk content from 21 mg/gm 
to 15 mg/gm for the same period of time. 
The group receiving the low-pantothenic 
acid diet had corresponding values of 42 
and 39 mg/gm of yolk.

Embryonic mortality in the first week of 
incubation was very high in eggs from 
birds fed the deficient diets (groups 2, 6, 
and 9) as well as in eggs from those fed 
the riboflavin trace diet (table 3). Most 
of the live embryos were removed at 7.5 
days of incubation for tissue enzyme deter
minations, so that valid hatchability data 
could not be obtained. Results from the 
few embryos that were permitted to remain 
for the complete incubation period were 
not in variance with the requirements for 
riboflavin, pyridoxine, and pantothenic 
acid for hatchability of turkey eggs as re
ported by Ferguson et al. ( ’61).

TABLE 3

E ffec t  o f  d eficien cies  o f  riboflavin , p yrid ox in e  and p a n to th en ic  acid  on egg  p rod u ction , 
em b ryon ic  m orta lity , and fe e d  con su m p tion  b y  m atu re tu rkey  hens

Group Diet
Weeks o f production Embryonic F j 

mortality
0 -4 5-8 CD 1 M 13-161 1-7 days hen/day

eggs/hen eggs/hen eggs/hen eggs/hen % gm

1 C ontrol 4.92 5.75 4.25 1.25 12 104.4
2 and 3 R iboflavin -deficient 0.67 0 0 0 100 86.3
4 and 5 L ow  riboflavin 1.83 1.33 1.00 0 94 95.3
6 P yridox ine-deficient 1.50 1.67 1.17 0.83 59 81.7
7 and 8 L ow  pyrid ox in e 7.67 1.17 0.17 0.50 4 99.9
9 P antothen ic  acid -deficient 2.50 1.83 2.00 0 58 109.0

10 L ow  p an toth en ic  acid 5.17 5.17 4.33 1.33 18 118.0

1 No eggs were produced in the 17th week.
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Appetite was depressed in the riboflavin 
and pyridoxine-deficient groups compared 
with that of the control group (table 3). 
Feed consumption in the diets supple
mented with low levels of the vitamins be
ing investigated was greater in every case 
than in the corresponding deficient diets. 
The hens fed the low-pantothenic acid diet 
ate more feed per hen per day than did 
the hens in the control group. These re
sults agree with the report of Ferguson 
et al. ( ’61), in that riboflavin and pyri- 
doxine deficiencies result in a decrease in 
feed consumption.

SUMMARY

Beltsville Small White turkey hens main
tained in individual cages were fed diets 
deficient in riboflavin, pyridoxine, or pan
tothenic acid; other groups were fed diets 
containing suboptimal levels of these vita
mins.

Erythrocyte counts of the hens from the 
groups fed the deficient diets or diets with 
low levels of the vitamins, were from 10.3 
to 27.5% below that of the group that re
ceived the complete synthetic diet. Hemo
globin and hematocrit values were lower 
in the riboflavin-deficient group than in 
the control group. However, differences 
observed in hemoglobin, hematocrit, mean 
cell volume, mean cell hemoglobin con
centration and plasma proteins were not 
statistically significant. Albumin : globulin 
ratios were slightly higher in groups re
ceiving diets low in riboflavin and panto
thenic acid or deficient in pantothenic acid 
than in the control group. The albumin: 
globulin ratio of the group receiving the 
riboflavin-deficient diet was lower than 
that of the control group.

Hens fed the deficient diets or diets con
taining low levels of riboflavin, pyridoxine 
or pantothenic acid produced eggs with

lower levels of the respective vitamin in 
the yolk than the control group. Egg yolks 
from the hens receiving low levels of the 
vitamins contained greater amounts than 
did the egg yolks from hens receiving the 
deficient diets. Egg production was in
creased in groups fed low levels of the vita
mins when compared with egg production 
in groups fed deficient diets. Riboflavin 
and pyridoxine deficiencies appeared to 
decrease the appetite of the hens.

LITERATURE CITED
Barton-Wright, E. C. 1945 The theory and prac

tice of the vitamin B complex, together with 
the assay of selected amino acids and potas
sium. Analyst, 70: 283.

Boucher, R. V., F. W. Hill, H. Patrick and H. C. 
Knandel 1941 The riboflavin requirements of 
turkeys for hatchability. Poultry Sci., 20: 456. 

Boucher, R. V., H. Patrick and H. C. Knandel 
1942 The riboflavin requirements of turkeys 
for hatchability and growth. Ibid., 21: 466. 

Eichel, B., and A. A. Swanson 1957 Oxidation 
enzyme I succinic dehydrogenase, DPN cyto
chrome c reductase, cytochrome oxidase, and 
catalase in oral, liver, and brain cortex tissue. 
J. Dent. Res., 36: 581.

Ferguson, T. M., C. H. Whiteside, C. R. Creger, 
M. L. Jones, R. L. Atkinson and J. R. Couch 
1961 B-vitamin deficiency in the mature tur
key hen. Poultry Sci., 40: 1151.

Kratzer, F. H., P. N. Davis, B. J. Marshall and 
D. E. Williams 1955 The pantothenic acid 
requirement of turkey hens. Ibid., 34: 68. 

Kratzer, F. H., P. N. Davis and U. K. Abbott 
1956 The folic acid requirements of turkey 
breeder hens. Ibid., 35: 711.

National Research Council 1960 Nutrient re
quirements of domestic animals, No. 1 Nutrient 
requirements of poultry, pub. 827. National 
Academy of Science— National Research Coun
cil, Washington, D. C.

Skeggs, H. R., and L. D. Wright 1944 The use 
of Lactobacillus arabinosus in the microbio
logical determination of pantothenic acid. J. 
Biol. Chem., 156: 21.

Snedecor, G. W. 1956 Statistical Methods.
Iowa State College Press, Ames.

Snell, E. E., and F. N. Strong 1939 A micro
biological assay for riboflavin. Indust. Eng. 
Chem. (Analytical ed.), 11: 346.



Effect of Diets with and Without Fat at Low and High 
Caloric Levels on Fatty Acids in Blood Cells 
and Plasma of Dogs* 1

VASANT S. PATIL2 a n d  ARILD E. HANSEN
Bruce L yon  M em orial R esearch Laboratory, C hildren’s Hospital o f the 
East B ay, Oakland, California

When diets deficient in linoleic acid are 
fed, low concentrations of dienoic and 
tetraenoic acids and a high concentration 
of trienoic acid have been found in the 
blood serum or plasma in young infants 
(Hansen et al., ’58); in puppies (Wiese and 
Hansen, ’51); in rats (Mead, ’57; Holman, 
’60); and in monkeys (Greenberg and 
Moon, ’61). In addition a marked increase 
in trienoic acid with moderate decreases 
in di- and tetraenoic acids in red blood 
cells in fat deficiency have been observed 
in rats by Holman ( ’60) and in monkeys 
by Portman et al. ( ’61) Greenberg and 
Moon ( ’61) and Fitch et al. ( ’61). Wiese 
et al. ( ’62) have reported that manifesta
tions of fat deficiency in puppies were ag
gravated and lessened, respectively, by high 
and low caloric intakes, which features 
were correspondingly reflected in the 
changing values for di- tri- and tetraenoic 
acid levels in the blood serum. It seemed 
pertinent, therefore, to determine the dis
tribution of saturated and unsaturated 
fatty acids in red blood cells and in plasma 
of animals receiving diets with and with
out fat when fed at different caloric in
takes.

MATERIALS AND METHODS

Experimental conditions. Beagle pup
pies (7 to 11 weeks of age) were given a 
diet either very low in fat (<  1% of the 
calories) or one in which fat comprised 
15% of the caloric intake, the fat being 
substituted isocalorically for sucrose. Pro
tein derived from skim milk powder and 
casein provided 15% of the calories, al
though in three of the 24 animals 20% of 
the calories were given as protein. The 
source of fat was fresh steam-distilled 
lard which on analysis by gas-liquid chro

matography had the following composi
tion expressed as per cent of the total fatty 
acids: lauric, 0.1; myristic, 1.2; palmitic, 
24.4; palmitoleic, 3.4; stearic, 14.9; oleic. 
44.8; linoleic, 9.9; and linolenic, 1.3. Sup
plements of minerals, cellulose and a 
multivitamin preparation were given in the 
manner described by Wiese et al. ( ’62). 
Twelve puppies were fed the low-fat diet 
and another 12 receiving fat, served as 
controls. From weaning up to 4 months of 
age, littermates were given weighed 
amounts of food that were considered to 
be at low, medium and high caloric levels, 
namely, 100, 150 and 200 Cal./kg/day, 
respectively. After 4 months of age, the 
intakes were lowered by 15%. The ani
mals were the same as those used by Wiese 
et al. ( ’62); however, the time intervals 
for obtaining blood specimens were dif
ferent.

Methods of procedure. Fasting blood 
samples were obtained at two to seven 
months after the animals had been sup
plied with the experimental diets, which 
was at the time of weaning. Heparin was 
used as the anticoagulant. The specimens 
were centrifuged at 2,000 rev/min for 15 
minutes and the plasma withdrawn for 
analysis. The cells were washed three 
times with an isotonic saline solution and 
centrifuged at 2,000 rev/min after each 
washing. The buffy layer was removed by 
capillary pipette. Then 3 ml of red blood 
cells were measured and an equal volume
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of distilled water was added so as to lake 
the cells. Fat was extracted from the laked 
cells using a hot mixture of alcohol-ether 
(3 :1 ) and the filtered extracts saponified 
with alcoholic KOH. After removal of the 
unsaponifiable fraction, the total fatty 
acids were determined semi-microgravi- 
metrically by the technique of Wilson and 
Hansen ( ’36). The same procedure was 
used for the preparation of total fatty acids 
from the plasma. The di- tri- and tetra- 
enoic acids were determined by alkaline 
isomerization, and in addition, aliquots 
containing approximately 1 to 2 mg of 
fatty acids were methylated at 70 °C with 
2% sulfuric acid in absolute methanol. 
Methyl esters were chromatographed in a 
Beckman GC-2 instrument at 220°C on 
a 12-foot (3.66-meter) diethylene glycol 
succinate column with helium as the car
rier gas. The quantities of saturated and 
unsaturated fatty acids were calculated by 
comparison with areas obtained from 
known amounts of specific fatty acids.

RESULTS
Inasmuch as the findings for di- tri- 

and tetraenoic acids by alkaline isomeri
zation and by gas chromatography com
pared very well, only the results by the 
latter method are being presented. Anal
yses of fatty acids in the erythrocytes and 
plasma were conducted on the dogs fed 
at three caloric levels; however, the dis
tribution of saturated and unsaturated 
fatty acids in blood cells and plasma for 
the dogs fed at the medium (normal) ca
loric intake was quite similar to that of 
those fed at the high caloric level after 
receiving the same diets for 6 to 7 months. 
Hence, in figures 1, 2 and 3 the results 
with standard deviations are given only 
for the dogs that received low and high 
caloric intakes with and without fat in 
the diet.

Total fatty acids. In figure 1 are pre
sented summary data concerning the mean 
values with standard deviations for total 
fatty acids in the red blood cells and in 
the plasma from the animals after having 
been fed diets with and without fat at 
two caloric levels for a period of 6 to 7 
months after weaning. The level of total 
fatty acids in plasma was proportional to 
the caloric intake and was greater than 
in the cells with or without fat (lard) in

E R YT HR OCY TE S

p l a s m a

C A L O R I E S -  LO HI LO HI

D I E T  - NO FAT L A R D

Fig. 1 Total fatty acids with standard devia
tions in the erythrocytes and plasma in puppies 
fed at low (Lo) and high (H i) caloric intakes 
for 6 to 7 months after weaning.

the diet. In the erythrocytes, the level of 
the total fatty acids did not appear to be 
influenced by the caloric intake.

Di- tri- and tetraenoic acids. As indi
cated in figure 2, with the diet deficient 
in fat, the dienoic (linoleic) acid level was 
markedly less, both in cells and plasma, 
than when lard was present in the diet. 
Also the content of dienoic fatty acid was 
much less in the erythrocytes than in the 
plasma. This was true for both groups of 
animals (with and without fat). Dogs 
with low caloric intakes had slightly more 
linoleic acid in their red cells and plasma 
than did the littermates that consumed 
twice as many calories.

Trienoic acid, the presence of which is 
so characteristic of the fat-deficient state, 
was high in both the cells and plasma of 
all animals fed the low-fat diet. Although 
there was little difference between the 
levels in red cells and plasma, the effect of 
caloric intake was very marked. With the 
greater rate of growth resulting from 
greater food consumption, there was a 
larger accumulation of trienoic acid both 
in the cells and in plasma. No trienoic 
acid was found in the red blood cells 
when fat was present in the diet.
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E R Y T H R O C Y T E S

E S 3  p l a s m a

D I E T  -  NO FA T L A R D  NO FAT LA R D  NO FAT LARD

Fig. 2 Di- tri- and tetraenoic acids with standard deviations in the erythrocytes and 
plasma of fat deficient and control puppies fed at low (Lo) and high (H i) caloric intakes 
for 6 to 7 months after weaning.
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Fig. 3 Monoene and saturated fatty acids with standard deviations in the erythrocytes and 
plasma of puppies fed at low (Lo) and high (H i) caloric intakes for 6 to 7 months after weaning.
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A reverse effect of caloric intake from 
that observed for trienoic acid was evident 
for tetraenoic (arachidonic) acid in the 
red cells. Higher levels for tetraenoic acid 
were observed when the intake of calories 
was low. Such was found to be the case 
in both fat-deficient and control animals. 
Plasma levels for tetraenoic acid were af
fected by caloric intake to a much smaller 
degree than were the red cells. Character
istically tetraenoic acid levels were lowest 
in the fat-deficient state.

Monoene and saturated fatty acids. 
Without fat in the diet, as indicated in 
figure 3, the levels of the monoene fatty 
acids (palmitoleic and oleic) were higher 
in both plasma and cells than when fat 
was present in the diet. The levels were 
somewhat higher in plasma than in cells, 
regardless of caloric intake.

The trends for the levels of the satu
rated fatty acids, palmitic and stearic, 
were not consistent with respect to ca
loric intake or absence of dietary fat. 
Stearic acid was always higher in cells 
than in plasma.

Changes in relation to time. Even 
though there were no visible alterations in

the appearance of the skin of the puppies 
fed the low-fat diet for two months, most 
of the changes in distribution of the fatty 
acids which were evident in the erythro
cytes and plasma after 6 to 7 months also 
were detectable at two months after wean
ing. The magnitude of these early changes 
in the di- tri- and tetraenoic acids is de
picted at three caloric levels in figure 4. The 
dienoic acid levels were low both in cells 
and plasma but by two to three months 
had not reached the minimal level ob
served after the puppies had been fed the 
fat-deficient diet for 6 to 7 months. At 
two months the trienoic acid definitely 
was increasing in the cells and plasma 
but the increases were much greater in 
plasma than in cells. The amount of tri
enoic acid in both compartments was di
rectly proportional to the number of cal
ories consumed. Marked decreases in the 
percentages of tetraenoic acid were noted 
at all caloric levels in plasma. There was 
no reduction in the tetraenoic acid level 
in erythrocytes of puppies fed at the low 
caloric intake. There were definite de
creases, however, at the high caloric in
takes. The monoene fatty acids, palmito-

ERYTHROCYTES

PL AS MA

L0 MED HI LO MED HI L 0  MED HI
INTAKE

Fig. 4 Di- tri- and tetraenoic acids in erythrocytes and plasma of puppies after being 
fed low-fat diet at low (Lo) medium (Med) and high (H i) caloric intakes for two to three 
months.
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leic and oleic, also showed increases in 
amount in cells and plasma after two 
months of feeding of the low-fat diet.

DISCUSSION

For the young growing dog, diets low in 
linoleic acid were associated uniformly 
with low values for dienoic and tetraenoic 
acids and high levels for a trienoic acid 
both in the red blood cells and in plasma. 
These observations confirm those of other 
workers for the rat and the monkey.

Greenberg and Moon ( ’61) did not ob
serve trienoic acid in blood cells of mon
keys after feeding a low-fat diet for two 
months, however, in our study with young 
puppies this fatty acid appeared in the 
erythrocytes as early as two months after 
the low-fat diet was fed. Dietary effects 
on the lipids of blood cells and plasma 
were most pronounced in the rapidly grow
ing animals that were fed at a high caloric 
level. Also the early signs of fat deficiency 
were more pronounced for the tri- and 
tetraenoic acids in plasma than in the cells. 
Although it is possible that puppies are 
more susceptible to a lack of dietary fat 
containing linoleic acid than are mon
keys, it appears more likely that the rate 
of appearance of trienoic acid in red cells 
as reported by Greenberg and Moon ( ’61) 
differed from that observed in our pup
pies due to differences in the age of the 
animals under study. Rate of growth 
would be influenced by the age of the ani
mals. Wiese et al. ( ’62) demonstrated the 
marked effect of caloric intake and rate of 
growth on the rate of development of fat 
deficiency signs and symptoms. Also, in 
very young infants who were fed a milk 
mixture low in linoleic acid Wiese et al. 
( ’58) noted definite decreases in the di- 
and tetraenoic acids and an increase in 
the trienoic acid in serum after one to 
two weeks. It appears from the rapid 
changes which take place in serum and 
plasma levels for the di- tri- and tetraenoic 
acids that an earlier evaluation of the nu
tritional state of an animal with respect 
to adequacy of fat intake can be obtained 
from a study of plasma or serum than 
from the cellular portion of the blood. 
However, this does not minimize the im
portance of the cellular changes that take 
place.

SUMMARY

In a study with 24 Beagle puppies re
ceiving diets with and without fat (lard) 
for 6 to 7 months after weaning, it was 
found that the distribution of the fatty 
acids in erythrocytes and in plasma was 
influenced by the level of the caloric intake 
in the following respects.

(1 ) The dienoic and tetraenoic acids 
were low in the red blood cells and plasma 
in the animals fed the low-fat diets as 
compared with the control animals that 
were fed fat. At the high caloric intakes 
the levels for both di- and tetraenoic acids 
were always less (cells and plasma) with 
and without fat than at the low caloric 
intakes. Dienoic acid levels were always 
lower in cells than in plasma whereas 
tetraenoic acid levels were consistently 
greater in cells than in plasma.

(2 ) Trienoic acid levels were higher in 
blood cells and plasma in the absence of 
dietary fat. The level of this fatty acid in 
the fat-deficient state was proportional to 
the caloric intake. When fat was lacking 
in the diets there was little difference in 
levels between the cells and plasma, where
as in the control animals receiving fat no 
trienoic acid was found in the red cells.

(3 ) Palmitoleic and oleic acids were 
higher in plasma and blood cells of the 
animals fed the low-fat diet than in the 
control group. These levels were high in 
plasma compared with blood cells, irre
spective of caloric intake.

(4 ) The saturated fatty acids (palmitic 
and stearic) were not altered significantly 
by caloric intake or level of fat in the diet. 
Stearic acid was higher in blood cells than 
in plasma.

(5 ) In both red cells and plasma defi
nite changes in the amounts of the di- tri- 
and tetraenoic acids in fat-deficient ani
mals were evident as early as two to three 
months of feeding time. Dienoic acids 
decreased greatly but the drop was more 
marked at the high caloric level. Increases 
in trienoic acids were directly proportional 
to the caloric intake, whereas the levels 
for tetraenoic acids were inversely pro
portional to the caloric intake. The mag
nitude of changes in tri- and tetraenoic 
acids at two to three months was greater 
in plasma than in cells.
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It was concluded from study of the se
rum lipids in the fat-deficient state that 
the dienoic acid levels of both cells and 
plasma are reliable indices of the dietary 
lack of linoleic acid. Moreover, the syn
thesis of trienoic acid and of tetraenoic 
acid are influenced remarkedly by the 
caloric intake and the resulting rate of 
growth; hence, they are also of value in 
interpreting degrees of deficiency.
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Determination of amino acid require
ments of human subjects necessitates the 
administration within a single experiment 
of different quantities of the amino acid 
under investigation in order to ascertain 
the smallest quantity that will maintain 
nitrogen equilibrium (Rose, ’57; Leverton, 
’60; Clark et al., ’60). With such an ex
perimental design, however, the effective
ness of the minimal amount of a particular 
amino acid usually can be tested for only 
a few days. Estimates of amino acid re
quirements established in short periods 
should be supported by data obtained 
when quantities of the amino acid approxi
mating minimal needs are consumed for 
several consecutive weeks, together with 
adequate amounts of other essential amino 
acids and of nitrogen.

Three experiments therefore were con
ducted to examine the applicability of ly
sine requirements previously estimated in 
short-term experiments in this laboratory 
(Clark et al., ’60), and to observe direc
tional trends that might develop when 
dietary lysine was near but not necessarily 
equal to minimal needs of individual sub
jects. The lysine intake of all subjects was 
held constant throughout each experiment 
at one of three selected quantities. Total 
amounts of other essential amino acids 
and of nitrogen were the same as those 
provided when minimum lysine require
ments were established.

PROCEDURE

The procedures for investigation of ni
trogen metabolism were similar to those

described in earlier publications (Clark 
et al., ’57, ’60) except as indicated.

Subjects. The graduate students or 
upper classmen who participated were be
tween 20 and 30 years of age and were 
judged healthy by a physician. The women 
weighed between 56.1 and 67.4 kg, and 
the men between 62.0 and 75.9 kg 
(table 1). Subjects EO, ER and JY served 
in two experiments.

Dietary nitrogen and calories. The total 
daily nitrogen intake of each subject was 
approximately 9.0 gm, of which 45% was 
supplied by 159 gm of white wheat flour, 
21 gm of cornmeal and a few low-nitrogen 
foods; 9% by a mixture of essential amino 
acids; and 46% by glycine, glutamic acid 
and diammonium citrate, each of which 
contributed one-third of the nitrogen. The 
quantities of essential amino acids, cystine 
and tyrosine provided by the basal diet 
and the amino acid mixture were equiv
alent to those present in 20 gm of egg 
protein. The diet was supplemented with 
vitamins3 and a mineral mixture.

Information concerning the basal caloric 
expenditure and physical activity of each 
subject was used in making preliminary 
estimates of caloric requirements which 
were modified as necessary during the
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1 Journal paper 1914, Purdue Agricultural Experi
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TABLE 1
Description o f subjects

Lysine
intake Subject Sex Age Body

weight Height Surface
area

Caloric
intake1 Creatinine

mg years hg cm m 2 gm

600 ER F 22 65.0 175 1.78 2700 1.33
CS M 21 64.9 172 1.73 3200 1.54
JY M 20 62.8 185 1.80 3350 1.45
M Z M 21 74.4 177 1.88 3250 1.67

700 PG F 22 65.9 165 1.71 2600 1.31
W M M 24 62.0 181 1.81 3550 1.61
EO M 26 65.0 183 1.84 3600 1.82
ER F 22 67.4 174 1.78 2700 1.51
BS F 25 56.1 168 1.61 2450 1.07
FS F 22 56.3 167 1.61 2450 1.19

950 W B M 23 75.9 187 1.98 3500 1.55
GD M 21 64.4 178 1.85 3100 1.41
EO M 26 65.9 183 1.84 3600 1.61
RP M 25 70.6 178 1.85 3500 1.83
JY M 20 64.4 185 1.80 3300 1.49

1 Includes 150 Cal. estimated to be supplied by purified amino acids.

12-day adjustment period at the beginning 
of the experiment. The total caloric in
takes shown in table 1, which include an 
estimated 150 Cal. from the amino acid 
mixtures, maintained initial body weight 
and were continued throughout the experi
ment except for adjustments of 5% or less 
for three subjects. The women consumed 
between 2,450 and 2,700 Cal., and the men 
between 3.100 and 3,600 Cal.

Lysine intakes. Since time did not per
mit determination of minimum lysine re
quirements of individual participants, data 
obtained in earlier experiments were util
ized. The mean lysine requirement for 
maintenance of nitrogen equilibrium of
9 men who weighed between 62.6 and
86.2 kg was 700 mg with a range of 400 
to 900 mg, and the mean requirement of
10 women weighing from 49.9 to 79.8 kg 
was 550 mg with a range of 300 to 700 mg 
(Clark et al., ’60). None of the minimum 
lysine requirements of participants in the 
current series, as predicted from body 
weight, surface area or creatinine excre
tion (table 1), exceeded the upper limits 
established previously.

The total amounts of lysine consumed 
in these three experiments were believed 
to be equivalent to the minimum require
ments of some subjects and above or below 
the needs of others. In one experiment 
only 600 mg of this amino acid were al
lowed, an amount predicted by means of

regression equations to be adequate for 
only one-half of the subjects. In another 
test, 700 mg were administered to subjects 
whose minimum requirements were esti
mated to be between 500 and 700 mg, and 
in the final test 950 mg of lysine exceeded 
the estimated requirement of every sub
ject by at least 250 mg. No attempt was 
made to induce a severe deficiency or to 
provide a large excess of lysine.

The foods as served supplied 400 or 
450 mg of lysine. They were supplemented 
during the initial 12-day adjustment period 
with 1,000 mg of lysine as the monohydro
chloride, and subsequently with the quan
tity necessary to increase the total lysine 
intake to 600, 700 or 950 mg.

Measurement of nitrogen balance. Uri
nary nitrogen and creatinine were deter
mined daily. Feces for 6-day intervals 
were pooled. Fecal nitrogen values of in
dividual subjects differed significantly 
from each other, but values for the same 
subject did not differ between periods. 
Therefore, in calculating nitrogen bal
ances, the mean fecal nitrogen of each 
individual for all experimental periods was 
used.

RESULTS A N D  DISCUSSION

Data pertaining to nitrogen retention of 
subjects who consumed constant quanti
ties of lysine, nitrogen and calories for 
30 consecutive days are presented in terms
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10 20 30
DAYS

Fig. 1 Regression of nitrogen balance (Y ) on 
time (X ). The equations are: lysine 600 mg, 
Y =  14.56X — 91; lysine 700 mg, Y =  10.74X+  
288; and lysine 950 mg, Y =  22.15X -f 294.

of the entire experiment and of successive 
periods within it.

R egression  o f  nitrogen balance on  tim e. 
The slopes of the lines indicating the re
gression on time of mean daily nitrogen 
balances of three groups of individuals are 
depicted in figure 1. The regression equa
tions related to intakes of 600, 700 and 
950 mg of lysine were, respectively: 
600 mg, Y =  14.56 X -  91; 700 mg, Y =  
10.74X + 288; and 950 mg, Y =  22.15X 
+ 294, Y being the predicted nitrogen 
balance in milligrams and X being time 
in days. The regression of nitrogen bal
ance on time was highly significant (P < 
0.01) when lysine intake was 600 mg, 
and significant (P < 0 .0 5 ) when it was 
950 mg. It was not significant when 
700 mg of lysine were consumed by 6 sub
jects for 30 days, but was significant (P 
< 0.05) when 4 of the same individuals 
continued for a total of 36 days.

Using these regression equations, one 
would predict that nitrogen retention of 
groups of subjects who consumed 600, 
700 and 950 mg of lysine would improve 
by 440, 320 and 660 mg, respectively, 
between the beginning and end of a 30- 
day metabolism test. Such differences in 
nitrogen retention between the early and 
late phases of an experiment are of suffi
cient magnitude to require consideration 
in planning experiments and interpreting 
the results, whether dietary lysine is below, 
near or above the minimum requirement.

The slopes of the regressions of indi
vidual subjects did not differ significantly 
from each other within any group. None 
of the individual slopes differed from zero 
except that of subject ER when consum
ing 600 mg of lysine. Only one subject 
(WM) showed a downward trend during 
30 days, and he improved sharply in a 
subsequent 6-day period. Since increments 
in nitrogen retention in 30 days that were 
predicted from individual equations varied 
by as much as 600 mg within a group, the 
importance of testing the effect of any 
dietary treatment on several subjects is 
emphasized.

The improvement of nitrogen balance 
with time in this series is in accord with 
observations of other investigators under 
distinctly different dietary conditions. Af
ter initiation of a diet containing minimal 
amounts of protein, nitrogen balances of 
men improved sharply for two weeks and 
then gradually for 5 weeks, finally reach
ing a plateau after 16 weeks (Horwitt 
et al., ’56). When quantities of cereal pro
tein near those required for equilibrium 
were fed, nitrogen balances of young 
women remained positive for 10 weeks 
with no tendency to decrease (Bricker 
et al., ’49).

E ffectiven ess  o f  different quantities of  
lysin e in m aintaining nitrogen equilibrium . 
One purpose of the present series was to 
examine critically the effectiveness in 
maintaining nitrogen equilibrium of the 
quantities of lysine that were reported 
earlier as minimum daily requirements for 
men and women. Therefore, nitrogen bal
ances of individuals are expressed as 
means of 6-day experimental periods and 
of the entire experiment in table 2. Nitro
gen intakes in all periods were between 
9.0 and 9.1 gm. Mean fecal nitrogen 
values are indicated in a footnote to 
table 2. Mean creatinine values are shown 
in table 1. Body weights remained con
stant or increased slightly.

Nitrogen balances in the two initial
6-day adjustment periods were examined 
because the metabolic state in this interval 
might influence subsequent nitrogen reten
tion. Rose ( ’57) observed that after the 
return of an essential amino acid whose 
omission had induced a strongly negative
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T A B L E  2

M ea n  daily nitrogen balances' in su ccessive 6-day periods o f su bjects w h o con su m ed  
9.0  gm  o f nitrogen and 6 00 , 700  or 9 50  m g o f lysine

600 mg lysine 700 m g lysine 950 mg lysine

Subject N balance Subject N balance Subject N balance

mg mg mg

ER - 0 . 5 5 ER 0.24 W B 0.12
- 0 . 2 0 0.24 - 0 . 0 3
- 0 . 1 3 - 0 . 3 0 0.23

0.08 0.25 0.47
- 0 . 0 8 0.58 0.44

M ean — 0 .1 8 ± 0 .2 3 0.20 ± 0 .3 2 0.25 ± 0 .2 1

CS 0.24 PG 0.37 GD 0.80
0.15 0.66 1.01
0.37 0.26 2.09
0.57 0.24 1.74
0.55 0.83 1.47

M ean 0 .3 8 ± 0 .1 8 0.47 ± 0 .2 6 1.42 ± 0 .5 2

JY 0.80 W M 0.52 JY 1.12
- 0 . 2 6 0.65 0.51

0.38 0.27 0.65
0.40 0.87 0.65
0.59 0.19 1.14

M ean 0.38 ± 0 .3 9 0.50 ± 0 .2 8 0.81 ± 0 .2 9

M Z - 0 . 2 6 EO 0.38 EO 0.36
- 0 . 3 7 0.23 0.31

0.30 0.71 0.79
0.01 0.81 0.81

- 0 . 0 4 0.70 1.05

M ean — 0.07 ±  0.26 0.57 ± 0 .2 5 0 .6 6 ± 0 .3 2

BS 0.25 RP - 0 . 3 4
0.45 - 0 . 1 9
0.17 0.11
0.77 0.10
0.77 0.39

M ean 0.48 ± 0 .2 8 0.01 ± 0 .2 9

FS 0.25
0.39
0.59
0.60
0.66

M ean 0.50 ± 0 .1 7

1 B a l a n c e s  p o s i t i v e  u n l e s s  s o  i n d i c a t e d .  M e a n  f e c a l  n i t r o g e n  ( g m ) :  
M Z  0 . 7 8 ,  E R  0 . 6 5 ,  P G  0 . 6 1 ,  W M  0 . 9 2 ,  E O  0 . 9 4 ,  B S  0 . 5 9 ,  F S  0 . 7 2 ,  W B  0 . 7 8  
a n d  R P  0 . 7 9 .

E R  0 . 6 5 ,  C S  0 . 6 0 ,  J Y  0 . 6 8 ,  
, G D  0 . 7 5 ,  J Y  0 . 7 2 ,  E O  0 . 8 8 ,

balance the output of urinary nitrogen de
creased progressively until equilibrium was 
re-established and then nitrogen was re
tained as the body compensated for the 
loss incurred during the period of depriva
tion. More recently, Hunscher ( ’61) em

phasized the importance of reporting data 
obtained in adjustment as well as experi
mental periods. Several subjects in the 
present series maintained positive balance 
in both adjustment periods, others com
pensated during the second period for ni-
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trogen lost in the first period, and only 
one subject (RP) failed to attain equili
brium during the adjustment interval. 
Thus, there was no reason to believe that 
nitrogen retention during the experiment 
was increased because of previous deple
tion of protein.

An intake of 600 mg of lysine was ade
quate throughout the experiment for only 
two of four subjects, since subjects ER 
and MZ did not attain equilibrium during 
the first two experimental periods. These 
findings are in complete agreement with 
earlier estimates of lysine requirements 
and also with estimates made from regres
sion equations based on body weight, sur
face area and creatinine excretion of these 
individuals (Clark et al., ’60). It would 
have been very unexpected if 600 mg of 
lysine had proven adequate for all. When 
700 mg of lysine were provided, all sub
jects maintained positive balance except 
subject ER in one period. This amount of 
lysine therefore was satisfactory for men 
and women who weighed between 56 and 
67 kg. Four of the 5 men who weighed 
from 64 to 76 kg and ingested 950 mg 
of lysine consistently maintained equilib
rium or positive balance. The failure of 
subject RP to attain equilibrium in the 
first two periods cannot be explained, 
because the lysine intake exceeded his 
predicted requirement by 250 mg.

The findings in these three experiments 
are consistent with minimum lysine re
quirements estimated in short-term tests 
(Clark et al., ’60). Attainment of equilib
rium by most subjects at the beginning of 
the experiment and subsequent improve
ment by all individuals emphasize the 
usefulness of the estimated minimum 
requirements reported earlier, since the 
cereal-containing diet, essential amino acid 
supplements and total nitrogen intake 
were similar. When purified amino acids 
were ingested, Rose et al. ( ’55) observed 
that 800 mg or less of lysine met minimum 
requirements of all men tested. The re
gression equations developed for predic
tion of lysine requirements from body 
weight, surface area or creatinine excre
tion (Clark et al., ’60) should be applicable 
to groups of subjects but cannot be ex
pected to yield precise results for all 
individuals.

Variability of nitrogen balances in suc
cessive periods. The experimental plan 
permitted comparison of nitrogen balances 
of subjects in successive 6-day periods 
under constant experimental conditions. 
This subdivision of time within the experi
ment was selected because it was used 
when minimum lysine requirements of 
10 men and 10 women were estimated 
(Clark et al., ’60). Analysis of variance 
(Snedecor, ’56) was conducted using mean 
nitrogen balance in each period of each 
individual within a group as an item of 
data, and then the new multiple range 
test (Duncan, ’55) was applied.

Mean nitrogen balances in 5 successive 
6-day periods of the group of subjects who 
consumed 600 mg of lysine were +  0.06, 
-  0.17, +  0.23, +  0.27 and +0.26 gm; 
and of the group who consumed 700 mg 
of lysine they were in sequence, +  0.33, 
+  0.44, + 0.28, +  0.59 and +  0.62 gm. 
Mean balances in individual periods did 
not differ significantly from each other 
in either of these experiments, but they 
differed significantly (P < 0.05) when 
950 mg were consumed, the values being 
+ 0.41, + 0.32, +  0.77, + 0.75 and +  0.90 
gm, respectively, in periods 1 to 5. Bal
ances in periods 1 and 2 differed from 
that in period 5, and period 2 differed 
from 3 and 4. Differences such as these 
between periods under constant experi
mental conditions should be recognized. 
Dietary treatments should be so distrib
uted within an experiment that effects 
attributable to position within the experi
ment are minimized.

Other investigators also have observed 
that nitrogen balances of subjects vary 
when experimental conditions do not 
change. Deviations in nitrogen retention 
in 7-day periods may be noted in the 
graphs published by Bricker et al. ( ’49) 
when women consumed a constant diet of 
cereals that supplied an amount of protein 
near the minimum need of each individual. 
Similarly, Johnston and McMillan ( ’52) 
reported that the amount of nitrogen re
tained by young women consuming 70 gm 
of protein varied widely from week to week 
for a particular subject but the means for 
12 weeks were similar.

Reports in the literature relative to 
amino acid requirements and nitrogen re-
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tention have included data based on peri
ods of varying length. For this reason, 
the present experiment also was subdi
vided into intervals of 4, 8 or 10 days. 
Differences between highest and lowest 
balances of subjects who consumed 700 
mg of lysine were 0.21 gm greater, on the 
average, when calculated for 4-day than 
for 6-day periods. Data representing as 
little as 4 days therefore would reflect the 
response to a particular dietary treatment 
less satisfactorily than a longer interval. 
On the other hand, expression of the data 
in terms of periods of either 8 or 10 days 
reduced the deviation between maximum 
and minimum values 0.16 gm below that 
noted in 6-day periods. Because of varia
tions in urinary excretion from day to day, 
periods should be of sufficient length to 
provide clear-cut results.

Variability in nitrogen balances of 
different individuals. Nitrogen balances 
characteristic of certain individuals dif
fered from others when data for all 6-day 
periods were considered. Differences be
tween individuals were highly significant 
( P < 0 . 0 1 )  when 600 mg of lysine were 
provided, nitrogen balances of subjects CS 
and JY being higher than those of subjects 
ER and MZ (table 2). Differences were 
not detected when 700 mg of lysine were 
administered, but were highly significant 
( P < 0 . 0 1 )  when 950 mg of lysine were 
tested. Subject GD differed from all others 
in the group, and RP differed from all 
except WB who in turn differed from sub
jects EO and JY. Differences in metabolic 
responses and amino acid requirements of 
individuals have been observed in several 
laboratories. Since the individuals who 
comprise any group may influence the 
results, as many subjects as possible 
should be tested simultaneously.

SUMMARY

The influence on nitrogen retention of 
providing constant intakes of lysine and 
nitrogen during a 30-day interval was 
tested in three groups of human subjects. 
The experimental diet contained cereals, 
purified amino acids and diammonium 
citrate and supplied 9.0 gm of nitrogen

daily. In different experiments, 600, 700 
or 950 mg of lysine were provided. Earlier 
estimates of minimum lysine requirements 
of men and women which were based on 
short-term experiments were supported. 
Nitrogen retention improved with time 
whether 600, 700 or 950 mg of lysine were 
consumed. Variability in nitrogen balances 
of different subjects in successive periods 
of varying length has been discussed.
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Effects of Thiamine Deficiency and of Oxythiamine on 
Rat Tissue Transketolase* 1

MYRON BRIN
Departments of Biochemistry and Medicine, Upstate Medical Center, 
State University of New York, Syracuse, Nezv York

Following the demonstration that the 
addition of methylene blue to intact rat 
erythrocytes stimulated a recycling glu
cose oxidative pathway (Brin and Yone- 
moto, ’58), it was shown that the activity 
of this metabolic system was markedly de
pressed in intact red cells from the thia
mine-deficient rat (Brin et al., ’58), and 
man (W olfe et al., ’58), and in intact 
erythrocytes obtained from rats treated 
with oxythiamine (Wolfe, ’57). A he- 
molysate assay procedure was developed 
(Brin et al., ’60) which was more suitable 
for routine work. Transketolase assays 
on hemolysates were shown to be specific 
and sensitive to thiamine deficiency (Brin 
et al., ’60; Brin, ’62). It was desirable, 
therefore, to reaffirm the effect of oxythia
mine on hemolysate transketolase and to 
extend the observations to the transketo
lase activity of 8 other tissues of the rat.

EXPERIMENTAL PROCEDURE

Seventy-two female albino rats2 weigh
ing between 60 to 80 gm were divided into 
groups coded as follows: the code “C” de
noted rats that were fed the purified diet 
with adequate thiamine. The percentage 
composition of the diet was glucose, 73; 
purified casein, 18;3 corn oil, 4; salt mix
ture (Hegsted et al., ’41), 4;4 5 cod liver oil, 
USP, 1. The following vitamins were 
added in m g/kg of diet: thiamine HC1, 4; 
riboflavin, 8; pyridoxine-HCl, 4; Ca panto
thenate, 25; niacin, 40; choline chloride,
1,000. The code “D” denoted rats that 
were fed the purified diet devoid of added 
thiamine. The sign “+ ” indicated rats, 
that were treated with oxythiamine by 
daily intraperitoneal injection at a level 
of 100 ug/day. Rats that were not treated 
with oxythiamine were injected with an 
equal volume of 0.9% NaCl daily. The

rats injected with oxythiamine were 
housed individually, whereas other rats 
were housed in groups of 6 in wire-bottom 
cages with food and water available ad 
libitum. All rats were weighed three 
times weekly for a period of two weeks. 
Rats from each coded group were killed at 
4, 7, and 13 days after the initiation of the 
dietary regimen. At the time of sacrifice, 
blood was withdrawn by cardiac puncture 
from the ether-anesthetized animal. The 
rats were exsanguinated by decapitation 
and samples of spleen, skeletal muscle 
(fem oral), heart, lung, liver, kidney, in
testine (ileum), and brain (whole) were 
removed, wrapped in Parafilm3 and frozen 
at — 20 °C for periods of one to three 
months until analyzed for transketolase 
activity.

The preparation of, and transketolase 
assay of erythrocyte hemolysates were de
scribed previously (Brin et al., ’60) except 
that the orcinol reagent was modified as 
heretofore described (Brown, ’46). Tissue 
samples were weighed on a Roller-Smith 
torsion balance and were diluted with 
suitable volumes of buffer to yield the fol
lowing dilutions: liver and kidney 1:50; 
brain, heart, muscle, lung, intestine, and 
spleen 1:10. For the transketolase as
says, an homogenate aliquot of 0.5 ml,/as
say tube was used for all tissues with the

R e c e i v e d  f o r  p u b l i c a t i o n  A p r i l  1 2 ,  1 9 6 2 .
1 A c k n o w l e d g m e n t  i s  m a d e  t o  t h e  W i l l i a m s - W a t e r 

m a n  F u n d ,  N e w  Y o r k ,  a n d  t o  t h e  N a t i o n a l  I n s t i t u t e  
o f  A r t h r i t i s  a n d  M e t a b o l i c  D i s e a s e  ( g r a n t  n o .  A - 3 1 2 7 ) ,  
B e t h e s d a ,  M a r y l a n d ,  f o r  t h e  f i n a n c i a l  s u p p o r t  o f  t h e s e  
s t u d i e s .

2 T h e s e  r a t s  w e r e  p r e v i o u s l y  m a i n t a i n e d  w i t h  B i g  
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exception of liver. In the latter case 0.3 
ml was used and the difference was made 
up with buffer. Both the disappearance 
of pentose and the formation of hexose 
were measured in all assays.

RESULTS

The weight gains of the rats fed the 
thiamine-deficient diet, and of the thia
mine-adequate and thiamine-deficient rats 
that were treated with oxythiamine, were 
similar to those observed in the untreated 
thiamine-adequate group. The gross phy
sical appearance and the behavior of the 
rats were normal during the 13-day experi
mental period.

Data to show the effects of thiamine de
ficiency, and of administering oxythia

mine to thiamine-adequate or thiamine- 
deficient rats, for a period of 13 days, on 
the transketolase activity in erythrocytes 
and 8 tissues are presented in table 1. 
The variation in the number of transketo
lase assays per group was due to occa
sional deaths, insufficient tissue, or loss 
of samples during the analyses.

A 50-fold difference in the transketolase 
activity of the various tissues obtained 
from untreated rats was noted, with liver 
having the highest activity. The other 
tissues, when listed in the order of de
creasing enzyme activity, were kidney, 
spleen, intestine, lung, brain, heart, ery
throcyte and muscle.

Data similar to that presented in table 
1 were obtained for erythrocytes and tis-

DAYS DAYS DAYS
Fig. 1 The effects of in jected oxythiam ine ( +  ) on the transketolase activity (form ation  o f hex

ose) o f 9 tissues in control (C )  and thiamine-deficient (D )  rats. Data are expressed as percentage 
o f the control (C )  group.
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sues after 4 and 7 days of the experi
mental regimen. To present the material 
in a more unified fashion the data were 
recalculated in each case as a percentage 
of the “C” or untreated group. These 
values are presented graphically in fig
ure 1.

By the fourth experimental day trans- 
ketolase activity was decreased in heart 
from thiamine-deficient rats. At 7 days it 
was decreased in the erythrocytes, heart, 
kidney, lung, intestine and spleen. After 
13 days it was depressed even more so in 
erythrocytes, heart, liver, kidney, muscle, 
lung, intestine, and spleen in thiamine- 
deficient animals. Transketolase activity 
in brain obtained from thiamine-deficient 
rats was unaffected after 13 experimental 
days.

The administration of oxythiamine to 
thiamine-adequate or thiamine-deficient 
rats for a 13-day period decreased the 
transketolase activity of erythrocytes, 
heart, liver, kidney, muscle, lung and 
intestine. The transketolase activity of 
spleen obtained from oxythiamine-treated, 
thiamine-adequate rats was unaffected 
at 13 days, whereas it was decreased 
in spleen obtained from thiamine-defi
cient rats. The transketolase activity 
of brain obtained from oxythiamine- 
treated, thiamine-adequate or thiamine- 
deficient rats was unaffected after 13 
experimental days. Similar effects were ob
served when oxythiamine was adminis
tered by adding it to the diets at a level 
of 10 ag/gm diet.6

DISCUSSION
Previous studies on the thiamine content 

of rat heart, liver, kidney, and brain, as 
determined at intervals over a 4-week 
period of thiamine deficiency demonstrated 
that kidney, heart and liver thiamine de
creased at a uniform rate with time as 
the deficiency progressed (Salcedo et al., 
’48). Normal levels of brain thiamine 
were maintained in these rats for the ini
tial two weeks, after which it decreased 
sharply. The data presented in this report 
on the effects of thiamine deficiency on rat 
tissue transketolase activity correlate very 
well, therefore, with the previous observa
tions on tissue thiamine.

Growth, appearance, and behavior were 
normal in thiamine-deficient rats and in

thiamine-adequate and thiamine-deficient 
rats that were treated with oxythiamine 
for the 13-day experimental period. Yet, 
both thiamine deficiency, and the admin
istration of oxythiamine to thiamine-ade
quate and thiamine-deficient rats resulted 
in decreased transketolase activity of 8 
tissues obtained from these animals. This 
effect was evident in most tissue after 
only 7 days of treatment, and brain was 
the only tissue in which the transketolase 
activity was not decreased by either thia
mine deficiency or by oxythiamine during 
the experimental period. The sustained 
transketolase activity in brain was con
sidered noteworthy because of the late de
velopment of the neurological signs of 
thiamine deficiency in the rat. It was 
clearly evident then, that the transketolase 
activity of all the tissue studied, with the 
exception of brain, was markedly depressed 
in thiamine-deficient rats before growth 
was depressed and before any other clini
cal signs were noted. These studies there
fore lend support to the belief that erythro
cyte transketolase, an enzyme readily 
available from the host without detriment, 
is an important reflection of the state of 
thiamine adequacy of rat tissues, particu
larly in marginal deficiency (Brin, ’62; 
Brin et al., ’61a, b).

SUMMARY
1. Transketolase activity varied mark

edly in different rat tissues. When listed 
in the order of decreasing activity per 
gram of fresh tissue they were liver, kid
ney, spleen, intestine, lung, brain, heart, 
erythrocytes and muscle.

2. The transketolase activity of all of 
the rat tissues tested with the exception 
of brain was decreased by thiamine defi
ciency. In heart tissue this effect was evi
dent after 4 experimental days, and in all 
tissues (but brain) by 7 days; the effect 
was greater in the affected tissues after 
13 days of thiamine deficiency. In lung, 
erythrocytes, kidney, and intestine the 
enzyme was depressed to about one-third 
of normal activity; in spleen, heart and 
liver it was depressed to about one-half of 
normal activity, and in muscle it was de
pressed to about four-fifths of normal ac
tivity after 13 experimental days of thia

6 M. Brin, unpublished experim ents.
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mine deficiency. Brain transketolase was 
unaffected in these rats.

3. Oxythiamine, when administered 
daily at a level of 100 ug/rat for 13 days 
by intraperitoneal injection resulted in 
decreased transketolase activity in all the 
tissues tested with the exception of brain, 
whether administered to thiamine-ade
quate or to thiamine-deficient rats.

4. Neither thiamine deficiency nor the 
administration of oxythiamine to thia
mine-adequate or thiamine-deficient rats 
resulted in adverse effects on growth, ap
pearance, or behavior during the 13-day 
experimental period.

5. These studies lend support to the 
belief that the effect of thiamine defi
ciency on decreasing erythrocyte trans
ketolase, a tissue readily available from 
the host without detriment, is a reflection 
of the thiamine adequacy of other tissues, 
particularly in a marginal deficiency.
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Effects of Levels of Certain Dietary Lipids on Plasm a  
Cholesterol and Atherosclerosis in the Chick* 1
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D e p a r t m e n t s  o f  B i o c h e m i s t r y  a n d  A n i m a l  S c i e n c e s ,  P u r d u e  U n i v e r s i t y ,  
L a f a y e t t e ,  I n d i a n a

There have been few reports of positive 
effects of dietary lipids upon cholesterol 
in the chicken. Stamler et al. (’59) reported 
only oleic, among the saturated and unsat
urated acids, to have a hypocholesterolemic 
effect. Mone et al. ( ’59) and Kokatnur 
and Kummerow ( ’59) reported that plasma 
cholesterol in chicks is affected more by 
the level of dietary protein than by type or 
level of dietary fat. Others have since 
made similar observations. On the other 
hand, Marion et al. ( ’61) observed that 
corn oil had a greater hypocholesterolemic 
effect than did a dietary protein increase 
in cholesterol-fed birds. Hegsted et al. 
( ’60) and Tennent et al. ( ’59) found 
that unsaturated fats lowered plasma cho
lesterol in cholesterol-fed birds.

Hypocholesterolemic effects have been 
observed with 10% of either ling cod liver 
oil or halibut liver oil in the diet (Wood 
and Biely, ’60). A high vitamin A frac
tion from the ling cod liver oil was found 
to have the effect (Wood, ’60) and this 
was attributed partly to the vitamin A 
present. Weitzel et al. ( ’56) had reported 
that high dietary levels of vitamin A and 
E reduced atheromatous lesions in old 
hens. Vitamin E is reported to be inef
fective in the chick (Dam, ’44; Stamler et 
al., ’53; Weitzel et al., ’56).

The purpose of the present work was 
to observe cholesterol levels in plasma and 
vascular tissues of chickens fed diets low 
in fat and high in saturated fat, with and 
without cholesterol and synthetic vitamins 
A and E.

MATERIALS AND METHODS

Two basal diets were used, one contain
ing 20% of fat (high-fat) and the other 
0.5% fat (low-fat). The percentage com
position of the high-fat diet was: isolated 
soybean protein,3 32.33; glucose,4 31.27;
184

fat, 20.00; mineral mix (Krautmann et 
al., ’58, modified to include 0.00006% 
Na2Mo0.r2H20 ), 7.20; dried whey, 6.47; 
DL-methionine, 0.71; glycine, 0.39; vitamin 
premix, 1.63. The vitamin premix sup
plied for each 100 gm of diet: choline 
chloride, 258 mg; riboflavin, 1.13 mg; Ca 
pantothenate, 2.27 mg; niacin, 5.12 mg; 
inositol, 31 mg; pyridoxine HCl, 1.73 mg; 
thiamine-HCl, 1.02 mg; folic acid, 0.48 
mg; biotin, 0.04 mg; vitamin B,2, 1.28 ug; 
vitamin A, 517 IU; vitamin D3, 291 ICU; 
menadione sodium bisulfite, 0.09 mg; vita
min E, 0.71 IU: penicillin, 0.85 mg. To 
maintain a constant ratio to total energy, 
the protein, mineral and vitamin levels 
were multiplied by the factor 0.773 in 
converting this diet to the low-fat diet. 
Glucose was then added to adjust the 
ration to 100% . Additions were made as 
follows to both basal diets at the expense 
of glucose: gelatine-coated crystalline vita
min A, 500,000 IU/gm;5 * vitamin E (dl-a- 
tocopherol);8 sodium glycocholate,7 and 
USP cholesterol.8 The fats used were hy
drogenated coconut oil9 (HCO); stabilized 
yellow grease10 (SYG); soybean oil11 (SBO); 
and corn oil.12

Blood was obtained by heart puncture 
with a heparinized syringe. Plasma and 
aortic cholesterol were determined by the

Received for publication June 6, 1962.
1 Journal Paper no. 1895 o f the Purdue University 

Agricultural Experiment Station, Purdue University, 
Lafayette, Indiana.

2 Present address: Radioisotope Unit, V. A. Hospital, 
Madison, Wisconsin.

3 Product no. 220, Archer-Daniels-M idland Com
pany, M inneapolis, M innesota.

4 Cerelose, Corn Products Com pany, Argo, Illinois.
5 N utritional Biochem icals Corporation, Cleveland.
fi M erck and Com pany, Inc., R ahw ay, N ew  Jersey.
7 See footnote 5.
8 See footnote 5.
9 Contribution of Procter and Gam ble, C incin n ati; 

I.V. = 4.5.
10 D arlin g and Com pany, Chicago; I.V. — 56.
11 Contribution of Ralston P urina Com pany, L a fa y 

ette, Indiana; I.V. = 125.
12 Corn Products Refining Com pany, Argo, Illinois.
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method of Sperry and Webb ( ’50). Aortic 
lipids were extracted by the method of 
Folch et al. ( ’57). The resulting solutions 
were made to a suitable volume and ali
quots were taken for the determination of 
total lipids and cholesterol. The solvent 
was removed under reduced pressure and 
the residue weighed as total lipid. The 
residue from a separate aliquot was taken 
up in 1:1 acetone: ethanol for the deter
mination of cholesterol.

Statistical analyses were performed by 
the method of Newman ( ’39) as modified 
by Keuls ( ’52). Heterogeneity of vari
ance was evidenced in both experiments, 
as a result of much larger variances in 
cholesterol-fed birds than in those not fed 
cholesterol. In experiment 1, to overcome 
this difficulty each variance of a differ
ence from the average of the variances 
was calculated for that difference. Then 
the Newman-Keuls test was run on all 
possible pairs of means. In experiment 2, 
it was possible to obtain homogeneity of 
variance by dividing the treatments into 
two groups, cholesterol-fed and noncho
lesterol fed. Comparison of treatment 
means was made by the Newman-Keuls 
test within each group.

RESULTS AND DISCUSSION

Experiment 1. Sixteen groups of 15, 
one-day-old White Cross cockerels, were 
group-fed the diets as indicated in table 1,

ad libitum. Eight one-day-old cockerels 
were found to have an average plasma cho
lesterol level of 550 m g /100 ml. Blood was 
obtained from 5 birds in each group after 
4 weeks of treatment and from 5 different 
birds after 6 weeks of treatment. Plasma 
cholesterol data (table 1) for these two 
periods were combined and analyzed sta
tistically.

Addition of cholesterol resulted in sig
nificant increases (P <  0.05) in plasma 
cholesterol levels in chicks receiving high- 
fat diets but not in those receiving low-fat 
diets. The addition of bile salt to the low- 
fat and 20% HCO diets resulted in nonsig
nificant further increases in plasma cho
lesterol.

Plasma cholesterol was significantly low
ered (P <  0.05) in cholesterol-fed birds by 
high dietary levels of vitamin A. The in
gestion of 42 IU/gm of diet (3,000 to 
5,000 IU daily) was effective, and further 
effects from higher levels were small. Ad
ministration of 10,000 IU/day, subcutane
ously, was less effective than lower levels 
given orally. Sodium glycocholate elimi
nated the hypocholesterolemic effect of 
the vitamin. The results suggest that the 
response is mediated through some effect 
on cholesterol absorption. Possibly the 
vitamin may exert its effect by interfer
ing in some manner with bile acid metab
olism, e.g., by forming an unabsorbable 
complex in the intestinal lumen. Such 
action could explain the effect on plasma

TA B LE  1

E f f e c t s  o f  v a r i o u s  d i e t a r y  l ip id s  o n  p l a s m a  c h o l e s t e r o l  l e v e l s  i n  c o c k e r e l s

Additions to various diets
Plasma cholesterol levels in 

chicks fed various fats1

Cholesterol Vitamin
A 20%

HCO
0.5%
HCO Corn 20%

oil SBO

% % IJJ/gm diet mg/100 ml m g/100 ml
0 0 0 143 133 —  —
1 0 0 485 147 354 293
0 0 167 109 — ---  ---
1 0 167 147 — 277 —
1 0 83 175 — ---  ---
1 0 42 262 — ---  ---
1 0 1002 347 — ---  ---
1 0 129 — 125 ---  ---
1 0 .33 0 623 198 ---  ---
1 0.3 167 676 — ---  ---

1 Averages of com bined 4 and 6 w eek data; HCO, hydrogenated coconut oil; SBO, soybean oil.
2 V itam in  A palm itate in  ethyl palm itate 0.1 m l = 10,000 IU in jected  subcutaneously per day per 

bird.
3 Reduced to 0.23% fo r the low fa t diet.
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cholesterol in chicks not fed cholesterol as 
well as in cholesterol-fed birds.

Corn oil13 and soybean oil appeared to 
decrease plasma cholesterol even though 
this effect was not significant because of 
large variations within these groups.

Experiment 2. Nine groups of 25, one- 
day-old Arbor Acres cockerels, were group- 
fed the diets as indicated (table 2). Birds 
were weighed at zero, 3, 6, 10, 15 and 20 
weeks. After 6 weeks, blood was obtained 
from 4 birds randomly selected from each 
group. Five other birds from each group 
were decapitated, after obtaining blood 
at the 10-, 15- and 20-week periods. The 
aortas were removed, thoroughly cleaned 
of all adhering materials, weighed, opened 
longitudinally and examined macroscopi- 
cally for atherosclerosis. If present, the 
lesions were graded as to percentage of 
intimal area involved. Small sections of the 
ascending aorta were taken at 15 and 20 
weeks and fixed in 10% formalin prior 
to histological preparation and examina
tion. The remaining portions of the aorta 
were stored at — 20 °C until further anal
yses could be performed.

The severity of atherosclerosis (table 
2) was lowered by the addition of vita
min A or partial substitution of SBO in 
the HCO-cholesterol diet. Vitamin E alone 
showed no effect but appeared to dimin
ish the effect of vitamin A. In aortas with 
macroscopic lesions, sudanophilic plaques 
were observed when frozen cross sections 
(20 a) were prepared from the ascending

aorta and stained with Sudan IV. No su
danophilic plaques were observed in any 
of the aortas of birds sacrificed at 15 
weeks.

Body weight increases to 6 weeks of 
age (table 3) were significantly greater in 
birds receiving SBO or SYG (P < 0 .0 1 ) 
than in birds receiving HCO diets. Group 
4 receiving 20% of HCO, had significantly 
greater (P < 0 .0 1 ) body weights than 
group 1, receiving 0.5% of HCO. The 
addition of cholesterol to the diet resulted 
in significantly lower body weights (P < 
0.01) except when SBO was fed (group 
9). Body weight trends observed at 6 
weeks continued until the end of the ex
periment.

Plasma cholesterol data for the 4 periods 
were combined (table 3) for statistical 
treatment.

In cholesterol-fed chicks, plasma cho
lesterol levels were lowered significantly 
(P < 0 .0 1 ) by either the addition of 100- 
167 IU of vitamin A/gm of diet (group 6) 
or the partial substitution of SBO for 
HCO (group 9). Since no significant ef
fect of SBO was observed at the sixth week 
in either experiment 1 or 2, it appears that 
the response to SBO may be induced after 
this period. Separate statistical treatment 
of the data obtained at the 10-, 15- or 20- 
week periods consistently revealed a sig
nificant difference (P < 0 .0 1 ) between 
the SBO (group 9) and HCO groups. Die-

13 Mazola, Com Products Company, Argo, Illinois.

TABLE 2
Atherosclerosis in  chicks a fter 20  w eek s o f  treatm ent (average values)

Group
no.

Treatment
No. of 
chicks

No. with 
lesions

Intimal area involved

Cholesterol Added
vitamin1 Fat2 Thoracic

aorta
Abdominal

aorta
Brachio
cephalics

% % % % %
i 0 0 0.5 HCO 5 0 0 0 0
2 0 0 20.0 SBO 5 0 0 0 0
3 0 0 20.0 SYG 5 0 0 0 0
4 0 0 20.0 HCO 5 0 0 0 0
5 1 0 20.0 HCO 7 6 38.5 24.3 44.4
6 1 A 20.0 HCO 7 5 1.4 1.0 4.5
7 1 E 20.0 HCO 5 5 31.0 21.0 51.0
8 1 A +  E 20.0 HCO 9 5 17.2 10.0 29.0

j 10.0 SBO9 1 0 j 10.0 HCO 8 3 0 1.2 0.1

1 Vitamin A: 100 IU/gm diet, 0-6 weeks; 167 IU/gm diet, 7-20 weeks. Vitamin E: 0.15 mg/gm diet, 0-6 weeks; 0.25 mg/gm diet, 7-20 weeks.
2 Hydrogenated coconut oil (HCO), I.V. = 4.5; soybean oil (SBO), I.V. = 125; stabilized yellow grease ('SYG') 

I.V. = 56.
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TABLE 3
R elationship o f dietary lipids to grow th , plasm a cholesterol level and aortic lipids

Aortic lipids3

Group Body1 Total2
plasma

cholesterol
10th Week 20th Week

no. wt
Total Cholesterol Total Cholesterol
lipids Free Total lipids Free Total

gm mg/100 ml % % % % % %
i 815 123 1.95 0.13 0.14 1.56 0.15 0.17
2 1021 101 2.40 0.15 0.16 1.62 0.15 0.16
3 987 115 2.63 0.14 0.15 1.45 0.16 0.17
4 917 125 1.88 0.14 0.15 1.66 0.15 0.16
5 768 756 2.72 0.21 0.46 2.29 0.37 0.71
6 821 455 2.51 0.17 0.34 1.68 0.20 0.25
7 781 757 3.19 0.24 0.57 2.46 0.29 0.56
8 791 606 2.87 0.18 0.31 1.99 0.22 0.45
9 1015 348 2.73 0.16 0.23 1.80 0.17 0.20
1 Averages of 6th week data.
2 Averages of 6, 10, 15 and 20-week data.
3 Average values.

tary vitamin E exerted no significant ef
fect on plasma cholesterol.

In chicks receiving no dietary choles
terol, plasma cholesterol levels were not 
increased by high dietary levels of fat 
when compared with those fed the 0.5% 
HCO diet. However, the level in group 2 
(20% SBO) was significantly lower (P < 
0.05) than that in those groups receiving 
HCO.

In cholesterol-fed chicks significant cor
relation was found to exist between total 
plasma cholesterol and total aortic cho
lesterol (r was 0.52, 0.64 and 0.63 at 10, 
15 and 20 weeks, respectively). Such a 
correlation did not exist in birds receiving 
no cholesterol (r was — 0.18, 0.11 and 0.24 
for the same periods, respectively).

In all groups, although aortic cholesterol 
remained fairly constant throughout the 
tenth to twentieth week, other lipids de
creased. Aortic cholesterol in birds with 
low plasma cholesterol levels was mainly 
in the free form. Aortas of birds fed cho
lesterol showed a marked increase in 
esterified cholesterol. In general, the 
severity of the atherosclerotic involvement 
of individual aortas was associated with 
an increasing esterified/free cholesterol 
ratio and a decreasing total lipid/total 
cholesterol ratio.

Those treatments that lowered plasma 
cholesterol decreased both the aortic cho
lesterol and the severity of atherosclerosis. 
Tennent et al. ( ’57) observed this relation

ship between plasma cholesterol and vas
cular lesions.

SUMMARY

Chicks fed a synthetic diet containing 
20% of hydrogenated coconut oil (HCO) 
and 1% of cholesterol developed athero
sclerotic lesions in 20 weeks. Cholesterol 
levels in the blood plasma and cholesterol 
esters in the aortic lipids were high in 
comparison with those of birds which re
ceived no dietary cholesterol. With a low- 
fat diet (0.5% HCO) plasma cholesterol 
was not elevated by cholesterol feeding.

Vitamin A (167 IU/gm of diet) in
hibited sharply the vascular degeneration 
and the increase in plasma cholesterol and 
aortic ester cholesterol in chicks fed the 
high-fat diet. Vitamin E (0.25 mg of dl-a- 
tocopherol/gm of diet) showed no such 
effect. Bile salt (0.3% ) in the diet nulli
fied the effect of vitamin A. Substitution 
of soybean oil for half of the HCO inhibited 
the increase in plasma cholesterol and in
hibited vascular changes and ester cho
lesterol accumulation similar to vitamin A.
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Effect of Severe Cold Stress on the Nitrogen Balance 
of Men Under Different Dietary Conditions* 1

B. ISSEKUTZ, JR., K. RODAHL a n d  N. C. BIRKHEAD
Division of Research, Lankenau Hospital, Philadelphia, Pennsylvania

It is well known that in the adult organ
ism a nitrogen equilibrium can be achieved 
and maintained at any level of protein in
take above the protein minimum, provided 
there is no striking discrepancy between 
the daily caloric intake and the energy out
put. A restricted calorie supply as well as 
muscular work or exposure to cold can 
increase the urinary excretion of nitro
gen. It has been observed repeatedly by 
many investigators that rats receiving a 
constant food intake excrete larger 
amounts of N at cold temperatures (Lathe 
et al., ’49; Ingle et al., ’53); You and his 
coworkers ( ’50) found that a cold environ
ment (1.5°C) increased the urinary N ex
cretion of rats, maintained with a daily 
food intake of 15 gm, from 400 mg to 
about 700 mg/day and that it was further 
increased to about 900 mg/day when the 
food intake was doubled. In these experi
ments, the metabolic rate was increased to 
at least twice that of the resting metabolic 
rate. No comparable data are available 
on men exposed to cold because the experi
ments have been carried out either on 
persons dressed in shorts at a temperature 
of 15 to 16°C (Iampietro et al., ’57), or 
at severe cold but protected by Arctic 
clothing (Bass, ’60). In either case, the 
increase of the metabolic rate was of the 
order of 25 to 50% above the basal meta
bolic rate (BMR) (Horvath et al., ’47).

The purpose of the present investiga
tions was to expose healthy, young men to 
cold stress which induces an almost con
tinuous shivering with a concomitant in
crease of the metabolic rate to at least 
twice the BMR. It was hoped that under 
such circumstances, using 4 diets, a study 
of the N balance would yield information 
about the protein metabolism of men in 
the cold and its relationship to the overall 
increase in metabolic rate.

METHODS

Eighteen healthy, young men 19 to 29 
years of age, with body weights ranging 
from 56 to 86 kg, and heights between 170 
and 186 cm, served as subjects for these 
studies. A total of 39 experiments were 
carried out, of which 30 took place at a 
room temperature of 22°C. Nine subjects 
spent from 3 to 9 days and nights at 8°C 
continuously, wearing only cotton shorts, 
a pair of light wool socks and sneakers. 
For the sleeping period from 10 :00  p . m . 
to 7 :0 0 a .m ., they were given a wool 
blanket. The N content of the diet, and 
that of the 24- or 48-hour urine and the 
48-hour stool collections were analyzed 
by the micro-Kjeldahl procedure (Niederl, 
’42). The 48-hour stools were homogen
ized under continuous stirring with 50% 
sulfuric acid, brought up to 2,000 ml with 
water, and an aliquot was taken for N 
determination. Urine creatinine was de
termined according to the method de
scribed by Anker ( ’54).

The composition of the 4 test diets is 
shown in table 1. Diet 1 is the so-called 
normal diet, 3,000 Cal. with 72 gm of 
protein or 11.5 gm of protein N. Diet 2, 
with the same caloric value as diet 1, con
tained only about 4 gm of protein, or 0.5 
gm of nitrogen. Diet 3 had about the 
same amount of protein as diet 1 (11.8 gm 
N) but the caloric intake was reduced by 
50%. Diet 4 contained 1,500 Cal. and 
about 0.5 gm of protein N.

Prior to each experimental period, the 
subjects were fed diet 1 for several days. 
The experimental period was then started, 
the diet to be tested being fed for 10 days 
either with the subjects at 22°C, or during

Received for publication March 30, 1962.
i This study was supported in part by a grant from  

the Quartermaster Food and Container Institute for 
the Armed Forces (Contract DA 19-129-QM-1304).
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cold exposure to 8°C in the climatic cham
ber for varying periods (3 to 9 days). After 
completion of the experimental period, 
diet 1 was again instituted for several days 
to obtain follow-up data. The activities 
of all the subjects during this study were 
limited so that their total energy expendi
ture at 22°C approximated 3,000 Cal./day. 
This was accomplished by two 30-minute 
periods of exercise daily on the bicycle 
ergometer at 600 m/kg/min. Distilled 
water was allowed ad libitum but the 
amount consumed was measured.

RESULTS

Studies at an ambient temperature of 
22°C. Table 1 shows the mean changes 
of body weights during the 10-day experi
mental period at 22°C and the mean 
cumulative N balance data, as well as the 
daily fluid intake compared with the urin
ary output.

With diet 1, the mean N balance ob
tained in 7 experiments appeared to be 
slightly positive. However, under our ex
perimental conditions the sensible and 
insensible water loss amounted to 1.5 
liters/day (fluid intake plus about 250 ml 
of metabolic water less urinary output) 
and the nitrogen loss via sweating was 
not measured. The loss through the skin 
may be in the range of 0.1 to 0.3 gm/day 
even without visible sweating; exercise 
would increase this loss considerably 
(Rothman, ’55; NAS, ’56).

Diet 2 induced in 7 subjects an aver
age accumulative N loss of 40 gm during 
the 10-day experiment.

With diet 3, the average N balance was 
slightly negative.

Diet 4 caused the greatest depletion of 
body proteins and exerted the heaviest 
dietary stress on the subjects. The mean 
accumulative N loss was 53.4 gm.

As was to be expected, the changes in 
N balance were dominated by the varia
tions of the urinary output of nitrogen. A 
comparison of the fecal loss of nitrogen 
on protein-free diets (diets 2, 4) with 
the corresponding protein-containing diets 
(diets 1, 3) reveals that the daily excre
tion of food N is not more than 0.3 to 0.4 
gm, which is well within the range of 
variations of the daily N intake. For this 
reason, the determination of fecal N seems
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to offer no advantage over the assumption 
of a 1.3-gm/day loss of nitrogen via feces. 
Such an assumption appears to be not 
only justifiable, but it reduces the error in 
the calculation of the day by day N bal
ance caused by an irregular bowel activity.

The difference between daily fluid in
take and urinary output is somewhat 
greater with the protein-free diets (diet 2 
and 4) than with the corresponding diets 
containing 72 gm of protein (diets 1 and
3). Although the difference between diets 
3 and 4 is significant at the level of 0.02 < 
P < 0.05, no conclusion can be drawn from 
these data since avenues of water loss 
other than urinary output were not meas
ured.

Studies at an ambient temperature of 
8°C. Diet 1. Figure 1 presents the daily 
course of the N balance, the changes in 
body weight as well as the daily fluid in
take and urinary output with diet 1 at 
22°C (fig. 1-A), compared with the data 
obtained for a subject fed the same diet

I— l— l— :— i— I— I— I
-4  0 4 8 12

but living in the climatic chamber at 8°C 
(fig. 1-B). With the basic diet (3,000 
Cal., 72 gm of protein) at a room tempera
ture of 22°C, this subject was in N bal
ance and the body weight was kept fairly 
constant, despite the great variations in 
fluid intake and in urine volume (fig. 1 A). 
Similarly, the subject who participated in 
the cold experiment was also in N equi
librium and showed no change in body 
weight prior to entering the climatic cham
ber (fig. 1 B). However, during the first 
day in the cold, he lost about 1 kg, which 
was probably the result of the well-known 
cold diuresis. The fluid intake sharply de
creased by about 750 ml and the volume 
of the urine increased by about the same 
amount. During the entire period in the 
cold, the difference between water intake 
and urine output was much less than at 
room temperature. This is probably due to 
two factors: (a ) the loss of water via 
sweating is practically nil, and (b ) the 
production of endogenous water due to

B .

Fig. 1 Effect of 3,000 Cal. with 11.5 gm of protein N (diet 1) on the nitrogen balance at an 
ambient temperature of 22°C (1A ) and at 8°C (IB ).
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the elevated metabolism is approximately 
doubled. The N balance in the first two 
days in cold did not show any change. 
This delayed onset of the negative N bal
ance was rather unexpected because the 
shivering started within the first hour after 
entering the cold room and the metabolic 
rate was found more than doubled by the 
second day (figs. 2 B, 3 B).

The combined effect of depletion of 
body protein (a total of 18.9 gm of N), 
of an unknown amount of fat and the 
loss of water resulted in a 2-kg decrease 
of body weight in the subject living at 
8°C and eating diet 1 for 9 days. Return
ing to a room temperature of 22°C, the 
first response was the repletion of body 
water, an increase of fluid intake, and a 
decrease of urinary output accompanied 
by a sharp increase in body weight. After 
leaving the cold room the negative N bal
ance persisted at 22°C for 5 days, causing 
an additional N loss of about 7 gm. Both

subjects who participated in this experi
ment showed almost an identical course 
of all these changes.

Diet 2: with diet 2 (3,000 Cal., 0.5 gm 
of N), the 10-day experimental period at 
22°C caused a total N loss of 31.5 gm (fig. 
2 A). The slight change in body weight, 
a loss of about 0.5 kg, was probably due 
to a change in the body water content 
rather than to the negative N balance. 
This is indicated by the rapid decrease of 
body weight on the first day of the protein- 
free diet and a similarly rapid increase 
on the first day of the follow-up period. 
During the recovery period with diet 1, 
the well-known repletion of body protein 
caused a positive balance. In 5 days, some 
90% of the N loss was regained.

Two subjects spent three days in the 
cold room supplied with diet 2. Figure 
2 B shows the observations on one of these 
subjects, which were quite similar in both 
subjects. The metabolic rate increased

A . B .
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Fig. 3 Effect of 1,500 Cal. with 11.5 gm of protein N (diet 3) on the nitrogen balance at 

an ambient temperature of 22°C (3A ) and at 8°C (3B).

from 37 Cal./m2/hour in about two hours 
in the cold room to 56 Cal./m2/hour, and 
the second day it reached a maximum 
value of 90 Cal./m2/hour. The body 
weight decreased in the first 24 hours by
1.5 kg, mainly due to the sudden decrease 
in the water content of the body. The 
urine volume exceeded the fluid intake by 
more than 600 ml. The repletion of the 
water occurred within the first day after 
leaving the cold room when the subjects 
were supplied with diet 1, causing a rapid 
increase in the body weight.

During the three days at 8°C, using 
diet 2, a total of 18.2 gm of N loss was 
measured. The most striking observation 
was the absence of a pronounced positive 
balance in the recovery period. Apart 
from the first 24-hour value after the sub
ject was returned to diet 1 and a room 
temperature of 22°C, there was almost 
no repletion of protein despite an approxi
mately 20-fold increase of protein intake

at a metabolic rate of only 38 Cal./m2/  
hour.

Diet 3: This prolonged effect of cold 
exposure on the N balance was demon
strated even more strikingly when at the 
same time the caloric intake was reduced 
by 50%. Figure 3 shows the response of 
a subject to diet 3 (1,500 Cal. and 11.5 
gm of protein-N) at 22°C (fig. 3 A) and 
at 8°C (fig. 3 B). This diet caused, dur
ing the 10-day experimental period at 
22°C, a total of 15.4 gm of N loss. Since 
the difference, fluid intake less urine vol
ume, was fairly constant throughout the 
experiment, and because of the gradual de
crease of body weight of about 1.5 kg fol
lowed by a gradual weight gain during 
the follow-up period, the weight loss can 
probably be explained simply by the caloric 
deficit. After the subject was returned to 
diet 1 (3,000 Cal. with the same protein 
intake as diet 3), the N excretion decreased
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immediately and the balance became 
slightly positive.

A comparable, 16-gm, N loss was in
duced in three days with diet 3 (fig. 3 B) 
at an ambient temperature of 8°C, where
as the metabolic rate increased from 36 
Cal./m2/hour to 74 Cal./mVhour. Here, 
too, as in all of our cold-room experiments, 
the cold diuresis caused a decrease of 
body weight by about 1.5 kg. On the first 
day in the cold, the amount of urine ex
ceeded the fluid intake by about 500 ml. 
This 1.5 kg was regained on the first day 
at normal room temperature by increasing 
the fluid intake and reducing the urinary 
output so that the difference reached a 
value of almost 3 liters.

The N balance in the subjects fed diet 
3 became negative on the first day in the 
cold and the negative balance increased 
continuously during the three days (fig. 
3 B). This may be compared with the 
delayed onset of the negative balance with

diet 1 (fig. I B ) ,  since the protein intake 
was the same in both cases.

An abrupt increase of the environmental 
temperature to 22°C, and a simultaneous 
doubling of the caloric intake (restoring 
the balance between caloric intake and 
caloric output), resulted only in a gradual 
decrease of the N loss. On the fourth day 
of the follow-up period, the balance was 
still negative despite the normal metabolic 
rate. During the three days in the cold 
and the 5 days’ follow-up, the total cumu
lative loss of body nitrogen amounted to
31.4 gm with a very moderate weight loss 
of 0.5 kg. If we compare these figures 
with the 15.4-gm N loss accompanied by 
a weight loss of 1.5 kg with the same diet 
(diet 3) but at 22°C, the conclusion ap
pears to be justified that the cold exposure 
specifically affected the protein metabo
lism.

Diet 4: Diet 4 (1,500 Cal. with 0.5 gm 
of protein-N) given to subjects living at

A .  B

no exercise ♦  exercise 
started

Fig. 4 Effect of 1,500 Cal. with 0.5 gm of protein N (diet 4 ) on the nitrogen balance at an 
ambient temperature of 22°C (4A ) and at 8°C (4B ).
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8CC represented the most severe combined 
dietary and cold stresses. Here again, for 
comparison, two experiments were selected 
with almost the same degree of N loss. 
Figure 4 A shows that diet 4 induced in 
10 days at 22°C approximately a 43-gm 
loss of body nitrogen. This was followed 
by a positive balance with a repletion of 
about 16 gm of protein N in 5 days with 
diet 1. The gradual decrease of the body 
weight, which continued even in the follow
up period and resulted in a 3-kg weight 
loss, can hardly be ascribed to any marked 
change in the water balance (except per
haps on the first day of the experimental 
diet). Four days in the cold room, using 
diet 4, induced a N loss of about 44 gm. 
There were, however, striking differences 
between the two experiments (figs. 4 A, B). 
In the cold, the N excretion increased grad
ually and the balance on the fourth day 
reached a value of — 14.2 gm (=  a loss 
of 89 gm of body protein/day). During 
the follow-up period with diet 1 at 22°C, 
the N excretion decreased only gradually, 
leaving the balance still negative on the 
sixth day, and causing an additional loss 
of 27.7 gm of nitrogen. This occurred de
spite more than a 20-fold increase of the 
protein intake and a doubling of the caloric 
intake. Furthermore, the three subjects 
who were exposed to this most severe 
stress did not perform their daily bicycle

ergometer exercise in the follow-up period 
because of intense vasodilatation and pain 
in the lower extremities. Their caloric re
quirement was therefore considerably be
low the 3,000 Cal. ingested. Nevertheless, 
none of the three subjects achieved a posi
tive nitrogen balance during this period.

The body weight dropped in the first 
and second day in the cold by about 2 kg 
which was probably mainly due to the 
cold diuresis. At the end of the cold ex
posure, the body weight was 2.5 kg below 
the original value. After the subjects re
turned to diet 1 and to the room tempera
ture of 22°C, the water retention caused 
only a transitory gain of about 1 kg. On 
the third and fourth days of the follow-up 
period, the volume of the urine was con
siderably increased and became practically 
equal to the fluid intake. This was prob
ably the combined result of the lack of 
exercise (no sensible water loss) and the 
high urinary excretion of nitrogen.

If we compare the two experiments, the 
difference is striking (figs. 4 A, B). 
Whereas at room temperature, the con
sumption of diet 4 for 10 days and of diet 
1 for 5 days, follow-up caused a total of
27.9 mg of N loss with a weight loss of 
about 3 kg, the 4-day cold exposure and 
the 5-day follow-up period resulted in a 
loss of 71.6 gm of body nitrogen accom
panied by a weight loss of about 2.5 kg.

TABLE 2
Combined effect of dietary and cold stresses on the nitrogen balance

Subject
no.

Experimental period
Recovery period 
Diet 1 (3000 Cal., 

72 gm protein )
Diet Cumulative 

N balance Cumulative 
N balance

days gm. days gm

T em p  8°C T em p 22 °C
i 9 1 (3 0 0 0  Cal., 72 gm  p ro te in ) - 1 8 . 9 5 -  7.1
2 9 1 (3 0 0 0  Cal., 72 gm  p ro te in ) - 2 9 . 3 5 — 11.3
3 3 2 (3 0 0 0  Cal., 4 gm  p ro te in ) - 2 1 . 4 5 +  5.4
4 3 2 (3 0 0 0  C al., 4 gm  p ro te in ) - 1 8 . 7 5 +  3.2
5 3 3 (1 5 0 0  Cal., 72 gm  p ro te in ) - 1 0 . 5 5 -  8.0
6 3 3 (1 5 0 0  Cal., 72 gm  p ro te in ) - 1 6 . 4 5 - 1 5 . 4
7 5 4 ( 1500 Cal., 4 gm  p ro te in ) - 4 0 . 5 5 - 1 2 . 4
8 5 4 (1 5 0 0  Cal., 4 gm  p ro te in ) - 4 5 . 7 5 -  4.1
9 4 4 (1 5 0 0  Cal., 4 gm  p ro te in ) - 4 3 . 9 5 - 2 7 . 7

T em p  22° C T em p  22°C
7 6 4 (1 5 0 0  Cal., 4 gm  p ro te in ) - 2 3 . 6 5 +  14.5
8 6 4 (1 5 0 0  Cal., 4 gm  p ro te in ) - 2 3 . 9 5 +  20.1
9 6 4 (1 5 0 0 C a l., 4 g m p r o t e in ) - 2 6 . 2 5 +  15.9
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Here, too, the protein metabolism appeared 
to be specifically altered by the cold ex
posure

One month later we had the opportunity 
to study the effect of diet 4 at 22°C on the 
same three subjects who participated in 
the cold-room experiments. During the 
6 days they were supplied with this test 
diet, they lost 23 to 26 gm of nitrogen and 
during the 5 days’ follow-up, they regained 
15 to 20 gm of nitrogen (table 2, subjects 
nos. 7, 8, 9).

Table 2 summarizes the cumulative N 
balance data obtained with the 4 test diets 
during cold exposure (8°C) as well 
as the results of the 5 days’ recovery with 
diet 1 at room temperature (22°C). Only 
in the case of diet 2 (3,000 Cal., 0.5 gm 
of nitrogen) consumed for three days in 
the cold, there was a slight repletion of 
body protein during the subsequent follow
up period with diet 1 at normal room tem
perature. In all other cases the negative 
N balance induced during the cold expo
sure continued during the follow-up period 
causing an additional loss of N.

DISCUSSION

These experiments showed an important 
difference between the depletion of body 
protein induced by dietary restriction, by 
exposure to severe cold, and by the com
bination of the two stresses. Whereas the 
recovery period following a diet insuffi
cient either in protein or in both protein 
and total calories at normal room tem
perature was characterized by a rapid re
pletion of the protein stores of the body 
as indicated by the return to a positive N 
balance, no such repletion could be ob
served after a severe cold stress had been 
superimposed on the dietary stress. In 
the latter case, increased catabolism of 
body protein appeared to persist for 4 to 5 
days after the cold exposure.

A possible explanation would be that in 
the cold, the twofold increased energy 
expenditure considerably exceeded the 
caloric intake and caused not only a deple
tion of body proteins but also a diminu
tion of the glycogen stores. In the re
covery period a refilling of the glycogen 
stores may require an intense neoglyco- 
genesis from protein and this would result 
in a persisting negative nitrogen balance

delaying the repletion of body protein. 
This could be the case especially when in 
the cold the caloric intake was also re
duced to 1,500 Cal. (diets 3 and 4). Such 
a simple explanation, however, does not 
appear to be entirely satisfactory if we 
compare the effect of diet 4 for 10 days at 
22 °C with the effect of diet 2 for three 
days in the cold. The intake of 1,500 Cal. 
without protein (diet 4) at room tempera
ture caused an N loss totaling 40 to 50 
gm, with an average weight loss of 3 kg, 
whereas the 3,000-Cal. protein-free diet 
(diet 2) in the cold induced an N loss of 
19 to 21 gm and a weight loss not more 
than 0.5 kg. The caloric intake in both 
cases was inadequate, yet in the former 
case the recovery period was characterized 
by a rapid repletion of body proteins, 
whereas after cold exposure no comparable 
response was observed. Similarly, also a 
comparison of diet 3 (1,500 Cal., 11.5 gm 
of protein N) at room temperature with 
diet 1 (3,000 Cal., 11.5 gm of protein N) 
in the cold room suggests that the energy 
balance is not the only factor responsible 
for the elevated and persisting protein 
catabolism. After supplying diet 3, the 
negative N balance disappeared as soon 
as the caloric intake was increased; on 
the other hand, with diet 1 it persisted for 
5 days after the subjects were removed 
from the cold and the caloric output was 
markedly decreased.

The delayed onset of the negative N 
balance with diet 1 in the cold, its grad
ual increase with diet 3 and, above all, its 
persistence after the cold exposure, sug
gest that the cold stress induced a change 
in the hormonal balance which returned 
only gradually to the pre-exposure level.

Two groups of hormones are known to 
cause negative N balance: thyroid hor
mones and the glucocorticoids of the adre
nal cortex. It is known that at least in 
animals, the activity of both endocrine or
gans is markedly increased in the cold 
(Hardy, ’61). Their role in the cold-in
duced N excretion in rats was demon
strated by You et al. ( ’50). Whereas the 
urinary N output of normal rats was in
creased in cold ( 1.5°C) by about 300 m g/ 
day, that of thyroidectomized animals was 
increased by only 92.7 mg/day and that 
of adrenalectomized rats by 81 mg/day.
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In men exposed to cold, accelerated up
take and release of thyroid hormones were 
recently reported by Bass ( ’60). Watanabe 
and Yoshida ( ’56) found a significantly 
higher urinary excretion of 17 ketosteroids 
in the winter months compared with a 
very low output in the summer. It thus 
appears reasonable to look to the suggested 
hormonal imbalance as a possible explana
tion for the observed persistence of the 
negative nitrogen balance following severe 
cold exposure.

SUMMARY

Four groups of healthy young men con
sumed for 10-day periods at an ambient 
temperature of 22°C: 3,000 Cal., 72 gm 
of protein (diet 1); 3,000 Cal., 4 gm of 
protein (diet 2 ); 1,500 Cal., 72 gm of 
protein (diet 3) and 1,500 Cal., 4 gm of 
protein (diet 4), respectively. Diets 2 and 
4 caused a marked loss, and diet 3 a mod
erate loss of body N. Changing to diet 1 
during the follow-up period caused in 
every case a marked positive balance. The 
metabolic response to these 4 diets was 
investigated in 9 nude subjects living for 
three to nine days at an ambient tempera
ture of 8°C. This cold stress induced al
most constant shivering and a resting 
metabolic rate about twice the basal meta
bolic rate (BMR). A negative N balance 
was observed with diet 1, and the N loss 
characteristic for diets 2, 3, and 4 at 22°C 
was markedly increased at 8°C. Chang
ing to diet 1 and a room temperature of 
22°C during the follow-up period, during 
which time the BMR was normal, the 
negative N balance persisted for 4 to 6 
days, despite an 18-fold increase of the 
protein intake (in the case of diets 2 and

4). It is suggested that an increased ac
tivity of the thyroid or the adrenal cortex, 
or both, may be responsible for this after
effect of cold exposure.
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The utilization of nonprotein nitrogen 
by the chick has been investigated very 
little, although considerable research has 
been carried out on this aspect of the 
nutrition of other species. Lardy and 
Feldott ( ’49, ’50) reported that rats fed 
diets containing various levels of 10 in
dispensable amino acids grew as well when 
the diets were supplemented with ammo
nium citrate as when they were supple
mented with an isonitrogenous amount of 
dispensable amino acids. Rose et al. ( ’49) 
observed that ammonium salts, L-glutamic 
acid, glycine or urea markedly improved 
the growth of rats fed a diet containing 
only the indispensable amino acids. l -G1u - 
tamic acid and diammonium citrate were 
the most effective supplements. Glycine 
and urea were less effective but still 
markedly stimulated growth.

Birnbaum et al. ( ’57) and Rechcigl et al. 
( ’57) have studied the relative effective
ness of various sources of nonprotein nitro
gen for the synthesis of dispensable amino 
acids in the rat. Birnbaum et al. ( ’57) 
found that diets in which L-alanine, am
monium L-glutamate, L-glutamine, am
monium L-aspartate and L-proline were 
individually furnished as the sole sources 
of dispensable nitrogen supported most 
rapid growth. Ammonium acetate proved 
to be more effective than either urea or 
glycine. Rechcigl et al. ( ’57) observed 
that L-glutamic acid and a mixture of 
L-indispensable amino acids were the most 
effective supplements when judged by such 
criteria as growth response, feed efficiency 
and net nitrogen utilization. These were 
followed by alanine, aspartic acid, aspara
gine, proline, glutamine, diammonium cit
rate, urea, biuret, glycine and serine, all 
arranged in order of their effectiveness. 
Featherston et al. ( ’62) reported that

chicks were able to utilize d - and excess 
L-indispensable amino acids as a source of 
nitrogen for dispensable amino acid syn
thesis for growth of 4 to 5 gm /day. In 
contrast, Stucki and Harper observed that 
an amount of indispensable amino acids 
well in excess of the requirement was not 
efficiently utilized by either chicks (Stucki 
and Harper, ’61) or rats4 as a substitute 
for dispensable amino acids.

Sullivan and Bird ( ’57) observed that 
additions of nitrogen in the form of urea 
or diammonium citrate to diets in which 
methionine and glycine had been replaced 
by their hydroxy analogues caused marked 
improvements in the growth and feed effi
ciency of chicks over that observed when 
the diets contained the hydroxy analogue 
alone.

This paper describes the results of 
studies in which chicks were fed diets 
containing only the indispensable amino 
acids supplemented with various sources 
of nonprotein nitrogen. The criteria used 
to assess the effectiveness of the various 
nitrogen sources included weight gain, 
feed efficiency, nitrogen retention and the 
concentrations of plasma amino acids.

EXPERIM ENTAL

Day-old Cornish X White Rock chicks 
of both sexes were fed for one week a 
10% isolated-soybean-protein diet to elimi
nate any possible carry-over effect of the 
absorbed yolk. The composition of the * 1
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isolated-soybean-protein diet was identical 
to that described previously (Featherston 
et al., ’62). At the end of one week chicks 
were weighed, wing-banded and separated 
into uniform groups. Chicks were housed 
in an electrically heated battery with 
raised wire-mesh floors. Feed was supplied 
ad libitum and fresh running water was 
available at all times.

In addition to the amino acid mixtures 
( table 1) and nonprotein nitrogen supple
ments, the diets used in these studies con
tained the following: (in per cent) soy
bean oil, 9.00; cellulose,5 3.00; mineral 
mixture (Briggs et al., ’43), 6.00; vitamin 
mixture (Adkins et al., ’62), 0.50; a-to- 
copheryl acetate (10 mg/'gm), 0.10; vita
min D3 (1500 ICU/gm), 0.08; vitamin A 
acetate (25,000 USP units/gm), 0.10; 
choline chloride (70% aqueous), 0.20; 
sodium bicarbonate, 1.00; magnesium 
trisilicate, 0.75; aluminum hydroxide, 
0.25; and dextrin (moist cornstarch heated 
for two hours at 115°C in an autoclave, 
then dried and ground) to make the total 
mixture to 100% .

TABLE 1
Amino acid mixtures

Amino acid
1 l-AA1 diet 1.25 l-AA diet

Form Form

Arginine-HCl L-

gm/kg
15.0 L-

gm/kg
18.75

Lysine-HCl L- 12.5 L- 15.63
Histidine-HCl L- 4.0 L- 5.00
Methionine DL - 8.0 D L - 10.00
Tryptophan L- 2.0 L- 2.50
Glycine — 10.0 — 12.50
Phenylalanine L- 7.0 L- 8.75
Leucine L- 14.0 L- 17.50
Isoleucine L- 6.0 L- 7.50
Threonine L- 6.0 L- 7.50
Valine L- 8.0 L- 10.00
Tyrosine L- 7.0 L- 8.75

1 AA indicates amino acid.

The 1l amino acid mixture (table 1) 
contained the L- forms of the indispensable 
amino acids, with the exception of dl- 
methionine, at levels which the National 
Research Council ( ’60) considers needed 
to satisfy the requirements of the chick. 
The 1.25 L-amino acid mixture contained
1.25 times the levels of the same amino 
acids used in the 1l amino acid mixture. 
DL-methionine was used in place of the

l - form since the d- form is well utilized 
by the chick.

The chicks were weighed and the feed 
consumption determined at three-day inter
vals. The procedures for the nitrogen re
tention studies and plasma amino acid 
determinations were identical to those 
described previously (Featherston et al., 
’62). Blood samples were pooled for plasma 
amino acid determinations.

RESULTS AND DISCUSSION

Various levels of urea, diammonium 
citrate and dispensable amino acids were 
added to the 1 L-amino acid basal diet in 
the first experiment. The growth response, 
feed efficiency and nitrogen retention data 
of chicks fed the various diets are shown 
in table 2. The diets that contained 4 
gm of urea or 15.1 gm of diammonium 
citrate/kg were isonitrogenous as were the 
diets containing 8 gm of urea, 30.2 gm 
of diammonium citrate or 34.6 gm of dis
pensable amino acids.

All additions of nitrogen, with the ex
ception of the addition of 4 gm of urea, 
resulted in increased growth. Chicks in lots 
4, 7 and 8 which were fed diets containing 
isonitrogenous amounts of urea, diam
monium citrate and dispensable amino 
acids, respectively, gained weight at ap
proximately the same rate. The same treat
ments which elicited growth responses in 
this experiment also elicited improvements 
in feed efficiency. Although the weight of 
chicks fed a diet containing 16 gm of 
urea kg was no higher than that of chicks 
fed a diet containing 8 gm of urea/kg, an 
improvement in feed efficiency was noted. 
Chicks fed the diet containing dispensable 
amino acids gained weight more efficiently 
than chicks fed diets containing equal 
amounts of nitrogen from urea or diam
monium citrate.

Nitrogen retention studies were con
ducted on chicks in lots 2, 4, 7 and 8. Diets 
fed to chicks in lots 4, 7 and 8 were iso
nitrogenous. Chicks fed urea and diam
monium citrate retained a higher percent
age of the ingested nitrogen than did the 
chicks fed the basal diet indicating that 
there was good utilization of the supple
mental nitrogen. Chicks fed the diet sup-

5 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.
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TABLE 2
Growth, feed efficiency and nitrogen retention data of chicks fed the 1 1,-amino acid basal diet 

supplemented with different sources and levels of nitrogen

Lot Supplement to basal diet1 Weight2*3 Gain2 Gm feed/  
gm gain

Nitrogen
retained

Gm gain/ 
gm

nitrogen
consumed

i
gm/kg

None
gm

92.8 ±  9.6
gm

34.8 ±  8.3 3.35
%

2 None 102.6±  7.6 44.4 ±  7.6 3.23 46.29 22.54
3 Urea, 4 gm 88.0 ±  5.2 29.4 ±  5.8 4.00 — —

4 Urea, 8 gm 127.8 ±  6.1 69.6 ±  7.4 2.88 49.04 19.68
5 Urea, 16 gm 124.6 ±  7.1 66.0 ±  5.6 2.47 — —

6 Diammonium citrate, 
15.1 gm 121.0 ±  13.6 62.6 ±  13.1 2.76 _

7 Diammonium citrate, 
30.2 gm 132.0± 12.9 73.6 ±  13.1 2.71 53.13 20.78

8 Dispensable amino 
acids,4 34.6 gm 132.4±  8.0 73.8 ±  7.9 2.59 55.77 22.02

1 Diets fed to chicks in lots 4, 7 and 8 were isonitrogenous as were diets fed to chicks in  lots 3 and 6.
2 The mean ±  s e  of the mean o f 5 ch icks/d iet; 18-day experimental period.
3 Chicks in lots 4, 5, 7 and 8 were significantly (P  <  0.05) heavier than those in  lots 1 and 3 (D uncan ’s 

new multiple range test, ’ 55).
4 L - G l u t a m i c  a c i d ,  15.38 g m ;  L - a s p a r t i c  a c i d ,  10.69 g m ;  E - p r o l i n e ,  3.67 g m ;  D L - s e r i n e ,  2.95 g m ;  D E - a l a n i n e ,  

1.93 g m .

p le m e n te d  w i t h  d is p e n s a b le  a m in o  a c id s  
r e t a in e d  a  h ig h e r  p e r c e n ta g e  o f  n i t r o g e n  
a n d  a ls o  g a in e d  m o re  w e ig h t  p e r  g r a m  o f  
n it r o g e n  c o n s u m e d  t h a n  d id  c h ic k s  f e d  th e  
d ie ts  c o n t a in in g  u r e a ,  w h e r e a s  c h ic k s  fe d  
th e  d ie t  c o n t a in in g  d ia m m o n iu m  c i t r a te  
w e r e  in te r m e d ia te  i n  b o th  re s p e c ts .

T h e  in f lu e n c e  o f  th e s e  v a r io u s  d ie ts  o n  
th e  c o n c e n t r a t io n  o f  a m in o  a c id s  in  th e  
p la s m a  is  s h o w n  i n  ta b le  3 . A s  w a s  th e  
c a s e  w i t h  g r o w th  r a te  i n  th e s e  c h ic k s , a l l  
a d d it io n s  o f  n i t r o g e n  w i t h  th e  e x c e p t io n  o f  
4  g m  o f  u r e a ,  r e s u lte d  i n  a n  in c re a s e  in  
th e  c o n c e n t r a t io n  o f  t o ta l  d is p e n s a b le  
a m in o  a c id s  in  th e  p la s m a  as c o m p a re d  
w i t h  t h a t  o f  c h ic k s  fe d  th e  b a s a l d ie t .  T h e  
lo w  c o n c e n t r a t io n  o f  a m in o  a c id s  in  th e  
p la s m a  o f  c h ic k s  f e d  th e  d ie t  c o n t a in in g  
4  g m  o f  u r e a / k g  p r o b a b ly  re s u lte d  f r o m  
lo w  fe e d  c o n s u m p t io n , a n d  th is  w a s  p ro b 
a b ly  a ls o  th e  f a c t o r  re s p o n s ib le  f o r  th e  s lo w  
g r o w th  r a t e  o b s e rv e d  in  th e s e  c h ic k s . T h e  
c o n c e n tr a t io n s  o f  d is p e n s a b le  a m in o  a c id s  
in  th e  p la s m a  in c r e a s e d  as  th e  le v e l o f  
n i t r o g e n  in  th e  d ie t  in c re a s e d .

T h e  c o n c e n t r a t io n  o f  in d is p e n s a b le  a m in o  
a c id s  in  th e  p la s m a  o f  c h ic k s  fe d  th e  b a s a l  
d ie t  w a s  lo w e r  t h a n  t h a t  o f  c h ic k s  f e d  a n y  
d ie t  c o n t a in in g  a n  a d d e d  s o u rc e  o f  n i t r o 
g e n  w i t h  th e  e x c e p t io n  o f  c h ic k s  fe d  
th e  d ie t  c o n t a in in g  4  g m  o f  u r e a / k g .  
T h is  lo w e r  c o n c e n t r a t io n  o f  in d is p e n s a b le  
a m in o  a c id s  p r o b a b ly  re s u lte d  f r o m  p a r t

o f  th e  n i t r o g e n  f r o m  th e  in d is p e n s a b le  
a m in o  a c id s  b e in g  u s e d  in  th e  s y n th e s is  
o f  d is p e n s a b le  a m in o  a c id s  s in c e  th e r e  w a s  
n o  o th e r  s o u rc e  o f  n i t r o g e n  a v a ila b le .

T h u s  i t  a p p e a re d  t h a t  th e s e  v a r io u s  
s o u rc e s  o f  n i t r o g e n  w e r e  e q u a l ly  e f fe c t iv e  
i n  s u p p o r t in g  g r o w th  o f  c h ic k s  fe d  d ie ts  
c o n t a in in g  th e  L - in d is p e n s a b le  a m in o  a c id s  
a t  r e q u ir e d  le v e ls  as  se t f o r t h  b y  th e  N a 
t io n a l  R e s e a rc h  C o u n c i l  ( ’6 0 )  a n d  g r o w in g  
a t  ra te s  o f  4  to  5  g m /d a y .

I t  w a s , t h e r e fo r e ,  p e r t in e n t  to  d e t e r m in e  
w h e t h e r  s im i la r  re s u lts  w o u ld  be  o b ta in e d  
w h e n  th e  le v e ls  o f  in d is p e n s a b le  a m in o  
a c id s  in  th e  b a s a l d ie t  w e r e  in c re a s e d . T h e
1 .2 5  L -a m in o  a c id  m ix t u r e  ( t a b le  1 )  w a s  
u s e d  in  th e  b a s a l d ie t  in  th is  s tu d y . T h is  
L - m ix t u r e  fu r n is h e d  1 .2 5  t im e s  th e  le v e l  
o f  L - in d is p e n s a b le  a m in o  a c id s  f u r n is h e d  
b y  th e  1 L -a m in o  a c id  m ix t u r e .  T h e  d is 
p e n s a b le  a m in o  a c id s  w e r e  a d d e d  in  g ra d e d  
le v e ls  a lo n e  a n d  w i t h  1 %  o f  u r e a  o n  th e  
s u p p o s it io n  t h a t  w i t h  lo w e r  le v e ls  o f  d is 
p e n s a b le  a m in o  a c id s  a d d e d  u r e a  m ig h t  
h a v e  a  g r o w th -p r o m o t in g  e f fe c t ,  w h e r e a s  
w h e n  th e  a m o u n t  o f  d is p e n s a b le  a m in o  
a c id s  a d d e d  b e c a m e  a d e q u a te , u r e a  w o u ld  
n o t  b e  u t i l iz e d .  A d d it io n s  o f  th e  d is p e n 
s a b le  a m in o  a c id  m ix t u r e  to  s u p p ly  n i t r o 
g e n  e q u iv a le n t  to  2 5 ,  5 0  a n d  1 0 0 %  o f  t h a t  
s u p p lie d  b y  th e  L - in d is p e n s a b le  a m in o  
a c id s  a re  s ig n if ie d  b y  2 5 ,  5 0  a n d  1 0 0 %  
D is p -A A . T h e  d is p e n s a b le  a m in o  a c id  m ix -
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T A B L E  3

Influence of diet on concentrations of plasma amino acids of chicks fed the 1 i-amino acid diet
with various nitrogen supplements

A m i n o  a c i d  c o n c e n t r a t i o n s  
S u p p l e m e n t  t o  b a s a l  d i e t  ( g m / k g )

N o n e
U r e a D i a m m o n i u m  c i t r a t e

D i s p e n s a b l e
a m i n o

a c i d s
4  g m 8  g m 1 6  g m 1 5 . 1  g m  3 0 . 2  g m

3 4 . 6  g m

limole amino acids/ml plasma limole amino acids/ml plasma
Glutamic acid 0.11 0.08 0.12 0.16 0.14 0.15 0.25
Glutamine +  asparagine 0.16 0.10 0.21 0.44 0.30 0.48 0.39
Alanine 0.13 0.11 0.19 0.08 0.16 0.12 0.21
Proline 0.14 0.11 0.17 0.08 0.09 0.09 0.25
Hydroxyproline 0.03 0.06 0.09 0.07 0.05 0.05 0.10

0.57 0.46 0.78 0.83 0.74 0.89 1.20

Serine 0.69 0.47 0.42 0.65 0.64 0.54 0.68
Tyrosine 0.26 0.25 0.25 0.27 0.45 0.25 0.30

0.95 0.72 0.67 0.92 1.09 0.79 0.98

Threonine 0.44 0.34 0.37 0.51 0.50 0.43 0.39
Glycine 0.93 0.69 1.06 1.02 1.02 1.08 1.02
Lysine 0.22 0.12 0.47 0.27 0.49 0.34 0.22
V aline 0.18 0.14 0.19 0.20 0.24 0.15 0.32
Leucine +  isoleucine 0.19 0.14 0.24 0.37 0.12 0.13 0.29
Phenylalanine 0.13 0.18 0.23 0.10 0.29 0.07 0.20
Methionine 0.04 — — 0.10 — 0.07 —

2.13 1.61 2.56 2.57 2.66 2.27 2.44

Total 3.65 2.79 4.01 4.32 4.49 3.95 4.62

tu r e  w a s  c o m p o s e d  o f  L - g lu ta m ic  a c id ,  
L -a s p a r t ic  a c id , L -p r o l in e ,  D L -s e r in e  a n d  
D L -a la n in e  in  th e  s a m e  r e la t iv e  p r o p o r t io n s  
as th e y  a re  f o u n d  i n  s o y b e a n  o i l m e a l .  O n e  
p e r  c e n t  o f  u r e a  s u p p lie d  a p p r o x im a te ly  
th e  s a m e  a m o u n t  o f  n i t r o g e n  as  s u p p lie d  
b y  th e  2 5 %  D is p -A A  t r e a tm e n t .

The results of this study are shown in 
table 4. The growth of chicks fed the 
basal diet supplemented with urea was 
approximately the same as that observed 
in the previous study. The growth of chicks 
fed the basal diet, with increased levels of 
indispensable amino acids, was better than 
that previously observed with the 1 L-diet, 
and was equal to that of chicks fed the 
urea supplemented diets. Chicks fed any 
of the diets containing dispensable amino 
acids weighed significantly more than 
chicks fed the basal diet or the diet supple
mented with urea. The addition of 1% 
of urea to diets containing dispensable 
amino acids did not result in significant 
increases in weight. Growth of the chicks 
receiving the 50% Disp-AA was greatest. 
Feed efficiency was also improved as a re

sult of dispensable amino acid supplemen
tation, and increased as the level of dis
pensable amino acids increased.

The results of the nitrogen retention 
studies support the conclusions drawn 
from weight gain and feed efficiency data. 
The added nitrogen from urea was not re
tained or utilized as well as the added 
nitrogen from the dispensable amino acids. 
The highest percentage of nitrogen re
tention and gain per gram of nitrogen 
consumed resulted from the 25% Disp- 
AA treatment. The addition of higher 
levels of dispensable amino acids resulted 
in stepwise reductions in the percentage of 
nitrogen retained and gain per gram of 
nitrogen consumed. For the most part, the 
addition of 1 % of urea to diets containing 
dispensable amino acids also resulted in 
decreases in the percentage of nitrogen 
retained and in gain per gram of nitrogen 
consumed.

The results of studies of the influence 
of the various diets fed in this experiment 
on the concentration of amino acids in the 
plasma of chicks are shown in table 5.
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TABLE 4

Growth, feed efficiency and nitrogen retention data of chicks fed the 1.25 L-amino acid diet with
various nitrogen supplements

Supplement to 1.25 
L-amino acid diet1 W eight2'3 Gain2 Gm feed / 

gm gain
Nitrogen
retained

Gm gain / 
gm

nitrogen
consumed

1
gm

122.8 ±  5.8
gm

58.8 ±  4.7 2.14
%

59.42 25.92
2 1% Urea 118.8± 10.3 53.4 ±  9.1 2.36 49.11 19.08
3 25% Disp-AA 167.2 ±  10.9 102.8 ± 1 0 .6 1.71 70.03 26.43
4 25% Disp-AA+  

1% urea 165.6± 11.7 101.8 ±  11.6 1.83 58.62 19.63
5 50% Disp-AA 179.4 ±  13.4 115.4 ±  13.0 1.61 64.11 22.61
6 50% Disp-AA+  

1% urea 176.8 ±  21.0 112.2 ±  21.6 1.62 54.99 18.77
7 100% Disp-AA 167.4 ±  12.7 103.4 ±  10.6 1.50 53.25 17.36
8 100% Disp-AA +  

1% urea 179.4 ±  9.1 115.8 ±  10.8 1.50 53.64 15.95

1 Twenty-five, 50 and 100% Disp-AA signifies additions o f the dispensable amino acid m ixture to supply 
nitrogen equivalent to 25, 50 and 100% of that supplied by the r-indispensable am mo acids.

2 The mean ±  s e  of the mean o f 5 chicks/diet, 13-day experimental period.
3 Chicks fed the diets containing dispensable amino acids were significantly heavier (P  <  0.05) than chicks 

fed diets without dispensable amino acids (D uncan’s new multiple range test, ’55).

While the addition of urea to the 1.25 
L-basal diet did not result in any increased 
growth, the concentrations of dispensable 
amino acids in the plasma of chicks fed 
diets supplemented only with urea were 
higher than those in the plasma of chicks 
fed the basal diet. When urea was added 
to the 25 and 100% Disp-AA diets, but not 
the 50% Disp-AA diet, the concentrations 
of plasma dispensable amino acids also 
increased. The concentrations of plasma 
dispensable amino acids in chicks fed the 
50% Disp-AA diet were higher than those 
of chicks fed the 25% Disp-AA diet; how
ever, the concentrations in plasma of 
chicks fed the 100% Disp-AA diet were 
lower, with one exception, than those of 
chicks fed the 50% Disp-AA diet. The 
plasma indispensable amino acids were 
observed to follow this same trend. A pos
sible explanation for this observation is 
that the ratio of dispensable to indispen
sable amino acids in the 100% Disp-AA 
diet was not optimal and thus exerted a 
detrimental effect on food consumption.

The concentration of indispensable amino 
acids in the plasma of chicks fed the basal 
diet was again lower than that observed in 
chicks fed other diets, presumably owing to 
part of the nitrogen from the indispensable 
amino acids being used in the synthesis of 
dispensable amino acids. The plasma con
centration of tyrosine decreased as the con

c e n t r a t io n  o f  d is p e n s a b le  a m in o  a c id s  in  
th e  d ie t  in c re a s e d . T h e  r e a s o n  f o r  th is  
d e c re a s e  is  u n k n o w n .

S o m e  o f  th e  r e s u lts  o f  th is  e x p e r im e n t  
w e r e  q u ite  u n e x p e c te d  a n d  m a d e  in t e r p r e 
t a t io n  o f  th e  d a t a  d i f f ic u lt .  C h ic k s  f e d  th e
1 .2 5  L -b a s a l d ie t  g a in e d  a b o u t  4 .5  g m /d a y ,  
w h ic h  is  a b o u t  d o u b le  t h a t  o b s e rv e d  f o r  
c h ic k s  f e d  th e  1 L -b a s a l d ie t  a n d  e q u a l  to  
t h a t  o b s e rv e d  f o r  c h ic k s  f e d  th e  1 .2 5  l - 
b a s a l d ie t  s u p p le m e n te d  w i t h  u r e a .  T h e  
in c re a s e d  g r o w th  o f  c h ic k s  f e d  th e  1 .2 5  
L -b a s a l d ie t  s u g g e s ts  t h a t  th e  L - in d is p e n -  
s a b le  a m in o  a c id s  in  th is  d ie t  w e r e  p r e s e n t  
in  s u f f ic ie n t  e x c e s s  so t h a t  a  p o r t io n  o f  
t h e m  c o u ld  b e  u s e d  as a  s o u rc e  o f  n i t r o g e n  
f o r  th e  s y n th e s is  o f  d is p e n s a b le  a m in o  
a c id s  a n d  y e t  s t i l l  le a v e  e n o u g h  to  p e r m i t  
g r o w th  o f  th is  m a g n it u d e .  U n d e r  th e s e  
c o n d it io n s , th e  e x t r a  n i t r o g e n  f r o m  u r e a  
w a s  u t i l iz e d  o n ly  s l ig h t ly  i f  a t  a l l .  T h e  i n 
c re a s e d  g r o w th  o f  c h ic k s  f e d  th e  1 .2 5  l - 
b a s a l d ie t  s u p p le m e n te d  w i t h  d is p e n s a b le  
a m in o  a c id s  as  c o m p a r e d  w i t h  t h a t  o f  
c h ic k s  i n  th e  p re v io u s  e x p e r im e n t  w h ic h  
w e r e  f e d  th e  1 L -d ie t  s u p p le m e n te d  w i t h  
d is p e n s a b le  a m in o  a c id s  n o  d o u b t  r e s u lts  
f r o m  th e  in c r e a s e d  a m o u n ts  o f  in d is p e n 
s a b le  a m in o  a c id s  a v a i la b le  f o r  t is s u e  p r o 
t e in  s y n th e s is . D is p e n s a b le  a m in o  a c id s  
w e r e  s u p e r io r  to  u r e a  f o r  g r o w th  o f  th e  
m a g n it u d e  o b s e rv e d  in  th is  e x p e r im e n t  
( 8  to  9  g m / d a y ) .
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T A B L E  5

Influence of diet on concentrations of plasma amino acids of chicks fed the 1.25 L-amino acid diet
with various nitrogen supplements

A m i n o  a c i d  c o n c e n t r a t i o n s

S u p p l e m e n t  t o  1 . 2 5  l - A A  d i e t

N o n e 1 %
U r e a

2 5 %
D i s p - A A

2 5 %
D i s p - A A  +  

1 %  u r e a

50%
D i s p - A A

5 0 %
D i s p - A A  +  

1 %  u r e a

1 0 0 %
D i s p - A A

1 0 0 %  
D i s p - A A  +  

1 %  u r e a

/¿mole amino acids/ml plasma /¿mole amino acids/ml plasma
Glutamic acid 0.12 0.16 0.17 0.21 0.37 0.33 0.40 0.48
Glutamine -f asparagine 0.23 0.30 0.27 0.66 0.89 0.71 0.56 0.83
Alanine 0.15 0.30 0.39 0.52 0.73 0.62 0.72 0.85
Proline 0.25 0.31 0.36 0.38 0.53 0.45 0.58 0.48
Hydroxyproline 0.13 0.10 0.10 0.16 0.18 0.17 0.11 0.14

0.88 1.17 1.29 1.93 2.70 2.28 2.37 2.78

Serine 0.63 0.86 0.77 0.80 0.86 0.67 0.55 0.71
Tyrosine 0.67 0.69 0.55 0.55 0.35 0.28 0.11 0.19
Cystine 0.09 0.11 0.11 0.09 0.11 0.07 0.04 0.07

1.39 1.66 1.43 1.44 1.32 1.02 0.70 0.97

Threonine 0.30 0.65 0.56 0.66 0.58 0.59 0.40 0.93
Glycine 1.10 1.11 1.09 1.24 1.04 1.06 0.63 0.70
Lysine 0.39 0.46 0.46 0.57 0.55 0.60 0.37 0.41
Valine 0.22 0.22 0.22 0.28 0.29 0.27 0.23 0.31
Leucine +  isoleucine 0.18 0.20 0.21 0.27 0.32 0.32 0.29 0.25
Phenylalanine 0.29 0.31 0.33 0.26 0.26 0.28 0.19 0.19
Methionine 0.22 0.09 0.20 0.18 0.12 0.15 — —

2.70 3.04 3.07 3.46 3.16 3.27 2.11 2.79

Total 4.97 5.87 5.79 6.83 7.18 6.57 5.18 6.54

To make a critical evaluation of the 
utilization of these various sources of ni
trogen and to study the relative effective
ness of dispensable amino acids and urea, 
a basal diet had to be used which did not 
supply an excess of indispensable amino 
acids. Therefore, in the third experiment 
the 1 L-basal diet was used with the same 
treatments studied in the second experi
ment.

Growth and feed efficiency data of 
chicks in this experiment are shown in 
table 6. The gains of chicks in this experi
ment were quite similar to those observed 
in the first experiment in which the 1 L- 
basal diet was also fed. As was the case 
in the first experiment, chicks fed the 1 L- 
basal diet in this experiment gained about 
2 gm/day and chicks fed the basal diet 
supplemented with urea gained about twice 
as much, indicating that this source of 
extra nitrogen was being utilized under 
the existing conditions. Also, chicks fed 
two of the three diets supplemented with 
dispensable amino acids gained about the 
same amount as those fed the diet supple

mented with urea as was the case in the 
first experiment. Whether the greater 
gains exhibited by chicks fed the 25% 
Disp-AA treatment was a real difference 
or was due to some unknown circumstance 
is not known. The addition of 1% of urea 
along with dispensable amino acids re
sulted in improvements in growth when 
the urea was added along with the 50 and 
100% Disp-AA supplements. The response 
from the urea was less when added with 
the 100% Disp-AA supplement than when 
it was added with the 50% Disp-AA sup
plement which is what one would expect. 
The addition of 1% urea with the 25% 
Disp-AA supplement resulted in only a 
slight increase in growth. One would have 
expected the growth of chicks fed this level 
of dispensable amino acids to be improved 
most from urea supplementation. All treat
ments resulted in improvements in feed 
efficiency as compared to that of chicks fed 
the basal diet.

The results of studies on the influence 
of the various diets used in this experiment 
on the concentrations of plasma amino
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T A B L E  6

Growth and feed efficiency data of chicks fed the 1 L-amino acid diet with 
various nitrogen supplements

Supplement to 1 l- 
amino acid diet1 Weight2*3 Gain2 Gm feed/ 

gm gain

1 None
gm

83.8 ±  7.9
gm

27.8 ±  7.8 3.18
2 1% Urea 106.2 ±  8.6 50.2 ±  6.9 2.47
3 25% Disp-AA 147.6 ±  8.2 90.8 ±  8.1 1.72
4 25% D isp-AA+1%  urea 148.6 ±  10.1 93.0 +  9.4 1.95
5 50% Disp-AA 101.2 ±  10.3 44.0 +  10.1 2.47
6 50% Disp-AA+1% urea 144.2 ±  19.5 88.2 +  19.5 1.83
7 100% Disp-AA 107.2 ±  12.2 51.2 +  11.7 2.16
8 100% D isp-AA+1%  urea 120.8 ±  8.7 64.8 ±  7.9 2.23

1 T w e n t y - f i v e ,  5 0  a n d  1 0 0 %  D i s p - A A  s i g n i f i e s  a d d i t i o n s  o f  t h e  d i s p e n s a b l e  a m i n o  a c i d  m i x t u r e  
t o  s u p p l y  n i t r o g e n  e q u i v a l e n t  t o  2 5 ,  5 0  a n d  1 0 0 %  o f  t h a t  s u p p l i e d  b y  t h e  L - i n d i s p e n s a b l e  a m i n o  a c i d s .

2 T h e  m e a n  s e  o f  t h e  m e a n  o f  5  c h i c k s / d i e t ;  1 5 - d a y  e x p e r i m e n t a l  p e r i o d .
2 C h i c k s  f e d  d i e t s  3 ,  4  a n d  6  w e r e  s i g n i f i c a n t l y  ( P  <  0 . 0 5 )  h e a v i e r  t h a n  c h i c k s  f e d  a l l  o t h e r  d i e t s  

w i t h  t h e  e x c e p t i o n  o f  d i e t  8  ( D u n c a n ’ s  n e w  m u l t i p l e  r a n g e  t e s t ,  ’ 5 5 ) .

T A B L E  7

Influence of diet on concentrations of plasma amino acids of chicks fed the 1 L-amino acid diet xvith
various nitrogen supplements

Amino acid concentrations
Supplement to 1 l-AA diet

None 1%
Urea

25%
Disp-AA

25%
Disp-AA + 
1% urea

50%
Disp-AA

50%
Disp-AA + 
1% urea

100%
Disp-AA

100% 
Disp-AA + 
1% urea

limole amino acids/ml plasma limole amino acids/ml piasma
Glutamic acid 0.09 0.25 0.14 0.20 0.13 0.08 0.31 0.69
Glutamine +  asparagine 0.18 0.62 0.84 0.72 0.75 0.47 0.54 0.55
Alanine 0.19 0.19 0.42 0.37 0.36 0.58 0.69 0.70
Proline 0.21 0.23 0.34 0.29 0.37 0.30 0.70 0.56
Hydroxyproline 0.06 0.10 0.11 0.13 0.12 0.08 0.10 0.11

0.73 1.39 1.85 1.71 1.73 1.51 2.34 2.61
Serine 0.24 0.43 0.70 0.42 0.57 0.46 0.69 0.58
Tyrosine 0.37 0.42 0.42 0.36 0.17 0.23 0.19 0.20
Cystine 0.04 0.05 0.09 0.04 0.07 — 0.04 0.04

0.65 0.90 1.21 0.82 0.81 0.69 0.92 0.82
Threonine 0.70 0.48 0.73 0.68 0.39 0.18 0.50 0.75
Glycine 0.79 0.84 1.28 0.93 0.63 0.80 0.75 0.79
Lysine 0.37 0.24 0.36 0.34 0.20 0.48 0.20 0.38
Valine 0.19 0.21 0.33 0.22 0.19 0.22 0.24 0.29
Leucine +  isoleucine 0.15 0.18 0.27 0.15 0.19 0.23 0.20 0.36
Phenylalanine 0.21 0.21 0.23 0.20 0.18 0.18 0.16 0.19
Methionine 0.10 0.10 0.22 0.10 0.15 0.12 0.08

2.51 2.26 3.42 2.62 1.93 2.21 2.13 2/76
Total 3.89 4.55 6.48 5.15 4.47 4.41 5.39 6.19

acids are shown in table 7. Although there 
was considerable variation among the in
dividual values for the plasma amino acids 
in birds fed the various diets, some gen
eral observations can be made concerning 
the effect of these diets on the plasma 
amino acid concentrations. Chicks fed 
the diet containing urea alone had higher

plasma concentrations of dispensable 
amino acids than did chicks fed the basal 
diet; however, none of the concentrations 
of dispensable amino acids in plasma of 
these chicks were as high as those of chicks 
receiving any of the diets containing dis
pensable amino acids. As in the preceding 
experiment, the concentrations of tyrosine
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Micromole of dispensable amino acids per 
milliliter of plasma

Fig. 1 Daily gain plotted against the dispen
sable amino acid concentration of chick plasma; 
0  indicates values of chicks fed high levels of 
dispensable amino acids in the 1 L-amino acid 
diet.

in the plasma of chicks were observed to 
decrease as the level of dispensable amino 
acids in the diet increased even though 
the same amount of tyrosine was present 
in all diets.

These studies indicate that urea or diam
monium citrate permitted gains in weight 
of chicks of similar magnitude (4 to 5 
gm/day), although possibly not as effi
ciently, as obtained when dispensable 
amino acids were added to a diet contain
ing only the indispensable amino acids at 
levels which the National Research Coun
cil ( ’60) considers to be needed to satisfy 
the requirement of the chick. When the 
levels of indispensable amino acids in the 
basal diet were increased so that more 
rapid growth was possible, these sources of 
extra nitrogen were not as effective as the 
intact dispensable amino acids. These find
ings are in agreement with those of Luckey 
et al. ( ’47) and Stucki and Harper ( ’61) 
who observed that dispensable as well as 
indispensable amino acids must be in
cluded in the diet for maximal growth of

chicks. Similar conclusions have been ob
tained by numerous workers using the rat 
as an experimental animal.

A significant ( P<0 . 01 )  positive corre
lation was observed between the concen
trations of dispensable amino acids of the 
plasma and the rates of growth of chicks. 
The gains of chicks in the various experi
ments were plotted against the concentra
tions of dispensable amino acids in the 
plasma of these chicks (fig. 1). Since the 
basal diets used in these studies contained 
only the indispensable amino acids, one 
would expect that chick growth would be 
limited by the level of dispensable amino 
acids supplied in the diet or by the amount 
that could be synthesized by the chick 
with a given diet. The correlation between 
growth rate and the concentration of dis
pensable amino acids of the plasma sup
ports this expectation.

SUMMARY

Studies were conducted on the relative 
effectiveness of different sources of nitro
gen for the synthesis of dispensable amino 
acids by the chick. A purified-type of diet 
containing only the indispensable amino 
acids was used in these studies. Growth, 
feed efficiency, nitrogen retention and 
plasma amino acid concentrations were 
the criteria used to determine the extent 
to which the different sources were uti
lized. Chicks fed amino acid diets that 
permitted gains in weight of 4 to 5 gm/day 
utilized urea and diammonium citrate to 
achieve growth which was as rapid, al
though possibly not as efficient as that 
achieved by the inclusion of dispensable 
amino acids in the diet. Feeding urea and 
ammonium citrate increased nitrogen re
tention and increased plasma levels of dis
pensable amino acids, indicating that the 
nitrogen of urea and ammonium citrate 
was retained and converted to dispensable 
amino acid nitrogen. When the levels of 
indispensable amino acids of the basal diet 
were increased so that more rapid growth 
was possible, urea was not as effective as 
the intact dispensable amino acids.
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Partial Reversal of beta-Aminopropionitrile Toxicity 
by Calcium  in the Chick'

E D W A R D  C. N A B E R  a n d  U N ABELLE B. BLACKW OOD
Department of Poultry Science, Ohio State University, Columbus, Ohio

Beta-aminopropionitrile produces strik
ing anatomical lesions of the skeletal and 
vascular systems (Ponseti, ’54). The chem
ical and anatomical effects of this com
pound, first isolated from the sweet pea 
by Shilling and Strong ( ’54), have been 
reported by many investigators. Levene 
and Gross ( ’59) showed that it increases 
fragility and solubility of collagen in the 
developing chick embryo.

The relationships of nutrients to (3- 
aminopropionitrile toxicity have also been 
investigated by several workers. Dasler 
( ’54) and Lee et al. ( ’56) reported that 
casein and gelatin minimize the lathyro- 
genic effects of ¡3-aminopropionitrile on 
weanling rats. Zein was found to be in
effective. In another report (Dasler, ’56) 
cysteine and glutamine were found effec
tive in delaying the onset of toxicity, 
whereas a variety of other amino acids 
and carbohydrate derivatives were not 
effective. Liver powder, pyridoxine, cal
cium pantothenate and ascorbic acid were 
not found to alter the course of (S-amino- 
propionitrile toxicity. Barnett and Morgan 
( ’59) reported that high dietary fat levels 
increased the incidence of internal hemor
rhage in growing chicks due to [3-amino- 
propionitrile. Cholesterol feeding had no 
effect on the toxicity of the lathyrogenic 
agent. A preliminary report by Barnett 
and Morgan ( ’58) indicated that the 
hemorrhages produced by the toxic com
pound in chicks fed a high-fat diet could 
be increased by feeding additional pyri
doxine and reduced by administration of 
deoxypyridoxine. Thornton ( ’60) found 
that dietary ascorbic acid increased the 
toxicity of ¡3-aminopropionitrile for the tur
key poult. Barnett et al. ( ’58) reported 
that vitamin K did not consistently reduce 
internal hemorrhage when added to a 
vitamin K-deficient diet containing toxic 
levels of the lathyrogenic agent. Amino

acid supplements were found to be in
effective in altering abnormalities in chicks 
fed ¡3-aminopropionitrile (Roy and Bird, 
’59). Working with crude feedstuffs, 
Waibel and Pomeroy ( ’59) found that 
fish meal hastened the incidence of hemor
rhage in turkey poults from the toxic 
compound, ¡3-aminopropionitrile toxicity, 
whereas tallow, grease, vegetable oils, 
wheat middlings, wheat bran, oats, alfalfa 
meal and dried whey did not hasten on
set of hemorrhage.

The experiments reported herein were 
undertaken to study the toxic effect of 
¡3-aminopropionitrile on the developing 
chick embryo and to test a wide variety of 
compounds for potential effects in revers
ing the toxicity of the lathrogen in chick 
embryos and young growing chicks. Pre
vious work by Chang et al. ( ’55) had 
shown that [3-aminopropionitrile would 
produce bone deformities and lethal ef
fects on chick embryos when administered 
on the fourth and tenth days of incuba
tion.

E XP E R IM E N T A L

Fertile eggs from Leghorn-type breeding 
hens maintained with a complete diet 
were injected with (3-aminopropionitrile 
fumarate2 (BAPN) alone and in combina
tion with other compounds prior to and 
during incubation. Procedures followed 
were identical to those described by 
Cravens and Snell ( ’49) except that solu
tions for injection were made from non- 
sterile compounds in previously sterilized 
water and equipment. All solutions were 
injected immediately after preparation at 
a volume of 0.1 ml/egg. Ten to 20 eggs 
were used for each treatment. * 1 2

Received for publication May 23, 1962.
1 Supported by U.S. Public Health Service Research 

Grants 5760 and 7108.
2 Supplied through the courtesy o f Abbott Labora

tories, North Chicago, Illinois.
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Coenzyme A assays on chick embryo 
liver were conducted using the transacety- 
lase method described by Stadtman et al. 
( ’51). The enzyme was prepared from 
lypholized cells of Clostridium kluyveri as 
outlined by Stadtman and Barker ( ’49).

In other experiments day-old chicks 
were fed the basal corn-soybean meal-type 
ration shown in table 1 with and without 
BAPN and other supplements added at 
the expense of the corn. The birds were 
maintained in starting batteries and data 
on body weights, walking disability and 
mortality were obtained. In two of the 
trials, chicks were fed the basal ration; 
and water solutions of BAPN and calcium 
salts, alone and combined, were injected 
subcutaneously into the loose connective 
tissue between the femur and body wall, 
each chick receiving 0.2 ml daily for 7 
days starting with day-old chicks.

T A B L E  1

Composition of basal chick ration

Ground yellow corn
gm/hg
651.3

Soybean meal (44%  protein) 300.0
Sucrose 20.0
Defluorinated rock phosphate (31%  

calcium and 18% phosphorus) 15.0
Calcium carbonate 2.0
Iodized salt (0.007% iodine) 5.0
Manganese sulfate (27%  manganese) 0.2
DL-Methionine 1.5
Premix1 5.0

1 P r e m i x  s u p p l i e d  t h e  f o l l o w i n g  q u a n t i t i e s / k g :  
v i t a m i n  A ,  2 2 0 0  U S P  u n i t s ;  v i t a m i n  D 3 ,  6 0 0  I C U ;  
r i b o f l a v i n ,  4 . 2  m g ;  C a - D - p a n t o t h e n a t e ,  8 . 4  m g ;  n i a c i n ,  
2 0  m g ;  c h o l i n e  c h l o r i d e ,  5 0 0  m g ;  c y a n o b a l a m i n ,  1 2  

g ;  p r o c a i n e  p e n i c i l l i n ,  4  m g ;  a n d  b u t y l a t e d  h y d r o x y -  
t o l u e n e ,  1 2 5  m g .

Difficulty in walking shown by birds 
treated with BAPN was measured by 
scoring the degree of disability as follows : 
0 =  normal; 1 =  limp; 2 =  severe limp, 
able to stand; 3 =  crawl on hocks only, 
unable to stand; 4 =  unable to move about 
the cage; and 5 =  dead. This scoring pro
cedure was found to be reliable and re
peatable since each score was based upon 
clear-cut differences. The score was used 
to measure the reversal effect of certain 
compounds on BAPN’s crippling action.

RESULTS

Data presented in table 2 show that 
mortality of chick embryos was closely re-

T A B L E  2

Effect of fj-aminopropionitrile dosages on mortality 
and hatchability of the developing 

chick embryo

Treatment1
(d ose /egg )

Embryo mortality
Hatch

0—5 Days 6—20 Days

% % %
N one 10 10 80
W ater, 0.1 m l 10 20 70
B A PN ,2 10 m g 100 0 0
BAPN , 1.0 m g 100 0 0
BAPN , 0.8 m g 95 5 0
B A PN , 0.6 m g 50 50 0
B A PN , 0.4 m g 35 65 0
B A PN , 0.2 m g 20 40 40
B A PN , 0.1 m g 10 10 80
B A PN , 0.01 m g 10 20 70
B A PN , 0.001 m g 15 20 65

1 T r e a t m e n t  a d m i n i s t e r e d  p r i o r  t o  i n c u b a t i o n  o f  
e g g s  ( 2 0  e g g s / t r e a t m e n t ) .

2 ( i - A r n i  n o p r o p  ¡ ( m i t r i l e  f u m a r a t e .

lated to the dose of BAPN administered. 
At levels of 1.0 mg/egg or more, BAPN 
administration resulted in 100% mortality 
prior to the sixth day of development. At 
levels of 0.4, 0.6 and 0.8 mg/egg, some of 
the embryos survived beyond the fifth day 
but none survived the entire incubation 
period. BAPN administered at a level of 
0.2 mg/egg allowed about one-half of the 
embryos to hatch, whereas a level of 0.1 
mg/egg permitted normal hatchability.

When large doses of BAPN were ad
ministered prior to incubation, its toxicity 
was characterized by the presence of 
hemorrhages both in the embryo proper 
and in the extra embryonic circulatory 
system. Hemorrhages were not confined 
to any specific location.

With lower levels (0.3 and 0.4 mg of 
BAPN) visceral and skin hemorrhages 
were not found in embryos injected at 
zero, 2 or 4 days of incubation. However, 
embryos injected at 8 and 15 days dis
played both types of hemorrhages. Skin 
hemorrhages were concentrated in the 
feet and toes and around the eyes. Of the 
visceral hemorrhages bleeding into the 
pericardial sac was most common. Em
bryos injected at 15 days also had hepatic 
and general visceral hemorrhage. Em
bryos injected with the very large dose 
of 20 mg at 13 and 14 days developed 
massive hepatic hemorrhages within three 
hours after treatment. None of the em
bryos or chicks hatched from BAPN-in-
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jected eggs showed aortic ruptures like 
those found in young chicks and turkey 
poults fed BAPN. When BAPN was given 
after 4 days of development, skeletal ab
normalities typical of lathyrogenic agents 
were observed. Embryos killed by a mas
sive dose of BAPN (10 to 12 mg/egg) 
were extremely fragile and the tissues were 
easily friable. Gross et al. ( ’60) have re
ported extensively on the fragility of tis
sues from BAPN-treated embryos and 
changes in collagen solubility of tissues 
resulting from BAPN administration.

Table 3 shows the calculated lethal dose 
required to produce 50% mortality (LD50) 
in chick embryos when they are given 
graded doses of BAPN at different times 
during the incubation period. The amount 
of BAPN required for the LD50 increases 
with age when the entire egg is used as a 
reference except that the embryo appears 
to be most sensitive to BAPN when treated 
on the second day of development. If the 
L D 5o is based on the wet weight of the 
embryo instead of the entire egg, the dose 
required to produce the LD5o decreases 
greatly during the first week of develop
ment and remains constant thereafter. 
Thus the amount of BAPN necessary to 
give the LD5o is closely related to the 
weight of the embryo during the second 
week of incubation but dependent on 
other factors during the initial week of 
development.

The results of a study to classify chick 
embryos dying from BAPN administration 
into precise developmental stages at the

time of death is shown in table 4. BAPN 
was never found to alter or inhibit pri
mary differentiation. Within the dosage 
range used, BAPN injected prior to in
cubation or after two days of incubation 
seldom stopped development prior to the 
third day. The data show that the em
bryos died during two periods, 3.5 to 5 days 
and 8 to 10 days, when treated at zero 
and two days of incubation. The major 
gross defect detected in those embryos 
ceasing development between stages 19 
and 26 were alterations in the torsion and 
flexion, whereas those dying at stages 34 
to 36 had twisted and shortened lower 
beaks. At stages 38 to 40 the embryos 
showed malformed legs typical of those 
associated with lathyritic agents.

I n  a  s e rie s  o f  e x p e r im e n ts  a t te m p ts  
w e r e  m a d e  to  re v e rs e  th e  to x ic  e ffe c ts  o f  
BAPN w i t h  a  v a r ie t y  o f  v i t a m in s ,  a m in o  
a c id s  a n d  o th e r  s u b s ta n c e s , s o m e  o f  w h ic h  
h a d  p r e v io u s ly  b e e n  r e p o r te d  e f fe c t iv e .  
R ib o f la v in ,  p y r id o x in e ,  d e o x y p y r id o x in e ,  
fo la c in ,  c h o l in e ,  c y a n o c o b a la m in , m e n a d i 
o n e  NaHSOs c o m p le x , a - to c o p h e ry l a c e 
ta te ,  L - a r g in in e ,  L -c y s t in e , L - g lu ta m in e ,  a  
c a s e in  h y d r o ly s a te  a n d  v e rs e n e  d id  n o t  
a lt e r  th e  t o x ic i ty  o f  0.2, 0.3 o r  0.4 m g  o f  
BAPN w h e n  s im u lta n e o u s ly  in je c t e d  p r io r  
to  in c u b a t io n .  C a lc iu m  ( D - f o r m )  p a n t o 
th e n a t e  a t  le v e ls  o f  1 0  to  2 0  m g /e g g  w a s  
fo u n d  to  in f lu e n c e  BAPN to x ic i ty .  T a b le  
5  s h o w s  t h a t  th is  c o m p o u n d  in je c t e d  
s im u l ta n e o u s ly  w i t h  0.4 m g  o f  BAPN a l
lo w e d  13 to  23% h a t c h a b i l i t y .  I n  a d d i
t io n  th is  t r e a t m e n t  le n g th e n e d  th e  s u r -

TABLE 3
M ed ian letha l dose (LDso) o f BAPN1 in develop in g  ch ick em b ryo2

Day o f 
incubation 

at treatment

Approx
embryo

wt

LD50 in mg BAPN/egg LD50 in mg BAPN/ 
gm embryo

Day o f incubation at which 
mortality was determined

5 10 18 22 18 22

gm
0 0.0002 0.37 0.27 0.23 0.13 1150.0 650.0
2 0.003 0.12 0.12 0.12 0.09 42.0 - 30.0
4 0.05 0.24 0.16 0.07 3.2 1.4
6 0.29 0.32 0.26 0.12 0.9 0.4
8 1.15 0.65 0.6

10 2.26 1.34 0.48 0.6 0.2
15 12.00 7.50 0.6

1 j S - A m i n o p r o p i o n i t r i l e  f u m a r a t e .
2 LD5o values were determined from  dose response curves which were obtained by injecting 

several doses o f BAPN into the incubating egg at various periods o f incubation. The LD50’ s at 5, 
10, 18 and 22 days are from  the cumulative per cent dead at the respective days o f incubation.
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v iv a l  t im e  o f  e m b ry o s  d y in g  p r io r  to  
h a tc h in g  o v e r  t h a t  o b s e rv e d  f o r  e m b ry o s  
in je c te d  w i t h  o n ly  th e  0 .4  m g  le v e l o f  
B A P N . T h e  re v e rs a l o f  B A P N  t o x ic i t y  b y  
c a lc iu m  p a n to th e n a te  w a s  b y  n o  m e a n s  
c o m p le te .  I n  th e  e x p e r im e n ts  re p o r te d ,  
h o w e v e r ,  c a lc iu m  p a n to th e n a te  h a d  e ith e r  
in c re a s e d  s u r v iv a l  t im e  o f  e m b ry o s  o r  a l 
lo w e d  so m e  c h ic k s  to  h a tc h  w h e n  th e y  
w e re  g iv e n  0 .4  m g  o f  B A P N .  A  b io c h e m 
ic a l  r e la t io n s h ip  o f  B A P N  to  p a n to th e n ic  
a c id  i n  u n k n o w n .

E x p e r im e n ts  w e re  n e x t  c o n d u c te d  to  
s tu d y  c o m p o u n d s  r e la te d  to  p a n to th e n ic  
a c id  f o r  t h e i r  e f fe c t  o n  B A P N  t o x ic i t y .  R e 
s u lts  o f  s u c h  e x p e r im e n ts  s h o w e d  th a t  
[3 -a la n in e , D -p a n te th in e  a n d  c o e n z y m e  A  
d id  n o t  re v e rs e  o r  o th e r w is e  a f fe c t  B A P N  
to x ic i t y .

I f  B A P N  p ro d u c e s  i t s  to x ic  e f fe c t  th r o u g h  
in te r fe r e n c e  in  p a n to th e n ic  a c id  m e ta b 
o lis m ,  c o e n z y m e  A  le v e ls  i n  th e  e m b ry o  
m ig h t  be  d e p re s s e d  b y  B A P N  a d m in is t r a 
t io n .  C o e n z y m e  A  a ssa ys  o f  l i v e r  f r o m  
n o r m a l  a n d  B A P N - t re a te d  e m b ry o s  w e re  
c o n d u c te d .  W h i le  th e  u n i t s  o f  c o e n z y m e  
A  p e r  m i l l i g r a m  o f  l i v e r  w e re  v a r ia b le ,  
th e re  w a s  n o  in d ic a t io n  t h a t  m a s s iv e  d oses  
o f  B A P N  re d u c e d  l i v e r  c o e n z y m e  A  c o n 
c e n t r a t io n .

A n  e a r ly  e x p e r im e n t  h a d  s u g g e s te d  t h a t  
c a lc iu m  i n  th e  f o r m  o f  c a lc iu m  c h lo r id e  
d id  n o t  re v e rs e  B A P N  t o x ic i t y  w h e n  u se d  
in  a m o u n ts  e q u im o la r  to  th o s e  s u p p lie d  
b y  c a lc iu m  p a n to th e n a te .  A  m o re  e x te n 
s iv e  in v e s t ig a t io n  o f  c a lc iu m  c o m p o u n d s ,  
h o w e v e r ,  re v e a le d  t h a t  c a lc iu m  h a d  a n  
e f fe c t  o n  th e  c o u rs e  o f  B A P N  t o x ic i t y  w h e n  
th e  c o m p o u n d s  w e re  a d m in is te r e d  p r io r  
to  in c u b a t io n .  T h re e  e x p e r im e n ts  to  te s t 
th e  e f fe c t  o f  s e v e ra l le v e ls  o f  4  c a lc iu m  
s a lts  o n  m o r t a l i t y  o f  e m b ry o s  in je c te d  
w i t h  a n d  w i t h o u t  B A P N  a re  s u m m a r iz e d  
i n  f ig u r e  1. R e d u c t io n  i n  m o r t a l i t y  o f  e m 
b ry o s  f r o m  B A P N  t o x ic i t y  d u e  to  in c re a s e d  
le v e l o f  c a lc iu m  a d m in is t r a t io n  w a s  fo u n d  
to  be  v e r y  h ig h ly  s ta t is t ic a l ly  s ig n i f ic a n t  
( P  <  0 .0 0 1 ) .  C a lc iu m  s a lts  a d m in is te r e d  
i n  th e  a b s e n c e  o f  B A P N  d id  n o t  s ig n i f i 
c a n t ly  a f fe c t  m o r t a l i t y  a t  5 d a y s  o f  i n 
c u b a t io n .

B e c a u s e  s e v e ra l c a lc iu m  c o m p o u n d s  
p a r t ia l ly  re v e rs e d  B A P N  t o x ic i t y  i n  th e  
e m b ry o ,  fe e d in g  a n d  in je c t io n  e x p e r im e n ts  
w i t h  y o u n g  c h ic k s  w e re  u n d e r ta k e n  to  d e-
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T A B L E  5

E ffe c t  o f  ca lciu m  p a n to th en a te  on  fi-am in oprop ion itrile  (BAPN) tox ic ity  
in  the develop in g  ch ick  em b ry o 1

Compound injected2

RAPN Calcium
pantothenate 0—10 Day

Embryo mortality 

11-20 Day Hatch

mg/egg mg/egg % % %
0 8 4 88

(W a ter  on ly , 0.1 m l) 8 11 81
0.4 0 84 16 0
0 10 25 12 63
0 20 32 12 56
0.4 10 50 27 23
0.4 20 62 25 13

1 Pooled data from  4 experiments using 20 eggs/treatment in each experiment.
2 Compounds administered prior to incubation o f eggs.

M I L L I G R A M S  O F  C A L C I U M  I N J E C T E D  P E R  E G G

F i g .  1  E f f e c t  o f  c a l c i u m  l e v e l  o n  t h e  t o x i c i t y  o f  / 3 - a m i n o p r o p i o n i t r i l e  ( B A P N )  f o r  t h e  

c h i c k  e m b r y o  w h e n  a d m i n i s t e r e d  p r i o r  t o  i n c u b a t i o n .

termine whether leg deformities and walk
ing disability produced by BAPN could be 
influenced by calcium and other com
pounds. When 20 mg of BAPN were given 
to chicks by daily subcutaneous injection 
for the first 7 days of their lives, severe 
walking disability was induced. The data 
shown in table 6 reveal that calcium 
pantothenate and calcium gluconate sig

nificantly reversed the crippling effect of 
BAPN. Other experiments of this type 
showed that a combination of calcium 
pantothenate and calcium gluconate also 
is effective.

When growing chicks were fed 0.06% 
of BAPN in the diet, leg deformities and 
hemorrhagic disorders developed over a 
period of several weeks. Using this level
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of the toxic compound, chicks were fed 
the basal ration shown in table 1 with and 
without a number of calcium sources and 
levels. In the first experiment the cal
cium content of the basal ration was ad
justed to 0.92% . The data, shown in table 
7, indicate that the higher calcium levels 
reduced walking disability and mortality 
of chicks fed BAPN. Growth was impaired 
by the high calcium levels when chicks 
were fed diets without BAPN. In the 
presence of BAPN, growth rate was poor 
but unaffected by the calcium level of the 
diet. The toxic manifestations of BAPN 
appeared to be influenced more by cal
cium level than calcium source. There
fore, a second experiment (table 8) was 
conducted with chicks fed 0.6 to 2.2%

of calcium from the same source, with 
and without BAPN. The results of this 
experiment show clearly that walking dis
ability and mortality due to BAPN is re
duced as the calcium level of the experi
mental ration increases. As in the previous 
trial, increasing the calcium level reduced 
growth in the absence of BAPN but did 
not alter growth in the presence of the 
toxic agent.

In the chick trials 65 birds died prior 
to termination of the experimental period. 
Autopsies on these birds showed that death 
was due to aortic rupture or other hemor
rhage in 27 chicks, and that most of the 
remaining chicks died from dehydration 
and starvation directly attributable to 
severe leg disability caused by BAPN.

TABLE 6

I n f l u e n c e  o f  c a l c i u m  c o m p o u n d s  o n  B A P N - i n d u c e d 1 w a l k i n g  d i s a b i l i t y  i n  c h i c k s

Exp. No. of 
chicks

Daily treatment 
by injection

Disability score after 
indicated no. of treatments

3 4 5 6 7

i 10 20 mg BAPN 1.4 1.9 2.4 2.5 2.2

10 20 mg BAPN +
20 m g Ca pantothenate 0.1 0.2 1.4 1.0 1.32

10 20 mg BAPN +
14 mg Ca gluconate 0.8 1.6 1.7 1.7 2.02

2 20 20 mg BAPN 0.8 1.1 1.8 2.5 2.2

20 20 mg BAPN +
20 mg Ca pantothenate 0.1 0.6 1.7 1.9 1.92

20 20 mg BAPN +
14 mg Ca gluconate 0.3 0.6 1.1 1.3 l . l 2

1 BAPN  indicates /3-aminopropionitrile fum srate.
2 Reduction in w alkin g  d isability due to calcium  adm inistration statistically  significant (P  <  0.05).

TABLE 7

E f f e c t  o f  d i e t a r y  c a l c i u m  s o u r c e  a n d  l e v e l  o n  g r o w t h ,  w a l k i n g  d i s a b i l i t y  a n d  m o r t a l i t y  o f  g r o w i n g  
c h i c k s  f e d  w i t h  a n d  w i t h o u t  0 .0 6 %  o f  B A P N 1’2

Calcium salt used 
as supplement

Total 
calcium 
in diet

Avg body wt at 
14 days o f age

Disability score at 
14 days of age

Mortality at 
14 days o f age

Without
BAPN

With
BAPN

Without
BAPN

With
BAPN

Without
BAPN

With
BAPN

% gni gni % %
None 0.92 198 127 0 3.1 5 25
CaC03 +  CaH P04 1.25 187 121 0 3.3 5 30
Ca pantothenate+ CaHP04 1.35 192 124 0 3.5 0 35
Ca gluconate+  CaH P04 1.80 173 128 0 2.0 0 15
Ca gluconate +  C aC03 +  CaH P04 1.86 157 112 0.1 1.7 0 10
CaC03 +  CaH P04 1.92 159 131 0 2.1 5 5

1 BAPN indicates 0-aminopropionitrile fumarate.
2 Twenty chicks/treatment.
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TABLE 8

E ffect o f dietary calcium  level on groiuth, w alking disability and m ortality in grow ing chicks fed  w ith
and w ith ou t 0 .0 6 %  o f B A P N 1’2

Calcium 
level in 

experimental 
ration

(from  CaCO:j)

Avg body wt at 
20 days o f age

Without With 
BAPN BAPN

Disability score
At 10 days At 20 days

Mortality at 
20 days o f age

Without With 
BAPN BAPN

Without With 
BAPN BAPN

Without With 
BAPN BAPN

% gm gm % %
0.6 303 165 0.3 2.6 0 4.4 0 47
1.0 301 173 0 1.7 0 3.9 0 40
1.4 229 164 0.3 1.8 0.6 3.6 0 23
1.8 199 162 0.3 1.1 0.3 3.6 3 20
2.2 187 159 0.9 1.0 0.3 3.2 3 0

1 BAPN indicates /3-aminopropionitrile fumarate.
2 Thirty chicks/treatment.

DISCUSSION

The observation that BAPN does not 
alter the pattern of primary differentiation 
of the chick embryo suggests that this 
compound does not act as an inhibtor of 
protein synthesis because cell division and 
tissue growth occur rapidly during this 
phase of early development. Toxicity of 
BAPN as reflected by embryonic death 
takes place only after the formation of 
an extensive vascular system. Disruptions 
in the vascular system appear to be the 
primary cause of death. Thus, only after 
formation of structures supported by a 
connective tissue framework does BAPN 
produce its lethal effect. The increased 
solubility of collagen from connective tis
sue due to BAPN has been adequately 
demonstrated by Levene and Gross ( ’59).

Partial reversal of BAPN toxicity by in
jected or dietary calcium is the primary 
observation resulting from this study. 
This reversal of BAPN toxicity is based 
upon increased survival time and a de
crease in deformities produced by the 
lathyrogenic agent when calcium salts are 
administered. Although calcium can re
verse the lethal effect of BAPN when in
jected as a single dose or fed for a limited 
period of time, its effect is much less ap
parent when the toxic agent is injected 
or fed continuously over an extended 
period of time. Thus, clear-cut effects of 
calcium can be demonstrated early in a 
continuous feeding or injection experi
ment but are difficult to show if the ex
periment is continued for three or more 
weeks.

The manner in which calcium produces 
its effect on BAPN toxicity is not clear. Be
cause calcium is effective by injection or 
feeding and does not reduce growth in the 
presence of BAPN, it is probable that the 
reversal effect is concerned with the min
eral metabolism of the animal. Dasler et 
al. ( ’61) have suggested that lathyrogens 
may change the physical nature of con
nective tissue by forming chelates. Levene 
( ’61) has shown that not all lathyrogens 
are chelating agents. Additonal work on 
the effect of BAPN on calcium metabolism 
is needed.

Finally, it is possible that the increased 
incidence of internal hemorrhage caused 
by BAPN using high-fat diets as reported 
by Barnett and Morgan ( ’59), is due to 
the well known effect of dietary fat on 
reducing calcium availability. Thus the 
fat-fed birds probably had less calcium 
available than the birds fed diets without 
fat.

SUMMARY

Experiments with the developing chick 
embryo and growing chick were under
taken to study the toxic effect of (3-amino- 
propionitrile fumarate (BAPN) and agents 
that might be capable of preventing or 
modifying the toxic condition produced by 
this lathyrogenic agent.

BAPN failed to disturb primary differ
entiation of the chick embryo and in
duced death only after this developmental 
phase had passed. The median lethal dose 
(LDso) of BAPN decreased as embryo 
weight increased throughout the first
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week of incubation, but remained con
stant during the second week of incuba
tion.

Calcium compounds were found to par
tially reverse the incidence of walking dis
ability and mortality due to BAPN injec
tion or feeding. Other compounds tested 
for their effect on BAPN toxicity with 
negative results were: riboflavin, pyri-
doxine, deoxypyridoxine, folacin, choline, 
cyanocobalamin, menadione-NaS03 com
plex, a-tocopheryl acetate, L-arginine-HCl, 
L-cystine, L-glutamine, a casein hydroly
sate, (3-alanine, coenzyme A and versene.

The effect of calcium on BAPN toxicity 
was closely related to injected dose or 
dietary level of calcium but not to the 
calcium source. It is possible that BAPN 
interferes with the mineral metabolism of 
the bird and that calcium partially cor
rects this metabolic derangement.
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Effect of Pyridoxine Deficiency on Iron 
Absorption in the Rat* 1

ROBERT A. NEAL a n d  W ILLIAM N. PEARSON
Division of Nutrition, Departments of Medicine and Biochemistry, 
Vanderbilt University School of Medicine,
Nashville, Tennessee

It has been reported previously that 
pyridoxine deficiency results in an in
creased iron absorption in swine (Cart
wright et al., ’44) and rats (Gubler et al., 
’49). This study was undertaken to inves
tigate further the relationship between 
pyridoxine deficiency and iron uptake at 
various levels of iron intake.

MATERIALS AND METHODS

Weanling female Sprague-Dawley rats 
were fed a control or a pyridoxine-deficient 
diet. The latter consisted of vitamin-free 
casein, 18% ; cottonseed oil, 5% ; sucrose, 
73%; and an iron-free salt mixture 
(Gubler et al., ’49), 4%. The following 
vitamins were added at the levels indicated 
,'100 gm of basal diet: vitamins A, D, 
and E at 400, 40 and 0.7 IU, respectively; 
thiamine, 0.5 mg; riboflavin, 0.8 mg; nia
cin, 4.0 mg; calcium pantothenate, 4.0 
mg; biotin, 0.04 mg; folic acid, 0.20 mg; 
menadione, 0.50 mg; and inositol, 100.0 
mg. The control diet was prepared by 
adding 0.5 mg of pyridoxine/100 gm of 
the basal diet.

The total iron uptake was determined 
by assay of the total body activity after 
ingestion of Fe55 r>9Ch. The amount of iron 
in the administered radio-iron solutions 
was determined on the day of administra
tion by the method of Elvehjem ( ’30). 
After sacrifice and removal of the stomach 
and intestines, the carcass was placed in 
150 ml of a 25% (W /V ) KOH-ethanol 
solution. This procedure solubilized all 
but the bones in about 8 hours. The bones 
were brought into solution separately in 
5 n  HN03.

The radioactivities of the digestion mix
tures were determined by counting 50-ml 
aliquots in a Nuclear Chicago Model DS5-5 
Scintillation wTell counter, using a Nuclear

Chicago Model 132 analyzer-computer. 
The percentage recovery of the adminis
tered dose using this technique was deter
mined in one experiment by assaying the 
activity in the bones, carcass, feces, and 
urine. In this experiment with 12 animals, 
a recovery of 97.2 ± 5 %  of the adminis
tered dose was obtained.

RESULTS

In the first experiment (table 1) the 
control and experimental animals were 
maintained with their respective diets for 
5 weeks. Then 1 ml of a solution contain
ing 0.1 mg of Fe55'59 was administered by 
stomach tube to each animal. The rats 
were killed 24 hours later (ether) and the 
iron absorption was determined as de
scribed previously. The radioactivity of 
the blood was determined by withdrawing 
one milliliter from the heart at the time 
of sacrifice, diluting to 50 ml with one 
N  HNO., and counting. On the basis of 
previous food intake the group designated 
pyridoxine-deficient plus pyridoxine sup
plement ingested 45 to 55 ag of pyridoxine 
/day for 4 days prior to the administration 
of the radio-iron.

A statistical analysis of the data indi
cates there is a significant difference 
(P =  < 0.05) in the mean iron absorption 
of both the controls and the pyridoxine- 
supplemented animals when compared 
with the pyridoxine-deficient animals. 
These results suggest there is a decreased 
iron absorption in pyridoxine deficiency 
at the level of iron administered and for 
the period allowed for absorption of the 
radio-iron.

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  1 4 ,  1 9 6 2 .
i  S u p p o r t e d  i n  p a r t  b y  g r a n t  A - 2 5 6 5  f r o m  t h e  U . S .  

P u b l i c  H e a l t h  S e r v i c e .

J. N u t r it io n , 78 : ’62 2 1 5



2 1 6 ROBERT A. N EAL AND W IL L IA M  N. PEARSON

TABLE 1
A m ou n t o f  iron  absorbed  from  a single dose (s tom a ch  tu b e ) o f  0.1 m g  o f  rad io-iron1,2

Group Mean
weight

Mean
iron

Mean
activity

absorption of blood

gm lig/100 gm count/
body weight min/ml

C ontrol 142 ± 5 3 17 ± 3 140 ± 4 8
P yridox ine-deficient 120 ±  16 9 ±  1 79 ± 2 0
P yridox ine-deficient +  pyrid ox in e supplem ent 141 ±  3 15 ±  3 98 ± 2 5

1 0.1 mg o f the radio-iron had :in activity o f 108,900 count/m in when assayed as described in
Materials and Methods section of text.

2 Three animals/group.
3 Standard error o f the mean.

TABLE il
A m ou n t o f  iron  absorbed v e r  day a fter  ad libitum feed in g  o f  diets con ta in in g

1 m g o f  radio-iron WlOO gm o f  d iet fo r  14 days2

Group Mean
weight

Mean
daily
iron

absorption

Mean 
activity 
o f blood

gm fig/100 gm count/
body weight3 min/ml

C ontrol 209 ± 1 6 * 1 3 .2 ± 1 .0 2784 ± 3 2 1
P yridox ine-deficient 
P yridox ine-deficient +

156 ±  2 1 3 .3 ±  1.8 2504 ± 4 6 7

p yrid ox in e  supplem ent 188 ± 6 2 1 .0 ± 2 .0 3624 ±  94

1 0.1 mg o f the radio-iron, assayed 24 hours after sacrifice, had an activity o f 143,684 count/m in.
2 Four animals/group.
3 Calculated on the basis o f the body weight o f each animal at the time o f sacrifice.
4 Standard error o f the mean.

In the second experiment, after the 
animals had been fed their respective diets 
for 10 weeks, Fe55'59 was added to each 
diet at a level of 1 mg/100 gm of diet. 
This level of iron was intended to furnish 
each rat a daily intake of about 0.1 mg 
of radio-iron. Dietary pyridoxine supple
mentation to assure a level of intake of 
45 to 55 ag/day of one-half of the defi
cient animals was begun on the day the 
iron was added to the diet. The animals 
were allowed to eat ad libitum during the 
14-day experimental period. The total 
radio-iron ingested by each of the control 
and pyridoxine-supplemented animals was
1.5 mg, and the pyridoxine-deficient ani
mals ingested 1.1 mg. At the end of the 
experimental period the rats were killed 
and the amount of iron absorbed was de
termined. The radioactivity of the blood 
was determined as described previously.

The results shown in table 2 indicate 
no difference in absorption of iron between 
the control and pyridoxine-deficient group. 
The increased iron intake by the group fed 
the pyridoxine supplement group can be

attributed, at least in part, to increased 
hemoglobin synthesis as a result of the 
growth spurt induced by the addition of 
pyridoxine to the diet.

In the last experiment the animals had 
been fed their appropriate diets for 
12 weeks, at which time sufficient salt 
mixture (Hubbell et al., ’37) and radio
iron were added to bring the iron content 
of the diets to 10 mg of iron/100 gm of 
diet. Dietary pyridoxine supplementation 
to furnish an intake of 45 to 55 pg/day 
of one-half the group fed the deficient diet 
was begun at the same time, and during 
the remainder of the experiment (18 days) 
the animals were pair-fed to the pyridox
ine-deficient group. The total iron ingested 
per animal was 14.5 mg.

Examination of the data in table 3 indi
cates there was a greater iron absorption 
by the animals fed the pyridoxine-deficient 
diet than by the controls (P =  < 0.05). 
The pyridoxine - supplemented rats ab
sorbed significantly more iron than did 
either of the other groups (P =  < 0.01). 
This group also deposited significantly
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TABLE 3
Iron absorption resulting from 18 days of feeding diets containing 10 mg of iron1/ 100 gm 

of diet (all animals pair-fed to the pyridoxine-deficient group)2

Mean Mean
Group Mean daily iron

weight iron content
absorption (bones)

gm f i g / 100 gm A S /100 gm
body iveight3 body xueight

C ontrol 1 9 0 ± 2 7 4 61.5 ±  8.8 138 ±  22
P yridox ine-deficient 
P yrid ox in e-d efic ien t +

158 ± 5 70.3 ± 7 .6 144 ±  12

p yrid ox in e  supplem ent 161 ±  6 82.0 ± 6 .3 204 ± 4 3

1 0.1 m g o f the radio-iron in  the diet, assayed 24 hours after sacrifice, had an activity o f 
93,642 count/m in.

2 Four animals/group.
3 Calculated on the basis o f the body weight o f each animal at the time o f sacrifice.
4 Standard error o f the mean.

TABLE 4
Mean hemoglobin levels for the various groups 

in the three experiments

Exp. no. Control
Pyridoxine-

deficient
group

Pyridoxine- 
deficient + 
pyridoxine 
supplement 

group

gm/100 ml gm/100 ml gm/100 ml
1 15.2 ±  1 .31 15.0 ±  0.9 15.1 ± 1 .1
2 13.7 ±  1.9 13.1 ± 1 .2 13.3 ± 1 .4
3 13.8 ± 1 .7 13.0 ±  1.4 13.2 ±  1.5

1 Standard error o f the mean.

more iron in their bone marrow than did 
the control or deficient groups (P =  < 
0 .0 1 ) .

Hemoglobins (table 4) were determined 
as oxyhemoglobin in all three experiments 
using a Bausch and Lomb Spectronic 20 
spectrophotometer. There were no signifi
cant differences in the hemoglobin levels 
of the various groups in any of the three 
experiments.

Urinary iron excretion was determined 
in experiments 1 and 2 and found to be 
negligible. Intestinal excretion of iron 
could not be determined inasmuch as die
tary radio-iron was present in the gut 
throughout the entire period of each ex
periment. The values given for mean 
daily iron absorption are therefore subject 
to the error of the amount of iron re
excreted via the bile. It is probable, how
ever, that this error is quite small.

DISCUSSIO N

These data indicate that rats fed pyri
doxine-deficient diets do not absorb in
creased amounts of iron when their dietary

iron intake is about 100 ug/day. If the 
iron intake is increased to 1.0 mg/day, 
pyridoxine-deficient animals absorb some
what larger amounts of iron than do their 
controls. In the latter instance, our data 
agree with those of Gubler et al. ( ’49). 
These workers maintained their animals 
with the high-iron intake for a longer 
period of time, which may account for the 
relatively greater uptake of iron by their 
pyridoxine-deficient group in comparison 
with the controls. The decreased absorption 
of iron by the pyridoxine-deficient group 
seen in experiment 1 was confirmed by two 
additional experiments conducted under 
similar experimental conditions. At pres
ent we are unable to give an adequate 
explanation for the decreased absorption 
of iron during the first 24 hours after 
administration of iron to the animals fed 
the pyridoxine-deficient diet.

The question may be raised as to 
whether an iron intake of 1.0 mg/day by 
the rat is physiological. By comparison 
with the human it appears not to be so. 
Such an intake for a 200-gm rat is equiv
alent to a 350 mg/day intake for a 70-kg 
human. On the basis of human needs, it 
would seem reasonable to estimate that 
the iron requirement of the rat lies in the 
range of 50 to 100 pg/day. Accordingly, 
we consider on the basis of our experi
ments that enhanced absorption of iron 
in the pyridoxine-deficient rat does not 
occur under physiological conditions. It 
is of interest that most salt mixtures used 
in rat diets furnish daily intakes of 2 to
2.5 mg/day — intakes which are un
doubtedly far in excess of actual needs.
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We have found in preliminary studies 
that simultaneous administration of pyri- 
doxine and iron to pyridoxine-deficient, 
iron-depleted animals results in a greatly 
enhanced absorption. This was also dem
onstrated in nondeficient, iron-depleted 
animals, but the enhancement was not as 
great. Furthermore, in vivo and in vitro 
studies are to be initiated to investigate 
the possibility of a direct role for pyridox- 
ine in iron absorption.

SUMMARY

The absorption of Fe55'59 by rats fed 
pyridoxine-deficient, iron-free diets was 
studied under various conditions. The re
sults indicated that pyridoxine deficiency 
did not enhance the absorption of iron 
when a single dose of 0.1 mg of iron was 
given by stomach tube or under conditions 
of iron intake considered to be physio
logical (50 to 100 ag/'day). Conversely, 
at daily iron intakes of about 1 mg, the 
pyridoxine-deficient animals showed a sig
nificantly greater iron absorption. Under 
the last two experimental conditions men
tioned above, pyridoxine supplementation 
of the deficient animals resulted in an iron 
absorption that was significantly greater

than that for both the control and de
ficient animals.

A d d e n d u m

During the preparation of this manu
script, Yeh et al.2 reported that iron 
absorption is not affected by pyridoxine 
deficiency regardless of the severity of the 
deficiency or the dosage of iron given. 
The difference between their results and 
ours may be a result of the level of iron 
administered and the duration of the ex
periment.
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Supplements upon Alcohol-Induced Rat Liver 
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Administration of a single gastric dose 
of ethanol to rats has been reported from 
several laboratories to result in significant 
increases in liver triglyceride content (Mal- 
lov and Bloch, ’56; Di Luzio, ’58; Brodie 
et al., ’61; Gillespie and Lucas, ’61). Since 
L-glutamine had previously been found 
to prevent inhibition of growth of Strepto
coccus fecalis caused by ethanol (Ravel 
et al., ’55) and to reduce the voluntary 
consumption of ethanol by rats (Rogers 
et al., ’55), it was pertinent to study the 
effect of glutamine and related nutritional 
factors upon the rat liver lipid elevation 
induced by ethanol. In the present in
vestigation,2 reduction of the rat liver tri
glyceride elevation caused by a single ad
ministration of ethanol was used as a 
relatively rapid assay for possible protec
tive activities of several simple nutritional 
supplements including glutamine, aspara
gine, and other related compounds. The 
results indicate that L-asparagine, ad
ministered together with the single gastric 
dose of ethanol, is effective in preventing 
subsequent liver triglyceride elevation, but 
glutamine and several other supplements 
are ineffective.

EXPERIMENTAL

Male white rats (Holtzman) in the 
350- to 500-gm range were fed commer
cial laboratory chow1' for 2 to 8 days be
tween the time of receipt and experimental 
use. Six to 8 hours before treatment, food 
was removed from the cages, but water 
was available to the rats at all times. The 
test solutions were administered orally, 
from a hypodermic syringe through a rub
ber tube into the stomach of each animal. 
The concentrations of all components were 
adjusted so that the total volume given at

each administration was 2.0 ml/100 gm 
rat. In some cases, as indicated, a sup
plementary solution was administered prior 
to the ethanol-containing dose, and in 
some cases dosage with a supplementary 
solution followed 4 to 5 hours after the 
ethanol dose.

After 16 to 18 hours, each rat was 
killed by a blow on the head, and the liver 
was removed, washed with water, blotted 
dry, and immediately frozen on solid car
bon dioxide. After thawing, each liver 
was homogenized and its triglyceride con
tent determined by the method of Butler 
et al. ( ’61), based on periodate oxidation 
of the glycerol moiety of the triglycerides.

RESULTS

The comparative effects of ethanol and 
glucose (in amount isocaloric with the 
ethanol) in increasing liver triglyceride 
content, and the comparative effects of 
L-asparagine and monosodium L-aspartate 
in counteracting the elevation, are shown 
by the data of table 1. Ethanol (4.8 gm/ 
kg rat) induced a three- to fourfold in
crease in liver triglyceride content com
pared with that of the glucose-treated 
controls. Aspartate administered together 
with the ethanol had little effect upon this 
elevation, but a supplement of L-aspara
gine reduced the triglyceride level to 9.9 
mg/gm of liver, an increase of approxi
mately 16% compared with the elevation 
occurring after the dose of ethanol alone 
Neither asparagine nor aspartate when * 1 2 3
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administered together with glucose led to 
any significant alteration of the liver tri
glyceride level observed in animals given 
glucose alone.

In a separate experiment (experiment 
3, table 2), a doubled amount of L-aspara- 
gine supplement, either in the form of a 
second dose of 0.2 gm of asparagine alone 
4 hours following the initial dose of 
ethanol mixed with asparagine, or (in a 
different group of rats ) in the form of a 
single dose of ethanol mixed with a sup
plement of 0.4 gm of L-asparagine/100 
gm of rat, evidently afforded only slight

additional protection against the liver tri
glyceride elevation, as compared with that 
of a single supplement of 0.2 gm of as
paragine/100 gm rat. In parallel experi
ments, not tabulated, rat groups killed 12 
hours after ethanol administration showed 
about the same triglyceride differential 
between ethanol-treated controls and 
asparagine-supplemented animals as those 
killed at 18 hours. Groups killed 24 hours 
after ethanol dosage showed little effect 
of asparagine; the differential appears to 
diminish as the liver lipid content falls 
back to the normal value. Groups that re-

TABLE 1
E ffects  o f  asparagine and aspartate upon  eth a n ol-in d u ced  liver trig lycerid e levels

Dose Supplement Number 
o f rats

Liver
triglyceride

content1

E th an ol2 non e 15
mg/gm liver 

23 .5  ± 5 .3
E thanol L -asparagine3 15 9 .9 ± 2 .1
Ethanol L-asp ariate4 8 26 .2 ± 7 .3
G lucose5 none 15 7.4 ± 1 .3
G lucose L-asparagine 15 6 .7 ±  2.1
G lucose L-aspartate 10 8 .7 ±  1.9

1 Rats were killed 16 hours after dose was administered. Triglyceride values are tabulated as the 
mean o f individual rat values plus or minus the standard error. For the comparison glucose vs. 
ethanol, t = l l . l ,  P = 0.001; for ethanol vs. ethanol-asparagine, t = 8.96, P = 0.001.

2 Ethanol: 0.48 gm /100 gm rat, as a 31.5% v /v  solution o f 95% ethanol in water.
3 Asparagine: 0.2 gm /100 gm rat, included in the ethanol or glucose solution. Most o f the 

asparagine remained as a suspended solid phase during administration.
4 Aspartate: 0.2 gm /100 gm rat; L-aspartic acid neutralized with NaOH to the monosodium salt, 

then included in the solution with ethanol or glucose.
5 Glucose: 2.0 ml o f a 48% solu tion /100 gm rat.

TABLE 2
E ffects o f  varions su p plem en ts u p on  eth a n ol-in d u ced liver trig lycerid e e leva tion

Exp.
no. Dose1 Supplement No. o f 

rats
Hours
after
dose

Liver
triglyceride

mg/gm liver
3 Ethanol non e 8 18 22 .2  ± 3 .3

E thanol L-asparagine 8 18 11.6 ±  5.3
Ethanol L-asparagine -f- secon d  dose

after 4 h ou rs2 8 18 11.1 ± 4 .0
E thanol L-asparagine (d o u b le  a m o u n t)3 8 18 9.8 ± 2 .7
G lucose non e 3 18 6.7 ± 1 .8

4 E thanol none 8 18 22.8 ± 8 .1
E thanol L-aspartate (m o n o so d iu m ) 8 17 23.5 ±  5.0
E thanol L-glutam ate (m o n o so d iu m ) 8 18 20.9 ± 6 .3
E thanol L-glutam ine 8 18 21.9 ±  8.4
Ethanol glycin e 8 17 21.9 ±  3.2
Ethanol sod ium  citrate 8 18 28.7 ± 5 .9
Ethanol a-ketoglutarate (m o n o so d iu m ) 8 17 2 2 .6 ± 4 .0
G lucose none 3 18 7.1 ± 0 .9

1 E t h a n o l  d o s e  i n  e a c h  c a s e ,  0 . 4 8  g m  e t h a n o l  i n  2 . 0  m l  s o l u t i o n / 1 0 0  g m  r a t .
2 I n i t i a l  d o s e  i n c l u d e d  0 . 4 8  g m  e t h a n o l  a n d  0 . 2  g m  L - a s p a r a g i n e / 1 0 0  g m  r a t ;  s e c o n d  d o s e  a f t e r  

4  h o u r s  c o n t a i n e d  o n l y  L - a s p a r a g i n e ,  0 . 2  g m / 1 0 0  g m  r a t .
3 S i n g l e  d o s e ,  c o n t a i n e d  0 . 4 8  g m  e t h a n o l  a n d  0 . 4  g m  L - a s p a r a g i n e / 1 0 0  g m  r a t .  A l l  o t h e r  s u p p l e 

m e n t s ,  0 . 2  g m / 1 0 0  g m  r a t ,  i n c l u d e d  i n  t h e  e t h a n o l  s o l u t i o n ;  t h e  s u p p l e m e n t  i n  s o m e  c a s e s  r e m a i n e d  
a s  a  p a r t l y  u n d i s s o l v e d ,  s u s p e n d e d  s o l i d  p h a s e .
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ceived an oral dose (0.2 gm/100 gm of 
rat) of asparagine alone 2.5 hours prior 
to a dose of ethanol alone, or asparagine 
alone 4 hours after a dose of ethanol alone, 
showed little effect of the asparagine on 
liver triglyceride elevation.

A number of other amino acid supple
ments tested have no significant effect 
upon liver triglyceride elevation; these in
clude aspartate, glutamate, glutamine, and 
glycine (experiment 4, table 2). Further 
data, not tabulated, showed that a sup
plement of cystine is similarly inactive, 
and a supplement of methionine is only 
slightly active, in preventing liver lipid 
elevation. Supplements of a citric acid 
cycle intermediate were in two cases 
(citrate and ketoglutarate, table 2) inef
fective; in another experiment, a supple
ment of sodium pyruvate was ineffective. 
However, in the latter experiment (not 
included in table 2) a supplement of o.-keto- 
glutarate (monosodium salt; 0.2 gm 100 
gm of rat) was partially effective in pre
venting the triglyceride elevation.

Other than the experiment including 
methionine just mentioned, the classic lipo
tropic agents were not studied in this in
vestigation. since the initial objective was 
the possibility of further elucidation of 
the nature of the protective effect of glu
tamine (or perhaps closely related com
pounds) against certain toxic effects of 
alcohol, and furthermore, since Di Luzio 
and Zilversmit ( ’60) reported that ethanol- 
induced increase in neutral fat in rat liver 
was not prevented by choline chloride, 
either oral or intravenous.

DISCUSSION

These data demonstrating a prevention 
by L-asparagine of the liver triglyceride 
elevation induced by ethanol are at pres
ent stage evidently quite empirical, and the 
underlying metabolic mechanism involved 
can only be the subject of speculation. 
One explanation that appears possible is 
that asparagine provides to the animal a 
4-carbon intermediate that accelerates 
ethanol metabolism by increasing the ca
pacity of the citric acid cycle to oxidize 2- 
carbon units derived from ethanol, in the 
animals receiving the supplement. If this 
is true, it would be necessary to assume 
that asparagine is more readily assimil

able, or less rapidly destroyed, than some 
of the other amino acid supplements that 
proved ineffective. Possibly a slow rate of 
absorption of asparagine in the digestive 
tract would be a factor in prolonging the 
maintenance of appropriate concentra
tions. Favoring the explanation involving 
the citric acid cycle is the partial effec
tiveness in one experimental group (al
though not in the experiment in table 2) 
of an intermediate of the cycle, a-ketoglu- 
tarate, as a supplement to the ethanol 
dose. This concept of increase in citric 
acid cycle oxidizing capacity as a basis 
for more effective alcohol removal is not 
apparently compatible with the generally 
accepted consideration (Westerfeld, ’61) 
that alcohol dehydrogenase activity is the 
rate-limiting step in alcohol oxidation in 
higher animals. Although alcohol-fed rats 
were reported (Dajani and Orten, ’62) to 
show an increased liver capacity for oxida
tion of ethanol in liver incubates, associ
ated with increased concentrations of all 
the citric acid cycle intermediates, these 
responses were observed after a period of 
several weeks, and may not necessarily be 
related to the much more rapid responses 
involved in acute ethanol intoxication.

Other possible explanations of these ob
served effects of asparagine supplementa
tion would need to take into account the 
considerable evidence (Mallov and Bloch, 
’56; Brodie et al., ’61) that the induction 
of liver triglyceride elevation by ethanol 
is a complex, indirect physiological chain 
of interactions involving in turn pituitary 
and adrenal stimulation, depot tissue lipid 
mobilization, free fatty acid circulation in 
the blood, and a rate of liver glyceride ac
cumulation exceeding the rate of liver 
glyceride loss. The data of the present 
study do not distinguish between these 
steps as possible sites of asparagine ac
tivity in preventing the final observed ef
fect of ethanol, inasmuch as experiments 
have not yet been carried out to determine 
whether asparagine may influence the pre
viously known action of adrenocortico
tropic hormone in elevating liver lipid 
content, for example, nor to determine 
whether asparagine may affect the ob
served mobilization of depot tissue lipid 
components caused by adrenal products. 
Since the first of the hormonal responses in
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rats following high doses of ethanol is a 
relatively rapid one, as shown by data in
dicating an increase in plasma cortico
sterone reaching maximal value by one- 
half hour after administration of ethanol 
(Brodie et al., ’61), evidently a rather 
rapid action of asparagine in effecting 
ethanol removal would necessarily be in
volved in any postulation of a direct ef
fect of asparagine upon ethanol blood 
levels in the supplemented animals. Al
ternative possibilities include asparagine 
action antagonistic to ethanol at the site 
of its initiation of the hormonal response 
chain, or inhibition by asparagine of any 
of the subsequent steps in this physiolog
ical chain of responses that in the absence 
of the supplement would lead to liver 
triglyceride accumulation.

SUMMARY

Male white rats which had received a 
single oral dose of ethanol (4.8 gm/kg of 
rat) showed, 16 to 18 hours later, liver 
triglyceride levels elevated three- to four
fold over those of control animals receiv
ing isocaloric glucose; this triglyceride ele
vation was almost completely prevented 
by the inclusion of a supplement of L-as- 
paragine (2 gm/kg of rat) in the ethanol 
solution administered. Asparagine admin
istered separately (either 2.5 hours pre
viously or 4 hours subsequently) from the 
ethanol had little effect in preventing liver 
triglyceride elevation; similarly ineffective 
was the administration, in the ethanol so
lution, of supplements of any of a number 
of other amino acids (aspartate, gluta
mate, glutamine, glycine, cystine, methio
nine) or intermediates closely related to 
the citric acid cycle (citrate, ketoglutarate, 
pyruvate). Neither asparagine nor as

partate had any effect upon liver trigly
ceride content of control animals receiv
ing glucose only.
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Studies on the Requirements of Young Poults 
for Available Phosphorus
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The reports of the Committee on Animal 
Nutrition of the National Research Coun
cil, dealing with the Nutrient Requirements 
for Poultry (revised, ’54 and ’60) indicate 
the phosphorus requirement of starting 
poults to 8 weeks of age to be one per cent 
of total phosphorus, with further stipula
tions as follows: “At least 0,5% of the 
total feed of starting poults should be 
inorganic phosphorus. All of the phos
phorus of non-plant feed ingredients is 
considered to be inorganic. Approximately 
30% of the phosphorus of plant products 
is non-phytin phosphorus and may be 
considered as part of the inorganic phos
phorus requirement.”

Singsen et al. (’47) concluded from their 
studies with poults that the phosphorus of 
a mixture of corn, wheat middlings and 
wheat bran is relatively unavailable for 
bone calcification, and found, furthermore, 
that the percentage of bone ash obtained 
in turkey poults was a straight line func
tion of the logarithm of the non-cereal 
phosphorus when the diet contained from 
0.2 to 0.67% of non-cereal phosphorus. 
Motzok and Slinger ( ’48) presented evi
dence indicating that young turkey poults 
fed high-energy diets required a minimum 
of 0.7 to 0.9% of dietary phosphorus. 
Later, Slinger and associates ( ’52, ’55) re
ported that both vitamin E and phos
phorus helped to reduce the incidence of 
perosis in young poults, with best preven
tion being achieved only when the diets 
contained 0.7% or more of inorganic phos
phorus and 5 IU of supplementary vita
min E/454 gm of feed. Gillis and associ
ates ( ’57) showed in studies with radioac
tive phosphorus that the phosphorus in 
calcium phytate is almost completely un
available to the young turkey poult. Wil
cox and associates ( ’54, ’55) presented 
evidence of wide variability in the avail

ability to young poults of the phosphorus 
in many inorganic feed sources of phos
phorus.

Thus, it has become evident that in 
calculating the available phosphorus in 
diets for young poults it is necessary to 
consider the poor availability of the phos
phorus in organic materials and also the 
variation in its availability in the different 
inorganic sources present in the starting 
diet. This concept came forcibly to our 
attention in studies with young poults fed 
purified diets. We found very poor utili
zation by poults of the phosphorus in 
reagent grade anhydrous dicalcium phos
phate (CaHPOj). Since the solubility 
characteristics of this material are very 
similar to those of commercial dicalcium 
phosphate, which shows a high phosphorus 
availability, it was considered desirable to 
determine the reason for the poor biolog
ical availability of the phosphorus in pure 
anhydrous dicalcium phosphate (CaHPCh).

Several possibilities were investigated, as 
follows: (1 ) the phosphorus in anhydrous 
dicalcium phosphate (CaHPO,) may exist 
in a chemical or physical form that resists 
solubilization, assimilation, or conversion 
to a utilizable form; (2 ) crude forms of 
phosphate and other natural feedstuffs 
may contain an unknown factor or trace 
mineral, not present in reagent grade 
anhydrous dicalcium phosphate, which is 
necessary for maximal utilization of phos
phorus; (3 ) for maximal utilization of 
dicalcium phosphate, certain amounts of 
highly available phosphorus such as that 
present in the ash of natural materials, 
or supplied by the soluble phosphates such 
as potassium or sodium phosphates, may * 1 2
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be needed. The studies presented in this 
report, therefore, were conducted (1 ) to 
obtain further information on the require
ments of young poults for available phos
phorus; (2 ) to assess the availability of 
the phosphorus in various materials; and 
(3 ) to determine whether interactions 
exist between various phosphates and 
other factors, which affect the total avail
ability of phosphorus in diets of young 
poults.

EXPERIMENTAL

Empire Broad Breasted White poults 
of mixed sex from the Cornell turkey 
breeding flock were used in all experi
ments. The poults were housed in thermo
statically controlled battery brooders with 
wire-mesh floors. Each brooding pen con
tained a 15 watt electric light shining di
rectly into the feeding pan to assure maxi
mal feed consumption. Feed and water 
were supplied ad libitum. One series of

experiments was conducted with a puri
fied diet. For the second series, a semi- 
purified diet was formulated by replacing 
the isolated soybean protein used in the 
purified diet with low-fiber, defatted com
mercial soybean oil meal containing 50% 
of protein. The composition of the basal 
diets is shown in table 1. The purified diet 
containing isolated soybean protein con
tained approximately 0.28% of phos
phorus. When commercial soybean meal 
was substituted for isolated soybean pro
tein, the resulting diet was found to con
tain 0.55% of phosphorus. Bone ash de
terminations were made at 550 °C on the 
moisture-free, fat-free tibiae which were 
carefully cleaned so that the cartilage cap 
was retained.

RESULTS AND DISCUSSION

S tudies w ith  pou lts  u sin g  th e  purified  
d iet con ta in in g  an h yd rou s rea g en t grade

TABLE 1 
Basal diets

Diet no. 1 Diet no. 2

% %
Cornstarch 38.89 13.24
Isolated soybean protein1 41.00 —

Dehulled soybean meal, 50% protein — 69.70
DL-Methionine 0.65 0.65
Glycine 0.50 0.50
Cellulose2 3.00 ____

Fat (partially hydrogenated vegetable fats) 7.00 7.00
Mineral mixture 3.91 3.91
Vitamin mixture 1.00 1.00
DPPD 0.044 0.044

Total 96.003 96.003

Vitamins
mg /kg diet % in diet

Niacin 88 CaCOs 2.00
Ca pantothenate 22 KC1 0.70
Riboflavin 10 NaCl 0.90
Pyridoxine 10 MnSOj-HoO 0.05
Thiamine HC1 10 MgSOi 0.244
Folic acid 2.2 FeS04-5tL0 0.002
Biotin 0.22 ZnCl2 0.010
Choline chloride 2475 CoC12-6H20 0.0004
Vitamin E ( d-a-tocopheryl acetate) 66
Vitamin K (menadione sodium bisulfite) 20 Total 3.9064

units/hg diet
Vitamin A (stabilized) 13,200 IU
Vitamin D3 4,400 ICU

1 A D M  C - l  A s s a y  P r o t e i n ,  A r c h e r - D a n i e l s - M i d l a n d  C o m p a n y ,  M i n n e a p o l i s .
2 Solka Floe, Brown Company, Berlin, New Hampshire.
3 Caiciiim and/or phosphate supplements plus corn starch were added to make up the final 4% 

o f the diets. Phosphorus content o f basal purified diet no. 1 was found to be 0.28%. Diet no 2 
contained 0.55% of phosphorus.
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dicalcium phosphate. Following an ini
tial observation that when the purified diet 
contained reagent grade dicalcium phos
phate at levels high enough to meet the 
National Research Council recommended 
allowances for both total and inorganic 
phosphorus, the poults showed symptoms 
of rickets at about three weeks of age, an 
experiment was undertaken in which the 
basal purified diet was fed alone and sup
plemented with graded levels of reagent 
grade anhydrous dicalcium phosphate in 
comparison to a known adequate level 
(0.75% ) of commercial dicalcium phos
phate.

The results of this experiment, presented 
in table 2, show that the phosphorus in 
the commercial dicalcium phosphate was 
considerably more available than that in 
the reagent grade anhydrous dicalcium 
phosphate. This confirmed the earlier ob
servations that the level of 0.75% of added

phosphorus, which was completely ade
quate when the highly available commer
cial phosphate was used, did not prevent 
rickets in the poults when reagent grade 
anhydrous dicalcium phosphate was used 
as the sole source of added phosphorus.

To make certain that the rickets that 
occurred in the poults receiving the an
hydrous dicalcium phosphate was not due 
to a deficiency of vitamin D3, an experi
ment was conducted using 0.9% of this 
source of phosphorus and supplementing 
the diet with various sources and amounts 
of vitamin D3. The results of this experi
ment, presented in table 3, demonstrate 
that the failure of the reagent grade an
hydrous dicalcium phosphate to prevent 
rickets was not due to an insufficient 
amount of vitamin D:, in the diet.

The poults receiving the anhydrous phos
phate at supposedly adequate levels showed 
symptoms similar to the enlarged hock

TABLE 2
C om parison  o f  availability  o f  ph osph oru s in  rea g en t grade anhydrous d ica lciu m  p h osp h a te  

and com m ercia l d ica lciu m  ph osph ate

Treatments Avg poult 
wts, 3 weeks

Ash of 
fat-free 

dry tibia

gm %
Basal diet n o .1 (co n ta in in g  0 .2 8%  P )-( -re a g e n t  grade 

an hydrou s d ica lciu m  p hosphate to su pp ly :
0 .4 5%  P 169 24.9
0 .60%  P 235 27.2
0 .75%  P 247 39.4
0 .9 0%  P 286 40.7

Basal diet no. 1 + com m ercia l d ica lciu m  p h osp h a te1 to su pp ly :
0 .7 5%  P 280 47.8

1 Dynafos, m anufactured by International Minerals and Chemical Corporation, Skokie, Illinois.

TABLE 3
Failure o f  high levels  o f  v itam in  D :, to p rom ote  n orm al ca lcifica tion  in  p ou lts rece iv in g  

diet 1 plus 0 .9 %  o f  p h osph orus from  rea g en t grade anhyd rous ph osph ate

Experiment
no. Source o f vitamin D3

Amount of 
vitamin D3

Bone
ash

ICU/kg diet %
2 Irradiated  an im al sterols A 1 2 2 0 0 3 3

2 Irradiated  an im al sterols A 2 2 0 0 36
5 Irradiated  an im a l sterols A 4400 40
4 Irradiated an im al sterols B2 4400 35
5 Irradiated an im al sterols B 4400 38
5 Irradiated an im al sterols B 44.000 39
5 Cod liver o il3 800 33
5 C od liver oil 4400 36

1 Delsterol, m anufactured by E. I. duPont de Nemours and Company, W ilmington, Delaware.
2 Nopdex, m anufactured by Nopco Chemical Company, Harrison, New Jersey.
3 M anufactured by Squibb and Company, New Brunswick, New Jersey.
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disorder which occurs in commercial flocks 
of turkeys, and which has been studied 
extensively in this laboratory (Scott, ’50, 
’51, ’53). It was considered possible that 
this disorder also was the same as that 
studied by Hunt et al. ( ’54) who found 
that poults receiving a purified diet con
taining isolated soybean protein1' showed 
a perosis-like condition which could be 
prevented by washing the isolated soybean 
protein or by replacing it on a protein 
basis with commercial soybean meal.

Accordingly, a series of experiments was 
conducted in which the isolated soybean 
protein used in the experimental purified 
diet was replaced in part or wholly with 
various other proteins such as washed 
isolated soybean protein, crude commercial 
soybean meal, casein, dried brewer’s yeast, 
or with sources of unidentified chick 
growth factors (UGF).

The ashes of these materials also were 
fed in order to determine the effects of 
their total phosphorus when converted to 
the inorganic form. In addition, studies 
were made of the possibility that selenium, 
zinc, bromine, inositol, p-aminobenzoic 
acid, and antibiotic or some other trace 
mineral might be required for optimal 
utilization of the phosphorus in pure an
hydrous dicalcium phosphate.

The results of these experiments, pre
sented in table 4, showed that addition of 
selenium, zinc, bromine, extra trace min
erals, vitamins and antibiotics, or washing 
of the isolated soybean protein, had no 
effect upon calcification. However, sub
stitution of casein, dried brewer’s yeast, 
commercial soybean meal or UGF sources 
for part or all of the isolated soybean pro
tein caused marked improvements in cal
cification of the tibiae in the young poults. 
Since the ashes of the UGF and of the soy
bean meal also effectively improved cal
cification, this indicated that the mineral 
content of some portion of the UGF mix
ture and the soybean meal was largely re
sponsible for the improvement produced. 
This effect did not appear to be present in 
grass juice or its ashes. Soybean meal at 
the 20% level, 10% of dried brewer’s 
yeast and the 4 UGF sources each provided 
approximately 0.15% of phosphorus, as 
determined by chemical assay. While the 
phosphorus in dried brewer’s yeast is

known to be quite readily available, that 
in soybean meal and corn distiller’s dried 
solubles (the major phosphorus source 
in the UGF mixture) is generally con
sidered to be relatively unavailable. It is 
difficult, therefore, to account for the fact 
that the intact soybean meal at the 20% 
level and the intact UGF supplement pro
duced calcification equal to that obtained 
when the ashes of these materials were 
added at equivalent levels; that this cal
cification was superior to that obtained 
with dried brewer’s yeast or its ash, and 
better when the diet contained 0.9% of 
phosphorus rather than 0 .6 % from the 
reagent grade anhydrous dicalcium phos
phate. It appears from these results that 
either the phosphorus in soybean meal is 
very highly available or that the meal con
tains some unknown property capable of 
improving the utilization of the phos
phorus in the basal diet.

To confirm further the effect upon cal
cification of intact soybean meal and to 
determine whether any non-phosphorus 
nutrients in soybean meal affect the utili
zation by poults of reagent grade anhy
drous dicalcium phosphate, a series of ex
periments was conducted in which graded 
amounts of soybean meal were substituted 
in diet 1, on a protein basis, for isolated 
soybean protein and cornstarch. Other 
lots of poults received diet 1 plus amino 
acids, phospholipids, or dipotassium phos
phate equivalent to the amounts of these 
substances which might be present in 
20% of soybean meal or its ash.

The results of these studies, presented 
in table 5, showed that the amino acids 
and phospholipids had no effect upon cal
cification, but that 0.15% of phosphorus 
from dipotassium phosphate produced the 
same improvement in calcification as was 
obtained with an equal amount of phos
phorus from the ash equivalent to 2 0 % 
of soybean meal in the diet, and that the 
20% of intact soybean meal increased cal
cification at least as well as its ash.

It was not possible from the data ob
tained here to determine whether the addi
tion of KH2PO4 enhanced the availability 
of the phosphorus in the reagent grade 
anhydrous dicalcium phosphate. Edwards 3

3 Drackett 220, now produced by Archer-Daniels- 
Midland Company, Minneapolis.
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TABLE 4
Tibia ash of poults receiving diet 1 containing reagent grade anhydrous dicalcium 

phosphate and various supplements

Treatments1
Levels of added phosphorus in diet, %

0.45 0.6 0.75 0.9 1.05

Basal diet no. 1
% ash of fat-free, dry tibia 

2 5 (2 )2 2 7 (4 ) 35 (2 ) 37(11) 41 (1 )

Double amounts of trace minerals 
in diet no.l 30(1)

Trace minerals equivalent to those present 
in commercial dicalcium phosphate 31(1)

Selenium (0.1 ppm) as sodium selenite 33(1)

Zinc (100 ppm) as ZnCl2 37(1)

NaBr ( 125—500 ppm ) 35(3)

Inositol (1 gm ), p-aminobenzoic acid (20 m g), 
-f aureomycin-HCl (100 m g)/kg of diet 36(1)

Brewer’s dried yeast, 10% 41(4 )

Ash equivalent to 10% of brewer’s yeast 39(1)

Casein (20%  ), substituted for 20%  
isolated soybean protein 

Substitution of casein (100%  ) for 
isolated soy protein

37(1) 45(1 )

4 9 (1 )

Dehulled, 50% protein soybean meal (20%  ), 
substituted on a protein basis 38(1) 46(3 )

Ash equivalent to 20% of soybean meal 42(1 ) 46(2 )

Substitution of soybean meal ( 100% ) for
isolated soybean protein (diet 2, table 1) 46(1) 50(2)

Ash equivalent tol00% of soybean meal 
substitution 47(1)

4 UGF3 46(1 )

Ash equivalent to 4 UGF 45(1)

Dried grass juice, 3% 29(1 )

Ash equivalent to 3% of dried grass juice 28(1)

1 Unless indicated otherwise, all supplements added at expense o f cornstarch.
2 Figures in parentheses show number o f experiments from  which average value is taken.
3 Mixture containing 6%  distiller’s dried solubles, 3% dried grass juice, 3% dried whey product 

and 3% fish solubles.

et al. ( ’58) presented evidence in simi
lar experiments indicating that the avail
able phosphorus in these two materials is 
simply additive for promotion of growth 
and calcification in young poults. How
ever, even though the results of the pres
ent experiments show that calcification 
was markedly improved by the presence 
of a small amount of highly available 
phosphorus from potassium acid phos
phate, it is nevertheless difficult to ac
count for the very beneficial effect upon

calcification brought about by 20% of in
tact soybean meal.

Following a preliminary report of some 
of these studies (Scott et al., ’56), Gillis 
( ’57) and Gillis et al. ( ’62) reported on a 
series of experiments on the same sub
ject. In studies with young poults, these 
investigators confirmed the poor availabil
ity of reagent grade anhydrous dicalcium 
phosphate, but showed that pure dical
cium phosphate containing two molecules 
of water of hydration exhibited excellent



2 2 8 M . L. SCOTT, H. E. BUTTERS AND G. O. RANIT

TABLE 5
Effects of soybean meal, various nutrients in soybean meal and other substances upon 

calcification in poults receiving 0.9% phosphorus from reagent grade 
anhydrous dicalcium phosphate

Lot
no. Treatment

No. of
experimental

lots

Ash of 
fat-free 
dry tibia

i Basal diet no. 1 (0.9%  P from CaHP04) i i
%

37(31 -40)
2 Soybean meal, 5% i 39
3 Soybean meal, 10% i 41
4 Soybean meal, 20% 4 46(44 -48)
5 Soybean meal, 69.7% 2 50(50-50)
6 Amino acids equivalent to 20%  

of soybean meal 2 39(38 -40)
7 L-Glutamine, 0.625% 1 38
8 Cystine, 0.25% 1 36
9 Crude soy lecithin, 0.1% 1 36

10 Purified phosphatides from soy, 0.1% 1 39
11 Ash equivalent to 20% of soybean meal1 4 45(42 -48)
12 Acid-soluble portion of soy ash equivalent to 

20% of soybean meal2 2 44(43 -45)
13 KH2P04 to supply 0.15% P together with 

0.75% PfromCaHPO, 1 49
14 Commercial dicalcium phosphate, 0.75% , 

substituted for 0.9% CaHP04 1 48

1 Ash equivalent to 20% soybean meal supplied 0.15% phosphorus (probably as potassium phos
phate). Thus for the treatments where the ash or its derivatives were added, the amount o f 
reagent grade anhydrous dicalcium  phosphate was reduced to supply only 0.75% phosphorus.

2 Eight kilograms o f soybean meal ashed to produce 100 gm of ash; m ajor portion o f ash was 
dissolved by boiling in 300 ml 1:3 HC1; cooled, filtered, evaporated to dryness on steam bath. Analysis 
o f diet containing this filtrate equivalent to 20% soybean meal showed total phosphorus equal 
to that o f lot 11.

availability of phosphorus. In view of 
this, further studies were conducted in 
our laboratory to determine the relative 
effectiveness of the phosphorus in anhy
drous and hydrated dicalcium phosphates.

The results of the experiment, presented 
in table 6, show that hydrated USP dical
cium phosphate produced excellent cal
cification, while the reagent grade anhy
drous dicalcium phosphate produced poor 
calcification when fed to provide equal 
amounts of phosphorus under similar en
vironmental conditions.

TABLE 6

Anhydrous versus hydrated CaHPOt as sources 
of phosphorus for young poults

Treatments
Total

phosphorus 
in diet

Ash of 
fat-free 
dry tibia

Basal diet no.l +  CaHP04
% %

to supply 0.75% P 1.03 37

Basal +  CaHP04-2H20  to
supply 0.75% P 
( average of 5 lots ) 1.03 48

These results indicate, therefore, that 
the chemical or physical structure of the 
anhydrous phosphate renders its phos
phorus less available for young poults as 
compared to that in hydrated dicalcium 
phosphate.

Studies on availability to young poults 
of phosphorus in various inorganic phos
phates. Having shown a marked differ
ence in availability to young poults of the 
phosphorus in two different kinds of inor
ganic, chemically pure dicalcium phos
phate, supposedly differing only in that 
one sample was hydrated while the other 
was not, it was considered desirable to 
test the availability of the phosphorus in 
a variety of inorganic phosphates in com
mon use in commercial poultry feeding. 
Since it was desired to obtain results 
that could be applied to practice, diet 2 
containing intact soybean meal as the 
source of protein was used for these stud
ies. A series of experiments was under
taken using diet 2 alone and supplemented 
with various feed phosphates.

The results of the experiments presented 
in table 7 show that even with intact soy-
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TABLE 7

Availability of phosphorus in various inorganic phosphates

Treatment Supplemental
phosphorus

Ash of 
fat-free 

dry tibia

Basal diet no. 2 (containing 0.55% P, largely
% %

from soybean meal) 0 all dead
+  CaHP04 0.23 28(50)!
+  CaHPOi 0.30 32(16)
+  CaHP04 0.46 39(9)
+ CaHP04 0.69 46(14)
-f-CaHPCL 0.92 47(16)

Commercial dicalcium phosphate 0.30 38(16)
Commercial dicalcium phosphate 0.45 47(12)
Commercial dicalcium phosphate 0.90 49(0)
Defluorinated rock phosphate 0.46 45(8 )
Steamed bone meal 0.46 40(0 )
Curaçao Island phosphate (avg 4 trials, using two samples) 0.46 38(14)
Colloidal (soft) phosphate 0.46 26(83)

1 Figures in parentheses represent per cent mortality during the experiment.

bean meal as the protein source, there 
were wide differences in the availability of 
the phosphorus in the various inorganic 
feed phosphates.

DISCUSSION

Since 0.9% of reagent grade anhydrous 
dicalcium phosphate added to the isolated 
soybean protein diet failed to produce nor
mal calcification (tables 2 and 4), where
as addition of 0.69% of this phosphate to 
diet 2 produced near-maximal results, it 
appears either ( 1) that the availability of 
the phosphorus in soybean meal is much 
higher than previously suspected, or ( 2 ) 
that soybean meal contains some unknown 
factor which greatly enhances the avail
ability of the phosphorus in reagent grade 
anhydrous dicalcium phosphate, or (3 ) 
that the isolated soybean protein4 contains 
a principle which inhibits utilization of 
this form of phosphorus.

Since addition of 0.15% of phosphorus 
from KH2PO4 produced maximal calcifica
tion when used with 0.7% of phosphorus 
from reagent grade anhydrous dicalcium 
phosphate, it appears that the presence in 
the diet of a small amount of highly avail
able phosphorus may enhance the avail
ability of the phosphorus in less well 
utilized sources — such as pure anhydrous 
dicalcium phosphate. However, attempts 
by Edwards et al. ( ’58) and by Nelson 
and Peeler ( ’61 ) to enhance the availability

of certain low-availability phosphates by 
feeding them to poults and chicks in com
bination with potassium phosphate, ash 
of UGF or commercial dicalcium phos
phate, failed to show any improvement in 
biological value of the low-availability 
phosphates.

The studies presented in this report do 
not lend themselves to the establishment 
of a more accurate requirement of young 
poults for available phosphorus. They 
show, however, that availability of the 
phosphorus in both organic and inorganic 
sources in the diet must be known before 
the diet can be properly assessed in terms 
of its ability to meet the requirement.

When very highly available phosphorus 
sources are used, the NRC ( ’60) recom
mended level of 1.0 % of total phosphorus 
is adequate. However, when availability 
of phosphorus in either the organic or in
organic phosphorus sources in the diet is 
reduced, the requirement of young poults 
for total phosphorus may be considerably 
higher. Since studies by a number of 
laboratories have shown that excessive 
amounts of highly available phosphorus 
are inhibitory to growth and cause leg 
weaknessses, it is extremely important that 
supplements of known availability be used 
at correct levels in poultry diets, especially 
in those for young poults.

4 ADM C-l Assay Protein, Archer-Daniels-Midland 
Company, Minneapolis.
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SUMMARY

Experiments on availability of phos
phorus for young poults showed that the 
phosphorus in reagent grade anhydrous 
dicalcium phosphate (CaHPCh) is rela
tively unavailable as compared with that 
in hydrated dicalcium phosphate (CaHPOu 
2HoO) or in commercial dicalcium phos
phate.

The results indicated either (1 ) that 
the availability of the phosphorus in com
mercial soybean meal is much higher than 
previously suspected, or (2 ) that soybean 
meal contains some unknown factor which 
enhances the availability of the phos
phorus in reagent grade anhydrous dical
cium phosphate.

Even in a diet containing intact soy
bean meal as the source of protein, there 
were marked differences in the availabil
ity to young poults of the phosphorus in 
various inorganic feed phosphates.
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Influence of Rat Strain and Protein Level on Protein 
Efficiency Ratio (PER ) Determination

G. R. JANSEN
Research Division, Electrochemicals Department, E. I. du Pont de 
Nemours and Company, Inc., Wilmington, Delaware

During the year 1959, our laboratory 
participated in a collaborative study on 
the evaluation of protein quality sponsored 
by the Association of Official Agricultural 
Chemists (AOAC). The method chosen 
for this study (Derse, ’58) was that of rat 
growth with protein efficiency ratio (PER) 
calculation. An important part of this 
method was the provision, suggested ear
lier by the Canadian Food and Drug Di
rectorate (Chapman, et al., ’59),* 1 that 
the PER’s obtained with test proteins 
should be multiplied by the fraction.

2.5
Determined PER of reference casein 

The purpose of this provision was to re
duce the variability among results ob
tained in various laboratories.

We were interested in establishing the 
validity of this procedure of correcting 
PER’S relative to casein, in particular 
when the quality of the test protein is 
limited by a different amino acid than is 
that of casein. Since it appeared reason
able that much of the variation in results 
among different laboratories was a result 
of strain differences in the rats, we de
cided to investigate this question by ob
taining 8 different rat strains and feeding 
each one three different protein sources. 
We also investigated the influence of pro
tein level on PER since in the past this 
seemed pertinent in comparing animal 
and cereal proteins. These factors were 
also recently investigated by Morrison 
and Campbell ( ’60).

EXPERIMENTAL

The rats used in these experiments were 
individually housed in screen-bottom 
cages in an air conditioned room main
tained at approximately 75°F. Food and 
water were supplied ad libitum and the

rats were weighed weekly over the 4- 
week experimental period. Food consump
tion was determined for each rat weekly, 
and a daily record of food spillage was 
kept. The rats, after receipt, were fed 
overnight with stock diet2 and water ad 
libitum. They were then randomly as
signed to groups which were adjusted to 
give similar average weights (for each 
strain). All rats were 22 or 23 days old 
at the start of the experiment and all 
were males.

In the first experiment rats from 8 
strains3 (designated A through H) were 
divided into groups (three groups/strain, 
10 rats/group) and fed diets with the pro
tein source, ANRC casein,4 rolled oats or 
wheat gluten supplemented with 3.4% of 
LMH.5 The diets were made up according 
to the proposed AOAC method (Derse, ’58). 
The analyses of the protein sources for 
moisture, nitrogen, fat, lysine and threo
nine are shown in table l .6 7 The diets con
tained an average of 9.72 ±  0.16% of 
protein (10.14% dry weight). This is

R e c e i v e d  f o r  p u b l i c a t i o n  A p r i l  1 8 ,  1 9 6 2 .

1 T r a d e  I n f o r m a t i o n  L e t t e r ,  n o .  1 5 6  1 9 5 7  D e p a r t 
m e n t  o f  N a t i o n a l  R e s e a r c h  a n d  W e l f a r e ,  O t t a w a ,  
C a n a d a .

2 D and G Rat and Mouse Diet, Dietrich and 
Gambrill Inc., Frederick, Maryland.

3 R a t  s t r a i n s  u s e d  i n  t h e s e  e x p e r i m e n t s  h a v e  b e e n  
d e s i g n a t e d  a s  f o l l o w s :  ( A )  C h a r l e s  R i v e r  C - D ,  ( B )  
S p r a g u e  D a w l e y ,  ( C )  C a r w o r t h  N e l s o n ,  ( D )  H e m l o c k  
H a l l o w  W i s t a r ,  ( E )  C a n a d i a n  F o o d  a n d  D r u g  D i r e c 
t o r a t e  W i s t a r ,  ( F )  H e m l o c k  H a l l o w  S h e r m a n ,  ( G )  
R o c k l a n d  S h e r m a n ,  a n d  ( H )  R o c k l a n d  L o n g  E v a n s .

4 A n i m a l  N u t r i t i o n  R e s e a r c h  C o u n c i l  ( A N R C )  
c a s e i n  o b t a i n e d  f r o m  S h e f f i e l d  C h e m i c a l  C o m p a n y ,  
N o r w i c h ,  N e w  Y o r k .

5 Du Pont lysine monohydrochloride containing 95% 
o f the L-isomer. The supplementation level o f amino 
acids in these experiments is calculated on the basis 
o f the dry weight o f the wheat gluten.

6 N i t r o g e n  ( K j e l d a h l )  a n d  f a t  ( e t h e r  e x t r a c t )  w e r e  
d e t e r m i n e d  b y  G a s c o y n e  a n d  C o m p a n y ,  B a l t i m o r e ,  
M a r y l a n d .  L y s i n e  a n d  t h r e o n i n e  w e r e  d e t e r m i n e d  b y  
i o n  e x c h a n g e  c h r o m a t o g r a p h y  ( M o o r e  a n d  S t e i n ,  ’ 5 1 ) .

7 F o r  e x p e r i m e n t s  2  a n d  3  t h e  v i t a m i n  m i x t u r e  u s e d  
w a s  V i t a m i n  D i e t  F o r t i f i c a t i o n  M i x t u r e ,  o b t a i n e d  f r o m  
N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n ,  C l e v e l a n d .  I n  
e x p e r i m e n t  1 ,  t h e  v i t a m i n  m i x t u r e  w a s  m a d e  u p  a s  
s p e c i f i e d  b y  D e r s e  ( ’ 5 8 ) .

J. N u t r it io n , 78 : ’ 62 231
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TABLE 1

Analysis of protein sources

Protein source H20 N Protein1 Fat Lysine Threonine

% % % % gm/16 
gm N

gm/16 
gm N

ANRC2 casein 7.95 13.88 86.75 0.07 ___  3 ____ 3

Rolled oats, exp. I4 9.99 2.61 16.32 6.86 2.56 ____ 3

Rolled oats, exp. 24 9.41 2.72 17.00 6.81 2.93 1.94
Wheat gluten5 7.21 13.41 83.81 0.93 1.64 2.08

1 Protein = N x  6.25.
2 Animal Nutrition Research Council casein, obtained from  Sheffield Chemical Company, Norwich, 

New York.
3 Not determined.
4 Quaker Heavy White no. 1 oats.
5 Pro-80, General Mills, Inc., Minneapolis.

TABLE 2

Composition of basal diets

Experiment 1 Experiments 2 and 3

% %
Sample A1 Fat (corn oil to make) 10
Cottonseed oil 8 - (A X % ether extract)/100 Cellulose,non-nutritive2 5
Water 5 - (A X % moisture)/100 Salt, USP 14 4
Salts, USP 14 5 - (A X % a sh ) /100 Vitamin mixture3 2
Cellulose, non-nutritive 1 - (A X % crude fiber)/100 Cornstarch5 q-s. 100
Vitamin mixture4 1
Sucrose q.s. 100

1 A = 9.09 x  100/%  protein in sample (N  x  6.25).
2 Alphacel, Nutritional Biochemicals Corporation.
3 Vitamin Diet Fortification Mixture, Nutritional Biochemicals Corporation, Cleveland, Ohio.
4 See Derse ( ’ 58).
5 Sample added at expense o f cornstarch.

approximately 0.1% more nitrogen than 
specified by Derse, primarily because of 
slight nitrogen contributions by dietary 
ingredients other than the protein source.

Experiments 2 and 3 were carried out 
with Charles River C-D rats (strain A). 
These diets were made up according to 
Chapman et al. ( ’59) except that a com
mercial vitamin mixture was used and the 
protein level of the diets was varied from 
9 to 16% dry weight.7 in experiment 2, the 
protein sources were ANRC casein, rolled 
oats and wheat gluten supplemented with 
3.4% of LMH. For each protein source 7 
groups of 9 rats were used. In experiment 
3, the protein source, wheat gluten sup
plemented with 3.4% of LMH and 1.0% 
of L-threonine, was fed to 8 groups over 
the protein range mentioned above with 
9 rats/group. The composition of the 
basal diets used in these experiments is 
shown in table 2.

RESULTS
Influence of rat strain. It was recog

nized that a major risk in bringing 8 rat 
strains together into one animal room was 
that of disease resulting from cross infec
tions. Animals that died, failed to gain 
weight or appeared sick in any way were 
eliminated from the groups. All rats of 
strains A, B, and C survived the experi
mental period in good health; of the other 
strains, the number of rats surviving the 
experimental period in good health are as 
follows: strain E 29 out of 30; strains D 
and F 27 out of 30; strain G 25 out of 
30; and strain H 24 out of 30. In experi
ments 2 and 3 mortality was zero.

The growth curves obtained in experi
ment 1 for the various strains therefore, 
are not to be considered as optimal per
formance for these particular strains. 
However, since the main purpose of this 
experiment was to determine the validity
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and efficacy of the procedure of correcting 
PER’s obtained with a standard reference 
casein, it is not believed that the mortality 
encountered in experiment 1 interfered in 
this respect.

The average weight gains for the 24 
groups in experiment 1 are shown in 
table 3. The standard deviations for these 
weight gains are quite high, both within 
each group and also among the 8 strains. 
The variability is in general the greatest

for those groups showing the poorest 
growth. The differences in growth rates 
among the 8 strains are great but never
theless are consistent for the three diets 
fed each strain. This is illustrated by the 
reduction in the coefficient of variation for 
rolled oats and gluten plus lysine from 
28.6 and 38.9% to 8.6 and 19.7%, re
spectively, when the growth is considered 
relative to the growth attained by each 
strain on ANRC casein.

TABLE 4
P rotein  e ffic ien cy  ratios1 fo r  8 strains o f  rats

Strain
Protein efficiency ratios Adjusted 

PER2 
4 weeks1 Week 2 Weeks 3 Weeks 4 Weeks

A 3.51
ANRC casein 

3.67 3.22 3.24
B 3.60 3.30 2.85 2.97 —

C 3.48 3.04 2.88 3.04 —

D 1.70 2.45 2.47 2.64 —

E 2.49 2.79 2.72 2.68 —

F 2.27 2.59 2.64 2.65 —

G 2.54 2.68 2.64 2.77 —

H 2.31 2.19 2.03 2.20 —

Average 2.74 2.84 2.68 2.77 ___

Standard deviation 0.70 0.48 0.34 0.32 —

Coefficient of variation 25.5% 16.9 12.7 11.6

A 2.75
Rolled oats 

2.64 2.66 2.63 2.25
B 2.17 2.47 2.31 2.25 2.10
C 2.18 2.24 2.38 2.49 2.27
D 1.79 2.04 2.00 2.13 2.23
E 1.61 1.83 1.83 1.89 1.96
F 2.03 2.22 2.14 2.06 2.15
G 1.56 1.97 2.15 2.08 2.08
H 1.15 1.40 1.68 1.80 2.26

Average 1.90 2.10 2.14 2.17 2.16
Standard deviation 0.49 0.39 0.31 0.28 0.11
Coefficient of variation 25.8% 18.6 14.5 12.9 5.1

Wheat gluten -f 3.4% lysine monohydrochloride (LMH)
A 1.75 1.96 2.12 1.97 1.68
B 0.92 1.43 1.59 1.59 1.48
C 1.25 1.40 1.64 1.63 1.49
D 0.62 1.04 1.09 1.15 1.21
E 0.90 1.28 1.40 1.42 1.52
F 0.46 1.04 1.25 1.44 1.51
G 0.38 0.98 1.31 1.31 1.31
H 0.05 0.50 0.65 0.71 0.90

Average 0.79 1.20 1.38 1.40 1.39
Standard deviation 0.54 0.42 0.43 0.37 0.24
Coefficient of variation 68.3% 35.0 31.2 26.4 17.3

1 Protein efficiency ratio (P E R ) = gm weight gained -  .gm protein consumed
2 PER’s for rolled oats and gluten + LMH adjusted relative to casein accorded to form ula:

Adjusted PER, sample (strain n> = PER sample (strain n) X = = =  ; ' .PER for casein (Strain n)
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The protein efficiency ratios (PER’s) 
corresponding to these weight gains are 
listed in table 4. The PER’s are calculated 
for experimental periods of one through 
four weeks. The numerical value for the 
PER does not vary much over this period 
for casein and rolled oats, although it 
does for gluten plus 3.4% lysine. For all 
three diets there is a gradual lowering 
of the coefficient of variation as the ex

perimental period is increased with a 
stabilization occurring after three to four 
weeks. The procedure of adjusting PER’s 
relative to the PER obtained with casein, 
as for the weight gains, reduces the coeffi
cient of variation from 12.9 to 5.1% for 
oats and from 26.4 to 17.3% for gluten 
plus lysine.

In table 5 the weight gains and PER’s 
obtained with strain A are listed as cal-

TABLE 5
Weight gains and protein efficiency ratios (PER’s) at 1 through 4 weeks, strain A

Protein source 1 Week 2 Weeks 3 Weeks 4 Weeks

AN R C  casein W t ga in : 
P E R :2

21.3 ± 4 .5 »
3 . 5 1  ± 0 .6 5 *

51.8 ± 1 0 .7  
3 .67 ±  0.25

75.2 ± 1 6 .1  
3.21 ±  0.25

108.9 ± 2 0 .9  
3 .2 4 ±  0.18

R olled  oats W t ga in : 
PE R:

16.6 ± 1 .9  
2 .75 ± 0 .2 2

35.3 ±  6.39 
2.64 ±  0.23

58 .2 ±  7.72 
2 .65 ±  0.12

80.6 ±  9.59 
2.63 ±  0.13

Gluten +  3 .4 %  L M H 3 W t ga in : 
P E R :

10.0 ± 5 .0  
1.74 ± 0 .6 8

23 .6 ±  9.03 
1 .9 6 ±  0.41

41.5 ± 1 2 .4  
2.11 ±  0.32

50.6 ± 1 5 .0  
1 .9 7 ±  0.24

1 Standard deviation.
2 Grams weight gain/gram  protein consumed.
3 DuPont lysine monohydrochloride.

+  3 .4 %  o f  lysine m on oh y d roch lorid e  (L M H ).
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Fig. 2 Effect of dietary protein level on 4-week weight gains, strain A. Key: O indicates 
ANRC casein; A> rolled oats; □ ,  wheat gluten +  3.4% lysine monohydrochloride (LMH).

Fig. 3 Effect of dietary protein level on PER (4 weeks’ growth), strain A. Key: O in
dicates ANRC casein; A, rolled oats; □ ,  wheat gluten +  3.4% lysine monohydrochloride 
(LMH).
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culated for one through four weeks’ growth. 
The rat-to-rat variation in PER, similar to 
strain-to-strain variation, in all cases grad
ually decreases over the 4-week period.

In figure 1 the PER’s obtained in ex
periment 1 with the 8 strains each fed 
three protein sources are plotted against 
the corresponding three weight gains. 
Considering the biological variation en
countered in an experiment of this type,

the correlation of PER as a function of 
weight gain, independent of strain or pro
tein source, is striking. Using the method 
of least squares, the best quadratic ex
pression that could be fitted to these data 
is y =  0.390 +  0.041x -  0.000144x2. The 
correlation coefficient is r =  0.966.

Effect of protein level. In experiment 
2, the same three protein sources were 
fed to male 22-day-old strain A rats with

Fig. 4 Effect of dietary protein level on PER and weight gain (4 weeks’ growth), wheat 
gluten supplemented with 3.4% LMH and 1.0% L-threonine, strain A. Key: •  indicates 
weight gain; Q> protein efficiency ratio (PER).

T A B L E  6

Lysine and threonine content of cereal diets (10% protein, dry wt)

Diet L-Lysine L-Threonine Lysine/
threonine PERi

% dry wt gm/16 
gm N % dry wt gm/16 

gm N
Wheat gluten 0.16 1.6 0.21 2.1 0.8 0.51
Wheat gluten-j-3.4% LMH2 0.46 4.6 0.21 2.1 2.2 1.68
Wheat gluten +  3.4% LMH 

+  1.0% L-threonine 0.46 4.6 0.32 3.2 1.4 2.19

Rolled oats 0.29 2.9 0.19 1.9 1.5 2.25

Rat requirement,
Rose et al. ( ’49) 1.0 8.0 0.5 4.0 2.0 —

Rat requirement,
Rama Rao et al. ( ’59) 0.9 10.1 0.5 5.5 1.8 —

1 P r o t e i n  E f f i c i e n c y  R a t i o s  o b t a i n e d  w i t h  s t r a i n  A  r a t s  c o r r e c t e d  r e l a t i v e  t o  a n  a s s i g n e d  v a l u e  f o r  c a s e i n  

2.77.
2 D u P o n t  l y s i n e  m o n o h y d r o c h l o r i d e .
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the protein level in the range 9 to 16% 
dry weight. The weight gains as plotted 
against protein level are shown in figure
2. The corresponding PER’s are shown 
in figure 3. The PER’s for casein and oats 
were found to be relatively little affected 
by protein level in the protein range meas
ured. The PER obtained with wheat glu
ten supplemented with 3.4% of LMH, in 
contrast, is quite sensitive to protein level, 
particularly in the 8 to 13% range. It 
seemed probable that this response was 
caused by the fact that one amino acid, 
other than lysine, was limiting growth 
severely at low-protein levels, but at higher 
protein levels was being supplied in more 
nearly adequate amounts. It was deter
mined experimentally that the limiting 
amino acid was threonine. Therefore in 
the third experiment wheat gluten supple
mented with 3.4% of LMH and 1.0% of 
L-threonine was fed to 22-day-old male 
strain A rats for 4 weeks with the protein 
level varied as in experiment 2. Both the 
PER and weight gain curves are shown 
in figure 4. In this case the PER, as for 
casein and oats, is relatively independent 
of the dietary protein level, varying only 
0.2 of a PER unit over the entire protein 
range measured.

The lysine and threonine content of the 
wheat gluten and rolled oats diets at 10% 
protein are listed in table 6 along with 
the corresponding PER’s. The low PER 
obtained with wheat gluten supplemented 
with 3.4% of LMH is somewhat unex
pected in view of the fact that the gluten 
diet furnished more threonine than the 
oats diet, according to chemical analysis. 
It is possible that some of the threonine in 
the wheat gluten8 used as in the case of 
rice, is unavailable to the weanling rat. 
This phenomenon is not observed when 
white bread is supplemented with lysine 
(Rosenberg et al., ’60). The rolled oats 
and wheat gluten plus LMH plus threonine 
diets at 10% protein both gave about the 
same corrected PER’s and had about the 
same lysine/threonine ratio. However, the 
rolled oats diet contained only 60% as 
much lysine or threonine as the supple
mented wheat gluten. Other factors be
sides availability of threonine may be in
volved in the lower response with gluten,

but the data are too few to permit an an
swer and more work is required.

DISCUSSIO N

The results of the 1959 AO AC collabora
tive study on the evaluation of protein 
quality have been published (Derse, ’60). 
The PER responses obtained with ANRC 
casein as reported by Derse for 11 colla
borators, 2.79 ±  0.34 (range 2.15 to 3.31) 
agree remarkably well with our results 
obtained with 8 strains, 2.77 ±  0.32 
(range 2.20 to 3.24). However, in con
trast with the AOAC collaborative study, 
where no reduction in the coefficient of 
variation for test protein was obtained by 
correcting relative to casein, we found 
a very considerable reduction in variabil
ity resulted when the PER’s obtained with 
the two test proteins were adjusted rela
tive to casein. Our test proteins were limit
ing in threonine and lysine, respectively, 
while casein is limiting in sulfur amino 
acids. Our data show no distortion in PER 
is introduced by the correction procedure. 
Correcting the weight gains themselves 
relative to the weight gain on casein was 
equally efficacious in reducing strain-to- 
strain variability. The variation of PER 
with rat strain and its reduction by ad
justing the PER’s obtained with test pro
teins relative to the PER obtained with 
ANRC casein, was noted previously by 
Morrison and Campbell ( ’60).

The procedure of correcting the PER’s 
obtained with test proteins relative to that 
obtained with a standardized casein was 
used some time ago by Friedman and 
Kline ( ’50). This correction procedure ap
pears to be a useful means to eliminate 
variability in PER determination and 
should be a part of any standard PER 
method. The data in figure 1 show that 
regardless of rat strain or protein source, 
PER is a function of growth. This fact 
has been used by previous workers as an 
argument that PER calculation represents 
only added time and trouble and gives no 
advantage over using gain in body weight 
(Hegsted and Worcester, ’47; Sherwood 
and Weldon, ’53). This argument, how
ever, neglects two main advantages PER 
calculation offers over gain in body weight. 
These are the lowered coefficient of varia

8 Pro-80, General Mills, Inc., Minneapolis.
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tion for PER’s as compared with weight 
gains, and the fact, which will be dis
cussed below, that in the range of 9 to 16% 
of dietary protein, PER is less sensitive to 
changes in protein level than is weight 
gain. The lowered coefficient of variation 
for PER compared with weight gain also 
has been noted by Morrison and Campbell 
( ’60).

It has been shown for casein, rolled oats 
and gluten supplemented with lysine and 
threonine that the PER is relatively insen
sitive to change in protein level in the 
range of 9 to 16% of dietary protein. The 
distinction that has often been made be
tween animal and vegetable proteins ap
pears to result only from the lower level of 
the limiting essential amino acids in the 
vegetable protein. The increase in PER as 
the level of wheat gluten plus lysine in the 
diet is raised appears clearly to result 
from the fact that as the protein level is 
raised, the limiting amino acid threonine 
is furnished in more nearly adequate 
amounts. Barnes et al. ( ’45), using rats, 
measured the change in PER over the pro
tein range 5 to 40% . From their data they 
have concluded that “the common practice 
of employing a 10% protein diet, regard
less of the nature of the protein, will result 
in a considerable distortion of nutritive 
values, and the magnitude of the error 
will increase as the nutritive quality of 
the protein decreases.” Our data show a 
very pronounced dependence on protein 
level for the PER obtained with wheat 
gluten supplemented with 3.4% of LMH. 
Our data clearly show, however, that this 
results from a threonine limitation in this 
protein. Comparing maximum PER’s, as 
originally suggested by Osborne et al. 
(T 9) and again by Barnes and Bosshardt 
( ’46), tends to obscure the differences in 
protein quality that can be shown up 
readily at lower protein levels. Dietary 
protein in the range 10 to 12% dry weight 
appears to us to be the most satisfactory 
level at which to assay protein quality by 
the PER method.

SUMMARY

The influence of two main variables, 
rat strain and protein level, in protein 
efficiency ratio (PER) determination us
ing male weanling rats was studied.

Strain-to-strain variation in PER (grams 
of weight gain per gram protein consumed) 
was very marked, with values ranging 
from 2.20 to 3.24 obtained for ANRC ca
sein as calculated after 4 weeks’ growth. 
The procedure of correcting PER’s ob
tained with test proteins relative to that ob
tained with ANRC casein was found to 
greatly reduce strain-to-strain variability 
in PER determination.

The PER’s obtained with ANRC casein, 
rolled oats, and wheat gluten supplemented 
with 3.4% of LMH and 1.0% of L-threo- 
nine were found to be relatively insensi
tive to changes in protein level in the 
range 9 to 16% dry weight. On the other 
hand, the PER obtained with wheat gluten 
supplemented with lysine alone was 
strongly dependent on protein level in
creasing from 1.4 at 9% of protein to 2.2 
at 15% of protein (dry weight). This lat
ter result was found to result from a 
threonine limitation which becomes less 
severe at higher protein levels.
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Free Amino Acids in Dog Blood and Gut Contents 
After Feeding Meat* 1

S. N. GANAPATHY a n d  E. S. NASSET
Department of Physiology, University of Rochester, School of Medicine 
and Dentistry, Rochester, New York

Earlier work (Nasset et al., ’55) demon
strated that the qualitative free amino acid 
composition of gut contents is not greatly 
altered by the type of meal fed. The mix
ture present during digestion appears to 
contain amino acids derived from food 
proteins, autodigestion of hydrolytic en
zymes, and other endogenous proteins 
(Nasset, ’57). Ingesta are mixed with 
relatively large quantities of endogenous 
protein in the small intestine and there
fore ingested protein does not greatly in
influence the molar ratios of free amino 
acids in gut contents (Nasset and Ju, ’61).

The present work was designed to study 
the concentration of free amino acids in 
blood and gut contents sampled simulta
neously after feeding meat.

EXPERIMENTAL

Six mongrel dogs were fasted 24 hours 
before taking blood from the saphenous 
vein and feeding. Blood was heparinized 
and centrifuged immediately after collec
tion.

Experiment A. Saphenous blood (40 
ml) was taken on days one and three from 
dogs one and two. Dog two was then fed 
200 gm of ground lean beef and two hours 
later blood was again taken from the 
saphenous vein. The 40-ml samples in 
this series permitted duplicate determina
tions of free amino acids and related com
pounds.

Experiment B. Saphenous blood (20 
ml) was taken from dogs 2 to 6 just prior 
to feeding them 200 gm of ground lean 
beef. They drank water at will. The dogs 
were anesthetized with pentobarbital so
dium 1.5 hours after feeding. The ab
domen was opened and clamps placed at 
cardia and pylorus. The portal vein and 
a mesenteric vein, approximately 50 cm

caudad from the ligament of Treitz, were 
intubated. Two hours after feeding, blood 
was taken simultaneously from the carotid 
artery and jugular, portal, and mesenteric 
veins. The contents of that portion of the 
jejunum drained by the mesenteric vein 
were collected by washing out the lumen 
three times with distilled water. Contents 
and washings were combined, quickly fro
zen and lyophilized.

Each sample of plasma and gut contents 
was analyzed for free amino acids and 
related compounds by ion-exchange resin 
column chromatography with an auto
matic instrument similar to the one de
scribed by Spackman et al. ( ’58). Total 
N was determined by micro-Kjeldahl, NPN 
by nesslerization according to Gradwohl 
( ’43), and Na and K by flame photometry.

RESULTS

Results of experiment A are given in 
table 1. Each value is the mean of dupli
cate analyses which differed by less than 
5% . These preliminary experiments were 
conducted to observe what variations to 
expect in amino acid concentration of 
plasma from a peripheral vein of a fasting 
dog. Individual amino acids varied con
siderably in the same animal on different 
days and in different animals. All amino 
acids except phenylalanine, aspartic acid 
and glycine increased after the test meal 
in dog two. Although phenylalanine did 
not increase, tyrosine did.

Feeding produced two types of responses 
in experiment B. In three dogs (group 1) 
most of the free amino acids in plasma 
increased after the test meal. In the two 
other dogs (group 2), they decreased. The

Received for publication May 16, 1962.
1 This investigation was aided by a grant from  the 
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TABLE 1
F ree a m ino acids and rela ted  com p ou n d s in  dog saphen ous v e in  p lasm a (exp . A )1

Amino acids 
and 

related 
compounds

Fasting 2-Hour postfeeding

Dog 1 Dog 2 Dog 2

S 1 S 2 S 1 S 2 S 1 S 2

A rgin ine 12.0 6.7 11.0 15.5 19.1 23.7
H istid ine 8.9 7.8 8.8 10.7 15.7 19.1
Isoleucine 8.2 10.2 7.9 11.1 23.8 27.4
L eucine 11.7 11.9 9.6 12.3 26.1 31.0
Lysine 13.0 19.0 14.2 23.6 34.4 61.1
M eth ionine 3.6 3.7 3.3 2.6 6.9 8.2
P hen yla lan in e 6.6 3.4 8.6 19.2 7.0 16.2
T hreon in e 32.2 38.0 36.2 30.9 60.1 66.6
T ryptoph an 2.3 trace trace trace 4.6 8.7
V aline 17.9 17.6 12.6 13.2 27.2 36.1
A lan in e 41 .0 52.5 46.6 34.8 64.2 85.0
A spartic acid 2.1 1.1 0.0 0.0 0.0 0.0
G lutam ic acid 1.5 1.4 3.3 3.1 3.9 3.9
G lycine 50.0 27.5 27.5 47.0 28.4 35.8
Proline 16.3 14.1 20.3 14.3 26.8 29.9
Serine 12.1 10.8 14.3 11.4 16.0 20.2
T yrosin e 4.0 3.3 5.1 7.0 14.6 21.4
T ota l free

am in o acids 243 229 229 257 379 494

A sparagine 98.8 126.5 113.0 113.0 115.0 150.0
C itru lline 0.0 3.3 2.9 3.5 4.6 2.5
C ysteic acid 3.0 1.9 1.6 2.1 2.1 4.8
E th an olam in e 0.0 0.0 0.0 0.0 3.7 1.6
O rnithine 2.0 2.0 2.5 3.2 6.2 7.6
T aurine 5.3 1.5 1.7 1.3 1.8 1.2

1 M icrom oles/100 m l blood plasma; S 1 sample taken day :1; S 2  sample taken day 3.

TABLE 2
T ota l1 fr e e  a m in o  acids o f  dog p lasm a2 and gu t con ten ts3

Fasting 2-Hour postfeeding
Dogs4 Saphenous Jugular Carotid Mesenteric Portal Gut

vein vein artery vein vein contents

G roup 1
D og 4 (F  16 ) 164 217 246 278 348 223
D og 6 (F  2 0 ) 200 237 214 246 246 224
D og 3 (M  13 ) 298 372 308 524 396 422

G roup 2
D og 2 (M  1 9 )5 375 309 267 278 270 446
D og 5 (M  15 ) 372 225 239 312 241 435

1 The amino acids included in these summations are those listed in tables 3 and 4.
2 M icrom oles/100 ml blood plasma.
3 M icrom oles/30 mg NPN (approximate NPN /100 m l plasm a).
4 M = male; F = fem ale; numbers in parentheses indicate weight in kilograms.
5 Same animal used in experiment A.

total free amino acids in the different 
plasma samples from each dog are shown 
in table 2. It is unfeasible to measure vol
ume of the semi-solid gut contents and 
hence amino acids in gut contents are ex
pressed on the basis of 30 mg of NPN, the 
approximate nonprotein nitrogen of 100 
ml of dog plasma. The relative molar

ratios of the amino acids in blood and gut 
contents are recorded in tables 3 and 4. 
Since leucine appeared to fluctuate less 
than the other essential amino acids all 
molar ratios are based on leucine concen
tration as unity.

Ethanolamine was absent from fasting 
blood but present in post-feeding blood of
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TABLE 3
R ela tive  con cen tra tion s  o f  fr e e  a m in o  acids in  dog blood  p lasm a and g u t con ten ts  

(exp . B, group  1) (leu cin e  =  1 .0 )1

Amino acid
Fasting 2-Hour postfeeding

Saphenous
vein

Jugular
vein

Carotid
artery

Mesenteric
vein

Portal
vein

Gut
contents

A rgin ine 0.9 0.6 0.5 0.7 0.4 1.0
H istid ine 0.9 0.5 0.5 0,5 0.6 0.3
Isoleucin e 0.9 0.8 0.9 0.8 0.9 0.8
L eucine 1.0 1.0 1.0 1.0 1.0 1.0
L ysine 1.6 1.1 1.0 1 1 1.0 1.4
M eth ionine 0.4 0.2 0.2 0.2 0.2 0.2
P hen yla lan in e 0.8 0.5 0.5 0.7 0.5 1.0
T hreon in e 3.9 1.9 1.7 1.8 1.8 0.8
T ryptoph an 0.2 0.2 0.4 0.2 0.2 0.1
V aline 1.9 1.6 1.9 1.6 1.8 0.8

A lan in e 5.1 4.4 2.8 4.2 4.6 1.3
A spartic acid 0.0 0.0 0.0 0.0 0.0 0.3
G lutam ic acid 0.7 0.4 0.4 0.8 0.5 0.8
G lycine 3.4 1.4 1.0 1.5 1.5 0.9
Proline 1.9 0.7 0.7 0.9 1.0 0.5
Serine 2.1 0.9 0.6 0.9 0.8 0.7
T yrosine 0.5 0.6 0.3 0.5 0.4 0.9

1 Average leucine value: (a )  ¿umole/lOO m l p lasm a— saphenous vein, 8.4; jugular vein, 16.3; 
carotid artery, 17.9; mesenteric vein, 19.8; portal vein, 19.1; (b )  /¿mole/30 mg NPN — gut contents,

TABLE 4
R ela tive  con cen tra tion s  o f  fr ee  a m ino acids in  dog blood  plasm a and g u t con ten ts  

(exp . B, group  2 ) (leu cin e  — 1 .0y

Amino acid
Fasting 2-Hour postfeeding

Saphenous
vein

Jugular
vein

Carotid
artery

Mesenteric
vein

Portal
vein

Gut
contents

A rgin ine 0.6 0.4 0.5 0.7 0.6 0.8
H istidine 0.7 0.7 0.7 0.5 0.6 0.3
Isoleucin e 0.9 1.0 0.9 0.9 0.9 0.5
L eucine 1.0 1.0 1.0 1.0 1.0 1.0
L ysine 1.4 1.3 1.3 1.0 1.6 1.1
M eth ionine 0.3 0.3 0.3 0.3 0.3 0.1
P hen yla lan in e 0.8 0.6 0.9 0.6 0.8 0.8
T h reon in e 3.0 3.5 2.9 2.1 2.3 0.4
T ryptoph an 0.2 0.0 0.2 0.1 0.2 0.1
V aline 1.8 1.8 1.6 1.5 1.3 0.7

A lan in e 4.6 4.6 3.7 4.2 3.8 1.1
A spartic acid 0.0 0.0 0.0 0.0 0.0 0.1
G lutam ic acid 0.5 0.6 0.5 0.5 0.9 0.7
G lycine 2.0 1.7 1.4 1.2 1.1 0.6
Proline 1.2 1.2 1.1 0.9 1.3 0.3
Serine 1.0 1.1 1.0 0.6 0.7 0.5
T yrosine 0.5 0.4 0.3 0.5 0.7 0.6

1 Average leucine value: (a )  /¿mole/100 m l plasma — saphenous vein, 18.2; jugular vein, 13.2; 
carotid artery, 13.8; mesenteric vein, 17.6; portal vein, 14.1; (b )  /¿mole/30 mg NPN — gut contents, 
44.7.

all animals. Citrulline was absent from 
gut contents but always present in blood. 
Cysteic acid (cysteine), ornithine and 
taurine, were either absent from or pres
ent in blood in very small amounts. As
paragine content ranged from 46 to 141 
umole/100 ml of fasting plasma and 39

to 148 after a meal. Average values for 
protein and nonprotein nitrogen in plasma 
of fasting dogs were 6.4 gm and 28.8 m g/ 
100 ml. Average values for K and Na were
3.3 and 138.0 mEq/liter. Ingestion of test 
meals failed to alter these ratios signifi
cantly.
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DISCUSSION

The results of these experiments indi
cate that total free amino acid concentra
tion in blood after feeding may increase 
or decrease. When increases occurred they 
were evident in all blood samples but they 
were greatest in mesenteric and portal 
blood. Amino acids being absorbed from 
the gut lumen pass through the mucosa, 
which may remove some of them, and into 
the mesenteric and portal veins and are 
then subject to selection by the liver be
fore entering the peripheral vessels. In 
group 2 the total free amino acid concen
tration decreased as a result of feeding. 
With the possible exception of the mesen
teric vein, no differences in total amino 
acid were evident among the blood sam
ples taken from the various vessels after 
feeding. Ebb and flow of plasma amino 
acids occur in the same animal. Dog 2, 
in the first two fasting periods, yielded low 
values (table 1) but in the third fasting 
period the values decreased in the high 
group (table 2). The amount of amino 
acids in the circulation is probably mainly 
the resultant of protein synthesis and de
gradation. Some losses occur by secre
tion in the kidney and deamination in the 
liver but the dominating influence on 
plasma amino acids must be the dynamic 
state of protein metabolism.

What acute change in protein metabo
lism might, as the result of feeding, cause 
a decrease in circulating amino acids? 
Two hours after feeding, most of the di
gestive processes are operating at high 
intensity. Salivary, gastric, pancreatic, 
hepatic and intestinal secretory cells have 
discharged copious volumes of digestive 
juices which contain enzymes and other 
proteins. If extensive neosynthesis of these 
proteins should occur simultaneously in all 
glands, plasma amino acids might conceiv
ably fall, despite a simultaneous influx 
from the gut. Digestive glands vary greatly 
from day to day in response to the feeding 
of identical test meals. This may explain 
in part the unpredictable behavior of 
plasma amino acids after feeding.

Despite variations in amounts of amino 
acids in plasma samples, the molar ratios 
remained fairly constant (tables 3 and

4). The body apparently tends to main
tain a relatively uniform mixture of free 
amino acids in plasma during periods of 
high-quality protein intake. The molar 
ratios in plasma do not necessarily cor
respond to those in gut contents. This is 
perhaps not unexpected because the gut 
mucosa itself may remove some amino 
acids as they are being absorbed (Ju and 
Nasset, ’59). The data give evidence of 
the mucosal transamination reactions that 
affect the concentrations of alanine, glu
tamic acid and aspartic acid on the two 
sides of the membrane (Neame and Wise
man, ’57).

SU M M ARY

Dogs were fasted 24 hours before being 
fed 200 gm of ground lean beef. Total 
free amino acids in fasting plasma varied 
from about 200 to 400 umole/100 ml of 
plasma. When fasting values were high, 
feeding reduced them and vice versa. Re
gardless of total amino acids there was 
little difference in molar ratios. Plasma 
amino acid molar ratios may differ from 
the molar ratios of free amino acids in 
gut contents.
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Knowles ( ’57) and Heard et al. (’58) ob
served in the young pig that the addition 
of extra calories, as carbohydrate, to a 
low-protein diet precipitated a condition re
sembling kwashiorkor in humans. Wheat 
gluten was the source of protein fed both 
groups of pigs. Among the changes ob
served on autopsy of humans suffering 
from kwashiorkor as reported by Follis 
( ’58) were accumulation of fluid in the 
subcutaneous tissues and in the peri
toneal, pleural and pericardial cavities, 
decreased size and activity of the pan
creatic acinar cells, hyalinization of the 
glomeruli in the kidneys, atrophy of the 
intestinal mucosa, thyroid gland, adrenal 
cortex and salivary glands and fatty in
filtration of the liver.

This study was conducted to observe the 
effect of the addition of extra calories, as 
fat, to diets of ad libitum-fed pigs on the 
development of protein deficiency symp
toms, to observe the effect of protein 
quality on the response to extra calories, 
and to compare the symptoms obtained 
with those observed in human kwashiorkor.

EXPERIMENTAL

Twenty Yorkshire pigs weighing an 
average of 6.3 kg were divided on the 
basis of weight into 5 outcome groups of 
4 pigs each. They were housed in con
crete-floor pens and given feed and water 
ad libitum. Four groups were fed the diets 
shown in table 1. These were purified 
diets (5% protein) in which wheat gluten 
or casein served as the protein source each 
fed at two levels of fat (3% or 23% corn 
oil). The fifth group served as the posi
tive control and received a typical stock 
diet with the following composition:

ground yellow corn, 40.5; rolled oats, 16.5; 
soybean meal, 22.0; fish meal, 5.0; dried 
brewer’s yeast, 1.0; trace-mineralized salt, 
0.5; dicalcium phosphate, 1.5; sucrose, 
10.0; stabilized lard, 2.5; vitamin supple
ment (to supply 1.5 times the estimated 
requirement of fat-and water-soluble vita
mins), 0.5%. The 4 purified diets were 
stored under refrigeration until use. 
Fresh feed was added to the feeders daily.

Individual pigs were weighed weekly 
and feed consumed by each group of pigs 
was recorded weekly. All pigs were given 
100 mg of iron intramuscularly (as iron 
dextran) during week 7. Blood samples 
from all pigs were obtained from the ante
rior vena cava during weeks 6, 8, 10, 12 
and 14. Total serum proteins (Gornall, 
’49) were determined on samples from 
weeks 6, 10 and 14 and electrophoretic 
patterns were run on the same samples 
using the Spinco Model R paper electro
phoresis system. Hemoglobin (Sanford 
and Sheard, ’29) and hematocrit (Wintrobe, 
’47) values were determined on samples 
from weeks 8 and 12. Positive control 
pigs were removed from the trial at the 
end of the thirteenth week. Rectal tem
perature was determined on all pigs fed 
purified diets on two successive days dur
ing week 14. The pigs fed purified diets 
were killed by intraperitoneal injection of 
sodium pentobarbital and autopsied at 
the end of the fourteenth week. Gross 
pathological conditions were observed and 
adrenal, heart, kidney, liver, spleen and

Received for publication May 31, 1962.
1 This research was supported in part by funds 

provided through the State University o f New York 
and by a research grant, A-3620, from  the National 
Institutes o f Health, U.S. Public Health Service.

2 UT-AEC Agricultural Research Laboratory, Oak 
Ridge, Tennessee.

J. N u t r it io n , 78: ’ 62 2 4 5



2 4 6 L O W R E Y , POND, B ARN ES, KROOK AND LOOSLI

TABLE 1

C om p osition  o f  low -protein  diets

Protein source 

Level o f fat, %

Casein Wheat gluten

3 23 3 23

% % % %

D extrin 25.0 25.0 25.0 25.0
G lu cose1 57.1 37.1 57.0 37.0
C asein2 5.9 5.9 — —
W heat g lu ten3 — — 6.0 6.0
C orn oil'1 3.0 23.0 3.0 23.0
C ellu lose5 4.0 4.0 4.0 4.0
M inerals6 5.0 5.0 5.0 5.0
V ita m in s7 + 4" + +

T ota l 100.0 100.0 100.0 100.0

1 C e r e i o s e ,  C o r n  P r o d u c t s  C o m p a n y ,  A r g o ,  I l l i n o i s .
2 “ V i t a m i n - F r e e ”  C a s e i n ,  N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n ,  C l e v e l a n d .
3 P u r i f i e d ,  G e n e r a l  B i o c h e m i c a l s ,  I n c . ,  C h a g r i n  F a l l s ,  O h i o .
4  M a z o l a ,  C o r n  P r o d u c t s  C o m p a n y ,  A r g o ,  I l l i n o i s .
5 S o l k a  F l o e ,  B r o w n  C o m p a n y ,  B o s t o n  1 4 ,  M a s s a c h u s e t t s .
6 C o m p o s i t i o n ,  g m / k g  o f  d i e t :  C a H P 0 4 - 2 H 2 0 ,  1 5 . 4 0 ;  C a C 0 3 ,  1 2 . 3 2 ;  K H 2P O 4 ,  1 7 . 1 6 ;  N a C l ,  6 . 1 6 ,  

C u S 0 4 , 0 . 5 7 ;  F e S O 4 , 0 . 6 6 ;  M n S 0 4 , 0 . 1 8 5 ;  Z n S 0 4 , 0 . 3 4 3 ;  M g O ,  0 . 8 1 8 ;  C 0 C I 2 ,  0 . 0 1 1 ;  K I ,  0 . 0 0 0 4 .
7 C o m p o s i t i o n ,  u n i t s / k g  o f  d i e t :  v i t a m i n  A ,  2 , 6 4 0  I U ;  v i t a m i n  D ,  3 3 0  I U ;  t h i a m i n e - H C l ,  1 . 9 8  m g ;  

r i b o f l a v i n ,  4 . 8 4  m g ;  n i a c i n ,  3 3 . 0  m g ;  C a - D - p a n t o t h e n a t e ,  1 9 . 8  m g ;  p y r i d o x i n e - H C l ,  1 . 6 5  m g ;  i n o s i t o l ,  
1 4 9 8  m g ;  p - a m i n o b e n z o i c  a c i d ,  1 4 7 . 4  m g ;  f o l i c  a c i d ,  1 . 4 1  m g ;  a - t o c o p h e r y l  a c e t a t e ,  9 9 . 0  m g ;  
m e n a d i o n e ,  3 . 3 0  m g ;  v i t a m i n  B 12,  3 3  / ¿ g ;  c h o l i n e  c h l o r i d e ,  1 3 2 0  m g .

thyroid weights were recorded. For histo- 
pathology, sections were taken from the 
stomach, liver, pancreas, heart, lungs, 
kidneys, proximal tibial epiphysis, brain, 
spleen, bone marrow, skin, pituitary, thy
roid, adrenal, ovaries, testes. Soft tissues 
were fixed in Bouin’s solution, bones in 
buffered formalin. Paraffin-embedded tis
sues were sectioned at 6 a, frozen tissues 
at 10 a. Stains were oil red O for fat on 
frozen sections and for embedded sections, 
hematoxylin-eosin, Cresyl-Echt-Violet for 
Nissl substance, Weil-Weigerts myelin 
stain for myelin tracts of brain, Toluidine 
blue for metachromatic granules.

Liver fat content was determined by 
ether extraction; bone ash was determined 
by drying for 48 hours at 70°C, extract
ing with ether for 48 hours and ashing 
overnight at 550°C. The width of the 
proximal tibial epiphysis was determined 
by taking the average of 10 measurements 
obtained with a micrometer.

R E S U L T S

The pigs fed diets containing casein 
gained weight at approximately the same 
rate at both levels of fat until week 8 when 
those receiving the high-fat diet reached 
a plateau. The low-fat group continued to 
gain throughout the 14 weeks of experi
ment. In contrast, the pigs fed diets con
taining wheat gluten failed to gain weight

appreciably during the 14 weeks, in the 
presence of either a low or high level of 
fat. The body weight curves are shown 
in figure 1.

The animals fed the positive control 
diet gained an average of 640 gm daily 
and were removed from the experiment 
after 13 weeks (due to insufficient floor 
space), weighing an average of 64.6 kg.

The amount of feed consumed by pigs 
fed diets containing casein increased 
steadily during the first 6 weeks at both 
levels of fat. From week 6 to week 14 the 
feed consumption of pigs fed the low level 
of fat continued to increase, whereas that 
of pigs fed the high level steadily de
clined. This resulted in a decline in daily 
protein intake to 15.9 gm during the final 
two weeks among pigs in the latter group 
as compared with 68.7 gm in the former. 
The first 6 weeks involved a greater daily 
caloric consumption in the group fed high 
fat followed by a gradual reduction dur
ing the final 8 weeks. Feed consumption 
continued to increase throughout the 14 
weeks of the experiment in the group fed 
the low level of fat. The feed consumed 
by pigs fed diets containing gluten gradu
ally declined throughout the 14 weeks of 
the experiment at both levels of fat. Dur
ing the final two weeks the protein intake 
of pigs fed gluten was approximately 8% 
of National Research Council ( ’59) recom
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mendations for animals of this size. The 
caloric intake of these animals remained 
above NRC ( ’59) recommendations dur
ing the first 8 weeks and then dropped be
low. During the final two weeks the ca
loric intake was approximately 50% of 
the recommended level (NRC, ’59).

Vitamin and mineral intakes were above 
NRC (’59) recommendations for all groups 
during the 14 weeks of the experiment, 
except during the final 4 weeks for pigs 
fed the wheat gluten, high-fat diet. These 
pigs consumed less than 200 gm of feed,/ 
day during the final 4 weeks. Data on 
feed consumption are given in figure 2.

The animals fed the wheat gluten diets 
became emaciated and feeble during the 
final two weeks. Hair coats were rough 
and intermittent diarrhea occurred dur
ing this period. Rectal temperatures were 
lower (P < 0.05) during week 14 in the 
animals fed the wheat gluten-high fat diet 
than in those fed the other three purified 
diets (101.4°F vs. 102.9, 102.4 and
102.8°F).

The total serum protein was greater 
(P < 0 .0 1 ) in the pigs fed the positive 
control diet than in those fed the other 4 
diets at 6 and 10 weeks. Even at 14 weeks

no significant differences existed among 
the pigs fed any of the 4 purified diets 
despite the striking differences in growth 
and feed consumption. Total serum pro
tein tended to reach a plateau in all groups 
from week 10 to 13, indicating that a 
certain minimum level is maintained even 
in severe protein depletion. Electrophoretic 
patterns showed that the albumin fraction 
was chiefly responsible for the drop in 
total serum protein observed in all groups. 
Both the percentage and the absolute 
amount of albumin decreased in all 4 
groups of pigs fed the low-protein diets 
(P < 0.01). The change in total globulins 
was significant (P < 0 .0 1 ) when ex
pressed as a percentage of the total pro
tein, but not when expressed in absolute 
amounts. The a-, 3-, and y-globulin com
ponents remained constant throughout the 
experiment when expressed as grams per 
100 ml, but increased when expressed as 
a percentage of the total serum protein. 
The alphai fraction had disappeared by 
week 10 in all but the pigs fed the posi
tive control ration. The data on serum 
protein are presented in table 2.

The blood hemoglobin and hematocrit 
levels of pigs fed wheat gluten were sig-
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Fig. 2 E ffect o f  diet on  feed  con su m p tion .

T A B L E  2

E ffe c t  o f  level o f  d ietary  en erg y  and sou rce  o f  p ro te in  on  blood  seru m  p rotein s

P r o t e i n  s o u r c e  C o n t r o l 1 C a s e i n  W h e a t  g l u t e n

Level o f fat, % — 3 23 3 23

W eek  62
T ota l, g m /1 0 0  m l 7.403 4.80 5.48 4.28 4.23
A lbu m in , g m /1 0 0  m l 3.323 1.01 1.56 0.72 0.91
A lbu m in  : g lobu lin 0.823 0.28 0.42 0.21 0.27

W eek  102
T ota l, g m /1 0 0  m l 7.303 4.45 4.30 3.90 4.02
A lbu m in , g m /1 0 0  m l 3.673 0.90 0.86 0.58 0.60
A lbu m in  : g lobu lin 1.013 0.26 0.25 0.17 0.19

W eek  142
T ota l, g m /1 0 0  m l — 4.98 4.58 4.08 4.10
A lbu m in , g m /1 0 0  m l — 0.81 0.68 0.32 0.46
A lbu m in  : g lobulin — 0.19 0.18 0.09 0.13

1 1 8 %  p r o t e i n  f r o m  n a t u r a l  f e e d s t u f f s  ( s e e  t e x t ) .
2 M e a n  o f  4  p i g s / g r o u p .
3 S i g n i f i c a n t l y  g r e a t e r  t h a n  a l l  o t h e r  t r e a t m e n t s  ( P  <  0 . 0 1 ) .

nificantly lower (P < 0.01) at both 8 and 
12 weeks than those of pigs fed casein. 
Pigs fed the high level of fat and wheat 
gluten had lower hemoglobin and hema
tocrit levels (P < 0.05) at 12 weeks than 
those fed the other three purified diets, 
while those fed the positive control diet 
had higher levels (P < 0.01) of both con

stituents than pigs fed any of the purified 
diets. This could not be related to differ
ences in dietary iron intake since all pigs 
were given iron intramuscularly during 
week 7. The data on hemoglobin and 
hematocrit are presented in table 3.

No significant differences due to diet 
were found in kidney, thyroid or liver
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TABLE 3
Effect of level of dietary energy and source of protein on blood hemoglobin and hematocrit

Protein source Control1 Casein Wheat gluten
Level of fat, % — 3 23 3 23

Week 82
Hemoglobin, gm/100 ml3 11.5 9.6 9.6 7.1 7.9

Week 122
Hemoglobin, gm/100 ml4 
Hematocrit5

12.9
40.7

10.3 10.1
30.3 28.5

7.6
26.3

6.3
18.8

1 18% protein from natural feedstuffs (see text).
2 Mean of 4 pigs/group.
3 Control significantly greater than casein (P <  0.05) and gluten (P <  0.01).
4 Control significantly greater than casein and gluten (P <  0.01). Casein 

than gluten (P <  0.01). Gluten, 3% fat significantly greater than gluten, 23%
5 Control significantly greater than casein and gluten (P <  0.01). Casein, 

and gluten, 3% fat significantly greater than gluten, 23% fat (P < 0.05).

significantly greater 
fat (P < 0.05). 
both levels of fat

TABLE 4
Effect of level of dietary energy and source of protein on xveight of organs

Protein source Casein Wheat gluten
Level of fat, % 3 23 3 23

Percentage of live body weighti

Adrenals X 1002 0.77 0.82 1.74 2.43
Heart3 0.43 0.48 0.63 0.68
Kidneys 0.37 0.33 0.38 0.42
Liver 2.59 2.37 3.05 3.40
Spleen4 0.14 0.13 0.11 0.10
Thyroid X 100 0.79 1.06 1.03 1.13

1 Each value is mean of 4 pigs.
2 Gluten significantly greater than casein (P <  0.01). Gluten, 23% fat significantly greater than 

gluten, 3% fat (P <  0.05).
3 Gluten significantly greater than casein (P <  0.01).
4 Casein significantly greater than gluten (P <  0.05).

weight expressed as a percentage of live 
body weight. There was a trend, however, 
for liver weights of pigs fed wheat gluten 
to be larger than those of pigs fed casein. 
Adrenal glands from pigs fed wheat gluten 
were significantly heavier (P < 0.01) than 
those from pigs fed casein. Of the pigs 
fed wheat gluten, those receiving the high 
level of fat had larger adrenals (P < 0.05) 
than those fed the low level. The weight 
of the heart was greater in pigs fed wheat 
gluten than in those fed casein (P <  0.01). 
No difference was observed in heart weight 
due to caloric level. The only significant 
difference in spleen weights occurred be
tween the casein-low fat diet and the two 
wheat gluten diets (P < 0.05), the former 
being heavier. The data on organ weights 
are presented in table 4.

The ash content of the dry, fat-free 
bone was lower in pigs fed wheat gluten 
than in those fed casein (P < 0.01). The

width of the proximal tibial epiphysis was 
significantly (P < 0.05) less in the pigs 
fed wheat gluten-high fat than in those 
fed casein-low fat. The average values 
for pigs fed casein were higher than those 
for pigs fed wheat gluten, at either level 
of fat, although these differences did not 
reach statistical significance. The fat con
tent of livers from pigs fed wheat gluten 
tended to be higher than that from those 
fed casein, although the differences were 
not statistically significant (P > 0.05). 
The data on bone ash, epiphyseal width 
and liver fat are presented in table 5.

G ross p a th o log y

Pigs fed wheat gluten-high fat exhibited 
a pronounced general anemia and diffuse 
moderate subcutaneous edema. Serous 
atrophy of fat deposits and bone marrow 
was advanced. Bones were brittle and 
transudation to the serous cavities oc-
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TABLE 5
E ffect o f level o f  dietary en ergy and source o f  protein  on bone ash, 

epiphyseal w idth  and liver fat

Protein source Casein Wheat gluten
Level of fat, % 3 23 3 23

Bone ash, % 1 52.1 52.2 48.3 47.5
Width of epiphysis, micra2 662.5 549.1 428.4 301.9
Liver fat, % 3 11.6 16.8 22.1 24.1

1 Tibia, dry, fat-free. Each value is mean of 4 pigs. Casein significantly greater than gluten 
(P < 0.01).

2 Tibia, proximal. Each value is mean of 10 measurements taken on each of 4 pigs. Casein, 3% 
fat significantly greater than gluten, 23% fat (P <  0.05).

3 Dry basis. Each value is mean of 4 pigs. No significant differences.

curred in 3 of the 4 pigs. The group fed 
wheat gluten-low fat showed the same 
gross anatomy, but with less severe ane
mia, subcutaneous edema, and serous 
atrophy in the bone marrow. Moderate 
ascites occurred but no transudation to 
other serous cavities was observed in this 
group. Pigs fed high fat-casein showed 
only mild anemia and ascites and bones 
were longer and thicker than those of pigs 
fed gluten. Those fed casein-low fat 
showed normal gross anatomy.

M icro sco p ic  p a th o log y

S tom ach . In the high fat-wheat gluten 
group, surface epithelium was markedly 
atrophic with no mucigeneous granules. 
The foveolae were very shallow and glands 
of the mucosa presented the classical pic
ture of “signet-ring cells.” There was ex
tensive edema in the muscle layers and 
subserosa. The same changes were noted 
in the low fat-wheat gluten and high fat- 
casein groups but less severe. The low 
fat-casein group appeared normal.

D u od en u m . Villi were markedly atroph
ic in both the high and low fat-wheat 
gluten groups. Goblet cells were numer
ous and mucin content was abundant. 
Only slight changes were noted in the 
high fat-casein group and the low fat- 
casein group appeared normal.

P an crea s. The two zones normally 
present in the exocrine epithelium could 
not be distinguished in the high fat-wheat 
gluten group. In this group the endocrine 
portion of the gland was markedly atrophic 
and few islets were seen. Similar but less 
severe changes occurred in the low fat- 
wheat gluten group. Both the high and 
low fat-casein groups showed less atrophy 
than the other groups, but granulation ap

peared only in the low fat-casein group.
H eart. Sarcoplasm was less abundant 

than normal in the high and low fat- 
wheat gluten groups and the high fat- 
casein group with cross-striations poorly 
marked or absent. Moderate interstitial 
edema was present. Purkinje fibers were 
swollen and presented vacuoles in the 
sarcoplasm. The low fat-casein group ap
peared normal.

S keleta l m u sc le . Extreme atrophy and 
partial or complete loss of cross-striations, 
with edema between the libers occurred 
in both the high and low fat-wheat gluten 
groups. The high and low fat-casein groups 
appeared normal.

L un g. There was extreme atrophy of 
the bronchiolar and bronchial epithelium 
and a change from columnar to cuboidal 
shape in both the high and low fat-wheat 
gluten groups. Goblet cells were more 
numerous than normal and mucin reten
tion occurred with the formation of “sig
net-ring cells.” Areas of atelectosis were 
observed which resulted from a swelling 
of the alveolar lining cells and from edema. 
Both the high and low fat-casein groups 
appeared normal except for some atrophy 
of the epithelium in the former.

K id n ey . There was pronounced intra- 
glomerular edema and extensive atrophy 
of capsular epithelium of the glomeruli in 
the high and low fat-wheat gluten groups. 
Hydropic degeneration occurred in the 
tubular and renal pelvis epithelium of the 
latter. Edema was less in the high fat- 
casein group but tubular epithelium and 
proximal convoluted tubules showed some 
degenerative changes. Slight vascular de
generation in the proximal convoluted 
tubules and pelvic epithelium were the 
only changes in the low fat-casein group.
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P rox im a l tibia l ep ip h ysis . In the high 
and low fat-wheat gluten groups and the 
high fat-casein group there was very little 
activity. In both wheat gluten groups the 
epiphysis consisted of about two-thirds 
resting cartilage. Trabeculae were few and 
small and not lined by osteoblasts. No 
osteoclastic activity was present. In the 
high fat-casein group about one-third of 
the epiphysis was resting cartilage and 
more trabeculae and slight osteoclastic 
activity were observed. Only in the high 
fat-casein group was there any osteoid 
present.

Brain. Drastic changes occurred in the 
high fat-wheat gluten group. There was 
a reduction in numbers of neurons in 
all grey matter, especially in the thalamic 
and medullar nuclei and in the Purkinje 
cells of the cerebellum. Neurons were 
swollen with poorly marked axons and 
dendrites. Nissl substances were limited 
or absent. Moderate edema was present 
as indicated by widened Virchow-Robin 
spaces. Similar but less severe changes 
were observed in the low fat-wheat gluten, 
high fat-casein and low fat-casein groups 
in descending order of severity.

S pleen . White and red pulp were 
atrophic in the high and low fat-wheat 
gluten groups, the red pulp appearing as 
an empty network of reticular cells. The 
capsules and trabeculae were more pre
dominant in the above groups than in the 
high and low fat-casein groups. Walls of 
the arteries in these enlarged trabeculae 
were hyalinized. Hemosiderin was present 
only in the low fat-casein group.

B on e m a rrow . Serous atrophy observed 
grossly in the high and low fat-wheat 
gluten group was verified. Cellular ele
ments were greatly reduced. The erythro
poietic series was most affected. While 
the high and low fat-casein groups con
tained many cells, both exhibited hypo
plasia.

Skin. There was extreme atrophy of 
the epidermis in the high fat-wheat gluten 
group with the layers being indistinguish
able. Cells were elongated and flattened 
and the stratum corneum was present 
only as a thin layer. Edema was present 
in the subcutis. The low fat-wheat gluten 
and high fat-casein groups were similar 
but less severe and a deep and superficial

layer could be distinguished. All layers 
were easily distinguished in the low fat- 
casein group. Hair papillae were few and 
markedly atrophic in the high fat-wheat 
gluten group and the cells of the skin 
glands were atrophic and lined a large 
empty lumen. The low fat-wheat gluten 
and high fat-casein groups showed similar 
but less severe changes in the hair papil
lae while the low fat-casein group ap
peared normal.

P itu itary. Oesinophilic cells were few 
and irregularly distributed in the high 
and low fat-wheat gluten groups. Similar 
but less severe changes occurred in the 
high fat-casein group while the low fat- 
casein group appeared normal.

T h yroid . The activity was lowest in 
the high and low fat-wheat gluten groups 
and highest in the low fat-casein group.

A dren a ls . The cortex contained abun
dant fat in the high and low fat-wheat 
gluten groups and the zona glomerulosa 
in the former. Lesser amounts, but greater 
than normal, were found in the high and 
low fat-casein groups.

O varies. Many primary follicles were 
present in all groups but anticum forma
tion occurred only in the high and low 
fat-casein groups (two females in the 
high and low fat-wheat gluten groups and 
three in the high and low fat-casein 
groups).

T estes . Activity was present in only 
one animal (in the high fat-casein group).

DISCUSSION

These results demonstrate the similarity 
in biochemical and anatomical changes 
associated with protein deficiency in pigs 
and kwashiorkor in humans. Dean and 
Schwartz ( ’53), Cravioto ( ’58) and Baptist 
et al. ( ’59) reported reduced serum albu
min levels and reduced albumin: globulin 
ratios in human subjects with kwashiorkor. 
These observations agree with those of 
present study. It is of interest that total 
serum protein level did not change appre
ciably after the sixth week of the present 
study, even among pigs consuming wheat 
gluten to supply less than 10 gm of pro
tein daily during the latter one-half of 
the experiment. This was due to the 
persistency of the level of the a-, ¡3-, and 
y- globulin fractions. The serum albumin
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and globulin levels observed in this study 
are in close agreement with those of 
Knowles ( ’57) and Heard et al, ( ’58), who 
fed 4.5 or 6.5% wheat protein diets to 
pigs, but somewhat lower than values re
ported by Cartwright and Wintrobe ( ’48). 
That hemoglobin and hematocrit levels 
were maintained less efficiently than se
rum globulins in severe protein deficiency 
was shown among all pigs fed low-protein 
diets, but especially those fed wheat glu
ten-high fat diets. Feed intake and, con
sequently, protein intake was inversely re
lated to caloric density so that pigs fed the 
casein or wheat gluten-high fat diets de
veloped more severe protein deficiency 
symptoms than those consuming the cor
responding low fat diets. A similar effect 
of energy level on the growth response in 
pigs fed low-protein diets has been ob
served previously (Barnes et al., ’59). 
Quality of protein exerted a pronounced 
effect on this relationship, the pigs fed 
casein showing less marked aggravation 
of protein deficiency in the presence of 
extra calories from added fat than those 
fed wheat gluten.

The effect of protein deficiency on the 
weight of the spleen and adrenal gland 
agrees with the observation of McCance 
( ’60) among pigs maintained for 9 to 14 
months at a weight of 4 to 5 kg. The diets 
of animals in that study were restricted in 
energy as well as in protein. The increased 
adrenal weights in the pigs fed wheat glu
ten in the present study appeared to be 
associated with greater fat deposition in 
the cortex. The lesser spleen weights in 
these same animals was probably a reflec
tion of a limited storage of erythrocytes 
when the wheat gluten diets were fed. 
The greater heart weight among the pigs 
fed gluten was probably a manifestation 
of the greater depletion of body nutrients 
other than those in vital organs in this 
group than in the casein-fed pigs.

The lower ash content of the tibia in 
gluten-fed pigs than in casein-fed pigs 
corroborates the reports of Murthy et al. 
(’55) and Joseph et al. (’59) who indicated 
that calcium and phosphorus retention 
were decreased in humans with kwash
iorkor. Growth of long bones as indicated 
by the width of the proximal tibial epi
physis was related to both protein source

and energy level, the pigs fed the casein- 
low fat diet and those fed the gluten-high 
fat diet representing the fastest and slow
est growth, respectively. It is significant 
that while both the high- and low-fat 
groups fed wheat gluten maintained essen
tially constant weight over the entire ex
perimental period, pigs in the latter group 
showed greater bone growth and were less 
emaciated than those in the former. The 
lower hematocrit of the high-fat group at 
week 12 indicates that the maintenance 
of body weight was at least partially a 
result of greater edema.

The increase in liver fat in pigs fed 
wheat gluten agrees with the reports of 
Williams ( ’35), Scrimshaw et al. ( ’56) 
and Waterlow and Wills ( ’60) in associa
tion with kwashiorkor in humans.

The pathological findings, both gross 
and microscopic, demonstrated the greater 
effect of wheat gluten than casein and 
of high fat than low fat on the changes in 
the fat deposits, bone marrow, bone, 
stomach, liver, pancreas, heart, lungs, kid
neys, brain, spleen, skin, pituitary, thy
roid, adrenals, ovaries, testes. The sever
ity of these changes was inversely related 
to the absolute amounts of protein con
sumed by each group.

The anatomical and biochemical changes 
observed in the young pig fed protein-de
ficient diets closely resemble those present 
in chronic protein deficiency (kwashior
kor) in the human infant.

SUMMARY

Young pigs (approximately three weeks 
old, average weight 6.3 kg) were used to 
study the effect of caloric density and 
protein quality of the diet on the biochem
ical and anatomical manifestations of pro
tein deficiency. Purified diets containing 
5% of protein from casein or wheat glu
ten and either 3 or 23% fat (corn oil) 
were fed ad libitum for 14 weeks. A stock 
diet containing 18% of protein served as 
the positive control.

Casein produced a 182-gm average daily 
gain in the presence of 3% of fat. Weight 
gain was similar during the first 8 weeks 
when casein was fed in the presence of 
23% of fat, but weights reached a plateau 
and remained constant during the re
mainder of the trial. Wheat gluten failed
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to support body weight gain at either level 
of fat.

Deficiency symptoms noted were similar 
to those reported in kwashiorkor in hu
mans. Symptoms were most severe in 
pigs fed wheat gluten with 23% of fat, 
and least severe in those fed casein with 
3% of fat. The pigs in the former group 
were emaciated and feeble during the last 
two weeks, had reduced rectal tempera
ture ( P<0 . 01 )  and lower hematocrit 
(P < 0.01) than the other groups. Hemo
globin was depressed ( P<0 . 01 )  with 
wheat gluten as compared with casein, 
but total serum protein declined to about 
4 gm/100 ml after 6 weeks in all groups 
and plateaued. Total globulins remained 
constant in all groups throughout the ex
periment.

Adrenal, heart and liver weghts (as 
percentage of body weight) were greater 
in pigs fed wheat gluten than in those fed 
casein. Bone growth was depressed, espe
cially in gluten-fed pigs, and carcasses 
showed extensive edema throughout. Path
ological changes occurred in all organs 
and tissues studied, being the most severe 
in the pigs fed gluten with 23% fat and 
least severe in those fed casein with 3% 
fat. Both caloric density and protein 
quality exerted an effect on the severity 
of protein deficiency symptoms in the pig. 
The severity of symptoms was inversely 
related to the absolute amounts of protein 
voluntarily consumed daily by each group.
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