
Nutritional Studies with the Guinea Pig
X. DETERMINATION OF THE LINOLEIC ACID REQUIREMENT

M. E. REID, J. G. BIERI, P. A. PLA C E* 1 a n d  E. L. ANDREWS
L a b o r a t o r y  o f  N u t r i t i o n  a n d  E n d o c r i n o l o g y ,  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 s ,  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 ,  
B e t h e s d a ,  M a r y l a n d

A B S T R A C T  Y oung m ale  gu in ea  pigs w ere reared  fo r 6 to 14 w eeks w ith  purified  
diets co n ta in in g  vary ing  levels of linoleic acid  as corn oil, safflower oil, or m ethy l lino- 
lea te. A d ie ta ry  level of about 1 %  of calories as linoleic acid w as n ecessary  fo r no rm al 
g row th an d  sk in  condition . T he fa tty  acid  com position  of ery throcy tes from  an im als 
fed  safflower oil w as de term ined  an d  th e  ra tio s of 5 ,8 ,11-eicosatrienoic-to-arachidonic 
( 2 0 :3 /2 0 :4 )  or oleic-to-linoleic ( 1 8 :1 /1 8 :2 )  acids com pared  w ith  the  pe rfo rm an ce  of 
the  an im a ls  w ith  respec t to grow th an d  d e rm al sym ptom s. One pe r cen t of calories 
as linole ic  acid gave a 2 0 :3 /2 0 :4  ra tio  of 0.13 to 0.17, an d  a 1 8 :1 /1 8 :2  ra tio  of 
1.41 to 1.14. H om ogenates of liver fro m  linoleic acid-deficient gu in ea  pigs h a d  an  
elevated  ra te  of ox idation  of c itra te  and  a-ketoglutarate.

Previous studies of the effects of dietary 
fa t on the nutrition of the guinea pig have 
described the gross symptoms of essential 
fatty  acid deficiency (1 )  and the changes 
in organ weights and fatty  acid composi
tion (2, 3 ). In the present paper, the re
quirem ent for linoleic acid is estim ated 
from observations of perform ance and re
lated to analytical values for fatty acid 
content of erythrocytes and also to the 
rate of oxidation of citrate and a-ketoglu
tarate by liver homogenates.

METHODS

Male guinea pigs of the Hartley strain, 
2 to 5 days old and weighing 95 to 115 g, 
were used in all experiments. Diet no. 13 
of Reid and Briggs (4 )  with the corn oil 
omitted was used as the basal, fat-free 
diet. The composition per 100 g was: 
casein (vitam in-free) 30; sucrose, 12.5; 
cellophane, 15; corn starch, 20; glucose, 
12.9; potassium acetate, 2.5; m agnesium  
oxide, 0.5; salt m ixture, 6 (5 ) ; and 0.2 
each of choline chloride, ascorbic acid and 
inositol, with liberal am ounts of the other 
known vitamins. Additions of fa t were in 
place of an equal weight of sucrose or glu
cose. Housing and feeding of the guinea 
pigs was conducted as described previously 
(1 ) ; room tem perature was 25°C ±  1° 
and relative hum idity 40 to 55% . Animals 
were examined regularly for scaliness, 
particularly on the abdomen, ears and feet.

The ears have been found to be a more 
sensitive site than  the feet, since even at 
relatively high linoleic-acid intakes the 
feet are often dry and scaly.

The trilau rin 2 was a specially prepared 
product essentially free of linoleic acid, 
whereas the corn o i l3 and safflower o il4 
were standard commercial products. The 
fatty  acid composition of the oils is shown 
in table 1.

The linoleic acid content of the corn 
starch (6 )  was taken into consideration 
in all calculations. Starch was hydrolyzed

TABLE 1
F a t t y  a c i d  c o m p o s i t i o n  o f  d i e t a r y  f a t s  1

Fatty 
acid 2 Corn oil Safflower

oil Trilaurin Starch 
lipid 3

12:0 ___ ___ 99.0 —
14:0 — — 1.0 —

15:0 — — — —

16:0 11.4 6.8 — 38.0
16:1 — — — —
17:0 — — — —

18:0 1.5 3.0 — 1.6
18:1 27.0 12.2 — 9.2
18:2 59.5 77.1 — 48.9
18:3 0.8 0.8 — 2.3

1 Expressed as percentage of total peak areas.
2 Number carbons ¡number of double bonds.
3 Extracted from com  starch after acid hydrolysis.
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2 E. F. Drew and Company, Inc., New York.
3 Mazola, Corn Products Company, Argo, Illinois.
4 Pacific Vegetable Oil Corporation, San Francisco.
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with acid and extracted with diethyl ether 
as described by Taylor and Nelson (7 ) . 
After m ethylation of the fatty acids as 
described below, the fatty acid content was 
determined by gas chromatography. A fat 
content of 0.52% was found for the starch 
of which 49% was linoleic acid. Thus, the 
20% of starch in the basal diet provided 
0.05% of linoleic acid. This small amount 
is not sufficient to affect the rapid develop
m ent of essential fatty acid deficiency 
symptoms, as shown in our previous work
(2 ) . The corn starch was necessary in 
the diet because the young guinea pig does 
not thrive well when fed a diet with su
crose or glucose as the only carbohydrate.

At the end of experiments the guinea 
pigs were fasted overnight and stunned by 
a blow on the head and the jugular vein 
severed. Blood was collected in a beaker 
containing heparin, transferred to a cen
trifuge tube and the red cells washed 3 
times with 0.9% saline. Five-tenths milli
liter of packed cells were added to 10 ml 
of hot ethanol-diethyl ether (3 :1 )  with 
stirring. The extraction was repeated 
twice with 5 ml of solvent. After evapora
tion of the combined extracts the lipid 
was dissolved in 3 ml of benzene: m etha
nol (1 :2 )  and the fatty  acids transester- 
ified, using BF3 as catalyst, by reflux
ing for 60 m inutes. The methyl esters 
were extracted into hexane and freed of 
unsaponifiable m aterial by batch-treating 
with 2.0 g of activated alum ina weakened 
with 6% of water (8 ).

For the gas chromatography, a 4 X 180 
mm column packed with 15% ethylene 
glycol succinate on 80-100 mesh Chromo- 
sorb W was operated at 180°C (Barber- 
Colman instrum ent with radium  ioniza
tion detector). Peaks were identified by 
their retention times compared with stand
ard methyl esters distributed by the N a
tional Institutes of Health,5 and peak areas 
were calculated by triangulation.

The oxidation of citrate and a-keto- 
glutarate by liver was m easured mano- 
metrically essentially as described by 
Smith and De Luca (9) using 10% homog
enates. These were prepared in cold 
0 . 2 5  m  sucrose immediately after removal 
of the organ from the animal.

RESULTS

In the first experiment the perform ance 
of guinea pigs fed varying dietary levels 
of corn oil or safflower oil was studied 
(table 2 ). In a 6-week period, 1% of corn 
oil (0.65% linoleic acid providing 1.89% 
of the calories) permitted as good growth 
as did levels up to 15% , whereas the 
growth of guinea pigs fed the basal, fat- 
free diet was retarded, even after only 4 
weeks, and a high incidence of derm atitis 
occurred. No skin lesions were noted in 
any of the anim als ingesting corn or saf
flower oils. Ten per cent of the fat-defi
cient anim als died. The feeding of 25%

5 L ip id  D is tr ib u tio n  P ro g ra m , N a tio n a l H e a r t  I n s t i 
tu te .

TA BLE 2

Effect of varying levels of corn or safflower oil on growth, survival and dermatitis

Dietary fat Linoleic acid No.
experiments 1 Survival Dermatitis 2 Avg wt, 

6 weeks
w t  % c a l  % % % 9

None 0.05 3 0.15 7 90 81 287 ± 3 9  4
1 %  Corn oil 0.65 1.89 1 100 0 331 ± 2 6
3 %  Corn oil 1.83 5.16 2 100 0 330 ± 3 0
7.3% Corn oil 4.39 11.6 3 100 0 356 ± 4 2

15 % C om  oil 8.97 21.3 2 100 0 348 ±  29
25 % Corn oil 14.9 31.2 1 100 0 300 ± 4 4

1 % Safflower
oil 0.82 2.28 2 100 0 339 ± 3 9

2 % Safflower
oil 1.59 4.56 1 100 0 3 3 2 ±  35

7.3% Safflower
oil 5.67 15.0 2 100 0 346 ± 4 4

1 Six to  8 a n im a ls  in  e ac h  e x p erim en t.
2 P e rc e n ta g e  o f a n im a ls  w ith  sym ptom s.
3 P re s e n t in  th e  20%  o f c o rn  s ta rch .
4 se o f  m ean .
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of corn oil resulted in a slight growth de
pression.

The second experim ent was conducted 
with pure methyl lino leate6 in an other
wise fat-free diet (table 3). A positive 
effect on growth was noted with even 
the lowest level of linoleic acid (0.2% of 
calories).

Very good weight gain was produced 
with as little as 0.24% of calories as lino
leic acid as well as with higher amounts. 
The incidence and severity of the derm a
titis which occurred in  75% of the an i
mals fed the fat-free diet was diminished 
by increasing am ounts of methyl lino- 
leate, but only at the highest level, 1.31% 
of calories, were all anim als free of symp
toms.

Several guinea pigs fed the highest 
am ount of methyl linoleate were m ain
tained with the diet for as long as 8 
months (fig. 1), at which time their weight 
and general appearance were comparable 
to those of anim als fed 7.3% of corn oil. 
One of the guinea pigs fed methyl lino
leate was m ated with a norm al female 
from the stock colony. W hen the female 
was killed 6 weeks later there were 4 
norm al fetuses in the uterus.

In a third experim ent varying levels of 
linoleic acid were fed in a basal diet con
taining 5% trilaurin. Safflower oil was 
substituted for the trilaurin  to provide 0.46 
to 1.42% of the calories as linoleic acid. 
After 14 weeks the anim als were killed 
and the fatty  acid composition of the 
erythrocytes determ ined (table 4). Due 
to the small num ber of anim als in this 
experiment, together with the wide range

in weights, the evaluation of the growth 
data is not clear-cut. The lowest level of 
linoleic acid, 0.46% of calories, did not 
have an apparent effect on weight until 
the fourteenth week. The next level, 
0.88% of calories, was not as effective as 
higher am ounts during the first 11 weeks 
of the experim ent but by 14 weeks this 
group had attained almost the same weight 
as the groups fed higher linoleate intakes. 
It appears that an intake of about 1% of 
calories was necessary for optimal weight 
gain.

As criteria of linoleic acid status, the 
ratios of triene to tetraene (2 0 :3 /2 0 :4 )  
and of oleate to linoleate (1 8 :1 /1 8 :2 )  in 
the erythrocytes have been calculated 
(table 4). According to Holman (1 1 ) , a 
triene-to-tetraene ratio of less than 0.4 in 
the erythrocytes, plasm a, or heart has been 
found in  the ra t to correspond with an 
adequate intake of linoleic acid (1%  of 
calories or m ore). In the guinea pig, it ap
pears that a ratio of 0.17 or less is neces
sary when growth is the criterion. With 
respect to dermatitis, the same ratio ap
pears to hold since guinea pigs receiving 
0.46% of calories as linoleate (2 0 :3 /2 0 :4  
=  0.48) had scaly ears, whereas those re
ceiving higher linoleate intakes did not. 
This observation is in general agreem ent 
with the derm atitis scores recorded in the 
previous experiment. In term s of 1 8 :1 / 
18:2, a ratio of less than 1.4 would cor
respond to a linoleate intake of about 
1% of calories or more. W hen these ratios 
are plotted (fig. 2) against the percentage 
of calories as linoleate, the shape of the

6 Hormel Institute, Austin, Minnesota.

TABLE 3
Effect of varying levels of linoleic acid on growth, survival and dermatitis

Dietary fat Calories as 
linoleic acid

Avg wt, 
8 weeks 1 Survival Dermatitis

% 9 % % score 2
None 0.15 3 254 ±  28 4 75 75 5
0.017% Linoleic acid 5 0.20 305 ±  52 100 63 4
0.033% Linoleic acid 0.24 362 ± 2 5 100 50 3
0.067% Linoleic acid 0.34 378 ± 4 5 100 38 3
0.133% Linoleic acid 0.54 366 ± 6 7 100 25 1
0.40 % Linoleic acid 1.31 3 8 2 ±  15 100 0 0

1 % Corn oil 1.89 418 ±  28 100 0 0

1 Eight animals/group.
2 Each animal scored from normal (0) to severe (5). The figure shown is the average of those

guinea pigs with dermatitis.
3 Present in the 20% of corn starch.
1 se of m ean .
5 Added as the urea complex of methyl linoleate (10).
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Fig. 1 Upper: anim al reared w ith the basal fat-free diet for 8 m onths. Lower: anim al 
reared w ith the sam e diet w ith 0.4% m ethyl linoleate as the urea com plex, for 8 months.

curves is sim ilar but the 1 8 :1 /1 8 :2  ratio 
has a steeper slope.

While this experim ent was in progress, 
Smith and De Luca (9 )  reported that liver 
homogenates from essential fatty acid- 
deficient rats showed increased rates of 
oxidation of several acids of the citric 
acid cycle. The oxidation of citrate and 
a-ketoglutarate by homogenates of liver 
from guinea pigs in  the preceding experi
m ent are shown in fig. 3. The oxidation 
of citrate by liver from anim als ingesting 
0.88 to 1.4% of calories as linoleate varied 
from 68 to 82 pliters of O ./m g N (group 
averages) compared with a value of 124 
for the EFA-deficient group. The group 
with the lowest linoleate supplement, 
0.46% of calories, had an average value 
of 90 pliters 0 2/m g  N. There was thus 
a definite increase in the rate of citrate 
oxidation by the EFA-deficient livers, and

0.88% of calories as linoleate appeared to 
be necessary to reduce the rate to a m ini
m al level.

In the case of a-ketoglutarate oxidation 
(fig. 3) the difference between the EFA- 
deficient group and the linoleate-supple- 
m ented groups was not as obvious as with 
citrate. W hereas the deficient group aver
aged 91 pliters O /m g  N the linoleate 
groups ranged from 58 to 76 pliters 0 2/  
mg N. Due to the wide range of values 
for the individual livers in  the various 
groups, and the small num ber of samples, 
these data cannot be interpreted as show
ing a definite difference between linoleic 
acid-deficient and norm al livers.

DISCUSSION

Comparison of the 6- or 8-week weights 
of linoleic acid-deficient or -sufficient ani
mals in the 3 studies shows a considerable
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TABLE 4

Effect of  varying linoleic acid intakes of guinea pigs on fatty  acid composit ion of erythrocytes,
index of dermatitis ,  and weigh t gain

Safflower oil, % 0 0.22 0.42 0.50 0.60 0.69

Calories as
linoleate, % 0.15 1 0.46 0.88 1.04 1.25 1.42

No. anim als 5 4 4 5 4 3

Average wt, g
8 weeks 394 ±  22 2 375 ±  8 403 ± 2 0 456 ±  15 457 ± 2 0 497 ±  16

11 weeks 465 ±  36 466 ± 1 2 505 ± 2 2 566 ±  17 561 ±  18 576 ± 3 7
14 weeks 509 ± 6 6 544 ± 1 6 594 ± 2 7 618 ±  26 640 ± 2 2 614 ±  39

Derm atitis 3 4 3 0 0 0 0

RBC fatty acids,4
16:0 13.0 ± 0 .6  2 10.1 ± 1 .4 12.6 ± 0 .4 10.0 ±  0.2 13.1 ±  0.5 9.9 ±  0.5
16:1 3.0 ± 0 .2 1.9 ± 0 .3 1.4 ±  0.1 1 .0 ± 0 .1 1 .0 ± 0 .1 0 .7 ±  0.2
18:0 34.6 ± 0 .5 34.8 ± 2 .0 35.8 ± 0 .2 36.9 ± 0 .3 37.1 ±  1.2 37.3 ±  0.7
18:1 23.8 ± 0 .4 17.3 ±  1.9 11.8 ±  0.4 1 1 .4 ±  1.3 8.6 ±  0.5 9.8 ± 1 .0
18:2 2.8 ± 0 .4 6.7 ±  0.2 8 .4 ±  1.2 10.0 ±  0.4 11.2 ±  1.4 9.1 ± 1 .2
20:3  5 6.9 ±  0.5 6.0 ± 0 .8 2.8 ± 0 .3 2.2 ±  0.3 1.5 ±  0.4 1.5 ±  0.2
20:4 7.1 ± 0 .6 12.5 ± 1 .1 16.2 ±  0.4 17.8 ± 0 .4 16.2 ±  0.5 19.3 ± 1 .0
20:5 2.7 ±  0.1 3.1 ±  0.5 2.4 ± 0 .4 2.1 ±  0.3 2.3 ± 0 .3 2.5 ± 0 .2
22:5 trace 0.3 ±  0.3 1.1 ± 0 .1 1.4 ±  0.2 1.6 ±  0.2 1.6 ±  0.3
22:6 trace trace trace — — trace
1 8 :1 /1 8 :2 8.60 2.57 1.41 1.14 0.73 1.08
2 0 :3 /2 0 :4 0.98 0.48 0.17 0.13 0.10 0.08

1 Present in the corn starch lipid.
2 se  o f m ean .
3 Number of animals with dermatitis.
4 Number carbons ¡number of double bonds. Values are percentages of total fatty acids, with standard 

errors of the mean.
5 Retention time corresponded to that for 5,8,11-eicosatrienoic acid. Traces of the 8,11,14-isomer were de

tectable only at the 2 highest intakes of linoleic acid.

PERCENT OF CALORIES AS LINOLEIC ACID

Fig. 2 Ratios of 5 ,8 ,11-eicosatrienoic:arachidonic and of oleic-to-linoleic acids in  erythro
cyte fatty acids of guinea pigs fed  varying dietary levels of linoleic acid.
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PERCENT OF CALORIES AS LINOLEIC ACID

Fig. 3 Rates of oxidation of citrate and a-ketoglutarate by liver hom ogenates from guinea  
pigs fed varying dietary levels of linoleic acid. Vertical lines are standard errors.

variation in performance. The reasons for 
this are unknown; changes in m aternal 
diet with seasonal variation, known to 
occur in  our anim al production section, 
are a possible source. As a result of this 
variation, comparisons of weights in the 
different studies are not valid.

The experiments in which corn and 
safflower oil were compared show that the 
guinea pig performs well over a wide range 
of fa t intake, up to 15% in the case of 
com  oil. A higher level, 25% , depressed 
growth slightly but this may have been 
due partially to the oily consistency of the 
diet. Animals fed this diet were greasy 
and had an unkem pt appearance. With 
respect to evaluating the requirem ent for 
linoleic acid in terms of growth and ab
sence of skin symptoms, the lowest level 
of corn oil fed (1.89% of calories as lino- 
Ieate or 1% of oil) was adequate.

In the experim ent in which pure methyl 
linoleate was fed as the urea complex, 
only the highest level, 1.31% of calories 
(0.4%  of linoleate) permitted both norm al 
skin and optimal weight. The next lowest 
level, 0.54% of calories, was not sufficient 
to prevent derm atitis in all animals, al
though growth was satisfactory. This ex
perim ent showed that at least for an 8- 
week period, the linoleic acid requirem ent 
for m aintenance of norm al skin is con
siderably higher than  that for optimal 
growth rate. Since the diet with the urea 
complex is very dry and powdery, with a 
consistency not different from the fat-free 
diet, the beneficial effects of increasing 
am ounts of linoleate on the skin m ust be 
metabolic and not due to external effects 
of the diet on the skin and hair.

In the experim ent where graded levels 
of safflower oil were fed in a diet contain
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ing 5% of fa t for 14 weeks, on the basis 
of growth 0.46% of calories as linoleate 
was not adequate. The next level, 0.88% , 
produced as good weight gains at 14 weeks 
as did higher am ounts but at 8 and 11 
weeks this level may not have been suffi
cient. This observation suggests, as Leats
(12) noted in pigs, that the linoleic acid 
requirem ent decreases as anim als m ature 
or as Wiese et al. (13 ) noted in puppies, 
the requirem ent increases with growth 
rate. In term s of dermatitis, the 0.88% 
level of calories was adequate. On the 
basis of these results the linoleate re
quirem ent of the male guinea pig is be
tween 0.88 and 1.04% of calories. This 
value of about 1 % agrees with the require
m ent estim ated for hum an infan ts (14 ) 
and for rats (1 1 ). W hereas Leats (12) 
reported a requirem ent of about 1% of 
calories for swine, Hill et al. (15 ) observed 
a requirem ent of 2% .

One purpose of this study was to obtain 
biochemical inform ation which could be 
used to assess the linoleic acid status of 
guinea pigs. The fatty  acid content of 
erythrocytes was chosen as a criterion 
since it has been shown in the ra t (11 ) 
that sim ilar inform ation can be obtained 
from erythrocytes, plasm a or heart. Fur
thermore, for routine evaluation without 
killing the animal, blood is the only tissue 
available. The ratio of triene (5,8,11- 
eicosatrienoic) to tetraene ( arachidonic) 
(table 4 ) shows that with a linoleic acid 
intake of 0.88 to 1.04% of calories, a value 
of 0.17 to 0.13 is obtained. This is similar 
to the ratio of 0.14 reported by Holman
(11) for ra t erythrocytes when 1.12% of 
the calories were linoleate.

In place of the triene-to-tetraene ratio, 
we would suggest that the ratio of oleate to 
linoleate (18 :1  to 18 :2 ) m ay be a more 
valid estim ation of dietary linoleic acid 
adequacy. It has been shown by num erous 
investigators that oleate (and  also palmit- 
oleate, to a m uch lesser extent) increases 
in tissues of EFA-deficient anim als, as 
noted in table 4. This ratio may have cer
tain  advantages over the triene-to-tetraene 
ratio; for example, it is now known that 
more than  one eicosatriene can appear in 
tissues and one of these is a norm al in ter
mediate in the conversion of linoleate to 
arachidonate (16). Excellent chrom ato

graphic conditions are necessary to sepa
rate the various eicosatrienoic acid isomers 
and very probably m any investigators have 
found only one peak where 2 or 3 com
pounds may be present (13). Data ob
tained by alkali isomerization also would 
not distinguish between the various tri- 
enes. On the basis of 18:1 to 18:2, a ratio 
of about 1.5 or less would indicate a suffi
cient intake of linoleate. Using the total 
am ount of monoenes (16 :1  +  18 :1 ) 
ra ther than  18:1 alone did not change this 
ratio significantly.

Dhopeshwarkar and Mead (17 ) ob
tained norm al male guinea pigs when 100 
mg of linoleic acid/day were fed together 
with 3.65% of oleic acid. This dosage 
would be close to the intake of our anim als 
receiving 0.4% of methyl linoleate in the 
diet (1.3% of calories, table 3) since these 
anim als consumed about 25 g of diet/day.

In a previous study (2 ) , we noted red
dening of the muscles in fat-deficient 
guinea pigs, but this condition was not 
noted in the present experiments. Since 
Bender et al. (18 ) and also Schottelius et 
al. (19 ) had reported an increased myo
globin content in muscle of vitam in E- 
deficient guinea pigs, the dietary vitam in 
E in  the current study was increased five
fold (to 100 m g /100 g). This may account 
for the absence of reddened muscles in the 
experiments.

The increase in oxidation of citrate by 
liver homogenates from EFA-deficient 
guinea pigs agrees with the results ob
tained by Smith and De Luca in rats (9 ) ; 
however, the difference between deficient 
and norm al guinea pigs was not as great 
as in ra t liver homogenates, even though 
the depletion period was sim ilar in the two 
studies. In contrast with a marked differ
ence in rate of oxidation of a-ketoglutarate 
by norm al and EFA-deficient ra t liver, very 
little difference was observed for this sub
strate in our guinea pigs. It appears that 
this biochemical m easurem ent may not be 
as satisfactory for estim ating EFA status 
in  the guinea pig as it is for the rat.
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Response of Digestive Enzymes to Dietary Protein
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ABSTRACT  Enzym e activities of the contents of sm all intestine were determined  
in  rats pair-fed protein-free, 15% casein  or 15% whole-egg protein diets during 1-hour 
intervals spaced 12 hours apart. Casein and whole-egg protein increased the total 
proteolytic, peptic, tryptic, and chymotryptic activities and the total endogenous nitro
gen content of the digesta after 7 days of experim ental feeding. W hole-egg protein  
was shown to increase the synthesis and secretion of trypsin, Chymotrypsin and 
am ylase w hen experim ental diets were fed for 1, 7, 15, and 25 feedings. The presence 
of casein and whole-egg protein appeared to retard the rate of trypsin and Chymo
trypsin inactivation w ithin  the sm all intestine.

Previous studies have shown that both 
source and level of dietary protein influ
ence the m agnitude of endogenous protein 
secretions, including digestive enzymes, in 
to the gastrointestinal tract. Twombly and 
Meyer (1 )  estim ated that total endogenous 
nitrogen secretion over a digestive period 
of 12 hours’ duration increases approxi
mately 79% when rats are fed 15% whole- 
egg protein instead of a protein-free diet. 
Abdeljlil et al. (2 )  observed that casein- 
rich (70% ) diets as opposed to starch-rich 
(7 5 % ) diets augm ent the tryptic and 
chymotryptic output of the ra t pancreas as 
m uch as 1.7- and 3-fold, respectively. Sim
ilar observations were m ade by Howard 
and Yudkin (3 )  and Grossman et al. (4 ) . 
The tryptic output of the dog pancreas is 
higher with raw  m eat and milk diets than 
with cooked m eat or bread diets according 
to Babuskina et al. (5 ) .

The secretory response elicited by dietary 
protein was investigated in the experi
m ents reported below by fractionating and 
quantitating the nitrogenous components 
of ra t intestinal contents and by deter
m ining the extent of enzyme adaptation 
to dietary change.

EXPERIMENTAL

Male Sprague-Dawley rats, averaging 
180 g in  weight and trained to eat during 
1-hour periods spaced 12 hours apart, were 
pair-fed experim ental rations composed of 
zero or 15% protein. E ither casein or 
whole-egg p ro te in 2 served as the protein 
source. Protein partially replaced sucrose 
in the diets, the rem ainder of which had

the following percentage com position: 
cellulose, 5; vitam ins, 1 ; 3 salts, 4 ; 4 and 
cottonseed oil, 5.

The rats were killed by chloroform in 
halation. The contents were washed from 
their small intestines with cold (4°C ) dis
tilled water, ground in a tissue grinder, 
and centrifuged (14,000 X g) for 15 m in
utes to remove cellular debris and large 
particulate m atter. The debris was anal
yzed for nitrogen. The supernatant was 
assayed for nitrogen, protein, and enzyme 
activity.

Nitrogen was determ ined by the Kjel- 
dahl method. Protein was analyzed by 
Miller’s modification of the Lowry method 
using casein as a reference (6 ).

Chymotryptic assays were performed 
using a modification of the method devel
oped by Rhodes et al. (7 ) . One milliliter 
of enzyme solution was placed in a cuvette 
and 2 ml of substrate-buffer-indicator solu
tion (0.02 m  ATEE,3 0.015 m  Tris buffer, 
pH 8.1, 0.03 m  CaCL, and 0.015% vi-nitro- 
phenol) were added. Readings were made 
at 395 mu on a Beckman B spectrophoto
m eter against a reagent blank set at 40% 
transm ission. The assay was linear with 
respect to enzyme concentration over the 
range used. Tryptic assays were similarly * 1

Received for publication December 27, 1963.
1 Postdoctoral Fellow of the National Institutes of 

Health.
2 Whole-egg powder, hexane extracted was fed at a 

level of 18.6% to attain a 15% level of protein.
3 Phillips, P. H., and E. B. Hart, J. Biol. Chem., 109: 

657, 1935.
4 Vitamin mix supplied the following vitamins: 

(in m g /100 g ration) thiamine, 0.3; riboflavin, 0.3; 
pyridoxine, 0.2; niacin, 0.4; Ca pantothenate, 4.0; 
folic acid, 0.5; biotin, 0.02; and vitamin B12, 0.002.

5 N-acetyl-L-tyrosine ethyl ester.
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TABLE 1
Nitrogenous components of contents of small intestine

T re a tm e n t

R a tio n H o u rs  1 In so lu b le  
p ro te in  2

F ra c tio n

S olub le  Soluble  
p ro te in  2 p ro te in  3

N on-
dialyz-

ab le
p ro te in  3

m g m g m g m g
P r o te in - f r e e 1 64 98 78 2 7

2 .5 15 53 39 14
8 3 0 72 6 2 2 5

12 2 7 89 62 2 5
1 5 %  C a s e in 1 6 2 149 112 3 2

2 .5 34 77 65 21
8 41 11 6 83 29

12 5 6 155 9 2 34
1 5 %  E g g  p r o te in 1 6 2 144 102 4 6

2 .5 61 15 0 11 2 38
8 70 17 6 123 4 9

12 6 0 16 4 93 4 4

1 Hours after the initiation of the 1-hour feeding period.
2 Analyzed by Kjeldahl method; protein = N x 6.25.
3 Analyzed by Miller’s method using Folin-phenol reagent (6).

performed using either BAEE 6 or TAME 7 
as substrate.

Total proteolytic activity was determined 
by m easuring the solubility of casein in 
5% trichloroacetic acid after 20 minutes 
of incubation with the enzyme (8 ) . The 
starch-iodine method described by Smith 
and Roe (9 ) ,  was used to assay for amyl
ase. The peptic-like protease activity of 
small intestinal contents, presumably of 
gastric origin, was assayed at pH 1.2 using 
a hemoglobin substrate (10).

RESULTS

In testinal contents of ra ts fed their 
assigned ration for one week were treated 
as described above and then fu rther frac
tionated by dialysis for 12 hours at 4°C 
against 0.005 m  phosphate buffer, pH 7.5. 
The contents of groups of 3 ra ts each were 
pooled to provide sufficient sample for the 
fractionation studies. Results were divided 
by 3 to give an average value of nitrogen 
or enzyme activity per rat. The nitrogenous 
components of the small intestinal con
tents are shown in table 1. Approximately 
20 to 40% of the nitrogen was insoluble. 
This insoluble protein was probably com
posed mainly of cell debris and mucous 
secretions. The Miller method gave lower 
values for total soluble protein, a possible 
reflection of the am ount of non-protein 
nitrogen, including amino acids, in  the 
small intestine. The color developed in  the 
Miller analysis is a function of the num ber

of peptide bonds and aromatic amino acid 
residues in the sample. W hen protein was 
not fed, the soluble protein fraction was 
composed chiefly of enzymes and partially 
digested enzymes, mucus, and cell debris. 
The non-dialyzable fraction contained the 
in tact enzymes. The protein content of 
almost every fraction increased when pro
tein was fed. The largest increases were 
observed in rats fed whole-egg protein.

The enzyme activities of the contents of 
the small intestine after 1 week of ex
perim ental feeding are shown in table 2. 
Tryptic and chymotryptic activities were 
m easured on model substrates, but to 
clarify presentation, values for their activ
ities were converted to proteolytic units. 
The factors for converting from esterolytic 
to proteolytic activity were determined in  a 
study of purified ra t trypsin and chymo- 
trypsin. The conversion factors are the 
quotients of the proteolytic activity and the 
esterolytic activity of given quantities of 
purified enzymes. The results shown in 
table 2 are also from the study with pooled 
samples and therefore do not indicate the 
variability among animals.

W hen pair-fed rats received casein, tryp
tic activity increased slightly w ithin in tes
tinal contents but activities of chymotryp- 
sin and other proteases increased at all 
time intervals. Greater increases in  all 3 
activities were produced when egg protein

6 N-benzoyl-L-arginine ethyl ester.
7 p-Toluene s u lfo n y l-L -a rg in in e  m e th y l  ester.
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TABLE 2
Sources of intestinal proteolytic  enzym e ac tiv ity  after  7 days of experim ental  feeding

Source of proteolytic activity
Ration Hour1 Other

Trypsin 2>3 Chymotrypsin 2>3 proteolytic 
enzymes 2>4

Protein-free 1 235 44 96
2.5 269 33 83
8 138 34 269

12 245 46 178
15% Casein 1 314 62 250

2.5 328 87 158
8 293 71 451

12 236 63 196
15% Egg protein 1 381 171 415

2.5 583 154 345
8 361 105 354

12 305 73 184
1 Hours after the initiation of the 1-hour feeding period.
2 Milligrams of casein digested/20 minutes.
3 Method of calculating the proteolytic activity of trypsin and chymotrypsin is presented in 

the text.
4 The activity of other proteolytic enzymes was obtained by difference.

TABLE 3
Potential peptic  activ ity  of contents of 

small intestine

Ration 1 Hours 2
Potential 

peptic 
activity 3

Protein-free 1 13.5
5 12.3
8 0.0

12 14.0
15% Casein 1 39.9

2.5 57.7
8 24.4

12 28.7

1 Rations were fed ad libitum for 7 days.
2 Hours after the initiation of the 1-hour feeding 

period.
3 Milligrams hemoglobin digested/20 minutes.

was fed. Apparently, trypsin was the most 
active single proteolytic enzyme secreted 
into ra t intestinal contents. A variety of 
proteases of pancreatic and intestinal ori
gin were probably responsible for the addi
tional proteolytic activity. Their activity 
was dependent in  part upon initial diges
tion by trypsin and chymotrypsin.

The data presented in  table 3 dem on
strate that the potential peptic activity of 
the contents of small intestine was also in 
creased by feeding casein. The term  “po
tential” activity is used because pepsin is 
not active under the neutra l or slightly 
basic conditions prevailing in  the intestine. 
Pepsin is denatured above pH 6, (11 ) but 
peptic-like enzymes in  intestinal contents 
were still able to function under acidic 
conditions.

To ascertain the time required to pro
duce a response to dietary change, en
zyme activities of the digesta were m eas
ured 2.5 hours after the initiation of the 
following feeding periods: 1 ,7 , 15 and 25. 
The digestive enzymic adaptation of rats, 
previously fed a casein diet, to a protein- 
free or whole-egg protein diet, is shown in 
table 4. After only one feeding, tryptic, 
chymotryptic, total proteolytic, and amylo- 
lytic activities were reduced with the pro
tein-free diet and elevated with the whole- 
egg protein diet. Differences between ra ts 
fed egg protein and ra ts fed the protein- 
free diet were all significant at the 2% 
level. Proteolytic and chymotryptic activ
ities were not appreciably altered after 25 
feedings of a protein-free diet. Tryptic and 
amylolytic activities were reduced after 7 
and 15 feedings but not after 25 feedings. 
The pancreatic enzyme activity of ra t 
digesta adapted to the whole-egg protein 
diet, reaching a m axim um  by the seventh 
feeding period. The increases in  proteo
lytic, chymotryptic and amylolytic activ
ities in ra ts fed whole-egg protein were 
significant at the 1% level. Possibly the 
ra ts were no longer able to achieve a m ax
im al response to the dietary stimulus due 
to the restricted food consumption.

The statistical results of the adaptation 
study show the variability that can be ex
pected w ithin groups of anim als in  an ex
perim ent of this nature. Generally, vari-
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TABLE 4
Adaptation  of in tes tinal enzym e ac tiv ity  to d i e t 1

Ration No. of 
feedings Proteolytic Trypsin Chymotryp sin Amylase

/imoles tyrosine/  
20 min

timóles TAME/ 
min

timóles ATEE/ 
min mg starch/min

Casein >  15 422 ± 2 4  4 1 9 2 ±  14 180 ± 2 6 4 6 1 ±  113

Protein-free 1 195 ± 3 2 111 ±  15 56 ± 1 0 288 ± 4 3
7 198 ± 2 7 69 ± 1 2 51 ±  3 1 3 9 ± 6

15 182 ± 2 5 77 ±  10 63 ± 1 2 0 ± 0
25 209 ± 7 124 ± 1 0 97 ±  13 256 ±  29

W hole-egg
protein 1 509 ± 2 7 288 ± 2 8 267 ± 1 6 684 ± 1 2 4

7 933 ± 4 0 402 ± 3 6 782 ± 5 8 1386 ± 2 5 0
15 755 ± 4 6 389 ±  64 650 ± 9 2 1172 ± 6 6
25 590 ± 4 5 326 ± 2 4 452 ± 1 9 605 ± 5 3

1 TAME indicated p-toluene sylfonyl-L-arginine methyl ester; ATEE indicates N-acetyl-L-tyrosine 
ethyl ester.

2 Groups of 4 rats each were used.
3 Enzyme activities of intestinal contents were determined 2.5 hours after the initiation of feeding.
4 Standard error of the mean.

TABLE 5
Inactivation of chym otrypsin  and trypsin w i th in  intestinal contents

Ration Hours 1

Inactivation of 
chymotrypsin at 4°C

Inactivation of 
trypsin at 4°C

After 
12 hours

After 
dialysis 
for 12 
hours

After 
12 hours

After 
dialysis 
for 12 
hours

% % % %
Protein-free i 14.9 66.2 12.5 30.2

2.5 62.9 88.5 39.1 55.5
8 42.6 59.6 +  33.7 +  6.2

12 32.1 64.3 8.4 23.9
' Casein 1 4.7 44.1 +  12.0 +  4.3

2.5 48.5 74.4 10.5 40.5
8 31.2 63.8 +  12.8 11.2

12 32.3 47.1 13.9 32.2
W hole-egg 1 0.0 71.9 0.0 10.0

2.5 27.5 70.6 24.2 37.4
8 16.7 53.6 6.8 20.6

12 2.3 35.0 27.1 59.9
1 Hours after the initiation of the 1-hour feeding period.

ability is fairly low as long as anim als are 
from  the same lot and are treated identi
cally.

The dialysis experim ent, sum m arized in  
table 5, was perform ed to test whether 
casein and whole-egg protein effect the 
increase in  enzyme activity solely by aug
m enting enzyme synthesis and secretion. 
Enzyme activities cf soluble intestinal con
tents, m aintained at 4°C for 12 hours, 
were com pared to activities observed after 
dialysis for 12 hours against 0.005 m  phos
phate buffer, pH 7.5. In  all instances less 
tryptic and chymotryptic activity rem ained 
after dialysis th an  after standing. Pro

portionally more chymotrypsin was inacti
vated after standing 12 hours in  solutions 
of intestinal contents of ra ts fed a protein- 
free diet. Least inactivation of chymo
trypsin occurred after the whole-egg pro
tein  diet was fed. Thus, protein protected 
chym otrypsin in  solution. Results with 
trypsin were variable. Occasionally tryptic 
activity increased when the solutions of 
intestinal contents stood for 12 hours. 
This phenom enon m ight be related to an 
organic inhibitor such as trypsin inhibitor, 
which in  the ra t is digested afte r incuba
tion with trypsin and chymotrypsin (1 2 ) . 
Rat trypsin inhibitor has been recovered
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from  pancreatic juice and hence is secreted 
into the intestine. Its destruction on stand
ing in  a solution of intestinal contents 
m ight explain increases in  tryptic activity.

DISCUSSION

Studies of the nitrogenous components 
of the digesta indicate tha t dietary protein 
augm ents secretion of digestive enzymes 
as well as other endogenous proteins. Prob
ably only small am ounts of dietary protein 
were recovered in  the insoluble fraction. 
Casein is fairly soluble under conditions 
prevailing in  the sm all intestine. Egg pro
tein is rendered soluble by the action of 
HC1 and pepsin.8 Thus, m ucous secretions 
and cell slough-off m ay increase when pro
tein is fed. The enzymic contribution to 
the non-dialyzable fraction of contents of 
ra ts fed the protein-free diet cannot be 
accurately assessed but was probably large 
since the other proteins will be partially 
digested as they become soluble. Rats con
sumed, on the average, 525 mg of protein. 
Sufficient proteolytic activity was present 
in  the small intestine to digest all protein 
consumed in  20 m inutes, but past experi
m ents indicate th a t less than  one-half of 
the protein entered the small intestine by
2.5 hours (1 ) . Thus, hydrolysis m ust have 
been rapid and casein probably did not 
accum ulate in  the non-dialyzable fraction. 
In  vitro, egg protein is hydrolyzed less 
rapidly th an  casein by trypsin and chymo- 
trypsin.9 The increase in  the size of the 
non-dialyzable fraction, especially after 
ra ts  were fed casein, is indicative of in 
creased enzyme secretion.

T hat dietary protein increased the en
zyme activity of the contents of the small 
intestine was shown by the results of the 
enzyme assays. After 7 days of experi
m ental feeding, casein and whole-egg pro
tein  diets, in  contrast with the protein-free 
diet, increased the proteolytic enzyme ac
tivity of ra t digesta throughout the diges
tive period. The increases were greatest 
during the first 8 hours of digestion when 
more dietary protein was present in  the 
gastrointestinal tract. The m echanism s 
regulating the enzymatic response to diet 
were not established in  this experim ent 
although the response to the whole-egg 
protein diet m ay have been due in  part to 
excessive stim ulation of pancreatic secre

tion by ovomucoid trypsin inhibitor as indi
cated by Lyman et al. (1 3 ).

The results of the adaptation study indi
cate that dietary protein directly stim ulates 
enzyme secretion because the enzyme ac
tivity of the digesta was altered after one 
feeding of the test diet. W ang and Gross- 
m an (1 4 ) have dem onstrated tha t prod
ucts of protein digestion stim ulate pan
creatic secretion.

The adaptation study also showed that 
the proteolytic and amylolytic activities of 
intestinal contents adapted to continued 
feeding of whole-egg protein, a result sug
gestive of increased synthesis of pancreatic 
enzymes. The influence of dietary protein 
on non-proteolytic enzymes was evidenced 
by the fact tha t amylolytic activities in 
creased when casein and whole-egg protein 
were fed.

Dietary protein appears to increase the 
enzymic potential of the digesta not only 
by increasing the synthesis and secretion 
of various digestive enzymes but by re ta rd 
ing the ra te  of breakdown of these enzymes 
w ithin the intestine. Pelot and Grossman
(1 5 ) noted th a t trypsin and chymotrypsin 
are inactivated in  the ra t intestine. Chymo
trypsin is inactivated more rapidly than  
trypsin. The authors observed tha t the 
ratio  of chymotryptic to tryptic activity de
creased from  4.96 in  the pancreatic juice 
to 0.85 in  the fourth quarter of the small 
intestine. Similar ratios, calculated from 
the data shown in  table 4, dem onstrate that 
proportionally greater increases of chymo
trypsin were observed when protein diets 
were fed. Because the activity of the less 
stable enzyme was more readily increased, 
dietary protein m ust protect the enzymes. 
This effect was also noted in the dialysis 
study. Enzyme inactivation occurred to a 
greater extent after proteolytic substrates 
of dietary and endogenous origin were re
moved by dialysis. Dietary protein m ay 
exert its protective effect by retarding the 
ra te of proteolysis or digestion of the en
zymes, themselves. The loss of activity 
during dialysis m ight have been due in  
part to loss of active enzyme “fragm ents,”

8 In in vitro experiments whole-egg protein goes into 
solution after approximately 15 minutes of incubation 
with 10 cm3 of 0.1 n HC1 and 0.2 mg of pepsin.

9 A solution of whole-egg protein (5 m g/cm 3), pre
viously subjected to 1 hour of peptic digestion, is 
hydrolyzed by trypsin and chymotrypsin (0.02 m g/ 
cm3) at approximately 31% the rate of a similarly 
treated solution of casein.
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a phenom enon noted by Bresler et al. (16). 
However, less than  5% of the lost activity 
could be recovered in  the dialyzate.
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Nonspecific Role of Arginine in the Promotion of
Muscular Dystrophy in the Chick1

ABSTRACT  Experim ents were conducted w ith  diets deficient in  vitam in E and 
sulfur am ino acids to study the specificity of arginine in  the promotion of breast 
m uscle lesions in  the chick. It w as observed that no m uscle degeneration occurred 
in  chicks w hen the cystine-deficient diets used were prim arily deficient in  lysine, 
isoleucine, tryptophan or tyrosine, w hether or not supplem ental arginine was provided 
as an additional stress. Supplem entation w ith  the lim iting am ino acid did not pro
mote m uscular dystrophy unless subsequent to the addition, the sulfur am ino acids 
becam e first lim iting for growth. W hen this latter condition w as m et, m uscular 
dystrophy-promoting activity could be shown for lysine, isoleucine, tryptophan and 
tyrosine as w ell as arginine, dem onstrating that the arginine effect w as nonspecific  
and that developm ent of the condition m erely required that the am ino acid intake  
was prim arily deficient in  the sulfur am ino acids. Exaggeration of the am ino acid 
im balance inherent in  cystine-deficient, m uscular dystrophy-supporting diets, had no 
effect on the developm ent of the m yopathy, ind icating that an excess of essential 
am ino acids per se relative to cystine w as not contributing to the disorder. M ethio
nine protectiveness was shown to be superior at the higher (but suboptim al) sulfur
am ino acid intakes used, apparently due 
for growth at the higher rates of gain.

In the initial studies on m uscular 
dystrophy in  the chick, Dam et al. (1 )  
observed that chicks fed a diet sim ulta
neously deficient in  vitam in E and sulfur 
amino acids developed a myopathy char
acterized by grossly visible white striations 
in  the breast m usculature. These workers 
observed that supplem entation with 0.01 
% a-tocopheryl acetate or 0.5% L-cystine 
would prevent the condition and later 
M achlin and others (2 ,3 ) dem onstrated 
the effectiveness of m ethionine and high 
levels of diphenyl-p-phenylenediamine and 
ethoxyquin.

During investigations on the specificity 
of the sulfur amino acids in prevention of 
the disease, Nesheim et al. (4 )  observed 
that m uscular dystrophy did not occur in 
chicks fed a diet deficient in  vitam in E 
and the sulfur amino acids when the diet 
was also deficient in  arginine. The inclu
sion of arginine in  the basal diet resulted 
in a high incidence and severity of m us
cle degeneration before the chicks were 
5 weeks of age. From the results obtained 
in this study, as well as in  later experi
m ents (5 ) ,  it was postulated tha t the 
arginine effect specifically involved a re
duction of m ethionine effectiveness pos-

a reduced utilization of the am ino acid

sibly by a decreased conversion of the 
amino acid to cystine. Prelim inary studies 
in the authors’ laboratory (6 ) , however, 
indicated that arginine has a nonspecific 
role in  the disorder, and th a t arginine 
supplem entation merely altered the se
quence of lim iting am ino acids in  the 
diet, causing the sulfur am ino acids to 
become first lim iting for growth. To fu r
ther test this premise, in  the present study 
5 experim ents were conducted with sulfur 
amino acid-deficient diets in  which essen
tial amino acids other th an  arginine were 
first lim iting for weight gain, or arginine 
was prim arily deficient but the sulfur 
amino acids were in  a third ra ther th an  a 
second limiting position.

Additionally, in  view of the amino acid 
imbalance necessarily present in  the sul
fu r amino acid-deficient diets used for the 
production of m uscular dystrophy in  the 
chick, a study was conducted to investi
gate the relation of amino acid excesses 
to development of the disorder.
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TABLE 1
Composition of basal diets 1

Ingredients 2
Diet no.

1 2 3 4 5 6 7

% % % % % % %
Casein — — — — — 20.00 13.30
Zein 10.98 — — 21.98 21.98 — —

Peanut m eal 20.37 — — — — — —
Blood m eal — 16.00 6.66 — — — —
Gelatin — 5.54 16.66 — — — —
Sesam e m eal — 6.80 — — — — —
L-Tryptophan 0.10 — — 0.074 0.02 — —
DL-Threonine 3 0.28 — 0.24 — — — —
dl-Valine 3 0.12 — — 0.40 0.40 — —
G lycine 0,50 — — 1.04 1.04 0.60 0.40
Dr-Methionine — 0.10 0.34 — — 0.10 0.067
r-Leucine — — 0.28 — — — —
r-Lysine-HCl — — — 1.45 1.45 — —
L-Arginine ■ HC1 — — — 0.07 0.19 1.00 0.67
L-Histidine -HC1 • H.O — — — 0.08 0.08 — —
Glucose 55.43 59.34 63.60 62.69 62.62 66.08 73.34
Cellulose 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Stripped lard 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Vitam in m ixture 4 1.00 1.00 1.00 1.00 1.00 1.00 1.00
M ineral m ixture 5 4.22 4.22 4.22 4.22 4.22 4.22 4.22

1 Protein analyses (N x 6.25) were as follows: basals 1-5, 20%; casein, 90.6%; gelatin, 90.2%; zein, 91.0%; 
and peanut meal, 49.1%; blood meal, 75.0%; and sesame meal, 44.2% after extraction with ether to remove 
tocopherols.

2 Zein, gelatin, cellulose (Alphacel) and amino acids purchased from Nutritional Biochemicals Corporation, 
Cleveland; peanut meal, General Biochemicals, Inc., Chagrin Falls, Ohio; sesame meal, Pacific Vegetable 
Oil Corporation, San Francisco; blood meal, Canada Packers Ltd., Toronto, Canada.

3 Added at twice the amount of L-form required, as based on the NRC requirements (8).
4 Supplied the following (m g/100 g diet): inositol, 25; niacin, 5; Ca pantothenate, 2; thiamine-HC1, 1; 

riboflavin, 1; pyridoxine HC1, 0.45; folic acid, 0.40; menadione, 0.05; D-biotin, 0.02; vitamin B12, 0.002; vita
min A palmitate, 500 IU; vitamin D3, 38 ICU; choline chloride, 150.

s Supplied the following (g/100 g diet): CaHP04-2H20, 1.89; CaCOs, 0.65; KH2P 04, 0.69; MgC03, 0.192; 
NaCl, 0.6; and (m g/100 g diet): FeP04-4H20, 33.3; MnS04 H20, 33.3; KI, 0.26; CuS04-5H20 , 1.67; ZnCl2, 
1.0; CoCl2-6H20, 0.17; Na2Mo04-2H20, 0.83.

EXPERIMENTAL

Female W hite Plymouth Rock chicks, 
obtained from  a com m erical hatchery, 
were used in  all trials. For experim ents 
1, 2, and 3, the chicks were fed a 20% 
casein basal diet (table 1, basal no. 6) 
for the first week, at the end of which 
time they were selected by weight range 
for random  assignm ent to the treatm ent 
groups. For the rem aining experim ents, 
one-day-old chicks were assigned at ra n 
dom to the various pens. The chicks were 
housed in  wire-floor battery brooders in 
lots of 15 with feed and w ater provided 
ad libitum . At the term ination of the 
5-week feeding period the birds were killed 
and the breast muscles assessed for inci
dence and severity of m uscular dystrophy. 
The composition of the vitam in E and 
sulfur am ino acid-deficient basal diets is 
shown in table 1. Amino acid supplem en
tation of the gelatin, zein, and peanut, 
blood, and sesame m eal-containing basals

was based on the calculated average anal
yses from the values given by Block and 
Bolling (7 )  and supplem entation of the 
casein basal diet was based on values ob
tained from  microbiological assays con
ducted in  this laboratory. W here required, 
amino acids were included in  the basal 
rations in  am ounts calculated to produce 
the desired sequence of lim iting am ino 
acids and in  dietary treatm ents in  
am ounts to approxim ate the NRC require
m ent (8 ) .

RESULTS AND DISCUSSION

Promotion of m uscular dystrophy by 
amino acids other than arginine. Results 
of the 5 experim ents are presented in  
table 2. In the first experim ent a com bina
tion of zein and peanut m eal was used 
(basal diet 1) to provide lysine and the 
sulfur am ino acids at 30 and 74% , re 
spectively, of the NRC requirem ent (8 ) . 
The arginine level used in  the basal diet
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(1.2%  of the d iet) was considered ade
quate to obviate an  arginine deficiency 
but sufficiently low to avoid the possibility 
of an  excess contributing to the develop
m ent of m uscular dystrophy. The data 
show that chicks which received the ly
sine-deficient basal ration either with or 
w ithout supplem ental arginine had no 
breast muscle degeneration, dem onstrat
ing tha t under these dietary conditions 
arginine had  no effect in  promoting m us
cular dystrophy. Birds tha t received the 
basal diet supplem ented with lysine 
showed m arkedly improved weight gains 
and feed efficiency and a high incidence 
and severity of muscle lesions. Feeding 
m ethionine in  addition to lysine resulted 
in  a fu rther stim ulation of weight gain 
and complete prevention of the disorder. 
These results dem onstrate that the m us
cular dystrophy-promoting activity attrib
uted to arginine also can be shown for 
lysine, and suggest that development of 
the dystrophic condition m ay simply re
quire tha t the amino acid intake be pri
marily deficient in  the sulfur amino acids.

The results obtained in  the first experi
m ent prompted a second sim ilar study on 
arginine specificity. For this purpose, a 
m ixture of blood meal, gelatin and sesame 
m eal was used (basal 2 ) in  which iso
leucine and the sulfur amino acids were 
the first and second lim iting amino acids, 
respectively. As observed in  the previous 
experiment, no m uscular dystrophy oc
curred in  chicks fed a diet containing a 
deficient but not growth-limiting level of 
the sulfur amino acids. Similarly, birds 
receiving additional arginine showed no 
evidence of muscle degeneration. Supple
m entation of the basal diet with isoleu
cine, however, prom pted a m arked im 
provement in  weight gain, feed efficiency 
and a high incidence of breast muscle 
degeneration dem onstrating tha t isoleu
cine, as well as lysine, could simulate the 
“arginine effect.”

In the third experim ent, a diet was 
form ulated using gelatin, blood m eal and 
supplem ental amino acids (basal 3) to 
contain an increasing, stepwise deficiency 
of tryptophan, isoleucine, tyrosine (plus 
phenylalanine) and cystine. The object 
was to dem onstrate dystrophy-supporting 
activity for a third amino acid (tyrosine)

and to study the specificity of the isoleu
cine effect observed in  the previous ex
perim ent. The data  show tha t chicks that 
received the basal diet for the 5-week 
feeding period experienced only m inute 
increases in  body weight and had no 
breast muscle degeneration. The addition 
of tryptophan to the basal diet prom pted 
a slight im provem ent in  weight gain and 
feed efficiency but did not result in  the 
development of the degeneration. Supple
m entation with isoleucine as well as tryp
tophan improved the ra te of gain of the 
chicks but did not promote m uscular dys
trophy. Further supplem entation with ty
rosine resulted in  an  additional improve
m ent of weight gain and the development 
of muscle lesions. Finally, feeding m eth
ionine in  addition to tryptophan, isoleucine 
and tyrosine stim ulated further growth and 
prevented the disorder. It is readily appar
ent from  these data that tyrosine (as well 
as isoleucine and lysine) could sim ulate 
the dystrophy-promoting effect attributed 
to arginine, and th a t amino acid supple
m entation had no effect in  the develop
m ent of m uscular dystrophy unless subse
quent to the supplem entation the sulfur 
amino acids became first lim iting for 
growth — thus isoleucine would not pro
mote the degeneration in  this experim ent 
when placed in  a lim iting position not 
immediately prior to that of cystine. The 
observation that chicks receiving the 
tryptophan, or tryptohan-plus-isoleucine 
supplem ents to the basal diet had  im 
proved weight gains but no dystrophic le
sions, is evidence against the possibility 
that the development of m uscular dystro
phy in  the previous experim ents resulted 
from an improved rate of growth. This is 
not unexpected, however, as the sulfur 
amino acid-deficient basal diets used were 
more severely deficient in  essential amino 
acids other than  cystine and thus provided 
the chicks with an excess of the sulfur 
amino acids relative to the am ounts that 
could be utilized for m aintenance and 
growth. Although supplem entation with 
the most severely deficient amino acids 
would have enabled the utilization of part 
of the excess of the sulfur am ino acids for 
improved growth, no dystrophy would 
have occurred until supplem entation pro
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ceeded to where cystine became the 
growth-limiting amino acid.

It seemed pertinent also to study the 
m uscular dystrophy-promoting activity of 
arginine in  a more direct m anner by the 
use of a diet in  which arginine assum ed 
a lim iting position for weight gain. Thus, 
in  a fourth experim ent a diet was form u
lated using zein plus supplem ental amino 
acids (basal 4) in  which the lim iting amino 
acids were arginine, tryptophan and cys
tine in  place of the usual deficiency se
quence of arginine to cystine when casein 
is the dietary source of protein for chicks. 
The data show that arginine supplem enta
tion was ineffective in  promoting the myo
pathy when the sulfur amino acids were 
not in  the next lim iting position. M uscu
lar dystrophy occurred, however, in  chicks 
that received both tryptophan and arginine, 
dem onstrating tha t tryptophan as well as 
lysine, isoleucine and tyrosine could simu
late the “arginine effect.” Modification of 
the basal diet so tha t tryptophan, arginine 
and cystine became the sequence of lim it
ing amino acids (basal 5) resulted in 
arginine ra ther than  tryptophan becoming 
effective in  the promotion of muscle le
sions, confirming the previous observations 
that arginine has a nonspecific role in  the 
muscle disorder.

In  contrast to the foregoing observa
tions, Scott and Calvert (5 )  reported in  a 
recent study tha t arginine m ay be in 
volved in  the disorder by antagonizing the 
dystrophy-preventing action of methionine, 
but not cystine. These workers noted that 
supplem entation of an  arginine and sulfur 
amino acid-deficient diet with cystine plus 
arginine prevented the onset of m uscular 
dystrophy, whereas a com bination of m eth
ionine plus arginine was ineffective in  pre
venting the disorder. However, a calcula
tion of the levels of m ethionine and cystine 
furnished by the experim ental diets used 
in tha t study reveals that the cystine level 
was excessively high com pared with m eth
ionine. Consequently when the supple
m ent of arginine plus cystine was fed, 
growth was limited by a deficiency of m eth
ionine, and cystine in  excess of that which 
could be used for m aintenance and growth 
was provided in  a sufficient am ount to pre
vent dystrophy. On the other hand, when 
arginine plus m ethionine in  a suboptimal

am ount were added, growth was stim u
lated and neither m ethionine nor cystine 
rem ained in  excess to protect against dys
trophy. Thus the difference observed in 
the effectiveness of cystine and methionine 
in  the presence of arginine can be ex
plained by an excessively high cystine con
tent of the diet used and does not neces
sarily support a specific role for arginine.

Am ino acid imbalance in  dystrophy. 
As the development of m uscular dystrophy 
in  the chick requires the use of sulfur 
amino acid-deficient diets, it is apparent 
that these diets contain an inheren t im bal
ance in  term s of excessive am ounts of es
sential am ino acids relative to the levels 
of the sulfur amino acids. To study the 
relation of this im balance to the develop
m ent of m uscular dystrophy, diets were 
used containing either 13.3 or 20% of 
casein and an amino acid m ixture equiva
lent to one-half the protein plus supple
m ental am ino acids (excepting cystine 
and m ethionine) to exaggerate the im bal
ance. To enable evaluation of an  im bal
ance effect a low level of m ethionine was 
incorporated into the basal diets to retard 
the development of the disorder.

The data (exp. 6, table 3 ) show that 
exaggeration of the amino acid im balance 
had no effect on the development of m us
cular dystrophy at either the 13.3 or 20% 
casein level. Similarly, no substantial dif
ference in  the development of dystrophy 
was observed in  chicks receiving either 
20% casein (lot 1) or 13.3% casein forti
fied with am ino acids (o ther th an  cystine 
and m ethionine) to simulate 20% casein 
(lot 4 ). As these diets were form ulated so 
as to differ only in  sulfur amino acid con
tent (0.39%  vs 0.59% ), it then appears 
tha t if the more deficient diet had been 
supplem ented with the sulfur am ino acid 
differential no alleviation of the muscle 
disorder would have been provided. This 
indicates that m ethionine is relatively in 
effective when added to a diet severely de
ficient in  the sulfur am ino acids. To 
investigate this possibility further, an addi
tional experim ent was conducted in  which 
graded levels of m ethionine were added to 
the 13.3 and 20% casein basal diets. The 
da ta  (exp. 7) reveal tha t a t low dietary 
levels of sulfur amino acids m ethionine 
supplem entation was ineffective in  pre-
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venting muscle degeneration. Thus, the 
addition of 0.3% DL-methionine to the 
20% casein basal diet completely pre
vented the disorder, but an  equivalent sup
plem ent to the 13.3% casein basal diet 
had no effect on the incidence of dystro
phy. Comparison of the ratio of weight 
gain to sulfur amino acid ingestion for the 
various treatm ents showed that the ratio 
tended to decrease with higher sulfur 
amino acid intakes. This indicates th a t at 
the superior weight gains the proportion 
of ingested sulfur amino acids used for 
gain was decreased and in  accordance 
with the m uscular dystrophy data, a higher 
proportion became available for the pre
vention of m uscular dystrophy. In  appar
ent contradiction to the above, reduction 
of the sulfur amino acid intake from 0.49 
to 0.39% also resulted in  a decreased ratio 
of weight gain to sulfur amino acid intake. 
However, this observation was not unex
pected as it is well known th a t the m eth
ionine requirem ent of birds for m ain ten
ance is higher th an  for growth (9 ) . Thus 
at the lower ra te of growth, the greater 
influence of the m aintenance requirem ent 
could have depressed the am ount of gain 
derived from  m ethionine and cystine.

Although at low sulfur amino acid in 
takes the growth ra te m ay progressively 
become more responsive to supplem ents of 
these amino acids, nevertheless at the re
quirem ent level the weight gain response 
becomes constant. As a higher rate of 
growth is attained there would be an in 

flection and reversal of the gain response 
to increased sulfur amino acid intake, as 
indicated by the data persented here.
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Nutrition and Biochemistry of Survival During 
Newcastle Disease Virus Infection
II. RELATION OF CLINICAL SYMPTOMS AND STARVATION TO 

NUCLEIC AND FREE AMINO ACIDS OF AVIAN LIVER* 1 * *
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Laboratories of D isease and E nvironm ental Stress, Bureau of B iological 
Research, R utgers, The State U n iversity, N ew  B runsw ick, N ew  Jersey

ABSTRACT  The sym ptom s resulting from  a N ew castle disease virus (N D V ) in fec
tion of cockerel chicks, w hen arrayed in  order of increasing virus involvem ent, cor
related w ith a linear depression of body w eight and increase in  liver size. These 
phenom ena were accom panied by a significant linear increase in  liver DNA per gram  
of tissue and decrease in  RNA, total protein and free am ino acids, all in  terms of 
DNA. The significant differences in  these liver constituents between sym ptom s w ithin  
treatm ents dem onstrate the need for utilizing outcom e groups to avoid m asking nutri
tional effects at cellular levels. During the period of active virus involvem ent, 5 days 
post-inoculation, on the basis of m illigram s per gram liver, starvation w as more 
significant than disease per se in  its effect on the increase in  DNA and decrease in  
RN A/D N A  and protein /D N A . However, in  terms of the whole liver, DNA w as affected  
principally by the disease w hich also increased RNA and protein. The free am ino 
acids, on the other hand, although showing individuality, were significantly reduced 
by both disease and starvation. During the anim al’s recovery from  NDV, DNA and 
RN A/D N A  returned to norm al levels; however, protein /D N A  w as significantly above 
norm al and the free am ino acids again were depressed. These phenom ena were 
correlated w ith  anabolic requirem ents related to an accelerated rate of growth in

ponents of the disease per se from  those 
of starvation.

METHODS AND RESULTS

Procedures common to both experim ents 
were as follows: One-day-old W hite Leg
horn cockerels of known breeding were 
provided the reference diet (1 )  and w ater 
ad libitum. At the end of a 28-day prelim i
nary period, birds to be infected were 
transferred to an air conditioned isolated 
anim al room and inoculated with 0.1 ml 
of a 10 _1 concentration of NDV, a level 
which produces approximately 50% m or
tality. Noninfected chicks were m ain
tained as controls under identical condi
tions.

At the periods designated, the chicks 
were weighed, killed and the livers re 
moved, weighed and im mediately frozen 
by dry ice refrigeration. Selection of sam 
ples, preparation of tissue, and procedures

R ece ived  fo r  p u b lic a tio n  D ecem b er 16, 1963.
1 T h is  w o rk  w as  su p p o rte d  in  p a r t  by  g ra n ts  fro m

th e  U.S. P u b lic  H e a lth  S erv ice  (E -3 6 4 5 ) a n d  th e
G ran g e  L eag u e  F e d e ra tio n , I th a c a , N ew  Y ork.

birds recovering from  the infection .

Metabolic changes w ithin the cell are 
rapid and influenced by m any variables 
which complicate the interpretation of diet 
and disease interrelationships.

The first report of this series (1 )  showed 
that the virulence of a Newcastle disease 
virus (NDV) infection, the stage of the 
disease cycle, and the age of the anim al 
could significantly influence liver protein 
and nucleic acids of the im m ature cockerel 
chick. The work also revealed that, in  the 
evaluation of biochemical changes in  the 
liver, consideration m ust be given to the 
effect of the infection on the anim al’s 
growth during the period of active involve
m ent of the NDV and recovery from the 
disease.

The 2 experim ents reported here were 
undertaken to define fu rther some of the 
variables related to NDV infection 1) by 
observing the relation of the clinical status 
of the infected chick to liver total pro
tein, deoxyribonucleic (DN A), ribonucleic 
(RNA), and free amino acids; and 2) by 
separating the effects on these liver com

422 J. N u t r it io n , 82: 564
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for analysis for total protein and nucleic 
acids have been described (1 ) . The same 
homogenates were used for the nucleic 
and free amino acid determ inations. Free 
amino acids were determ ined according to 
Squibb (2 )  by thin-layer chrom atographic 
separation of the amino acids and scan
ning of the chrom atogram s with a Photo
volt TLC densitometer. All values were 
calculated on the basis of per gram of 
fresh tissue and analyzed statistically ac
cording to Snedecor (3 ) .

Experim ent 1. This was designed to 
study the relationship between clinical 
symptoms, or degree of NDV involvement, 
and biochemical observations in the liver.

At time of inoculation 300 birds were 
divided into 12 equal groups. All groups 
continued to receive the reference diet and 
w ater ad libitum  until killed. The initial 
groups were large so that sufficient num 
bers of livers would be available for anal
ysis for each of the clinical symptoms 
usually observed with this level of NDV. 
Starting 72 hours after inoculation, 10 of 
the groups were killed at 4-hour intervals 
and the rem aining 2 groups at 8-hour 
intervals. The sam pling periods thus cov
ered the fourth, fifth and part of the sixth 
day post-inoculation. Body tem peratures 
were recorded at time of killing. Non- 
infected controls were killed in  2 groups of 
25 birds each 72 and 96 hours after the 
start of the experiment.

W hen chemical analyses were com
pleted, values were grouped according to 
the bird’s clinical symptoms as listed in  
table 1, irrespective of sampling period. 
Each grouping contained a reasonable rep
resentation of sam pling periods. “Dying” 
birds were those th a t were completely 
prostrate but the heart was still beating 
faintly; “dead” birds were sampled w ithin 
a few m inutes of death.

Table 1 shows that as virus involvement 
progressed there was a significant ( <  1 % ) 
linear reduction in  body weight, whereas 
liver size as percentage of body weight 
increased linearly ( < 1 % ) .  Body tem 
peratures decreased critically in birds with 
acute paralysis and in  those about to die. 
Per gram of tissue, DNA showed a signifi
cant linear ( < 1 % )  rise, whereas the 
RNA/DNA and protein/DNA ratios were 
reduced linearly ( <  1% ) as the disease
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progressed. All of the free amino acids 
determ ined were reduced linearly ( <  1% ) 
as the degree of virus involvement in 
creased.

E xperim ent 2. During the active in 
volvement stage of the disease, 3 to 5 days 
post-inoculation, a virulent NDV infection 
depresses dietary intake; hence starvation 
is a confounding factor (4 ) . To explore 
the m agnitude cf this effect, 200 one-day- 
old cockerel chicks were fed the reference 
diet (1 )  and w ater ad libitum  for 28 days. 
At the end of this period the birds were 
divided into 3 groups : 1 ) noninfected con
trols continued with ad libitum  feeding;
2) noninfected controls starved for a period 
equal to th a t of the active involvement 
stage of the virus, nam ely, the fourth, fifth 
and sixth days post-inoculation; and 3) 
birds to be inoculated with NDV and 
denied access to feed during the same 
period as group 2. W ater was continually 
available to all groups. Chicks were killed 
at the sam e hour in  each sam pling period.

On the sixth day after NDV inoculation 
chicks were weighed, killed, and liver 
samples obtained from  each experim ental 
lot. As a result of the observations noted 
in  trial 1, outcome grouping was utilized 
in  the infected group by selecting 9 birds 
with respiratory symptoms and 9 with 
partial paralysis. The rem aining infected 
birds were continued on trial and repre
sentative chicks were killed 9 and 19 days 
post-inoculation to evaluate the effect of 
renewed appetite which is associated with 
initiation of recovery of the chick from 
the infection.

Table 2 shows tha t 6 days after inocula
tion both feed deprivation and infection 
significantly (<  1 % ) reduced body weights 
from  those of the ad libitum  controls. De
spite starvation, liver size as percentage 
of body weight was higher ( <  1 % ) in  
the infected th an  in  either of the non
infected groups. Per gram  of tissue, DNA 
was significantly higher ( < 5 % )  in  the 
feed-restricted controls and in  the birds 
infected w ith NDV ( <  1 % ). Compared 
with the chicks fed ad libitum , the RNA/ 
DNA ratios were significantly lower in  
both the starved controls (<  5% ) and in 
fected birds ( <  1% ). Protein/D N A  was 
depressed significantly ( <  5% ) in  the

424 ROBERT L. SQUIBB
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infected birds as were the levels of free 
amino acids ( <  1 % ).

Three days after the ad libitum  feed 
was restored to the infected chicks (9  days 
post-inoculation) DNA values had de
creased to norm al and body weight, R N A / 
DNA and protein/D N A  had increased sig
nificantly ( <  1% ). Some, but not all, of 
the free am ino acids increased signifi
cantly during this initial stage of recovery. 
At 19 days post-inoculation the infected 
birds had gained an average of 328 g in  
body weight since the active involvement 
stage of the NDV. RNA/DNA and pro
tein/D N A  showed only slight increases 
since the in itial repletion period, but the 
free amino acids again were reduced to 
levels sim ilar to those observed at 6 days 
post-inoculation.

DISCUSSION

The highly significant linearity of the 
data and the slope of the curves indicate 
that the clinical symptoms as arrayed in  
experim ent 1 (table 1) fall in order with 
the increase in  involvement of the NDV. 
Since intensity of virus involvement is 
highly variable w ithin groups in  a sam 
pling period, failure to m atch clinical 
symptoms between treatm ents could easily 
m ask a nu tritional effect (s ) .

Body tem peratures of birds with res
piratory symptoms or partia l paralysis, 
when compared w ith those of controls, 
appeared norm al. However, these group 
averages do not show the rapidly changing 
individual metabolic picture. A previous 
report from  these laboratories (5 )  has 
shown tha t tem peratures of some NDV- 
infected chicks m ay reach 42.8°C during 
the active involvement stage of the virus. 
On the other hand, any significant drop in  
body tem peratures below 39.4°C, which 
usually occurs in birds with acute paral
ysis or those classified as dying, is indica
tive of the extremely low metabolic rate 
which precedes death.

The enlargem ent of the liver in  term s 
of percentage of body weight correlates 
with the degree of NDV involvement. Fur
thermore, it appears to be related to the 
disease per se since the effect is independ
ent of dietary intake.

In recognition of the variables present 
in  diet and disease interrelationships, liver

DNA was used as a cellular constant and 
base of reference for total protein, RNA 
and the free amino acids. The increase 
in  DNA indicated that parenchym al cell 
num bers per gram  of tissue increased, 
whereas RNA, protein and the free amino 
acids decreased with the degree of involve
m ent. These data indicate that protein 
metabolism  is affected in  relation to de
gree of virus involvement.

Food deprivation of noninfected and in 
fected birds during the period of active 
virus involvement was used in  experim ent 
2 as a m eans of separating the effect of 
disease per se from  th a t of starvation on 
the liver constituents under study. From 
the results shown in table 2, the increase 
in  DNA per gram  of liver appeared to be 
due largely to starvation and not the in 
fection. Histological exam ination of repre
sentative livers from  all treatm ent groups 
showed tha t morphological changes were 
agonal ra ther than  distinct disease effects. 
W hen total liver DNA is calculated, how
ever, it becomes evident that on this basis 
disease produced the greater effect due 
to the infection enlarging the liver. The 
decrease in  RNA/DNA per gram  of tissue 
was principally the result of starvation. 
Food deprivation or restriction of nitrogen 
intake has been shown to depress RNA in 
the ra t (6, 7) and chick (8 ) .

The reduction in  the free am ino acid 
levels per gram  of tissue was the result of 
a combined disease-starvation effect, an 
effect which was variable am ong the 
am ino acids determined. For example, 
disease per se reduced lysine 70% ; histi
dine 30% ; and arginine, aspartic acid, 
alanine, valine and the leucines approxi
m ately 50% . W hen calculated on the 
basis of total liver weight the same vari
ability was evident. A reduction in  the 
size of the amino acid pool in  the starved 
ra t has been reported by Allison and Wan- 
nem acher (7 ) .

W ith initial repletion (9  days post
inoculation) there was an increase in 
RNA/DNA, protein/D N A  and the free 
am ino acids per gram of tissue and on a 
total liver basis. However, at 19 days post
inoculation the free amino acid pool again 
was reduced, whereas total liver RNA and 
protein increased. The increase in  liver 
RNA, protein and reduction of free amino
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acids is attributed to the anabolic require
m ents for the rapid growth which occurred 
during recovery.
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Nutrition and Biochemistry of Survival During 
Newcastle Disease Virus Infection
III. RELATION OF DIETARY PROTEIN TO NUCLEIC AND 

FREE AMINO ACIDS OF AVIAN LIVER* 1
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ABSTRACT  Cockerel chicks conditioned w ith diets containing protein ranging  
from deficient, balanced and im balanced to surfeit were infected  w ith  N ew castle  dis
ease virus at 28 days of age. Liver DNA averaged higher in  the surfeit protein groups. 
RNA, protein and free am ino acids in  terms of DNA were highest in  the birds pro
vided norm al levels of dietary protein. Changes in  RNA generally were reflected in  
sim ilar trends for protein and the free am ino acids. Based on the data observed, it 
was postulated that protein m etabolism  w as m ost efficient in  birds provided dietary 
protein in  ranges norm ally assum ed to be w ithin  requirement. H ighest m ortality, at
tributed to double jeopardy, was observed in  the deficient and surfeit groups. Signifi
cantly lower hem agglutination-inhibition (H I) antibody titers correlated w ith ex
treme protein deficiency. M ortality w as independent o f HI antibody titers and showed  
no apparent correlation w ith liver nucleic and free am ino acid levels.

There is considerable evidence in  the 
literature that dietary crude protein may 
influence the course of infection in  avian 
species. Increased susceptibility and m or
tality in  chicks fed surfeit quantities of 
protein and infected with Salmonella gal- 
linarum  have been observed by Smith and 
Chubb (1 ) , Hill and Garren (2  ) and Boyd 
and Edwards (3 ) . Britten et al.2 reported 
the same phenom enon in  chicks infected 
with coccidiosis (Eimeria tennella ), as did 
Boyd and Edwards (3 ) with Newcastle dis
ease virus (NDV). However, the latter 
workers observed that with an  Escherichia 
coli infection a low protein diet produced 
the greatest mortality.

In light of this evidence, work directed 
toward defining the pathways and m echa
nisms related to the apparent influence of 
protein on the chick’s susceptibility to in 
fection would be of value. The experi
m ents reported here were designed to in 
vestigate fu rther the effect of varying 
levels of dietary crude protein on mortality 
and on liver total protein, deoxyribonucleic 
(DNA), ribonucleic (RNA) and free amino 
acids of control and NDV-infected chicks.

METHODS AND RESULTS

The effect of dietary protein on the liver 
nucleic and free amino acids of control

and NDV-infected chicks was studied in  2 
experim ents using diets ranging from  7.7 
to 41.3% crude protein. For both trials the 
m anagem ent of the chicks, NDV inocula
tion procedures, sampling techniques and 
analyses of tissue were sim ilar to those 
previously described (4 -6 ) .  The test diets 
(table 1), which were isocaloric w ithin ex
perim ents, were offered to the chicks ad 
libitum  from one day of age to the end of 
the trials. M ortality was recorded daily. 
Biochemical results were calculated in 
term s of milligrams per gram  of fresh liver 
tissue and the data analyzed statistically 
according to Snedecor (7 ) .

Large num bers of chicks (450 to 550) 
were used for each experim ent so tha t suf
ficient birds would be available for p a ir in g  
of symptoms between treatm ents (6 ) . Us
ing this technique, outcome groups of 10 
birds each with sim ilar respiratory symp
toms were selected for the biochemical 
studies. The birds selected were killed and 
livers removed zero, 2, 5, and 14 days 
post-inoculation; the killing time was

Received for publication December 16, 1963.
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2 Britten, W. M., C. H. Hill and C. W. Barber 1S63 
Dietary protein levels and resistance of chickens to 
coccidiosis. Federation Proc., 22: 435 (abstract).
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TABLE 1
C om position of experim en ta l diets

Crude protein, %
Experiment 1 Experiment 2

7.7 24.5 41.3 13.8 21.3 41.3
% % % % % %

Soybean oil m eal (50%  ) 0 40 80 25 40 80
Corn m eal 96 56 16 16 16 16
Sucrose 0 0 0 55 40 0
DL-Methionine 1 0 + + + + +
M inerals 1 4 4 4 4 4 4
Vitam ins A, D, K 3 + + + + + +
Vitam in B com plex 4 + + + + + +

1 Added at 0.3% of the soybean oil meal.
2 See (4 ) in Literature Cited.
3 Supplies per kg diet: 6000 IU vitamin A; 300 ICU vitamin D and 0.125 mg menadione sodium 

bisulfite.
4 See (15) in Literature Cited.

scheduled at the same hour each day. The 
periods corresponded to the incubation and 
active involvement stages of the virus and 
initiation of recovery of the host (5 ) .

E xperim ent 1. In  this trial, chicks 
reared with diets (table 1) containing de
ficient to surfeit quantities of im balanced 
and balanced protein were inoculated with 
NDV at 28 days of age. The effects of 
these dietary regimens on m ortality, liver 
protein, nucleic and free amino acids are 
shown in table 2.

Up to the time of inoculation there was 
a continuing m ortality, am ounting to 
58% , in  the group given the 7.7% pro
tein diet. At the end of the trial total m or
tality was lowest in  the 24.5 and highest 
in  the 7.7% protein group. The chicks 
reared with rations containing either defi
cient or surfeit protein had slightly higher 
DNA and lower RNA/DNA (<  5% ) values. 
Protein/DNA was lowest ( <  1% ) in  the 
7.7% protein group, with comparable 
ratios observed in  the other 2 groups. Free 
am ino acids averaged higher in  the chicks 
fed 24.5% protein, whereas the lowest 
values were obtained from the 41.3% 
group.

Considering the entire disease cycle, 
DNA averaged higher ( < 5 % )  in  the 
chicks fed the surfeit protein diet. In 
term s of DNA, RNA was highest ( <  5% ) 
in  the birds fed the 24.5% protein ration. 
Compared with the chicks receiving 24.5% 
protein, protein/D N A  was less in  the 7.7 
and 41.3% (<  1% , <  5% ) protein groups. 
The free amino acids were highest (levels 
of significance ranged from  < 5 %  to 
<  1% ) in  the birds fed the 24.5% protein,

with no significant differences between the 
deficient and surfeit groups.

Serum antibody titers were determ ined 
by the hem agglutination-inhibition (H I) 
test (8 )  on survivors at the end of the 14- 
day infection period. These titers varied 
from  an average of 6100 units for the 
7.7% protein group to 22,500 for the 
24.5% and 20,500 units for the 41.3% 
protein groups.

Experim ent 2. This trial replicated the 
procedures of the first experim ent except 
th a t in  the test diets (table 1) corn was 
kept constant and soybean oil m eal varied 
as the principal source of crude protein. 
As in  experim ent 1, total m ortality (table
2) was lowest in  the group provided 21.3% 
protein.

At the time of inoculation, liver DNA, 
which increased linearly with dietary pro
tein, was significantly higher (<  1 % ) in  
the 41.3% protein group. In  term s of 
DNA, highest levels of RNA ( <  1% ), pro
tein  and free am ino acids (<  5% ) were 
observed in  the 21.3% protein group, with 
no significant differences noted between 
the deficient or surfeit protein groups.

During incubation of the NDV there was 
an  increase in  RNA/DNA, protein/D N A  
( <  5% ) and the free amino acids in  all 
treatm ent groups. During active involve
m ent of the virus there were decreases 
from  levels noted 2 days post-inoculation 
in  RNA/DNA ( <  5% ) and protein/D N A  
( <  1% ). From 2 to 14 days post-inocula
tion the free amino acids rem ained at ap
proximately the same levels in  the 13.8% 
protein group but were significantly re 
duced ( < 5 t o < l % ) i n  the other groups.
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DISCUSSION

These studies deal with the effect of de
ficient to surfeit quantities of balanced and 
im balanced protein on mortality and on 
protein metabolism in the livers of control 
and NDV-infected cockerel chicks. The 
mortality observed in  the group fed 7.7% 
crude protein, when evaluated in  term s of 
noninfected controls, suggests th a t both 
dietary protein deficiency and infection 
contributed to the final total. W hen the 
low protein groups are not considered, due 
to the confounding effect of double jeop
ardy, then in  both experim ents the highest 
mortality was observed in  the groups given 
41.3% protein, which is in  accord with 
the observations on S. gallinarum  (2 ) , 
NDV (3 ) ,  and coccidiosis3 infection of 
chicks fed surfeit quantities of protein.

Extreme protein deficiency m ay reduce 
antibody titers in  the chick as well as in 
the rabbit (9 ) . The higher mortality ob
served in  the birds fed 41.3% protein was 
not due to less antibody response since 
HI titers of both the 24.5 and 41.3% pro
tein groups of exeperim ent 1 were similar. 
The free amino acid levels in  the deficient 
and surfeit protein groups were sim ilar yet 
there was a considerable m agnitude of 
difference between these groups in  HI 
titers. This would suggest tha t HI titer 
response is independent of the free amino 
acid pool or that only small quantities of 
these essentials were utilized for the pro
duction of antibodies.

The higher m ortality experienced in the 
surfeit protein groups m ay have resulted 
from the stress of infection rendering toxic 
the excess protein intake. This would re 
sult in  double jeopardy sim ilar to that of 
the deficient groups. There is also the pos
sibility tha t surfeit dietary protein in 
creased virus proliferation.

The results of these replicated experi
m ents provide an opportunity to speculate 
on the relationship of dietary protein to 
protein metabolism in the liver of the chick 
prior to and during NDV infection.

A severe dietary deficiency of protein 
depressed RNA, protein and free amino 
acids, in term s of DNA, in the livers of 
control and NDV-infected chicks. Similar 
diet effects have been reported for nonin
fected rats (1 0 -1 3 ). The data herein

show th a t surfeit protein also resulted in 
lower levels of these liver constituents in 
the chick. In this case, protein metabolism 
was reduced due to the utilization of pro
tein as energy. Even though highest levels 
of RNA, protein and free amino acids were 
obtained when protein was provided in  nor
m al ranges during the active involvement 
stage of the virus, the m agnitudes of dif
ference do not account for the lower m or
tality observed in  these groups.

W ith the use of outcome grouping for 
symptoms to equalize the effects of star
vation between treatm ents (6 ) ,  the be
havior of the free amino acids prior to and 
during infection is of interest. First, the 
2 nonessential amino acids did not show 
any apparent differences from the essen
tials in  reaction to diet or infection. Sec
ond, under conditions of extrem e protein 
deficiency the free amino acid pool re
m ained at reasonably high levels. However, 
this was not unexpected since Nasset et 
al. (1 4 ) dem onstrated in  the dog that the 
free amino acid m ixture in  the small in 
testine was not greatly affected by the test 
m eal ingested, a phenom enon they hypoth
esize as being due to hydrolysis of food 
proteins and to autodigestion of hydrolytic 
enzymes and other endogenous proteins. 
Third, high levels of dietary protein did 
not result in  an increase in  the free amino 
acid pool. Since excess protein is utilized 
in part as energy, the extent of catabolism 
of the free amino acids in  this respect is 
of interest. Regardless of utilization as 
energy, dietary im balance m ust also be con
sidered an influence on the liver free amino 
acid pool.

Calculation of total liver DNA, RNA, pro
tein and free amino acids showed some 
differences from trends based on per gram 
of tissue. This was predictable since such 
data reflect changes in  size of the body 
and liver which result from  infection (6 ). 
Total liver DNA showed a uniform  linear 
increase with protein content of the diet, 
indicating a greater proliferation of cells. 
Changes in  RNA generally were reflected 
in  the protein and the free amino acid 
pool of the liver. Protein metabolism was 
most efficient when birds were provided 
dietary protein in  ranges norm ally as
sumed to be w ithin requirem ent.

3 See fo o tn o te  2.
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Liver Lipid Accumulation in Isoleucine-deficient Rats* 1-2
R. L. LYMAN, C. R. COOK a n d  MARY ANN WILLIAMS 
D epartm en t of N u tritional Sciences, U n iversity  of California, 
B erkeley, California

ABSTRACT  Rats m ade acutely deficient in  isoleucine by force-feeding a diet com 
pletely devoid of isoleucine, had higher concentrations of liver triglycerides than control 
rats. W hen liver slices from  fed, but deficient rats were incubated w ith acetate-2-C14, 
total incorporation of the label into the fatty acids o f triglycerides w as nearly 4 tim es 
higher than in  the triglycerides of control livers. Fatty acid analyses of the trigly
cerides of deficient rat livers revealed higher proportions of palm itic, stearic and oleic 
acids and lower proportions of linoleic and arachidonic acids than were in  control 
livers. Lipoprotein synthesis appeared not to be im paired by the deficiency, since  
there were no differences in  serum  cholesterol, phospholipid, and lipoprotein concen
trations in  the 2 groups. Some im pairm ent in  the rem oval of liver triglyceride in  
deficient rats was suggested, however, because more linoleic acid accum ulated in  
these anim als than in  the controls. The results indicated, therefore, that increased  
fatty acid synthesis in  the liver m ay have been an im portant factor contributing to 
the excessive accum ulation of liver triglyceride in  isoleucine-deficient rats.

The im portance of the liver in lipid 
metabolism is apparent from its role in 
the transform ation of unesterified fatty  
acids into triglycerides; the oxidation of 
fatty  acids; and the synthesis of fatty 
acids, triglycerides, cholesterol and phos
pholipids and their secretion into the 
blood stream  as part of a lipoprotein struc
ture. Therefore it is not unexpected that 
derangem ent of one or more of these proc
esses results in alterations in the lipid con
tent of the liver.

Omission of choline from the diet has 
been known for m any years as a cause of 
severe liver fa t infiltration in  experim ental 
anim als (1 ) . The lipid accum ulation in 
this nutritional deficiency has been at
tributed to decreased transport of triglyc
erides from the liver (2, 3 ), reduced fatty 
acid oxidation (4 ) , and increased liver 
fatty  acid and triglyceride synthesis (5 ) . 
Although the relative contribution of each 
of these factors to the over-all lipid accum 
ulation in  choline-deficient anim als re
m ains unknown, the studies of Olson et al.
(3 )  indicate that im paired synthesis of 
low-density lipoproteins may be an im por
tan t factor because this serum lipoprotein 
fraction transports mostly triglycerides 
and, in  choline-deficient rats, the concen
trations of [3-lipoproteins are greatly re
duced.

Im balances or deficiencies of essential 
amino acids have also produced fatty  
livers. Dietary im balances involving lysine, 
tryptophan, and threonine increased depo
sition of liver fa t in  rats (6, 7). Rats fed 
diets completely lacking tryptophan (8 ) , 
isoleucine and phenylalanine,3 m ethionine
(9 ) , and histidine or threonine (1 0 ) also 
develop fatty  livers. However, in these 
instances, m uch less lipid accum ulates 
and its distribution is periportal as com
pared with the large quantities of centro- 
lobular distributed lipid obesrved in  cho
line deficiency.

Although m any studies have been con
cerned with the m echanism  through which 
liver lipids accum ulate in choline defi
ciency (2, 3) or in ethionine, ethanol, and 
carbon tetrachloride toxicities (1 1 -1 4 ), 
m uch less attention has been directed 
toward the causes of the lipid infiltration 
into the livers of anim als m ade deficient 
in  essential amino acids. During studies 
on acute deficiency of isoleucine in rats, it 
was noted that deficient anim als had more

R ece iv ed  fo r  p u b lic a tio n  O c to b er 24, 1963.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by  G ra n t- 

in -a id  A-3046 fro m  th e  N a tio n a l In s t i tu te s  o f H e a lth ,  
U .S. P u b lic  H e a lth  Serv ice , B e th esd a , M ary lan d .

2 A p re lim in a ry  re p o r t o f  p a r t  o f th is  s tu d y  w as  
p re s e n te d  a t  th e  6 th  I n te rn a t io n a l  C ongress  o f  N u tr i 
tio n , E d in b u rg h , S co tlan d , 1963.

3 S am u e ls , L. T ., H . C. G o ld th o rp e  a n d  T. F. 
D o u g h e rty  1951 M etab o lic  e ffec ts  o f specific  a m in o  
a c id  de fic ien c ies . F e d e ra tio n  P ro c ., 10: 393 ( a b s t r a c t ) .

432 J .  N u t r i t i o n , 82:  ’6 4
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liver fa t than  control animals. Experi
m ents were therefore continued to investi
gate factors that m ight be responsible for 
the increased lipid deposition.

EXPERIMENTAL

Female, Long-Evans rats, having an 
average body weight of 136 g, were housed 
in  individual screen-bottom cages. They 
were fed, by stomach tube, in  2 feedings 
daily, 10 g of a purified diet, the composi
tion of which is shown in table 1. A con
trol group was fed the complete diet, and 
the experim ental group was fed the same 
am ount of a sim ilar diet unsupplem ented 
with isoleucine. Details of the force-feed
ing procedure have been described previ
ously (15, 16). The anim als were fed for 
10 days. On the eleventh day, ra ts from 
both groups were fed 5 g of their respective 
diets, and then were decapitated. Blood 
was collected and allowed to clot. An ap
propriate portion of the serum was ex
tracted with alcohol:ether (3 :1 )  (1 7 ) and 
total cholesterol (1 8 ) and phosphorus (19, 
20) were determ ined on the extracts.

Serum lipoproteins were estim ated in  a 
Spinco Model R electrophoresis apparatus

by m eans of the staining and dye elution 
procedure of Jencks and Durrum  (2 1 ). 
Duplicate 20-uliter serum  samples applied 
to papers saturated with veronal buffer 
(pH 8.6) were run for 4 hours. The strips 
were stained with oil red O, and the de
veloped color was eluted with 25% acetic 
acid in  ethanol, and read at 520 mu in 
order to get some estim ate of the relative 
concentrations of the serum  lipoproteins, 
the ratio of optical density of 20 uliters of 
stained serum  to the optical density of the 
stain  eluted from  an equivalent size of 
background paper was compared in  both 
groups.

Livers were removed and weighed. For 
the acetate-incorporation studies, 500-mg 
of slices 0.5-mm thick were prepared from 
the large lobe and incubated for 3 hours 
at 37°C in 4.5 ml of Krebs-Ringer bicar
bonate buffer (pH  7.3), with 0.3 uc of 
sodium acetate-2-C14. Following the incu
bation, the slices were washed and ex
tracted with alcohol and ether as described 
by Okey et al. (2 2 ). The solvents were 
removed in  a rotary evaporator, under 
vacuum , and re-extracted into petroleum 
ether. Triglycerides and phospholipids

TA B LE 1
Basal d iets and am ino acid  m ix  com position

C o n tro l D efic ien t A m ino  ac id  m ix  1

% % %
S u c ro s e 4 6 .2 5 4 8 .6 5 L - ly s in e -H C l 1 .7 8
A m in o  a c i d  m ix L - a r g i n i n e H C l 0 .9 1

( w i t h o u t  i s o le u c in e  ) 2 6 .2 2 6 .2 D L - try p to p h a n 0 .2 7
F o r t i f ie d  o i l 2 1 .0 1 .0 D L - p h e n y la la n in e 0 .0 4
U S P  X IV  s a l t s 4 .0 4 .0 D L -leu c in e 3 .6 4
C o t to n s e e d  o i l 3 9 .0 9 .0 D L -iso le u c in e 1 2 .3 8 )
C e l lu lo s e  4 1 0 .0 1 0 .0 D L -v alin e 2 .8 0
V i t a m in  m ix  5 1.0 1 .0 L - h is t id in e 0 .6 8
C h o l in e  c h lo r id e 0 .1 5 0 .1 5 D L -m e th io n in e 0 .6 0
D L -Iso leu c in e 2 .4 — D L -th re o n in e 1 .6 2

D L -se rin e 2 .2 6
g ly c in e 0 .3 8

D L -ty ro s in e 1 .1 3
L -c y s tin e 0 .2 7
L -p ro lin e 2 .2 7

D L -a s p a r tic  a c id 1 .1 7
L - g lu ta m ic  a c id 4 .2 2

D L -a la n in e 1 .1 2

1 A m ino  ac id  m ix  w as  co m p o u n d e d  to  a p p ro x im a te  th e  L -am ino ac id s  in  18%  case rn . A n 
a d d i t io n a l  0 .2%  o f L -cystine  w as  a d d ed  to  th e  m ix . S ince  th e  D-forms o f le u c in e , iso le u c in e , v a lin e  
a n d  th re o n in e  a re  n o t co m p le te ly  u tiliz e d  by  th e  r a t ,  th e  c o n c e n tr a tio n  o f th e se  D L-am ino acid s  
w as  d o ub led . . .

2 F o rtified  o il p ro v id e d  p e r  100 g o f d ie t:  v i ta m in  A, 1700 IU ; v i ta m in  D, 100 IU ; a -to co p h e ry l
a ce ta te , 6.66 m g ; m e n a d io n e , 0.5 m g. .

3 D ie ta ry  co tto n seed  o il a n a ly z e d  to  c o n ta in  th e  fo llo w in g  p e rc en tag e s  o f f a t ty  a c id s : m y n s t ic ,  
1.0; p a lm itic ,  19; p a lm ito le ic , 0 .8; s te a r ic , 2 .0 ; o le ic , 17; lin o le ic , 52; lin o le n ic , 0.5.

4 C ellu  F lo u r , C h icago  D ie te tic  S u p p ly  H o u se , C h icago . . „ r . A
s V ita m in  m ix  p ro v id ed  m g /1 0 0  g d ie t:  th ia m m e -H C l, 0 .2; r ib o flav in , 0 .3; p y n d o x m e ■ HC1, 0 .25; 

C a p a n to th e n a te ,  2 .0; in o s ito l, 10.0; b io tin , 0 .01; fo lic  a c id , 0 .02 ; n ia c in a m id e , 1.0; v ita m in  B i2, 0.02.
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were separated on silicic acid by the semi- 
micro procedure of Lis et al. (2 3 ). Aliquots 
of the appropriate fraction were plated on 
stainless steel planchets as described by 
Williams and Pertel (2 4 ) , and counted to 
w ithin 5% accuracy with a Nuclear- 
Chicago gas-flow counter (m odel 161A) 
having a counting efficiency of about 30% .

Nitrogen was determined by semi-micro 
Kjeldahl on a portion of the whole liver 
after digestion with sulfuric acid. Copper 
sulfate was used as the catalyst. Glycogen 
was precipitated from potassium hydrox
ide digests of liver with alcohol, and ana
lyzed by the method described by Colowick 
and Kaplan (25).

The rem aining portion of the liver was 
extracted with alcohol followed by an 
overnight Soxhlet extraction with diethyl 
ether. Total liver lipid content was deter
m ined by the oxidation procedure of Bloor
(1 7 ). A portion of this extract was then 
separated on silicic acid, as previously 
described (23), into triglycerides and phos
pholipids, and the fatty  acid composition 
of the fractions was determ ined by gas- 
liquid chrom atography4 following methyl- 
ation of the fatty  acids. Total lipids (17 ) 
were determ ined on the triglyceride frac

tion and phosphorus (19, 20) was ana
lyzed on the phospholipid fraction so that 
the quantity of the fractions and their fatty  
acids could be calculated. Statistical 
analysis of results was made by t test (2 6 ).

RESULTS

Although rats of both groups were fed 
the same am ount of diet (10 g /d ay ), the 
results in table 2 show that whereas con
trol anim als gained, rats fed the diet lack
ing isoleucine lost approximately 2 g daily. 
However, total liver weight and liver nitro
gen and cholesterol content rem ained simi
la r in  both groups. The m ajor differences 
between the 2 groups of anim als were in 
the total liver lipid and glycogen, both 
of which were significantly higher in  the 
deficient anim als than  in the controls.

Table 3 shows the results obtained after 
incubation of liver slices with acetate-2-C14,

4 W ilk in ’s A e ro g rap h , M odel A90C. O p e ra tin g  te m 
p e ra tu re  w as  190 to 200°C ; l iq u id  p h a se  w as  d i
e th y le n e  glycol su c c in a te  p o ly e ste r ad so rb ed  on  
C h ro m aso rb  W  a n d  p a ck e d  in  152-cm  co iled  s ta in le s s  
s tee l co lu m n s . R e ten tio n  tim e s  o f th e  sam p le  f a t ty  
a c id s  w ere  re la te d  to th o se  o f a m ix tu re  o f w e ig h ed  
a m o u n ts  o f k n o w n  fa t ty  a c id  s ta n d a rd s  o b ta in e d  co m 
m erc ia lly . A set o f th e se  s ta n d a rd s  w as  a n a ly ze d  
d a ily . R e la tiv e  sen s itiv ity  fa c to rs  w e re  c o m p u te d  
fro m  th e  s ta n d a rd s  a n d  ap p lied  to  th e  sam p le  f a t ty  
acid s.

TA B LE 2
Body and liver zveights of control and isoleucine-deficient rats, and nitrogen, 

lip id  and glycogen conten t of the livers 1

D iet B ody w t
L iver

W eig h t N itro g e n T o ta l
c h o le s te ro l 2

T o ta l
lip id G lycogen

9 9 m g / g m g !  g m g / g m g / g
C o n tro l 1 5 9  ± 4  3 5 .3  ±  0 .3 3 3 .9  ±  0 .8 2 .5  ± 0 . 1 3 6 .2 ±  1.7 2 0 .7  ±  2 .4

W ith o u t
i s o le u c in e 1 1 5 ± 4 5 .5  ±  0 .2 3 4 .4  ± 1 . 0 2 . 3 ±  0.1 5 9 .9  ±  3 .5  4 5 8 .4  ± 3 . 8  4

1 V a lu es  e x p re ssed  in  te rm s  o f w e t w e ig h t o f liv e r.
2 C h o leste ro l w as  d e te rm in e d  in  5 a n im a ls ;  a l l  o th e r  d e te rm in a tio n s  w ere  fro m  6 o r m o re  ra ts .
3 M ean  +  s e .
4 S ig n ific an tly  d iffe re n t f ro m  c o n tro l g ro u p  (P  <  0 .0 1 ).

TA B LE 3
L iver lipids and in  v itro  acetate-2-C14 incorporation in to liver slices 1

D iet T rig ly ce rid e P h o sp h o lip id
A ceta te  in c o rp o ra tio n

T rig ly c e r id e P h o sp h o lip id T rig ly c e r id e P h o sp h o lip id

C o n tr o l
m g / g

8 .3  ± 1 . 2  2
m g / g

2 0 .9  ± 0 . 5
c o u n t / m i n / m g  

2 4 9  ± 1 0 1  1 3 6 ±  35
c o u n t  /  m i n  / l i v e r

1 4 9 0  ± 2 2 1  2 8 5 0  ± 2 0 9

W i th o u t
i s o le u c in e 2 9 .3  ± 6 . 3 2 1 .7  ±  0 .9 2 7 8  ± 1 0 7 2 6 9  ± 3 5  3 5 3 4 0  ±  3 2 4  3 5 7 6 0  ± 2 2 4  3

1 S ix  r a ts /g ro u p .  V a lu es  e x p re ssed  in  te rm s  o f w e t w e ig h t o f liver.
2 M ean  +  s e .
3 S ig n ific an tly  h ig h e r  th a n  c o n tro l g ro u p  (P  <  0 .0 1 ).
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followed by fractionation of the extracted 
lipids into triglycerides and phospholipids. 
Only triglycerides accum ulated in the 
liver in  isoleucine deficiency. The con
centration of phospholipid rem ained u n 
changed.

Acetate incorporation into liver triglyc
erides was similar for both groups when 
expressed as specific activity of the tri
glycerides. However, because of the greater 
am ount of triglyceride in the deficient ani
mals, total acetate incorporation in this 
group was nearly 4 times that of the con
trols. Acetate incorporation into the fatty  
acids of the phospholipids was about twice 
as m uch for the deficient anim als as for 
the controls.

To determine whether the accum ulated 
liver triglycerides in  the isoleucine-defi
cient rats could have been derived pri
marily from the diet or from adipose tissue, 
fatty  acid analyses of the triglycerides were 
made by gas-liquid chromatography. The 
results are shown in table 4. The percent
age of linoleic acid in the liver triglycerides 
of the deficient anim als was significantly 
lower, whereas that of palm itic acid was 
significantly higher than  in  control ani
mals. Inasm uch as the oil in the diet fed 
these rats contained over 50% linoleic acid 
(table 1), a decrease in the proportion of 
this fatty acid, relative to the control, 
would not be expected if the triglycerides

had accum ulated because of increased 
mobilization from adipose tissue or from 
dietary fatty  acids. The dilution of linoleic 
acid in  the deficient rats by the greater 
accum ulation of the more readily syn
thesized fatty  acids (especially palm itic) 
suggests tha t the liver lipid was synthe
sized w ithin the organ.

The fatty  acid composition of the liver 
phospholipids of the isoleucine-deficient 
anim als did not differ appreciably from 
the controls (table 5). The somewhat 
higher proportion of palm itic acid in  this 
liver lipid fraction in  the deficient anim als 
m ay have been a reflection of the greater 
am ount of this fatty acid in  the triglyc
erides.

To learn  whether the capacity of the 
liver of the isoleucine-deficient ra t to form 
lipoproteins and secrete them  into the 
blood was im paired, serum  cholesterol, 
phospholipid, and relative lipoprotein con
centrations were determ ined in control and 
deficient animals. The results are shown 
in table 6. Although there were slight de
creases in  the serum  concentrations of 
cholesterol and the relative am ounts of 
lipoprotein in the deficient anim als, the 
values were not significantly different from 
those of the control animals.

DISCUSSION
Accumulation of lipid in the liver may 

occur under the following conditions: 1)

TA B LE 4
F atty acid  com position  of liver trig lycerides in  control and isoleucine-deficient ra ts 1

M yristic P a lm itic P a lm ito le ic S tea ric O leic L in o le ic A ra c h id o n ic

Control 0.8 ± 24.6 ±  1.1 2
w t % fatty acid 

2.02 ± 0 .2 4  3.55 ± 0 .2 6 20 .6 ±  1.0 40.3 ±  1.3 6.65 ± 0 .3 1

W ithout
isoleucine 1.2 ± 32.5 ± 1 .1  3 2.41 ± 0 .6 6 4.04 ± 0 .3 8 19.6 ±  1.2 3 3 .6 ± 2 .2  3 5 .4 0 ± 0 .1 7

Control 0.07 ± 2.2 ± 0 .1
m g  fatty a c id /g liver 4 
0 .1 9 ± 0 .0 3  0.32 ±  0.3 1.9 ± 0 .3 3 .9 ± 0 .6 0.6 ± 0 .1

W ithout
isoleucine 0.35 ± 9.7 ± 1 .4 0.78 ± 0 .2 6 1.2 ± 0 .2 6 .0 ±  1.0 9.0 ± 1 .0 1.6 ± 0 .3

D eficient/
control 4.7 4.4 4.2 3.7 3.2 2.9 2.6

1 N in e  ra ts /g ro u p .
2 M ean  ±  s e . F a tty  ac id s  be low  C 14 m a d e  u p  le ss  th a n  3 o r 4%  o f to ta l  a n d  h a v e  b een  o m itted .
3 S ig n ific an tly  d iffe ren t f ro m  c o n tro l g ro u p  (P  <  0 .0 1 ).
4 C a lcu la te d  fro m  w e ig h t p e r  c e n t o f f a t ty  a c id  x 0.95 x to ta l  l ip id  in  tr ig ly c e rid e  f r a c tio n . V a lu e s  ex p re ssed  

in  te rm s  o f w e t w e ig h t o f live rs .
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TA BLE 5
F atty acid  com position  of liver phospholip ids from  control and isoleucine-deficient ra ts 1

F a tty  a c id

M y ris tic P a lm itic P a lm ito le ic  S tea ric O leic L ino leic A ra c h id o n ic

C o n tro l t r a c e 1 5 . 9 ± 0 .7
w t  %  f a t t y  a c id  

2 t r a c e  2 8 .0  ± 1 . 8 5 . 1 6 ± 0 .7 0 1 5 .4  ± 1 . 0 3 5 .1  ± 0 . 9

W i th o u t
is o le u c in e t r a c e 1 9 .4  ± 1 . 1 t r a c e  2 7 .6  ± 1 . 8 5 .6 0  ± 0 . 8 0 1 6 .6  ± 1 . 0 3 0 . 2 + 1 . 5

1 N in e  ra ts /g ro u p .
2 M ean  +  s e .

TA BLE 6
Serum  cholesterol, phospholip id , an d  lipoprotein  from  control and isoleucine-deficient ra ts 1

D ie t T o ta l P h o s p h o lip id  2
L ip o p ro te in  3

c h o le s te ro l F ra c tio n  1 F ra c t io n  2

C o n tr o l
m g / lO O  m l
9 5  ±  3 .8  4

m g / 100 m l  
1 8 7  ±  7.1 8 . 8 ±  1.0 4 .7  ±  0 .0 5

W i th o u t  i s o le u c in e 00 1+ ►L CO 2 0 1  ± 4 . 8 7 .5  ± 0 . 7 3 .1  ±  0 .4

1 F ive  r a t s  in  c o n tro l  g ro u p  a n d  9 r a t s  in  th e  iso le u c in e -d e fic ien t g roup .
2 M g /100 m l p h o s p h o ru s  x 24.5 = m g / 100 m l p h o sp h o lip id .
3 R a tio  o f OD o f 20  /¿ liters s ta in e d  s e ru m  to  OD o f s ta in  f ro m  eq u iv a len t-s iz e  p iece  o f  b a c k g ro u n d  

p a p e r . F ra c tio n  1 is  a  f a s t  m o v in g  b a n d  a n d  m a y  in c lu d e  a lb u m in  as w e ll a s  a -lip o p ro te in . F ra c tio n  
2 is  a  s lo w er m o v in g  b a n d  a n d  co rre sp o n d s  to  /3-lipoprotein.

4 M ea n  +  s e .

increased mobilization of dietary or adi
pose tissue fatty  acids to the liver; 2 ) in 
creased fatty  acid synthesis; 3) decreased 
transport of fatty  acids from the liver to 
the plasm a; and 4 ) decreased utilization 
or oxidation of liver fatty  acids.

The deposition of liver triglycerides as a 
result of increased mobilization of dietary 
fa t (since the anim als had been fed) or 
adipose tissue fatty  acids was investigated 
in this study by com paring the proportion 
of linoleic acid in  the triglycerides of de
ficient rats with that in  the controls. This 
procedure has been used to dem onstrate 
that increased mobilization contributes to 
the lipid accum ulation in  ethanol toxicity,5 
carbon tetrachloride poisoning (2 7 ) , and 
ethionine toxicity (1 2 ). Since the ra t can
not synthesize linoleic acid, an increased 
proportion of this fatty  acid in the accum 
ulated liver triglyceride, compared with 
that in control anim als, indicates tha t the 
fatty  acids were derived from dietary or 
adipose tissue sources. However, a dilu
tion of the linoleic acid in  the liver lipids 
of the treated anim als, as compared with 
controls, indicates increased fatty  acid 
synthesis in  the liver. In the present ex
perim ent, the percentage of linoleic acid 
in  the deficient ra t liver triglycerides was

lower than  that in the controls. Therefore, 
increased mobilization of fatty  acids to the 
liver m ust not have been responsible for 
the excess triglyceride observed in the 
livers of the deficient rats. On the other 
hand, the dilution of the linoleic acid in 
the deficient anim als by a disproportion
ately high level of palm itic acid, consid
ered together with the increased in  vitro 
acetate incorporation into the liver tri
glycerides suggests th a t an appreciable 
part of the accum ulated liver triglyceride 
m ay have resulted from in situ fatty  acid 
synthesis. Yoshida and H arper (5 )  have 
dem onstrated, in  rats made deficient in 
threonine, tha t the accum ulation of neu
tral fa t into the livers of these anim als 
was also accompanied by increased acetate 
incorporation into the liver and body fat. 
The results were interpreted by the authors 
to m ean that increased fatty  acid syn
thesis occurred in  these anim als and that 
liver lipid could have accum ulated as a 
consequence.

It is now generally conceded th a t no 
lipid circulates in the blood as free lipid,

5 M alin g , H . M ., M. G. H o rn in g , W . M. B u tle r , J r .,  
B. H ig h m a n  a n d  B. B. B rod ie  1960 T r ig ly c e r id e  
d e p o sit io n  in  r a t  l iv e r  th ro u g h  d e ra n g e m e n t o f f a t  
t r a n s p o r t  b y  v a r io u s  c h e m ic a l ag en ts . F e d e ra tio n  
P roc., 19: 229  ( a b s t r a c t ) .
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but is combined with protein in a variety 
of lipoprotein complexes synthesized by 
the liver. Any im pairm ent in  the ability 
of the liver to form  the protein moiety of 
these complexes should therefore cause 
a decrease in  the blood lipids and a con
com itant increase in  the lipid content of 
the liver. Seakins and Robinson (2 8 ) have 
presented evidence that such a m echanism  
may be a prim ary factor in  the liver lipid 
accum ulation in  ra ts poisoned with carbon 
tetrachloride. An inability to synthesize 
and secrete lipoproteins into the blood 
would not appear to be a m ajor factor 
causing triglyceride deposition in  livers of 
isoleucine-deficient rats, since serum levels 
of cholesterol, phospholipids, and lipo
proteins were essentially the same as in  
control groups. However, table 4 shows 
that linoleic acid did accum ulate in  the 
livers of deficient anim als, suggesting that 
some im pairm ent of removal m echanism s 
may have occurred. Thus it appears that 
liver triglyceride m ay accum ulate in  iso
leucine-deficient rats as the result of in 
creased fatty  acid synthesis as well as from 
some im pairm ent in  the ability of the 
organ to remove the lipid. The results 
indicate th a t in  situ fatty  acid synthesis 
by the liver m ight contribute an appreci
able proportion of the excess liver tri
glyceride in isoleucine-deficient rats, since 
the concentrations of palmitic, palmitoleic, 
stearic, and oleic acids increased more 
rapidly than  the concentration of linoleic 
acid. Liver lipid derived m ainly from  syn
thesis, as com pared with lipid tha t accu
mulates prim arily as the result of im paired 
removal, m ight account for the histologic 
differences in  distribution of the liver lipid 
reported in  choline- and essential amino 
acid-deficient rats.

Samuels et al.8 suggested that the in 
creased liver lipid associated with essen
tial amino acid deficiencies was due to 
deam ination of the excess amino acids and 
their subsequent conversion into fat. How
ever, Sidransky and Farber (2 9 ) were u n 
able to dem onstrate tha t ra ts force-fed 
diets devoid of threonine incorporated 
labeled amino acids into liver lipids any 
differently than  did controls. Previous 
studies from  this laboratory (1 6 ) have 
also shown tha t rats force-fed diets lack

ing isoleucine had a lower proportion of 
carcass fa t th an  anim als fed the complete 
diet. If deam inated am ino acids were 
being converted into fat, these sm aller 
anim als, whose energy requirem ents were 
lower than  those of the controls, would be 
expected to have deposited more fa t in  the 
carcass as well as in  the liver. It appears, 
therefore, tha t some other biochemical 
m echanism  will be necessary to explain 
the increased fatty  acid synthesis in essen
tial am ino acid deficiencies.

An increased liver glycogen, as observed 
in  the isoleucine-deficient rats, has been 
previously reported for rats force-fed diets 
deficient in  threonine (29). Moriwaki (30) 
has also reported tha t glycogen accum u
lated in  the fivers of ra ts fed ad libitum  
diets devoid of lysine, histidine, phenyl
alanine, tryptophan, valine, or isoleucine. 
In  an earlier experim ent (1 6 ) , ra ts m ade 
isoleucine-deficient under conditions simi
lar to those reported here had significantly 
enlarged adrenals compared with controls. 
Therefore, it is possible tha t the higher 
fiver glycogen in  the deficient ra ts of the 
present experim ent resulted from in 
creased adrenal cortical activity. However, 
Sidransky and Farber (2 9 ) are of the 
opinion th a t an in tact adrenal, capable of 
excessive steroid secretion, was not essen
tial for the glycogen response in their ra ts 
fed threonine-free diets. Because a num 
ber of essential amino acid deficiencies 
have been reported to cause increased 
fiver glycogen as well as increased fiver 
lipid deposition, fu rther investigations 
should be undertaken to see whether the 2 
responses m ay be related through some 
disturbance in  carbohydrate metabolism.
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Effect of Potassium on Juxtaglomerular Cells and the 
Adrenal Zona Glomerulosa of Rats* 1'2
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ABSTRACT  In  a series of 4 experim ents (100  ra ts), 2 to 9 weeks in  duration, 
excess potassium , either dietary or added to drinking water, did not alter juxta
glomerular (JG ) granulation. In the sam e anim als, however, the zona glomerulosa 
hypertrophied, confirm ing previous observations. It was concluded that high potas
sium , like sodium deficiency, produces w idening of the zona glom erulosa, but unlike  
sodium deficiency, it does not affect JG cells. These results fit in w ith the observations 
of others that stim ulation of aldosterone by high potassium  is by direct action and an 
exception to the renal control, characteristic o f other forms of secondary aldosteronism. 
Histologic changes in  the zona glom erulosa were of m uch greater m agnitude with  
variations in  sodium  intake than w ith  variations in  potassium  intake, at least at levels 
compatible w ith life  in  these chronic experim ents.

In 1948, Deane et al. (1 )  showed that 
variations in  sodium and potassium  intake 
produced histologic changes in  the zona 
glomerulosa w ithout affecting the other 
zones of the adrenal cortex of rats. Sodium 
deficiency or potassium  excess caused 
widening of the zona glomerulosa, where
as atrophy resulted from  either sodium 
excess or potassium  deficiency. Their ob
servations were the first to emphasize the 
specific role of the zona glomerulosa in 
electrolyte-regulating activity.

Later, it was shown in our laboratories 
that sodium deficiency produced hyper
granulation and other changes indicative 
of hyperactivity of juxtaglom erular (JG ) 
cells in several species (2 -5 ) . Excess 
sodium suppressed activity of JG cells. 
Prompted by Deane’s earlier observations
(1 ) , adrenal cortex was also studied in 
these anim als with the result that changes 
in JG cells correlated very well with 
changes in  the zona glomerulosa (6 ) . The 
same relationship held true in the case of 
hum an JG cells in patients with varying 
degrees of hyponatrem ia (7 ) .

It was natu ral that the question of potas
sium should be raised with respect to its 
effect on JG cells. Excess potassium  causes 
widening of the zona glomerulosa (1 )  and 
increases aldosterone secretion (8 ) . In the 
present study, 4 experim ents using rats 
were carried out in an attem pt to stimulate 
JG cells with excess potassium , but despite

the fact that the zona glomerulosa was sig
nificantly hypertrophied, no evidence indi
cating hyperactivity of JG cells could be 
dem onstrated.

METHODS

Four experim ents were carried out using 
100 male ra ts of the W istar strain. Details 
of each experim ent are as follows.

Experim ent 1. Seventeen rats, weigh
ing approximately 200 g were fed a stand
ard chow diet ad libitum. Five ra ts (group
1) were given 4% KC1 in drinking water; 
6 ra ts (group 2) were given tap w ater to 
drink; 6 ra ts (group 3) were given 2% 
NaCl in  drinking water. The duration of 
the experim ent was 29 to 33 days.

E xperim ent 2. Ten rats, weighing an 
average of 58 g were fed a standard chow 
diet for 3 weeks. Five ra ts (group 1) were 
allowed to eat ad libitum  and were given 
4% KC1 in drinking w ater (d istilled); the 
other 5 ra ts (group 2 ) were pair-fed with

R ece ived  fo r  p u b lic a tio n  N o v em b er 12, 1963.
1 T h ese  s tu d ie s  w e re  su p p o rte d  by  g ra n t  A-1114, 

U .S .P .H .S ., a n d  a  g ra n t  (2 4 0 )  f ro m  th e  N u tr i t io n  
F o u n d a tio n .

2 A b r ie f  s u m m a ry  o f th e se  e x p e r im e n ts  w a s  in 
c lu d e d  in  a  p a p e r  p re s e n te d  a t  a  m e e tin g  o f th e  
C o u n c il fo r  H ig h  B lood P re s su re  R ese a rch , A m e ric a n  
H e a r t  A sso c ia tio n , C lev e lan d , O c tober 24 , 1962 (1 2 )  
a n d  a t  th e  F e d e ra tio n  o f A m e ric a n  S ocie ties  fo r  E x 
p e r im e n ta l  B io logy, A tla n tic  C ity , 1963 (H a r tr o f t ,  
P . M ., a n d  E . S ow a 1963 E ffec t o f p o ta s s iu m  on 
ju x ta g lo m e ru la r  c e lls  a n d  a d re n a l  zo n a  g lo m eru lo sa . 
F e d e ra tio n  P roc., 22:  548 ( a b s t r a c t ) ) .

3 P re s e n t a d d re ss : T h e  C o m b in ed  D egree P ro g ra m , 
D e p a r tm e n t o f  P a th o lo g y , In d ia n a  U n iv e rs ity  School 
o f M ed ic in e , M yers H a ll,  B lo o m in g to n , In d ia n a .

J .  N u t r i t i o n , 82:  ’6 4 439
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ra ts in  group 1 on the basis of body weight 
and were given distilled w ater to drink.

Experim ent 3. Thirty-nine (3 9 ) rats, 
weighing an average of 98 g, were fed 
semi-purified diets ad libitum  and given 
distilled w ater to drink. Nine rats (group
1) were fed a potassium-deficient diet 
(table 1) supplem ented with 12% KC1; 
10 ra ts (group 2 ) were fed the potassium- 
deficient diet supplem ented with 6% KC1; 
10 ra ts (group 3) were fed the potassium- 
deficient diet supplem ented with 1.2% 
KC1 to serve as controls; 10 rats (group 4) 
were fed the potassium-deficient diet alone. 
The duration of the experim ent was 2 to 7 
weeks.

TABLE 1
C om position of the potassium -deficien t diet

%
Casein (extracted ) 1 20
Cellulose 2 2
Potassium -free salt m ix 4
Sucrose 65
Vitam in m ix 1 2
NaCl 0.5
Corn oil 7

Composition of the potassium -free salt m ix
Calcium  carbonate 20.94
M agnesium  sulfate 19.70
Sodium phosphate (d ib .) 14.80
Calcium  phosphate (trib .) 41.00
Ferric phosphate ( 2H2O) 3.20
Cupric su lfate (5H 20 ) 0.15
M anganese su lfate 0.04
Cobaltous chloride ( 6H2O) 0.02
Sodium iodide 0.014
Zinc sulfate ( 7H2Q ) 0.116

1 Obtained from Nutritional Biochemicals Corpora
tion, Cleveland.

2 Alphacel, Nutritional Biochemicals Corporation.

Experim ent 4. Thirty-four (3 4 ) rats, 
weighing an average of 43 g were fed semi- 
purified diets and given distilled w ater to 
drink. Eight ra ts (group 1) were fed a 
sodium-deficient diet (9 )  supplemented 
with 7% KC1; 8 ra ts  (group 2 ) were fed 
the sodium-deficient diet alone; 10 rats 
(group 3) were fed the sodium-deficient 
diet supplem ented with 0.6% NaCl and 
7% KC1; 8 rats (group 4 ) were fed the 
sodium-deficient diet supplem ented with 
0.6% NaCl to serve as controls. Rats of 
groups 2, 3 and 4 were pair-fed with rats 
of group 1. The duration of the experi
m ent was 2 m onths.

Juxtaglom erular cells were studied by 
a counting m ethod described previously 
(2 ,7 ) and, except for experim ent 2, the 
zona glomerulosa was studied in  frozen 
sections stained for lipid with oil red O
(9 ) . Serum levels of sodium and potas
sium were determ ined by flame photometry 
in  experim ents 2, 3 and 4. Animals were 
decapitated.

RESULTS

Results are tabulated separately for each 
experim ent in  tables 2 and 3. In  the 3 
experim ents in  which adrenal cortex was 
studied, the zona glomerulosa was signifi
cantly wider in  ra ts ingesting excess potas
sium (either 4% KC1 in drinking w ater or 
7 to 12% KC1 added to the diet; combined 
average, 71 a) than  in  control ra ts (com 
bined average, 50 a, P <  0.01). In  contrast, 
degree of granulation of JG cells (JG I) 
was not significantly different between 
control (combined average, 23) and high- 
potassium  rats (combined average, 21) 
in  any of the experiments.

In  sodium-restricted rats, high intake 
of potassium  resulted in a lower JGI than  
in  sodium-deficient ra ts with a norm al 
potassium  intake (exp. 4, table 3). It 
should be noted that these ra ts failed to 
grow as well as ra ts in  other groups of this

TABLE 2
Plasm a sodium  and p o ta ss iu m 1

Group Plasma Na Plasma K

Experim ent 2 
1 H igh KC1

mEq/ liter m Eq/liter

158 ± 2 .0  *-2 8.7  ±  0.55  **
2 Control 1 4 8 ± 3 .1 5 .9 ± 0 .1 3

Experim ent 3
1 H igh KC1, 12% 143 ± 1 .4 6 .4 ± 0 .3 1  *
2 H igh KC1, 6% 1 4 4 ±  1.5 7.1 ± 0 .2 6
3 Control 141 ±  0.7 7.4 ± 0 .2 4
4 K-deficient 138 ± 0 .5  * 3 .6 ± 0 .1 4  **

Experim ent 4 
1 Na-deficient, 

High KC1 1 2 6 ±  1.9 9.6 ± 0 .2 7
2 Na-deficient, 

norm al KC1 124 ± 2 .6 8 .6 ±  0.53
3 H igh KC1 140 ± 0 .5 8 .3 ± 0 .4 9
4 Control 140 ± 0 .5 7.1 ± 0 .5 3
1 The t-test was used to test difference between ex

perimental and control group within each experiment 
except m experiment 4 in which group 1 was tested 
against group 2.

2 se of m ean.
* Significant at the 1% level.

** Significant at the 5% level.
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TABLE 3

Juxtaglomerular cells and adrenal zona 
glomerulosa 1

G roup JG I 2
Z ona

g lom eru losa
w id th

micra
Experiment 1

1 High KC1 34 ± 5 .3  3 59 ± 5 .2  *-4
2 Control 31 ± 3 .4 4 2 ±  1.5
3 High NaCl 9 ±  1.5 ** 2 7 ±  1.5 **

Experiment 2
1 High KC1 1 8 ± 3 .0 —
2 Control 20 ± 2 .7 —

Experiment 3
1 High KC1, 12% 1 6 ± 2 .5 7 6 ± 3 .1  **
2 HighKCl, 6% 21 ± 3 .2 58 ± 3 .6
3 Control 14 ± 2 .9 51 ± 3 .4
4 K-deficient 1 7 ±  3.3 46 ± 2 .4

Experiment 4 
1 Na-deficient,

high KC1 54 ± 8 .5  * 430 ± 4 7
2 Na-deficient,

normal KC1 8 5 ±  9.3 350 ± 2 3
3 High KC1 1 7 ± 3 .1 7 7 ± 4 .2  **
4 Control 2 6 ± 3 .0 5 7 ± 3 .6

1 T h e  t-te s t w as  u sed  to  te s t  d iffe ren ce  b e tw een  ex 
p e rim e n ta l  a n d  c o n tro l g roup  w ith in  e a c h  e x p e r im e n t 
ex cep t in  e x p e r im e n t 4 in  w h ic h  g roup  1 w as te sted  
a g a in s t g ro u p  2.

2 JG I in d ic a te s  degree o f g ra n u la tio n  o f ju x ta 
g lo m e ru la r  cells.

3 s e  o f  m e a n .
4 M icra  ±  s e .
** S ig n ific an t a t  th e  5%  level.

* S ig n ific an t a t  th e  1%  level.

experiment, despite pair-feeding, but a 
similar depression of growth occurred with 
high potassium and norm al sodium intake, 
except in  experiment 2, where pair-feeding 
was carried out on the basis of body 
weight.

In experiment 3, in which varying levels 
of dietary potassium  were used, the width 
of the zona glomerulosa was proportional 
to the am ount of potassium in the diet, but 
the only significant difference from control 
ra ts was in  the group that received 12% 
KC1. There were no significant differences 
in JGI in this experiment.

Although plasm a potassium  levels (table
2 ) tended to be higher in  the groups re
ceiving the high potassium  intake, this 
difference was inconsistent and was statis
tically significant only in  experim ent 2; 
plasm a potassium  was in  fact lower in the 
high potassium  group of experim ent 3 
than  in  the control group.

Histologic changes in the zona glomeru
losa were of much greater magnitude in 
sodium-deficient rats than in high-potas- 
sium rats in these experiments (table 3).

DISCUSSION

These results demonstrate that a high 
intake of potassium, like sodium defi
ciency, produces widening of the zona 
glomerulosa, confirming the observations 
of Deane et al. (1 ) , but unlike sodium 
deficiency, it does not affect JG cells in  a 
parallel way. Thus, variation in potassium 
intake is an exception to the relationship 
between activity of JG cells and of the 
zona glomerulosa (6 ).

This conclusion corroborates, but does 
not explain, the observation of Davis et al.
(10 ) that stimulation of aldosterone by 
excess potassium is not under renal con
trol. Previously, it had been shown by 
Davis’ group and others, as reviewed re
cently (1 1 ), that hypersecretion of aldo
sterone by the zona glomerulosa, secondary 
to hemorrhage, constriction of the inferior 
vena cava, sodium deficiency, and others, 
was dependent upon in tact kidneys and 
that the substance responsible for this con
trol ■— aldosterone stimulating substance 
—  was angiotensin, formed by the action 
of renin on angiotensinogen. Present evi
dence strongly supports JG cells as the 
source of renin (4, 12). Thus, JG cells 
control the secretory activity of the zona 
glomerulosa in most forms of secondary 
aldosteronism. The action of high potas
sium, on the other hand, is apparently a 
direct one, independent of JG cells, but the 
exact m echanism  by which it stimulates 
aldosterone is unknown.

Two other observations were made in 
the present study. First, hypergranulation 
of JG cells in  sodium-deficient ra ts was 
partially inhibited by high potassium in 
take, whereas there was no inhibitory 
effect on hypertrophy of the zona glomeru
losa. The explanation is not obvious, at 
least on the basis of the param eters m eas
ured. A similar effect was recently de
scribed by W ardlaw and Pike (1 3 ) in 
sodium-deficient, pregnant rats. Although 
these ra ts had more severe hypertrophy 
of the zona glomerulosa than  did compar
able sodium-deficient, non-pregnant rats, 
JGI was significantly lower. The possible



4 4 2 P H Y L L IS  M . H A R TR O FT AND E L IZ A B E T H  SOW A

link is that their pregnant group had 
higher serum  levels of potassium  than  the 
non-pregnant group. Admittedly, a com
parison of high intake of potassium  and 
high serum levels with norm al potassium  
intake m ay not be valid, but the coinci
dence deserves fu rther study. The possi
bility tha t the lower JGI represented hyper
secretion cannot be ruled out, but it is 
highly unlikely. In chronic conditions, 
especially in the ra t, hyperactivity of JG 
cells is invariably accompanied by in 
creased granulation (1 2 ).

The other observation was the m uch 
greater change in  the zona glomerulosa 
with variations in  sodium intake than  with 
variations in  potassium  intake (exps. 1 
and 4, table 3 ), at least at levels com pati
ble with life. Higher supplem ents of potas
sium or more severe potassium  deficiency 
(th a t is, the same diet in  w eanling ra ts ) 
than  those used in these experim ents 
were fatal. Again the explanation is not 
apparent, but this observation m ight sug
gest that potassium  plays only a m inor role 
in control of aldosterone and tha t the renal 
control, by JG cells, in  other forms of sec
ondary aldosteronism is of prim ary im 
portance.
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ABSTRACT  Male and fem ale guinea pigs and rats were fed diets w ith or without 
cholesterol. Adrenal lipids were separated into cholesterol ester, triglycerides and 
phospholipids. The fatty acid com position of each lip id class w as determined. Cho
lesterol feed ing had no effect on the total lipid level of adrenals in  either species. It 
did increase the cholesterol content, particularly the esterified fraction, at the ex
pense of triglycerides. Phospholipid levels were relatively unaffected. Adrenal choles
terol ester contained 75 to 80% of unsaturated fatty acids, including large am ounts of 
a 22:4  acid. Cholesterol feeding led to a decrease of the ratio o f the 2 0 :4 /2 0 :3  acids. 
It had little effect on the fatty acid com position of triglycerides and phospholipids. 
Guinea pig adrenals had considerably higher lip id levels than those of rats. In con
trast w ith  that of rats, guinea pig adrenal cholesterol ester contained less 22 :4  acid, 
and the predom inant fatty acids of its phospholipids were palm itic and linoleic acid, 
whereas those of rats were stearic and arachidonic acids. Also in  contrast w ith rats, 
unesterified cholesterol levels in  guinea pig adrenals increased in  response to dietary 
cholesterol. Certain sex differences were observed between adrenal lipid levels and 
their changes in  response to dietary cholesterol. Present hypotheses o f the function  
of adrenal lipids are discussed.

It has been quite well-established that 
the am ount and kind of dietary lipid and 
of certain horm ones affect lipid m etabo
lism in m an  and m any species of anim als 
(1 -3 ) .  Dietary cholesterol and cortisone, 
for instance, increase serum  cholesterol 
levels in  certain  anim als (4 , 5 ), whereas 
some polyunsatuarted fatty  acids and thy
roid horm one m ay have the opposite effect 
( 2 , 6 ).

The m echanism  by which these and re
lated effects are produced is obscure. Ad
renal cholesterol has been shown to be a 
precursor of adrenocortical horm ones (7 )  
and it is known tha t adrenal lipids con
tain  a high proportion of polyunsaturated 
fatty  acids (2 ) . Very little, however, is 
known of the changes in  adrenal lipid 
composition in  response to changes in  die
tary lipids.

We are reporting data on the adrenal 
lipid composition of 2 commonly used 
laboratory anim als, ra ts and guinea pigs, 
that had been fed a semi-purified diet with 
or without added cholesterol. Both m ale 
and female anim als were studied.

MATERIALS AND METHODS 
Guinea pigs. Male and fem ale guinea 

pigs at 2 and 3 weeks of age were used. 
They were fed a semi-purified diet of 
basically the same composition as that 
used by Reid and Briggs (8 )  as modified 
by Richie,2 containing 10% cottonseed oil.3 
At the end of 2 weeks the anim als were 
divided into control and cholesterol-fed 
groups, the diet of the la tter differing from 
that of the form er by the addition of 1% 
cholesterol at the expense of sucrose. At 
the end of the experim ental period of 50 
to 60 days, 5 or 6 guinea pigs of each 
group were fasted for 20 to 22 hours, anes
thetized with sodium pentobarbital, and 
killed by w ithdraw al of blood by open-heart 
puncture. Both adrenals were removed, 
blotted, weighed and im mediately homog-

R ece iv ed  fo r  p u b lic a tio n  D ecem b er 9, 1963.
1 T h is  in v e s t ig a tio n  w as  s u p p o rte d  in  p a r t  by  

W es te rn  R eg io n a l E x p e r im e n t S ta tio n  P ro je c t W -44 
a n d  by  U. S. P u b lic  H e a lth  S erv ice  G ra n t-in -a id  
H -6480.

2 R ic h ie , J . 1959 S tu d ies  o n  s e m isy n th e tic  d ie t fo r  
th e  g ro w th  o f y o u n g  g u in e a  p ig s . M. S. T h e s is , U n i
v e rs ity  o f C a lifo rn ia , B erkeley .

3 T h e  d ie t c o n ta in e d : ( g /1 0 0  g d ie t)  c a s e in , 20; 
a lb u m in , 10; co tto n seed  oil, 10; su cro se , 7; g lucose 
m o n o h y d ra te , 6 .8; d e x tr in ,  20; c e llo p h an e , 5; a l fa lfa  
m e a l, 5; a g a r ,  5; s a lts , v ita m in s . F o r  d e ta ils  of 
c o m p o sitio n  a n d  p re p a ra t io n  see  ( 9 ) .

J .  N u t h i t i o n ,  82 : ' 6 4 443
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enized in  95% ethanol. The lipids were 
extracted first with ethanol, then with 
ethyl ether. They were then separated into 
4 fractions on silicic acid columns as de
scribed in  previous reports from this lab
oratory (10, 11). The fractions obtained 
were 1) cholesterol esters, 2 ) triglycerides,
3) phospholipids, and 4 ) a m ixture of 
unesterified cholesterol, mono- and diglyc
erides and free fatty  acids. Because this 
last fraction represented a very small pro
portion of the total adrenal lipids of both 
the guinea pigs and the rats, its level and 
composition will not be presented. The 
fatty acid composition of the individual 
fractions was determ ined by gas-liquid 
chromatography of their methyl esters.4

The fatty acids were identified by com
paring their retention times with those of 
known fatty  acids plotted as num ber of 
carbon atoms versus log™ retention time. 
The less common fatty  acids were ten ta
tively identified by re-chromatography after 
hydrogenation (1 2 ). The percentage com
position of the sample was computed from 
the areas under the peaks. The relative 
peak areas were calculated by the method 
of Carroll (13).

Cholesterol was determ ined by the 
method of Sperry and Webb (1 4 ) , with 
modifications as described by Okey and 
Lyman (1 5 ). Total lipids were determined 
by the m ethod of Bloor (1 6 ) , and phos
phorus by the method of Sumner (1 7 ). 
The analyses were performed on the ad
renals of individual animals. Statistical 
comparisons of the results were made by 
t test as described by Snedecor (18).

Rats. W eanling m ale and female rats 
were fed ad libitum  a semi-purified diet

containing 10% safflower oil with or w ith
out 1% cholesterol.5 At the end of the ex
perim ental period of 45 to 55 days the 
fasted anim als were killed and the adre
nals removed, weighed, and extracted as 
described above.

The separation of lipids and their anal
yses were perform ed as described above. 
Because of the small size of the adrenals, 
the extracts from adrenals of 3 or 4 an i
m als were pooled in  such a way tha t 2 
pools for each group were analyzed sepa
rately. No standard errors or t tests of sig
nificance were calculated on the m eans of 
the 2 values.

RESULTS
Gross effects of feeding cholesterol. 

Table 1 presents data on the growth and 
adrenal weights of all the anim als dis
cussed in  this report. Cholesterol feeding 
im paired the growth of guinea pigs, but 
had no effect on rats. In both species the 
females had larger adrenals than  the 
males whether they were fed the choles
terol-containing diet or not ( P < 0 .0 1 ) .  
Although cholesterol feeding had no ef
fect on the size of ra t adrenals, guinea pig 
adrenals were enlarged by such a regim en 
(P  <  0.1 to P <  0.05).

The effects of cholesterol on the levels 
of adrenal lipids of guinea pigs and rats 
are presented in  table 2.

4 W ilk in s  A e ro g ra p h  w ith  th e rm a l  c o n d u c t iv ity  de 
te c to r; 152-cm  c o lu m n s  o f co iled  s ta in le s s  s tee l w ere  
p a ck e d  w ith  d ie th y le n e  g lyco l p o ly e s te r  o n  C hrom - 
a so rb  W ; o p e ra tin g  te m p e ra tu re  w as  190 to  200°C . A 
m ix tu re  o f w e ig h ed  a m o u n ts  o f k n o w n  f a t ty  ac id  
s ta n d a rd s  w as a n a ly ze d  da ily . R e la tiv e  s e n s itiv ity  
fa c to rs  w ere  co m p u te d  fro m  th e  s ta n d a rd s  a n d  a p p lie d  
to  th e  sam p le  f a t ty  ac id s  as  c o rrec tio n s .

5 T h e  d ie t c o n ta in e d : (g /1 0 0  g d ie t)  c a s e in , 5; 
a lb u m in , 10; safflow er o il, 10; su cro se , 69 ; s a lts , 
v ita m in s . F o r d e ta ils  see (1 9 ) .

TA BLE 1
G rowth and adrenal w eigh ts of guinea p igs and rats fed  a d iet w ith  or w ith o u t c h o les te ro l1

Diet group 2
Total wt gain Wt at autopsy Adrenals

Sex Guinea
pig Rat Guinea

Pig Rat Guinea
pig Rat

Control M
9

229 3
9

206
g

466
9

236
m g /100 g body w t 

56.6 ±  5.6 15.1 ±  1.6
Control F 165 147 378 180 78.5 ± 1 .7 29.8 -+-1.2

+  1 % cholesterol M 105 212 349 244 74.6 ± 7 .7 14.1 ±  0.8
+ 1  % cholesterol F 98 138 322 168 97.5 ± 9 .1 27.9-+-1.1

Cholesterol/control 4 M 0.5 1.0 0.7 1.0 1.32 0.94
Cholesterol/control F 0.6 0.9 0.8 0.9 1.24 0.94

1 F iv e  o r 6 a n im a ls /g r o u p ;  e x p e r im e n ta l  p e rio d  v a r ie d  fro m  49 to  57 days.
2 C o n tro l g ro u p  a n im a ls  w e re  fe d  a  d ie t  w ith o u t ch o leste ro l.
3 M ean  fo r  e a c h  g ro u p  ±  s e  (w h e re  g iv e n ) .
4 C h o le s te ro l/c o n tro l in d ic a te s  th e  ra tio  o f th e  m e a n s  o f th e  ch o le s te ro l-fed  a n d  o f th e  c o n tro l g roups .
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Guinea pigs. The level of adrenal lipid 
was the same in  both sexes, and was u n 
affected by dietary cholesterol. The total 
am ount of lipid (m g /ad ren a l) was greater 
in  cholesterol-fed fem ales th an  in  males 
(P  <  0.05) because of their larger adre
nals. The cholesterol was present pre
dom inantly as ester. Female guinea pig 
adrenals contained more cholesterol ester 
as well as more unesterified cholesterol 
th an  those of m ales (P  <  0.05). Choles
terol feeding increased the cholesterol ester 
content (P  <  0.05) as well as the unesteri
fied cholesterol content of the adrenals 
(P  <  0.01) but did not affect the level of 
phospholipids. Consequently, dietary cho
lesterol produced a decrease of both the 
phospholipid to total cholesterol ratio as 
well as of the phospholipid to unesterified 
cholesterol ratio. The triglyceride level of 
the adrenals decreased somewhat in  re 
sponse to dietary cholesterol. The effect 
was more pronounced in  the m ales than  in 
the females ( P < 0 .0 1 ) .

Rats. Compared with those of guinea 
pigs, ra t adrenals contained less total lipid 
with a higher proportion of phospholipids 
and a sm aller proportion of glycerides. 
Cholesterol feeding tended to increase total 
lipids, but in  females only. Observations 
concerning sex differences and response of 
adrenal total cholesterol and phospholipid 
levels to dietary cholesterol were sim ilar to 
those in  guinea pigs. The level of unesteri
fied cholesterol and therefore the ratio of 
phospholipids to unesterified cholesterol in  
ra t adrenals, however, was not influenced 
by dietary cholesterol.

Effects of dietary cholesterol on the fa tty  
acid composition of lipids. The composi
tion of the cholesterol esters of guinea pig 
and ra t adrenals is presented in  table 3.

Guinea pig adrenal cholesterol ester con
tained up to 75% of unsaturated  fatty  
acids. Adrenals of females showed a tend
ency to contain higher proportions of lino- 
leic, linolenic, and 20 :3  acids but lower 
proportions of arachidonic and 22 :4  acids

TA BLE 3

F atty acid  com position  of cholesterol ester o f adrenals of guinea pigs and rats fed  a d ie t
w ith  or w ith o u t ch o les te ro l1

G u in e a  p ig Rat
Fatty 
acid, 
wt %

Male Female Male Female

Control
Choles
terol-
fed

Control
Choles
terol-
fed

Control
Choles
terol-
fed

Control
Choles
terol-
fed

14:0 2 2.3 3.0 2.4 3.3 5.4 4.4 3.8 3.0
16:0 13.8 ±  1.9 1 7 .4 ±  1.5 12.9 ±  0.8 17.6 ±  1.3 10.7 10.8 11.4 10.0
16:1 3.9 3.7 3.8 4.8 7.1 6.2 4.8 3.6
18:0 3.8 3.8 2.9 3.1 2.7 2.6 2.6 2.6
18:1 12.3 ± 0 .6 12.4 ± 0 .6 1 2 .6 ±  0.2 12.7 ±  1.3 10.0 10.8 8.8 8.6
18:2 11.2 ±  1.2 12.6 ± 0 .8 14.2 ± 0 .2 15.2 ±  0.6 9.2 11.2 10.2 9.1
18:3 4 .9 ±  0.9 4.4 ± 0 .5 6.8 ± 0 .2 6.1 ±  0.5 _ _
20:4 24.1 ± 1 .7 2 0 .4 ±  1.1 2 2 .3 ±  1.0 16.5 ±  0.5 24.8 22.8 3 28.0 23.6
20:3  4 0.9 1.6 0.9 1.8 trace 0.8 0.8 2.0
20:3 3.7 ± 0 .1 6 .0 ±  0.9 5.0 ±  0.4 7 .2 ±  1.3 3.9 6.0 3.4 5.8
22:4 12.1 ±  2.0 8.3 ± 1 .1 8.9 ±  0.9 4.8 ±  0.3 21.3 21.5 3 26.3 27.6
24:0 3.1 ± 0 .5 1.3 ± 0 .4 3.1 ± 0 .3 1.1 ±  0.3 4.9 trace trace 2.0

2 0 :3 /2 0 :4 0.153 0.294 0.224 0.436 0.157 0.263 0.121 0.251
Total fatty

acids, m g /g
adrenal5 27.8 36.2 37.0 46.6 9.5 15.9 15.8 26.0
1 A ll f ig u res  a re  p e rc e n ta g e s  o f to ta l  m e th y l e s te rs  m e a su re d . T h ey  re p re s e n t m e a n s  ±  s e . S ta n d a rd  e rro rs

o f m e a n s  le ss  th a n  5 a re  p re s e n te d  o n ly  w h e n  re le v a n t  to  th e  d iscu ss io n . D a ta  fo r  th e  g u in e a  p ig  e x p e r im e n t
re p re s e n t m e a n s  o f g ro u p s  o f 5 o r 6 a n im a ls. D a ta  fo r  th e  r a t  e x p e r im e n t a re  av e rag es  o f 2! poo ls  o f  a d re n a l
e x tra c ts  f ro m  2  o r  3 a n im a ls  e ach .

2 T h e  f irs t f ig u re  re p re s e n ts  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  fig u re  th e  n u m b e r  o f d o u b le  bond«;
3 R ep re se n ts  v a lu e  o f one  poo l only .
4 Som e o f th e  h ig h e r  u n s a tu r a te d  f a t ty  a c id s  h a v e  b e en  id e n tif ie d  o n ly  te n ta tiv e ly . O ne o f  th e  20 • 3 a c id s

c o u ld  be  a  2 0 :2  a c id , a n d  th e  2 4 :0  a c id  co u ld  be  a n  iso m e ric  2 2 :4  ac id . T h e  m a jo r  2 2 :4  a c id  is  v e ry  lik e lv
a d re n ic  a c id , 5, 8, 11, 1 4 -d o co sa te traen o ic  a c id  (4 4 ) .  In  a d d it io n  to  th e  f a t ty  a c id s  lis te d , g u in e a  niff a d rp n a l 
c h o le s te ro l e s te r  c o n ta in e d  tra c e s  o f 1 2 :0 , 1 5 :0 , 1 7 :0 , 2 0 :0  a n d  2 0 :1  ac id s. R a t a d re n a l  c h o le s te ro l e s te r  
c o n ta in e d  1 to  3%  o f a  1 5 :0  acid .

s T o ta l f a t ty  a c id s  w e re  c a lc u la te d  f ro m  th e  c h o le s te ro l c o n te n t o f  th e  f ra c tio n .
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than  those of males. Statistically, these 
differences were significant only in  the 
cholesterol-fed groups (P  <  0.05 to P <  
0.01). Cholesterol feeding resulted in  an 
increase in  the proportions of palm itic and 
20:3  acids at the expense of arachidonic, 
22 :4  and 24 :0  acids. (These changes 
were statistically significant in  m ales for 
the 20 :3  and 24 :0  acids at the 5% level, 
in  females for palmitic, arachidonic and 
24 :0  acids at the 1% level.)

Rat adrenal cholesterol ester contained 
over 80% unsaturated  fatty  acids — even 
more th an  tha t observed in  guinea pigs. 
A high proportion of 2 2 :4  acid was par
ticularly evident. Adrenals of female rats 
tended to contain a lower proportion of 
palmitoleic but more 22 :4  acids th an  those 
of males.

In  both guinea pig and ra t adrenals, 
linoleic, palm itic and oleic acids m ade up 
80 to 90% of the triglyceride fatty  acids 
(table 4 ). Arachidonic acid concentration 
was low, and higher unsaturated  fatty  
acids were absent. No sex differences were 
noted, and cholesterol feeding did not 
change the triglyceride composition.

The composition of the phospholipids is 
shown in  table 5. The m ajor fatty  acid of 
both guinea pig and ra t adrenal phospho
lipids was arachidonic acid. This was also 
the only lipid class containing large

am ounts of stearic acid. N either sex of the 
anim al nor cholesterol feeding had  m uch 
influence on the fatty  acid composition of 
this fraction. A definite species difference, 
however, was observed; whereas the 
guinea pig adrenal phospholipids con
tained a higher proportion of linoleic and 
palmitic acids than  those of rats, the la t
ter contained more arachidonic and stearic 
acid th an  did those of guinea pigs. In con
trast with guinea pigs, the ratio of the 
proportion of stearic to palm itic acids in 
the adrenal phospholipids of ra ts appeared 
to be somewhat higher in  female than  in 
m ale anim als fed the diets with or without 
cholesterol.

DISCUSSION
Our observations concerning the relation 

of adrenal weight to body weight are simi
lar to those in  the literature, namely, 
0.06% for guinea pigs (2 0 ) and 0.02% 
for ra ts  (7 , 21, 22). The observation that 
the relative weight of female ra t adrenals 
is greater than  that of m ales has been re
ported (7 , 21, 22). Conflicting reports of 
sex differences in  size of guinea pig adre
nals (7 )  m ight be explained by the ob
servation that such sex differences appear 
only in  guinea pigs weighing more than  
500 g (2 0 ). Dietary cholesterol has pre
viously been reported to have no effect on 
ra t adrenal size (2 3 ).

TA BLE 4
F atty acid  com position  of trig lycerides of adrenal of guinea pigs and rats fed  a d iet

w ith  or w ith o u t cholesterol

Guinea pig Rat
F atty Male Female Male Female
wt %

Control
Choles
terol-
fed

Control
Choles
terol-
fed

Control
Choles
terol-
fed

Control
Choles
terol-
fed

16:0  2 2 1 .6 ±  1.3 21.7 ±  1.3 21.2 ±  1.0 21.3 ± 1 .4 21.8 20.6 19.8 20.2
16:1 1.5 2.2 1.7 2.1 5.8 5.0 4.4 4.2
18:0 6 .2 ± 0 .1 7 .0 ± 0 .8 6 .2 ±  0.3 5.5 +  0.3 6.6 6.6 6.5 6.3
18:1 18.1 ±  0.4 19.8 ± 1 .4 17.7 ±  0.3 17.6 ± 0 .5 22.7 24.4 21.8 22.8
18:2 49.7 ±  1.5 4 0 .9 ± 4 .9 45.3 ± 1 .8 44.3 ± 4 .0 36.6 35.6 36.4 37.5
20:4  3 trace 5.5 ± 2 .8 trace 4 .8 ±  1.7 3.5 5.8 9.1 7.2

Total fatty
acids m g /g
adrenal 4 10.4 5.5 7.9 6.8 8.5 8.2 5.0 3.9

1 A ll f ig u res  a re  p e rc e n ta g e s  o f to ta l  m e th y l e s te rs  m e a su re d . T h ey  re p re s e n t m e a n s  ±  s e . S ta n d a rd  e rro rs  
o f m e a n s  le ss  th a n  5 a re  p re s e n te d  o n ly  w h e n  re le v a n t to  th e  d iscu ss io n . D a ta  fo r  th e  g u in e a  p ig  e x p e r im e n t 
re p re s e n t m e a n s  o f g ro u p s  o f 5 o r 6 a n im a ls .  D a ta  fo r  th e  r a t  e x p e r im e n t a re  av e rag es  o f 2  poo ls  o f a d re n a l 
e x tra c ts  fro m  2 o r 3 a n im a ls  each .

2 T h e  f irs t f ig u re  re p re s e n ts  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  fig u re  th e  n u m b e r  o f d o u b le  bonds.
3 In  a d d itio n  to  th e  f a t ty  a c id s  lis te d , g u in e a  p ig  a d re n a l  tr ig ly c e rid e s  c o n ta in e d  tra c e s  o f 1 4 :0 , 1 5 :0 , 

1 7 :0  a n d  1 8 :3  ac id s.
4 T o ta l f a t ty  a c id s  w e re  c a lc u la te d  fro m  v a lu e s  fo r  tr ig ly ce rid e s .
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TA BLE 5

Fattij acid com position  of phospholipids of adrenals of guinea pigs and rats fed  a d iet 
w ith  or w ith ou t cholesterol

Guinea pig Rat

Fatty Male Female Male Female

wt %
Control

Choles
terol-
fed

Control
Choles
terol-
fed

Control
Choles

terol-
fed

Control
Choles

terol-
fed

16:0 2 1 4 .0 ± 0 .7 1 4 .9 ± 0 .1 1 4 .0 ±  1.4 15.6 ± 0 .2 6.9 6.9 5.9 5.7
18:0 15.1 ± 0 .1 14.3 ± 0 .5 12.7 ±  0.8 14.1 ± 0 .7 29.8 28.8 30.4 30.0
18:1 18.2 ± 1 .0 15.8 ±  0.3 18.4 ± 0 .6 16.8 ± 0 .9 6.1 7.4 5.8 5.9
18:2 14.5 ±  1.8 18.0 ±  1.0 16.2 ±  0.5 18.9 ± 1 .5 6.5 7.0 6.0 5.6
20:4 30.7 ± 1 .4 28.3 ± 1 .2 29.0 ±  0.9 25.6 ±  1.1 49.9 49.3 51.5 52.4

1 8 :0 /1 6 :0  3 1.08 0.96 0.91 0.90 4.32 4.30 5.21 5.30

Total fatty
acids, m g /g
adrenal 4 30.3 29.7 31.8 27.8 29.0 27.2 30.4 28.0

1 A ll f ig u res  a re  p e rc en tag e s  o f to ta l  m e th y l e s te rs  m e a su re d . T h ey  re p re s e n t m e a n s  ±  s e . S ta n d a rd  e rro rs  
o f m e a n s  le ss  th a n  5 a re  p re s e n te d  on ly  w h e n  re le v a n t to  th e  d iscu ss io n . D a ta  fo r  th e  g u in e a  p ig  e x p e r im e n t 
re p re s e n t m e a n s  o f g ro u p s  o f 5 o r 6 a n im a ls . D a ta  fo r  th e  r a t  e x p e r im e n t a re  av erag es  o f 2 poo ls  o f a d re n a l  
e x tra c ts  fro m  2 o r 3 a n im a ls  each .

2 T h e  f irs t figu re  re p re s e n ts  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  figu re  th e  n u m b e r  o f d o u b le  b o n d s .
3 In  a d d itio n  to  th e  fa t ty  ac id s  lis te d , g u in e a  p ig  a d re n a l p h o sp h o lip id s  c o n ta in e d  sm a ll a m o u n ts  o f 1 4 :0 , 

1 5 :0 , 17 :0 , 1 8 :3 , 2 0 :2  a n d  2 0 :3  acid s.
4 T o ta l f a t ty  ac id s  fo r  g u in e a  p ig  a d re n a l  p h o s p h o lip id s  w e re  c a lc u la te d  fro m  p h o s p h o ru s  d e te rm in a tio n s  

on  th e  p h o sp h o lip id  f r a c tio n ; th o se  fo r  ra ts  w ere  c a lc u la te d  fro m  p h o sp h o ru s  d e te rm in a tio n s  on  th e  o r ig in a l  
l ip id  e x tra c t.

In addition to m uch histological and his- 
tochemical work on lipid levels of ra t and 
guinea pig adrenals (7, 24), a num ber of 
quantitative chemical determ inations have 
been reported. The total lipid content of 
ra t adrenals has been reported to be 14 to 
26% (25, 26), figures m uch higher than  
those reported here. This discrepancy may 
be due to differences in  the procedures 
used for dissections and extractions. Small 
am ounts of adhering perirenal fa t would 
contribute additional am ounts of neutral 
fat. L iterature reports on the composition 
of guinea pig adrenal lipids are sim ilar to 
our observations in  respect to total lipids 
(2 7 ), total cholesterol (27, 28), cholesterol 
ester (2 8 ) , and phospholipids (2 7 ) , as are 
the reports on ra t adrenal total cholesterol 
(23, 25, 26, 29), cholesterol ester (23, 25, 
26, 29, 30), and phospholipids (3 1 ). The 
higher cholesterol content of adrenals of 
female rats compared with that of males 
(25, 29), and its increase in  response to 
dietary cholesterol, prim arily in the esteri- 
fied fractions, have been reported (23, 29). 
We are not aware of any report on the re
sponse to dietary cholesterol of guinea pig 
adrenal lipids.

It has been observed previously that ad
renals contain large am ounts of unsatu 
rated fatty  acids (1, 2 ). Detailed investi

gations of the fatty  acid composition of 
adrenal lipids, however, have only recently 
become technically feasible. Levels of ara- 
chidonic, linoleic and 22:4  acids in  ra t ad
renal cholesterol ester sim ilar to our obser
vations have been reported (26, 3 0 -33 ). 
Their glycerides are reported to contain 
about one-half the am ount of linoleic acid 
noted in  our anim als (30, 31). This differ
ence probably is a reflection of our diet 
which was high in  linoleic acid. The pre
dominance of stearic and arachidonic acids 
in  ra t adrenal phospholipids has been re
ported recently (3 1 ). Swell et al. (3 0 ) , 
on the other hand, reported very low levels 
of arachidonic acid. These differences m ay 
well be the result of different procedures 
for lipid extractions and m anipulations. It 
has been reported that different phospho
lipid classes and subclasses have different 
fatty  acid compositions. Choline-contain
ing and noncholine-containing phospho
lipids, for instance, appear to differ in  that 
the form er are richer in  palm itic and lino
leic acids, whereas the latter are richer 
in  stearic and arachidonic acids (3 4 ). 
Lecithins have been separated into frac
tions differing in  the concentrations of the 
same 2 pairs of fatty  acids (3 5 ). Our ob
servation of a difference in the fatty  acid 
composition of adrenal phospholipids in
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rats and guinea pigs suggests therefore 
that these species differ in  the proportion 
of different phospholipid classes or sub
classes in  their adrenal lipids.

The m ajor features of adrenal lipids of 
rats and guinea pigs are the high level of 
lipids, the presence of cholesterol, pri
marily as ester, the large proportion of un 
saturated fatty  acids in  all lipid fractions 
and the occurrence of large am ounts of 
unusual polyunsaturated fatty  acids esteri- 
fied with cholesterol. The function of ad
renal cholesterol as a precursor of steroid 
horm ones appears to be well established (7, 
36), although additional, unknown func
tions have been postulated (4 ) . The func
tions of cholesterol esters are still obscure. 
Morphologically the esters are reported to 
be concentrated in  the “clear cells” of the 
adrenal cortex, whereas the “compact cells” 
contain a high proportion of unesterified 
cholesterol (3 7 ). Stim ulation with ACTH 
leads to a replacem ent of the “clear” cells 
by “com pact” cells and to a decrease of the 
cholesterol ester content of both the blood 
serum and of the adrenals (37—39). Work 
with canine adrenal homogenates has 
shown that they contain enzymes which 
can incorporate cholesterol-C14 into cho
lesterol ester and into cortical steroids and 
which can also hydrolyze cholesterol-C14 
esters and incorporate their labeled carbon 
into steroids (40, 41). Recently it has 
been suggested that the first stage of 
steroid biosynthesis takes place while cho
lesterol is still esterified (42).

The function of adrenal polyenoic fatty  
acids is still obscure. Experim ents with 
rats, guinea pigs and rabbits m aintained 
with fat-free diets or with diets containing 
only saturated fa t have shown that, under 
such conditions, the adrenals respond with 
changes in  their size, accum ulation of ad
renal cholesterol, certain changes in  their 
fatty  acid composition and a decrease of 
adrenocortical hormone output (21, 22, 
25, 26, 43). Sinclair (2 )  has proposed a 
role of essential fatty  acids in  steroid syn
thesis, and the possibility tha t specific cho
lesterol esters play an  im portant role is 
supported by 2 recent observations. Dailey 
et al. (32 ) m entioned unpublished obser
vations indicating changes in  the propor

tions of arachidonic and 22 :4  acids of 
adrenal cholesterol ester in  response to 
stim ulation with ACTH, and Grant (38 ) 
reported tha t the decrease of adrenal cho
lesterol ester in  response to such stim ula
tion is prim arily in the cholesterol-lino- 
leate fraction. The 22:4  acid observed in 
considerable am ounts in  adrenal choles
terol ester has been shown to belong to the 
same family of polyunsaturated fatty  acids 
as linoleic and arachidonic acids (4 4 ). It 
m ight therefore reasonably be expected to 
function similarly to these “essential fatty 
acids” (EFA).

The effects of dietary cholesterol on the 
adrenals were different for the 2 species. 
Guinea pigs were more severely affected 
than  rats, showing im paired growth, en 
larged adrenals, and the accum ulation not 
only of cholesterol ester but also of u n 
esterified cholesterol in  the adrenals. Cho
lesterol-fed guinea pigs, in  contrast with 
rats, have been shown to develop enlarged 
livers and spleens and severe anemia. The 
adrenals of rabbits, a species which also 
reacts to dietary cholesterol with severe 
metabolic disturbances, have also been re
ported to be greatly enlarged and to con
tain  increased am ounts of cholesterol ester 
(45).

It has been reported tha t dietary EFA 
deficiency is accompanied by an increase 
of the ratio of the 20 :3  to 20 :4  acids in 
m any anim al tissues (4 6 ). Our observa
tion of a similar increase in  the cholesterol 
ester fraction of adrenal lipids in  response 
to dietary cholesterol suggests a m arginal 
or relative EFA deficiency. The tissue 
acted as though not enough arachidonic 
acid had been available to cope with the 
increased am ounts of cholesterol.

The results of this study confirm previ
ous observations on the influence of dietary 
cholesterol on the adrenal cortex, and ex
tend the available data on detailed changes 
of its lipid composition. M easurem ent of 
adrenal function and of hormone levels in 
adrenal venous blood and of urine in  cho
lesterol-fed anim als m ight provide infor
m ation concerning the possibility that the 
changes observed in  blood and tissues in 
response to dietary cholesterol m ight be 
mediated in part by changes produced in 
circulating adrenocortical hormones.
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Studies on the Utilization of Tempeh Protein 
by Weanling Rats* 1-2

L. R. HACKLER, K. H. STEINKRAUS, J. P. VAN BUREN a n d  D. B. HAND  
N ew  York State A gricultural E xperim ent Station , Cornell U n iversity, 
at G eneva, N ew  York

ABSTRACT  The effect of allow ing a specific m old of the Rhizopus species to grow 
on soybeans has been studied in w eanling rats. The mold did not improve protein  
efficiency nor growth in  these studies above the protein efficiency ratio for the unfer
m ented soybeans. Either the m old or som ething elaborated by the mold depressed 
the acceptance of the diets containing the ferm ented soybeans (tem p eh ). It was 
found that the acceptance of the tem peh-containing diets by rats w as decreased with  
each 12-hour increm ent in  ferm entation tim e. There was no marked change on our 
parameters (growth, feed consum ption, digestibility and protein efficiency ratio) of 
deep-fat frying tempeh for 3 m inutes or less or of steam ing for 2 hours or less after 
the ferm entation step. In all our studies the anim als receiving diets containing  
tempeh have consum ed less food than sim ilar anim als fed diets containing unfer
m ented full-fat soybean m eal. Our experim ents do not show an im provem ent in  the 
nutritional value and digestibility of soybeans ferm ented by a specific m old of the 
Rhizopus species, but they do show that properly prepared tem peh contains high  
quality protein.

Tempeh, a ferm ented soybean product, 
serves as an im portant source of protein 
in  the diet of Indonesians and has been 
suggested by Autret and van Veen (1 )  as 
a possible source of low cost protein in 
developing countries. Van Veen and 
Schaefer (2 )  have reported that the fer
m ented beans are easier to digest than  the 
original cooked beans. The question of the 
nutritional value of ferm ented foods has 
im portance for a wide variety of such 
foods consumed in the orient (for ex
ample, miso, ontjom, bongkrek and natto).

The nutritional quality of tem peh pro
tein has not been adequately investigated, 
and the literature is m eager with respect 
to its utilization (3 ) .3 Therefore, the work 
to be described was undertaken to evaluate 
the protein in soybeans ferm ented for 
varying lengths of time by a specific mold 
of the Rhizopus species.4 Investigations 
were designed to indicate the beneficial 
or detrim ental effects of allowing the mold 
to grow on soybeans. In addition, studies 
were conducted to evaluate the effect of 
2 cooking procedures.

EXPERIMENTAL METHODS

In the determ ination of protein effi
ciency ratios (PE R ), it has been our stand
ard practice to have young male rats of the 
Holtzm an strain  shipped at weanling age,

and to m aintain  these rats with a basal 
diet containing 15% casein for 2 days 
prior to distributing them  into groups ac
cording to weight. The groups are then 
assigned, at random, to the experim ental 
diets. All of our growth studies with 
weanling rats are of 4-weeks’ duration. 
Additional details of our experim ental pro
cedures used in the handling of ra ts for 
growth studies have been described by 
Hackler et al. (4 ) .

To further test the utilization of tempeh 
protein, digestion experim ents were car
ried out with weanling rats. Apparent 
digestion coefficients (ADC) were calcu
lated from the nitrogen intake (N I) and 
the fecal nitrogen (F N ) using the fol
lowing form ula:

N I -  FN
ADC = ------------ X  100.

N I

Each collection period was of 5 days’ dura
tion, preceded by a prelim inary period of

R eceived  for p u b lication  D ecem ber 7, 1963.
1 T his in v estig a tio n  w as supported in  part by a 

grant from  th e U nited  N ation s C hildren’s Fund.
2 Approved for pu b lica tion  as Journal Paper no. 

1369, by the D irector o f th e N ew  York State A gricu l
tural E xperim ent S tation , G eneva, N ew  York.

3 Sm ith, A. K., J. J. R ackis and  C. W. H esse ltin e  
1963 P rocessin g  lo sses  and  n u tr itive  va lu e  o f tem p eh , 
a ferm en ted  soybean food. C ereal Science T oday, 8 
( 4 ) :  129 (a b stra c t).

4 The tem p eh m old  h a s  been  ten ta tiv e ly  id en tified  
as R hizopus  oligosporus  Saito. H esse ltin e, C. W. 1961  
P roceed ings C onference Soybean Products for P rotein  
in  H um an Foods. NRRL, Peoria , I llin o is .

452 J. N u t r it io n , 82 : ’64
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7 days. During the last 3 days of the pre
lim inary period, the rats were supplied 
with a constant intake of food, and this 
level was m aintained throughout the col
lection period as fa r as possible. The rats 
were fed the experim ental rations at the 
same level in  all periods. During the 
digestion experim ents, the rats were con
fined in m etabolism  cages5 which sepa
rated the feces and urine very efficiently. 
Daily collections of feces were dried at 
70°C for 24 hours, then allowed to cool 
to room tem perature and were composited 
before weighing and grinding prior to 
chemical analyses.

In the studies on the effect of length of 
ferm entation, defatted soybean m ea l6 was 
used as a standard for comparison. In all 
of the subsequent studies, casein has been 
routinely used as a standard  for com pari
son. Since the soybeans used in these 
studies differ in protein and fat content 
from defatted soybean m eal and casein, 
adjustm ents were made in the am ounts 
of dextrose and corn oil to m aintain  a 
constant calorie-to-protein ratio. All other 
com ponents7 of the diets rem ained con
stan t and were added as follows: (parts 
per 100) sucrose, 12; cellulose, 4; m ineral 
mix,8 4; choline chloride, 0.4; vitam in mix, 
1; and A-D-E oil, 1. The diets were mixed 
to contain 10% protein (N  X 6.25) and 
10% fat. The diets were analyzed for 
crude protein by the micro-Kjeldahl proce
dure as outlined in  AOAC (5 ) .

Preparation of tem peh samples. Clark 
variety soybeans were used in  all studies 
for the preparation of tempeh. The soy
beans were dehulled by heating them  for 
10 m inutes at 104°C in an air d ry e r9 to 
loosen the hulls, which were then sepa
rated from the cotyledons by running  the 
beans through a burr m ill10 and over a 
gravity separator.11 The dehulled soybeans 
were soaked overnight in  tap w ater (1 kg 
of beans,/3 liters of w ater containing 30 
ml of 85% lactic acid. Following this 
the beans were steamed in the soak w ater 
for 90 m inutes at 100°C. The soak water 
was then drained, and the beans were 
cooled in a cold room at 5°C. As soon as 
the tem perature had fallen to approxi
mately 36°C, the dehulled, soaked, par
tially cooked beans were mixed with a 
lyophilized culture of the tem peh mold

(2  g of inoculum /kg of dry starting 
beans). The inoculum  was grown on steri
lized soybeans which were then quick 
frozen and lyophilized. Steinkraus et al.
(6 )  have discussed the preparation of the 
inoculum  in m uch greater detail.

The inoculated beans were spread on 
stainless steel pans (25.4 X 35.6 X 6.4 cm) 
to a depth of approximately 2.54 cm and 
covered with m etal covers and incubated 
at 37°C.

For the study on the effect of length of 
ferm entation the ferm enting soybeans 
were removed at intervals of 12, 24, 36 
and 72 hours. After the studies on the 
effect of length of ferm entation, the prepa
ration of tem peh was altered slightly. We 
switched from closed ferm entation pans 
to open m esh tray s12 (35.6 X 79.3 X 
1.27 cm ). The soybeans were incubated 
at 37°C (sam e as before) but with a 
controlled relative hum idity of 80% . This 
new procedure made it possible to re
duce the ferm entation time to 18 hours. 
The mold growth and pH changes were 
equivalent to that obtained at 36 hours 
by the earlier procedure. This latter 
procedure was used for all subsequent 
studies. The thinner layer of soybeans (a p 
proximately 1.27 cm ) in the open mesh 
trays allowed better air circulation, result
ing in shorter ferm entation time. There
fore, the fungus grew more rapidly.

The lots of tem peh were steam ed di
rectly on the ferm entation trays, which, 
in  turn , were placed in the hot air dryer 
for dehydration. Tempeh samples were 
c u t 13 into slices 0.32-cm thick before deep- 
fa t frying in corn oil at 196°C. The hy
drated soybeans (or tem peh) were cooked

5 S ta in less steel m etab o lism  cages for rats, A cm e  
M etal Products, Inc., Chicago.

6 Soybean o il m eal, 44%  protein  so lven t extracted , 
A. E. Staley M an u factu rin g  C om pany, D ecatur, I llino is.

7 T he v ita m in  com position , as w e ll as th e source  
of th e various com pon en ts, has b een  described  earlier. 
H ackler, L. R., D. B. H and, K. H. S tein kraus and  J. P. 
V an B uren 1963 J. N u trition , 80: 205.

s HMW  M ineral M ix, N u tr ition a l B ioch em ica ls  
Corporation, C leveland, Ohio. H ubbell, R. B., L. B. 
M endel and A. J. W akem an 1937 A n ew  sa lt m ix 
ture for u se  in  exp erim en ta l d iets. J. N u tr ition , 14: 
273.

9 Laboratory forced-draft tray dryer, Proctor and  
Schw artz, Inc., P h ilad elp h ia .

i° Burr m ill, sty le  148, s ize  8 , B auer Bros. Com pany, 
Springfield , Ohio.

11 M odel 5A gravity separator, O live M anufacturing  
C om pany, Rocky Ford, Colorado.

12 S tein kraus, K. H., J. P. V an B uren , L. R. H ackler  
and D. B. H and 1963 A p ilo t p lan t process for the 
production  o f dehydrated tem peh . Subm itted  for pub
lication .

13 Slicer, M odel 411, Hobart M an u factu rin g  Com
pan y, Troy, Ohio.
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in  1200-g lots. At the end of 1-, 3-, 5- and
7-minute processes, the tem perature of the 
oil was 147, 152, 167 and 190°C, respec
tively. The 3-minute process yielded a 
product tha t would be considered slightly 
undercooked and 5 m inutes a product that 
was slightly overcooked. Since there was 
m oisture still present in  the samples fried 
for 5 m inutes or less, these lots were de
hydrated further in  the air dryer.

The unferm ented soybean control was 
handled exactly the same as the ferm ented 
soybeans but was dried im mediately after 
the soaking step and prior to inoculation 
of the soaked soybeans for the production 
of tempeh. After preparation, all samples 
were dehydrated, as soon as possible, and 
ground in  a com m inuting m ill.14 The 
samples that had been deep-fat fried were 
mixed with dextrose to facilitate grinding. 
All samples were stored in  m etal cans at 
2°C until used.

RESULTS AND DISCUSSION
As the ferm entation time was increased, 

there was a definite decrease in  the food 
consum ption by the rats in  this study. 
W hen soybeans were allowed to ferm ent 
for 12, 24, 36 and 72 hours, the food con
sum ption by weanling rats was 13.70, 
12.43, 12.20 and 11.68 g /d a y /ra t, re 
spectively. There was a similar decrease 
in  the ra te of growth as the ferm entation 
time was increased. This was no doubt a 
reflection of the feed intake data, as there 
was no significant decline in the PER’s of 
the rats with increases in the length of 
time the mold was allowed to grow on 
the soybeans. The ra ts receiving the diet 
containing the defatted soybean m eal con
sumed the most feed (14.90 g /d a y /ra t)  
and had the highest growth rate and PER

(3.81 g /d a y /ra t  and 2.63 respectively). 
These results are sum m arized in  table 1.

Part of the first study (table 1) was 
repeated, and a tem peh control (u n fe r
m ented soybeans) was included. In  this 
study, 30 ra ts were divided into 3 groups 
of 10 rats each and were fed the defatted 
soybean meal, unferm ented soybeans and 
tem peh (36 hours of ferm entation) diets 
as before. The results obtained confirm 
the earlier study and dem onstrate con
clusively a decline in food consum ption 
due to ferm entation. The ra ts receiving 
the defatted soybean m eal-containing diet 
had the highest growth, food intake and 
PER value, 4.21, 16.46 and 2.48, respec
tively. The growth rate (3.68 g /d a y /ra t)  
and food consum ption (15.49 g /d a y /ra t)  
for the rats receiving the diet containing 
the unferm ented soybeans (fu ll-fat) were 
slightly higher than  the corresponding 
values (3.40 and 13.94, respectively) 
found for rats receiving the tem peh diet. 
The PER values for the rats receiving the 
diets containing the unferm ented soybeans 
and tem peh were sim ilar (2.32 and 2.31, 
respectively).

Effect of deep-fat frying and steaming. 
The tem peh fed to the rats in the previous 
experim ents differed from tem peh th a t is 
ordinarily consumed in  the Indonesian 
diet. Although the soybeans had been sub
jected to a prelim inary heat treatm ent, 
the tem peh was not heated after ferm en
tation. Thus, the mold was raw. The fe r
m ented soybean product (tem peh) is com
monly French-fried in  deep fa t which m ay 
produce an effect on the digestibility of 
the protein. For this reason a series of 
experim ents was designed to determ ine

14 M odel D  com m in u tin g  m ill,  W . J. F itzpatrick  
Com pany, C hicago.

TABLE 1
Sum m ary of the effect of length  of ferm en ta tion  on subsequent u tiliza tion  of tem peh  prote in  by  

w eanling rats w h en  d iets su pplied  10%  p ro te in 1

L ength  o f ferm en tation , hours

0 2 12 24 36 72

Average daily gain, g 3 3.81 ±  0.17 3 .4 6 ±  0.17 3.24 ±  0.17 3.11 ±  0.03 2.86 ±  0.13
Average feed intake, g 14.90 13.70 12.43 12.20 11.68
Protein efficiency ratio 2.63 2.47 2.56 2.49 2.44
Apparent digestion  

coefficient, % 86.9 88.0 86.2 85.3 85.4
1 E ach datum  represents an average o f 10 rats.
2 Soybean o il m ea l (co m m erc ia l)  represents th e zero-hour o f ferm entation .
3 A verage da ily  ga in  in  gram s ±  s e  of m ean.



Su
m

m
ar

y 
of

 t
h

e 
da

ta
 o

n 
th

e 
ef

fe
ct

 o
f 

de
ep

-f
at

 f
ry

in
g 

of
 t

em
pe

h
 p

ro
te

in
 w

h
en

 f
ed

 t
o 

w
ea

n
li

n
g 

ra
ts

 i
n

 d
ie

ts
 s

u
pp

ly
in

g 
10

%
 

pr
ot

ei
n

U T IL IZ A T IO N  O F T E M P E H  PR O T E IN 455

GO
O

Ö 6
5 +1
ctf GO o

u q l > i n rH

CO rH CO
rH 0)

CO
q

d

+1
CO

q q
d d d

r >

CO
q
d

LO +1
CO CO o
O ) q CO CO
1—1 rH rH d

T—l CO

i n
t-H

d

CO +1
LO CO

q q q T f
CN r—H rH TP

t-H 00

0 5
q
d

rH +1
CO o CO
f 1 q q

d d rH
tH CO

rH

di 0 +100 CO
r - l o CO

d d <n ’ CO
rH CO

&

4-i

<L>

' o

s f l
M bn _ o CD

O
bfi Ü

<L> 03

. 5
r * fH S

cti
bJD

o3
-H
Ö

¡ *
oJH

0
-H-»01

o3
TO

•rH

0)0)
<4h

o

o

SE

cubfi
•H
T 3

<D <u
O)

Ö
W>rt
H

bo
a
u0)

. 3
<D
Q

0)
M
03
P h

> > H P h

< < P h

a*
ao

a °

+i %
a §

« S’ 2v> bß '

H ÖW M ►» ^
g <u 22 p-j M rO -Moj A <D 'S -a g
ä  ct 2 -gü +j <u onj aj > «SW B < W

the effect of deep-fat frying on the utiliza
tion of tem peh protein, and the results ob
tained are sum m arized in table 2.

The digestion coefficients obtained indi
cate a decrease in  the am ount of nitrogen 
absorbed as the length of deep-fat frying 
was increased. The values obtained for 
the 0-, 1-, 3-, 5- and 7-minute deep-fat 
fried tem peh samples when fed to wean
ling ra ts as the sole source of nitrogen in 
otherwise complete diets were 86.8, 87.4,
84.4, 82.8 and 79.0, respectively. The 
PER’s show a sim ilar decline after 3 m in
utes of frying in  oil. The PER values for 
the 0-, 1-, 3-, 5- and 7-minute tem peh sam 
ples were 2.02, 1.93, 1.98, 1.80 and 0.61, 
respectively.

The growth rates of rats fed diets con
taining tempeh, which has been deep-fat 
fried for 0-, 1-, 3-, 5- and 7-minutes, were
2.18, 2.18, 2.44, 1.96 and 0.46 g /d ay /ra t. 
The group of rats receiving the diet con
taining tempeh, which had been deep-fat 
fried for 3 m inutes, grew faster than  any 
of the other tempeh-fed ra ts in this study. 
This average value shown in the table may 
be m isleading since 1 group of 10 rats out 
of the total of 20 rats, grew an average 
of 1 g /day  faster than  any of the other 
groups. In the second study there was no 
increase in  the growth rate. Although 
growth rates varied considerably in  the 2 
studies for the 3-minute sample, the PER 
values were similar; therefore, we feel 
justified in averaging the 2 studies. In  our 
studies with weanling rats, we have ob
served changes in  growth rate and PER’s 
with different shipm ents of rats; however, 
the m agnitude of change is m uch less for 
PER’s. Our data suggest tha t the PER 
m ay be superior to growth rates in  w ean
ling ra ts as a m easure of protein quality 
when com paring data from several studies.

The results showing the effect of addi
tional steam ing beyond the standard  90 
m inutes the soybeans received prior to 
growing the mold on the beans are sum 
m arized in  table 3. Additional steaming, 
up to 2 hours at 100°C, had no effect on 
the utilization of tem peh protein as m eas
ured by growth, feed intake, PER and 
digestion in  this study.

The PER values for the steamed tem peh 
were slightly higher than  the values shown 
in table 2 for tem peh deep-fat fried in  oil.
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TABLE 3
Sum m ary of data show ing the effect of additional steam ing on the u tiliza tion  of tem peh

protein  by  w eanling rats

T em peh, m in u tes  ad d ition al s team in g  at 100°C
C asein

15 30 60 120

Average daily gain, g 1>2 2.55 ±  0.13 2.38 ±  0.09 2.46 ±  0.13 2.43 ± 0 .1 0 3.20 ± 0 .1 4
Average feed intake, g 1 11.51 11.33 11.21 11.51 11.55
Protein efficiency ratio 1 2.21 2.10 2.19 2.10 2.76
Apparent digestion  

coefficient, % 3 88.7 88.6 87.0 86.1 93.1

1 E ach  datum  represents the average va lu e  obtained w ith  10 rats.
2 A verage d aily  ga in  in  gram s ±  se of m ean.
3 E ach datum  represents th e average va lu e  obtained  w ith  4 rats, excep t for the ca se in  group w here 8 rats 

w ere used  to determ ine the value.

Therefore, a new batch of tempeh was pre
pared and divided into 2 equal parts with 
one sample deep-fat fried for 3 m inutes 
and the other steamed for 15 m inutes. The 
PER’s for these 2 supplem ents were identi
cal (2 .24). The PER value for the casein 
control was 3.02.

In our studies with ra ts we have ob
served some variation in  the PER’s for 
tempeh protein.' We have found a similar 
variation in PER values with weanling rats 
fed casein. The starting weight of the 
weanling ra ts is apparently responsible for 
most of the variation between studies in 
our results.

Our data with ra ts do not support the 
observations that have been made by van 
Veen and Schaefer (2 )  that the ferm ented 
soybeans are easier to digest by hum ans, 
although our tempeh m ay not be identical 
to the one studied by van Veen and 
Schaefer (2 ) . The variety of soybeans 
used in our studies was undoubtedly dif
ferent, and our tem peh was produced with 
a pure culture. Tempeh is made in Indo
nesia with mixed cultures that appear to 
be largely Rhizopus oligosporus of which 
NRRL 2710 (used in our studies) is a typi
cal representative (7 ) .

ACKNOWLEDGMENTS

The authors are indebted to Ihsan El 
Rawi, Bwee Hwa Yap, Judy D unn and

M arvin Gage for their technical assistance 
during these studies.

LITERATURE CITED

1. Autret, M., and A. G. van Veen 1955 Pos
sible sources of proteins for child feed ing in  
underdeveloped countries. Am. J. Clin. Nutri
tion, 3: 234.

2. van Veen, A. G., and G. Schaefer 1950 
The influence of the tempeh fungus on the 
soya bean. Docum enta Neerlandica et Indo- 
nesica de Morbis Tropicis, 2: 270.

3. Gyorgy, P. 1961 The nutritive value of 
tempeh. M eeting protein needs of in fants  
and children, pub. 843. N ational Academ y  
of Sciences —  N ational Research Council, 
W ashington, D. C., p. 281.

4. Hackler, L. R., D. B. Hand, K. H. Steinkraus 
and J. P. Van Buren 1963 A com parison  
of the nutritional value of protein from  sev
eral soybean fractions. J. Nutrition, 80: 205.

5. Association of Official Agricultural Chem ists 
1960 Methods of Analysis, ed. 9. W ashing
ton, D. C., p. 643.

6. Steinkraus, K. H., B. H. Yap, J. P. Van Buren, 
M. I. Provvidenti and D. B. Hand 1960 
Studies on tempeh —  an Indonesian fer
m ented soybean food. Food Res., 25: 777.

7. H esseltine, C. W ., M. Sm ith, B. Bradle and 
K. S. Djien 1963 Developm ents in  Indus
trial M icrobiology, vol. 4. Society for Indus
trial M icrobiology Proceedings, eds., C. F. 
Koda, C. D. Anderson, W. C. H oefen, C. B. 
Lee, M. M anowitz, M. A. P isano and L. S. 
Stuart. G arm ond/Pridem ark Press, Balti
more, Maryland, p. 275.



Effect of Thyroxine, Thiouracil and Ambient 
Temperature on the Utilization of Vitamin A 
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ABSTRACT  V itam in A-deficient rats supplem ented w ith  vitam in A, exposed to 
35°C for 3 weeks and restricted to 10 g of feed daily gained in body w eight more 
efficiently than sim ilarly treated rats at 21 °C. The rats at 35° had significantly  
heavier livers, stored less hepatic vitam in A ( « g /g ), but total hepatic vitam in A 
storage w as essentially  the sam e at either temperature. Daily treatm ent w ith 7.5 yg  
L-thyroxine sodium  resulted in  a significantly decreased liver weight, whereas feeding  
thiouracil at 0.5% of the diet resulted in  a significant increase in  liver weight. 
Hepatic vitam in A storage O g /g )  in the thyroxine-treated rats was significantly  
greater than in  the thiouracil-treated rats but total vitam in A storage was unaffected  
by horm one treatm ent. V itam in A supplem entation levels above 50 IU were followed  
by decreases in  protein-bound iodine (P B I) w ith the highest level of supplem entation  
resulting in  a decrease in  both PBI and thyroid weight. A significant quadratic 
response of thyroid w eight to level of supplem ental vitam in A was observed.

Research by Johnson and B aum ann 
(1 ,2 )  and more recent studies by Serif 
and Brevik (3 )  have dem onstrated that 
the level of thyroid activity influences the 
conversion of carotene to vitam in A. Caro
tene conversion in  calves subjected to the 
stress of high am bient tem perature has 
been reported by Page et al. (4 )  to be less 
efficient than  in  calves m aintained in  a 
cooler environm ent, probably as a result 
of lowered thyroid activity at the higher 
tem perature.

The effect of thyroid activity and high 
am bient tem perature on the utilization of 
pre-formed vitam in A is not as well estab
lished. Logaras and Drum m ond (5 )  ob
served that thyroxine-treated ra ts supple
m ented with 3000 IU of vitam in A daily 
stored 15 to 20% more hepatic vitam in A 
than  untreated animals. However, John
son and B aum ann (1 )  and Morgan and 
W hite (6 )  reported little difference in 
hepatic vitam in A storage by norm al, 
hyper- or hypothyroidal ra ts supplemented 
at levels of 40 to 100 IU daily.

Early work conducted by Rappai and 
Rosenfeld (7 )  indicated tha t the increased 
basal metabolic rate observed in  thyroxine- 
injected ra ts could be partially counter
acted by the sim ultaneous adm inistration 
of vitam in A or carotene. This vitam in A

thyroid antagonism  has also been studied 
by Smith and Perm an (8 ) .

There is little inform ation in  the litera
ture on the effect of high am bient tem 
peratures on the utilization of vitam in A 
or on the possible interrelationship be
tween am bient tem perature, thyroid ac
tivity and level of vitam in A supplem enta
tion. The study reported here was designed 
to compare the influence of constant 21 °C 
am bient tem perature with 35 °C daytime 
(8 :0 0  a m  to 5:00 p m )  and 30°C night
time (5 :0 0  p m  to 8 :00  a m )  tem perature 
on vitam in A utilization by vitam in A- 
deficient rats. An additional objective of 
the study was to determ ine the influence 
of thyroxine and thiouracil on the utiliza
tion of various levels of supplem ental 
vitam in A as related to am bient tem pera
ture. Body weight gain, hepatic vitam in A 
storage, thyroid weight and protein-bound 
iodine were chosen as the response m eas
urem ents. * 1
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TABLE 1
Design of experiment with number of rats per treatment1

Temperature Hormone
treatment

Vitamin A  (IU)
5 5 0 1 0 0 1 5 0

21°C Control 4 5 5 5
Thyroxine 5 5 5 5
Thiouracil 5 5 5 5

35°C Control 5 5 5 5
Thyroxine 4 5 5 5
Thiouracil 4 5 5 5

1 A llo tm en t on  b asis o f 5 ra ts /trea tm en t; tab le show s su rv iv in g  rats w ith in  each  treatm ent.

MATERIALS AND METHODS

One hundred twenty-five male weanling 
ra ts (Sprague-Dawley) were fed the vita
m in A test diet, USP,8 for a 3-week period 
to deplete hepatic vitam in A reserves. At 
the end of the 3-week depletion period, 
120 individually caged ra ts  were randomly 
allotted to the 24 treatm ent combinations 
shown in table 1.

During the 3-week experim ental period, 
the vitam in A test diet was supplemented 
to provide a daily intake of stabilized vita
m in A palm itate ranging from  5 to 150 
IU. Thiouracil was fed at 0.5% of the 
diet and L-thyroxine sodium salt was 
mixed into the diet to provide 7.5 ng/10 g 
of diet. All ra ts were restricted to a feed 
intake of 10 g/day. The feed was mixed 
fresh each week, stored at 3°C and the 
vitam in A content of the diet m easured 
at the beginning and end of each 7-day 
period to verify that each treatm ent group 
received the intended level of supplem en
tation.

Body weights were obtained initially 
and at 7-day intervals during the 3-week 
supplem entation period. At the end of the 
experim ent, all ra ts were anesthetized, 
bled by heart puncture and the livers and 
thyroids removed and weighed. Hepatic 
vitam in A was determ ined according to 
the method of Gallup and Hoefer (9 )  and 
protein - bound iodine as described by 
Barker (1 0 ).

Table 1 shows the num ber of ra ts that 
survived to provide complete data. The 
treatm ent m eans for each group of 4 or 
5 ra ts  are presented in  tables 2 and 3. 
A review of table 1 will suggest how the 
results of these small groups m ight be 
combined. Such calculations provide data 
to consider the influence of each m ajor

factor studied in  this experim ent as well 
as the interrelationships among these m a
jor factors. Although the basic plan (1 1 ) 
anticipates such pooling of data  and the 
discussion will report some observations 
in  this light, the raw  data are provided 
by m eans from  groups of 4 or 5 rats. The 
m ain  effect treatm ent m eans of the fac
torial design (th a t is, tem perature, hor
mone treatm ent or level of vitam in A 
supplem entation) are presented in  the col
um ns or rows labeled “average.”

RESULTS AND DISCUSSION
Rats exposed to 35° for 3 weeks were 

significantly heavier (P  <  0.01) th an  those 
anim als m aintained at 21° for the same 
period (table 2 ). Both the control ra ts  
and those receiving thiouracil were sig
nificantly heavier at 35° than  similarly 
treated rats m aintained at 21°; however, 
a significant (P  <  0.05) hormone trea t
m ent X tem perature interaction was ob
served as a consequence of the sim ilar 
responses in  body weight gain shown by 
the thyroxine-treated rats at both am bient 
tem peratures.

Expressed either in  grams or as percent
age of body weight, the livers of the thy
roxine-treated ra ts weighed significantly 
less than  the livers of the thiouracil-treated 
rats (P  <  0.05). The observed effect of 
thiouracil on liver weight is in  agreem ent 
with the published work of Leatham  and 
Seeley (1 2 ) and May et al. (1 3 ) but the 
depressing effect of thyroxine on liver 
weight is not as clearly established by the 
literature. Beaver and Pem berton (1 4 ) 
state tha t liver atrophy with weight reduc
tion occurs in  hyperthyroidism but Papper

6 D iet com position : USP sa lt m ixture no. 2, 4% ; 
irradiated  yeast, 8 %; starch , 65% ; vegetab le  o il, 5% ; 
vitam in-free ca se in , 18% .



V IT A M IN  A U T IL IZ A T IO N  BY RATS 459

TABLE 2
R elationsh ip  be tw een  thyro id  a c tiv ity  and am bien t tem perature in  v ita m in  A-deficient 

rats su pp lem en ted  w ith  v ita m in  A

Temperature
Hormone treatment

AverageControl Thyroxine Thiouracil
Body w eight, g

21°C 1 4 9 ± 3 .1  1 154 ± 3 .1 147 ±  3.1 2 150 +  1.8 **
35°C 169 ±  3.1 154 ± 3 .1 167 ±  3.1 1 6 3 ±  1.8

Average 159 ± 2 .2 154 ± 2 .2 157 ±  2.2

Liver w eight, g
21°C 5.42 ± 0 .5 1 4.94 ±  0.51 6.53 ± 0 .5 1 5.63 +  0.29 *
35°C 6.47 ±  0.51 5.40 ± 0 .5 1 7 .7 0 ± 0 .5 1 6.53 ± 0 .2 9

Average 5.94 ± 0 .3 6 5 .1 7 ± 0 .3 6 7.12 ± 0 .3 6  *

Hepatic v itam in A, p g / g
21°C 41.36 ± 2 .3 2 44.54 ± 2 .3 2 38.48 ± 2 .3 2 4 1 .4 6 ±  1.34 **
35°C 33.71 ± 2 .3 2 34.69 ± 2 .3 2 27.30 ± 2 .3 2 31.90 ±  1.34

Average 37.54 ± 1 .6 4 3 9 .6 2 ±  1.64 32.89 ± 1 .6 4

Total hepatic vitam in A, p g
21°C 229.58 ± 1 4 .6 0 229.02 ± 1 4 .6 0 225.62 ± 1 4 .6 0 228.07 ± 8 .4 4
35°C 237.24 ± 1 4 .6 0 194.05 ± 1 4 .6 0 232.57 ± 1 4 .6 0 221.29 ± 8 .4 4

Average 233.41 ± 1 0 .3 3 2 1 1 .5 4 ±  10.33 2 2 9 .1 0 ±  10.33

Serum protein-bound iodine, p g / 1 0 0  ml
21°C 3.27 ±  0.33 7.14 ± 0 .3 3 0.76 ±  0.33 3.72 ±  0.19
35°C 2.36 ± 0 .3 3 7.90 ± 0 .3 3 0 .8 2 ±  0.33 3 .6 9 ± 0 .1 9

Average 2.82 ± 0 .2 3 7 .5 2 ±  0.23 0.79 ± 0 .2 3  **

Thyroid w eight, m g /1 0 0  g
21°C 13.5 ± 2 .0 8 8 .6 ± 2 .0 8 54.2 ± 2 .0 8  2 24.8 ± 1 .2 0
35°C 13.2 ± 2 .0 8 10.1 ± 2 .0 8 41.1 ± 2 .0 8 20.5 ± 1 .2 0

Average 13.4 ± 1 .4 7 9.4 ±  1.47 4 6 .7 ±  1.47 **

1 M ean w ith  se .
2 S ign ifican t in teraction , P <  0.05. 

* P <  0.05.
** P <  0.01.

and Schaffner (1 5 ) note tha t in  thyroid- 
fed rats, the liver is larger than  in  norm al 
rats. All authors are in  agreem ent, never
theless, that the adm inistration of thyrox
ine results in  a m arked decrease in  liver 
glycogen and it is on this evidence that 
the decrease in  liver weight observed in  
the thyroxine-treated ra ts in  this study is 
explained.

The liver weights of ra ts m aintained at 
21° were significantly less th an  those of 
anim als exposed to 35°, but these differ
ences were due largely to the heavier body 
weights of the ra ts  m aintained at 35°. 
However, liver weights of the thyroxine-fed 
ra ts were heavier by almost 0.5 g at 35° 
even though body weights of the ra ts 
treated with thyroxine were identical at 
both tem peratures.

Hepatic vitam in A storage, m easured in 
m icrograms per gram, was significantly

greater (P  <  0.01) in  the rats m aintained 
at 21°. Since both the control and thioura- 
cil-treated ra ts at 21° were significantly 
sm aller than  similarly treated ra ts  at 35°, 
the difference in  hepatic vitam in A con
centration per gram of liver, at first, m ight 
be assum ed to be the result of a decreased 
need for the vitam in and therefore greater 
storage by the smaller rats. The thyroxine- 
treated rats, which weighed the same at 
both tem peratures, also stored significantly 
more vitam in A (u g /g ) at 21° th an  at 
35°; hence the increased storage in  m icro
grams per gram  at 21° cannot be ex
plained by differences in  body weight 
alone. However, when the heavier livers 
of the ra ts  exposed to 35° were considered 
and vitam in A storage expressed as total 
vitam in A, there were no differences in 
the am ounts of vitam in A stored at the 
2 tem peratures.
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TABLE 3
R elationsh ip of level of v ita m in  A su pplem en ta tion  to am bien t tem perature in  v ita m in  A-deficient rats

Level of supplementation
Average

5 IU 50 IU 100 IU 150 IU

Body w eight, g
21°C 129 ±  3.5 1 1 5 8 ± 3 .5 156 ±  3.5 156 ±  3.5 1 5 0 ±  1.8 **
35°C 148 ± 3 .5 168 ± 3 .5 1 6 9 ± 3 .5 169 ± 3 .5 163 ± 1 .8
Average 138 ± 2 .5 163 ± 2 .5 163 ±  2.5 1 6 2 ±  2.5 **

Liver weight, g
21°C 4.23 ±  0.58 7.05 ± 0 .5 8 6.18 ± 0 .5 8 5.05 ± 0 .5 8 5.63 ± 0 .2 9  *
35°C 4.34 ±  0.58 7.48 ± 0 .5 8 6.8 9 ± 0 .5 8 7.41 ± 0 .5 8 6.53 ± 0 .2 9
Average 4.29 ± 0 .4 1 7.26 ± 0 .4 1 6.54 ± 0 .4 1 6.23 ± 0 .4 1  **

Hepatic vitam in A, /rg/g
21°C 1.60 ± 2 .6 8 16.05 ± 2 .6 8 51.15 ±  2.68 97.04 ± 2 .6 8  2 4 1 .4 6 ±  1.34
35°C 1 .3 6 ± 2 .6 8 12.94 ± 2 .6 8 42 .59  ± 2 .6 8 70.71 ± 2 .6 8 31.90 ±  1.34
Average 1.48 ± 1 .9 0 14.49 ±  1.90 46 .87  ±  1.90 8 3 .8 8 ±  1.90 **

Total hepatic vitam in A, ¡xg
21°C 5 .9 2 ±  16.85 113.53 ± 1 6 .8 5 308.88 ± 1 6 .8 5 483.97 ±  16.85 228.07 ± 8 .4 4
35°C 5 .5 8 ±  16.85 96.65 ± 1 6 .8 5 283.25 ± 1 6 .8 5 500.68 ± 1 6 .8 5 221.29 ± 8 .4 4
Average 5 .7 5 ± 1 1 .9 4 1 0 4 .5 9 ±  11.94 2 9 6 .0 7 ±  11.94 4 9 2 .3 3 ±  11.94 **

Serum protein-bound iodine, /rg/lOO m l 
21°C 4.37 ±  0.38 4 .5 2 ± 0 .3 8 3 .3 4 ± 0 .3 8 2.67 ± 0 .3 8 3 .7 2 ± 0 .1 9
35°C 3.42 ± 0 .3 8 4.12 ±  0.38 3.69  ± 0 .3 8 3.56 ± 0 .3 8 3 .6 9 ± 0 .1 9
Average 3.89 ± 0 .2 7 4.32 ± 0 .2 7 3.51 ± 0 .2 7 3.12 ±  0.27

Thyroid weight, m g /100 g
21°C 22.3 ±  2.40 25.5 ± 2 .4 0 28.4 ± 2 .4 0 22.7 ± 2 .4 0 24.8 ± 1 .2 0
35°C 13.6 ±  2.40 27.0 ± 2 .4 0 27.3 ± 2 .4 0 17.9 ±  2.40 20.5 ± 1 .2 0
Average 18.1 ± 1 .6 9 26.3 ± 1 .6 9 2 7 .8 ±  1.69 20.3 ±  1.69 *

1 M ean w ith  s e .
2 S ign ifican t in teraction , P <  0.05. 

* P <  0.05.
** P <  0.01.

The thyroxine-fed ra ts  at both 21° and 
35° stored significantly more hepatic vita
m in A, m easured in  m icrograms per gram, 
than  the thiouracil-fed rats, but due to the 
larger livers of the rats receiving thioura- 
cil in  the diet, the total vitam in A stored 
by each group was essentially the same.

Logaras and Drummond (5 )  observed 
that thyroxine-treated ra ts (68 ug/day) 
fed 3000 IU of vitam in A daily stored more 
of the vitam in than  untreated controls. 
These w orkers reported that storage of 
vitam in A, expressed as IU /100 g liver, 
was proportionally greater in  male rats 
treated with thyroxine, whereas the re 
verse was true of female rats. It is not 
possible to ascertain from  their data 
whether these differences from control 
values were the result of sm aller livers or 
decreased body size in the thyroxine- 
created male rats.

Johnson and Baum ann (1 )  did not re
port the influence of thyroxine or thiour- 
acil upon the liver weight of their rats. 
They concluded that total hepatic and 
kidney vitam in A storage was essentially 
unaffected by treatm ent with thyroxine or 
thiouracil, although both of the treated 
groups retained slightly more vitam in A 
than  the control group. This observation 
was explained as possibly due to the 
sm aller size of the treated rats with vita
m in A doses being concentrated in  a 
smaller am ount of tissue.

In a study designed to determ ine the 
utilization of vitam in A by hyperthyroid 
rats, Morgan and W hite (6 )  observed that 
liver hypertrophy resulted from  daily doses 
of 60 to 80 ug thyroxine (analogue not 
m entioned). Compared with control an i
mals, slightly greater total hepatic vita
m in A storage was noted at the 80-ug
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dosage level and a slight but not signifi
cant decrease in  storage observed at the 
60-ug level, m easured either as total he
patic vitam in A or in  term s of m icrograms 
per gram of liver.

The serum  protein-bound iodine (PB I) 
values presented in  table 2 verified the 
effect of the thyroxine and thiouracil 
treatm ents. The highly significant eleva
tion ( P < 0 .0 1 )  of PBI level in  the thy
roxine-fed ra ts  and the highly significant 
depression ( P < 0 .0 1 )  of PBI in  the thi- 
ouracil-fed rats, com pared with the con
trols, established conclusively tha t the 
desired alteration in  thyroid activity had 
been achieved. As would be expected, 
thyroid weights of the thiouracil-fed rats 
were significantly heavier (P  <  0.01) and 
thyroid weights of the thyroxine-fed ra ts 
significantly lighter (P  <  0.01) than  those 
of the control animals.

Control ra ts  m aintained at 21° had 
higher PBI levels than  the control ra ts 
m aintained at 35°. The significant in ter
action (P  <  0.05) between thyroid weight 
and tem perature was due to a depression 
in  the size of the thyroids in  the thiou
racil-fed ra ts at 35°, compared with simi
larly treated ra ts m aintained at 21°. Tem 
perature had  no appreciable effect on the 
thyroid weights of the control rats, al
though the thyroxine-fed rats exposed to 
35° had slightly heavier thyroids than  
similarly treated rats m aintained at 21°. 
Dempsey and Astwood (1 6 ) have observed 
tha t the rate of thyroid enlargem ent in  
response to thiouracil adm inistration was 
lower in  ra ts  exposed to 35° than  in  con
trols m aintained at 26°. This difference 
in response was thought to be due to the 
lowered thyroid activity at the higher tem 
perature.

The m eans presented in  table 3 show 
the relationship between level of vitam in 
A supplem entation and am bient tem pera
ture. In term s of body weight gain the 
critical level of supplem entation appeared 
to be 50 IU daily. Since the rats supple
m ented with more th an  50 IU of vitam in 
A /10 g of feed did not show a response 
in  additional weight gains, it m ay be con
cluded tha t the 50-IU level allowed for 
optimal growth at both tem peratures.

A sharp peak in  liver weight was noted 
at the 50-IU level of vitam in A, with liver

weights expressed as percentage of body 
weight heaviest at this level of supplem en
tation. At the 150-IU level, the liver weight 
of the ra ts m aintained at 21° was signifi
cantly reduced (P  <  0.05) over th a t at the 
50-IU level, w hereas the liver weights in  
this same treatm ent group at 35° were 
sim ilar to those at the 50-IU level of sup
plem entation. M easured either as concen
tration in  m icrogram s per gram  or as total 
vitam in A, hepatic vitam in A storage 
showed a linear response to increased 
levels of vitam in A supplem entation above 
50-IU/10 g of feed.

A consistent effect of vitam in A supple
m entation on thyroid activity is apparent 
when the influence of level of supplem en
tation on thyroid weight and PBI is ex
amined. Both PBI and thyroid weight are 
reduced at the highest level of vitam in A 
supplem entation in  each of the treatm ent 
combinations m easured. Sadhu (1 7 ) ob
served decreased thyroid size in  ra ts fed 
large daily doses of vitam in A (30,000 IU), 
but the reduction in  thyroid size noted in  
table 3 resulted from  less th an  1/2 0 0 th  
of the daily level of supplem entation used 
by Sadhu. The observed quadratic re
sponse of thyroid weight and PBI levels to 
increasing levels of vitam in A supplem en
tation supports the observations of Frape 
et al. (1 8 ) in  their work with young pigs.

The influence of level of vitam in A sup
plem entation on protein-bound iodine and 
thyroid weight cited here would appear to 
point toward a definite antagonism  be
tween vitam in A and thyroid activity. That 
increasing levels of vitam in A appear to 
lower the basal metabolic ra te and at the 
same time cause a reduction in  thyroid 
size suggests that this action is mediated 
through the pituitary by a decreased pro
duction of thyrotrophin. If the vitam in 
acted upon the thyroid itself in  a m anner 
sim ilar to thiouracil, which prevents the 
iodination of tyrosine, thyroid hypertrophy 
would result. The evidence cited in  this 
study supports one of the theories ad
vanced by Smith and Perm an (8 ) , that 
vitam in A influences thyroid activity by 
acting on the hypophysis to modify the 
release of thyrotrophic hormone.

This study has shown tha t am bient 
tem perature and level of thyroid activity 
have an  effect upon liver weight and upon
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hepatic vitam in A storage expressed in  
m icrogram s per gram. However, the alter
ations in  liver weight due to the trea t
m ents imposed offset any differences in  
hepatic vitam in A concentration (u g /g ) 
so tha t total hepatic vitam in A storage 
was unaltered by am bient tem perature or 
thyroid status. Hepatic vitam in A storage 
expressed in  m icrogram s per gram would 
not appear to be as m eaningful as the total 
hepatic vitam in A available to the animal. 
This places a lim itation on the inferences 
tha t can be draw n from  a liver biopsy 
sample taken to estim ate the hepatic vita
m in A status of the anim al since it is not 
possible to calculate total hepatic vitam in 
A stores.

A com parison of the results of this 
study with those of sim ilar published re
search suggests tha t the level of vitam in A 
supplem entation and the degree to which 
thyroid activity is altered by the hypo- or 
hyperthyroidal agents adm inistered m ust 
be considered before valid inferences can 
be draw n about the relationship of vita
m in A and the thyroid. Interpretation of 
the results is fu rther complicated by the 
alterations in  liver size which result from 
treatm ent with thyroxine or thiouracil. 
The work of Logaras and Drum m ond (5 ) 
also suggests that the sex of the anim al 
m ay be an  additional factor to be con
sidered in  assessing the thyroid-vitamin A 
interrelationship. Each study cited here 
has used different concentrations and an 
alogues of thyroxine and thiouracil, differ
ent levels and periods of vitam in A sup
plem entation, different sexes and species 
of experim ental anim als and has reported 
hepatic vitam in A storage in  different 
terms. A change in  any one of these vari
ables m ay have a great influence on the 
interpretation of the experim ental results.
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Influence of Protein and Energy on Growth and Protein 
Utilization in the Growing Chicken
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Guelph, Ontario, Canada

ABSTRACT  A factorially arranged experim ent involving 4 levels o f m etabolizable  
energy (2 .50 , 2.78, 3.05 and 3.33 k c a l/g ) ,  and 5 levels of protein (1 0 , 14, 18, 22  and 
26% ) w as conducted w ith  chickens to study the effects of energy and protein on 
growth and protein utilization. To achieve the sam e balance of am ino acids at all 
levels o f protein a single protein source w as used. Increasing the protein level to 
26% gave an increase in  w eight gain and feed  efficiency even w ith the low est energy  
diet. N et protein utilization (N P U ) values increased slightly at the 2 low est protein  
levels as the energy level o f the diet w as increased. There w as a m uch greater in 
crease in  NPU values w ith increasing levels of energy at the higher than at the lower 
levels o f protein. The results ind icate that both protein and energy levels should be 
taken into consideration w hen evaluating protein supplem ents. It is  suggested that 
higher than m aintenance levels o f protein, along w ith  a calorie-to-protein ratio 
in  the range 55 to 65 be used for the determ ination of NPU values for application to 
the growing chicken. N itrogen retention values follow ed the sam e trend as the NPU  
data except at the low  protein levels where the lack of a correction for nitrogen for 
m aintenance resulted in  m isleading retention values at the low  levels o f protein.

The influence of dietary protein level on 
the utilization of protein has long been 
established, both in  growth (1 )  and in 
nitrogen balance studies (2 ) . More recent 
work in  this field using the chicken (3 ) , 
as well as the ra t (4 -6 ) ,  has substantiated 
the results o f  the earlier investigators 
namely, tha t the utilization of protein de
creases as its level in  the diet is increased.

As pointed out by P latt and Miller (7 ) , 
m any factors other than  level of protein in  
the diet m ust be considered in  the evalua
tion of protein supplements. The follow
ing factors have all been shown to influ
ence the nutritive value of a protein; strain
(6 ) , age (7, 8 ) , sex (7, 9) and environ
m ental tem perature (7 ) . Differences in 
am ino acid requirem ents between species 
can also affect the utilization of protein
( 1 0 )  . Platt and Miller (7 ) ,  Morrison and 
Campbell (9 )  and Morrison and Sabry
(1 1 ) have em phasized the im portance of 
considering not only the type of protein in  
question but also the availability of amino 
acids in  net protein utilization (N PU ) 
studies. The levels of m inerals and vita
mins in  a diet can also affect NPU (1 2 -
14). Energy is probably one of the most 
im portant factors to consider when inves
tigating the nutritive value of protein be
cause of its influence on feed intake. The

im portance of considering not only the 
level of energy but also the calorie-to-pro
tein  ratio  of a diet has been stressed in  
studies with the ra t (5 , 15, 16, 18-20).

The above review indicates tha t m any 
factors m ust be considered in  the evalua
tion of protein supplem ents if the results 
obtained are to be reproducible not only 
from  laboratory to laboratory but also w ith
in  laboratories. Since little or no work has 
been carried out with the chicken showing 
the influence of energy level on NPU, the 
present study was initiated to investigate 
this problem.

MATERIALS AND METHODS

A factorially arranged experim ent in 
volving 4 levels of energy (2.50, 2.78,
3.05 and 3.33 kcal of metabolizable energy 
(M E )/g )  and 5 levels of protein (10, 14, 
18, 22, and 26% ) was conducted to study 
the effects of energy and protein levels on 
growth and net protein utilization (N PU ). 
Soybean m eal (50%  protein) supplem en
ted with 0.5% DL-methionine was used as 
the sole source of protein to achieve the 
same balance of am ino acids in  all diets. 
An equal parts m ixture of cornstarch and * 1

R eceived  for p u b lica tion  N ovem ber 6 , 1963.
1 Present address: John L abatt C om pany, Ltd.,

London, Ontario.

J .  N u t r i t i o n , 8 2 : ’64 4 6 3



464 J .  D. S U M M E R S , S. J .  S L IN G E R , I .  R. SIBBALD AND W . F . P E P P E R

dextrose served as the m ain carbohydrate 
source for all rations.

Soybean meal, the carbohydrate m ix
ture, corn oil, f ib e r2 and kaolin were 
varied in  such a m anner as to achieve the 
levels of energy and protein desired and 
at the same time m aintain  a relatively 
constant feed density. The w ater displace
m ent m ethod as outlined by Sibbald et al. 
(2 1 ) was used to determ ine feed density 
ratios. Vitamin and m ineral supplem ents 
were added to all diets in  such a m anner 
as to m ain tain  constant ratios between 
these nutrients and energy. The basal 
ration and the vitam in-m ineral mix are 
shown in table 1.

TABLE 1
C om position of basal ration  1

%
DL-Methionine 0.11
Corn oil 2.00
Soybean oil m eal (50% ) 19.80
Fiber 2 20.00
Carbohydrate m ix 3 53.71
Kaolin 0.36
Vitam in-m ineral prem ix 4 4.02

1 R ation  sh ow n  is  th e 10% protein , low  energy diet. 
A ll in gred ien ts w ere altered in  su ch  a m an n er  as to 
give the desired leve ls  o f  energy, v itam in s and m in 
erals.

2 Solka Floe, Brow n C om pany, B erlin , N ew  H am p
shire.

3 A n eq u al parts m ixtu re o f corn starch  and dex
trose.

4 V itam in-m ineral m ix  provided: ( in  m g / 1000 kca l 
M E ) v ita m in  A (10 ,000  I U /g )  164; v itam in  D 3 (1650  
I U /g )  164; r iboflavin  (52 .8  g /k g ) ,  28; Ca D-pantoth- 
enate (7 0 .4  g /k g ) ,  56; n ia c in , 12; v itam in  B 12 (19 .8  
m g /k g ) ,  220; ch o lin e  ch loride (25%  ), 40; ascorbic  
acid, 80; th iam ine-H C 1, 4; p y r id o x in e• HC1, 2.0; b iotin , 
0.08; fo lic  acid , 0.4; eth oxyq u in  (5 0 % ) , 80; m an 
ganou s oxide (56%  M n ), 36; ZnO, 22; C11SO4, 4; 
F e (S 0 4)-3 H 20 ,  32; KI, 0.8; KC1, 656; M gS 04, 812; 
iod ized  sa lt (0 .015%  K I), 1644; d ica lc iu m  ph osph ate, 
8220; lim eston e , 2468; Cr20 3, 988.

Male, one-day-old, W hite Leghorn chicks 
were fed a commercial starting ration 
until one week of age. At this time the 
birds were divided into weight groups and 
distributed equally between 86 pens until 
each pen contained 10 chicks. Four ran 
domly selected pens were then allotted to 
each of the 20 treatm ent groups and an 
equal num ber to the nitrogen-free control 
group. The 2 rem aining pens of 10 chicks 
each were killed at the beginning of the 
experim ent for carcass nitrogen analysis 
in  order that the percentage nitrogen re
tention could be determined. During the 
last 6 days of the 2-week experim ental 
period 3 excreta samples were collected 
from each pen pooled and, together with

feed samples, analyzed to perm it deter
m ination of ME values by the method of 
Sibbald and Slinger (2 2 ). Feed consum p
tion and final body weights were recorded 
at the conclusion of the experim ent and 
the chicks were killed by chloroform in 
halation. Carcass nitrogen analyses were 
conducted in  triplicate on the pooled sam 
ples of the 10 chicks for each pen after 
the birds had been frozen, ground, freeze- 
dried and then reground. Nitrogen re ten
tion data represent the carcass nitrogen 
gain as a percentage of nitrogen consumed. 
The NPU values were calculated using 
the form ula described by Summers and 
Fisher (3 ) .

RESULTS AND DISCUSSION

The determ ined ME values agreed very 
closely with the calculated values and are 
not presented. Also, w ater displacement 
density ratios for the experim ental diets 
exhibited only small differences and these 
values are not shown.

In table 2 are shown the final body 
weights at 3 weeks of age together with 
the feed-to-gain ratio, feed intake and en
ergy intake data. Increasing the protein 
to the highest level, at all levels of energy, 
resulted in  increased body weights; this 
suggests that the protein required for m ax
im al gain was at least as high as 26% 
even with an  energy level as low as 2.50 
kcal of M E/g of feed.

Shutze et al. (2 3 ) and Sunde (2 4 ) have 
shown a reduction in  growth and feed 
efficiency by using high-protein, low-en
ergy practical-type diets. Hill and Dansky
(2 5 ) showed tha t the detrim ental effect 
of a high-protein, low-energy ration could 
be alleviated by improving the balance of 
amino acids in the diet. Similarly, Harper
(2 6 ) and Fisher (2 7 ) have shown that 
an amino acid im balance m anifests itself 
in  a reduced feed intake. The good toler
ance to the highest levels of protein in  the 
present work m ay well be explained on 
the basis of the good balance of amino 
acids in  the protein and the fact th a t the 
amino acid balance rem ained constant 
as the protein level was increased. Cau
tion should be taken in using protein re 
quirem ent figures obtained in  studies such

2 Solka Floe, Brown C om pany, B erlin , N ew  H am p
shire.
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TABLE 2

Effect o f p ro te in  and energy levels on body w eigh t, feed-to-gain ratio, 
feed  consum ption  and energy in take

D i e t a r y  t r e a t m e n t M e a n
b o d y

w t
F e e d - t o - g a i n

r a t i o
M e a n
f e e d

i n t a k e

M e a n
e n e r g y
i n t a k eE n e r g y C r u d e

p r o t e i n

k c a l  M E / g % 9 9 h c a l / W 0-75
2 . 5 0 1 0 1 3 2 3 . 7 4 2 2 0 1 4 . 8
2 . 7 8 1 0 1 3 5 3 . 6 0 2 2 0 1 6 . 2
3 . 0 5 1 0 1 2 9 3 . 4 3 1 9 1 1 6 . 0
3 . 3 3 1 0 1 2 0 3 . 4 2 1 7 0 1 6 . 4

2 . 5 0 1 4 1 7 9 2 . 6 6 2 8 4 1 5 . 3
2 . 7 8 1 4 1 7 5 2 . 5 6 2 8 0 1 7 . 0
3 . 0 5 1 4 1 7 8 2 . 3 8 2 5 7 1 6 . 9
3 . 3 3 1 4 1 6 9 2 . 4 2 2 2 5 1 6 . 8

2 . 5 0 1 8 1 9 7 2 . 3 1 2 8 3 1 4 . 2
2 . 7 8 1 8 2 0 5 2 . 2 1 2 9 0 1 5 . 7
3 . 0 5 1 8 2 0 1 2 . 0 3 2 6 1 1 5 . 7
3 . 3 3 1 8 2 0 2 1 .9 1 2 6 4 1 7 . 3

2 . 5 0 2 2 2 1 0 2 . 1 2 2 9 4 1 4 .1
2 . 7 8 2 2 2 2 2 1 . 9 4 2 9 2 1 4 . 9
3 . 0 5 2 2 2 2 2 1 .7 8 2 6 2 1 4 . 7
3 . 3 3 2 2 2 2 4 1 . 6 9 2 5 6 1 5 . 5

2 . 5 0 2 6 2 2 0 2 . 0 8 3 0 3 1 4 . 0
2 . 7 8 2 6 2 2 8 1 . 8 7 2 9 0 1 4 . 5
3 . 0 5 2 6 2 3 5 1 . 6 7 2 6 4 1 4 . 2
3 . 3 3 2 6 2 3 5 1 . 5 4 2 3 8 1 4 . 0

1 A verage in itia l s tartin g  w e igh t equals 70 g.

as this for application in  practical diets 
in  which case the amino acid balance 
changes as the protein level is raised.

At the 2 lowest levels of protein, in 
creasing the ME level tended to result in  
decreased weight gains; as the level of 
protein was increased this trend gradually 
reversed so tha t at the high-protein levels, 
increasing ME resulted in  an im provem ent 
in weight gains. Statistical analysis of the 
data showed this interaction between pro
tein and energy to be significant (P <  
0 .01) .

In general, increasing the levels of pro
tein or ME, or both, resulted in  improve
m ents in  feed efficiency. Statistical analy
sis of the d a ta  indicated that as the level 
of protein was increased there was a curv
ilinear response (P  <  0 .01); increasing 
the energy level resulted in a significant 
linear response (P  <  0.01). An ME level 
of 3.05 k ca l/g  appeared to be at least 
sufficient for optimal utilization of feed at 
levels of 10 and 14% protein, whereas 
this energy level was not adequate for the 
diets containing 18% or more of protein.

At all levels of protein, increasing the 
energy level resulted in  decreased feed 
consum ption and thus lower protein in 
take; although this resulted in  growth 
depressions at the lower levels of protein, 
growth increases were obtained at the 
higher levels of protein. The decreased 
growth at the lower levels of protein, as 
the level of energy was increased, can be 
explained by the lower protein intake as 
feed consum ption decreased. At the higher 
levels of protein, energy was apparently 
lim iting and protein was being burned for 
energy purposes in  the body; as the level 
of energy was increased more protein be
came available for tissue production and 
hence the increase in  weight gain even 
though feed consumption decreased. Such 
an explanation is supported by the report 
of Platt et al. (2 8 ). Statistical analysis of 
the feed consum ption data  showed the 
protein X energy interaction to be sig
nificant ( P < 0 .0 1 ) .

In general, ME intake per unit of m et
abolic body size (W  0.75) was constant, 
thus supporting the conclusions of Hill
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and Dansky (2 9 ) with the chicken, and 
Sibbald et al. (1 9 ) with the ra t, that rate 
of feed consum ption is determ ined largely 
by the energy level of the diet. There was 
however, an  indication of increased energy 
consum ption as the protein level was in 
creased from 10 to 14% , followed by a 
gradual decrease as the level of protein 
was increased from  14 to 26% . As sug
gested by Donaldson et al. (3 0 ) the over
consum ption of energy with diets low in 
protein m ay represent an  attem pt by the 
birds to satisfy their protein requirem ents. 
The ra ther m arked differences in  weight 
between groups receiving diets containing 
14 and 10% protein suggest tha t this 
m ethod of compensation is not effective 
when the protein level drops to a low level. 
That a moderate deficiency of protein may 
be overcome by increased consum ption of 
feed is well illustrated by the m any ex
perim ents with chicks showing th a t the 
correction of a slight m ethionine defi
ciency will lower feed intake and thus 
improve efficiency of feed utilization (31, 
32).

Net protein utilization and nitrogen re
tention values together with the calorie-to- 
protein ratios for the various treatm ents 
are shown in table 3. At the 10 and 14% 
levels of protein, NPU increased slightly 
as the energy level of the diets was raised 
even though food intake was reduced. 
Forbes and Yohe (1 5 ) reported that with 
a reduction in  food intake the biological 
value of a protein rem ained constant until 
a point was reached where protein was 
burned for energy purposes in  the body. 
Because it has been dem onstrated that 
NPU increases as the level of protein in a 
diet decreases, i.e., as the protein intake 
decreases (3 )  it was to be anticipated that 
NPU would increase as feed intake was 
reduced providing tha t energy did not be
come a lim iting factor. Thus the small 
increases observed in  NPU at the low 
levels of protein, as the energy level was 
raised, are probably real affects. There 
were m uch greater differences in  NPU 
values with increasing energy levels at the 
high levels of protein than  at the lower 
levels. W ith the low-energy, high-protein 
diets, protein was probably being burned 
for energy purposes in  the body which 
would tend to lower the NPU values. How-

TABLE 3

Effect o f prote in  and energy levels on net prote in  
utiliza tion  and nitrogen reten tion

D i e t a r y  t r e a t m e n t C a lo r i e - to -
p r o t e i n

r a t i o
N P U  i N i t r o g e n

r e t e n t i o n
E n e r g y C r u d e

p r o t e i n

heal M E / g % % %

2 . 5 0 1 0 1 1 4 6 6 5 4

2 . 7 8 1 0 1 2 6 6 5 5 4
3 . 0 5 1 0 1 3 9 6 8 5 4

3 . 3 3 1 0 1 5 1 6 8 5 3

2 . 5 0 1 4 8 1 6 2 5 5
2 . 7 8 1 4 9 0 6 3 5 6
3 . 0 5 1 4 9 9 6 4 5 7
3 . 3 3 1 4 1 0 8 6 5 5 8

2 . 5 0 1 8 6 3 5 1 4 6
2 . 7 8 1 8 7 0 5 4 4 9
3 . 0 5 1 8 7 7 5 8 5 2
3 . 3 3 1 8 8 4 6 1 5 5

2 . 5 0 2 2 5 2 4 8 4 4
2 . 7 8 2 2 5 7 5 2 4 8
3 . 0 5 2 2 6 3 5 5 4 9
3 . 3 3 2 2 6 9 5 5 5 1

2 . 5 0 2 6 4 4 3 9 3 6
2 . 7 8 2 6 4 8 4 5 4 1
3 . 0 5 2 6 5 3 5 0 4 7
3 . 3 3 2 6 5 8 5 1 4 7

1 I n d i c a t e s  n e t  p r o t e i n  u t i l i z a t i o n .

ever, at the higher energy levels, the in 
creased energy and the decreased feed 
consum ption would tend to complement 
one another in  increasing protein utiliza
tion. The calorie-to-protein ratios of all 
the 10 and 14% protein diets were abnor
mally high for chicks of this age and it is 
very improbable that any appreciable 
am ount of the protein in  these diets was 
being used for energy purposes. Statistical 
analysis of the NPU data indicated that 
there were linear responses ( P < 0 .0 1 )  
to increasing both the level of protein and 
of energy; there was no statistically sig
nificant interaction between energy and 
protein.

Nitrogen retention exhibited a similar 
picture to that of the NPU d ata  with the 
exception th a t retention increased as the 
protein was increased from  10 to 14% . 
The difference in  the 2 sets of data  is due 
to the fact that the nitrogen used for 
m aintenance is not considered in  the n i
trogen retention values but is taken into 
account in  the NPU data.

The results presented, indicate clearly 
that the energy level of a diet as well as
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the protein level, should be taken into 
account when m easuring NPU or nitrogen 
retention with growing chickens. It was 
observed tha t at the usually recom m ended 
calorie-to-protein ratios for starting chick
ens (55 to 65) the NPU values were fairly 
constant (table 3 ). It thus appears that 
in  evaluating a protein supplem ent, where 
one is attem pting to relate the values to 
practical nutrition, it would be advisable 
to work at calorie-to-protein ratios that are 
w ithin the norm al range for the type of 
bird studied. Following such a procedure, 
higher levels of protein than  recommended 
presently could be used and thus elim inate 
the criticism  that evaluation of proteins 
at the m aintenance level does not give a 
satisfactory assessm ent for application in  
the growing bird.
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Effect of Water Intake on Nitrogen 
Metabolism in Dogs* 1'2

RICARDO BRESSANI a n d  J. EDGAR BRAHAM
In stitu te  o f N u trition  of C entral A m erica and Panam a (INCAP) 
G uatem ala, C entral A m erica

ABSTRACT  N itrogen balance studies in  dogs were carried out to determ ine the 
effect o f variable water intake on nitrogen m etabolism . The results showed that 
increased water intake resulted in  lower retention of nitrogen at low  or high levels 
of nitrogen intake. In m ost cases urinary urea decreased w hen water intake in 
creased. Apparent nitrogen absorption w as not influenced by water intake. The 
urinary sulfur did not change w ith changes in  water intake. Total serum  protein and 
album in concentration, albumin-to-globulin ratio and urea levels did not change  
significantly w hen higher volum es of water were given. It is concluded that in  nitro
gen balance work, water intake volum e should rem ain as constant as possible to 
reduce the variability in  nitrogen retention. Also, w ith a constant water intake, w hen  
protein intake is decreased, it is possible to learn w hen  the nitrogen balance of the 
experim ental subject becom es stable by m easuring urine volum e.

In studies of nitrogen retention in  dogs, 
it was observed that the volume of urine 
decreased with amino acid im balances.3 
In  theory, the feeding of such diets should 
also have given a lower or even a negative 
nitrogen balance (1 , 2 ) , but this was not 
always the case. In  these s tu d ies3 the 
amino acid im balances were induced by 
adding essential amino acids other than  
the most lim iting amino acid, to a casein 
diet, and it was thought tha t variable 
w ater intake m ight cause the differences 
in  excreted urine volume, which in  turn , 
m ight explain the lack of effect observed. 
Studies by other investigators have shown 
that changes in  w ater intake caused 
changes in  nitrogen excretion in  the urine 
(3 -6 ) .  The recent studies of Konishi and 
McCay (7 )  in  dogs showed that a de
crease in w ater intake resulted in  lower 
nitrogen excretion and that an increase in 
w ater intake had  the reverse effect. The 
problem of w ater intake was, therefore, 
studied further.

MATERIALS AND METHODS

In experim ents to be described, groups 
of 2 or 3 dogs of about 5 m onths of age, 
of the same sex, and from  the same litter 
were used in  each study. The anim als 
were placed in  individual metabolism 
cages and fed a diet consisting of gelatin, 
15.0; casein (v itam in-free), 8.0; DL-me- 
thionine, 0.30; DL-tryptophan, 0.20; m in

eral m ixture (8 ) , 2.0; hydrogenated vege
table fat, 10.0; cod liver oil, 1.0; cellulose,4 
2.7; sucrose, 15.0; dextrin, 22.8; dextrose, 
23.0% and 5 ml of a complete B-vitamin 
solution (9 )  per 100 g of diet. The diet 
contained 3.36% nitrogen and 435 k ca l/ 
100 g. Depending on the experim ent, the 
dogs were fed from 0.4 to 1.0 g of nitrogen 
and 100 to 150 kcal/kg  of body w eigh t/ 
day. W hen necessary, the intake of cal
ories was adjusted by feeding a protein- 
free diet of the following com position: 
(in  gram s) cornstarch, 20; dextrose, 40; 
sucrose, 24; cellulose, 3; hydrogenated 
vegetable fat, 10; m ineral m ixture (8 ) , 
2; cod liver oil, 1, and 5 ml of a complete 
B-vitamin solution (9 )  per 100 g of diet. 
The anim als were weighed and fed daily 
and their nitrogen intake adjusted every 
4 days. The specified am ount of water 
was mixed with the food; in  all experi
m ents the food was consumed in  less than  
30 m inutes. Therefore, corrections were 
not m ade for loss of drinking w ater by 
evaporation. The tem perature of the m e
tabolism room varied from  23 to 24°C 
and the relative hum idity from 77 to 84% .

The experim ental periods lasted 4 days 
and feces and urine were collected twice
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a day. At the end of each period, the 
feces were homogenized, weighed and an
alyzed for nitrogen. The urine was col
lected in  amber bottles containing 1 cm 3 
of concentrated acetic acid and stored 
under refrigeration (4°C ). The 4-day vol
um e was m easured and nitrogen deter
m ined in  aliquots. The nitrogen content 
of the food, feces and urine was deter
m ined by the macro-Kjeldahl method. 
Urinary urea nitrogen and am m onia nitro
gen were determ ined by nesslerization
(1 0 ). Urinary sulfur was determ ined fol
lowing the method of Folin (6 )  for total 
sulfur. In  some experiments, blood sam 
ples were taken at the end of each 4-day 
period. Total serum protein was deter
m ined by the method of Lowry et al. (11,
12), blood urea by the m ethod of nessleri
zation (1 0 ) and total a-amino nitrogen by 
the method of Albanese (1 3 ) except that 
tetraethylenepentam ine was used to form 
a deeper-colored complex which was read 
on an Evelyn colorimeter.

RESULTS

Table 1 shows the effect on nitrogen 
balance and on other param eters of chang
ing water intake from 400 to 1000 m l/day  
and back to 400 m l/day  in  one group, 
and from 1000 to 400 m l/day  to 1000 m l/ 
day in the second. N itrogen intake and 
apparent nitrogen absorption did not 
change. Nitrogen balance and the urea

nitrogen-to-total nitrogen ratio  was lower 
when the higher w ater intake was given 
w hether between 2 low w ater intake peri
ods, or having a low intake of w ater in  
between. The urine-to-water intake ratio 
was highest when the intake of w ater was 
higher for both groups of dogs. The u ri
nary  total sulfur excretion did not change 
with changes in  w ater intake. No con
sistent changes in  body weight gain be
tween w ater treatm ents was observed. 
Table 1 also shows the results of the next 
experim ent carried out with 3 dogs. W ater 
intake, high (1000 m l/d ay ) and low (400 
m l/d a y ), was kept constant for 12 days 
to learn  of variations in  nitrogen balance 
for a longer period of time. N itrogen re
tention was again lower when larger vol
um es of water were given and increased 
with the lower w ater intake. In both cases 
nitrogen balance rem ained constant w ith
in  w ater treatm ent, the changes observed 
being small. Other determ inations on the 
urine gave results sim ilar to those shown 
for previous experim ents, except urea 
nitrogen-to-total nitrogen ratio, which was 
in  general high irrespective of w ater in 
take.

In the second experim ent, the results 
of which are shown in table 2, the same 
2 groups of dogs were used. One was 
given increasing and the other decreasing 
w ater intakes. Urea nitrogen-to-total n i
trogen ratio followed the same tendency

TABLE 1
Effect of changing and of constan t w a ter  in take on nitrogen balance, urine su lfur and urea

nitrogen excretion  in dogs 1

W ater  
in tak e 2 Intake Fecal

N itrogen

U rine Absorbed R etained

U r in e /
w ater
in tak e
ratio

U rine
su lfu r

U rea N /  
to ta lN  

ratio

m l / d a y
400 692

1000 701
400 703

m g / k g / d a y
41 374 651
57 517 644
51 443 652

277 0.51
127 0.73
209 0.50

m g / k g / d a y
14.0 0.76
14.5 0.40
14.4 0.72

1000 665 28 450 637
400 663 36 388 632

1000 673 42 464 631
1000 719 35 498 684
1000 720 38 521 682
1000 719 40 514 679
400 723 55 482 668
400 722 49 467 673
400 722 34 471 688

1 N um b er o f dogs used , and  average in t it ia l w eigh t: 
and low er section , 3, 11.42 kg.

2 E ach ba lan ce period is  o f 4-day duration.

187 0.74 15.8 0.46
244 0.61 16.2 0.78
167 0.78 17.0 0.50

186 0.71 17.1 0.95
161 0.73 16.3 0.93
165 0.72 17.6 0.89
186 0.57 17.0 0.61
206 0.61 16.8 0.82
217 0.65 15.8 0.91

upper section  3, 10.25 kg; m id d le  sec tio n  2 , 13.46 kg;
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as previously shown in  only the group of 
anim als receiving decreasing levels of wa
ter intake. The urine-to-water intake ratio 
increased w ith increases in  w ater con
sum ption and decreased with decreases in  
w ater intake. Urine sulfur behaved as 
indicated for the results of the first ex
perim ent. Table 2 also shows the effect 
of changing w ater intake on total serum 
proteins, albumin, and serum  urea. Total 
serum protein and album in concentration 
showed no change when higher volumes 
of w ater were given. The albumin-to- 
globulin ratio  rem ained constant w ithin 
the group of dogs, and the higher values 
observed in  the anim als given decreasing 
intakes of w ater are probably character
istic of the breed of dogs used. The serum 
urea concentration did not change con
sistently with changes in  w ater intake in 
either group of dogs.

Table 3 shows the results of another 
experim ent obtained by feeding a group of 
dogs 2 levels of protein at a constant in 
take of calories of 140 kca l/kg /day . W ater 
intake was varied from  300 to 900 m l/ 
day and back to 300 m l/day  w ith the 
same sequence at each level of nitrogen 
intake. During the transition in  nitrogen 
intake, w ater intake rem ained constant at 
300 m l/day. Apparent nitrogen absorp
tion was not affected by w ater intake at 
either level of protein feeding w hen ex
pressed as percentage of nitrogen intake. 
The nitrogen retention was again lower at 
the higher w ater intake volume independ
ent of nitrogen intake. Nitrogen balance 
at the lower level of intake was about 
one-half the nitrogen retained at the 
higher nitrogen intake in  m illigrams per 
kilogram per day, and sim ilar when ex
pressed as percentage of intake. The urea 
nitrogen-to-total nitrogen in  the urine was 
lower at the higher w ater intake volume 
for both levels of protein. The changes 
were more m arked at the lower level of 
protein intake. Although not shown in 
the table, a corresponding change in  am 
m onia nitrogen was observed in  both ex
perim ents, and creatinine in  milligrams 
per kilogram per day decreased slightly 
at the higher w ater intake volume, the 
change being not significant. It was the 
same at both levels of protein feeding.
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Table 3 also shows tha t total serum 
protein and album in rem ained constant, 
w ithin levels of protein, but lower at the 
lower protein intake. Urea concentration 
in  the serum did not change with changes 
in  water intake w ithin level of protein 
feeding, but was higher at the lower level 
of protein intake.

Table 4 shows the effect of w ater 
changes on nitrogen balance when nitro
gen intake is decreased from  about one to 
around 0.5 g /k g /d ay  and back to about
1.0 g /kg /day . The intake of calories re 
m ained constant at 140 kca l/kg /day . Dur
ing changes from  high to low and from 
low to high intake of nitrogen, water 
intake rem ained constant at 900 m l/day . 
N itrogen retention was highest w hen w a
ter intake was lowest, for both high and 
low levels of nitrogen feeding. Although 
not shown in the table, the a-amino nitro
gen values in  urine were slightly higher 
for the higher w ater intakes at both levels 
of nitrogen feeding, and a decrease was 
observed when nitrogen intake decreased. 
As in  previous studies, urinary urea nitro- 
gen-to-total nitrogen ratio was higher for 
the lower intakes of water, and lower for 
the higher w ater consumption. Ammonia 
nitrogen changes in  the opposite direction. 
Table 4 also shows the values for blood 
protein and serum  urea which varied as 
in  previous experiments.

DISCUSSION

The lower retention of nitrogen with 
higher w ater intakes or the higher re ten
tion with lower intake of w ater was evi
dent at all levels of nitrogen intake. These 
results are in  agreem ent with the results 
of Konishi and McCay (7 ) ,  who reported 
a small increase in  nitrogen retention by 
dogs upon water restriction. Black et al.
(3 )  and Grande et al. (4) ,  working with 
hum ans observed that w ater deprivation 
increased urinary  nitrogen output in  sub
jects given a low caloric diet devoid of 
protein. The results presented by these 
investigators are not comparable nor do 
they agree with those presented in  this 
m anuscript or published by Konishi and 
McCay (7) .

Contrary to the present study, Konishi 
and McCay (7 )  in dogs, as well as Larsen 
et al. (5 )  in  their work with rum inants,
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TABLE 4
Effect of c h a n g i n g  water a n d  nitrogen intake o n  nitrogen balance, a n d  s e r u m  proteins in  2  dogs 1

W a t e r  
i n t a k e  2

N i t r o g e n U r i n e /
w a t e r

i n t a k e
r a t i o

S e r u m

I n t a k e F e c a l U r i n e A b s o r b e d R e t a i n e d T o t a l
p r o t e i n A l b u m i n U r e a

ml/day m g / k g / d a y g / 1 0 0 m l g/100 m l m g /  
100 m l

9 0 0 1 0 2 6 4 9 5 9 7 9 7 7 3 8 0 0 . 7 7 5 . 5 2 2 . 9 3 1 4 . 6
3 0 0 1 0 3 0 4 7 4 7 7 9 8 3 5 0 6 0 . 6 4 5 . 4 7 3 . 0 3 1 6 .0
9 0 0 1 0 2 3 4 6 5 7 2 9 7 7 4 0 5 0 . 7 1 5 . 5 9 2 . 8 6 1 6 .1

9 0 0 5 2 2 5 3 3 9 3 4 6 9 7 6 0 . 7 8 _

9 0 0 5 4 0 5 0 3 8 2 4 9 0 1 0 8 0 . 7 0 ___ ___ _
9 0 0 5 4 6 5 2 3 3 6 4 9 4 1 5 8 0 . 6 8 — ___ ___

9 0 0 5 5 4 5 2 3 6 5 5 0 2 1 3 7 0 . 7 0 — — —

9 0 0 5 5 4 5 0 3 3 6 5 0 4 1 6 8 0 . 7 2 5 . 2 5 2 . 2 9 1 1 . 3
3 0 0 5 5 4 5 2 2 3 7 5 0 2 2 6 5 0 . 4 9 5 . 3 9 2 . 4 5 1 2 . 6
9 0 0 5 6 2 4 6 2 8 5 5 1 6 2 3 1 0 . 6 4 5 . 4 1 2 . 4 4 1 6 . 0

9 0 0 9 7 0 5 3 5 0 8 9 1 7 4 0 9 0 . 6 0 ___ _
9 0 0 9 6 6 6 0 5 1 2 9 0 6 3 9 4 0 . 5 6 5 . 7 5 2 . 8 5 1 0 . 4
9 0 0 9 3 3 3 2 4 9 7 9 0 1 4 0 4 0 . 5 9 — ___ ___

9 0 0 9 4 3 3 9 6 0 6 9 0 4 2 9 8 0 . 6 2 6 . 0 1 3 . 0 7 1 2 . 9

9 0 0 9 3 6 4 6 5 0 9 8 9 0 3 8 1 0 . 5 9 6 . 1 4 3 . 2 8 1 2 . 6
3 0 0 9 4 1 4 0 4 1 8 9 0 1 4 8 3 0 . 4 7 6 . 6 5 3 . 2 8 1 8 .1
9 0 0 9 3 7 4 3 5 6 0 8 9 4 3 3 4 0 . 5 4 6 . 5 3 2 . 8 2 1 7 . 3

1 A verage in it ia l w eight: 4 .34  kg.
2 E ach ba lan ce  period is  o f 4-day duration.

observed tha t nitrogen absorption also in 
creased with w ater restriction. The dis
agreem ent in  apparent nitrogen absorption 
with respect to w ater intake between the 
present study and that of others could be 
accounted for by the high apparent di
gestibility of the protein used in  this study, 
which would approxim ate 100% digestibil
ity if corrections were made for endogen
ous fecal nitrogen.

Two possible m echanism s could explain 
the effect of high and low w ater intake on 
nitrogen balance. First, high intakes of 
w ater m ay have a flushing effect in the 
kidney and other tissues washing out ni
trogen metabolites. Second, high w ater in 
takes may have some influence on the for
m ation of urea. W hen the amino acids 
have been absorbed, part are excreted in 
the urine, as suggested by the slight in 
crease in  a-amino nitrogen, although the 
largest part is deaminated. The am m onia 
produced is then discarded with the urine 
and not utilized in  urea biosynthesis. This 
is indicated by the lower urea nitrogen-to- 
total nitrogen ratio, and higher am m onia 
nitrogen-to-total nitrogen ratio when the 
higher level of w ater is consumed. More 
data are needed, however, before the above 
explanation can be accepted. Some adap

tation by the anim al m ay possibly occur 
with respect to urea form ation when the 
higher level of w ater is consumed, since 
a lower urea nitrogen-to-total urine nitro
gen ratio was not always observed. The 
combined statistical analysis for 22 cases 
available indicated nonsignificant differ
ences in  urea nitrogen excretion according 
to w ater intake. However, the 22 cases 
available were separated according to 
water intake into a high urea nitrogen ex
cretion group (1 3 ) and a low urea nitro
gen excretion group (7) .  A significant dif
ference in  urea excretion was detected in 
the group of 14 but not in  the group of 
eight observations. The decrease in  u ri
nary excretion of nitrogen during periods 
of low w ater intake is probably also a 
result of less w ater available for concen
tration and solution of the end products of 
protein metabolism.

The interaction of w ater intake and 
amino acid im balance is being studied to 
learn whether one affects the other ad
versely. If so, the lack of response in 
nitrogen balance when the im balanced 
diets were fed will be explained.5 It has 
been shown that anim als fed amino acid

5 See footnote  3.
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im balanced diets show a high blood urea 
concentration (1 4 ). If the w ater intake 
rem ains low the anim al needs to convert 
all its am ino nitrogen from  deam ination 
into urea to protect itself against increases 
in  am m onia; however, if w ater intake is 
high, this will dilute the am m onia pro
duced and as a result, nitrogen balance 
will decrease, since more nitrogen will be 
present in  the urine.

It has been repeatedly reported from 
work with rats that one of the character
istics associated with the feeding of amino 
acid im balanced diets is the almost im 
mediate refusal of the diet (14, 15) by the 
experim ental animal. The studies of Lep- 
kovsky et al. (1 6 ) showed that ra ts fed 
without w ater ate less food th an  ra ts fed 
with water. W hen fed without water, rats 
regulated their food intake so tha t it 
m atched the am ount of w ater that they 
could mobilize from  their own tissues, 
thereby m aintaining the proper water-to- 
food ratio in  the gastric contents. There
fore, the work of Lepkovsky et al. (16 ) 
confirmed that w ater intake has a decisive 
effect on food intake and food intake 
greatly influences the am ount of w ater 
ingested. It would be of interest, there
fore, to learn  whether the decreased food 
intake due to amino acid im balance diets 
can be corrected by increasing w ater con
sumption.

On the basis of the results, it is sug
gested that in  nitrogen balance work, 
water intake volume should rem ain  as 
constant as possible in  order to reduce the 
variability in  nitrogen retention within 
periods of the same treatm ent and also 
when com paring 2 or more treatm ents. 
Also of interest is the prelim inary observa
tion that when protein intake is decreased, 
it m ay be possible to learn  when the nitro
gen balance of the experim ental subject 
becomes stable by m easuring urine vol
ume, provided w ater intake and environ
m ental conditions have rem ained con
stant.
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Nutrition of Salmonoid Fishes
XI. IODIDE REQUIREMENTS OF CHINOOK SALMON

A. N. WOODALL and GILLES LaROCHE
U. S. Fish and W ild life  Service, W estern  Fish N utrition  Laboratory, 
Cook, W ashington, and Donner Laboratory, U niversity  of California, 
Berkeley, California

ABSTRACT  Duplicate groups of 500 chinook salm on ( O ncorhynchus tsh a w ytsch a ) 
fm gerlings raised in  water containing 0.2 yg  iod ine/liter, were fed a low iodide basal 
ration w ith added sodium  iodide to give 0.1, 0.6, 1.1, 5.1, and 10.1 yg  iod ide/g  dry diet 
for 24 weeks. A 100-fish sub-lot of each group was fed the diets for an additional 9 
m onths. No significant difference in  growth w as observed in either feeding period.
At the end of the 24-week feeding period the fish fed 0.1 yg  iodide had stored signifi
cantly less iodine in the thyroid region than had the fish in  the rem aining groups. At 
the end of the 9 m onths’ extended feeding the fish fed 0.1 yg  iodide had stored sig
nificantly less thyroid iodine than had the fish fed 0.6 yg, whereas the latter had 
stored significantly less than had the fish in  the rem aining groups. Under the experi
m ental conditions reported, the iodide requirement of chinook salm on fm gerlings was 
0.6 yg  iod ide/g  dry diet; for advanced parr the requirement increased to 1.1 yg.

As endemic goiter was perhaps the first 
nutritional deficiency syndrome to be rec
ognized in salmonids, it is somewhat para
doxical that the quantitative iodide re
quirem ents of these hatchery propagated 
species rem ain unknown. Marine and 
Lenhart (1, 2 ) and Marine (3 )  correctly 
diagnosed as simple hyperplasia w hat was 
then thought to be thyroid carcinom a in 
brook trout ( Salvelinus fontinalis). They 
effected a complete remission of the tumor 
by adding an iodide-iodine solution to the 
water in which the fish were raised. This 
pioneering work with trout did much 
toward furthering our knowledge of the 
etiology of hum an goiter. The literature on 
thyroid hyperplasia in  salmonids and its 
treatm ent with iodide and thyroid prepara
tions has been reviewed by LaRoche (4) ,  
but no experim ents have been reported 
which define the iodide requirem ents of 
salmonids.

It was the purpose of the present investi
gation to determine the dietary iodide re
quirem ents of pre-m igrant chinook salmon 
( Oncorhynchus tshawytscha') raised in  low 
(0.2 ug /liter) iodide water.

EXPERIMENTAL

Approximately 15,000 free-swimming 
chinook salmon fry, hatched from eggs ob
tained at the Spring Creek National Fish 
Hatchery, were fed a low iodide basal ra 
tion until all fish were actively feeding and

TABLE 1

Ingredients of basal ration

g/200 g diet

Vitamin-free casein 48
W hite dextrin 28
Oil m ixture 1 9
Vitam in-am ino acid su pp lem en t2 10
M ineral su pp lem en t3 4
CM C4 1
Water 100

1 C ontain ing in  gram s: Corn oil, 7; USP cod liver  
oil, 2; a-tocopherol, 0.04.

2 C ontain ing in  m g: th iam in e , 5; riboflavin , 20; 
p yridoxine, 5; n ia c in , 75; Ca pan tothenate, 50; ch o lin e  
ch loride, 500; z-inositol, 200; b iotin , 0.5; fo lic  acid, 
1.5; ascorbic acid , 100; m enad ione, 4; v itam in  B 12, 
0.01; L -arginine, 1500; L-cystine, 500; p lu s a-cellu lose  
flour to m ake 10  g.

3 Salt m ixture USP XIV no. 2 p lus in  m g: C u S 04- 
5H20 ,  3; Z n S 0 4-7H20 ,  12; M n S 04 H20 ,  6 ; CoC1>-6H20 ,  
0.06.

1 C arboxym ethylcellu lose, H iV is grade, H ercules  
Pow der Com pany, W ilm ington , D elaw are.

the yolk m aterial was absorbed. After ap
proximately 3 weeks, 5 duplicate lots of 500 
fish each were hand-counted, weighed and 
placed in the experim ental hatchery 
troughs for the feeding trial. The 5 groups 
were then fed diets consisting of a basal 
ration ( table 1) with added iodide to give 
the following iodide levels; 0.1 (present in 
the ra tion ), 0.6, 1.1, 5.1 and 10.1 ug/g dry 
diet.

Sufficient dry ingredients for 6 kg of 
diet were blended together in a twin-shell 
blender until completely uniform  and then 
stored in  a tightly closed container at

R eceived  for p u b lication  N ovem ber 6 , 1963.

J . N u t r it io n , 8 2 : ’6 4 475
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2°C until needed. For final diet prepara
tion, sufficient dry mix for 2 to 3 days’ 
feeding was weighed into a pint plastic 
freezer container, an equal weight of water 
was added and the two mixed thoroughly 
with a spatula. The container was then 
capped and allowed to stand briefly before 
feeding. Between feedings the diet was 
stored at 2°C. Diets containing the added 
iodide levels were prepared by adding an 
appropriate volume of sodium iodide solu
tion to the water with which the dry in 
gredients were mixed.

The diet, which resembled a heavy corn 
meal mush, was presented to the fish by 
forcing it through a garlic press, clipping 
off of the worm-like extrusions with a 
spatula and allowing the particles to fall 
directly into the trough containing the fish. 
Feed was presented as rapidly as the fish 
would consume it and feeding was ter
m inated as soon as any rejection of diet 
was noted. The fish were fed in this m an
ner 3 times daily, 5 days/week, (Monday 
through Friday). The troughs were par
tially cleaned by drawing down the water 
in the troughs after each feeding. Dead 
fish were removed as soon as noted and all 
groups were carefully observed for abnor
malities or signs of deficiency. The fish 
were weighed by methods previously de
scribed by Halver (5) .  Weighing was 
done before feeding on Monday when they 
were relatively free of undigested food.

The feeding trial was conducted in alum 
inum-painted, wooden hatchery troughs 
2.1-m long, 40-cm wide and 30-cm deep. 
The troughs were covered with plastic 
screen and were supplied with 10 liters/' 
m inute of particulate-free well water m ain
tained at a tem perature of 10° ±  0.5°C for 
the entire 24-week period. The iodide con
tent of the water, which was checked sev
eral times during the feeding trial, ranged 
from 0.1 to 0.3 ag/liter.

At the term ination of the feeding trial 
all groups were weighed as usual, again 
hand-counted and allowed to go without 
feed for an additional two days to insure 
that they were free of ingested food. At 
this time a representative sample of the 
fish (ca. 100 g) was removed for proximate 
analysis and 10 fish were preserved for 
histological exam ination. An additional 10 
fish from each group were individually

weighed to the nearest 0.02 g, the thyroid- 
containing area consisting of the floor of 
the m outh from the tongue to the last gill 
arch was removed, freed of excess periph
eral tissues, weighed, wrapped in plastic 
film and quick-frozen for subsequent m icro
iodine determination.

Proximate analyses were conducted by 
methods described previously (6) .  Micro
iodine determ inations on diet samples, 
w ater and tissues were made by a semi- 
autom ated modification1 of a colorimetric 
reaction originally described by Sandell 
and Kolthoff (7, 8).

After the term ination of the 24-week 
feeding trial, 100 fish from each group con
tinued to be fed their respective diets for 
an additional 9 months. During this ex
tended observation period feeding fre
quency was reduced to twice daily for the 
first 16 weeks and thereafter to once daily. 
After 16 weeks, 25 fish from each group 
were weighed individually and m easured 
and at the term ination of the extended 
period all surviving fish were weighed, 
measured and examined carefully for ab
normalities. At this time thyroid areas 
were again collected for micro-iodine anal
ysis and for histological examination.

RESULTS

Twenty-four-zveek feeding trial. Growth 
and perform ance of the fish during the 
initial 24-week feeding trial are sum m ar
ized in  table 2. Although it appears that 
the fish in  group 1, which were fed the 
basal ration without iodide supplement, 
gained somewhat less than  did the fish in 
the other groups, statistical evaluation of 
the growth data by analysis of variance, 
indicated that the m ean gains of the fish in 
the 5 groups did not differ significantly.

Diet efficiency and m ortality in all groups 
would be considered norm al for chinook 
salmon fingerlings under the experim ental 
conditions of this station. Careful exam 
ination disclosed no observable deficiency 
syndromes although evidence of simple 
goiter was looked for both externally and 
histologically. Proximate analysis of ter

1 Iso lation  and estim ation  o f serum  organ ically- 
bound iodine. II. An app lication  for th e determ in a
tion  o f protein-bound iod in e (P B I) or n on -an ion ic  
iod ine (N A I ) ,  G. LaRoche, D. C arpenter and A. Cox- 
w orth, Sem i-annu al Report B iology and  M ed icine, 
U.C.R.L., F a ll, 1963.
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minal samples showed no differences in 
gross body composition (protein, fat, ash 
and m oisture) between groups. Average 
composition of the fishes: protein, 70.2; 
fat, 22.6; ash, 10.8 (as percentage of 
moisture-free fish) and moisture 78.0%.

The most striking difference tha t oc
curred during the 24 weeks was the level 
of stored iodine in  the thyroid area. Table 
2 shows that the fish that received only the 
iodine present in the basal ration stored 
less than 40% as m uch iodine in the 
thyroid area as those receiving an iodide 
supplement. A statistical treatm ent of the 
data by analysis of variance showed this 
difference to be highly significant (P  <  
< 0 .0 1 ).

Extended feeding period. Table 3 pre
sents the average weight of the fish in 
each of the 5 groups at intervals during 
the extended feeding period. This table 
also shows the cum ulative m ortality of 
each group at selected intervals and finally 
the thyroid iodine storage of the fish at the 
end of the experiment. The weight of the 
fish confirmed the observation of the initial 
feeding period, that is, there was no sig
nificant difference in the m ean weight of 
the 5 groups of fish.

As table 3 shows, there were no m ortal
ities in the experim ental lots for nearly 6 
months. Starting in the middle of January 
a persistent daily mortality occurred in 
group 1 and within 6 weeks over one-half

TABLE 2
Growth, perform ance and iodide storage in  chinook salm on during 24-week feeding trial

Group no. 1 2 3 4 5

Iodine fed, /xg/g dry diet 0.1 0.6 i t 5.1 10.1

Avg wt, start, g 0.46 0.46 0.46 0.45 0.46

Avg wt, finish, g 8.03 8.42 8.41 8.25 8.40

Avg gain, g 7.57 ± 0 .1 1  1 7 .9 6 ±  0.07 7.95 ± 0 .0 7 7 .8 0 ± 0 .0 1 7.94 ± 0 .0 9

Diet efficiency, g g a in /g  
dry feed fed 1.02 1.03 1.04 1.01 1.04

Mortality, % 4.7 4.7 3.5 4.1 3.3

Iodine stored 2 3.7 ± 0 .2 9.6 ± 1 .0 10.5 ± 1 .6 11.1 ± 0 .7 11.4 ± 1 .2

1 SE.
2 M icrogram s th yroidal io d in e /100 g body w eight; average o f 10 determ inations.

TABLE 3
Average w eigh t, m orta lity  ra te and iodide storage of chinook salm on during ex tended  feeding period

Group no.
Iodide fed,

/tg/g dry diet

1
0.1

2
0.6

3
1.1

4
5.1

5
10.1

Average weight, g
7 /2 3 /6 2 (s ta r t) 8.5 8.9 8.8 8.4 8.4
9 /2 4 /6 2 19.4 20.2 19.5 18.7 19.1

1 1 /1 3 /6 2 28.2 ± 1 .2  1 30.4 ±  1.7 2 9 .2 ±  1.2 29.1 ±  1.6 29.5 ± 1 .2
4 /2 2 /6 3 41.1 ± 4 .2 47.5 ±  2.0 4 7 .5 ± 2 .1 47.2 ± 1 .7 50.4 ± 2 .0

Cum ulative m ortality 2
1 /1 5 /6 3 0 0 1 0 0
2 /2 5 /6 3 49 1 1 0 0
3 /2 5 /6 3 65 6 5 2 0
4 /2 4 /6 3 82 24 22 5 4

Thyroid iodine storage 3
6.5 ± 0 .6 14.2 ±  1.7 20.3 ± 2 .8 2 3 .3 ± 2 .7 22.3 ± 2 .6

1 SE.
2 Per cen t o f pop ulation  started 7 /2 3 /6 3 .
3 M icrogram s io d in e /1 0 0  g fish; average o f 10 determ in ation s/grou p .



478 A. N . W O O D A LL A N D  G ILL ES L aR O C H E

Months of Extended Feeding
Fig. 1 Mortality rate of young chinook salm on during 9 m onths of extended feeding w ith diets

containing graded levels o f i o d i d e : ---------, 0.1; O ---------- O, 0.6; V---------V, 1-1; A- ■ • -A, 15-1; X------- X,
10.1 fig iod ide/g  dry diet.

Fig. 2 Photomicrographs of typical thyroid sections from 15-month old chinook salm on advanced 
parr (X  2 5 0 ): (a )  Sample from group 1, note increased epithelial cell height; (b )  sam ple from  
group 5.
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of the fish in this group had died. Mortal
ities continued until, at the term ination of 
the experim ent in late April, only 18% of 
the starting population remained. Figure 1 
illustrates the m ortality rate of the 5 groups 
of fish during this period. Postmortem ex
am ination disclosed tha t fish in all but 
group 5 were infected with kidney disease, 
a bacterial infection prevalent among 
salmonid fishes (9) .

Although no evidence of goiter was noted 
on gross exam ination, histological exam 
ination of thyroid sections disclosed that 
the fish in group 1 had a somewhat in 
creased epithelial cell height, and slightly 
decreased, lighter staining colloid suggest
ing thyroid hyperplasia. Photomicrographs 
of typical thyroid sections illustrating this 
difference are presented in figure 2.

The thyroid iodine storage in the ter
minal samples (table 3) again showed that 
the fish in group 1 contained significantly 
(P  <  <  0.01) less iodine than  the fish in 
all other groups. However, contrary to the 
observations made at 24 weeks, the iodine 
storage in the fish of group 2 was signifi
cantly lower (P  <  0.01) than  that of the 
fish in groups 3, 4, and 5.

DISCUSSION

Our results showed that iodide intakes 
which were insufficient to m aintain  ade
quate thyroid iodide storage and prevent 
thyroid hyperplasia in chinook salmon did 
not interfere with the anim als’ norm al 
growth. This response is consistent with 
the results of comparable experim ents re
ported for m any other animals.

Levine et al. (10 ) reported no growth 
difference in rats fed levels of iodide from 
15 to 400 ug/kg of diet but observed that 
110 to 207 ag/kg of diet was essential to 
prevent enlargem ent of the thyroid and to 
give a thyroid iodine concentration of 
0.1% (dry basis). Axelrad et al. (11 ) 
noted that mice fed diets containing 4.1 ag / 
100 g of diet developed goiter, whereas 
those fed 12.2, 32 and 100 ug/100 g of diet 
did not. No statem ents regarding differ
ence in weight gain were made nor did 
their data appear to support a significant 
difference. Scott et al. (1 2 ) reported that 
pheasants or quail fed a low iodide basal 
ration (0.2 m g/kg  of diet) showed no 
growth response to added iodide supple

m ents although supplem entation reduced 
thyroid size. Godfrey et al. (1 3 ) reported 
that chicks fed a basal ration containing 
30 ng of iodine/kg of diet developed en
larged thyroids although they gained as 
well as chicks fed the same ration with 
added iodide to give 150, 350, 550, 750 
and 1150 ug of iodine/kg of diet.

LaRoche and Leblond (14)  compared 
the growth rate and histological appear
ance of the thyroid glands of Atlantic sal
mon ( Salmo salar) parr2 which were fed a 
presumably iodine-deficient diet (beef liver) 
in  untreated and iodide-enriched water. It 
was shown that, if anything, the iodide 
treatm ent slightly reduced growth ra te al
though the thyroid tissue of the (low 
iodide) controls was hyperplastic, whereas 
that of the fish raised in  the iodide-supple
m ented water appeared normal.

The effect of the thyroid on the growth 
of salmonids is by no m eans clear. 
LaRoche and Leblond (14)  compared the 
effects of various thyroid preparations on 
the growth and body transform ation of 
Atlantic salmon parr and brook trout 
fingerlings and concluded that thyroid 
treatm ent had no growth-promoting ef
fects. In a subsequent publication (15 ) 
these authors reported that the growth rate 
of thyroidectomized and control Atlantic 
salmon parr did not differ significantly for 
10 m onths following the adm inistration of 
I131 for thyroid destruction. Recent work.3 
however, has dem onstrated that thyroid
ectomy in rainbow trout induces im pres
sive morphological changes as well as 
reduced growth which becomes apparent 
10 to 12 m onths after the final I131 trea t
ments. In contrast with the results ob
tained by LaRoche and Leblond (14)  Bar
rington et al. (16)  observed that the addi
tion of thyroid powder to a diet of liver and 
blowfly maggots caused increased growth 
in rainbow trout ( Salmo gairdnerii). They 
pointed out that the growth effect m ight 
have been due to the supplem entary n u 
trient afforded by the glandular m aterial 
ra ther than due to added thyroid hor
mones. In additional experim ents they

2 Parr is  a term  used  to d esign ate  th e stage o f  
developm ent o f a youn g  salm on  prior to th e tim e it 
has undergone th e m orph ological and p h ysio log ica l 
transform ation  im m ed ia te ly  preced ing  seaw ard m igra
tion.

3 LaRoche, G., A. N . W oodall and C. L. Johnson. 
T hvroidectom y in  th e rainbow  trout (S a lm o  gairdnerii ,  
R ic h .), m an uscrip t in  preparation.
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showed that m aintaining trout in a solu
tion of thyroxine also enhanced growth. 
However, as no evidence was presented to 
compare the stage of activity of the thyroid 
gland or iodine intake of the treated and 
control fish, it cannot be said with cer
tainty that the growth response was due 
to the correction of a chronic thyroid in
sufficiency. The authors pointed out that 
the nature of the growth-promoting effect 
of thyroid hormone treatm ent rem ains un
resolved.

Although our experim ental results do 
not resolve the role of the thyroid hor
mones in  growth regulation, interpretation 
of the data may help clarify this question. 
The observation that growth was m ain
tained by the salmon regardless of iodide 
intake, even when it was clearly insuffi
cient to prevent thyroid hyperplasia and 
iodine depletion, reveals 2 characteristics 
of the growth-regulating function of the 
thyroid; 1) it can be m aintained by the 
m inim al am ount of iodine which was fed, 
and 2) it appears independent of the total 
thyroidal iodine present, within an appreci
able range for the experim ental period (15 
m onths). The latter observation suggests 
a significant lowering of the thyroidal hor
m onal pool as indicated by thyroid hyper
plasia which is often considered prima 
facie evidence of thyroid hormone insuf
ficiency. A similar interpretation can be 
made from previously cited results of 
iodide feeding trials with other animals 
(10-13). An exogenous thyroxine-induced 
growth response such as Barrington (16) 
reported would not necessarily comple
m ent observations of internal growth regu
lation by the thyroid. The conditions sim u
lated by their experim ent could be con
sidered growth stim ulation which may re
quire greater levels of thyroxine for its in
duction than  these fish normally secrete. 
Interpreted as thyroxine-induced growth 
stim ulation ra ther than  norm al thyroid- 
sponsored growth regulation, a separate 
mode of action such as stim ulation of, or 
growth-promoting synergism with a given 
endocrine state should be considered.

The increased iodide requirem ent found 
for the advanced parr during the extended 
feeding period is clearly in  accord with 
num erous observations of increased thy
roid activity of salmonids prior to m igra

tion. As with other anim als, fish undergo 
periods of thyroid stress where the require
m ents of the gland, and hence the require
m ent for iodide, is increased. Robertson 
and Chaney (17)  reported that rainbow 
trout living under conditions of low iodide 
intake do not develop thyroid hyperplasia 
until confronted with the stress of sexual 
m aturation and migration. The role of the 
thyroid in  the smoltification4 of anadrom- 
ous salmonids has been partially reviewed 
by Hoar (1 8 ). Fontaine et al. (19)  and 
Olivereau (20)  have also dem onstrated an 
increased thyroid activity during smoltifi
cation. These and previously cited refer
ences (14—16) show clearly an increased 
activity of the thyroid during this period. 
More recently Piggins (21)  has confirmed 
these observations by dem onstrating an 
increased production of smolts by inclu
sion of beef thyroid in the diet of Atlantic 
salmon parr.

Although the significance of increased 
num bers of mortalities in the fish fed the 
lower levels of iodide during the latter part 
of the extended feeding trial cannot be 
fully understood, sufficient corroborative 
evidence exists to suggest an explanation. 
Hoar (22)  suggests that the anadromous 
teleost m aking a prolonged stay in fresh 
w ater is under added osmotic stress which 
demands additional thyroid hormones. It 
therefore appears plausible that the kidney, 
with its im portant role in osmotic regula
tion, may have been stressed and weak
ened in  those fish fed insufficient iodide to 
meet this increased challenge to the thy
roid, thus perm itting the ingress of kidney 
disease organisms. Conversely a renal 
failure itself m ight have been the principal 
cause of death irrespective of the presence 
of kidney disease.

Baker (23) ,  in reviewing the literature 
of renal and heterotropic thyroid tissue in 
fish, reported that heterotropic thyroid tis
sue develops as a compensatory device 
when the iodine demands of the anim al 
exceed the available supply of this essen
tial component of thyroid hormones. She 
observed extensive destruction of kidney 
tissues in the platyfish ( Xiphophorus ma- 
culatus) during the development of renal 
thyroid tumors. Unfortunately this was

4 The p h ysio log ica l and  m orph ological ch an ges pre
ced in g  seaw ard m igration  o f th e ju v en ile  fish.
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not investigated in our experim ental fish, 
but we feel that this possibility is remote 
as previous studies had shown that there 
were no radioiodide concentrating tissues 
in kidneys of other groups of young sal
mon and trout which had been m aintained 
with a low iodide intake for a year and a 
half.5

Since a correlation between iodide in 
take and m ortality of advanced parr obvi
ously existed in this experim ent (see fig. 
1), a thyroid function linked to the m ain
tenance of kidney integrity is suggested. 
An investigation of this interrelationship 
may necessitate modifying the iodide re
quirem ents suggested by iodine storage.

Based on the m aintenance of maxim al 
thyroid iodine storage the evidence pre
sented indicates that, for the experim ental 
conditions described, the m inim al iodide 
requirem ent of chinook salmon fingerlings 
was not more than  0.6 ug/g of dry diet, 
whereas for advanced parr the require
m ent was approximately doubled to 1.1 
Ug/g diet. The increased iodide require
m ent of the advanced parr supports m or
phological and radioiodide observations of 
increased thyroid activity which m any in 
vestigators have assocated with ensuing 
smoltification.
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Effect of Pyridoxine Deficiency upon Valine 
Incorporation into Tissue Proteins of the Rat* 1
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B iochem istry D epartm en t, School o f M edicine, U n iversity  of P ittsburgh, 
P ittsburgh, P ennsylvan ia

ABSTRACT  Pyridoxine deficiency in  the rat resulted in  a consistent decrease in
incorporation of L-valine-l-C14 into proteins o f liver, spleen and serum and into sub- 
cellular fractions of liver and spleen. Rate of incorporation was increased by adm in
istration of pyridoxine shortly before injection  of labeled valine. Disappearance of 
labeled valine from  these proteins w as not affected in  the deficient anim als.

Previous investigations have amply 
dem onstrated the inhibitory effects of a 
pyridoxine deficiency upon form ation of 
circulating antibodies in  response to vari
ous antigenic stimuli (1 , 2 ). Subsequent 
studies have described a sim ilar depres
san t effect of a pyridoxine deficiency on 
delayed hypersensitivity of the tuberculin 
type in  guinea pigs (3, 4 ). The relation
ship of nutritional factors to immunologi
cal processes has been sum m arized in  a 
recent review (5) .  However, the precise 
role of pyridoxine in  the sequence of 
events leading to fabrication of antibodies 
has not yet been elucidated. Since anti
bodies are proteins, the possibility m ust be 
considered tha t the inhibitory effect of 
pyridoxine deficiency upon antibody syn
thesis is a reflection of the requirem ent 
for this vitam in in  the general process of 
protein biosynthesis. Accordingly, in  the 
present study we have investigated the 
effect of a pyridoxine deficiency in  the 
ra t upon incorporation of L-valine-l-C14 
into proteins of liver, spleen and serum.

MATERIALS AND METHODS

Animals and diets. Male, weanling, 
albino ra ts of the Holtzm an strain  were 
used. The anim als were housed individ
ually in  wide-mesh screen-bottom cages 
and fed ad libitum  unless stated otherwise. 
The composition of the diet used to pro
duce a deficiency of pyridoxine and of the 
control diet have been described previously
(6) .  Briefly, all anim als received a basal, 
semi-purified diet composed of sucrose, 
casein, salts, lipids and the fat-soluble 
vitamins. In addition, each ra t was fed 
daily a vitam in supplem ent in  the form 
of a pill. For both ad libitum  and inani

tion control groups, this pill contained 
adequate am ounts of all B-vitamins known 
to be required by the rat. For the pyridox- 
ine-deficient group only pyridoxine was 
om itted from  the pill.

In  order to control the factor of inan i
tion which is observed in  pyridoxine-defi- 
cient anim als, a pair-fed inaniton  control 
group was utilized. These anim als re 
ceived daily an  am ount of basal diet equal 
to that consumed by a pyridoxine-deficient 
partner. The food intake of pyridoxine- 
deficient anim als receiving pyridoxine 
shortly before injection of tagged valine 
was lim ited similarly during the period of 
pyridoxine therapy. A solution of pyri
doxine (5  m g/'m l) was prepared in  iso
tonic sodium chloride and adjusted to 
pH 7.2 for intraperitoneal injection.

Valine incorporation, l  - Valine -1  - C14 
with a specific activity of 1.5 m c/m m ole 2 
was dissolved in  isotonic sodium chloride 
for injection. After an  experim ental pe
riod of 9 weeks, each ra t was injected 
intraperitoneally with 5 nc of L-valine-l-C14 
per 100 g of body weight, bled by cardiac 
puncture at the desired time after injec
tion and decapitated im mediately there
after. Blood was allowed to clot and serum 
separated by centrifugation. Liver and 
spleen were quickly excised, washed in  
ice-cold 0.25 m  sucrose, weighed after blot
ting on filter paper, and a 10% homog
enate prepared in  ice-cold 0.25 m  sucrose 
with a hand  homogenizer. Protein content

R eceived  for  p u b lica tion  N ovem ber 13, 1963.
1 T h is study w as aided  by U. S. P u b lic  H ealth  

Service research  grant A-727 from  th e N a tio n a l In sti
tute o f A rthritis and M etabolic D iseases, and  by the  
office o f  N a v a l R esearch  under C ontract 1 8 3 3 (0 0 ) ,  
N R  101-412.

2 P u rchased  from  N ew  E n g lan d  N u c lea r  Corpora
tion , Boston.
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of the tissue homogenates and serum was 
determ ined by the method of Lowry et al.
(7 ) . Subcellular liver and spleen fractions 
were separated by differential centrifuga
tion of the tissue homogenates. The n u 
clear fraction was obtained by sedim enta
tion at 2000 X g for 10 m inutes, the 
m itochondrial fraction by sedim entation at 
6590 X g for 20 m inutes and the m icros
omal fraction by sedim entation at 105,000 
X g for 80 m inutes. The supernatan t re
m aining after removal of the microsomal 
fraction constituted the soluble fraction.

Proteins were precipitated from  aliquots 
of blood serum, tissue homogenates and 
subcellular fractions (resuspended in  0.25 
m  sucrose) by addition of an equal volume 
of 10% (w /v )  trichloroacetic acid and 
treated according to the procedure of 
Rabinovitz et al. (8 ) . A weighed am ount 
of protein was dissolved in  1 m  p-(diiso- 
butyl-cresoxyethoxyethyl) dim ethyl benzyl 
am m onium  hydroxide3 in  m ethanol by 
heating at 70 °C for 2 hours in  a closed 
tube. One milliliter of this solution was 
employed per 5 mg of protein. Following 
solubilization, 1 m l of the protein solution 
was diluted with 9 ml of a 0.5% solution 
of 2,5-diphenyl-oxazole4 in  toluene and 
radioactivity m easured in  a Packard Tri- 
Carb liquid scintillation spectrometer.

RESULTS
Pyridoxine deficiency produced a con

sistent decrease in  the incorporation of 
L-valine-l-C14 into proteins of liver, spleen 
and serum (table 1). Approximately the 
same degree of inhibition was noted in  the 
3 types of protein studied. As determ ined 
by variations in  the specific activity of 
isolated proteins, incorporation by the de
ficient anim als ranged from  50 to 75% 
of that of controls. Simple inanition was 
without effect and the dim inished rate of 
incorporation was restored by adm inister
ing pyridoxine 19 or 24 hours before in 
jection of labeled valine.

The inhibitory effect of pyridoxine de
ficiency upon incorporation of L-valine-1- 
C14 into all subcellular fractions of liver 
and spleen is shown in  table 2. Incorpora
tion into all fractions was affected in 
sim ilar fashion by the deficiency state and 
could be increased uniform ly by prior ad
m inistration of pyridoxine.

The ra te of disappearance of labeled 
L-valine-l-C14 from  liver, spleen and serum 
proteins was obtained from  m easurem ents 
of specific activities of these proteins in 
anim als killed at various intervals after 
injection of L-valine-l-C14 (figs. 1 and 2 ). 
These experim ents provided additional 
evidence for the inhibitory effect of 
pyridoxine deficiency upon L-valine-l-C14 
incorporation and indicated tha t the dis
appearance of labeled valine from  these 
proteins was not affected in  this deficiency 
state.

DISCUSSION
The effect of a pyridoxine deficiency 

upon rate of incorporation of L-valine-l-C14 
into tissue proteins noted in  this paper is 
considerably less than  the inhibitory effect 
of this deficiency state upon antibody syn
thesis. These d ata  do not, however, negate 
the possibility th a t the role of pyridoxine 
in  antibody synthesis is comparable to a 
function in  the more general process of 
protein biosynthesis. Variations in  the ef
fects of pyridoxine deficiency upon syn
thesis of specific proteins are quite likely. 
Although these studies suggest a sim ilarity 
of action of pyridoxine in  synthesis of 
tissue and antibody protein, fu rther eluci
dation of the m echanism  of antibody syn
thesis is essential for final comprehension 
of the role of pyridoxine in  this process. 
It is of interest in  this connection that 
Lichstein (9 )  has reported that pyridoxine 
is required for synthesis of trytophanase 
in  a pyridoxine-requiring m utan t of Es
cherichia coli. On the other hand, other 
workers (1 0 -1 2 ) could find no evidence 
for an  interference of pyridoxine defi
ciency with protein synthesis although an 
increased rate of amino acid catabolism 
in this deficiency was indicated (10, 13).

The observed decrease of incorporation 
of L-valine-l-C14 into tissue protein in  pyri
doxine deficiency m ay be attributable to 
factors other than  those associated di
rectly with protein anabolism. Increase in  
the am ino acid pool as well as a decreased 
rate of intracellular concentration of 
amino acids m ay be operable. There is 
a considerable body of evidence to support 
the la tter possibility (14—18).

3 H y d ro x id e  o f H y a m in e  10-X. P a c k a rd  I n s tru m e n t  
C o m p an y , L a  G ran g e , Illin o is .

4 P u rc h a s e d  fro m  th e  P a c k a rd  I n s tru m e n t  C o m p an y , 
L a  G ran g e , Illin o is .
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Fig. 1 Disappearance of L-valine-l-C14 from  proteins o f liver and spleen. Each point
represents the average value of 2  to 4 anim als. Inanition controls, A-------A ------- A ; pyri-
doxine-deficient rats that received 5 m g of pyridoxine 24 hours before valine injection, 
q -----------o ------- O; pyridoxine-deficient rats, # —------0 ------- • .

Fig. 2  Disappearance of L-valine-l-C14 from  serum  proteins. Each point represents the 
average value of 2 to 4 anim als. N otations and treatm ent of anim als sam e as in  figure 1.
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ABSTRACT  The m etabolism  of zinc has been investigated using zinc-65 retention  
in  the tissues of 4-week-old cockerels fed  either zinc-deficient or zinc-sufficient diets. 
All tissues from  the deficient chicks retained radiozinc to a m uch greater degree than  
controls, w ith the activity increasing greatly during a 32-hour study period. Correla
tion coefficients derived by com puter analysis showed that zinc-65 retention in  red 
blood cells had a high positive correlation w ith  all tissues exam ined, especially for 
the sufficient group. Plasm a retention exhibited a low  negative correlation for both 
dietary supplem ent groups. Stable zinc analyses dem onstrated that m ost organs re
m ain constant in  zinc content in  deficiency states; only bone, liver and duodenum  
showed a lower stable zinc content in  deficiency than in  sufficiency. A zinc deficiency  
syndrome occurring elsew here in  hum an m ales, characterized by dwarfism, rough 
skin, delayed epiphyseal closure, hypogonadism , and failure in  the developm ent of 
secondary sex characteristics, w as com pared w ith the deficiency observed in  these  
cockerels. The observations that uptake and retention of radioactive zinc is markedly 
greater in  zinc deficient anim als, as com pared w ith that w hich occurs in  those 
receiving adequate dietary zinc, have im portant im plications, not only in  norm al 
nutrition, but also in  terms of radioactive z in c-65 from nuclear fission.

Despite all of the research that has been 
carried out on zinc as a growth factor in 
swine (1 ,2 ), poultry (3 -5 ) ,  cattle (6 )  and 
m an (7 -9 ) ,  there is little understanding of 
how this trace elem ent functions (1 0 ). In 
the present investigation, studies were 
undertaken to determ ine the effects of the 
status of zinc nutrition  upon stable zinc 
content and zinc-65 uptake and retention 
in  most of the im portant tissues and or
gans of the chick. The studies have bear
ing not only on the m etabolism of stable 
zinc but also on the movements of radio
zinc pools.

MATERIALS AND METHODS

The basic diet described by Zeigler et al.
(5 )  was supplem ented with 5 or 60 ppm  of 
zinc as the chloride. Each diet was offered 
to a group of chicks ad libitum  in stainless 
steel containers. Distilled w ater was avail
able from  plastic and glass fountains. The 
chicks were housed in  lacquered, electric
ally heated batteries.

Hatch-mate, one-day-old W hite Cornish 
X W hite Rock cross-bred cockerels, pro

duced by hens receiving a commercial 
breeder ration, were fed the diets. At the 
end of 4 weeks, 16 cockerels were selected 
from each group so tha t the individual 
variation in weight from  the treatm ent 
m ean was m inim al. The chicks grown 
with the 5 ppm zinc diet exhibited gross 
signs of zinc deficiency and averaged 240 g, 
with a range of 196 to 266 g. The cock
erels fed the 60 ppm zinc diet appeared 
norm al in  all respects and averaged 580 g, 
with a range of 540 to 620 g. Feed and 
w ater were removed 8 hours prior to in 
jection of the radioisotope.

The injection solution, containing 125 
pc of zinc-65 5 and 1.0 mg of zinc/m l, both 
as chloride, was adm inistered in tram us
cularly at the level of 10 pc/100 g of body 
weight. Two cockerels from  each trea t
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m ent group were killed by an  intracardiac 
injection of sodium pentobarbital solution 
at 0.25, 0.5, 1, 2, 4, 8, 16 and 32 hours 
after adm inistering the isotope. Tissue 
samples were then removed, washed in 
saline, identified, frozen and subsequently 
weighed and counted.

Prior to killing, 5 ml of blood were re
moved from  the wing vein of each chick 
with a heparinized syringe. From each 
sample 1-ml aliquots were removed, centri
fuged and the plasm a decanted. The red 
blood cells were resuspended and centri
fuged 3 times in 3 ml of saline, and the 
liquid portion decanted into the plasma. 
Additional washings had little effect on the 
radioactivity in  the centrifuged red blood 
cell fraction. The plasm a, together with 
the washings, was m ade up to 15 ml, and 
an aliquot counted.

The radioactivity of the respective ali
quots or samples was determ ined in  a deep- 
well scintillation counter filled with a 3.8- 
cm sodium iodide crystal, and the counts 
corrected for decay. Correlation coeffici
ents relating retention values of blood to 
other tissues were determ ined by computer 
analysis.

Tissues for the stable zinc analyses 
were obtained from  5 cockerels of each 
treatm ent group. The analyses were con
ducted in  duplicate on pooled dry-ashed 
tissue samples. The m ineral fraction was 
then taken up in dilute hydrochloric acid 
and analyzed using the dithizone method 
of Vallee (1 1 ).

RESULTS

Data on zinc-65 retention, expressed as 
percentage of injected dose per gram  tis
sue, are presented graphically in  figure 1. 
The figure is divided into 3 sections accord
ing to high, m oderate and low retention. 
Average deviations of all tissues from  cock
erels grown on 60 ppm zinc supplem ent 
were small. Approximately one-half of the 
tissues from cockerels receiving 5 ppm of 
zinc also showed small average deviations, 
but bone, duodenum , kidney, liver, muscle, 
pancreas and testis occasionally showed up 
to 50% variation. These results illustrate 
the changes in  the radiozinc distribution 
with time. All tissues examined, except 
plasm a, showed a gradual buildup in ac
tivity during the 32-hour study period.

Zinc deficiency caused a markedly in 
creased uptake of zinc-65 in  all tissues as 
compared with that in  the tissues of chicks 
receiving adequate dietary zinc.

The zinc-65 uptake of the red blood cells 
showed the same increase with time as that 
exhibited by all other tissues and organs. 
The plasm a levels of radiozinc reached a 
plateau early and then showed a gradual 
decrease with time. This is dem onstrated 
by the correlation coefficients shown in 
table 1 which were calculated by com puter 
analysis from the data presented in figure
1. These coefficients show tha t the zinc-65 
retention for all tissues was negatively cor
related with plasm a but was positively cor
related with red blood cells. The negative 
coefficients for plasm a show tha t radiozinc 
levels had a greater inverse relationship 
with the zinc-deficient than  with the suf
ficient tissues.

The stable zinc content of wet tissues, 
the percentage retention of the dose of 
zinc-65 after 32 hours, and the specific 
activities calculated from these values for 
both groups of chicks are presented in 
table 2. These results show th a t the stable 
zinc content only of bone, liver and duode
num  are markedly decreased by dietary 
zinc deficiency. The dietary zinc level had 
little influence on the stable zinc concen
trations of the other tissues. The testis of 
zinc-deficient chicks actually contained a 
higher zinc concentration th an  the testis 
of chicks with adequate zinc. The greater 
concentration of stable zinc noted in  the 
spleen of the deficient chicks m ay have 
been dependent upon the hemo concentra
tion state w ithin the spleen at the time the 
analyses were conducted since assays on 
2 samples showed very high zinc content 
and 2 other samples showed a low zinc 
content. In spite of this, all tissues from 
the zinc-deficient chicks, including the 
testis, showed sim ilar m arked increases in 
zinc-65 retention and specific activities as 
compared with the tissues of chicks re
ceiving adequate zinc.

DISCUSSION

The experim ental and practical aspects 
of zinc deficiency have been extensively 
studied in  both p lants and domestic ani
mals. In 1955, Tucker and Salmon (1 ) 
showed that zinc deficiency in  swine
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A. HIGH RETENTION

(TO 1.5%)

ZINC SUPPLEMENT IN PPM
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AFTER
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B. MODERATE RETENTION 

(TO 0.4%)
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AFTER
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Fig. 1 Zinc-65 retention in  four-week-old cockerels.
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TA BLE 1

Correlation coefficients of zinc-65 retention studies in  cockerels

Tissue
Plasma Red blood cells

5 ppm 60 ppm 5 ppm 60 ppm

Blood plasm a — — - 0 .7 4 5 - 0 .6 1 3
Red blood cells - 0 .7 4 5 - 0 .6 1 3 — —
Bone - 0 .8 1 0 - 0 .5 7 4 0.895 0.979
Brain - 0 .8 3 0 - 0 .5 2 5 0.956 0.939
Duodenum - 0 .7 9 0 - 0 .6 2 0 0.876 0.970
Kidney - 0 .6 8 9 - 0 .4 7 4 0.836 0.892
Liver - 0 .6 9 1 - 0 .6 5 6 0.820 0.924
Lung - 0 .5 3 2 - 0 .5 1 6 0.667 0.974
Muscle - 0 .8 7 5 - 0 .5 7 3 0.903 0.916
Pancreas - 0 .7 7 1 - 0 .5 4 9 0.725 0.953
Proventriculus - 0 .7 9 3 - 0 .5 8 2 0.810 0.911
Spleen - 0 .7 0 0 - 0 .5 9 7 0.854 0.906
Testis - 0 .8 5 1 - 0 .5 2 5 0.871 0.869

TA B LE 2

Effect of  dietary zinc conten t  on stable zinc content and zinc-65 retention of tissues  32
hours after zinc-65 injection

60 ppm dietary zinc supplement 5 ppm dietary zinc supplement Increase 
in specific 
activity in 
deficient 
chicks

Tissue Zinc
content

Injected
Zn65

retention
Specific
activity

Zinc
content

Injected
Zn6®

retention
Specific
activity

fig/g
fresh
tissue

% of 
dose /  g 
fresh 
tissue

% of 
dose / 
fig z n

tig/gfresh
tissue

% of 
dose/g 
fresh 
tissue

% of 
dose/ 
Itg Zn

%

Bone 40.2 0.22 0.005 12.6 0.42 0.033 660
Kidney 35.8 0.35 0.0097 34.6 1.32 0.038 390
Proventriculus 29.7 0.19 0.006 31.9 0.79 0.025 420
Duodenum 27.6 0.48 0.017 19.6 1.20 0.061 368
Pancreas 27.2 0.75 0.027 22.0 1.39 0.063 230
Testis 26.6 0.33 0.012 35.2 1.33 0.038 320
Liver 26.0 0.50 0.019 16.8 1.46 0.087 460
Spleen 22.1 0.33 0.015 37.5 1.58 0.042 280
Lung 16.1 0.11 0.007 14.7 0.31 0.021 300
Brain 12.1 0.02 0.002 13.1 0.11 0.008 400
M uscle 7.6 0.01 0.001 10.8 0.07 0.006 600

resembles the spontaneous and endemic 
disease of this species, parakeratosis. Fur
therm ore, the growth retardation and der
m atitis observed in  this disease were pre
vented by dietary zinc supplem entation 
(12, 13). Similar studies in  other anim als 
also have associated zinc deficiency with 
poor feed efficiency; disorders of feathers, 
hair and coat; delayed sexual m aturity, 
sterility and loss of fertility; poor bone de
velopment and hock enlargem ent; and em
bryonic m alform ations (1 0 ).

The form  in which zinc is adm inistered, 
and the presence of other substances in  the 
diet, can aid or interfere w ith the avail
ability of zinc. For example, the phytic 
acid in soybean m eal apparently chelates

some of the zinc (13, 14), whereas certain 
chelating agents such as EDTA and n a t
ural chelates aid the utilization of zinc 
(15, 16). The basal diet used in  this 
experim ent contained soybean protein, and 
even though analysis showed a stable zinc 
content of 23 ppm, m uch of this is not 
utilized (5 ) . Studies on ionic and chelated 
forms of zinc adm inistered intravenously 
to mice have shown th a t Zn65 EDTA and 
Zn65 DTPA m ay be rapidly excreted by the 
kidney, whereas Zn“ Cl2 is slowly excreted 
by the intestine (1 7 ). Thus, the form  of 
adm inistered zinc influences both the ab
sorption and excretion of this elem ent and 
m ay regulate, in  part, the body zinc con
tent.
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In the present study, the objective was 
to learn  how zinc deficiency affects the 
stable zinc content and isotopic uptake of 
various tissues. The results show th a t zinc 
deficiency had the greatest effect upon the 
stable zinc content of bone, liver and duo
denum. These tissues also showed the 
greatest changes in  specific activity. The 
stable zinc content of the other tissues was 
not appreciably influenced by dietary zinc 
content. This is consistent with the severe 
reduction in  growth ra te which occurs with 
zinc deficiency and indicates that zinc is 
an integral part of most tissue growth. 
However, all the tissues from  the zinc- 
deficient chicks showed m arked increases 
in  zinc-65 uptake as com pared w ith the 
zinc-sufficient chicks. This observation is 
in  agreem ent with the work of Furchner 
and Richmond (1 8 ) who reported tha t in 
creasing the dietary uptake of stable zinc 
inhibits whole body retention of radiozinc.

Recently, Prasad et al. (7 -9 )  described 
a deficiency syndrome in hum an m ales in  
Egypt characterized by dwarfism, delayed 
epiphyseal closure, rough, hyperpigm ented 
skin, hypogonadism and lack of secondary 
sex characteristics. These symptoms are 
largely sim ilar to those observed in  zinc 
deficiency states in  experim ental anim als 
and appear to respond to a m arked degree 
to zinc therapy. Studies with zinc-65 have 
shown a more rapid p lasm a zinc disappear
ance and a greater retention of zinc in 
these subjects th an  in  controls.

Prasad et al (8 )  reported that the hypo
gonadism in the Egyptian dwarfs was asso
ciated with a low urinary  follicular stim u
lating hormone (FSH ) level and suggested 
tha t perhaps this was related to anterior 
pituitary hypofunction conditioned by zinc 
deficiency. The observations in  the present 
study tha t the testes of chicks have an  
especially high affinity for zinc m ay be 
indicative of a more direct function of zinc 
in the testis.

In  the Egyptian dwarfs as in the zinc- 
deficient chicks of the present study, the 
zinc-deficient state is accompanied by a 
higher retention of radiozinc as compared 
with that which occurs in  norm al anim als 
or hum ans consum ing adequate am ounts 
of stable zinc. This observation has im 
portant im plications, not only in  norm al

nutrition, but also in  term s of radioactive 
zinc-65 from  nuclear fission.
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ABSTRACT  Eighty-six ewes and 125 lam bs were assigned at parturition to 6 die
tary treatm ents to test the addition of com binations of Se as N a2S e0 3 and S as N a2S 0 4 
to the diet o f the ew e and cystine and m eth ionine w hen  given to the lam b on the 
incidence of nutritional m uscular dystrophy (N M D ) in the lam bs. Se given at the 
level o f 0.17 ppm during lactation had no significant effect on clin ical incidence of 
NMD but reduced the num ber of lam bs w ith elevated SGOT values. Dietary sulfur  
(0.33%  ) increased the clin ical incidence of NMD and w hen given in  com bination  
with Se prevented any beneficial effect o f Se. No significant effects were observed 
due to either cystine or m ethionine adm inistration at the level and frequency tested.

Nutritional m uscular dystrophy (NMD, 
white muscle disease, stiff-lamb disease) 
in  the lam b is not a simple dietary defi
ciency. Vitam in E (1 ) ,  selenium (2 , 3) 
and m uscular activity (4 )  have been 
shown to be factors in  the etiology of the 
disease. Dystrophogenic factors have been 
proposed in  legume hay (5 )  and raw  kid
ney beans (6 ) . Sulfur m ay also be a 
factor, since sulfate decreases selenium 
uptake in  certain  p lants (7 )  and alleviates 
selenium  toxicity in  microorganisms (8 )  
and ra ts (9 ) . Andersson (1 0 ) reported 
that m uscular dystrophy in  calves in  West 
F inland is associated with soils rich in  
sulfides. M uth et al. (1 1 ) reported the 
addition of 0.053% sulfur as N a2S 04 to 
the ration of ewes decreased the effective
ness of 0.1 ppm added selenium in pre
venting NMD in lam bs, although these 
results were not conclusive.

The effect of sulfur am ino acids on 
NMD in the lam b has received little a tten
tion, even though certain  relationships 
have been established in  NMD in the chick
(1 2 ) and turkey poult (1 3 ) and in  liver 
necrosis in  the ra t (1 4 ) . Kradel et al. 
(1 5 ) produced NMD in rabbits by feeding 
ethionine. Erwin et al. (1 6 ) reported that 
a hydroxy analogue of m ethionine did not 
prevent NMD in lam bs fed purified diets 
(coconut oil-torula yeast) but did prevent 
NMD in chicks fed the same diets.

The study reported herein was designed 
to test the effect of sulfur and selenium

combinations as well as the sulfur amino 
acids on NMD in the suckling lamb.

METHODS

Eighty-six western white-faced cross
bred ewes were random ly assigned to 6 
dietary treatm ents at lam bing and con
tinued on trial for 8 weeks. A total of 13 
to 15 ewes was assigned to each treatm ent 
along with their 20 to 22 lambs. Each 
group contained essentially an  equal num 
ber of single and tw in lambs and H am p
shire and Dorset sired lambs.

The 6 dietary treatm ents were as fol
lows: 1) Basal ration of 1,370 g of trefoil 
grass mixed hay grown on the same field 
as hay used in previous studies (6 )  and 
900 g of raw  cull kidney beans ( Phaseolus 
vulgaris) per ewe per day; 2 )  hay-bean 
basal plus 0.17 ppm  selenium  as N a2Se03 
to the ewes’ diet; 3) hay-bean basal plus 
0.33% sulfur as N a2S04 to the ewes’ diet;
4) hay-bean basal plus 0.17 ppm selenium 
as N a2Se03 plus 0.33% sulfur as N a2S 04 
to the ewes’ diet; 5 ) basal plus L-cystine 
3 times weekly to the lambs; 6) basal plus 
DL-methionine 3 times weekly to the 
lambs. The cystine and m ethionine were

R eceived  fo r  p u b lic a tio n  N o v e m b er 26 , 1963.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by P u b lic  

H e a lth  S erv ice  R ese a rch  G ra n t N B  03517 02 f ro m  th e  
N a tio n a l In s t i tu te s  o f H e a lth .

2 T h e  a u th o rs  a re  in d e b te d  to  D r. H. W . A llaw ay , 
D irec to r, ARS, P la n t ,  Soil a n d  N u tr i t io n  L a b o ra to ry , 
I th a c a ,  N ew  Y ork, fo r  th e  s e le n iu m  a n d  s u lfu r  a n a l 
yses a n d  to th e  D e p a r tm e n t o f  V e te r in a ry  P a tho logy , 
N ew  Y ork  S ta te  V e te r in a ry  C ollege fo r  a u to p sy  a n a l 
yses o f sev e ra l a n im a ls .

J .  N u t r it i o n , 8 2 : ’64 4 9 5
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given orally by capsule at the rate of 1 g / 
lam b/dose for the first 2 weeks and 2 g  
thereafter. The selenium and sulfur were 
given to the ewes in  90 g of dextrose/ewe 
/day . Equal am ounts of dextrose were 
given those ewes not receiving selenium 
or sulfur. All ewes were fed the basal ra 
tion for approximately the last 2 m onths 
of gestation. All anim als were housed in 
groups for the duration of the experiment. 
W ater and trace m ineralized salt were 
available ad libitum.

Criteria included growth, death, inci
dence of clinically affected lam bs and 
blood serum  glutamic-oxalacetic transa
m inase (SGOT) levels. SGOT values 
above 200 Sigma-Frankel units were con
sidered to be “elevated” and the associated 
lambs to have some degree of m uscular 
dystrophy (1 8 ). The lam bs were individ
ually weighed bi-weekly and blood sam 
ples were taken by jugular puncture at the 
same interval. “Clinically affected” lambs 
were judged by visual appraisal for char
acteristic stiffness or weakness and the 
SGOT values determ ined by a colorimetric 
procedure.3 All anim als tha t died were 
autopsied and exam ined histologically for 
the characteristic “Zenkers” degeneration 
of striated muscle.

The selenium content of the feeds was 
determ ined by fluorimetric analysis. Sul

fu r determ inations were m ade by X-ray 
fluorescence using a helium  pathway and 
a quartz crystal.4 Values were determ ined 
from  a standard curve based on X-ray 
fluorescence m easurem ents of samples of 
alfalfa, red clover and a sedge of known 
sulfur content.

RESULTS AND DISCUSSION

The results of the criteria m easured on 
the lam bs are summarized in  table 1 and 
the selenium and sulfur content of the 
feeds are shown in table 2. The percentage 
of lam bs with elevated SGOT levels at the 
bi-weekly intervals is depicted in  figure 1.

No significant differences were observed 
in  weight gains among any of the trea t
m ents.

Selenium, added at the level of 0.17 ppm 
to the ewes’ diet was relatively ineffective 
in  reducing the incidence of NMD. Other 
workers (3 , 17) have reported the general 
effectiveness of 0.1 ppm when added to 
the ewes’ diet, whereas research in  this 
laboratory has indicated 1.0 ppm  m ay not 
be completely effective, probably due to a 
proposed dystrophogenic factor present in  
kidney beans (6 ) . In  this trial, selenium 
was fed to the ewes only during lactation

3 Sigma Technical Bulletin 505, Sigma Chemical 
Company, St. Louis.

4 Lazar, V. A., unpublished method. U.S. Plant, Soil 
and Nutrition Laboratory, Ithaca, New York.

TABLE 1
Effect of  se lenium, sulfur and  sulfur amino acids on weigh t gain, clinically  

affected lambs and SGOT levels

Treatment No. of 
lambs

Avg wt 
gain 

( birth 
to 8 

weeks)

Death
loss

Clinically
affected
lambs

Lambs with 
elevated 
SGOT i

kg no. % no. % no. %
1. Basal ration

(1370  g hay +  900 g kidney
b ea n s/ew e/d a y  ) 22 9.8 3 13.7 6 27.3 16 72.7

2. Basal ration+  0.17 ppm
Se as N a2S e 0 3 21 9.3 0 0 5 23.8 10 47.6

3. Basal ration +  0.33% S
as N a2S 0 4 21 10.6 3 14.2 10 46.6 17 81.0

4. B asal ration +  0.17 ppm
Se and 0.33% S 20 10.5 3 15.0 4 20.0 15 75.0

5. Basal ration +
cystine to the lam b 20 9.2 2 10.0 3 15.0 14 70.0

6. Basal ration +
m ethionine to the lamb 21 10.1 1 4.8 6 28.5 18 90.0

1 Values of over 200 Sigma-Frankel units.
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TA B LE 2
Selenium and sulfur content of diet  ingredients

Ingredients Se S
ppm %

Mixed hay 0.03 0.17
Kidney beans 0.06 0.16
Cystine 0.65 —
M ethionine 0.10 —

70 r

WEEKS

Fig. 1 The effect o f dietary treatm ents on 
SGOT levels in  lam bs.

and not during gestation, whereas in  past 
experim ents in  this laboratory anim als 
have been on experim ental treatm ent for 
approximately the last 30 days of gestation 
as well as lactation. The level of 0.17 ppm 
Se used in  this experim ent was, however, 
effective in  reducing but not preventing 
the num ber of lam bs with elevated SGOT 
values. The addition of 0.33% sulfur to 
the ewes’ diet increased the num ber of 
clinically affected lam bs over the basal 
group, but it did not increase the num ber 
of lambs w ith elevated SGOT values.

W hen both selenium  and sulfur were 
added to the ewes’ diet (treatm ent 4 ) the

num ber of clinically affected lam bs was 
lower th an  when only sulfur was added 
and the beneficial effect of selenium  in 
m aintain ing norm al SGOT values and pre
venting death was negated. These results 
indicate sulfur m ay be a fu rther compli
cating factor in  NMD in lam bs by acting 
as an  antagonist to selenium. However, 
the ration with the added sulfur contained 
0.5% total sulfur which is m uch higher 
than  the 0.2 to 0.3% which would be 
expected in  most rations, although values 
up to 0.7% have been reported (1 8 ).

The results on treatm ents 5 and 6 in 
which cystine and m ethionine were given 
to the lam bs indicate no statistically sig
nificant effects in  any criteria measured. 
However, the incidence of clinically af
fected lam bs was lower in  the cystine 
group than  any other group and the de
creased num ber of lam bs with elevated 
SGOT values at 8 weeks indicate cystine 
may have had some beneficial effect but 
was inconclusively tested in  this experi
ment.

The breed of the sire (H am pshire or 
Dorset) and type of birth (single or tw in) 
did not affect the incidence of clinically 
affected lam bs or num ber of lam bs with 
elevated SGOT levels. However, if one 
tw in became clinically stiff or had an 
elevated SGOT level, the other twin had a 
greater chance (P  <  0.05) of also being 
affected than  that of an  unrelated lamb 
within the same group.
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The Role of Dispensable Amino Acids in the 
Nutrition of the Rat

L. H. BREUER, JR., W. G. POND, R. G. WARNER a n d  J. K. LOOSLI
D epartm en t of A n im al  Husbandry, N ew  York State College of Agriculture,  
Cornell University, Ithaca, N ew  York

ABSTRACT  The effects of m odifying the dispensable am ino acid and sodium  bi
carbonate content of purified am ino acid diets on the growth rate and feed consum p
tion of m ale w eanling rats were studied. Growth rate and feed consum ption were 
significantly increased w hen  an am ino acid diet containing the hydrochloride form s of 
arginine, histid ine and lysine and the salt m ixture of Jones and Foster w as supple
m ented w ith sodium  bicarbonate. The om ission of asparagine, all or a part of the 
glutam ic acid or proline resulted in  significant decreases in  w eight gain. W eight gains 
tended to be lowered, though not significantly, by the om ission of serine and glycine.
The effects on feed consum ption were comparable to those on w eight gains. The 
growth-promoting qualities of casein  lost in  acid hydrolysis were restored by the addi
tion of asparagine and indispensable am ino acids known to be affected by acid hydrol
ysis. The com plete am ino acid diets and the casein  hydrolysate supplem ented w ith  
asparagine appeared to be nutritionally equivalent to intact casein.

In earlier studies in this laboratory ( 1 ) 
purified diets, containing several m ixtures 
of amino acids reported in  recent litera
ture, were found to be inferior to casein 
in  supporting growth of weanling rats. 
The nature of these results suggested that 
factors other than  the levels of indispensa
ble am ino acids m ight have been limiting 
in these diets. Two factors have been stud
ied in  experim ents reported in this paper, 
nam ely, the effect of the addition of so
dium  bicarbonate to amino acid diets 
containing the hydrochlorides of certain 
amino acids and the qualitative require
m ent of certain  dispensable amino acids 
for m axim al growth of the rat.

Many workers have added sodium bicar
bonate to am ino acid diets to “buffer” the 
hydrochloride present. Studies by Z eig ler* 1 
showed that the growth rate of chicks fed 
purified diets was favored by m ineral m ix
tures having the lowest chloride level and 
the highest carbonate level. Additional 
studies indicated that the growth depres
sion from  high chloride levels could be 
altered by varying the level of sodium and 
potassium  in the diet. Similar studies by 
Nesheim et al. (2 )  have confirmed these 
observations. It was noted in work at this 
laboratory ( 1 ) that slightly lower rates of 
gain resulted when a salt m ixture form u
lated to m eet NRC requirem ents for the 
ra t (3 )  was substituted for the Jones and

Foster m ineral m ixture (4 )  in  an amino 
acid diet (experim ent 2 ). The NRC m ix
ture supplied a sm aller am ount of sodium 
and a lower sodium-to-chloride m olar ratio. 
Also, lower growth rates coincided with 
the substitution of the hydrochlorides of 
arginine and histidine for the hydrochlo
ride-free forms without increasing the 
level of sodium bicarbonate (diet E-l in 
experim ents 2 and 3 of preceding refer
ence). The results from  the addition of 
sodium bicarbonate to this diet are re
ported in  the present paper.

Some qualitative aspects of the dispen
sable amino acid nutrition of the ra t have 
been discussed in recent reviews (5—6). 
Rose et al. (7 )  reported that a m ixture 
of dispensable amino acids was superior 
to a single source of “dispensable-N,” but 
they were unable to show a significant 
effect on growth from  the omission of 
individual dispensable amino acids from 
the m ixture although glutamic acid ap
peared to have some effect. Others have 
noted that glutamic acid in the presence 
of other dispensable amino acids affects 
growth of rats (8, 9 ). Sauberlich (1 0 ) 
reported the form ulation of an amino acid

R ece ived  fo r  p u b lic a tio n  O c tober 24, 1963.
1 Z e ig le r, T. R. 1962 In v e s tig a tio n s  o f  th e  d ie 

ta ry  re q u ire m e n ts  fo r  m a x im u m  g a in  o f c h ic k s  fe d  
p u rif ied -ty p e  d ie ts  c o n ta in in g  a d e q u a te  q u a n t i t ie s  o f 
a l l  re c o g n iz ed  e s s e n tia l  n u tr ie n ts .  Ph .D . T h esis , 
C o rn e ll U n iv e rs ity . I th a c a , N ew  Y ork.

J .  N u t r it i o n , 8 2 : ’6 4 4 9 9
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diet which supported a high rate of growth 
equal to that obtained with a 20% casein 
diet. This amino acid m ixture was chosen 
as the basal m ixture for a series of studies 
on the qualitative requirem ents of ra ts for 
dispensable amino acids. This m ixture ap
peared to offer the advantage of being cap
able of supporting a ra ther high growth 
rate, an obvious requirem ent of a basal 
m ixture for the dem onstration of dispensa
ble amino acid requirem ents for m axim al 
growth. Furtherm ore, this m ixture sup
plied a high level of “dispensable-N” from 
excess L-isomers (11 ) and D-isomers of 
indispensable amino acids as well as 
dispensable-N from  several dispensable 
amino acids which m ake qualitative 
changes possible resulting in  only m inor 
changes in  the total dispensable-N sup
plied by the diet. Thus, studies are re
ported in  this paper where effects on 
growth ra te and feed consum ption were 
noted in  ra ts following the alteration of 
the dispensable amino acid content of this 
mixture.

EXPERIMENTAL

The following procedure was followed 
in  each experiment. Male weanling Holtz- 
m an ra ts were placed in  individual wire 
cages in  a constant-tem perature room (23 
± 1 ° )  and fed a commercial d ie t2 for 2 
or 3 days after they were received. The 
ra ts were then divided into weight groups 
and randomly assigned to diets w ithin 
each group. Diets were prepared prior to 
the experim ents and stored in a refrigera
tor (4 ° )  until used. The diets and tap 
w ater were supplied ad libitum. Fresh 
diet was added daily and feed consum p
tion recorded. The ra ts were weighed 
every 1 or 2 days. Experim ent 1 was of 
21 days’ duration, and experim ents 2 and 
3 were 16 days long.

The composition of the diet and the 
basal am ino acid m ixtures are shown in 
tables 1 and 2, respectively. The various 
modifications are indicated in the tables 
of results. Amino acid m ixture A is similar 
to that of Rechcigl et al. (1 2 ) and m ixture 
B to that of Sauberlich (1 0 ).

The data were treated statistically by 
the method of Duncan (1 3 ) and tested at 
the 0.05 level of significance.

TABLE 1
Composition of experim ental  diets

Casein, casein  hydrolysate or
% of diet

am ino acid m ixture c ) 1
Hydrogenated vegetable oil 2 14.0
M ineral m ixture 3 4.0
Vitam in m ixture 4 2.2
A nti-oxidant5 0.0125
Antibiotic (Chlortetracycline) ( ) 6
Sucrose ( ) 7

1 C ase in  w as  “v ita m in -f re e ”  c a s e in  a n d  th e  h y d ro ly 
sa te  w as  a  sa lt-fre e  a c id  h y d ro ly s a te  o f c a se in , b o th  
p u rc h a s e d  f ro m  G e n e ra l B io ch em ica ls  In c . D ie t 7 
c o n ta in e d  14%  c a s e in  su p p le m e n te d  w ith  0.18%  
D L -m ethionine a n d  d ie t  8 c o n ta in e d  20%  c a s e in  s u p 
p le m e n te d  w ith  0 .26%  D L-m ethionine. D ie ts  14 a n d  
15 c o n ta in e d  21 .6%  c a s e in  h y d ro ly s a te  (a d ju s te d  fro m  
20%  to a llo w  fo r  w a te r  o f h y d ro ly s is  a n d  w a s  s u p 
p le m e n te d  w ith  0.26%  D L -m ethionine, 0 .10%  cy s tin e , 
0 .50%  D L -tryp tophan , 1 .25%  D L -threonine a n d  1.60%  
N aH C O s. D ie t 15 w a s  f u r th e r  su p p le m e n te d  w ith  
0 .60%  L -asp a rag in e . F o r  c o m p o sitio n  o f a m in o  ac id  
m ix tu re s  see ta b le  3.

2 Crisco, Procter and Gamble, Cincinnati.
3 Jones and Foster (4 ). Purchased from General 

Biochemicals Inc., Chagrin Falls, Ohio.
4 “Vitamin Fortification” Mixture, Nutritional Bio

chemicals Corporation, Cleveland.
5 Santoquin, Monsanto Chemical Company, St. Louis.
6 Added to diet 4 at a level of 0.0001%.
7 Added as required to complete mixture to 100%.

RESULTS AND DISCUSSION

Experim ent 1. The results of a study 
on the effects of adding sodium bicarbo
nate to an  amino acid diet are summarized 
in  table 3. W hen the diet containing 
amino acid m ixture A with arginine, histi
dine and lysine in the hydrochloride form 
(diet 1) was supplem ented with levels of 
2 or 4% sodium bicarbonate, weight gains 
and feed consum ption were significantly 
increased in  all periods. The differences 
between the 2 and 4% levels were not sig
nificant in  any period. Since the design of 
this experim ent did not include a direct 
comparison of amino acid m ixtures with 
and without amino acid hydrochlorides 
supplem ented with sodium bicarbonate, a 
definite conclusion cannot be draw n con
cerning w hat part of the response was 
due to balancing the hydrochlorides with 
sodium bicarbonate. It appeared possible 
tha t part of the response could have been 
the result of buffering this ra ther acid diet 
containing 12.4% of the dicarboxylic acid, 
glutamic acid. It is apparent that certain  
factors related to the m ineral content of 
this am ino acid diet have affected its u tili
zation for growth. Such factors should be

2 Big Red Laboratory Animal Feed, G. L. F. Feed
Store, Ithaca, New York.
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TABLE 2
Composition of amino acid m ixtures 1

Amino acid Mixture A 2 Mixture B 3
% of diet % of diet

Indispensable am ino acids
Arginine HC1 0.93 0.80
H istidine • HC1 • H2O 0.38 1.00
Isoleucine 0.46 3.00 (50%  L-, 50% D-allo-)
Leucine 0.85 2.00
Lysine HC1 1.25 1.85
M ethionine 0.22 0.80 (D L -)
Cystine 0.20 0.30
Phenylalanine 0.48 1.30 ( D L - )
Tyrosine 0.38 0.80
Threonine 0.51 1.50 (DL-,alIo-free)
Tryptophan 0.10 0.50 ( D L - )
Valine 0.72 2.80 ( d l - )

D ispensable am ino acids
Alanine — 0.60 ( d l - )
Aspartic acid — 0.60
Asparagine — 0.60
Glutamic acid 12.39 4.00
Glycine — 0.40
Proline — 0.50
Serine — 0.50 ( d l - )

Sodium bicarbonate ( ) 4 1.60

1 Amino acids purchased from General Biochemicals, Inc., Chagrin Falls, Ohio. L-Isomers used 
except as indicated.

2 Amino acid mixture of Rechcigl et al. (12). Used in diets 1, 2 and 3.
3 Amino acid mixture of Sauberlich (10). Indispensable mixture used in all other amino acid 

diets. Variations in the basal dispensable amino acid mixture are indicated in the diet descriptions 
in the tables of results.

4 0.58% NaHCOs was added to this mixture in diet 1, 2.58% in diet 2 and 4.58% in diet 3.

considered when com paring amino acid 
diets with protein diets.

The other treatm ents of this experim ent 
included a comparison of the basal amino 
acid m ixture B (diet 4 ) with a casein diet 
and studies of the effect of altering the 
asparagine and aspartic acid content of 
this mixture. The original design included 
the basal amino acid m ixture B with and 
without antibiotics since antibiotics had 
been included in the Sauberlich diet (1 0 ) 
but the basal diet w ithout antibiotic trea t
m ent was lost because of a technical error. 
A com parison of the basal diet with an ti
biotic versus the modified basal without 
antibiotic (d iet 4 vs. diets 5 and 6) ap
pears to be valid in view of the results of 
experim ent 2 (diet 4 vs. diet 9) in which 
no effect from  antibiotic was observed. 
W eight gain and feed consum ption of rats 
receiving am ino acid m ixture B tended 
to be lower than  that of ra ts receiving 14% 
casein diets but the differences were not 
significant. Removing both aspartic acid 
and asparagine from  the diet resulted 
in significantly lower weight gains in the

first week and for the entire experiment. 
The differences in  feed intake were not 
significant. W eight gains of ra ts receiving 
diets where asparagine was replaced with 
an additional 0.6% aspartic acid were 
significantly lower than  those of ra ts fed 
the basal diet in  all periods. Feed intake 
was significantly lower in  the second and 
third week and during the entire experi
ment.

The observations on weight gains and 
feed consum ption of rats receiving the 
higher level of aspartic acid tend to sup
port the comment of Sauberlich (1 0 ) that 
aspartic acid appears to have a “toxic” 
effect at higher levels of supplem entation. 
M aximal growth rates of ra ts receiving 
either the casein diet (7 a  and 7b) or diets 
containing amino acid m ixture B were 
attained by the second week of the experi
ment. Therefore, fu rther experim ents re
ported here were reduced to a 16-day 
duration.

Experim ent 2. The results of the pre
vious experim ent indicate that asparagine 
plays a significant role in the level of per-
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form ance supported by the basal amino 
acid m ixture B. This experim ent was con
ducted to study fu rther the role of aspara
gine and aspartic acid in  this m ixture 
with a more complete experim ental design 
and larger num bers of rats. The diets were 
not kept isonitrogenous. The results are 
summarized in  table 4. W eight gains of 
rats receiving all of the diets w ithout 
asparagine were significantly lower in  the 
first 8-day period and for the com bination 
of the 2 periods than  for any of those re
ceiving the other diets used in this experi
ment. There were no other significant 
differences in weight gains; however, 
weight gains tended to be lower during 
the second period of the experim ent in 
ra ts receiving diets w ithout asparagine 
as well as in those receiving the diets con
taining twice the basal level of asparagine 
and twice the basal level of aspartic acid 
and asparagine.

The feed intake of ra ts receiving the 
diet without aspartic acid or asparagine 
was significantly lower than  that of rats 
receiving the basal diet in  the first period 
and for the combined periods. The feed 
intake of ra ts receiving the diet w ithout 
asparagine in the presence of 1.2% as
partic acid was significantly lower than  
that of ra ts receiving the basal diet during 
the second period.

No differences in  perform ance of rats 
receiving the casein diet, amino acid basal 
diet, or the basal diet with antibiotic were 
apparent in  this experiment. The amino 
acid basal diet without aspartic acid (diet 
11) supported better average perform ance 
than  any of the other diets tested. The 
im portance of asparagine in  amino acid 
m ixture B for optimal weight gains and 
feed intake of w eanling ra ts is apparent 
from this experiment. The optimal level 
of asparagine appears to be less than 
1.2% of the diet. There is no evidence 
that the aspartic acid in this m ixture was 
of any benefit. Rather, the higher level of 
aspartic acid appeared to suppress weight 
gains and feed consum ption and the best 
perform ance was obtained in the absence 
of a dietary supply of aspartic acid.

Experim ent 3. The previous observa
tions reported here prompted an investiga
tion into whether the growth-promoting 
properties of casein lost during acid hy-
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drolysis could be restored by the addition 
of asparagine to the hydrolysate. The re
sults of a study of the effect of the addi
tion of asparagine to a casein hydrolysate 
diet are sum m arized in  table 5.

The hydrolysate was supplem ented with 
tryptophan, threonine and cystine to ac
count for possible losses during hydrolysis 
(1 4 ) and with m ethionine. Supplem enta
tion of the hydrolysate diet with aspar
agine resulted in significantly higher 
weight gains and feed consum ption in 
both experim ental periods. The aspar
agine-supplemented hydrolysate diet sup
ported perform ance equal to that obtained 
with the 20% casein diet.

Table 5 shows a sum m ary of the results 
of altering the glutamic acid, proline, 
glycine, serine and alanine content of 
amino acid m ixture B. The diets were 
not kept isonitrogenous and aspartic acid 
was omitted from  the basal diet on the 
basis of results in the previous experiment.

Modifications of the basal diet which 
resulted in a significant lowering of weight 
gains included om itting proline in  the first 
period and combined periods and all or 
2 percentage units of glutam ic acid in  the 
first period. Lower weight gains approach
ing significance (P  =  0.06 to 0.07) were 
observed for the combined periods in  rats 
receiving the glutamic acid-free, 2% glu
tam ic acid, serine-free and glycine-free 
diets. Feed intake was significantly lower 
than  that of the basal diet in ra ts receiving 
the glutamic acid-free diet in  the first 
period and combined periods and the 2% 
glutam ic acid, proline-free and serine-free 
diets for the combined periods.

In table 6, a sum m ary is presented of 
the effects on growth rate and feed con
sum ption of removing individual dispen
sable amino acids from  the aspartic acid- 
free amino acid diet and comparisons with 
the 20% casein diet. Average weight gains 
in the first half of the experim ent were 
appreciably affected by the omission of 
asparagine, glutamic acid, proline, one- 
half of the glutamic acid and glycine, in  
this order, from the basal diet. The effects 
of om itting serine and adding 0.6% as
partic acid were relatively small and fu r
ther studies are required before the sig
nificance of these differences m ay be 
evaluated. The high rate of form ation of
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TABLE 6
Sum m ary  of the effects of m odify ing the dispensable amino acid content of an amino acid diet  on 

the growth rate and feed consumption by weanling rats and comparisons w i th  casein diets 
(values expressed as % difference from amino acid m ixture B w i th  aspartic acid

omitted,  diet  1 1 ) 1

Diet
no.

First 8 days Second 8 days
Modification Experiment Wt

gain
Feed

intake
Wt

gain
Feed

intake

Asparagine om itted 2 5 - 2 8 .3 -  10.3 - 1 2 .5 - 1 1 .3
Glutamic acid omitted 3 16 - 2 2 .6 - 1 4 .8 +  1.6 -  8.5
2% Glutamic acid omitted 3 17 -  14.6 -  7.4 -  4.8 -  9.6
Proline omitted 3 19 - 1 6 .9 -  8.2 - 1 0 .2 - 1 0 .3
Glycine omitted 3 21 - 1 1 .8 -  7.3 -  4.5 -  6.4
Serine omitted 3 20 -  8.0 -  7.7 -  8.7 -  9.3
Alanine omitted 3 18 -  5.0 -  7.5 -  1.7 -  7.7
0.6% Aspartic acid added 2 9 -  9.0 -  3.0 -  5.1 -  4.6
20% Casein 2 8 -  2.2 -  3.9 -  2.4 -  8.1
20% Casein 3 8 +  6.8 -  2.5 +  13.3 0

1 The coefficients of variation in these 
mately 0.15 and 0.10, respectively.

experiments for weight gains and feed consumption were approxi-

alanine through transam ination (15, 16) 
m ay account for the lack of response to 
om itting this amino acid from the basal 
diet. Likewise, the extensive metabolism 
of glutamic acid during the absorption 
process when present in  the intestine at 
lower concentrations (1 5 ) m ay explain 
the relatively high glutam ic acid require
m ent for m axim al early growth. Based 
on the criterion of growth rate during the 
second 8-day period the ra t appears to be 
able to adapt w ithin a short period of time 
to the lack of glutam ic acid and glycine 
in the diet and to a lesser extent to the 
lack of asparagine and proline when re
ceiving a diet containing a relatively high 
level of “dispensable-N” (a n  estim ated 2% 
of the d iet). The adaptation which is 
often observed when ra ts are fed an amino 
acid diet m ay thus be due in part to inade
quate levels of certain dispensable amino 
acids.

In experim ents 2 and 3 the consum p
tion of the basal amino acid diet equaled 
or exceeded that of the 20% casein diet, 
whereas the consum ption of diets devoid 
of certain of the dispensable amino acids 
was lower. These results indicate that the 
prim ary factor influencing the consum p
tion of am ino acid diets is their nutritional 
adequacy. It appears that the amino acid 
diet used here with adequate levels of 
dispensable amino acids is nutritionally 
equivalent to an in tact casein diet contain
ing a sim ilar level of nitrogen and that the 
nutritional properties of casein lost in acid

hydrolysis m ay be restored by the addition 
of indispensable amino acids and aspar
agine which are altered in  the process of 
acid hydrolysis. The extension and appli
cation of these observations should make 
possible more definitive studies on the 
optimal protein and nitrogen nutrition of 
the m am m alian organism.
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Rachitogenic Activity of Soybean Fractions’
C. W. CARLSON,2 H. C. SAXENA, L. S. JENSEN a n d  JAMES McGINNIS 
Laboratory of A nim al Nutr it ion , Departm ent of Animal Sciences, 
W ashington State University, Pullman, Washington

ABSTRACT  Isolated soybean protein and raw soybean m eal were shown to possess 
growth-depressing and rachitogenic properties w hen used in  a glucose-soybean protein- 
type diet for turkey poults to 4 w eeks of age. V itam in D 3 w as supplied at the level of 
880 IC U/kg. The rachitogenic effects of isolated soybean protein could be largely  
overcome by an eightfold increase in  v itam in D3 supplem entation or by autoclaving 
the isolated soybean protein. H owever, m axim al growth and bone ash were obtained  
only w hen heated soybean m eal w as included in  the diet. The growth-depressing and 
rachitogenic effects o f raw soybean m eal were only partially overcome w ith a tenfold  
increase in  v itam in D 3 supplem entation, whereas autoclaving the m eal overcame 
both effects.

Several workers have reported rachito
genic effects of natu ral products. Grant 
and O’H ara ( 1 ) observed extracts of green 
oats and perm anent pasture grasses to be 
rachitogenic, whereas dried grasses were 
antirachitic. The rachitogenic substance 
was equally distributed in  alcohol soluble 
and insoluble phases and moved with caro
tene in  a chromatogram . Pure 3-carotene 
or synthetic vitam in A at m any times the 
requirem ent levels for ra ts inhibited cal
cification in  the presence of vitam in D, 
and it was assum ed tha t 3-carotene was 
the rachitogenic factor. Raoul et al. (2 )  
also dem onstrated the presence of a rachi
togenic substance in  green oats, and in 
grasses and cabbage. This m aterial was 
soluble in benzene and was purified by dis
tillation and chrom atographic procedures.

Coates et al. (3 )  showed that a fraction 
of fresh liver which was soluble in an 
ether-petroleum-alcohol m ixture (2 :2 :1 )  
was rachitogenic for ra ts largely because 
of its interference with calcium absorp
tion. W asserm an et al. (4 )  dem onstrated 
that for chicks, free dietary L-lysine re
duced absorption of calcium from the 
gastrointestinal tract. For rats, L-lysine 
improved absorption.

A previous report from this laboratory
(5 )  showed soybean m eal and w ater ex
tracts of soybean m eal and raw soybean 
flakes to possess antirachitic and growth- 
promoting activity for turkey poults fed a 
purified diet of the glucose-isolated soy
bean protein type. The diet contained all 
known nutrients in  quantities assumed to

be adequate, that is, all vitam ins were 
supplied at 2 to 5 times the NRC (6 )  sug
gested requirem ents. A high level of iso
lated soybean protein was shown to be 
rachitogenic, suggesting that raw  soybeans 
m ight also contain this factor. Subsequent 
studies have dem onstrated this to be the 
case and their results will be described.

EXPERIMENTAL

The batteries used for brooding were in  
a tem perature-controlled basem ent room 
with incandescent lighting. Mixed sex 
turkey poults of the BBB variety were fed 
to one week of age the basal diet previ
ously described (5 ) ,  but with vitam in D 
added at a level of 880 IC U /kg (5 ) . Three 
groups of 8 to 10 poults each, equalized 
as to weight, were then randomly selected 
and fed each of the experim ental diets as 
described in  the tables shown. Feed and 
w ater were supplied ad libitum, and feed 
consum ption and m ortality data  were ob
tained. At 4 weeks of age the poults were 
weighed as groups and 5 poults from each 
group, selected randomly, were killed for 
tibia ash determ inations by the AO AC (7 )  
method. Statistical analyses were con
ducted according to D uncan’s multiple 
range test (8 ) . * 1 2

R ece ived  fo r  p u b lic a tio n  O ctober 21 , 1963.
1 S c ien tific  P a p e r  no . 2381, W a s h in g to n  A g ric u ltu ra l  

E x p e r im e n t S ta tio n s , P u llm a n , p ro je c t no . 1578. T h is  
in v e s t ig a tio n  w as  su p p o rte d  by  fu n d s  p ro v id e d  fo r  
b io lo g ica l a n d  m e d ic a l re s e a rc h  by  th e  S ta te  of 
W a s h in g to n  In it ia t iv e  no . 171.

2 O n leav e  fro m  S o u th  D a k o ta  S ta te  C ollege, B rook
in g s , S o u th  D ak o ta .
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RESULTS

D ata from the first experim ent (table 1) 
confirmed the previous work (5 )  and 
showed that an increase in  protein level 
from  30 to 39% had little effect upon 
growth but significantly reduced bone ash 
and increased the visible signs of rickets 
with the low level of vitam in D3. Leg weak
ness and a condition resem bling perosis 
were observed as early as 2 weeks of age 
with this group (no. 3 ). However, with 
the higher level of vitam in D3 there was 
no difference in bone ash between the 2 
levels of protein.

Autoclaving the soybean protein allowed 
for greatly increased growth and bone ash 
values. A reduction in  the growth response 
from vitam in D3 was obtained even with 
the heated protein. Use of the autoclaved 
protein, together with the addition of soy
bean meal, increased bone ash so that the 
higher level of vitam in D3 gave no signifi
cant effect in this respect over the lower 
level. The data obtained with the com
m ercial soybean m eal supplem ent also 
confirm the previous work (5 )  showing 
antirachitic properties in  soybean frac
tions. Normal bone ash is about 46% for 
poults under these conditions in this 
laboratory.

In the second and third experim ents, 
diets containing 30 and 40% protein, re
spectively, were used. The results (table
2 ) show that raw soybean m eal depressed 
growth and reduced bone ash. Only where 
two-thirds or more of the protein was

supplied by the raw  soybean m eal was 
the rachitogenic effect evident, however. 
Bone ash data, unfortunately, are not 
available for the groups containing in ter
m ediate levels of raw  soybean meal. Al
though there was a significant growth 
response to vitam in D3 with the 20:40 
heated-to-raw groups, vitam in D3 counter
acted only a small portion of the growth
depressing effect of raw  soybean meal. 
W ith 80% raw  soybean m eal in experi
m ent 3, there was also a trend toward 
improved growth and bone ash with in 
creased levels of vitam in D3. Bone ash 
values of above 50% for poults were con
siderably above norm al, although 80% 
levels of soybean m eal are not commonly 
used.

Further evidence showing destruction of 
the rachitogenic property of soybean pro
tein by heating was obtained in  experi
m ent 4 (table 3 ). Although the commer
cial soybean m eal and raw  soybean m eal 
did not improve growth significantly with 
the low level of vitam in D3, there was a 
significant im provem ent in bone ash with 
these supplements. Also, with the high 
level of vitam in D3, raw  soybean m eal gave 
a significant increase in  bone ash. Auto
claving the raw soybean m eal gave signifi
cant improvements in  both criteria at the 
low level of vitam in D3, and significantly 
improved bone ash with the high level of 
the vitamin.

Experim ents 5, 6 and 7 were conducted 
to determ ine whether there were any differ-

TA B LE 1
Effect of  protein level, autoclaved protein and heated soybean m eal on the response  

of poults to v itam in  D3 (exp. 1 )

T r e a t m e n t L e v e l  o f  
v i t a m i n  D 3

4 - W e e k  
a v g  w t B o n e  a s h  1

ICU/ltg 9 %

1 30% Protein, raw 2 880 341 ab 3 34 .0 3
2 30% Protein, raw 7040 427 bc 40.6 d
3 39% Protein, raw 2 880 329 a 30.2 a
4 39% Protein, raw 7040 466 ' 40.9 de
5 As 3, autoclaved 4 880 436 c 37.1 '
6 As 3, autoclaved 7040 508 ' 44.7 f
7 As 3 w ith HSBM,5 10% 880 443 d 34.9 bc
8 As 3 w ith HSBM, 10% 7040 498 ' 44.3 “
9 As 5 w ith HSBM, 10% 880 469 c 41.0 def

10 As 5 w ith HSBM, 10% 7040 480 c 44.7 '

1 P e rc e n ta g e  o f d ry , d e fa tte d  bone.
2 ADM  C -l A ssay  P ro te in , A rch e r-D an ie ls-M id lan d , M in n ea p o lis . D ie t a s  d e sc rib ed  p re v io u s ly  ( 5 )  

a d ju s te d  to  100%  w ith  g lucose.
3 T h e  sam e  s m a ll  le t te r s  in d ic a te  n o  s ig n if ic a n t d iffe ren c e  a t  th e  5%  le v e l o f p ro b a b ility .
4 Soy p ro te in  a u to c lav e d  a t 120° fo r  30 m in u te s .
5 C o m m e rc ia l h e a te d  so y b ean  m e a l, 50%  p ro te in , G e n e ra l M ills , In c ., M in n eap o lis .
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TA B LE 2
Effect of  gradec levels of heated soybean m ea l  vs. raw  soybean flakes on the 

response of poults to v i ta m in  D

Treatments 1 
HSBM RS3F

Level of 
vitamin D3

4-Week 
avg wt Bone ash 2

% % ICU/kg 9 %
Experim ent 2

60 3 0 4 880 452 45 47.4 4 5
60 0 4400 444 e 46.9 b4
60 0 8800 428 » 47.2 4
50 10 880 429 » _
50 10 4400 445 e _
50 10 8800 414 d4 _
40 20 880 379 01 __
40 20 4400 374 4 __
40 20 8800 363 4 —
20 40 880 308 4 —
20 40 4400 359 b4 —
20 40 8800 360 b4 —
— 60 880 290 » 43.6 4
— 60 4400 302 a 42.5 4
— 60 8800 321 4b 44.6 4b

Experim ent 3
80« — 880 407 b 51.9 »
80 — 1760 424 b 50.6»
80 — 3520 417» 52.2»
— 80 3 880 229 4 43.4 4
— 80 1760 245 4 44.7 4
— 80 3520 277 4 46.2 4

1 H SBM  in d ic a te s  hea~ ed so y b ean  m e a l, a n d  R SB F, ra w  so y b ean  flak es; d ie ts  s im ila r  to  th o se  
d e sc rib e d  p re v io u s ly  ( 5 )  as  to  m in e ra l  a n d  v i ta m in  c o n te n t, o th e rw ise  60 o r 80%  ra w  o r h e a te d  
so y b ean  m e a l, 28 o i  8%  g lucose  a n d  5%  c o rn  oil.

2 P e rc e n ta g e  o f d ry , d e fa tte d  bone.
3 C o m m e rc ia l h e a te d  so y b ean  m e a l, 50%  p ro te in , G e n e ra l M ills , In c ., M in n eap o lis .
4 R aw  so y b ean  b re w  flak es  ( m e a l ) ,  C e n tra l Soya C o m p an y , In c ., F o r t W ay n e , In d ia n a .
5 T h e  sam e  s m a ll  le t te rs  in d ic a te  n o  s ig n if ic a n t d iffe ren c e  a t  th e  5%  lev e l o f p ro b a b ility .
6 S o y b ean  b re w  flak es  a u to c lav e d  a t  12Q°C fo r  30 m in u te s .

T A B LE 3

Effect of heated, raw  e n d  autoclaved soybean m ea l  on the response of poults to v i ta m in  D
(exp. 4)

Treatment Level of 
vitamin D3

4-Week 
avg wt Bone ash 1

ICU/kg 9 %
Basal 880 3 7 5 4 2 32.0 4 2
Basal 3520 427 4»4 41.2 b4
HSBM ,3 10% 880 437 4»4 41.7 bcd
HSBM, 10% 3520 518 d 44.2 cde
RSBF ,4 5% 880 410 4» 42.9 bcd4
RSBF, 5% 3520 479 bcd 45.8 4
ASBF ,5 5% 880 470 b4d 39.7 »
ASBF, 5% 3520 501 4d 45.2 de

1 P e rc e n ta g e  o f d ry , d e fa tte d  bone.
2 T h e  sam e  s m a ll le tte rs  in d ic a te  n o  s ig n if ic a n t d iffe ren c e  a t  th e  5%  leve l o f p ro b a b ility .
3 C o m m e rc ia l h e a te d  so y b ean  m e a l, 50%  p ro te in , G e n e ra l M ills , In c ., M in n eap o lis .
4 R aw  so y b ean  b re w  flak es  ( m e a l ) ,  C e n tra l  Soya C o m p an y , In c ., F o r t W ay n e , In d ia n a .
5 As 3, a u to c lav e d  a t 12D°C fo r  30 m in u te s .

ences in  potency of different sources of 
vitam in D3 and to study the effects on 
rickets when supplem enting the basal diet 
with m aterials such as ethylenediamine- 
tetraacetic acid (EDTA), inositol, various

types of protein, phytic acid and phos
phorus. The summarized data for these 
studies are shown in table 4. The poults 
in  experim ent 5 apparently were not as 
deficient in  vitam in D3 as in previous work
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TA B LE 4

Effects of  source of v i ta m in  D, EDTA, inositol , source of prote in , sodium phyta te  or 
phosphorus upon poult  growth  and calcification

T re a tm e n t S ource  of 
p ro te in

4-W eek 
av g  w t B one a sh  1

1 Source A 2
Experim ent 5 

C-l 3

9

460

%

40.3 04
2 Source B 5 C-l 463 40.5 '
3 As 1 +  EDTA,6 500 ppm C-l 453 37.4 *
4 As 2 -f EDTA, 500 ppm C-l 446 39.3 abc
5 As 1, w ithout inositol 7 C-l 489 40.0
6 As 1 case in -g e l8 494 46.6 “
7 As 6 + sodium phytate, 1% ca sein -gel8 481 45.6 d

8 As 1
Experim ent 6 

C-l 329 30.2
9 As 1 +  0.2% phosphorus“ C-l 339 33.0

10 As 1
Experim ent 7 

C-l 333 A 29.6 A
11 As 6 casein-gel 484 B 43.4 B

1 P e rc e n ta g e  o f d ry , d e fa tte d  bone.
2 F ix td ee , v ita m in  D 3 s u p p le m e n t to  su p p ly  880 IC U /k g , D aw es L a b o ra to r ie s , In c ., C h icago .
3 ADM  C -l A ssay  P ro te in , 44%  + 0 .5 %  g ly c in e  a n d  0 .7%  h y d ro x y  m e th io n in e  a n a lo g u e .
4 T h e  sam e  s m a ll le t te rs  in d ic a te  no  s ig n if ic a n t d iffe ren c e  a t  th e  5%  lev e l o f p ro b a b ility ; th e  sam e  

la rg e  le tte rs  in d ic a te  n o  s ig n ific an ce  a t  th e  1 % level.
s N u-R ovam ix-A D 3 3 2 5 /3 2 5 , to  su p p ly  880 IC U /k g , H o ffm an n -L aR o ch e , In c ., N u tle y , N ew  Jersey .
6 E th y le n e d ia m in e te tra a c e tic  acid .
7 O th e rw ise  s u p p lie d  to a ll  o th e r  d ie ts  a t 1.1 g /k g  d ie t.
8 35%  C ase in  + 7.5%  g e la tin .
9 As 85%  H 3PO 4 .

or in  experim ents 6 and 7, as evidenced 
by the superior growth and bone ash with 
the basal diets (treatm ents 1 vs. 8 and 10). 
Although the poults were in a similar phys
ical arrangem ent for all studies, experi
m ent 5 was conducted in  a different bat
tery room from all of the other studies. 
It is possible th a t more ultra-violet rays 
from the sun could have leaked into this 
room.

The vitam in D3 from source A was equal 
in  potency to that of source B for growth 
and bone ash. Leaving inositol out of the 
diet had no significant effect on either 
criteria. In contrast, adding EDTA de
pressed bone ash with source A but had 
no significant effect with source B of vita
m in Ds. In experim ent 5, replacing the 
isolated soybean protein with casein and 
gelatin greatly improved bone ash and 
appeared to increase growth. Highly sig
nificant improvements in growth and bone 
ash were obtained in experim ent 7 with 
this substitution. Although in experim ent 
5 there was a slight depression in bone 
ash with sodium phytate, the difference 
was not significant. Adding 0.2% phos
phorus had no effect on growth and im 

proved bone ash only slightly in experi
m ent 6.

DISCUSSION

These results dem onstrated that the 
basal diet was rachitogenic, largely due to 
the isolated soybean protein. It was also 
shown tha t raw soybean m eal possesses 
rachitogenic properties, but isolated soy
bean protein appeared to be a m uch more 
potent source of the activity. This could 
be explained on the basis that the raw  
soybean m eal contained both antirachitic 
and rachitogenic factors that to some ex
tent m asked each other, whereas the iso
lated protein contained only the rachito
genic factor. On the other hand, the 
heated or autoclaved soybean meals pos
sessed little of the rachitogenic factor and 
retained the antirachitic factor. The rach i
togenic factor appears to be labile to heat 
whereas the antirachitic factor is heat 
stable.

Coming from soybean meal, the rach i
togenic factor could not be (3-carotene as 
dem onstrated by Grant and O’H ara (1 )  
although it m ight be the same as that 
present in green oat leaves shown by
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Raoul et al. (2 ) . Body stores of vitam in D3 
or other accessory factors (as perhaps the 
antirachitic factor) or a combination of 
these, present at the time dietary trea t
m ents are initiated, undoubtedly influence 
the m agnitude of responses to both rachi- 
togenic and antirachitic factors.

The m echanism  for interference of nor
m al calcification by raw isolated soybean 
protein is not known. Tying up phos
phorus by phytic acid appears to be ruled 
out as an explanation of the results, since 
it should not be destroyed by heating at 
120°C for 30 m inutes, and since sodium 
phytate addition was not detrim ental when 
added to the casein-gelatin diet. Even 
though dietary inositol m ight be converted 
to phytic acid, om itting it from the diet 
had no effect on growth or bone ash. Davis 
et al. (9 )  have shown that isolated soy
bean protein contains a component which 
combines with zinc, m anganese and cop
per so that the dietary requirem ent for 
these m inerals is increased. Adding EDTA 
reduced the requirem ent. In  the present 
study, EDTA, if anything, aggravated the 
condition. In the previous work (5 ) , extra 
m anganese or dicalcium phosphate did 
not prevent the rachitic effects, and in 
the present study, phosphorus was com
pletely ineffective. Biological and chemical 
assays (5 )  had also dem onstrated that the 
vitam in D3 supplem ents used contained 
w ithin 15% of the their stated potency of 
vitam in D3.

Possibly soybean meal, inadequately 
heated, is one of the contributing factors 
in the increased reports of field rickets 
in turkey poults. As shown here in ex
perim ents 2 and 3, vitam in D did not com

pletely overcome the rachitogenic effect 
of raw  soybean meal, even when fed at 
10 times the suggested requirem ent level. 
However, with properly heated soybean 
meal, the level of vitam in D3 suggested by 
the NRC (6 ) , 880 ICU/kg, was adequate 
for m axim al growth and bone develop
ment.
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