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ABSTRACT The utilization of the a-hydroxy analogues of isoleucine, lysine, threo-
nine and tryptophan and the a-keto analogue of tryptophan for growth was studied in
male weanling rats fed purified amino acid diets. The amino acid mixtures used were
those of Rechcigl et al. (10) and Sauberlich (11). The analogues were added to the
diet at the expense of the corresponding amino acid. Rats fed the a-hydroxy analogue
of isoleucine and the a-keto analogue of tryptophan gained less weight than those
fed the corresponding amino acid at the same level. The use of tail cups to prevent
coprophagy in one experiment had no apparent effect on utilization of the analogues.
The a-hydroxy analogue of tryptophan was equal to tryptophan in promoting growth,
whereas the a-hydroxy analogue of lysine and of threonine (prepared with either
KMnOi or H202-0S04) resulted in weight loss. The levels of isoleucine, lysine, threo-
nine and tryptophan in the complete amino acid mixture were shown to be greater
than necessary for maximal body weight gain with the diet used. Rats fed the trypto-
phan-free diet were hyperexcitable and had convulsions, symptoms unlike those
observed during deprivation of other amino acids. Casein was superior to either of the
complete amino acid mixtures in promoting weight gain, feed consumption and gain

per unit of feed.

Published work through 1939 concern-
ing the utilization of amino acid analogues
for the growth of the rat was reviewed by
Jackson and Chandler (1). Work up to
that time had demonstrated that the a-keto
analogues of histidine and tryptophan and
the a-hydroxy analogues of isoleucine,
histidine and tryptophan would promote
growth of rats fed diets low in or devoid
of the corresponding amino acid. The
a-hydroxy analogue of lysine failed to
replace lysine for growth of rats fed a
basal diet containing gliadin as the protein
source (2).

Subsequent work has shown that suc-
cessful replacement of amino acids by
their corresponding a-keto acids in the diet
of the rat is possible for methionine (3),
valine (4), phenylalanine (5, 6), leucine
(7), isoleucine (7) and arginine (8).
Wood and Cooley (9) obtained essentially
no differfence in growth when isoleucine,
leucine, methionine, phenylalanine and
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valine were replaced, in a mixture of es-
sential amino acids, by their correspond-
ing a-keto acids.

The purposes of the work reported here
were: 1) to test the utilization of the
a-hydroxy analogues of isoleucine, lysine,
threonine and tryptophan and the a-keto
analogue of tryptophan for growth of rats
fed the Rechcigl et al. (10) amino acid
diet or the Sauberlich (11) amino acid diet
(hereafter referred to as reference diets
1 and 2, respectively); 2) to more clearly
refine the minimum level of the corre-
sponding amino acids required to promote
maximal weight gain in reference diet 2;
and 3) to compare performance of rats fed
reference diets 1 and 2 with that of rats
fed a similar diet containing intact protein
(casein plus methionine).
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EXPERIMENTAL

Male weanling rats of the Holtzman
(Sprague-Dawley) strain in experiments
1, 2, 3 and 5 and the Charles River strain
in experiment 4 were assigned by weight
outcome groups, after consuming a stock
diet for 2 or 3 days following arrival, to
the experimental diets and supplied feed
and water ad libitum. They were housed
individually in wire-bottom cages. Diets
were kept refrigerated (+4°C) before use.
Fresh feed was added to each feeder daily.
Feed consumed was measured daily and
body weights were recorded on alternate
days throughout the 21-day experiments.
The basal amino acid diet used in experi-
ments 1 and 2 was that used by Rechcigl
et al. (10) and that used in experiments 3
through 5 was essentially Sauberlich’s
(11). The diet composition is shown in
table 1, along with that of the casein plus
methionine diet. The composition of the
basal amino acid mixtures is shown in
table 2. The amino acid analogues were
provided by and prepared in an industrial
laboratory.2 Each analogue tested replaced
entirely the corresponding amino acid, and
the glutamic acid level was adjusted to
make all amino acid diets isonitrogenous.
Glucose level was adjusted correspond-
ingly.

Experiments 1 and 2. Reference diet 1
(10) was used in both experiments. The
a-hydroxy analogue of isoleucine contained
all 4 possible isomers so that 4 times the
level of analogue was supplied in diet 2
(1.84% of the diet) as the amount of
L-isoleucine supplied in diet 1 (0.46% of
the diet). The a-hydroxy analogue of
threonine (FhCh-OsCh preparation)3 was
supplied as the DL-mixture so that twice
the level of analogue was supplied in diet
3 (1.02% of the diet) as the amount of
L-threonine in diet 1 (0.51% of the diet).
The threonine analogue was dissolved in
distilled water (1 part analogue: 3 parts
distilled water) for mixing into the diets
because of the non-crystalline, syrupy na-
ture of the analogue. After mixing the
diet, it was spread in a thin layer and
allowed to dry at room temperature. The
a-keto analogue of tryptophan was added
to diet 4 at the same level as the amount
of L-tryptophan supplied in diet 1 (0.10%
of the diet). In experiment 2, one-half of
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the rats on each treatment were equipped
with tail cups to prevent coprophagy (12).
At the end of each experiment all rats were
killed by ether anesthesia, the livers and
kidneys were removed, blotted free of blood
and weighed.

Experiment 3. The a-hydroxy analogue
of isoleucine (containing all 4 isomers)
and the a-hydroxy analogue of threonine
were tested. Two preparations of the latter
compound were used, one derived by use
of H.0.-0SO., the other by KMnCh. They
were incorporated into the diets as in
experiments 1 and 2. The analogues
replaced, by weight, the corresponding
amino acid in the reference diet. The
level of D-allo, L-isoleucine (hereafter re-
ferred to as DL-isoleucine) was 3.00% of
the reference diet and 2.50, 2.00 and
1.00 % of the remaining diets in the iso-
leucine series in addition to a diet devoid
of isoleucine. The level of DL-threonine
was 1.50% of the reference diet and 1.25,
1.00 and 0.50% of the remaining diets in

2 All amino acid analogues were provided by and
prepared in the laboratories of Esso Research and
Engineering Company, Summit, New Jersey. The
authors gratefully acknowledge Dr. V. L. Hughes and
Dr. L. P. Reiff, Esso Research and Engineering Com-
pany, Chemicals Research Division, Linden, New
Jersey, for providing the compounds and the follow-
ing description of their preparation and purification.

The a-hydroxy analogue of isoleucine (a-hydroxy-
£-methyl valeric acid) was a mixture of the 4 possible
isomers prepared by the addition of HCN to 2-methyl
butyraldehyde to give a cyanohydrin, which was sub-
sequently hydrolyzed to the analggue. The analogue
was isolated by 'vacuum distillation and purified by
recrystallization from petroleum ether. The exact pro-
portions of the 4 isomers were not determined. The
observed melting point was 51 to 52° (literature,
°); neutralization equivalent (N.E.) 132.1;
H, 9.45% (calculated N.E., 132.2; C,
H, 9.16%). The a-hydroxy analogue of
lysine (DL-a-hydroxy-2-amino caproic acid) was pre-
pared from caprolactam via 6-benzoyl-amino caproic
acid. The final product was recrystallized from
ethanol. The observed melting point was 223 to 225°
(literature, mp 220°); C, 48.72% ; H, 8.74% ; N. 9.35%

(calculated C, 48.94%; H, 8.90%; N, 9.52%). The
a-keto analogue of tryptophan (3—|ndo|ep?/ruvw acid)
was prepared by condensing indole-3-aldehyde and

hydantoin to form indolal-hydantoin and subsequently
hydrolyzing this product to form the analogue. It
was recrystallized from acetone/acetic acid. The ob-
served melting point was 220 to 223° (literature, mp

190 to 210°); C, 64.95%; H, 4.30%; N, 7.00% (cal-
culated C, 65.01%; H, 4.46%; N, 6.88% ). To prepare
the a-hydroxy analogue of tryptophan (DL-3-indole

lactic acid), 3-indolepyruvic acid obtained by the
preceding procedure was reduced. The observed melt-
ing goint was 145 to 147° (literature, mp 146-147°);
C, 64.48%; H, 5.50%; N. 6.69% (calculated C,
64.37%; H, 5.40%; N, 6.82%). The a-hydroxy ana-
logue of threonine was prepared by cis-hydroxylation
of crotonic acid with H202-OSO4 in one preparation
and KMnC>4 in the other. It was assumed that the
D- and L-isomers were present in exactly equal pro-
portions in each preparation, but no quantitative data
are available. Both preparations resisted attempts to
induce crystallization. Following repeated extractions
with benzene to remove osmium a negative color test
for osmium was obtained. The observed neutraliza-
tion equivalent was 122.
3 See footnote 2.
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TABLE 1
Composition of basal diets (exps. 1-5)

Reference
diet 1
Experiments
1 and 2
. 9
Dextrin 43.61
Sucrose -
Glucose 14.74
Amino acids 1 18.87
Casein 2 _
Cellulose 3 2.00
Hydrogenated vegetable oil 4 -
DL-Methionine -
Vitamin mixture 5 2.20
Salt mixture 6 4.00
Antibiotic supplement?7 -
Sodium bicarbonate 0.58
Total8 100.00

1For composition, see table 2.

Reg?erter;ce Casein + methionine diets
Experiments Experiments Experiments
3-5 1 and 2 3-5

9 9 9
54.25 75.62 65.52

23.85 - _

- 14.00 14.00
14.00 5.00 14.00

- 0.18 0.18

2.20 2.20 2.20

4.00 3.00 4.00

0.10 - 0.10

1.60 - -

100.00 100.00 100.00

2“Vitamin Free” Casein, Nutritional Biochemicals Corporation, Cleveland.
3Solka Floe, Brown Company, Berlin, New Hampshire.

4 Crisco, Procter and Gamble, Cincinnati.
5 Vitamin mixture contained:
D cone (400,000 units/g), 0.55;
chloride, 165.0; menadione, 4.95;

a-tocopherol,

p-aminobenzoic
doxine-HCI, 2.2; thiamine-HCI, 2.2; Ca pantothenate,

(mg/100 g of diet) vitamin A cone (200,000 units/g), 9.9; vitamin
11.0;

99.0; inositol, 11.0; choline
niacin, 9.9; riboflavin, 2.2; pyri-
0.044; folic acid, 0.198; vitamin

ascorbic acid,
acid, 11.0;
6.6; biotin,

B12, 0.003 (Vitamin Diet Fortification Mixture in Dextrose, obtained from Nutritional Biochemicals

Corporation, Cleveland).

6Jones, J. H.,, and C. Foster, J.
Experiments 1 and 2, Warner, R.
on Animal
W ashington, D. C., 1962

Nutrition, 24:
G., The Laboratory Rat. N; L :
Nutrition, pub. 990. National Academy of Sciences — National Research Council

245,

lus methionine diet,

1942, except casein t C
Council, Committee

National Researc

7 Chlortetracycline (Aureomycin, American Cyanamid Company, Princeton, New Jersey) in glucose

to supply 100 mg of antibiotic/kg of diet.

8 All diets contained 0.0125% ethoxyquin (Santoquin, Monsanto Company, St. Louis).

the threonine series, in addition to a diet
devoid of threonine.

Experiment 4. The a1-a-hydroxy and
a-keto analogues of tryptophan were tested.
The analogues replaced by weight the
tryptophan in the reference diet. The
levels of DL-tryptophan in the other diets
were 0.40, 0.30, 0.20 and 0.10% and zero.

Experiment 5. The DL-a-hydroxy ana-
logue of lysine was tested. The analogue
replaced by weight the L-lysine-HCI in the
reference diet (1.85%). The levels of
L-lysine-HCI in the other diets were 1.40,
1.00, 0.60, and 0.20% and zero.

RESULTS AND DISCUSSION

Experiment 1. The results are sum-
marized in table 3. The performance of
rats fed casein plus methionine (diet 5)
was superior to that with all other treat-
ments in all criteria. This observation is
in agreement with other reports (13-15).
The rate of gain of rats consumnig the
complete amino acid mixture (reference
diet 1) was greater than that of rats fed

the tryptophan analogue, but not signifi-
cantly different from that of rats fed the
isoleucine analogue. The response to the
tryptophan analogue was less than that
which might have been expected in view
of the earlier reports in which acid hydro-
lyzed casein supplied the amino acids.

The analogue of threonine failed to sup-
port growth. Rats consuming this diet
(diet 3) lost weight steadily throughout
the experimental period (4 rats died, one
on day 16, 3 on day 20). The lack of
utilization of the threonine analogue for
growth was accompanied by enlarged kid-
neys compared with those of rats fed other
diets. Whereas adrenal weights were not
taken, gross inspection indicated that they
were considerably larger among rats fed
the threonine analogue than in other
groups. The apparent hypertrophy of these
glands indicates manifestation of stress
associated with metabolism of the ana-
logue or the presence of toxic impurities,
or both.
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TABLE 2
Composition of basal amino acid mixture
(exps. 1-5) 1
Reference Reference
diet 12 diet23
Amino acid 1 . .
Experiments  Experiments
land 2 -
9 9
DL-Alanine - 0.60
1-Arginine *HC1 0.93 0.80
L-Aspartic acid — 0.60
L-Asparagine -IRC) - 0.60
r-Cystine 0.20 0.30
L-Glutamic acid 12.39 4.00
Glycine — 0.40
L-Histidine HC1-H2 0.38 —
L-Histidine-HCI - 1.00
L-losleucine (allo-free) 0.46 —
DL-Isoleucine — 3.00
L-Leucine 0.85 2.00
r-Lysine sHC1 1.25 1.85
L-Methionine 0.22 -
DL-Methionine - 0.80
r-Phenylalanine 0.48 -
DL-Phenylalanine — 1.30
L-Proline - 0.50
DL-Serine - 0.50
c-Threonine 0.51 -
DL-Threonine - 1.50
L-Tryptophan 0.10 -
DL-Tryptophan - 0.50
L-Tyrosine 0.38 0.80
L-Valine 0.72 -
DL-Valine — 2.80
Total 18.87 23.85

1When levels of an individual amino acid were
changed, the amount of glutamic acid was altered
to keep all diets isonitrogenous. All diet changes
were made at the expense of sucrose. All amino acids
were obtained from General Biochemicals Inc., Cha-
grin_Falls, Ohio.

2Diet of Rechcigl et al. (10).

3Diet G of Sauberlich (11).

Experiment 2. The results are sum-
marized in table 3. The similarity in per-
formance to that obtained in experiment
1 is striking. The isoleucine analogue
again promoted performance similar to
that obtained with the complete amino
acid mixture (average daily gains of 2.42
vs. 1.89 g were not significantly different).
Although the tryptophan analogue again
promoted small weight gains, it was in-
ferior to the above diets in both average
daily gain and gain-to-feed ratio. Steady
weight loss was again observed among
those fed the threonine analogue. Four
rats died (one on day 17, one on day 18
and two on day 20). In addition, hemo-
globinuria was noted in 4 rats on this diet
beginning midway through the experi-
ment.

A comparison of performance of rats
equipped with tail cups to prevent coproph-
agy with that of rats allowed to practice
coprophagy indicates that this phenome-
non did not contribute directly to the
growth of rats fed amino acid analogues,
in contrast with the response obtained
with certain vitamins (16). There were
no statistically significant differences due
to the use of tail cups in any of the criteria.

Experiment 3. The results are sum-
marized in table 4. The a-hydroxy ana-
logue of isoleucine supported growth, al-
though inferior to that obtained with
isoleucine. A level of 1.00% DL-isoleucine
was superior to 3.00% of the analogue
in promoting growth, feed consumption
and feed utilization. However, because
the analogue preparation contained all 4
isomers and the isoleucine contained 50%
1- and 50% D-allo isomers, the potentially
metabolically active level of analogue was
probably less than half that of the iso-
leucine used.

Performance of rats fed 2.0% DL-iso-
leucine was equal to that of rats fed 2.5
or 3.0% DL-isoleucine, indicating that the

level of isoleucine in the reference diet
was approximately 50% higher than
necessary for maximal performance. Rats

fed the isoleucine-free diet lost weight con-
tinuously and three of five had died by
day 20. No specific deficiency symptoms
were noted except emaciation and rough
hair coats.

When either of the threonine analogues
replaced DL-threonine there was a steady
weight loss throughout the experiment
with death beginning on day 18. Six of
the 10 rats fed the analogue prepared with
KMnO, and two of the ten fed the analogue
prepared with fTCb-OsO, had died by the
end of 21 days. Rats fed the threonine-
free diet lost weight steadily throughout
the experiment and were similar in general
appearance to those fed the analogue with
no specific deficiency symptoms except
emaciation and rough hair coats.

Performance of rats fed 1.25% DL-threo-
nine was equal to that of rats fed 1.50%
DL-threonine, demonstrating that the level
of threonine in the reference diet was ap-
proximately 20% higher than necessary
for maximal performance.
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Experiment 4. The results are sum-
marized in table 5. The a-hydroxy ana-
logue of tryptophan promoted performance
equal to that obtained with tryptophan,
whereas the a-keto analogue was approxi-
mately 80% as effective. The 0.40% level
of DL-tryptophan was approximately as ef-
fective as 0.50% in all criteria, indicating
that the level present in the reference diet
may have been appreciably greater than
necessary for maximal performance. Lower
levels (0.30, 0.20 and 0.10% ) tended to
be inferior. Interpolation based on the
performance of rats fed the a-keto ana-
logue as compared with that of rats fed
the graded levels of tryptophan indicates
that 0.50% of the analogue is equal in
growth-promoting ability to 0.15 to 0.20%
DL-tryptophan in the amino acid diet used.
The usefulness of these analogues as sup-
plements to intact protein diets low in
tryptophan should be studied.

Rats fed the tryptophan-free diet lost
weight steadily and exhibited nervous dis-
orders within 14 to 16 days, including
hyperexcitability, jerky aimless movements
and convulsions followed by complete ex-
haustion. Other symptoms included ema-
ciation, porphyrin exudate around the
mouth and nose and death in 4 to 6 weeks.
The former symptoms are unlike those
observed during deprivation of other amino
acids and undoubtedly represent some
specific metabolic disorder. Brain levels
of serotonin 10 times normal in rabbits
administered 5-hydoxy tryptophan were

91

associated with marked central nervous
disturbance (17), similar to the symptoms
observed here, but a more plausible oc-
currence would be a metabolic deficiency
of serotonin in rats fed a diet devoid of
tryptophan. Brain serotonin levels of rats
fed acid-hydrolyzed casein have been
shown to be drastically reduced (18).

Experiment 5. The results are sum-
marized in table 6. The a-hydroxy-analogue
of lysine failed to support growth. This is
in agreement with the results of McGinty
et al. (2) with rats fed gliadin as the
basal protein. Weight losses of the rats
fed the analogue and those fed the lysine-
free diet were similar. No specific defi-
ciency symptoms were noted except emaci-
ation and rough hair coats.

Performance of rats fed 1.00% L-lysine-
HC1 was equal to that of rats fed 1.40 or
1.85%), suggesting that the level of lysine
in the reference mixture was considerably
higher than necessary for maximal per-
formance. Rats fed 0.20 and 0.60%
L-lysine HC1 were inferior in performance,
but since no other increments were in-
cluded the minimal level of lysine com-
patible with maximal performance can-
not be stated.

Statistical analyses of the data from all
5 experiments were performed according
to the methods of Snedecor (19) and the
analyses of variance are presented in
tables 7 and 8. Highly significant differ-
ences (P<0.01) among treatments were
found in all experiments for all criteria.

TABLE 5

Effect of a-hydroxy and a-keto analogues of tryptophan and of level of tryptophan on performance of
weanling rats (exp. 4)

Casein +
Amino acids,1diet no. methionine,1
8 diet no.
3 D 9
DL-Tryptophan, % 0.50 0.40 0.30 0.20 0.10 0 0 0 —
a-OH analogue of
tryptophan, % 0 0 0 0 0 0 0.50 O
a-Keto analogue of
tryptophan, % 0 0 0 0 0 0 0 0.50 —
No. of rats 2 9 10 10 8 9 7 10 9 10
Daily gain/rat, g 4.05 3.99 3.52 355 211 --0.57 4.83 3.19 5.32
Daily feed/rat, g 10.79 10.55 9.80 9.78 8.38 439 1165 9.38 12.29
Gain/g feed, g 0.37 0.37 0.35 0.36 0.25 — 0.41 0.34 0.43

1Diet composition the same as in experiment 3 (see table 1). o X .
2 Twenty-one-day experimental period, average initial weight, 53 g, 10 rats/group initially, rats that died in

treatments 1, 4,

diet. The 3 rats that died in treatment 6

5 and 8 were unthrifty and had respiratory infection,

believed not to be associated with

showed extreme emaciation along with muscular incoordination

and nervousness believed to be a manifestation of tryptophan deficiency.
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TABLE 6
Effect of a-hydroxy analogue of lysine and of level of lysine on performance of weanling rats (exp. 5)

Casein +
Amino acids,1diet no. methionine,1
diet no.
1 2 3 4 5 6 7
8
L-Lysine-HCI, % 1.85 1.40 1.00 0.60 0.20 0 0 -
a-OH analogue of lysine, % 0 0 0 0 0 0 1.85 —
No. of rats 2 10 10 10 10 10 5 10 10
Daily gain/rat, g 5.87 5.78 5.88 4.10 064 -0.46 -0.51 6.24
Daily feed/rat, g 13.01 13.17 13.05 11.25 6.68 4.17 4.40 13.64
Gain/g feed, g 0.45 0.44  0.45 0.36 0.10 — — 0.46
1Diet composition the same as in _experiment 3 (see table 1)
2Twenty-one-day experimental period, average: initial weight,” 50 g.
TABLE 7
Analyses of variance of performance and gland weight data (exps. 1 and 2)
Daily gain Daily feed Gain/feed Kidney wt Liver wt
variation Mean jn Mean Mean Mean Mean
square square square square square
Experiment 1
Treatment 1 3 56.68** 4 128.99** 3 0.225** 4 1.81%* 4 4.85%*
Outcome group 8 0.26 8 2.97 8 0.004 8 0.02 8 0.56
Residual 24 0.19 32 1.27 24 0.001 33 0.02 32 0.69
Experiment 2
Treatmentl 3 26.87** 4 80.01** 3 0.210** 4  0.66** 4 0.17**
Outcome group 9 044 9 0.97 9 0.002 9 0.02 9 0.04
Residual 27 0.46 36 1.03 27 0.002 36 0.03 342 0.03
Amino acid diet (reference diet) vs. casein + methionine diet
Experiments 1 and 2 combined
Treatment 1 76.25** 1 90.24** 1 0.243** 1 15.73** 1 0.001
Error 36 0.95 36 2.95 36 0.002 36 0.52 36 0.006

Does not include treatments that did not promote body weight gains, except in the case of the average

1

daily feed, kidney weight and liver weight criteria.
2Data lost on Z rats.
** Significant differences (P < 0.01).

Inspection of the residual mean squares re-
veals rather small standard errors through-
out.

The superiority of casein over amino
acids using either the amino acid diet of
Rechcigl et al. (10) or of Sauberlich (11)
in promoting growth and feed consump-
tion in all 5 experiments indicates a re-
maining gap in our knowledge of amino
acid and protein nutrition. Recent work
(11, 20) indicates that performance equal
to that obtained with intact protein can
be achieved if amino acids are properly
balanced. The factors involved in this
work that are responsible for the inequity
in response to the amino acid versus the
casein diet are under study in this labora-
tory.
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Proteolytic Enzymes
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ABSTRACT

The effect of digestive processes on proteolytic enzymes was deter-

mined by comparing the properties of trypsin and chymotrypsin in pancreatic extracts

and in intestinal contents of rats fed protein-free or 15% casein diets.

Results of

studies involving acidification, dialysis, and chromatography of the enzyme solutions
demonstrated that the structural properties of trypsin and chymotrypsin were altered

in the small intestine.

The presence of dietary protein in upper intestinal contents

protected the enzymes; hence, changes in their properties must have been a result of
proteolysis of the enzyme molecules concurrent with a retention of activity during

the early stages of their digestion.

The protective effect of dietary protein also dem-

onstrated that exogenous protein was the preferred substrate, and thus was digested

more rapidly than endogenous protein.

Approximately 90% of the protein
secreted into the gastrointestinal tract
during digestion is broken down and reab-
sorbed (1)- Experimental evidence indi-
cates that digestive enzymes are inac-
tivated and hydrolyzed along with other
endogenous proteins. Borgstrom et al. (2)
observed in humans that the concentra-
tion of pancreatic enzymes decreased
slowly in a distal direction despite a pro-
gressive increase in concentration in the
same direction of intestinal contents.
Wohlman et al. (3) noted that 30-minute
incubation in aqueous solution (pH 7.5)
resulted in losses of 21% for chymotrypsin
and 31% for trypsin. Pelot and Grossman
(4) observed in rats that when pancreatic
juice was introduced into the small intes-
tine by tube, only 66 to 74% of the trypsin,
18 to 44% of the chymotrypsin and 8 to
18% of the lipase could be recovered after
10 minutes. The inactivation phenomenon
must result in part from proteolytic break-
down of the enzymes because the presence
of dietary protein in the small intestine re-
tards inactivation (5).

The influence of digestive processes on
proteolytic enzymes was determined by
comparing the properties of trypsin and
chymotrypsin in pancreatic extracts and
in intestinal contents of rats fed casein and
protein-free diets.

EXPERIMENTAL

Fractionation of pancreatic extracts.
Partially purified rat pancreatic enzymes

94

were used to develop the fractionation
techniques used in studies of trypsin and
chymotrypsin. Rat pancreatic glands were
homogenized and extracted with 0.25 n
HX04 The extract was then filtered
through cheesecloth and partially purified
by ammonium sulfate fractionation. That
fraction of the pancreatic filtrate precipi-
tating between 20 and 75% ammonium
sulfate saturation was redissolved at pH
8.1 in 0.4 m Tris buffer. The zymogens
were activated with an aliquot of rat in-
testinal contents (containing about 0.2 mg
of trypsin) in the presence of 0.05 M CaCl2
Subsequently, the activated enzyme solu-
tion was prepared for chromatography by
adjusting the pH to 4.1 with 0.1 m HCL1.
The solution was then centrifuged to re-
move the light precipitate that formed after
acidification. The supernatant solution
was dialyzed against a starting buffer of
0.005 m acetate, pH 4.1, and fractionated
on a carboxymethyl (CM) cellulose column
(1.2 X 22 cm). Both stepwise and gradient
elution techniques were utilized for chro-
matography. Elution was accomplished
by passing 0.2 followed by 0.3 » NacCl
solutions containing 0.1 m acetate buffer,
pH 4.1, through a 250-ml mixing chamber
originally containing only the buffer solu-
tion. When the total molarity of the eluent
reached 0.35, three stepwise elutions were
carried out with 0.4 m NaCl and 0.1m%
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buffer (acetate or borate) at pH 5.5, 7.0,
and 9.0, respectively. All steps were car-
ried out at 4°C.

In later experiments with intestinal con-
tents the acid-precipitate was found to be
of importance. Therefore, it was charac-
terized in pancreatic studies by redissolv-
ing at pH 7.5, dialyzing against a starting
buffer of 0.005 m phosphate, pH 7.5, and
fractionating on diethylaminoethyl (DEAE)
cellulose columns of the dimensions 1.2 X
25 cm. Gradient elution was accomplished
by passing 0.02 m phosphate buffer, pH
7.5, and 0.3 m NaCl through a mixing
chamber containing starting buffer. Pro-
tein adhering to the column after this
treatment was eluted with 0.02 m NaOH.

Treatment of intestinal contents. In-
testinal contents of male Sprague-Dawley
rats, fed protein-free or 15% casein diets,2
were then fractionated and studied. The
rats were trained to eat during one-hour
intervals spaced 12 hours apart. After 5
days of experimental feeding, groups of 6
rats from each ration were killed at various
times during the digestive period. The
contents of the small intestines from each
group of 6 were pooled and centrifuged to
remove cellular debris. The fractionation
of intestinal contents proceeded as de-
scribed above for pancreatic extracts be-
ginning with the step involving acidifica-
tion to pH 4.1. The earlier steps were
omitted because the enzymes were already
active. Pooled contents from the upper
two-thirds and the lower one-third of the
small intestines were fractionated and as-
sayed before and after acidification to de-
termine whether the enzymes’ properties
changed in the lower part of the intestine.
The samples were recombined before chro-
matography so that sufficient enzyme ac-
tivity could be introduced on the ion-ex-
change columns.

Enzyme assays. Spectrophotometric as-
says for trypsin and chymotrypsin using
N-benzoyl-L-arginine ethyl ester (BAEE)
and N-acetyl-L-arginine ethyl ester (ATEE),
respectively, as substrates were described
in a previous paper (5). The specific ac-
tivity of trypsin or chymotrypsin was cal-
culated as micromoles of substrate hydro-
lyzed per minute per milligram of enzyme
protein. Total proteolytic activity was de-
termined by measuring the solubility of

casein in 5% trichloroacetic acid after in-
cubation for 20 minutes with enzyme. The
specific proteolytic activity represents the
milligrams of casein digested in 20 min-
utes per milligram of protein.

Miller’s modification (6) of the Lowry
method was used to measure protein.

RESULTS

Acidification studies. The behavior of
trypsin and chymotrypsin during the acidi-
fication procedure is shown in table 1. The
results shown for the intestinal contents
are averages of all values (% ) obtained
for the various enzyme fractions at all time
intervals studied during the digestive
period.

In contrast with pancreatic extracts,
acidification of intestinal contents resulted
in the precipitation of large amounts of
material.

Total proteolytic and tryptic activities re-
mained constant in solutions of pancreatic
extracts acidified to pH 4.1, whereas chy-
motryptic activity decreased 13%. Only
10% of the chymotryptic activity was ir-
reversibly inactivated. Acidification of in-
testinal contents resulted in large losses of
all 3 enzyme activities. As much as 92.5%
of the chymotryptic activity and 78.7%
of the tryptic activity were lost from the
contents of rats fed a protein-free diet.
Chymotrypsin was less stable than trypsin
in solution and appeared to be less stable
in intestinal contents. Up to 33.1% of the
chymotrypsin and 54.2% of the trypsin
were recovered when the acid-insoluble en-
zymes were redissolved at pH 7.5, but large
proportions apparently were irreversibly
denatured. Recoveries of enzymes in the
acid-soluble fraction of the upper intestinal
contents increased 25 to 35% when casein
was fed to the rats. The increase in acid-
soluble proteolytic activity was significant
at the 5% level, whereas the increase in
chymotryptic activity was significant at the
1% level. Little change was observed in
values for the contents of the lower small
intestine. The extent of acid inactivation
was lowered when protein was fed to the
rats. The reduction of inactivation of
chymotrypsin in upper intestinal contents
was highly significant (1% level).

2The detailed composition of the diet is presented
elsewhere (5).
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TABLE 1

Percentage of enzyme activities affected by acidification of intestinal contents
and activated pancreatic extracts

Small intestinal contents

Enzyme Pancreatic
fraction extracts 0% Protein 15% Casein
% % %
Acid-soluble
Proteolytic 100 19.6+ 4.7 1 545+ 8.5
129+ 192 12.6 £ 1.1
Tryptic 100 31.0+ 2.8 56.0+ 17.7
21.3x 3.2 31.0+ 4.0
Chymotryptic 87 75+ 1.4 31.2+ 3.1
15.3+ 4.8 136+ 3.1
Reactivated, acid-insoluble
Proteolytic 6 68.3+ 6.1 51.8+ 7.0
66.7+ 2.9 58.8+ 5.7
Tryptic 8 542+ 3.7 41.0+ 9.5
473+ 6.2 48.1+ 5.0
Chymotryptic 3 33.1+ 3.1 31.5+ 4.0
216+ 2.8 313+ 2.8
Acid-inactivated
Proteolytic 0 13.5+ 10.5 6.3+13.0
208+ 1.5 285+ 5.2
Tryptic 0 17.2+ 9.5 115+ 14.2
31.2+ 4.2 20.8+ 3.6
Chymotryptic 10 59.3+ 1.9 37.3+ 1.9
64.9+ 6.2 55.1+ 3.9

1 Upper two-thirds of the small intestine.
2Lower one-third of the small intestine.
3

Recovery in acid-soluble and acid-insoluble fractions averaged 106.3%.

Dialysis studies. In previous experi-
ments (5), dialysis of intestinal contents
resulted in a loss of enzyme activity that
was greater than the loss observed when
the contents were allowed to stand, without
dialysis, for an equal amount of time. This
loss was assumed to be almost entirely due
to an increased rate of enzyme inactiva-
tion after peptides of dietary origin had
been dialyzed away from the intestinal
contents. However, the possibility of active
enzyme fragments in the dialyzate was not

TABLE 2

Proteolytic enzyme activity recovered in the
dialyzate after 12 hours of dialysisl

Length of Optical 2

incubation density
hours
1/3 0.017
1 0.017
2 0.050
4 0.084
7 0.118

1 Dialysis of intestinal contents of rats fed 15%
casein and killed 2.5 hours after feeding.

2 0ne milliliter of dialyzate was incubated with
0.5% casein solution. Increasing solubility in tri-
chloroacetic acid was tested by the Miller (6) method
using 1 ml of TCA filtrate as sample.

excluded. Hence, to test whether partially
digested, yet active, enzymes are small
enough to pass through the dialysis mem-
brane, the dialyzate from contents of rats
fed a casein diet and killed 2.5 hours after
feeding, was assayed for total proteolytic
activity. The intestinal contents lost 11
and 31%, respectively, of their activity
after standing and after dialysis against
0.005 m phosphate buffer, pH 7.5. The
data of table 2 show that weak proteolytic
activity was recovered in the dialyzate.
Weak tryptic activity was also recovered.
Neither activity was typical of semipurified
rat trypsin since the rate of reaction was
very slow. Less than 5% of the activity
lost from intestinal contents during dialy-
sis was recovered in the dialyzate.
Chromatographic studies. Results of
chromatography of pancreatic extracts and
intestinal contents are summarized in
tables 3 and 4. Representative chromato-
grams are shown in figures 1-4. The spe-
cific enzyme activity reported in the tables
for each fraction was that of the most ac-
tive test tube of effluent collected in that
fraction. In the intestinal studies the en-



TABLE 3
Specific activity 1 of enzymes eluted from carboxymethyl-cellulose columns

Small intestinal contents

Fraction o'}/lgflﬁtrjiet%t Enzyme ngtcrg:&tsic Protein-free diist Casein diet

12 5 8 12 1 25 8

Sample 0.005 p3 2055 _ 86 47 __ 131 88 125
(pH 4.1) T 174 19 16 9 8 35 19 27

C 1615 24 12 6 16 25 15 24

1 0.005 P 0 — 63 13 69 48 50 17
(pH 4.1) T 0 21 701 17 4 10 1

C 0 39 18 4 37 10 14 2

2 0.15-0.18 P 0 — 7 9 4 — 0 0
(pH 4.1) T 0 — — 50 68 — 53 187

c 0 - — 0 — — 0o —

3 0.18-0.25 P 1690 _ — — 41 367 179 738
(pH 4.1) T 0 — — 4 0 0 21 50

C 4280 — — 23 11 106 67 282

4 0.25-0.35 P 2490 -_ — 0 105 46 290
(PH 4.1) T 449 — — 23 0 12 8 29

C 0 - — — - - 0 —

5 0.40 P 578 — 183 — 16 106 16 100
(pH 5.5) T 653 — 38 — 0 10 10 9

C 0 — 3283 — — 10 0 —

— 0.40 P 480 — — 48 161 97 170 263
(PH 7.0) T 0 — — 6 0 0 0 12

C 0 _ — 0o — 0 0 0

- 0.40 P 0 — 385 — 0 290 0 125
(PH 9.0) T 0 — 4 0 — o 0 o0

C 0 —_— 0o — 0 —_— 0o —

1See experimental section for definition of specific activity.

2Hour after the initiation of the feeding period.

3The letters P, T, and C stand for proteolytic, tryptic and chymotryptic activities, respectively. The
given above represent 10 x the specific activity of the enzyme.}

TABLE 4
Specific activityl of enzymes eluted from diethylaminoethyl-cellulose columns

Small intestinal contents
Pancreatic

: Molarity . . R
Fraction of effluent Enzyme extracts Protein-free diet Casein diet
12 5 8 12 1 2.5 8
Sample 0.005 p 3 583 — 277 318 - 280 137 286
T 68 34 58 14 51 25 32 16
C 287 18 32 31 50 74 20 26
6 0.005 P 0 — 54 20 3 46 63 22
T 0 10 2 6 0 6 8 2
C 0 12 5 0 19 10 5
7a 0.005-0.15 P 0 — 26 12 9 18 26 31
T 0 2 2 7 — 0 2 3
C 0 — 0 5 0 0 7 —
7b 0.15-0.20 P 6 — 84 95 65 122 182 205
T 0 — 7 14 — 0 28 6
C 22 — 6 11 — — 0 —
7c 0.20-0.28 P 0 — 141 333 450 220 182 333
T 0 — 65 85 77 32 56 27
C 8 — — 41 0 0 21 0
8 0.02 P 2 — — — 40 67 75 —
(NaOH) T 0 6 29 — 0 7 8 —
C 2 — — — 9 29 0 —
9 0.02 P 0 — — 28 43 91 133 27
(NaOH) T 0 0 0 18 0 0 14 3
C 6 — — 25 44 117 189 14

1See experimental section for definition of specific activity.

2Hour after the initiation of the feeding period. _

3The letters P, T, and C stand for proteolytic, tryptic and chymotryptic activities, respectively. The
given above represent 10 x the specific activity of the enzyme.
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Fig. 1 Chromatography of activated pancreatic extracts on CM-cellulose.

Chromatography of intestinal contents on CM-cellulose.

ENZYME ACTIVITY

Rats were fed a protein-free diet.
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EFFLUENT VOLUME (ml)
Fig. 3 Chromatography of intestinal contents on CM-cellulose. Rats were fed 15% casein.

EFFLUENT VOLUME (ml)
Fig. 4 Chromatography of intestinal contents on DEAE-cellulose. Rats were fed 15% casein.
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zyme data were not complete for all frac-
tions. When a fraction contained little or
no protein, it generally was not assayed
for enzyme activity. However, data were
obtained in sufficient detail to permit cer-
tain generalizations to be made.

Pancreatic trypsin and chymotrypsin
were satisfactorily separated on CM-cellu-
lose (table 3, fig. 1). Chymotrypsin was
eluted as a discrete peak in fraction 3.
Trypsin appeared to be more heterogene-
ous and was eluted in fractions 4 and 5.
Chromatographic recoveries were as fol-
lows: protein, 93% ; tryptic activity, 43% ;
chymotryptic activity, 75%; and proteo-
lytic activity, 46% . Incomplete recoveries
of enzyme activity were probably due to
inactivation on the column and in the
effluent.

The chromatographic properties of tryp-
sin and chymotrypsin were drastically al-
tered in the intestinal contents of rats fed
a protein-free ration (table 3, fig. 2). Only
small amounts of chymotrypsin were re-
covered in fraction 3 in contrast with the
chromatographic recoveries obtained with
activated pancreatic extracts. Weak chy-
motryptic activtiy appeared at 8 and 12
hours after feeding. Very little protein
was recovered in fraction 3 at 1 and 5
hours after feeding and hence the fraction
was not assayed for chymotryptic activity.
The presence of casein in the rats’ diet
improved the recoveries of chymotrypsin
in fraction 3 throughout the digestive
period (table 3, fig. 3).

Similarly, the amount of tryptic activity
eluted in fractions 4 and 5 was low when
intestinal contents of rats fed a protein-
free diet were chromatographed on CM-
cellulose. Tryptic activity was recovered
more consistently in fractions 4 and 5
when rats were fed casein. In no instance
did the recoveries approach those obtained
with the partially purified trypsin from the
pancreatic extract.

Two important peaks of enzyme activity,
not appearing in the chromatogram from
the pancreatic extract, were fractions 1
and 2. Considerable amounts of enzyme
activity did not absorb onto the CM-cellu-
lose columns and were recovered in frac-
tion 1, the breakthrough peak. This ob-
servation indicates that the structures of
the enzymes were altered. The enzymes

JEAN TWOMBLY SNOOK AND J. H.

MEYER

may not have absorbed because they were
of the same net charge as the absorbent.
They may have had a net negative charge,
indicative of an isoelectric point below pH
4.1. Possibly, charge relationships on the
enzyme molecule did not favor absorption.
Tryptic and proteolytic activities were usu-
ally higher in fraction 1 when rats were
fed the protein-free diet. Chymotryptic
activity was consistently higher. In fact, 1,
5 and 12 hours after feeding the protein-
free diet, the specific activity of chymo-
trypsin was higher in fraction 1 than in
the sample of acidic intestinal contents.
Thus, fraction 1 was one of the major
chromatographic fractions obtained from
intestinal contents of rats fed the protein-
free diet. Between 40 and 70% of the
acid-soluble enzyme activity was recovered
in this fraction as compared with 5 to
20% when rats were fed casein.

According to measurements made with
the model substrate (BAEE), fraction 3
contained the most active tryptic moiety
eluted from CM-celluose. However, only
weak proteolytic activity was recovered
concomitant with the esterolytic activity.
Either this fraction contained a prominent
but heretofore unidentified enzyme with
an affinity for BAEE or the esterase and
protease activities of trypsin were sepa-
rated during digestion. A similar phe-
nomenon was noted by Ryan and Balls (7)
who isolated a powerful inhibitor of chy-
motrypsin from white potatoes. This in-
hibitor also complexed with trypsin, in-
hibiting proteolytic but not esterolytic
activity. The authors suggest that one ex-
planation of this result might be the ex-
istence of 2 catalytic centers in trypsin,
one for esterolysis alone. The separation
of 2 active centers during digestion would
explain the existence of the fraction 3
moiety. On the other hand, trypsin may
have lost its ability to bind protein but
not BAEE.

Unidentified proteases of intestinal or
pancreatic origin may have been responsi-
ble for the proteolytic activity eluted from
CM-cellulose at pH 7 and pH 9 since ester-
ase activity was not consistently recovered
in these fractions.

Results of chromatographies of the re-
dissolved, acid precipitates of pancreatic
extracts and intestinal contents are shown
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in table 4 and figure 4. Negligible amounts
of trypsin and chymotrypsin were re-
covered during elution of the pancreatic
extract from DEAE-cellulose. Several very
active enzyme fractions were eluted during
chromatography of intestinal contents.

Fraction 6 contained the tryptic and
chymotryptic activities that did not absorb
on the column. An important, anionic (at
pH 7.5) tryptic moiety, with proteolytic
and esterolytic activity resembling that of
purified trypsin, was eluted in fractions 7b
and 7c. These fractions were not observed
in the pancreatic study.

Fraction 9 contained large amounts of
chymotryptic activity. Considering total
chymotryptic activity, fraction 9 was as
important as fraction 3. With the possible
exception of fraction 6, all enzyme moieties
eluted from DEAE-cellulose appeared to
have isoelectric points below those of
their pancreatic counterparts.

Preliminary studies with maltase indi-
cated that non-proteolytic enzymes were
also altered within the small intestinal

contents.
DISCUSSION

The results of the fractionation studies
of proteolytic enzymes isolated from in-
testinal and from pancreatic extracts dif-
fered significantly. Several parameters in-
dicated that the properties of the enzymes
were altered within the small intestine.

First, the solubility of trypsin and chy-
motrypsin in acid solution was decreased
within the intestinal contents. Changes
in the structural properties of the enzymes
may have increased their sensitivity to acid
denaturation. The revelation of new acidic
groups on the protein molecules (by un-
folding) accompanied by shifts in the iso-
electric points of the enzymes may have
caused the precipitation observed during
acidification. The structural alterations
must have been a result of proteolysis be-
cause the presence of a competing sub-
strate — dietary protein — in upper in-
testinal contents increased the enzymes’
solubility in acid.

The results of the dialysis experiment
also supported the hypothesis that the
structures of trypsin and chymotrypsin
were altered within the small intestine. In
principle, rat trypsin and chymotrypsin,
which probably have molecular weights in
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the range of bovine trypsin and chymotryp-
sin (about 20,000) should not be dialyz-
able under the conditions used in the
experiments reported herein. The fact that
weak proteolytic activity and tryptic ac-
tivity were observed in the dialyzate indi-
cated that the enzyme molecule was split
but still remained active. Bresler et al.
(8) and Viswanatha et al. (9) also noted
that dialyzable digests of trypsin retained
some proteolytic activity. Considerable evi-
dence (10) has accumulated indicating
that digestion of certain enzymes can occur
with retention of at least some activity.

The chromatographic data best demon-
strated that the properties of trypsin and
chymotrypsin changed within the small
intestine. The heterogeneity, the unusual
acidity, the loss of ability to absorb on
either DEAE-cellulose or CM-cellulose all
indicated that trypsin and chymotrypsin
underwent structural changes. A complete
description of the structural fate of proteo-
lytic enzymes within the intestine during
digestion would be impossible to give at
this time. The following sequence of
events might be postulated, however: tryp-
sinogen and chymotrypsinogen enter the
intestine and are activated. W ithin an in-
determinant period certain forces contri-
buting to their molecular structure become
disrupted and nonessential parts of the
enzymes begin to unfold, thereby revealing
more acidic groups. The molecules begin
to undergo proteolytic cleavage. When the
essential structure of their active center is
disrupted they lose all activity. Eventually,
they are completely digested and reab-
sorbed.

Nutritionally, these processes are signifi-
cant for several reasons. They enable the
animal to recover what would otherwise
represent a considerable loss of nitrogen in
the endogenous protein secretions. On the
other hand, the digestive enzymes, which
must digest the diet, are able to function
actively during the early stages of their
breakdown. Dietary protein retards this
breakdown in upper intestinal contents by
competing with the enzymes as a substrate
for proteolysis. Exogenous rather than
endogenous protein is probably the pre-
ferred substrate and thereby its own rapid
digestion is insured, especially since it has
already been subjected to gastric digestion.
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ABSTRACT

The metabolism of glycerol-1,3-C14 by liver slices of choline-deficient

and normal liver was compared. The uptake of glycerol and its conversion to glycogen
was markedly decreased in the choline-deficient liver, whereas glycerol conversion to
glucose and CO2 was normal. The incorporation of glycerol into the glycerol moiety of
liver phospholipids decreased in the choline-deficient tissue, whereas incorporation of
inorganic P& into the phospholipid remained normal or increased.

The gross effects of choline deficiency
in weanling rats, fatty infiltration of the
liver, and kidney and ocular hemorrhagic
degeneration are well known (1-4). How-
ever, the mechanism of action of choline
in preventing such conditions is still un-
known after a half century of investigation
(5). One area of these investigations has
been an attempt to establish a relationship
between the turnover of the phospholipids
and their lipotropic function by following
the incorporation of inorganic P2into the
phospholipid fractions (6). The incorpora-
tion of inorganic P2 into the nitrogen-
containing phospholipids is a reflection,
however, of the turnover of the phosphoryl
moiety, rather than the entire phospholipid
molecule and may represent even more
closely the incorporation of P2 into the
ATP utilized for the synthesis of this
moiety.

For these reasons it seemed worthwhile
to investigate the possibility of determin-
ing the turnover of the liver phospholipids
in normal and choline-deficient rats by
following the incorporation of glycerol-1,
3-CH4 into the phospholipids. In order for
such data to be useful, the effect of choline
deficiency on other pathways of glycerol
metabolism in liver was investigated.

The data presented here indicate that
liver slices from choline-deficient rats show
decreased glycerol uptake, whereas the per-
centage of that taken up which is con-
verted to C02and glucose is the same as
for normal liver tissue. However, the per-
centage of glycerol converted to glycogen
is markedly lower in the choline-deficient
tissue. The incorporation of glycerol into

J. Nutrition, 83: 64

the liver phospholipids is decreased in the
choline-deficient liver, whereas the incor-
poration of inorganic P2is nearly normal.

EXPERIMENTAL

Sprague-Dawley male rats, 20 days of
age at the beginning of experimental feed-
ing, were fed a basal low choline diet con-
taining 18% casein (7) for either 7 or 10
days. Control rats of the same age received
for this period the basal diet to which had
been added 1.0 mg choline chloride/g of
diet.

Incubation of liver slices was carried
out in media containing as cations, K, 110;
Mg, 20 and Ca, 2.5 mmoles/liter and as
anions, HC03 20 and CI, 135 mmoles/
liter. These media were gassed with an
appropriate CO202 mixture to give a pH
of 7.40. All experiments were carried out
in the above media which contained as
substrate, 10 mmoles glycerol and either
glycerol-1,3-C#4 (3 uc/flask) or NaHP3D.i
(8 uc/flask).2 Handling and slicing of the
liver tissue, incubation procedure, all as-
says and CH4counting procedures were per-
formed as previously reported in detail (8).

After isolation of the total lipid from the
liver slices incubated with inorganic P2
the lipid fraction was washed to remove
contaminating P2 (9). Determination of
the specific activities of the phospholipids
labeled with P2 was performed by liquid

Received for publication January 31, 1964.

1This work was supported in part by a grant-in-aid
from the U. S. Public Health Service, Grant no. AM-
03404, National Institute for Arthritis and Metabolic
Diseases

2Glycerol-1,3-C14 obtained from New England Nu-
clear, 'Inc., Boston 18, and Na2HP3204 obtained from
Nuclear Consultants, Inc., Pittsburgh.
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scintillation counting and phosphorus de-
termination (10) of aliquots of the lipid
fraction.

RESULTS

At the time of killing the rats, the livers
of all those receiving the choline-deficient
diet were markedly fatty by gross observa-
tion and a high percentage of the rats,
especially those fed the diet for 10 days,
had gross kidney hemorrhagic degenera-
tion. Livers and Kkidneys of rats fed diets
supplemented with choline for similar
lengths of time appeared normal in size
and color.

A comparison of glycerol uptake and
its conversion to glucose, glycogen and
CO. in choline-deficient and normal liver
slices is presented in table 1. All values
represent averages of duplicate or triplicate
tissue incubations. Glycerol uptake was
only 41% of normal in the choline-defi-
cient liver. The percentage of the glycerol
taken up that was converted to glucose was
the same in both the choline-deficient and
normal liver. However, the percentage of
glycerol taken up that was converted to
glycogen by choline-deficient liver was only
36% of that so converted by normal liver.
Because of a decreased uptake of glycerol,
plus a decreased conversion of glycerol to

WILLIAM J. LONGMORE AND A. BAIRD HASTINGS

glycogen, glycogen synthesis from glycerol
in the livers of choline-deficient animals
was only approximately 15% of that ob-
served in normal livers. The percentage
of glycerol taken up that was metabolized
to C02 by the choline-deficient livers was
not significantly different from that ob-
served in normal livers.

In addition to the data presented in
table 1, the incorporation of glycerol-1,3-
CHUinto the phospholipids of the liver slices
was measured in the same 4 experiments.
Four experiments were also performed in
an identical manner to those with labeled
glycerol except that unlabeled glycerol was
used as substrate and tracer amounts of
NaHP3D 4 were added. The incorporation
of inorganic P2activity into the liver phos-
pholipids, isolated as before, was then
measured. These data on the effect of
choline deficiency on glycerol and inor-
ganic P2incorporation into liver phospho-
lipids are shown in table 2. The results
indicate that the incorporation of glycerol
into phospholipids of choline-deficient liver
was decreased to an average value of 60%
of that in normal liver, whereas glycerol
uptake was down to 41% of normal in the
choline-deficient livers. In the experiments
in which P2 incorporation was measured,
glycerol uptake was decreased to 68% of

TABLE 1

Glycerol-Cli metabolism by liver of normal and choline-deficient weanling rats, in vitro 1

Glycerol converted to:

Glycerol
uptake Glucose Glycogen COy
fimole limole % of limole % of limole % of
g X90 min g X90 min uptake g X90 min uptake gXo9omin uptake
1 Choline-deficient 37.9 26 69 0.56 15 1.7 4.5
Normal 81.1 59 73 2.35 2.9 5.3 6.5
2 Choline-deficient 32.0 23 72 0.78 2.4 1.7 5.3
Normal 86.0 53 62 3.15 3.7 5.3 6.2
3 Choline-deficient 32.1 23 72 0.29 0.9 3.1 9.6
Normal 79.2 56 71 3.93 5.0 6.3 7.9
4 Choline-deficient 33.6 21 62 0.20 0.6 2.5 7.4
Normal 81.5 54 65 3.20 3.9 10.0 12.3
Average, choline-deficient 33.9 23 69 0.46 1.4 2.3 6.7
Average, normal 81.9 55 68 3.16 3.9 6.7 8.2
choline-deficient
Ratio: normal 0.41 0.42 1.00 0.15 0.36 0.34 0.82
Average range of duplicates
and triplicates 10.6 5.0 — 0.4 — 0.7 _

1Conditions of experiment: pH =7.40; [HCOs-] =19.

7 mmoles; glycerol = 10 mmoles; 90-minute incubation.
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TAB

Glycerol-C14 and inorganic P incorporation

IN CHOLINE DEFICIENCY 105

LE 2

into liver of normal and choline-deficient

weanling rats, in vitro 1

Glycerol-Cl4incorporation

Inorganic PR incorporation

Specific

Exp. Glycerol activity of s .
no. uptake hospholipid- EXP activity of
p pglyc%rol— 0 S uptake phosptho'h}&d P2
fimole count/min limole count/min
g x 90 min mmole C x104 gx90min  mmole P x 104
Choline-deficient 1 37.9 4.5 5 84.6 161.0
Normal 81.1 8.5 100.7 55.8
Choline-deficient 2 32.0 5.1 6 30.3 89.8
Normal 86.0 8.0 715 46.4
Choline-deficient 3 32.1 8.6 7 63.4 9.9
Normal 79.2 12.1 88.9 9.9
Choline-deficient 4 33.6 6.9 8 61.3 30.6
Normal 81.5 13.3 94.7 31.0
Average, choline-deficient 33.9 6.3 60.4 72.8
Average, normal 81.9 10.5 89.5 35.8
. choline-deficient
Ratio: normal 0.41 0.60 0.68 2.0
Average range of duplicates
and triplicates 10.6 1.3 11.8 2.1

1Conditions of experiment:

normal, but P2 incorporation into phos-
pholipids was not decreased. Actually, it
was unchanged in 2 experiments and in-
creased above normal in two.

DISCUSSION
The purpose of these experiments was to
determine whether choline deficiency

changed the incorporation of glycerol into
the glycerol moiety of liver phospholipids
in vitro. From such incorporation data, it
was hoped that information of phospho-
lipid turnover might be obtained. These
experiments indicate that in choline-defi-
cient liver the rate of glycerol uptake de-
creases as does its conversion to glycogen
and its incorporation into phospholipids.
In view of these results and studies which
have shown a decreased content of ATP
in choline-deficient liver, it appears likely
that less labeled glycerol phosphate is
available for use within the cell (11). The
decreased incorporation of glycerol into
the phospholipid of choline-deficient liver
may result from either a decreased turn-
over of the glycerol moiety of the phospho-
lipid or synthesis of the phospholipid from
a glycerol phosphate pool which has a

pH = 7.40;[HCO3-:| = 19.7 mmoles; glycerol = 10 mmoles; 90-minute incubation.

lower specific activity than that of the
normal control tissue. Knowledge of the
specific activity of the glycerol phosphate
would be necessary to settle this point.
The normal or greater-than-normal incor-
poration of P2 into the liver phospholipid
of choline-deficient animals is in agree-
ment with in vivo studies of Zilversmit
and DiLuzio (6).

It was observed that the incorporation of
the glycerol moiety into the liver phospho-
lipids was greatly depressed in choline-defi-
cient livers, whereas that of phosphate was
not.
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ABSTRACT

Studies were conducted to determine whether both mercury and silver

were antagonistic to copper in the nutrition of the chick. Although there was a statis-
tical interaction between mercury and copper, it was not one of antagonism. Mercury
did not reduce growth or increase mortality of copper-deficient chicks, but had both

these effects when the diet was supplemented with copper.

Silver was antagonistic to

copper in that all the symptoms of copper deficiency were accentuated in the presence

of silver and absence of copper.

In the presence of copper, silver had no effect. These

effects are explained on the basis of the similarities between the Ag++ ion and the
Cu++ ion and the dissimilarities between the Hg++ ion and either Cu+ or Cu++ ions.

Both zinc and cadmium have been found
to be antagonistic to copper in the chick
(1, 2). When either of these elements is
added to a copper deficient diet, the sever-
ity of the manifestations of copper defi-
ficiency, such as retarded growth, de-
creased aortic elastin, and anemia is
heightened. These effects are not observed
when the diet is supplemented with cop-
per. The ions of these 3 elements have sev-
eral common chemical parameters, namely,
the valence shells are isoelectronic, they
usually have a coordination number of
four, and form tetrahedral complexes.

The purpose of the experiments pre-
sented in this report was to explore fur-
ther the phenomenon of antagonism be-
tween other elements and copper, by
determining whether mercury and silver
were also antagonistic to copper. The
valence shell of both Hg++ and Ag++ ions
are isoelectronic with the Cu+ion. As far
as is known, however, the Hg++ ion gen-
erally forms linear complexes and has a
coordination number of two. Although the
Ag+ion forms linear complexes, silver can
also exist as the Ag++ ion. In the latter
instance the ion forms square planar com-
plexes and is isoelectronic with the valence
shell of the Cu++ ion which also forms
square planar complexes. These consider-
ations led to the speculation that silver, but
not mercury, would act as a copper antag-
onist. The experiments reported herein
were designed to test this hypothesis.

EXPERIMENTAL
White Plymouth Rock chicks, obtained
from a commercial hatchery, were used in

J. Nutrition, 83; '64

these studies. They were housed in con-
ventional battery brooders with raised wire
floors. The basal diet used was based on
dried skim milk, glucose, vitamins, miner-
als, and amino acids as described previous-
ly (3). Itwas found by analysis to contain
approximately 1 ppm copper. lIron was
added to the diet at 100 ppm by the use of
FeS04-7HXD. Mineral supplements to the
basal diet were made by the use of reagent
graded AgZXS04 HgSCh, ZnO, CdS04HD,
and CuS04-5HD.

In the experiment designed to investi-
gate the possible role of mercury as a cop-
per antagonist, consideration was given to
the possibility that mercury, like cadmium,
might also be antagonistic to zinc, and,
in addition, might show some interaction
with cadmium. Accordingly, a factorial ex-
periment was designed in which the inter-
play of all 4 elements, copper, mercury,
zinc, and cadmium could be examined. In
this experiment, 20 chicks/treatment were
fed the experimental diets from the day of
hatching. The chicks were weighed at
weekly intervals and mortality was re-
corded daily. Since the growth rate and
mortality have been found to be the most
sensitive measurements of zinc-induced
copper deficiency (2), these 2 criteria
were used to evaluate a possible mercury-
copper interaction.*

Received for publication January 16, 1964.

1The studies presented in this report were supported
in part by grant A-5651 from the National Institutes
of Health and grants from the Herman Frasch Founda-
tion and the Moorman Manufacturing Company,
Quincy, Illinois.

2Published with the approval of the Director of
the Experiment Station as Paper no. 1729 of the
journal series.
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TABLE 1
Interactions between copper, mercury, zinc, and cadmium 1

Cd, 0 Zn, 0

Zn, 400 ppm
Cd, 100 ppm Zn, 0

Zn, 400 ppm

1 Twenty chicks/treatment.

In the experiment designed to evaluate
the role of silver as a copper antagonist,
20 chicks also were used per treatment.
Body weights and mortality were measured
as in the previous experiment. Hemo-
globin was determined as the oxyhemo-
globin. The elastin content of the aorta
was measured by the method of McGavock
and Kao (4) as modified by Starcher et al.

(5).
RESULTS AND DISCUSSION

The results of the study of the interac-
tion of mercury with copper, zinc, and
cadmium on the body weights of the chicks
at 2 weeks of age are presented in table 1.
The analysis of variance (table 2) revealed
that among other effects, there was a sig-
nificant interaction between copper and
mercury. The nature of this interaction
is presented in table 3. The growth of the
chicks was not depressed by the addition

TABLE 2
Analysis of variance of chick weights at two weeks

Source M.S. Fvalue
Hg 264 13.6**
Cu 1502 77.1%*
Zn 68 3.5
Cd 6045 310.5**
Hg X Cu 495 25.4**
Hg X Zn 281 lag=>
Hg X Cd 1 0.05
Cu X Zn 248 12.7**
Cu X Cd 473 24 .3**
Zn X Cd 1173 60.2**
Hg X Cu X Zn 126 6.5**
Hg X Zn X Cd 115 5.9**
Cu X Zn X Cd 189 9.7**
Hg X Cu X Zn X Cd 56 29
Error 19.7

** Highly significant (P —0.01).

Avg wt at 2 weeks of age

Cu,0 Cu, 25 ppm
40?1pm Hg-0 40?|pm
9 9 9 9
144 123 160 138
87 108 147 138
82 81 100 78
87 100 115 91
TABLE 3

Interactions of copper with mercury and zinc

Cu, ppm
0 25
Body wt, 2 weeks

9 9

Mercury, ppm 0 100 130
400 104 111

Zinc, ppm 0 107 119
400 95 123

of mercury to the copper-deficient diet. On
the other hand, when copper was added to
the diet, mercury did depress growth rate.
This is in contrast with interaction of zinc
and copper (table 3) which has been ob-
served before (1). Zinc depressed growth
in the absence of copper but not in its
presence.

As the experiment progressed and the
mortality pattern emerged, much the same
relationships were apparent. The mortality
at 4 weeks of age, at the end of the experi-
ment, is shown in table 4. In the absence
of copper, mercury, in contrast with cad-
mium and zinc, did not cause mortality.
However, when copper was present there
was mortality among the mercury-fed
chicks. By these 2 criteria, growth rate and
mortality, there is an interrelationship be-
tween copper and mercury. This interrela-
tionship, however, is not one of antag-
onism, since, when the copper content of
the diet is low and the antagonism could
be expressed most fully, mercury had no
effect.

An explanation for the kind of interre-
lationship observed between mercury and
copper is not readily apparent from the
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TABLE 4
Effect of mercury, zinc, and cadmium
on mortality of chicks
Cu, ppm
Supplement 0 25

No. dead of 20 started

None 3 0
Zn, 400 ppm 19 3
Cd, 100 ppm 19 5
Hg, 400 ppm 1 7
Zn,400-fCd, 100 ppm 20 2
Cd, 100 4-Hg, 400 ppm 20 12
Zn, 400+ Hg, 400 ppm 14 3
Hg, 400 + Cd,100 +

Zn, 400 ppm 19 8

data obtained in this study. Presumably,
it could be the result of a “total heavy
metal ion effect,” namely, 400 ppm Hg++
25 ppm Cu++, or of a greater accumulation
of mercury in vital organs in the presence
of supplementary copper.

The results of the experiment on the
possible antagonism of silver for copper
are presented in table 5. The criteria used
were body weight, mortality, hemoglobin
concentration, and elastin content of the
aorta. In the absence of copper, 100 ppm
silver retarded the growth of the chicks
and 200 ppm resulted in an even greater
depression. Although there was some vari-
ation, this retardation was virtually pre-
vented by the addition of copper to the diet.
Mortality was increased by levels of silver
of 50 ppm and more among those chicks
receiving the copper-deficient diet. This
was also prevented by the addition of cop-
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increased, the hemoglobin levels decreased
at all levels of supplementation in the cop-
per-deficient chicks, but not in the copper-
supplemented chicks. The elastin content
of the aortas of the copper-deficient chicks
was depressed by the addition of silver to
the diet. This too, was prevented by the
addition of copper to the diet as evidenced
by its effect on these 4 criteria, growth,
mortality, hemoglobin concentration, and
elastin content of the aorta. Silver acts as
a copper antagonist in a manner analogous
to zinc and cadmium.

It is presumed that the sulfate salt of the
univalent cation of silver which was added
to the diet was converted to or in equi-
librium with the divalent ion species of
silver by the redox systems of the intestinal
tract and of the body (6). Based on avail-
able chemical evidence (7) the divalent
ion species of mercury appears to be the
effective ion species prevailing in this
study because only the mercuric ion exists
in the monomer form, whereas the univa-
lent ion form of mercury is known to exist
only as a dimer.

It is known that copper exists in func-
tional cytochrome oxidase as both Cu+ and
Cu++ and, indeed, its electron transport
functions depends on this variable valency
property. Presumably, therefore, metal
ions that can attain either 4 coordination-
tetrahedral (cf. Cu+) or 4 coordination-
square planar complexes (cf. Cu++) would
qualify as copper antagonists. From this
line of reasoning Zn++ and Cd+ would
be expected to be copper antagonists be-

per. As the concentration of silver was cause these ions can potentially attain the
TABLE 5
In vivo interaction between silver and copper

Cu, ppm Cu, ppm Cu, ppm Cu, ppm

Ag 0 10 25 0 10 25 0 10 25 0 10 25
3-week body wt 1 Mortality, 4 weeks 1 Hb 2 Aortic elastin 3

ppm 9 9 9 g/100 cm3 % wet wt
0 145 196 232 5 2 3 7.45 7.17 7.72 7.58 11.63 12.12
10 125 190 229 5 1 0 6.37 7.32 9.00 5.39 11.68 10.46
25 139 199 244 3 0 2 6.05 7.35 8.22 4.92 14.58 12.45
50 126 240 243 10 2 0 5.02 7.40 7.30 6.67 12.05 11.15
100 110 174 240 12 1 4 4.62 7.00 7.60 5.26 11.03 11.33
200 96 187 207 13 0 0 3.52 7.75 8.32 4.78 11.59 12.46

1Twenty chicks started in each treatment.
2 Mean of 4 determinations in each treatment.
3Mean of 5 determinations in each treatment.
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configuration of Cu+. Ag+ would also be
expected to be a copper antagonist because
it has the potential of attaining the con-
figuration of Cu++ complexes. Reasoning
along the same lines, Hg+ would not be
expected to be a copper antagonist because
neither its favored coordination number,
2, nor its favored configuration, linear, is
like those of the 2 copper ions. The bio-
logical results obtained in this study sub-
stantiate this reasoning.

The results of these 2 studies extend
those reported previously (1, 2), and lend
further evidence to the hypothesis that for
an element to be antagonistic to copper,
the ions of the element must be similar to
copper in the electronic configuration of
the valence shell, in its favored coordina-
tion number and in the type of complexes
it forms.

C. H. HILL, B. STARCHER
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ABSTRACT Phytol, isophytol, and squalene were fed to 18-day-old vitamin E-de-
pleted chicks for either 48 or 72 hours at levels ranging up to 1% of the diet, and
the effect of these compounds on the absorption of d, a-tocopherol was examined. No
appreciable effect was noted on the tocopherol content of liver tissue when phytol
was fed at levels of 0.01, 0.04, 0.125, 0.16, and 0.25% of the diet. However, at 0.50
and 1.0% of the diet, approximately a twofold and a threefold increase, respectively,
was observed. Isophytol had the opposite effect, showing approximately a 40% de-
crease in the liver tocopherol values. Squalene also had an adverse effect, but not
to the same extent as did isophytol. An anomalous situation occurred with plasma
tocopherols and phytol intake. Increasing levels of phytol resulted in decreases in
plasma tocopherol concentrations for both the tocopherol-supplemented and non-
supplemented diets. Liver tissue was practically devoid of tocopherol when vitamin
A acetate was fed at a level of 0.16% of the diet. When the level was increased to
0.48%, the birds failed to consume a sufficient amount of the diet to give meaningful

data.

Reports from this laboratory (1,2) have
shown that the tocopherol in an al-
falfa lipid extract is not completely avail-
able to the chick, and studies are being
conducted in attempts to characterize the
lipid material(s) involved. Phytol and iso-
phytol, both decomposition products of
chlorophyll, and squalene, a constituent of
vegetable oils and leaves (3), have inter-
ested the authors following the observa-
tion of High and Day (4) of a decreased
vitamin A deposition in the liver of rats
when phytol, a-tocopheryl acetate, and
squalene were fed along with (3-carotene.
Since carotene and tocopherol are fat-solu-
ble substances having much in common,
and phytol, isophytol, and squalene are
known to be present per se or as decom-
position products of plant pigments, the
present study was undertaken to examine
the possible effect these 3 compounds
might have on the availability to the chick
of the tocopherol associated with alfalfa
lipids.

EXPERIMENTAL

One-day-old White Plymouth Rock male
chicks were fed a diet low in vitamin E for
18 days. The chicks were then distributed
into groups of comparable weight, each
containing 4 chicks, which were randomly
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assigned to treatment for 72 hours on a
restricted feed intake basis. Other details,
such as composition of the diet and meth-
ods for the determination of tocopherol,
were described previously (5). The basal
diet, by analysis, contained approximately
12 mg of total tocopherols per kg of diet.
Synthetic phytol3and isophytol,4squalene,5
crystalline vitamin A acetate ,sand d,a-to-
copherol 7were dissolved in purified Skelly-
solve B and pipetted into the appropriate
amount of either olive oil (USP), or a vege-
table oil8prior to mixing into the diet. The
diluting oil was added at 2% of the diet,
olive oil being used for the first experiment
and the vitamin E-low coconut oil in the
second experiment.¥

Received for publication January 20, 1964.

1 Scientific Contribution no. 64, Storrs Agricultural
Experiment Station, University of Connecticut, Storrs.
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4 See footnote 3.

s Eastman Organic Chemicals, no. 6966, Rochester 3,
New York.

6 See footnote 3.

7Donated through the courtesy of Dr. S. R. Ames,
Distillation Products Industries, Rochester, New York.

8 This is a refined, bleached and deodorized, tocoph-
erol-low and sterol-free coconut oil, Product 1223, of
the Drew Chemical Corporation, New York 10, New
York.
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RESULTS

During initial exploratory work, incor-
poration of 0.33 and 1.0% of phytol into
the diet of tocopherol “depleted” chicks
with 40 mg of d,a-tocopherol/kg of diet for
a period of 48 hours resulted in approxi-
mately a 30% increase of the liver tocoph-
erol above that of chicks receiving a simi-
lar diet, but unsupplemented with phytol.
In contrast, when isophytol and squalene
were fed at the same dietary levels as

phytol, decreases in liver tocopherol of
approximately 75% and 40% , respectively,
occurred.

In the first experiment reported here,
graded levels of phytol, isophytol, squalene,
and vitamin A acetate were fed. The latter

L. D. MATTERSON AND J. R. SUDEN

was included since at high dietary levels it
had been reported (6, 7) to decrease to-
copherol deposition. The results (table 1)
essentially substantiate the data from the
preliminary experiment in that phytol,

a level of 0.48% of the diet, resulted in an
increase, whereas isophytol and squalene
at the same level resulted in a decrease of
liver tocopherol. Vitamin A acetate caused
a decrease in liver tocopherol from an
average of 16.5 ag/g of liver at the zero
level of added vitamin A to 1.7 ag/g at the
0.48% level. In the case of vitamin A ace-
tate, as indicated in table 1, feed consump-
tion was only 88% of that offered when
vitamin A was fed at 0.16% of the diet and
only 30% at the 0.48% level of vitamin A

TABLE 1
Effect of phytol, isophytol, squalene, and vitamin A acetate on liver tocopheroll
% in diet 0 0.01 0.04 0.16 0.48
fig tocopherol/g liver
Basal 2.1
Basal + phytol 2.1 3.8
Basal-(-phytol-(-vitamin E 2 15.7 3 17.6 14.9 16.0 32.4
Basal-f isophytol + vitamin E 153 3 15.4 14.7 18.2 11.8
Basal+ squalene-|-vitamin E 1853 17.8 20.1 17.9 12.6
Basal-(-vitamin A-(-vitamin E 11.3 10.2 3.24 1.75
1 Feed consumption was limited to 300 g/group per 72-hour period.
2E =40 mg d,a-tocopherol/kg of diet.
3The average” liver tocopherol value for the 3 positive controls is 16.5 fig
4 Feed consumption was 265 g.
5 Feed consumption was 90 g.
TABLE 2
Variations in liver tocopherol content due to phytol, isophytol. and squalene
with and without added d,ci-tocopheroll
% in diet 0 0.125 0.25 0.50 1.0
ag tocopherol/g liver
Basal 112
(69) 3
Basal-(-vitamin E 4 18.3, 15.6
(1071, 1136)
Basal + phytol 1.7 1.4 2.0 3.4
(76) (72) (56) (29)
Basal + phytol + vitamin E 145 16.2 28.2 43.1
(954) (862) (517) (500)
Basal + isophytol 1.3 1.4 1.2 0.9
Basal-fisophytol-(-vitamin E 14.9 14.3 12.1 6.7
Basal-)-squalene 1.4 15 1.1 1.4
Basal-)-squalene + vitamin E 15.6 15.8 14.1 11.3

1Feed consumption was limited to 300 g/group per 72-hour period.

2The standard error of the mean of 13 liver
previous experiments is 1.6 + 0.07.

3Figures in parentheses are micrograms of total
4E =40 mg d,a-tocopherol/kg of diet.

tocopherol values for this basal diet obtained from

tocopherol/100 ml of plasma.



PHYTOL AND ISOPHYTOL IN TOCOPHEROL ABSORPTION

In a second experiment, reported in
table 2, which included groups receiving
no added tocopherol, chicks fed the basal
diet with 1.0% of phytol and with no
added tocopherol had a significantly higher
liver tocopherol than those fed the basal
diet alone. Phytol at 0.5 and 1.0% of the
diet plus 40 mg of supplemental d,a-to-
copherol/kg of diet resulted in approxi-
mately a twofold and threefold increase,
respectively, in liver tocopherol deposition
when compared with that of chicks receiv-
ing the basal diets supplemented with
d,a-tocopherol but no phytol. Isophytol, at
0.50 and 1.0% of the diet containing sup-
plemental tocopherol, lowered the liver
tocopherol content by approximately 25
and 65%, respectively, when compared
with the tocopherol-supplemented basal
diets with no added isophytol. The de-
crease registered by squalene at 1% of
the diet was lower than that of the tocoph-
erol control by approximately 30%.

A peculiar situation occurred with
plasma tocopherol, as evidenced by the
data in parentheses in table 2. In con-
trast with liver tocopherol deposition,
phytol at increasing levels of intake re-
sulted in decreases in plasma tocopherol
concentrations for both the tocopherol-sup-
plemented and nonsupplemented diets.
The reasons for this anomaly, higher liver
tocopherol values but lower plasma values,
cannot be explained without further study.

Whether phytol or isophytol interfered
in the Emmerie-Engel color reaction used
for estimation of tocopherol was explored.
Both compounds at a level of 8.4 mg in an
Evelyn colorimeter tube showed no Em-
merie-Engel color reaction, and recoveries
of 40 ug of d,a-tocopherol were quantita-
tive from Evelyn colorimetric tubes con-
taining each of the compounds. The to-
copherol isolated from livers of chicks that
received the 1.0% phytol diet with added
tocopherol was spotted on plates of silica
gel and developed with 10% diethyl ether
in petroleum ether. The large reducing
spot, which separated out, had an Rfiden-
tical to that of a standard preparation of
pure d,a-tocopherol and strongly indicated
that the isolated compound was tocopherol
and not an artifact.

The only difference between the phytol
and isophytol molecules, both of which are
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used in tocopherol synthesis, is in the ar-
rangement of the terminal hydroxy and
olefinic groups.

ch3 ch3

| |
CH3— (CH—CHZ-CH2—-CH2)3—C= CH-CH.OH
Phytol

CH3 ch3

CHS—((‘!H—CHZ--CHZ—CH2)3—IC—CH: CH,
OH
Isophytol

It is striking that such a small structural
change should result in opposite effects on
the tocopherol content of the liver. Since
synthetic isophytol has three and phytol
has two racemic centers (8, 9) which are
not present in the natural compounds, it
would be worthwhile to determine whether
this stereoisomeric difference would result
in any changes in tocopherol absorption.
No balance studies were conducted in these
experiments. However, on the basis of
previous work from this laboratory (3) in
which approximately 30% of the dietary
tocopherol was excreted by the chick fed a
basal diet with added tocopherol and up to
60% was excreted when alfalfa was used
as the source of tocopherol, one might
speculate that it is the absorption of to-
copherol from the intestine that is en-
hanced by phytol and decreased by iso-
phytol, squalene, and vitamin A.
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Amino Acid Requirements of Children: Nitrogen
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ABSTRACT

Minimal requirements of 8 essential amino acids previously determined

separately, were fed in combination, along with the nonessential amino acids, to five

12-year-old boys for 20 days.

first 10 days, and 10.23 g in the last 10 days.

Amino acid mixtures furnished 12.25 g nitrogen in the

Nitrogen balance and urinary excretion

of creatine, creatinine, riboflavin and N-MNA were determined. All children main-
tained body weight at an almost constant level and a positive nitrogen balance through-

out the experiment.

Urinary excretion of creatinine remained almost constant, but

that of creatine tended to increase during the feeding of the amino acid mixture.
No significant trend was observed in urinary excretion of riboflavin and N-MNA.

In previous papers (1-5), the minimal
requirement of each essential amino acid
for school children was determined sepa-
rately, and the present investigation was
undertaken to ascertain the adequacy of
the determined minimal amounts of the
combined essential amino acids over an
extended period of time.

EXPERIMENTAL PROCEDURE
AND RESULTS

Five healthy 12-year-old boys served as
experimental subjects for 23 days (table
1). For the first 3 days, these subjects con-
sumed a normal diet having about the
same nitrogen and caloric levels as in the
experimental basal diet. This period was
used to accustom the subjects to living in
a laboratory and also to minimize prior
dietary effects. The basal diet contained
amino acid mixtures, cornstarch, com oil,
butter fat, and mineral and vitamin mix-
tures (1, 3, 4). The composition and daily
intake of essential and nonessential amino
acid mixtures are shown in table 2.

In the first study of this series (1), total
nitrogen was given at a level of 12 g, and
this level was used in all experiments
thereafter. However, after the establish-
ment of the minimal requirements for
essential amino acids, it was questioned
whether 12 g of nitrogen is necessary for

J. Nutrition, 83: ’64

boys of this age group, when the present
pattern of minimal amounts of essential
amino acids is used. In the experiment to
be reported here, the amount of total nitro-
gen was also studied at the 10-g level. The
20-day experiment with the amino acid
mixture was divided into 4 equal periods:
in the first 2 periods the amino acid mix-
tures provided 12.25 g of nitrogen, and in
the last 2 periods, 10.23 g of nitrogen.
However, the actual intake of total nitro-
gen was increased by a small quantity, due
to the nitrogen in the basal diet (not in-
cluding the amino acid mixture) and in
the cucumber which was added in the last
3 periods to improve appetite and reduce
the monotony of the diet.

The nitrogen balance method was used,
and riboflavin, N'-methylnicotinamide (N-
MNA), creatine, and creatinine in the
urine were also determined. The experi-
mental method used has been described
in detail in the previous reports (1-5).
The results obtained are shown in table 3.

All children remained healthy, and
maintained body weight at an almost con-
stant level with some showing slight in-
creases. All children maintained a positive
nitrogen balance throughout the experi-
mental period with minimal amounts of
the 8 essential amino acids, at both the

Received for publication February 4, 1964.
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TABLE 1
Age, height, weight, basal metabolism and energy intake of subjects

Avg
. Bod Bod Basal daily
Subject Age heigKt Wty metabolism energy
intake 1
years,
Months cm kg kcal/kg/day kcal/kg
U.N. 11 7 137.8 30.3 30 61
U.D. 12 1 151.9 36.5 34 53
T.U. 12 0 157.6 40.3 27 53
H.S. 11 11 150.3 37.2 27 62
H.N. 12 3 133.2 22.1 37 73
1 Calories derived from the amino acid mixture are not included.

TABLE 2
Composition and daily intake of amino acid mixtures

Component Daily intake Nitrogen content
9 9
Essential amino acids Periods 1-4 Periods 1%
L-lIsoleucine 1.00 0.107
L-Leucine 1.50 0.160
L-Lysine 1.60 0.307
L-Methionine 0.80 0.075
L-Phenylalanine 0.80 0.068
L-Threonine 1.00 0.118
L-Tryptophan 0.12 0.017
L-Valine 0.90 0.108
Nonessential amino acids Periods 1-2 Periods 3-4 Periods 1-2 Periods 3-4

L-Alanine 9.22 7.57 1.449 1.190
L-Arginine 10.81 8.87 3.476 2.853
t-Aspartic acid 10.76 8.84 1.132 0.930
L-Glutamic acid 10.76 8.84 1.024 0.842
L-Sodium glutamate 12.50 10.26 1.035 0.850
Glycine 7.65 6.01 1.420 1.116
L-Histidine 1.00 1.00 0.271 0.271
L-Proline 4.61 3.79 0.561 0.461
L-Serine 6.92 5.68 0.922 0.757

Total (essential + nonessential) 12.250 10.230

12-g and the 10-g levels of total nitrogen. DISCUSSION

Average daily retention of nitrogen by the
subjects was as follows: (in grams) U.N.,
0.76; U. D., 0.68; T. U,, 0.78; H. S., 0.81;
and H. N., 1.36.

The urinary excretion of creatinine re-
mained at an almost constant level, but
that of creatine tended to increase after
children were fed the amino acid mixture,
except in the case of subject T. U.

A significant change was not observed
in urinary excretion of riboflavin and N-
MNA throughout the experimental periods,
but for subject H. N. the difference in
excretion of N-MNA between the first half
and the second half of the experimental
period was significant at the 5% level.

All children maintained positive nitro-
gen balance throughout the experimental
period with the minimal requirements of
the 8 essential amino acids. In children,
it is necessary not only to allow for main-
tenance of positive nitrogen balance, but
also to provide for growth and develop-
ment. However, it is difficult to define a
zone for allowance of retention. If it is
assumed that the bodies of 10- to 12-year-
old boys contain nitrogen at a level of 3%
and that the boys gain 3 kg of body weight
during a year,1 nitrogen retention would
increase 90 g in a year, or 0.25 g a day.

1 Cited _from the Report of the National Nutrition
Survey in Japan, 1962.
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By adding a margin of 50%, 0.38 g of
nitrogen thus may be considered a safe
daily level of retention consistent with the
demands for growth in this age group.

In previous papers (2-5), a tendency
was noted for urinary riboflavin and N-
MNA excretion to increase with a negative
balance of nitrogen, without consideration
of the particular amino acids being tested.
In the present experiment in which the
nitrogen balance remained positive, the
urinary excretion of riboflavin and N-MNA
did not tend to increase.
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ABSTRACT Ninety-two university students (73 men and 19 women) consumed
for 7 days a homogenized formula ration providing 45% of calories as butter fat.
The subjects were then divided into 10 groups and continued for 8 days on the same
regimen supplemented by a commercial preparation of /3-sitosterol in amounts of 50,
100, 200, 300, 400, 600, 800, 1600, 3200, and 6400 mg/950 keal. Eighty-five subjects
(69 men and 16 women) completed the experiment. Starting with the 300-mg level,
the /3-sitosterol increments caused progressively larger decreases in plasma cholesterol
concentrations which were significant in all instances. The implications of these
results are discussed in the light of the large amounts of plant sterols present in corn
oil and it is concluded that these compounds are important factors in accounting in

large part for its hypochloesterolemic property.

The original report by Peterson in 1951
of the hypocholestérolémie action of plant
sterols in chicks (1) and the subsequent
confirmation of this action in man by Pol-
iak (2) gave rise to numerous clinical
trials of these compounds in both normo-
and hypercholesterolemic subjects (2-9).4
Although there were some inconsistencies
in the results reported, the majority of
these trials confirmed Poliak’s observation.

Under the well-controlled conditions pro-
vided through the feeding of homogeneous
formula rations to large numbers of young
male normocholesterolemic subjects, work
in this laboratory showed that incorpora-
tion of plant sterols at the level of 7 g/950
kcal into a diet high in butter (60% of cal-
ories) effected highly significant decreases
in plasma cholesterol levels (10). This ra-
tion was just as hypocholesterolemic as one
providing 60% of calories from corn oil.
The striking magnitude and consistency of
these responses were ascribed to the uni-
form distribution of the material through-
out the homogeneous formula ration, a
mode of administration which was differ-
ent from that adhered to in the clinical
trials hitherto reported in which the plant
sterols were given usually in 3 doses per
day at meal time.

Although 7 g of plant sterol/950 kcal
provided an amount still far in excess of
that supplied by corn oil at the level of
60% of calories, the profound hypocholes-
terolemic responses obtained prompted the

J. Nutrition, 83: 64

use of several feeding trials to determine
the extent to which the plant sterols pres-
ent in this vegetable fat might account for
its hypocholesterolemic property. It was
found that of a number of molecular distil-
lates of com oil with comparable concen-
trations of unsaturated fatty acid residues,
the one richest in unsaponifiable matter
and hence in plant sterols yielded the
greatest hypocholesterolemic response (10).
Furthermore, decreases in plasma choles-
terol observed as a result of the introduc-
tion of corn oil into a fat-free diet at the
60% level for an equicaloric amount of
carbohydrate, could be effected similarly
by incorporation into the fat-free ration of
an equivalent amount of plant sterols
alone, namely, 0.63 g sitosterol/950 kcal
(11). Less than one-half this amount,
equivalent to that supplied by corn oil at
the level of 25% of calories, sufficed to
depress significantly plasma cholesterol
concentrations in subjects subsisting on
formula rations containing 35% of calor-
ies in the form of butter fat (11). The
present experiment extends this work to a
study of the effect of supplementing a
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1 This investigation was financed by a grant from
the Ontario Heart Foundation, Toronto, ntario.

2This work was reported in abbreviated form at
the Fifth International Congress of Biochemistry,
Moscow, U.S.S.R., August, 1961.

3Present address: National
Bethesda, Maryland.

4 Peterson, D. W., C. W. Nichols, Jr., N. F. Peek and
I. L. Chaikoff 1956 Depression of plasma cholesterol
in human subjects consuming butter containing soy
sterols. Federation Proc., 15: 569 (abstract).

Institutes of Health,

119



120

J. M. R. BEVERIDGE, H. L. HAUST AND W. FORD CONNELL

TABLE 1

Composition of basal diet;1 amounts required to make a 950-kcal sample

Amount
9
Skim milk powder 2 28.1
Calcium caseinate 3 28.4
Sucrose 20.0
Maltose and dextrins 4 62.2
Butter 55.7
Total
Kilocalories 950.03
Calories, %

1Two grams of iodized salt were added per 950-kcal batch.
(in mg/950 kcal) thiamine, 0.6;
5

to supply the following:
5.0; Ca pantothenate, 5.0; ascorbic acid,
2 Mil-ko, Mil-ko Products Limited, Hamllton,

Protein Fat Carbohydrate
9 9 9

10.0 0.1 14.6
25.0 0.57 -

- - 20.0

- - 61.0

— 46.8 —

35.0 47.5 95.6
140.0 427.5 382.5
14.7 45.0 40.3

A vitamin mixture was also added
riboflavin, 0.6; niacin, 5.0; pyridoxine,

Ontario.

3 Casec, Mead Johnson of Canada Limited, Belleville, Ontario.
4 Dextri-Maltose, Mead Johnson of Canada Limited, Belleville, Ontario.

diet with progressively increasing amounts
of (3-sitosterol.

EXPERIMENTAL

Ninety-two university students (73 men
and 19 women) subsisted for 7 days on a
homogenized formula ration providing
45% of calories in the form of butter fat
(table 1). The subjects were then divided
into 10 groups and continued for 8 days
on the same regimen modified by incor-
poration of a commercial preparation of
(3-sitosterol5 in amounts of 50, 100, 200,
300, 400, 600, 800, 1600, 3200, and 6400
mg/950 kcal. These supplements were
dissolved in the melted butterfat moiety
prior to homogenization of the dietary in-
gredients with water. The diets were dis-
pensed in portions of 950 kcal and stored
in cardboard containers in a deep-freeze
unit. The subjects were instructed to in-
gest sufficient of the ration to maintain
their body weight constant. No other items
were permitted except for water, clear tea
or coffee. Fasting plasma cholesterol levels
were determined on days zero, 4, 7, 11,
and 15 by the method of Abell et al. (13).
Eighty-five subjects (69 men and 16
women) completed the experiment. The
average change in body weight was
- 0.46 kg.

RESULTS AND DISCUSSION

Transition of the subjects from their
free-choice, ad libitum diets to the butter-
fat regimen unsupplemented by sitosterol
did not materially affect their plasma cho-

lesterol levels, since the average values ob-
tained on days zero, 4, and 7 were essen-
tially the same. Table 2 lists the statistical
data on the absolute changes in plasma
cholesterol expressed as the difference in
milligrams per 100 ml between days 7 and
15. Values for the average daily intake of
sitosterol for each of the 10 groups are also
shown. These were computed from the
daily records on dietary consumption sub-
mitted by the volunteers.

Although the level of plasma cholesterol
was not affected by increments of sitosterol
up to, and including, 200 mg/950 Kkcal,
supplementation by as little as 300 mg/
950 kcal caused a significant decrease
amounting to 12.7 mg of cholesterol/100
ml of plasma (P = 0.05-0.02). Progres-
sively greater decreases occurred in re-
sponse to increasing supplementation with
sitosterol (P < 0.01, in all instances).
These culminated in a difference between
days 7 and 15 of as much as 35.4 mg of
cholesterol/100 ml of plasma when the
supplement was incorporated into the ra-
tion in amounts of 6400 mg/950 kcal.

In figure 1, these data are plotted in the
form of a dose-response curve as the aver-
age percentage change in plasma choles-
terol per group on day 15 relative to day 7.
A decrease of about 20% occurred at the
highest level of plant sterol supplementa-
tion. The smooth course of the curve ob-

5 Donated by the EIli Lilly Company Indlanalpolls
Indiana, throu% the courtesy of Dr. R. E. Shipley
By gas- I|qU|d chromatography, 70.9% of this prepara-
tion was made up of o- “sitosterol; the remainder repre-

sented C-28 sterol. A trace of stlgmasterol was also
present.
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tained suggests an exponential decline with
which only the plot for the group receiving
the supplement at the 800-mg level does
not coincide. We are not able to explain
this aberrant result.

As determined by various criteria in this
laboratory (14), the sterol content of re-
fined corn oil has consistently been found
to be about 1%. Although this figure is

in the lower range of values reported in the
literature (15), it still greatly exceeds
those given for other edible oils. It is
pertinent to add that com oil has been
shown in this and other (16, 17) laborator-
ies to be the most hypocholesterolemic.
Thus, with a 3000-kcal diet, an intake of
45% of calories in the form of com oil
would provide about 1500 mg/day of plant

TABLE 2

Significance of absolute changes in plasma cholesterol
of calories as butter fat with increasing amounts of fi-sitosterol

containing 45%

values induced by supplementing a ration

S | ‘ Est(ijm_lated | In%alie | d_}\f/lean

Group No. of upplemen daily plant stero ifference SEOf

no." subjects 1 ORI ofpiaot  Intake Payey  difference !

sterol cholesterol and 15
mg/950 heal mg molar ratio "igocmlsls;‘;g]’g

i 9 50 162 0.37 - 272 4.91 0.55 > 0.5
2 9 100 302 0.75 + 1.22 4.12 0.30 > 0.5
3 8 200 592 1.49 0 3.91 0 1.0
4 9 300 870 2.24 —12.72 4.43 2.87 0.05-0.02
5 9 400 1,292 2.98 -15.72 4.86 3.23 0.02-0.01
6 7 600 1,860 4.48 -18.85 3.90 4.83 < 0.01
7 9 800 2,304 5.97 -12.66 2.86 4.43 < 0.01
8 9 1600 5,456 11.93 -24.77 3.79 6.54 < 0.01
9 8 3200 8,000 23.87 -28.87 5.11 5.65 < 0.01
10 8 6400 20,416 47.75 -35.43 5.41 6.55 < 0.01

1 There were 2 female volunteers in groups 1-5 and 7, and one female in groups 6, and 8-10.

Fig. 1

Magnitude of hypocholesterolemic response in university students to dietary incre-

ments of /3-sitosterol incorporated into a formula ration providing 45% of calories as butterfat.
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sterol calculated as sitosterol. Gas liquid
chromatographic analyses performed in
our laboratory6 show that 3-sitosterol ac-
counts for about 85% of the total plant
sterols present in corn oil. The possibility
also must be entertained that there may be
present in the unsaponifiable matter sub-
stances other than 3-sitosterol that have a
hypocholesterolemic action. The average
sitosterol intake at the lowest level of 300
mg/950 kcal, which in the present experi-
ment evoked a significant hypocholesterol-
emic response, was only about 1 g/day.

The thesis that the degree of unsatura-
tion of corn oil, and presumably other
similar vegetable oils, is wholly responsible
for the observed hypocholesterolemic ef-
fect cannot be regarded as proved. The
data presented in the experiment described
here, together with previous observations
by others (16-18) and in our laboratory
(11), indicate that a factor or factors
other than polyunsaturated fatty acids
must be involved and that undoubtedly
sitosterol is one of these. Our recent dem-
onstration of a close relationship between
the level of dietary cholesterol and plasma
cholesterol in man over the range of daily
intake of zero to about 800 mg (19), to-
gether with the well-established property
of sitosterol of decreasing the intestinal
absorption of cholesterol (12), makes for
an entirely logical picture. Our work in-
dicates (cf. table 2) that the molar ratio of
dietary sitosterol to cholesterol, over the
ranges studied, must be at least 2:1 before
a significant hypocholesterolemic effect
can be detected. Presumably the endogen-
ously produced cholesterol influences
these results.
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Comparative Effects of Certain Antioxidants on
Gestational Performance and Teratogeny in

Vitamin E-deficient Rats 12

DOROTHY WEI KING

Department of Anatomy, State University of lowa, College of Medicine,

lowa City, lowa

ABSTRACT In an effort to elucidate the mechanism of function of vitamin E,
many substitutes with antioxidant activities have been used. Many of these non-
tocopherol substances, when fed to vitamin E-deficient animals, acted like a tocopherol
in preventing, ameliorating or relieving deficiency symptoms. Three of these sub-
stances, N, N'-diphenyl-p-phenylenediamine (DPPD), N-propyl gallate (NPG), and
1, 2-dihydro-6-ethoxy-2,2,4-trimethylquinoline (EMQ) were used to test their effects on
the incidence of congenital malformations in vitamin E-deficient rats. It was found
that all 3 antioxidants reduced the incidence of congenital abnormalities by promoting
the production of normal young. Judged by the criteria of increase in the incidence
of normal young with concurrent decrease in the incidence of resorption and the
non-occurrence of congenital abnormalities in the groups fed the antioxidants in the
rations at the 0.025% level in the absence of vitamin E, DPPD showed the most anti-
oxidant potency. EMQ was the next, and NPG was the least potent of all. However,
the gestational performances of the groups receiving either 2 or 10 mg of vitamin E
in addition to the antioxidants at this level appears to indicate that EMQ was superior
to DPPD. At 0.05% level, DPPD was shown to be superior to EMQ, as evidenced by
the gestational performances of all groups of rats.

Thomas and Cheng (1) first reported
congenital abnormalities associated with
maternal vitamin E deficiency. Later ex-
periments showed that normal young were
produced after administration of a single
dose of d, Z-a-tocopheryl acetate to vita-
min E-deficient rats on the fourth through
the eighth day of gestation. When identi-
cal therapy was given on either the ninth,
tenth, eleventh, or twelfth day of gestation,
a considerable number of young showed
a multiplicity of congenital malformations
(2). A dose of vitamin on the tenth day
of gestation produced the highest level of
teratogeny. No noticeable shift of this
level was observed, however, by increasing
the therapeutic dosage of the vitamin from
1 to 4 mg,3 but administration after the
twelfth day resulted in resorption only.

Preliminary observations were made on
the histological differences between the
normal- and abnormal-term fetuses.4 The
distribution of glycogen, polymucosaccha-
rides5 and lipids8 in the developing em-
bryos was briefly reported. In addition,
gross observations of abnormal embryos
from the eleventh day of gestation onward

were published (3). Arrested development
83:

J. Nutrition, *64

characterized the 11-day-old embryos from
the experimental group that had received a
single dose of the vitamin on the tenth
day of gestation. By the thirteenth day
of gestation, exencephalus, when present,
was clearly evident. Yet the incidence of
congenital malformation was either re-
duced or eliminated by the administration
of 4 mg progesterone or 2 a estrone, con-
tinuously or by a single dose (4). The
chemical determinations of the vitamin E
content of a portion of the maternal and
fetal tissues from the vitamin E-sufficient,
and vitamin E-deficient groups, and theZ

Received for publication October 17, 1963.

1Supported by grant no. RG-4993, U. S. Public
Health Service,

2Presented in part at the First Annual Meeting of
the Teratology Souety at Cincinnati, Ohio, 1961.

3Cheng, D. W. 1954 A study of the occurrence
of teratogeny in vitamin E-deficient rats and asso-
ciated abnormalities in blood and tissues. lowa State
College J. Sci., 30: 340 (abstracT)

4 Cheng, D. W., and homas 1955 Histo-
logical changes in the abnormal rat fetuses induced
by maternal vitamin E deficiency. Anat. Rec., 121:

274 (abstract)

5 Cheng, ., and J. Scranton 1959
of glycogen |n the developing vitamin
vitamin E-deficient and congenitally deformed
bryos. Anat. Rec., 133: 367 ?abstract)

6 Cheng, D. W., and L. F. Chang 1960 Distribu-
tion of lipid in the early vitamin E-sufficient, vitamin
E-deficient and congenitally abnormal embryos and
placentas. Anat. Rec., 136: 312 (abstract).
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groups marginally deficient in vitamin E,

. were reported (5). Also, sites of cholines-
0 terase activity were briefly described.7
10 The data to be presented here deal with
+ the effect of some chemical antioxidants,
o ° namely, N, N'-diphenyl-p-phenylenedia-
C mine (DPPD) N-propyl gallate (NPG)
o * and |,2-dihydro-6-ethoxy-2,2,4-trimethyl-
i quinoline (EMQ, also called ethoxyquin)
X + on the gestational performance and tera-
o togeny of vitamin E-deficient female rats.
The investigation was, in a way, a further
o study of the effect of variation of rations
o * on the incidence of teratogeny as reported
previously by Cheng et al. (6).
'fo *% *+ MATERIALS AND METHODS
in For this investigation weanling female
+ albino rats (Holtzman) weighing about
8 40 g were used. From the time of arrival
until termination of gestation, these rats
in were fed one of the 11 rations used in
o * this series of experiments (table 1). The
2 = chemical antioxidant, DPPD or NPG, was
2 + added in 3 percentage levels to the basal
_ = E d ration. Four levels were used when EMQ
w S in was employed. The chemical was mixed
= + with melted lard before being incorporated
<2 © with the other dry ingredients of the
3 g ration. The ration was prepared 2 weeks
£ 3oz=s e e e in advance of use and stored in a cold
s °=" ﬂ‘\g‘ room. A supply sufficient for 2 weeks was
M prepared each time.
i The females, at maturity (175 g), were
SEE v et mated with proven males in a special
S mating cage. The presence of sperm in
the vaginal smear was taken as evidence
Ysts i e aes. N of mating. The day of this event was
: q labeled as the zero day of gestation. After

11 mating, the females were randomly as-
signed to one of the 3 subgroups. Those in
the negative control subgroup received no
additional supplement of vitamin E to their

I

Tte diet during gestation. Those in the positive

g control subgroup received 10 mg of d,l-a-

rrrrEmaEEEs .% 1) tocopheryl acetate in corn 0il8 adminis-

§§a tered by stomach tube at the rate of 2 mg/

M ¥7£V day for the first 5 days of gestation. Pre-

*5; +++++++++++ g0 7 vious experiments demonstrated that this
P 2 <“J&® supplement provided an adequate positive

a* B8 control group (3). Those in the third ex-
perimental subgroup were given 2 mg of

3 fggglsﬁik\/\gl 7King, D. W, and M. Overturf 1963 Sites of
< . C cholinesterase activity in developing rat embryos.

S 3 noOHhj n« « Anat. Rec., 145: 330 (abstract).

« R g Mazola, Com Products Company, Argo, lllinois.
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vitamin E on the tenth day of gestation.
This supplement to the basal diet produced
female rats that were marginally deficient
in vitamin E, and were thus capable of
giving birth to some abnormal young. Nine
groups of rats each received DPPD and
NPG, and 12 groups received EMQ. In
addition, female rats fed the basal vitamin
E-deficient ration were similarly divided
into 3 subgroups, the negative control,
the positive control, and the experimental
group. The gestational performance of
these 3 groups of rats served as reference
standards for the corresponding groups
fed other rations. Altogether, 485 rats
were used in the series of experiments re-
ported here.

On the twenty-first day of gestation the
females were killed by etherization. While
the rat was still breathing, the complete
uterus was removed and incised. The dead
and resorbed fetuses were noted, and the
live ones were examined under the dis-
secting binocular microscope for the pres-
ence of congenital abnormalities. The
term, “dead” fetus, denotes a fetus that
was completely intact and of the same
size as the live, term fetus, but was dead.
The “resorbed” fetuses varied considerably
in size, but the common denominator was
the partial or complete resorption.
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The criteria of a good gestational per-
formance were the high incidence of
normal young, the absence of abnormal
young, and the low incidence of dead
young, or resportion, or of both.

The data were treated by either Stu-
dent’s t or the chi-square tests to ascertain
the significance of the difference.

RESULTS

1. Experiments with DPPD. When the

rats fed the basal diet were examined, the
negative controls showed 100% resorp-
tion, whereas the positive controls pro-
duced only normal young (table 2). The
rats in the experimental group yielded
normal young, abnormal young, dead
fetuses and resorptions at 8.5, 15, 2 and
74.5%, respectively.

The gestational performances of the 3
groups of rats fed the basal ration contain-
ing 0.025% DPPD were unusual in many
respects. The group receiving 0.025%
DPPD and no additional vitamin E gave
the best results, with 93.4% of normal
young and 6.6% of resorption. In the
group receiving 0.025% DPPD and 10 mg
of vitamin E, the percentage of live normal
young was reduced to 84, with a con-
comitant increase in the percentage of
resorption to 16. The rats in the group

TABLE 2

Effects of N,N'-diphenyl-p-phenylenediamine (DPPD) on gestational performance
of vitamin E-deficient rats

Supplement

to basal Vitamin E

. A No. rats

ration gestation

% mg

DPPD 0.025 0 17
DPPD 0.025 2 20
DPPD 0.025 10 12
DPPD 0.050 0 10
DPPD 0.050 2 21
DPPD 0.050 10 12
DPPD 0.075 0 9
DPPD 0.075 2 20
DPPD 0.075 10 9
None 03 24
None 24 20
None 10s 19

11In terms of total number of implantation sites.
21In terms of total number of viable young.
3Negative control with basal E-deficient diet.

4Experimental group with basal E-deficient diet.

5Positive control with basal E-deficient diet.

Live fetuses Dead fetuses

Normal Abnorm al Dead Resorbed
% 1 % 1 % 2 % > % 1
93.4 0 0 0
62.9 1.3 21 0 35.8
84.0 0 0 0 16.0
86.8 2.9 3.2 5.9 4.4
86.3 0 0 1.9 118
87.1 12 13 0 11.7
80.0 0 0 0] 20.0
88.5 16 18 0.8 9.1
86.3 0 0 0 13.7
0 0 0] 0 100.0
8.5 15.0 63.8 2.0 74.5
100.0 0 0 0
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receiving 0.025% DPPD and 2 mg of vita-
min E gave birth to some abnormal young
(1.3% ), and yielded the lowest percentage
of normal young (62.9% ) with the highest
incidence of resorption (35.8%). When
these 3 groups were compared with one
another, except for the significant differ-
ence between the negative control and the
experimental groups concerning resorp-
tion, no other significant difference was ob-
served between any 2 groups with respect
to either normal young or resorption.

From the standpoint of teratogeny, the
results from the 3 groups of rats fed the
basal ration containing 0.05% DPPD were
unexpected in that some of the rats from
both the positive and the negative con-
trols produced abnormal young, whereas
the rats of the experimental group yielded
none. The percentages of normal young
were about the same in all 3 groups. Again,
as in the rats fed the ration with 0.025%
DPPD, the incidence of resorption was
lowest in the negative group when com-
pared with the other 2 groups. There was
no significant difference between any 2
groups as far as the normal young and
resorption were concerned.

The rats in the group receiving 0.075%
DPPD in the absence of vitamin E gave
the lowest percentage of normal young
(80% ) and the highest incidence of re-
sorption (20% ), compared with similar

DOROTHY WEI KING

groups fed rations containing 0.025 and
0.05% DPPD. When vitamin E was given
at both the 2- and 10-mg levels, its bene-
ficial effect was demonstrated by the in-
creased percentages of normal young (to
88.5 and 86.3% , respectively), with a con-
current decrease in resorption (to 9.1 and
13.7%, respectively). However, none of
the differences were significant. The ab-
normal young occurred in the experimen-
tal group only.

Compared with the negative group fed
the basal ration, those groups that received
rations containing 0.025, 0.05 and 0.075%
DPPD and no added vitamin E showed
a significant increase in the incidence of
normal young with concomitant reduction
in the incidence of resorption. On the
whole, the experiments with DPPD showed
that the percentage of abnormal young in
the experimental groups was significantly
reduced because of the great increases in
the incidence of normal young.

2. Experiments with NPG. As in rats
receiving 0.05% DPPD without added vita-
min E, the occurrence of congenital ab-
normalities was observed in the offspring
of the rats receiving 0.025% NPG and no
vitamin E (table 3). With supplementa-
tion of vitamin E, at either 2- or 10-mg
levels, to rats fed the ration containing
0.025% NPG, there was a significant in-
crease in the percentage of normal young

TABLE 3

Effects of N-propyl gallate (NPG) on gestational performance of
vitamin E-deficient female rats

Supplement itami
_tgpba_sai Vitamin E
vitamin E- iven No. rats
deficient uring bred
ration gestation
% mg
N-propyl gallate 0.025 0 10
N-propyl gallate 0.025 2 22
N-propyl gallate 0.025 10 10
N-propyl gallate 0.10 0 10
N-propyl gallate 0.10 2 20
N-propyl gallate 0.10 10 10
N-propyl gallate 0.4 0 11
N-propyl gallate 0.4 2 21
N-propyl gallate 0.4 10 10
None 0 24
None 2 20
None 10 19

1In terms of total number of implantation sites.
21In terms of total number of viable young.

Live fetuses Dead fetuses

Normal Abnormal Dead Resorbed
% 1 %l %2 % 1 %1
0 1.3 100 0 98.7
18.7 0 0 2.4 78.9
97.5 0 0 0 2.5
13.6 0 0 1.2 85.2
20.9 5.7 21.4 2.5 70.9
90.5 0 0 0 9.5
1.2 0 0 1.2 97.7
49.3 4.2 7.8 0 46.5
89.9 0 0 0 10.1
0 0 0 0 100.0
8.5 15.0 63.8 2.0 74.5
100.0 0 0 0 0
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(from 0 to 18.7 or 97.5%, respectively),
with a concurrent significant decrease in
the percentage of resorption (from 98.7
to 78.9 or 2.5% , respectively). Also, in the
group receiving 0.025% NPG and 10 mg
vitamin E, the incidence of normal young
was approximately the same as that of the
corresponding group fed the basal ration.

On the whole, the supplementation of
vitamin E to the rats receiving the ration
containing 0.10% NPG gave similar re-
sults as those obtained with rats fed the
ration with 0.025% NPG. Congenital ab-
normalities occurred only in the offspring
of rats receiving the 2-mg vitamin E sup-
plementation. The incidence of anoma-
lies, however, was approximately one-third
of that observed in corresponding rats fed
the basal ration. With respect to the inci-
dences of normal young and resorption,
the differences between the positive and
the negative controls, and the positive
controls and the experimental group were
statistically significant.

Similarly, the rats fed the ration con-
taining 0.40% NPG and no added vitamin
E gave a gestational performance corre-
sponding to that of rats fed the basal
ration, except for the minimal production
of normal young. The group receiving
0.40% NPG and 10 mg of vitamin E gave
the same degree of performance as the
corresponding group reciving 0.10% NPG.
Also, rats receiving 0.40% NPG responded
to the supplementation of 2 mg of vitamin
E differently from those fed the ration with
0.10% NPG. Here, besides the occurrence
of congenital malformations (4.2% ), there
was a significant increase in the percent-
age of normal young (from 20.9 to 49.3% ),
with a concomitant significant lowering
of the incidence of resorption (from 70.9
to 46.5% ). Thus the differences in the
incidence of normal young and resorption
between the positive and negative controls,
positive control and experimental group,
and the negative control and experimental
group fed this ration with 0.40% NPG
were all significant statistically.

When the groups receiving the 3 levels
of NPG without added vitamin E were
compared with the corresponding group
fed the basal ration, the beneficial effect
of the 0.10% NPG in the ration became
evident, since there was a production of
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13.6% normal young instead of 0% , with
a concurrent decrease in the incidence of
resorption (from 100 to 85.2%, table 3).
Comparing all the experimental groups fed
the rations containing NPG with the corre-
sponding group fed the basal ration, inso-
far as the normal live young were con-
cerned, NPG at the levels of 0.025 and
0.10% improved the yield more than two-
fold, whereas at the level of 0.40%, it
improved the yield nearly sixfold. Com-
paring all the positive controls that re-
ceived NPG, there was a reduction in the
incidence of normal young, together with
an increase in the incidence of resorption
when the level of NPG was increased from
0.025 to either 0.10 or 0.40%.

3. Experiments with EMQ (ethoxyquin).
When the gestational performance of the
3 groups of rats fed the ration containing
0.00625% EMQ was examined, there was
a slight increase in the percentage of the
normal young from a value of 64.6% in
the negative controls to 68.2% in the
experimental group (table 4). A further
increase to 91.8% was observed in the
positive controls. However, no significant
difference was found between any 2 groups
fed this ration as far as the incidence of
normal young was concerned. Yet, 0.8%
abnormal young was born to rats in the
negative controls, but no abnormal young
were born to rats in the experimental
group. The percentage, then, of resorption
was non-significantly reduced in the ex-
perimental group, but was significantly
decreased in the positive controls when
compared with the negative controls. The
difference in resorption between the posi-
tive controls and the experimental group
was also statistically significant.

From the standpoint of the increase in
the incidence of normal young and the
decrease in the incidence of resorption, the
gestational performance of the negative
controls and the experimental group fed
the ration containing 0.0125% EMQ was
slightly better than that of rats that re-
ceived the ration with 0.00625% EMQ.
However, the positive controls fed the
ration with 0.0125% EMQ did not do as
well as those fed the ration with 0.00625%
EMQ, due to the higher incidence of re-
sorption. Also, abnormal young were pro-
duced by the positive controls. As far as
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TABLE 4

Effect of ethoxyquin (EMQ) on gestational performance of vitamin E-deficient rats

Supplement

to basal Vitamin E

; S given No. rats
ration gestation
% mg
EMQ 0.00625 0 14
EMQ 0.00625 2 13
EMQ 0.00625 10 11
EMQ 0.0125 0 18
EMQ 0.0125 2 20
EMQ 0.0125 10 17
EMQ 0.025 0 15
EMQ 0.025 2 14
EMQ 0.025 10 13
EMQ 0.050 0 10
EMQ 0.050 2 13
EMQ 0.050 10 10
None 0 24
None 2 20
None 10 19

11In terms of total number of implantation sites.
2In terms of total number of viable young.

the normal young were concerned, no sig-
nificant difference between any 2 groups
fed the ration with 0.0125% EMQ was
observed. Nevertheless, with respect to
resorption, the difference between the posi-
tive and the negative controls was signifi-
cant statistically.

The 3 groups of rats fed the ration con-
taining 0.025% EMQ showed the best
gestational performance, in that there was
a large increase in the percentage of nor-
mal young in the positive controls. The
differences, then, in the incidence of nor-
mal young between the positive and nega-
tive controls and the positive controls and
the experimental group were both signifi-
cant. The only inconsistency was the
appearance of abnormal young in the
negative controls fed this ration, as was
observed in the corresponding group fed
the ration with 0.00625% EMQ.

The results from the 3 groups of rats
receiving 0.05% EMQ were unique. First,
the incidence of normal young was approx-
imately the same, regardless of whether
vitamin E was administered during gesta-
tion. Second, abnormal young were found
in all 3 groups. Third, the incidence of
resorption of both the positive controls
and the experimental group was non-

Live fetuses Dead fetuses

Normal Abnormal Dead Resorbed
% 1 % i % 2 % 1 % 1
64.4 0.8 1.3 1.7 33.1
68.2 0 0 1.0 30.8
91.8 0 0 2.3 5.9
70.3 0 0 0.5 29.2
82.6 0.5 0.6 0 16.9
88.1 0.7 0.7 0 11.2
65.0 1.4 2.2 2.1 31.5
80.2 0.8 1.0 1.7 17.3
97.0 0 0 1.4 1.6
78.9 2.2 2.7 4.4 14.5
75.5 0.9 1.2 23.6
78.8 1.2 2.6 0 20.0
0 0 0 0 100.0
8.5 15.0 63.8 2.0 74.5

100.0 0 0 0 0

significantly higher than that of the nega-
tive controls.

Furthermore, when all the negative con-
trols that received rations containing EMQ
were compared both with each other and
with the group receiving the basal ration,
the rats receiving 0.05% EMQ showed the
highest incidence of normal young and
the lowest incidence of resorption. When
the absence of abnormal young was
used as the criterion of best gestational
performance, then the group receiving
0.0125% EMQ and no added vitamin E
showed the best results. When all the
positive controls were examined, the rats
fed the ration with 0.025% EMQ pre-
sented the best performance by having the
highest incidence of normal young and
the lowest incidence of resorption. From
the standpoint of non-occurrence of ab-
normal young, then, the positive controls
fed the rations containing 0.00625% and
0.025% EMQ exhibited the best results.
When all the experimental groups were
compared from the standpoint of absence
of congenital malformations in the young,
the group receiving 0.00625% EMQ pro-
duced the best results.

4, Comparison of the efficacy of DPPD,
NPG and EMQ as antioxidants. A. At
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TABLE 5

Comparative efficacy of N,N'-diphenyl-p-phenylenediamine (DPPD), N-propyl gallate (NPG)
and ethoxyquin (EMQ) as antioxidants

Supplement

Vitamin E

vit;)aFnaiSnalE- given No. rats

deficient during bred

ration gestation

% mg

DPPD 0.025 0 17
NPG 0.025 0 10
EMQ 0.025 0 15
DPPD 0.025 2 20
NPG 0.025 2 22
EMQ 0.025 2 14
DPPD 0.025 10 12
NPG 0.025 10 10
EMQ 0.025 10 13
DPPD 0.05 0 10
EMQ 0.05 0 10
DPPD 0.05 2 21
EMQ 0.05 2 13
DPPD 0.05 10 12
EMQ 0.05 10 10

1lin terms of total number of implantation sites.
2In terms of total number of viable young.

0.025% level. When the gestational per-
formance of the negative controls was
examined, rats that received DPPD dis-
played the best results, giving the highest
incidence of normal young and the lowest
incidence of resorption (table 5). Those re-
ceiving EMQ ranked second, whereas those
given NPG were the poorest. For this rea-
son, much higher levels of NPG were
tested in succeeding experiments (table 3).
When the experimental groups were ob-
served, the group receiving EMQ was
found to be the best, that receiving DPPD
was second, whereas that given NPG was
last. Furthermore, when the positive con-
trols were compared, the groups receiving
EMQ and NPG both showed better per-
formance than that given DPPD, in terms
of higher incidence of normal young and
lower incidence of resorption.

B. At 0.05% level.
DPPD and EMQ could be compared (table
5). The gestational performance of all
groups of rats indicated that DPPD was
better than EMQ insofar as the increase
in the incidence of normal young, the re-
duction in the incidence of resorption and
the non-occurrence of the abnormal young

Live fetuses Dead fetuses

Normal Abnormal Dead Resorbed

%1 % i % 2 % i % »
93.4 0 0 0 6.6
0 1.3 100.0 0 98.7
65.0 14 2.2 2.1 315
62.9 1.3 2.1 0 35.8
18.7 0 0 2.4 78.9
80.2 0.8 1.0 1.7 17.3
84.0 0 0 0 16.0
97.5 0 0 0 2.5
97.0 0 0 14 1.6
86.8 2.9 3.2 5.9 4.4
78.9 2.2 2.7 4.4 145
86.3 0 0 19 11.8
75.5 0.9 1.2 0 23.6
87.1 1.2 1.3 0 11.7
78.8 1.2 2.6 0 20.0

in the experimental groups were con-
cerned. However, the positive and the
negative controls fed both rations pro-
duced abnormal young.

DISCUSSION

The biochemistry of vitamin E has been
reviewed by Vasington et al. (7), and Pitt
and Morton (8), and more recent observa-
tions have been reported by Wiss et al.
(9). It has been known for some time
that vitamin E plays a role as an anti-
oxidant (10-13), and the effects of chemi-
cal antioxidants on vitamin E deficiency
have been reviewed by Dam (14). Ex-
periments by many investigators (15—32)
have shown that DPPD can act as a partial
substitute for vitamin E. Likewise, Shull
et al. (22,23), Mertz and Schwarz (33),
Machlin et al. (34), Schwarz (25), Crider

At this level onlyet al. (31), Bunyan et al. (32) and Wiss

et al. (9) have noted that EMQ can replace
vitamin E to a certain extent. Few people,
however, have tested NPG as a substitute
for vitamin E, except Schwarz and his
group (25, 33), and Telford et al. (35).
No definite theory regarding the relation-
ship between tocopherol and a large num-
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ber of synthetic chemical antioxidants has
been established. However, the generally
accepted theory has been the sparing
action of the antioxidants on vitamin E,
which might still be either in the deficient
diet or tenaciously held in the body tissues
(36), although this theory has been chal-
lenged lately (37, 38).

Recently, Wiss et al. (9), in an attempt
to learn the differences in biological activ-
ity between vitamin E and EMQ, per-
formed experiments to determine the
amounts of both substances in the various
organs at various time intervals following
the administration of CMXlabeled d,l-a-
tocopheryl acetate and EMQ. The results
showed that vitamin E was absorbed
rather slowly, whereas EMQ was absorbed
rapidly. However, high levels of vitamin
E remained for longer periods in the tis-
sues, whereas EMQ was eliminated rapidly
from the body (39). The bulk of the
tocopherol was located in the mitochondria
and microsome fractions of the liver, but
EMQ was located primarily in the super-
natant solution rather than the structural
parts of the cells.

Our experiments were started in 1959
and lasted for more than 2 years. The
deleterious effect of higher levels of DPPD
(21) appears to be borne out by our re-
sults which showed a reduction in the
percentage of normal young in rats fed
the vitamin E-deficient ration containing
0.075% DPPD in the absence of added
vitamin E, when compared with the cor-
responding groups fed rations containing
0.025 and 0.05% DPPD (table 2). The
beneficial effect of vitamin E supplementa-
tion, as judged by the increase in the in-
cidence of normal young and the decrease
in the incidence of resorption, was shown
only in the rats receiving this high level of
DPPD (0.075% ). The increase in the inci-
dence of resorption, in the rats fed diets
supplemented with 10 mg of vitamin E,
over those of the groups receiving no
vitamin E supplement in rations contain-
ing 0.025 and 0.05% DPPD, might indi-
cate not only a non-sparing action of
DPPD but also an antagonistic action
between DPPD and vitamin E under the
circumstances. This premise may also
explain the “non-consistent” responses, ob-
served by Bunnell et al. (16), of lower
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values for liver and plasma tocopherol,
live weight, and liver lipid in chicks re-
ceiving both DPPD and vitamin E than
in those in the vitamin E-deficient chicks
receiving DPPD alone.

The rats in the group receiving 0.025%
DPPD in the absence of vitamin E pro-
duced the most live normal young com-
pared with all the other groups fed DPPD
(table 2). This indicates that this level
was the best to be incorporated into the
basal ration as a replacement for vitamin
E under the conditions of the experiments.

The reason for the occurrence of abnor-
mal young in the offspring of rats fed the
rations containing 0.05% DPPD, 0.025%
NPG, and 0.00625, 0.025 and 0.05% EMQ
and no added vitamin E was probably that,
because of their sparing action on vitamin
E, the incorporation of DPPD, NPG and
EMQ into the vitamin E-deficient rations
at the specified levels increased the vita-
min E content of the body tissues of the
rats to the marginal level where terato-
genesis was possible. The appearance of
some abnormal young in the groups re-
ceiving rations containing 0.05% DPPD,
0.0125, and 0.05% EMQ plus 10 mg of
vitamin E might also be another manifes-
tation of the antagonism between DPPD,
EMQ and vitamin E under these condi-
tions.

The results of our experiments with
vitamin E-deficient rations containing dif-
ferent levels of DPPD, NPG and EMQ gen-
erally indicated a reduction of teratogeny
due to maternal vitamin E deficiency. The
reductions in these cases, however, were
due to increases in the number of normal
young rather than to increases in the
number of resorptions, as were observed
in our previous experiments with estrone
and progesterone (4) and y-tocopherol.9

Our data from the groups receiving
DPPD, NPG and EMQ in the absence of
vitamin E also substantiated the observa-
tions of Schwarz (25) concerning the rela-
tive potency of these 3 chemical anti-
oxidants as substitutes for vitamin E. In
general, DPPD was most potent, EMQ was

intermediate, and NPG was the least
potent of all.
_9Cheng, D. W., and S. Subbammal 1959 Effect

ot gamma-tocopherol on the incidence of teratogeny

AN f h - S - :
Ig:e &532 a{g rg%lrla\é ngm E deficiency. J. Animal Sci.,
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Vitamin E and the other antioxidants

function by donating hydrogen to a lipid
peroxyl radical and breaking the chain

reaction of peroxidation (40).

They pro-

tect the animals from the damage to the
cellular and subcellular membranes and
widespread metabolic derangements. It
would be worthwhile to study the changes

in

the

liver mitochondria, microsomes,

and lysosomes of the different groups of
rats used in this series of experiments,
in order to correlate these results with tera-
togenesis.
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Effect of Vitamins D2and D3on Serum Calcium
and Phosphorus in Rachitic Chicks %
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ABSTRACT The experimental schedule presented in this paper provides 3 inde-
pendent quantitative criteria by which antirachitic effectiveness can be evaluated.
Crystalline vitamins D2 and D3 were given orally to chicks fed a rachitogenic diet, and
a variety of parameters were evaluated after 28 days. Chicks fed the rachitogenic
diet exhibited low serum calcium concentrations and percentage bone ash, but had
significantly higher serum phosphorus levels than chicks fed a standard chick diet or
treated adequately with either form of vitamin D. Their serum phosphorus response
was therefore unlike that reported for most previously studied experimental animals.
Dose-response curves based on the 3 parameters indicated a flatter response to vitamin
D2 than to vitamin D3 and therefore any efficacy ratio calculated from data of this
nature would be a function of the degree of healing taken as an endpoint. When
based on CDM (curative dose giving a response midway between animals on rachito-
genic and standard chick diets), the vitamin D3to-D2 efficacy ratio was estimated at

about 8:1-to-Il:I.

Pronounced subperiosteal rarefaction was observed in the micro-

radiographs of tibia from chicks fed the rachitogenic diet.

Many different criteria have been used
in the biological assay of the antirachitic
effectiveness of the various vitamin D sub-
stances (1). These include assays utilizing
subjective endpoints (namely, the line
test in rats), as well as those based on ex-
perimentally measured dynamic units, as
in the determination of bone deposition by
percentage ash weight or P2 uptake.

Although bone ash weight has been
firmly established for the assay of vitamin
D in chicks, there is a paucity of data con-
cerning changes in serum calcium and
phosphorus during such a bioassay. Some
of the data have been rather puzzling;
they have indicated, for example, prac-
tically no increase in serum calcium of
chicks treated with cod liver oil in compari-
son with rachitic controls at a time when
bone ash was back to normal, and in the
same experiment, a significant serum cal-
cium and phosphorus increase in chicks
treated with irradiated ergosterol which
showed minimal bone ash changes (2).

It is such seemingly contradictory evi-
dence as this which prompted us to re-
evaluate the effects of vitamins D> and D3
in chicks, with special attention to their
serum calcium and phosphorus levels, and
also to analysis of bone ash, body weights
and the histological, radiographic and mi-
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croradiographic appearance of their bones.
A primary purpose of this study was to
evaluate the feasibility of assessing the
antirachitic effectiveness of various prep-
arations containing vitamin D in relatively
small groups of animals by several inde-
pendent parameters. In these experiments,
crystalline vitamins D2 and D3 were ad-
ministered to chicks fed a rachitogenic diet,
by daily oral intubation to achieve precise
dosing on a “preventive” basis.

METHODS

One-day-old male White Leghorn chicks
(Mt. Hope Queens) were placed in wire
cages in groups of five or six. Feeding
with the rachitogenic diet and distilled
water ad libitum was instituted immedi-
ately. The temperature of the brooder was
set at 30°C for the first week, 27°C the
second week and 24°C thereafter.

Extreme care was taken to exclude all
irradiation that might possibly promote
production of antirachitic substances in
the chick. Windows and the interior light-
ing of the animal quarters were completely
covered by a red cellophane material

Received for publication December 12, 1963.
1 This paper is based on work performed under
contract with the United States Atomic Energy Com-

mission at the University of Rochester Atomic Energy
Project, Rochester, New™ York.
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(which was analyzed on the Beckman
DK-2 spectrophotometer to have less than
1% transmission between 220-290 mu).

Except for a group maintained with a
standard chick diet,2 all birds were fed a
commercial “rachitogenic chick test diet.” 3
The composition of this diet was originally
formulated by Olsson and is given in the
publication by Jones and Elliot (3). This
diet is composed, of: (in per cent) alfalfa
meal, 5.5; soybean meal, 15.4; bone meal,
4.4; yellow corn, 34.4; wheat flour mid-
dlings, 28.4; dried skim milk, 9.4; cotton-
seed oil, 1.0; iodized salt, 1.0; and bone
charcoal, 0.5. Our lot of diet contained
1.43% calcium and 1.10% phosphorus by
analysis (namely, a calcium-to-phosphorus
ratio of 1.3).

Crystalline vitamin D2and vitamin D34
were dissolved in sesame oil in quantities
such that each daily dose was contained
in a volume of 0.1 ml.

Purity of the vitamins was checked by
determining the molar extinction at 265
mu and checking the ultraviolet absorption
spectra of fractions eluted from Fluoropak
80 chromatographic (4) columns. No im-
purities were detected by these methods.
Each chick was intubated daily with 0.1 ml
of oil administered into the stomach
through a blunt tipped no. 18-gauge nee-
dle. The vitamin solutions were stored at
0°C between intubation periods.

At the end of 28 days, each chick was
decapitated and its blood collected from
the neck. One milliliter of serum and 9 ml
of 10% trichloroacetic acid were mixed
and the mixture was centrifuged. The
trichloroacetic acid filtrate was analyzed
for calcium by titration with EDTA in the
presence of calcein following oxalate pre-
cipitation and ignition to calcium oxide
(5), and for inorganic phosphorus by re-
duction of phosphomolybdate by ascorbic
acid (6).

Both legs were removed, and one from
each bird was X-rayed immediately. The
tibia of each leg was then dissected and a
section of one tibia was fixed in ethanol
and subsequently imbedded in methacry-
late for microradiographic examination. A
proximal end was split and fixed in neutral
formalin for histological preparation. The
other tibia from each bird was split and
the bones from each group placed together
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in a Soxhlet thimble, extracted for 48
hours with absolute ethanol and for an
equal period with diethyl ether. The bones
were dried in platinum evaporating dishes
at 100°C and ashed in a muffle furnace at
750°C for 16 hours. The percentage of
ash weight was determined for each group
of tibiae.
RESULTS

By 28 days, severe rickets was visibly
obvious in all control chicks fed the rachi-
togenic diet. The chicks were debilitated
in appearance and could barely stand, pre-
ferring to squat rather than use their legs
for support.

Histological sections and X-ray appear-
ance. Stained slides of the tibia of each
chick and radiographs clearly indicated
severe rickets in control animals and vari-
ous stages of healing or a normal appear-
ance in vitamin D-treated birds or those
fed the standard diet.

Body weight. No differences in growth
rate as measured by body weight could be
observed between birds fed the standard
diet compared with those fed the rachito-
genic diet until a period of 14 days had
elapsed. Growth of the chicks fed the
rachitogenic diet was essentially linear
from 14 to 28 days, whereas with adequate
vitamin D, body weights were significantly
greater at 28 days than weights of deficient
animals. Growth data for the various
groups of chicks are shown in table 1

Microradiographic appearance. Micro-
radiographs of a cross section through the
tibia are illustrated in figure 1. In rachitic
chick bone, rarefaction was typically most
pronounced in the outer cortex just under
the periosteum with a much greater de-
gree of mineralization in the endosteal
inner portion of the cortex. This appear-
ance, as far as we are aware, has never
been previously reported for rachitic bone.

Bone ash. The percentage bone ash for
the various groups of chicks is plotted
against the log dose of vitamin D in figure
2A. Excellent differentiation can be ob-
served between rachitic control chicks
(31.8% bone ash) and those fed the
standard chick diet (46.8% bone ash).

2Purina Chick Growena, Ralston Purina Company,
St. Louis.

3 General Biochemicals Inc., Chagrin Falls, Ohio.
| 4dManufactured by Philips-Duphar, Weesp, Nether-
ands.
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TABLE 1

Chick growth data

Day 1 Day 7 Day 14 Day 21 Day 28
9 9 9 9 9
Standard chick diet, control 396+ 0511 63.0+1.78 113.8+4.16 198.6+ 8.55 287.5+ 9.74
Rachitogenic diet, control 38.6+ 0.40 62.0 + 1.30 106.6+2.25 1494+ 250 1748+ 6.48
Rachitogenic diet+ vitamin D2
+30 IU/day 39.8+0.65 61.5+2.32 108.5+5.60 179.1+ 8.65 236.3+ 4.00
+60 IU/day 416+ 3.53 62.8 +2.15 103.2+4.78 167.0+ 9.16 234.6* 7.35
+300 IU/day 40.4+£2.56 66.0 +3.56 116.0+ 6.41 187.0+ 10.29 257.6+ 8.60
Rachitogenic diet-fvitamin D3
+ 11U/day 38.7+ 1.20 63.8 £ 1.66 1055+ 240 150.7+ 591 176.0+ 4.00
+ 3 1U/day 42.0+ 1.58 60.2 +6.52 1215+ 7.13 1825+ 11.81 224.0% 12.6
+ 6 IU/day 37.4+ 1.75 60.2 +0.97 106.6+ 3.82 177.2+ 4.87 263.6+ 4.36

1Mean + se.

All values for bone ash of the vitamin
D-treated birds fell between these values.

Serum calcium. Using the same ab-
scissa as in the above mentioned figure
and graphed directly below the percentage
bone ash are shown the average serum
calcium values, with the curves being
drawn through mean values. Rachitic con-
trol chicks exhibited extremely low serum
calcium concentrations averaging only
4.8 mg/100 ml, whereas chicks fed the
standard diet showed a mean of 11.2 mg/
100 ml. The serum calcium responded to
either vitamin D2or D3 and the increases
qualitatively paralleled the increase in per-
centage bone ash.

Seruvi phosphorus. In rachitic chicks
the serum phosphorus levels were much
higher than in normal birds, averaging
10.9 mg/100 ml as compared with 8.2 mg/
100 ml for the chicks fed the standard
diet. Here the effect of vitamin D2or D3
was to bring the high phosphorus levels
down to normal, as shown in figure 2C,
and the results form a smooth dose-re-
sponse curve.

DISCUSSION

In this study, each of the experimentally
measured criteria illustrated in figure 2
responded in a quantitatively significant
fashion according to the dosage and form
of vitamin D administered. Bone ash was
predictably increased, and the dramatic
effect on serum calcium, while not un-
expected, was great in magnitude com-

pared with previously reported results (2,
7-9). Unexpected however, was the ex-
ceedingly high serum phosphorus level in
the rachitic chicks and its reduction by
vitamin D treatment.

The high serum phosphorus levels of
the young rachitic chicks in the present
study contrasts sharply with the subnor-
mal concentrations previously reported in
mammals, namely, rachitic infants (10),
chicks (8) or older hens (9). Either vita-
min D2 or D) if administered orally in
sufficient dosage, was capable of lowering
these serum phosphorus values to levels
considered normal and represented here
by response to the standard diet. Con-
versely, the serum calcium levels were
extremely low in our rachitic birds with
values that would probably give rise to
tetany in a mammal. The dramatic in-
creases in the serum calcium wrought by
vitamin D2or D;Jmirrored the serum phos-
phorus lowering.

These reciprocal changes in serum cal-
cium and phosphorus were unexpected,
for clinical experience suggests that para-
thyroid compensation comes into effect in
vitamin D deficiency, tending to lower
serum phosphorus and keep up the serum
calcium. The results of Crawford et al.
(11) and of Harrison and associates (12)
are pertinent to this point, indicating that
despite parathyroid hyperplasia, the serum
calcium was low in vitamin D-deficient
rats and that injected parathyroid extract
was relatively ineffective. Such rats, al-
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Fig. 1

A
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Rachitogenic diet

B. Standard diet
C.
D. Vitamin D2, 30 IU/day

Vitamin D3 1 IU/day
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Microradiographic appearance of tibial cross sections
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D2 60 IU/day
D3, 6 IU/day
D2 300 IU/day
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though exhibiting significant changes in
serum calcium and citrate in response to
treatment showed practically no bone or
serum phosphorus changes. It is precisely
these latter points which render the rat a
somewhat peculiar experimental animal in
studying mineral metabolism and thus
make difficult extrapolation from this spe-
cies to another species.

If the theory is correct that vitamin D
possesses a “permissive role” in allowing
parathyroid hormone to function properly,
then it would be expected that in a severe
deficiency of vitamin D there could be
little parathyroid compensation of serum
calcium or phosphorus levels. Although
our results are consistent with the presence
of such a severe deficiency in these chicks,
they could equally well be explained by a
deficiency in parathyroid secretion for one
reason or another. However, it is not
known what the biochemical response (es-
pecially in serum phosphorus) of the chick
to its own parathyroid hormone would be.
An increase in serum calcium upon injec-
tion with bovine parathyroid extract has
been reported by Polin et al. (13).

Although it was not possible for us to
determine concentrations of ionic calcium
or ionic phosphorus, there is no evidence
to indicate that the young chick behaves
differently from man with respect to its
serum electrolytes. It can be assumed as
a first approximation that in such young
birds, the serum phosphorus was essen-
tially all diffusible and the fraction of
diffusible calcium remained constant. The
calcifying ability of the serum should
therefore be proportional to the calcium
X phosphorus product. We have calcu-
lated from the average values for total
calcium and phosphorus the products of
Ca XP. The products were smaller in
rachitic chicks and chicks given low doses
of vitamin D=and D3than in birds given
the highest doses of the vitamins or fed
the standard diet as shown in table 2.

All 3 quantitative criteria of vitamin D
effectiveness (percentage bone ash, serum
calcium, serum phosphorus) bear out the
same qualitative difference between vita-
mins D2 and D3 namely, that a relatively
greater quantity of vitamin D2than D<was
necessary to effect the higher degrees of
healing. Graphically this shows up as
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a flatter response curve for vitamin D2
when the log dose was plotted against re-
sponse (see fig. 2) and resulted in a variable
“efficacy” ratio, namely, if complete heal-
ing was the criterion for relative potency,
the ratio would be much higher than if
only partial healing was chosen. Since the
estimation of a threshold “curative or com-
plete healing” dose cannot be made with

TABLE 2
Ca X P product in chick serum

Standard chick diet 91.3
Rachitogenic diet 52.6
Vitamin D3, 1 1U/day 61.2
3 1U/day 64.5

6 IU/day 89.0

Vitamin D2, 30 IU/day 62.6
60 IU/day 78.7

300 IU/day 83.8

1Product of calcium and phosphorus concentrations
expressed in mgs/ 100 ml.

DAILY DOSE (1.U)

Fig. 2 Dose (log scale) of vitamins D2 and
D3 vs. percentage of bone ash, serum calcium
and serum phosphorus levels; R =chicks fed
rachitogenic diet; N r=chicks fed normal diet;
means £ se.
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as great an accuracy as estimation of
doses giving intermediate degrees of heal-
ing, the use of CDs. (i.e., curative dose-50,
a dose which produces an effect midway
between severe rickets and complete heal-
ing, postulated here to be the response of
chicks fed the standard diet) is suggested.
This would correspond on our figure 2 to
a dose giving responses of 39.2% bone
ash, 8.0 mg/100 ml serum calcium and
9.5 mg/100 ml serum phosphorus. The
use of such an intermediate biological ef-
fect was in fact suggested long ago by
Massengale and Bills (14) who first
pointed out (using ergosterol and cod liver
oil) that the vitamin D in ergosterol (D2
did not produce a dose response curve of
the same shape as that in cod liver oil
(D3). Our results using the crystalline
vitamins and daily oral intubation indicate
a vitamin D.,-to-D2efficacy ratio of between
8:1 and 11:1 for a CDH) which is a figure
smaller than most previously reported
values (2, 7, 14-19). Except for the study
by Remp and Marshall (20), however,
other workers have not specified that they
used the pure crystalline vitamins.

The responses of the birds fed the stand-
ard chick diet were greater than those in
any of the groups treated with vitamin
D2or D)in certain parameters. One possi-
bility for this phenomenon is a deficiency
of other essential nutritional factors in the
rachitogenic diet. For example Bruce et al.
(21) observed perosis in chicks fed Ols-
son’s diet and report a manganese content
(20 to 30 ppm) lower than the suggested
requirement (45 to 50 ppm). Another
consideration is that our highest doses of
vitamin D2 and D3 may not have been
sufficient to give a maximal therapeutic
response.

From a practical standpoint, however,
the results indicate that the experimental
schedule described provides a technique by
which antirachitic effectiveness can be
readily evaluated using 3 independent
guantitative parameters. In assessing the
physiological and pharmacological re-
sponse to vitamin D or its metabolic prod-
ucts, it is expected that these parameters
may not always parallel each other for
every type of compound studied.

JR. AND H.

BRUCE BOSMANN
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Biochemistry, Michigan State University, East Lansing, Michigan

ABSTRACT The vitamin D requirement of baby pigs receiving a purified diet con-
taining 0.8% of Ca, 0.6% of P and 350 ppm of Mg was studied in three 5-week trials
using levels of vitamin D2 from zero to 10,000 IU/kg of diet. All pigs receiving no
dietary vitamin D2 exhibited symptoms of either acute magnesium deficiency or
rickets. Increasing the dietary Mg prevented tetany but not rickets in vitamin D-
deficient pigs. All pigs receiving 100 IU or more of vitamin D2kg of diet exhibited
optimal rates of growth and economy of diet utilization together with normal levels
of serum Ca, P, Mg and alkaline phosphatase and adequate skeletal development
with the absence of rachitic pathology. Under the conditions of this study the
minimal vitamin D2requirement of the baby pig is not greater than 100 1U/kg of diet.

The rachitic syndrome which appears in
swine that are deprived of dietary vitamin
D and direct sunlight has been described
previously (1-7). Wahlstrom and Stolte
(8) were unable to produce rachitic symp-
toms unless dietary calcium concentration
was also lowered. Johnson and Palmer (5)
observed that vitamin D supplied in the
ration of weanling pigs by sun-cured
alfalfa hay at a level of about 72 1U/kg
was sufficient to cure gross symptoms of
rickets and to correct serum calcium and
phosphorus values. Bethke et al. (7) con-
cluded that the minimal practical vitamin
D requirement of growing-finishing pigs
was 200 IU/kg of ration and that the
forms of vitamin D in irradiated yeast
and cod liver oil were equally effective for
swine. Lucas and Lodge (9) have chosen
as preferred estimates of dietary vitamin D
requirement 220 1U/kg for the 4.5-, 9- or
13.6-kg animal although no studies have
been made of the vitamin D requirement
of the pre-weanling pig.

The present study was conducted to
assay the vitamin D2 requirement of the
baby pig reared with a purified diet, using
measures similar to those made in previous
mineral studies (10,11) as criteria.

MATERIALS AND METHODS

Three trials were conducted using 45
Yorkshire-Hampshire crossbred pigs of
either sex. Pigs were taken from the sow
at one to three days of age and bottle-fed
homogenized nonfortified cow’s milk 4
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times daily during the first few days. A
purified diet (table 1) in the form of a
dry meal was also placed in small feeders
before the pig and intake was encouraged
by placing small amounts of the dry meal
into the animal’s mouth after liquid con-
sumption. The pigs were consuming the
dry purified diet very well before one week
of age and liquid milk feeding was stopped.
At one week of age the animals were
assigned to experimental levels of dietary
vitamin D2 Bases of treatment assign-
ment and environmental conditions were
similar to those described by Miller et al.
(10, 11) and all windows were covered
with heavy opaque paper to eliminate en-
trance of sunlight. Constant levels of die-
tary calcium (0.8% ), phosphorus (0.6% )
and magnesium (350 ppm) were main-
tained throughout the experimental period
(5 weeks) except in the third trial in
which 2 levels of dietary magnesium (350
and 750 ppm) were used (table 1). Casein
constituted 30% of the diet during the
first 3 weeks of each trial and was reduced
to 20% during the final 2 weeks. This
necessitated adjustment of the mineral
mixture as shown in table 1. Experimental
levels of irradiated ergosterol3 were zero.2

Received for publication January 27, 1964.

1 Published with the approval of the Director of
the Michigan Agricultural Experiment Station as
Journal article no. 3290.

2Presented in part at the Sixth International Con-
gress of Nutrition, Edinburgh, August 1963 and the
Midwest Section of the American Society of Animal

Science, Chicago, November, 1963.
3Viosterol, Nutritional Biochemicals Corporation,
Cleveland.

J. Nutrition, 83: 64
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TABLE 1
Composition of basal purified diet

%

Casein 1 30 (20)2
Lard 5
a-Cellulose 3 5
Glucose @ 53 (63)2
Mineral mixture 6
Cornoil5 1
Vitamin mixture +
Mineral mixture
KC1 10.0
Kl 0.002
FeS0.,-2H2 0.7
CuSC>4 0.1
CoCOa 01
MnSO.,-H20 01
ZnSC>4 #HoO 0.4
MgS0.,-7TH2D 55 (12.2) 6
NaHCOj 25.0
CaHPO.i 28.5 (33.5) 2
CaCOs 12.5 (8.8) 2
Glucose 4 17.1 (15.8) 2
(10.4 and 9.1) 6
Vitamin mixture 7

mg/kg diet
Thiamine mononitrate 3
Riboflavin 6
Nicotinamide 40
Calcium pantothenate 30
Pyridoxine shydrochloride 2
p-Aminobenzoic acid 13
Ascorbic acid 80
a-Tocopheryl acetate 10
Inositol 130
Choline chloride 1300

lig/hg diet
Pteroylglutamic acid 260
Biotin 50
Cyanocobalamin 100
2-Methyl-1,4-naphthoquinone 40
Vitamin A palmitate 1500

1Vitamin-Free Casein, Nutritional Biochemicals

Corporatlon Cleveland.
Changed to this value during final 2 weeks of

each trial.

3Solka Floe, Brown Company, Boston.

4 Cerelose, Corn Products Company, Argo,

5Geo. Miesel and Son Company, Detroit.

6Two lots in trial 3 received increased magnesium
level.

7Generously donated by Merck and Company, Inc.,
Rahway, New Jersey.

100, 1000 and 10,000 IU/kg of diet in
trial 1; zero, 100, 500 and 1000 IU/kg in
trial 2 and zero and 500 IU/kg in trial 3.
Potency of the vitamin D2was verified by
rat line test (12) comparison with USP
vitamin D3reference standard.4 Diet and
tap water were made available for individ-
ual ad libitum consumption.

All animals (4 pigs per level of vita-
min D2 per trial except that only one pig
received the 10,000 IU7Xkg level) were

Illinois.
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weighed weekly. Blood was withdrawn on
3 occasions (initial, 3 weeks and final)
during each trial from the anterior vena
cava for the determination of levels of
serum calcium, inorganic phosphorus,
magnesium and alkaline phosphatase by
the methods of Mori (13), Gomorri (14),
Orange and Rhein (15) and Bessey et al.
(16), respectively. Determinations of bone
composition and strength were made by
methods used in previous studies (10, 11).
Statisti.—Lanalyses of data were performed
with application of the multiple range test
of Duncan (17).

RESULTS AND DISCUSSION

The results of growth, serum analyses
and sketetal measures of pigs in the 3
trials are summarized in tables 2, 3 and 4.

Growth and food consumption. Growth
and food consumption were depressed only
in pigs receiving no vitamin D in the diet.
All pigs receiving levels of dietary vitamin
D2of 100 1U/kg or greater ate and gained
normally in each trial (0.26 to 0.29 kg
daily gain, 0.40 to 0.44 kg daily food intake
and 0.60 to 0.65% efficiency of utilization
of food for body weight gain). Pigs re-
ceiving no vitamin D in the diet ate and
gained normally during the first 2 or 3
weeks of each trial but during the final
2 weeks of each trial growth rate was
greatly depressed. During the fourth week
of each trial some of these pigs exhibited
symptoms of magnesium deficiency 5 in-
cluding the stepping syndrome, tetany and
sudden mortality. Other pigs receiving no
vitamin D did not exhibit these symptoms
and survived to the end of the trial, ex-
hibiting classical symptoms of rickets, in-
cluding deformed limbs and great difficulty
in walking (fig. 1). Appearance of these
rachitic pigs was more typically that ob-
served in calcium deficiency (10) rather
than that in phosphorus deficiency (11).

SERUM STUDIES

Serum calcium. Three weeks after the
initiation of each trial, serum calcium
concentration was significantly depressed
in pigs receiving no dietary vitamin D.

4U.S.P. Reference Standards, New York.

5Miller, E. R.,, D. E. UIIrey C. L. Zutaut, B. V.
Baltzer, B. H. Vlncent D. A. Schmidt, J. A. Hoefer
and R. W. Luecke 1962 Magnesium requirement of
the baby pig. J. Animal Sci.,, 21: 1006 (abstract).
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TABLE 2
Growth, serum analyses and skeletal development of baby pigs fed
different levels of vitamin Do (trial 1)
Dietary vitamin Do concentration, 1U/kg
0 100 1,000 10,000

No. of pigs 4 4 4 i
Initial weight, kg 19 #0.11 19 %0.2 19 %0.2 1.9
Daily gain, kg 0.18 £ 0.02 0.28 £ 0.01»» 0.29 £0.02»» 0.29»»
Daily food intake, kg 0.32+ 0.05 0.42+0.02 0.44+0.02¢ 0.44»
Food/gain 1,80+ 0.11 1.52+ 0.02» 152+ 0.02“ 1.52»
Mortality, % 50 0 0 0
Serum Ca, mg/100 ml

Initial 111 #0.2 11.8 #0.4 11.7 %0.3 11.2

3 Weeks 9.2 1.0 11.6 +£0.2» 11.9 +0.6» 12.2»

5 Weeks 7.6 0.5 12.0 +0.5»» 12.4 £1.1»» 11.3»»
Serm inorganic P, mg/100 ml

Initial 6.2 +0.4 72 0.4 6.2 0.4 7.3

3 Weeks 75 *0.3 79 *0.3 81 0.4 9.2

5 Weeks 6.2 +1.3 7.7 0.4 75 0.4 7.3
Serum Mg, mg/100 ml

Initial 3.4 0.3 28 0.7 3.1 £0.2 3.0

3 Weeks 2.2 0.3 21 %0.2 2.2 0.2 2.7

5 Weeks 1.7 +0.2 24 0.1 2.3 +0.1»» 2.5»»
Serum alkaline phosphatase, Bessey-Lowry units

Initial 121 +0.4 124 *1.4 9.3 0.4 12,5

3 Weeks 188 *1.8 8.7 +0.8»» 8.5 +0.5»» 9.6»»

5 Weeks 39.6 +4.4 9.3 #0.3»» 7.7 £0.7™ 6.8»»
Humeral analyses, dry, fat-free basis

Ash, % 39.5 0.1 50.1 +0.5»» 49.8 +0.4»» 48.7»»

Ca, % 13.8 0.1 18.1 #0.3»» 17.8 +0.3»“ 17.6*

P, % 74 0.0 9.5 #0.1»» 9.4 #0.1»» 9.2»»

CalP 1.86 + 0.02 1.90+ 0.01 1.89+ 0.01 191
Specific gravity

Femur 1.14 + 0.00 1.20 £0.01»» 1.20 + 0.01»» 1.20»»

8th rib 1.18+0.02 1.26 £0.01»» 1.26 + 0.01»* 1.25»»
Weight, g

Femur 489 +1.4 63.5 +1.8»» 66.2 +2.4»» 68.8»»

8th rib 4.02+£0.05 6.12 £0.40»» 5.90+£0.94* 5.92»»
Femur strength 2

Breaking load, kg 56+5 90 +6»» 95 +4»» 9»»

Bending moment, kg-cm 108 +9 210 £47»» 218 £ 19» 228»»

Moment of inertia, cm4 0.15+ 0.01 0.14 + 0.01 0.16+ 0.01 0.18

Breaking stress, kg/cm 2 475 £44 1011 + 61»» 929 +44»» 908»»

1SE.

aSignificantly different from unsuPPIemented lot mean value (P < 0.05); aP < 0.01.

2For formulae, see Miller et al

Deficient animals that survived through-
out the entire trial had serum calcium
concentrations averaging 6 mg/100 ml
(4.8 to 7.9) at the end of the trial. All
animals receiving 100 IU or more of vita-
min Dj/kg of diet had essentially normal
serum calcium concentrations throughout
the studies.

Serum inorganic phosphorus. Serum in-
organic phosphorus concentration did not

become significantly depressed in vitamin
D-deficient pigs in trial 1; however, in
trials 2 and 3 serum inorganic phosphorus
concentration was significantly depressed
in those animals that survived to the end
of either trial. In the latter 2 trials, how-
ever, this measure did not become signifi-
cantly lowered until 2 weeks after a signifi-
cant depression in serum calcium had
occurred, indicating that the reduced con-
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TABLE 3
Growth, serum analyses and skeletal development of baby pigs fed
different levels of vitamin D2 (trial 2)
Dietary vitamin D2concentration, 1U/kg
0 100 500 1000

No. of pigs 4 4 4 4
Initial weight, kg 33 051 33 0.5 34 0.6 35 *0.8
Daily gain, kg 0.22+ 0.02 0.28+0.02* 0.28+0.02“ 0.28 + 0.04“
Daily food intake, kg 0.42+0.02 0.44+0.02 0.44+0.02 0.44 +0.03
Food/gain 199+ 0.12 1.62+0.09“ 1.64 £0.11» 1.63+0.12*
Mortality, % 50 0 0 0
Serum Ca, m g/100 ml

Initial 11.7 +0.3 115 0.4 11.7 +0.2 11.1 +0.2

3 Weeks 7.0 £0.5 9.7 0.4 106 +0.1* 10.8 £ 0.1*"»

5 Weeks 52 0.4 123 +0.1* 115 +0.7* 119 +£0.4*
Serum inorganic P, mg/100 ml

Initial 75 0.9 7.7 0.7 7.2 £0.5 6.8 +0.3

3 Weeks 8.4 0.5 81 +0.4 8.7 0.3 8.7 +0.2

5 Weeks 6.1 +0.3 76 0.4 76 0.7 74 0.5
Serum Mg, mg/100 ml

Initial 3.2 £0.2 3.0 0.1 2.8 10.3 2.7 £01.

3 Weeks 0.6 +0.2 22 +0.1 1.9 +0.1 20 0.1

5 Weeks 19 0.2 24 +0.1¢ 23 x0.1¢ 24 +£0.1“
Serum alkaline phosphatase, Bessey-Lowry units

Initial 11.8 +1.9 146 %3.0 95 1.0 95 £1.4

3 Weeks 39.1 %6.9 18.2 = 1.0a 143 +£1.7* 139 +2.5

5 Weeks 31.8 1.5 10.2 +£1.9 71 +0.3* 57 +£1.1"»
Humeral analyses, drv. fat-free basis

Ash. % 431 *1.4 48.0 * 1.2“ 472 +0.8“ 46.8 +1.7“

Ca, & 152 +0.7 174 +0.4*¢ 171 + 0.4¢ 172 +0.1¢

P. % 81 0.3 9.0 #0.3 8.9 0.2 8.7 +0.3

Cal/P 1.88+0.02 196 + 0.02* 1.95+0.01“ 1.97+0.00“
Specific gravity

Femur 1.14+ 0.00 1.19+0.01" 1.20+0.00™™ 1.19+ 0.01*

8th rib 1.18 + 0.00 1.24+0.01* 1.24 +0.00 1.25+ 0.00*
Weight, g

Femur 421 %15 539 4.2 583 +1.1* 442 +3.7

8th rib 3.97+0.90 6.06 £0.42 5.54 +0.28 5.00+0.12
Femur strength 2

Breaking load, kg 86 +10 114 +11 100 + 12 82+4

Bending moment, kg-cm 150+ 18 23224 207 £32 155 +9

Moment of inertia, cm4 0.12+ 0.01 0.13+£0.03 0.16 £0.03 0.09 £0.01

Breaking stress, kg/cm2 776 £44 1180 = 70 892 +9 1025 £+ 25

aSignificantly different from unsupplemented lot mean value (P < 0.05); aP < 0.01.

=Significantly different from mean value of lot receiving 100 IU/kg of dietary vitamin D2

(P < 0.05). i
2For formulae, see Miller et al. (10).

centration of serum inorganic phosphorus
may have resulted from poor phosphorus
utilization by the animal in a state of cal-
cium deficiency. This has been frequently
observed and is further indicated by bal-
ance studies.6 All pigs receiving vitamin
D2in the diet had normal levels of serum
inorganic phosphorus.

Serum magnesium.

Serum magnesium

levels were depressed in a majority of the
pigs receiving no dietary vitamin D, par-
ticularly in those animals exhibiting the

6 Miller, E. R, D. E. Ullrey, C. L. Zutaut,
Hoefer and R. W. Luecke 1963 Effects of dietary
vitamin D2 and magnesium upon calcium, phos-
Ehorus .and_magnesium utilization by the baby pig.
ederation Proc., 22: 491 (abstract).

J. A
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TABLE 4
Growth, serum analyses and skeletal development of pigs fed
different levels of vitamin D2 and magnesium (trial 3)

Dietary vitamin D2, IU/kg 0 0 500 500
Dietary Mg, ppm 350 750 350 750
No. of pigs 4 4 4 4
Initial weight, kg 26 £0.21 26 +£0.3 25 £0.2 26 =03
Daily gain, kg 0.17 + 0.01 0.15+ 0.01 026+ 0.01" 0.27 + 0.01"
Daily food intake, kg 0.34+0.01 0.31 + 0.01 0.40+ 0.01* 0.41+0.01*
Food/gain 1.95+ 0.15 2.10 % 0.12 157+ 0.10* 153+ 0.07“
M ortality, % 75 0 0
Serum Ca, mg/100 ml

Initial 109 *0.6 104 0.2 10.2 % 0.2 10.8 +0.3

3 Weeks 8.4 0.6 7.6 0.2 10.6 + 0.1“ 113 x0.2*

5 Weeks 5.2 58 +0.3 101 xo0.2" 109 x0.2*
Serm inorganic P, mg/100 ml

Initial 7.6 0.7 8.1 *0.5 8.7 0.2 8.6 * 0.6

3 Weeks 7.0 0.9 8.3 0.1 9.3 £0.8 8.9 1.6

5 Weeks 5.1 48 0.3 74 +0.2¢ 7.3 +0.1¢
Serum Mg, mg/100 ml

Initial 3.0 %0.1 3.0 £0.1 3.0 0.1 3.0 £0.3

3 Weeks 2.6 0.4 2.6 0. 2.6 * 0.2 2.7 0.1

5 W eeks 2.6 2.0 *0.2 2.7 £0.2» 2.6 *0.0
Serum alkaline phosphatase, Bessey-Lowry units

Initial 114 +0.4 124 +2.4 101 +1.3 9.7 %1.1

3 Weeks 33.9 +3.0 31.9 +4.4 128 *0.5“ 123 +1.4*¢

5 Weeks 28.8 28.1 + 2.8 99 *1.6“ 9.3 *1.4¢
Humeral analyses, dry, fat-free basis

Ash, % 38.5 +2.8 36.1 +1.3 50.0 +0.6“ 50.1 +0.9“

Ca, % 133 +1.0 124 +0.5 17.8 +0.3¢ 17.7 +x0.4*

P. % 7.2 +0.6 6.7 £0.3 9.4 +0.1" 9.4 +0.2*¢

Mg, % 0.33+0.01 0.33+0.01 0.45+0.03*“ 0.52+ 0.01°
Specific gravity

Femur 1.12 % 0.01 1.14+ 0.01 1.20+x 0.01" 1.21*0.01"

gth rib 1.18+ 0.01 1.16 £ 0.01 1.24+ 0.01“ 1.24+ 0.01"
W eight, g

Femur 325 £7.3 37.6 £5.5 63.0 +1.4¢ 59.0 +4.7

Humerus 29.3 +5.0 35.0 *0.8 533 +1.2¢ 51.9 +2.6

gth rib 3.3 £0.5 4.0 0.3 6.3 +£0.3“ 6.6 % 0.6
Femur strength 2

Breaking load, kg 47+ 3 501 100£5 110+ 9¢

Bending moment, kg-cm 73 +4 78+ 1 196+ 11" 217 +£20"

Moment of inertia, cma4 0.06 £ 0.01 0.07 £ 0.01 0.14 + 0.01" 0.16 + 0.02“

Breaking stress, kg/cm 2 669 £75 752+62 971 + 61" 963 £ 68"

1SE.

a Significantly different from mean value of eitger lot receiving no vitamin D (P < 0.01).

b Significantly greater than least value (P <

cSignificantly greater than all other values (P < 0.01).

2For formulae, see Miller et al. (10)

stepping syndrome and tetany. These pigs
either succumbed suddenly in tetany or
their serum magnesium values returned to
near normal and symptoms of severe
rickets appeared. Balance studies7revealed
poor magnesium absorption by the vitamin
D-deficient pigs. Meintzer and Steenbock
(18) improved intestinal absorption of

magnesium in rats with dietary vitamin D;
however, magnesium retention was not
improved. Worker and Migicovsky (19)
obtained similar results with chicks. Bech-
tel et al. (20) obtained reduced plasma
magnesium levels in some rachitic dairy

7See footnote 6.



VITAMIN Do REQUIREMENT OF THE BABY PIG

Fig. 1 Vitamin D-deficient pig exhibiting short weakened
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limbs typical of advanced rickets.

Walking was done with great difficulty. This pig (3-4) from trial 1 received a purified diet contain-
ing no vitamin D, 0.8% of Ca, 0.6% of P and 350 ppm of Mag.

calves. Some of the vitamin D-deficient
pigs in the present study did not have
reduced levels of serum magnesium and
did not exhibit symptoms of magnesium
deficiency. Huffman and Duncan (21)
have shown the vitamin D-sparing action
of magnesium in the diets of dairy cattle
and von Euler and Rydbom (22) ob-
served similar results in rats. In the third
trial higher levels of magnesium (750
ppm) were supplied to the diets of two of
the experimental groups of pigs to supply
some information on its vitamin D sparing
action in the pig. Data presented in table
4 do not indicate an increase in serum
magnesium levels as a result of increased
dietary magnesium. However, external
symptoms of magnesium deficiency were
delayed in vitamin D-deficient pigs receiv-
ing the additional dietary magnesium and
no deaths occurred in this group, whereas
3 out of 4 pigs in the vitamin D-deficient
group receiving the requirement level of

magnesium (350 ppm)8 died before the
end of the experimental period.

Serum alkaline phosphatase. Levels of
serum alkaline phosphatase have been
shown to increase in dietary deficiencies
of calcium (10) and phosphorus (11) but
not magnesium 9in the baby pig. In the
present study vitamin D-deficient pigs had
greatly elevated levels of serum alkaline
phosphatase. Increasing the level of die-
tary magnesium in trial 3 was without
effect in preventing this elevation. Dietary
vitamin D2at a level of 100 IU kg resulted
in a normal serum alkaline nhosphatase
concentration, and higher levels of vitamin
D2did not cause a further reduction.

BONE STUDIES

Humeral analyses. The humeri of baby
pigs receiving no dietary vitamin D con-
tained significantly reduced levels of ash,

8 See footnote 5.
9 See footnote 5.
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calcium and phosphorus. In general the
calcium concentration was more severly
affected than phosphorus concentration,
resulting in a reduced calcium-to-phos-
phorus ratio in the bone ash. Humeral
magnesium levels were determined in the
third trial and were significantly lower in
the vitamin D-deficient pigs. Additional
dietary magnesium did not significantly
alter the magnesium level of humeri in
the vitamin D-deficient pigs; however, it
resulted in a significant increase with pigs
receiving adequate dietary vitamin D. A
dietary vitamin D2 level of 100 IU/kg
appears adequate to provide for optimal
bone ash composition.

Specific gravity and weight. Absence
of vitamin D in the diet resulted in sig-
nificant reductions of rib and femur
weights and specific gravity. The degree
of reduction of these measures in vitamin
D-deficient pigs was similar to that ob-
served in previous studies of animals re-

Fig. 2
vitamin D (3-4) or 100 IU vitamin D2kg (1-5).

Longitudinal sections of eighth ribs from pigs

E. R. MILLER AND OTHERS

ceiving no dietary calcium (10) or 0.2%
of dietary phosphorus (11).

Femur strength. Vitamin D deficiency
resulted generally in an impairment of
strength characteristics of the femur.
Breaking load is primarily dependent upon
the diameter of the femur and the thick-
ness of the compact layer of the diaphysis.
This is apparent by comparing the values
of breaking load and moment of inertia in
tables 2, 3 and 4. Bending moment is a
more accurate term than breaking load
for indicating femur strength because it
considers femur length. Breaking stress
is perhaps the measure that best indicates
the degree of compact layer development
because it is a measure of femur strength
per unit of cross-sectional area. This is
illustrated by rather unusual data obtained
for breaking load and moment of inertia
of femurs of pigs receiving 1000 IU of vita-
min D2kg in trial 2 (table 3). For some
unexplained reason the femurs of these

receiving purified diets containing no
Note the wide and irregular zone of proliferating

cartilage and the chaotic condition of the line of ossification and the bony matrix in the rib of

the vitamin D-deficient pig.
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in diameter than
reduced values of

animals were smaller
normal, resulting in
breaking load and moment of inertia.
These femurs were not shortened, and
hence bending moment values were also
low. These femurs, however, had normal
breaking stress values because of the high
degree of development of compact layer
in the diaphysis. Femurs of pigs receiving
no dietary vitamin D were similar to osteo-
porotic femurs observed in calcium-defi-
cient pigs (10).

Pathology. Examination at necropsy
revealed only rachitic lesions in the vita-
min D-deficient animals. Fewer fractured
ribs were noted in these animals than in
calcium-deficient (10) or phosphorus-
deficient (11) pigs. There was some bead-
ing of the costochondral junctions but it
was not as exaggerated as in phosphorus-
deficient pigs (11). Histopathological find-
ings were similar to those observed in cal-
cium (10) or phosphorus (11) deficiency
with a more chaotic condition of the bony
trabeculae (fig. 2) similar to that observed
in vitamin D-deficient calves (20, 21). All
of the ribs from animals receiving dietary
vitamin D2 supplementation were essen-
tially normal. There was a tendency for
the zone of proliferating cartilage to be
somewhat wider in pigs receiving 100 IU
of vitamin D2kg of diet than in pigs re-
ceiving higher levels of vitamin D2

The serum and skeletal data from the 3
trials, together with the growth and path-
ological observations, demonstrate that
vitamin D deficiency symptoms develop
very rapidly in baby pigs deprived of die-
tary vitamin D2 and direct sunlight. The
data indicate that the minimal dietary
vitamin D2 requirement of the baby pig
under the experimental conditions of this
study does not exceed 100 IU/kg. Recent
studieslQll indicate that the dietary vita-
man D requirement may be increased by

type and level of dietary protein. This
consideration is under study.
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Effect of Dietary Protein Level on Cholesterolemia,
Thrombosis, Atherosclerosis and Hypertension
in the Rat

S. RENAUD anp C. ALLARD
Institut de Cardiologie de Montréal, Montreal, Canada

ABSTRACT The thrombotic syndrome induced in the rat by a hyperlipémie diet
containing laboratory chow, sodium cholate, butter and cholesterol was prevented by
increasing the protein content of the diet, without affecting the cholesterolemia. With
a purified diet, decreasing the protein level increased the cholesterolemic response;
thrombosis could be produced under these conditions, provided that the dietary casein
was decreased to approximately one-half of its normal level for the rat. With purified
diets, the thrombi were located at various sites: 1) in small vessels; 2) in large coro-
nary arteries with massive infarction ensuing; or 3) in the cardiac cavities. Aortic
fatty streaks and even atherosclerotic plagques were consistently observed within 7
months with hyperlipemic purified diets, irrespective of the dietary level of protein.
Although malignant hypertension increased the dietary-induced lipemia, as an addi-
tional factor it did not alter the thrombotic response of the rat to the protein level,
but induced the formation of severe coronary atherosclerosis. Under our experimental
conditions, hypercholesterolemia appears to be a prerequisite for both thrombosis and
atherosclerosis, but the incidence or the severity of the lesions do not necessarily
depend on the magnitude of the lipemie changes. The dietary level of protein appears
to markedly influence the experimental production of thrombosis, atherosclerosis and

hypertension in the rat, although not in the same direction.

A thrombotic phenomenon of high inci-
dence was produced in the rat by feed-
ing a simple hyperlipemic diet containing
a commercial laboratory chow2 supple-
mented with cholic acid, cholesterol and
butter (1, 2). Under our conditions as
well as those of other workers (3), throm-
bosis could not be reproduced by utilizing
a purified base instead of the commercial
laboratory chow in the thrombogenic diet,
the other elements (cholesterol, cholic
acid, and butter) being the same. It ap-
peared, therefore, that something in the
purified diet exerted an anti-thrombogenic
effect. In subsequent experiments it was
shown that this effect was not due to vita-
mins (4). As it was known that the dietary
protein level markedly affected the cho-
lesterolemic response in various species
(5-8), the influence of this factor was
investigated in rats, using in the diets
either laboratory chow or a purified base.
With the thrombogenic diet containing
laboratory chow, even if hyperlipemia was
maintained for several months, early
lesions of atherosclerosis were rarely ob-
served (1) unless the animals were ren-
dered hypertensive (9). With the purified
diets used in the present experiment, aortic

J. Nutrition, 83: *64

fatty streaks were always observed, even
in normotensive animals. The influence
of the dietary protein level on the hyper-
lipemic-hypertensive response of rats sub-
mitted to meta-corticoid hypertension was
also investigated. Finally, since it was
found that, in hooded rats, feeding the
hyperlipemic diet containing laboratory
chow induced lesions more severe than
those observed in albino rats (10), the
effects of 2 purified diets differing only in
their casein level were studied in this
animal. The purpose of the present paper
is to report the influence, in the rat, of the
dietary protein (casein) level on the pro-
duction of cholesterolemia, thrombosis,
hypertension and early atherosclerotic le-
sions and on the effects that these condi-
tions exert on each other.

EXPERIMENTAL

A total of 108 male albino and 24 male
hooded rats3with an initial body weight of

Received for publication December 18, 1963.

1Presented in part at the 6th International Congress
of Nutrition, Edinburgh, 1963. This investigation was
supported in part by research grants from the Medical
Research Council of Canada (Grant MA-1444) and
from the Jean-Louis Levesque Foundation.

2Purina Laboratory Chow, Ralston Purina Com-
pany of Canada.
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Fig. 1

Results are expressed as mean and standard error.

bosis.

130 to 140 g (exps. 1, 2 and 4) and 96
male albino rats weighing 100 to 110 g
(exp. 3) were used for this study. At the
beginning of the 4 experiments reported
here, each group comprised 12 rats. In the
course of these studies, several animals
were eliminated for various reasons; the
number of animals kept in each group is
listed in the corresponding table. Parts of
the experiment were repeated under the
same conditions, namely, on groups 1 and
4 of experiment 2 and groups 1 to 4 of
experiment 4. The results listed in the
2 tables constitute the data obtained from
both sets of observations, where applicable.

The rats were housed 6/cage and given,
ad libitum, tap water alone (exp. 4) or
tap water to which was added 187.5 mg/
1000 ml of oxytetracyclined to prevent
pulmonary infection (exps. 1to 3). How-
ever, from the first to the tenth week,
1% sodium chloride was added to the
tap water for groups 2 and 4 of experi-
ment 3. The diets, also given ad libitum.

Influence of dietary casein and sucrose on the total serum cholesterol,

S. RENAUD AND C. ALLARD

(in exp. 2).

Dagger (t) indicates death with throm-

all contained cholesterol 5%, sodium
cholate 2%, and salted butter 40%, and
in addition, at a level indicated in the
tables, the following constituents: casein,5
cellulose,6 sucrose, vitamin mixture7 and
salt mixture.8

3Quebec Breeding Farm, Saint-Eustache, P. Qué.,
Canada.

41n the form of quuamycin
Pfizer Company of Canada

5Casein (purified) and cellulose (Alphacel) were
obtained from Nutritional Biochemicals Corporation,
Cleveland.

6 See footnote 5.

7Vitamin diet
Biochemicals Corporation,
vitamin A, 900,000 units;
and (in g) atocopherol

kindly furnished by

fortification mixture

Cleveland), contained/kg:

vitamin D, 100,000 units;
5; ascorbic acid, 45; inositol,
5; choline chloride, 75; menadione, 225 p-amino-
benzoic acid, 5; niacin, 4.5; riboflavin, 1; pyrldoxme—
HCI, 1; thiamine HCI, 1; Ca antothenate 3; and
(in mg) biotin, 20; folic acid, 90; vitamin Blz, 1.35;
and dextrose to make 1 kg.

8Wesson, L. G. 1932 " A modification of the Os-
borne-Mendel salt mixture containing only inorganic
constituents, Science, 75: 339. Composition/100 g:
Ca carbonate, 21. 000; copper sulfate (5H20), 0039
ferric phosphate 1470 manganous sulfate anh
drous), 0.020; magnesium sulfate (anhydrous), 9.00
potassium aluminum sulfate, 0.009; potassmm chlo—
ride, 12.000; potassium dlhydrogen phosphate, 31.000;
potassium iodide, 0.005; sodium chloride, 10.500; so-
dium fluoride, 0.057; tricalcium phosphate, 14.900.
('Purz):hased from Nutritional Biochemicals Corpora-
tion.

(Nutritional



PROTEIN LEVEL AND THROMBOSIS IN RAT

In experiment 3 the hyperlipemic diet
was not initiated until the beginning of
the eighth week of the experiment; for the
first 7 weeks the animals were fed labora-
tory chow, as in previous studies (9). In
addition, groups 2 and 4 were also given
2 mg of desoxycorticosterone acetate
(DCA),9 5 days a week, for the first 7
weeks, by subcutaneous injection. Systolic
blood pressure was recorded regularly
under ether anesthesia by the microphonic
method. At given periods (see fig. 1 and
tables 1-4), 2 ml of blood were removed
from the jugular vein after 18 hours’ fast-
ing, under ether anesthesia. To assess the
degree of lipemia the total serum choles-
terol was determined on each rat by the
Trinder method (11), whereas the lipo-
proteins were estimated by electrophoresis
in paper (12) on the pooled sera of 5 ani-
mals (exp. 1). All determinations were
carried out in duplicate, on fresh serum.

The duration of each experiment is
listed in the corresponding table. At the
autopsy time, the survivors were Kkilled
with chloroform and all organs were ex-
amined under a stereoscopic microscope,
including the aorta, after being opened
longitudinally. All hearts, aortae, pan-
creas and kidneys were examined histo-
logically. The hearts were stained by
the periodic-acid-Schiff technique and the
other organs with hematoxylin-phloxine-
saffron. Each heart was sectioned at 3
levels; a positive reading for thrombosis
indicates that thrombi could be found in
each section if they were small and mul-
tiple, or at least in one if a thrombus was
present in a large coronary artery or in
a cardiac cavity. The aortic fatty streaks
were arbitrarily graded in terms of a scale
of zero to 3, by examination under stereo-
scopic microscope. These lesions were then
verified histologically. Hair loss was re-
corded, at its maximal severity, at 12
weeks.

RESULTS

Experiment 1, (table 1). Feeding male
albino rats the usual hyperlipemic diet
containing laboratory chow (group 1), of
which the protein content is approximately
11%, resulted in a 70% mortality rate
and an incidence of thrombosis also of

9 Generously supplied by Ciba Company of Canada.

o

g0

© 4

Coe 18

1Duration of experiment, 30 weeks; 10 animals/group.

COoen

SO

and butter, 40%.

cholic acid, 2% ;

2In addition to the elements listed in the table, the diets contained cholesterol, 5%;

#Mean + se.
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70% that occurred in the small heart
vessels and was of the type previously
reported (1). After some weeks of the
dietary feeding, the animals of group 1
also showed loss of hair at various sites of
their body. Addition of 13% casein at the
expense of chow (group 2) prevented the
occurrence of the syndrome, since after
30 weeks there was no mortality or throm-
bosis and in addition, at no time did loss
of hair occur in any of these animals.
However, there was no significant differ-
ence in the serum cholesterol or in the
percentage of a-lipoproteins at the eighth-
or fourteenth-week period between these
2 groups. In none of these animals were
aortic fatty streaks observed, and only the

valves showed some atherosclerotic in-
volvement.
Experiment 2 (table 2). With a puri-

fied diet, mortality occurred only in groups
1, 2 and 5, in which the casein level was
12% or less. It was also only in these
groups that a certain incidence of throm-
bosis occurred, the highest being in group
1, which received 11% of casein and 10%
sucrose. The thrombi, instead of always be-
ing located in the small cardiac vessels, as
was the case with the diet containing chow
(group 1, table 1), were sometimes seen
in the large coronary vessels (fig. 2) and
sometimes in the cardiac cavities (ven-
tricles and even auricles). When located
in the large coronary vessels, thrombi were
responsible for large infarcts, peripherally
delimited by inflammatory cells, mono-
and polynuclears.

Only in groups 1, 2 and 5 did a loss of
hair similar to that described in the first
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experiment occur. In contrast with the
first experiment, fatty streaks were de-
tected, particularly in the abdominal part
of the aorta, in some animals of all groups.
Sometimes, also, these fatty streaks were
found in the aortic arch or along the entire
length of the aorta. Histologically, the
fatty streaks were usually composed of
several layers of foam cells covered by
endothelial cells, with little fibrosis. How-
ever, in the ascending aorta in the vicinity
of the aortic valves and also on the mitral
valve of animals of group 4, large athero-
sclerotic plaques were frequently observed
(fig. 3). In the superficial layers, these
plagues were composed of fibrous tissue;
more deeply in the intima, they consisted
of a lipidic mass containing cholesterol
crystals. It is difficult to make an exact
comparison between the different diets
with respect to their atherogenicity, since
survival was not the same from group to
group and since all the animals presented
a certain degree of atherosclerosis. As a
compromise measure, when one-half of the
rats in group 1 had died, one-half of the
rats of groups 3 and 4 were Kkilled and
autopsied. Using this protocol, it appears
that group 4 with the highest level of die-
tary casein also had the most severe and
the highest incidence of atherosclerotic
lesions. As shown in figure 1, increasing
the level of casein at the expense of cellu-
lose from 11 to 34% decreased the level of
cholesterol, particularly until the twelfth
week. After the 12-week period, choles-
terol was not analyzed in group 1, because
from then on there were enormous varia-
tions from one animal to another and the

TABLE 2

Effect of dietary level of casein and sucrose on the production of thrombosis and aortic
fatty streaks in ratl

ro ;

Gnoyp Diet 2 N'%'t;)f
i Casein, 11% + sucrose, 10% 18
2 Casein, 12% -|-sucrose, 10% 10
3 Casein, 22% + sucrose, 10% 10
4 Casein, 34% + sucrose, 10% 22
5 Casein, 11% + sucrose, 23% 9

1 Total duration of experiment, 28 weeks.
21In addition to the elements listed in the table, the
5; cholic acid, 2; vitamin mixture, 2;

diets contained: (in perocent) butter, 40;

salt mixture, 4; and cellulose to make 100

Aortic fatty streaks

Throm-

Lg?s bosis, Inten- Mor-
hair (Inci- Inci- sity tality
dence) dence (scale

0-3)

% % %

+ o+ 50 50 1.3 83
+ 40 40 1.1 70

0 0 60 0.7 0

0 0 81 1.7 0

+ + + 30 44 1.4 66

cholesterol,
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results became difficult to interpret (1).
If the sucrose instead of the casein level
was increased (group 5), the serum cho- w8 o5 °0°
lesterol increased instead of decreasing.

Experiment 3 (table 3). The hyper-
lipémie diets either at 11% (groups 1 and

N
2) or 34% (groups 3 and 4) casein level, a %ig(a ®© 9 L o
increased the blood pressure of normo- aR
tensive (groups 1 and 3) and hypertensive N
(groups 2 and 4) animals. In addition, the ng B
hypertensive rats presented more severe tof v o o o
hypercholesterolemia (groups 2 and 4) £§_ﬁ o @
than did the normotensive (groups 1 and B :
3) . In groups fed the 34% casein diet ¢
(groups 3 and 4), this difference was par-
ticularly striking at the 12- and 18-week a i o @®
period. S 8 u o

Comparison of groups 1 and 3 shows the 99 9 o o
effect of the dietary casein level on the 9
cholesterolemic response. As noted in ex-
periment 2, an increase in the casein level L83 D o
resulted in a decrease in the cholester- O S S
olemia. This effect was no more evident ° B 320
when the animals were rendered hyper- ¢
tensive, since there was no significant dif- o
ference in the cholesterolemia between @ y N ©
groups 2 and 4 at the 12- and the 19-week w R m &5
period. However, hypertension appeared e e
to be more severe in group 4, with a high E: )
casein level, than in group 2, with a low
casein level.

At a low casein level, hypertension 0 © c-
slightly increased the mortality rate and e st
the incidence of cardiac thrombosis but s omoom m %3
markedly increased the incidence of fatty <
streaks (group 1 as compared with group e
2). At the high casein level, hypertension . Y 1 gU
(group 4) caused 40% mortality as com- cdoA A4
pared with none in group 3. Cardiac f N @ @ 0aS

thrombosis was not observed in normo-
or hypertensive animals fed at the high
casein level.

Histologically the thrombi in the heart
were located, as in experiment 2, in the
cardiac cavities or in large or small coro-
nary vessels. They were not multiple and
disseminated as observed with the chow-
containing diet (exp. 1). The most strik-
ing results were obtained with combined
hypertension-hyperlipemia (groups 2 and «£S
4). Although the fatty streaks of the aorta 0-co
were similar to those already reported
in experiment 2, severe atherosclerotic
lesions could be seen in the main coro-
nary arteries or their large branches of

w3 R

QPN
QPN +th
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hypertensive animals and specially of
group 4. They were characterized by a
marked thickening of the vessel wall, both
the intima and the media being involved,
with the presence of foam cells, but also
of marked reactive fibrosis. Cholesterol
crystals could also be observed in the
deeper part of the intima and in the media.
These lesions resulted in partial or com-
plete obstruction of the lumen and re-
canalization (figs. 4 and 5).

The kidneys of some animals of group
2 and of all those of group 4 presented
lesions of malignant nephrosclerosis. They
consisted of hyalinization of the arterioles,
the glomerular tuft capillaries and the
interstitial tissue. Cystic dilatation of the
tubules with numerous hyaline casts and
thrombosis in arterioles and capillaries
were also always present. All the animals
of groups 1 and 2 presented lesions of
nephrosis, as described previously (1).

Lesions of polyarteritis nodosa that
usually develop in rats fed laboratory
chow and rendered hypertensive with the
method used here, were not observed in
any animals of group 2 and in only 20%
of the animals of group 4.

Experiment 4 (table 4). The athero-
genic effects of high and low levels of
dietary casein were compared more ade-
quately in the following way: 1) by utiliz-
ing hooded rats, as these respond to hyper-
lipemic diet feeding by more constant and
more severe lesions than albino rats (10);
2) by killing and autopsying the survivors
when only 40% of the animals on the
low casein level (10%) (group 1) had
died. Under these conditions at least 6
animals of group 1 could be compared

S. RENAUD AND C. ALLARD

exactly with 10 animals of group 2. As a
result, but after only 24 weeks, the inci-
dence and the severity of the aortic fatty
streaks in group 1 (10% casein) were
observed to be approximately twice those
of group 2 (34% casein). The cholesterol
was also significantly higher in group 1
than in group 2 and the thrombi, which
occurred in group 1, were not located in
the large coronary vessels or the cardiac
cavities, but were seen in the small cardiac
vessels and were multiple, as in experi-
ment 1.

DISCUSSION

The feeding (13, 14) or the intravenous
injection (15) of certain natural bile acids
and particularly cholic acid, is known to

induce hypercholesterolemia in various
animal species. Under the present experi-
mental conditions in the rat, the addi-

tion of sodium cholate to a diet rich in
lipids results in hyperlipemia with serum
changes similar to those encountered in
essential hyperlipemia: milky serum, in-
crease in total cholesterol and total lipids,
decrease in the percentage of alpha lipo-
proteins and increase in the alpha2 frac-
tion (1). Utilizing this experimental condi-
tion, it has been shown here that, provided
the dietary protein level is 12% or less,
thrombosis can be produced by hyper-
lipémie diets in albino or hooded rats. On
the other hand, by increasing the protein
content of the diet, thrombosis can be
prevented completely with or without a
decrease in serum cholesterol. As a result
of an increased dietary level of casein, the
total calories of the diet were increased;
nevertheless, the hypocholesterolemic ef-

TABLE 4

Effect of dietary casein level on the production of hypercholesterolemia, thrombosis and aortic fatty
streaks in the hooded ratl

Fatty streaks

Grr‘gup CIZ\S/ZIIn Serum cholesterol Thrombosis, Inten- Mortality
: i incidence Inci- sity
of diet 2 Week 6 Week 10 dence (scale
0-3)
% mg/100 ml mg/100 ml % % %
i 10 856 +54 3 543 +48 30 90 2.2 40
2 34 419 = 38 321 + 47 0 40 1.1 0

1Total duration of experiment, 24 weeks; 10 animals/group,
a2 Edition to casein at a level indicated in the table, diets contained: fin per cent) butter, 40; cholesterol,
5; cholic acid, 2; salt mixture, 4; vitamin mixture, 2; sucrose, 10; and cellulose to make 100

3Mean = se
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feet (when present) and anti-thrombotic
effect of casein could not have been the
result of the increase in total calories,
since this effect could not be reproduced
by increasing the dietary level of sucrose.
It also appears that the anti-thrombotic
effect of casein was not a consequence of
its hypocholesterolemic effect, for the fol-
lowing reasons. In experiment 1, addition
of casein to the diet did not influence the
serum cholesterol or percentage of a-lipo-
proteins. In experiment 3, the hyperten-
sive animals fed at a high casein level ex-
hibited approximately the same degree of
cholesterolemia as animals fed at the low
casein level. However in these 2 experi-
ments, thrombosis occurred, in the period
of observation, only when diets were fed
at a low casein level.

In these diets, other factors in addition
to the protein level appear to play a role
in the production of hypercholesterolemia
and thrombosis. In the present experiment
and numerous others the cholesterolemic
response is much lower in animals fed a
chow-containing diet than a purified diet,
even when the protein level is the same.
In addition, the incidence of thrombosis
is lower when purified diets are fed and
thrombosis occurs in the cardiac cavities
or large coronary vessels instead of in the
small cardiac vessels. However, the fact
that thrombosis is not observed in every
instance does not necessarily imply that
thrombosis was not the cause of death.
When thrombi are multiple and dissemi-
nated. as when a chow-containing diet is
fed, they can be easily recognized on
routine histology. If they are larger but
small in number, they are more difficult to
locate unless serial sections are made for
every organ.

The loss of hair that occurs in animals
fed the thrombogenic diet was prevented
by increasing the dietary level of casein.
It is probable that this loss of hair results
from a certain amino acid deficiency.
However, more experiments are needed
to prove this hypothesis and to establish
whether there is any relationship between
the loss of hair and the occurrence of
thrombosis.

Another difference between chow-con-
taining and purified diets is that, within
7 months, aortic fatty streaks and even
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atherosclerotic plaques were consistently
observed in animals fed the purified diets,
whereas they never occurred with hyper-
lipémie diets containing chow, unless the
animals were rendered hypertensive (9).
This result, which serves to confirm the
work of others (3), was probably due to
the higher level of cholesterol obtained
with purified diets. With respect to the
influence of the protein level on the pro-
duction of atherosclerosis, it appeared that
in the albino rat, high levels of casein in-
creased the incidence and the severity of
the lesions. However, in hooded rats, the
opposite result was obtained. This is prob-
ably due to a difference in susceptibility
between these 2 strains of rats, since in
the 2 experiments there were only minor
variations in the experimental conditions
used. Conflicting results have also been
reported in the literature, according to the
experimental procedure and the animal
species utilized (16-19).

It is generally recognized that hyper-
lipemia and malignant hypertension con-
siderably increase the risk of coronary
heart disease in man. Here, in hyperten-
sive hyperlipemic animals severe coronary
atherosclerotic lesions were observed fre-
quently. Increasing the level of dietary
protein appeared to increase the hyperten-
sive response and also the severity of the
nephrosclerotic and atherosclerotic lesions.
Nevertheless, occlusive thrombosis was ob-
tained solely with a low protein diet.

From these experiments in the rat it can
be concluded that even though hypercho-
lesterolemia appears to be a prerequisite
for both thrombosis and atherosclerosis,
the incidence or severity of the lesions do
not necessarily depend on the magnitude
of the lipemie changes. The occurrence of
thrombosis is dependent on a low dietary
protein level rather than on the magnitude
of the cholesterolemic response. In contrast
with this, atherosclerosis can be produced
by diets with both a low or a high protein
level. With a high protein level, therefore,
thrombosis would not occur and coronary
atherosclerosis would have a chance to
develop wuntil complete occlusion was
reached. A similar result has recently
been reported in man (20). The coronary
occlusions observed in the Bantu consum-
ing a diet low in animal protein were
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PLATE 1

S. RENAUD AND C. ALLARD

EXPLANATION OF FIGURES

A thrombus completely occluding a large branch of the left coronary
artery of a rat of group 1 (exp. 2). The entire portion of the myo-
cardium seen in the figure is infarcted. Periodic-acid-Schiff. X 100.

A large atherosclerotic plague on a mitral valve near its attachment
on the atrioventricular annulus of a rat of group 4 (exp. 2). Although
the superficial part of the plaque is fibrotic, the deeper part is largely
composed of degenerated foam cells. Hematoxylin-phloxine-saffron.
X 100.

An atherosclerotic lesion in a coronary artery of a hypertensive-
hyperlipemic rat. Note the complete rupture of the internal elastic
membrane, the presence of cholesterol crystals and of numerous
smooth muscle cells in the lesion. Only a few muscle cells of the
media are normally located. Hematoxylin-phloxine-saffron. X 250.

A partially occluded and recanalized coronary artery of a hypertensive-
hyperlipemic rat. Periodic-acid-Schiff. X 150.
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Influence of Gelatin on Growth and Liver Pyridine
Nucleotide Concentration of the Rat*

J. R. SAVAGE2 AND A.

E. HARPER 3

Department of Biochemistry, Uyiiversity of Wisconsin, Madison, Wisconsin

ABSTRACT Growth and liver pyridine nucleotide concentrations (NAD-NADP)
of rats fed a 6% casein, niacin-deficient basal diet supplemented with either 12%
of gelatin or a mixture of indispensable or dispensable amino acids simulating the

amino acid composition of 12% of gelatin were determined. Growth was significantly

depressed by these supplements below that obtained for rats fed the basal diet. Trypto-
phan prevented the growth depression caused by gelatin or the mixture of indis-
pensable amino acids, but not that due to the mixture of dispensable amino acids.

The liver NAD-NADP of rats fed the diets that were not supplemented with tryptophan
were not markedly different. A tryptophan supplement increased the
NAD-NADP fed the basal diet or the the mixture of
indispensable acids, but produced only small increases fed the diets
containing gelatin or the mixture of dispensable amino acids. By feeding rats diets
containing various combinations of the dispensable amino acids in the quantities in

significantly

liver of rats diet containing

amino in rats

w hich they occur in 12% of gelatin, glycine or L-4-hydroxyproline were shown to be
responsible for both the growth depression, and the decreased synthesis of liver
NAD-NADP in response to a supplement of tryptophan. Rats fed diets containing

gelatin did not show a decreased ability to synthesize NAD-NADP when large amounts

of tryptophan were injected, nor did gelatin
tryptophan pyrrolase.

Supplements of tryptophan-deficient pro-
teins® such as gelatin and zein, when
added to diets lacking in niacin and low
in protein, cause retardation of growth and
development of niacin deficiency in rats
(1). Additions of various amino acids to
such diets also cause growth depressions
and deficiency signs analogous to those
induced by a supplement of gelatin (2).
Morrison and Harper (3) studied in some
detail the effects of additions of single
L-indispensable amino acids and mixtures
of L-indispensable amino acids in quanti-
ties simulating the composition of 12% of
gelatin on the growth of rats fed a low-
protein diet lacking niacin. They found
that only when L-threonine was present
in the amino acid mixture was there a
marked depression in the growth rate.

Morrison et al. (4) observed that a
supplement of tryptophan increased both
growth and liver pyridine nucleotide con-
centrations of rats fed a 9% casein, niacin-
deficient diet supplemented with threonine.
Tryptophan also stimulated the growth of
rats fed a similar diet supplemented with
gelatin but did not increase their liver
pyridine nucleotide concentration signifi-
cantly. These results agreed with earlier
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appear to interfere with the induction of

observations of Rosen and Perlzweig (5)
and supported their suggestion that gelatin
affected in some manner the ability of the
rat to utilize tryptophan for the synthesis
of liver pyridine nucleotides. The experi-
ments reported in the present paper were
undertaken to investigate the effect of
dietary additions of various amino acids on
liver pyridine nucleotide synthesis in re-
sponse to administration of tryptophan.

EXPERIMENTAL

Male weanling rats (Holtzman) weigh-
ing 40 to 50 g were housed in individual
suspended cages and were fed the basal
diet for 2 or 3 days to allow them to adjust
to the environment. The percentage com-
position of the basal diet was as follows:
casein, 6; DL-methionine, 0.3; salt mix-
ture,45; choline chloride, 0.15; corn oil, 5;

Received for publication January 15, 1964.
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mental Biology at Atlantic City, New Jersey, April
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water-soluble vitamin mixture (less niacin)
in sucrose,”0.25; and sucrose to make up
to 100. Fat-soluble vitamins were included
in the corn oil to provide the following
concentrations per 100 g of diet: vitamin
A, 400 IU; vitamin D, 40 1U; and a-tocoph-
erol, 10 mg.

After the adjustment period the ani-
mals were separated into groups of either
5 or 6 rats each so that the average weights
of the groups did not differ by more than
1 g. The various groups of rats were fed
the basal diet plus additions of gela-
tin, indispensable amino acids or dispens-
able amino acids and water ad libitum
for 14 days. The values for the average
amino acid content of gelatin were ob-
tained from tables in Block and Weiss
(6) with the exception of glycine. Block
and Weiss indicated the glycine content of
gelatin to be 15.7 g/16 g of nitrogen. How-
ever, Block and Bolling (7) reported the
glycine content as 23.6 g/16 g of nitrogen,
Tristram (8) reported 26.9 g glycine/16 g
of nitrogen and Sahyun (9) reported
25.5 g glycine/16 g of nitrogen. Thus an
average of these 3 values, 25.3 g glycine/
16 g of nitrogen, was used in these studies
as the glycine content of gelatin. Gelatin
or the amino acids were included in the
basal diet at the expense of sucrose. 1-iso-
mers of the amino acids were used with
the exception of DL-methionine. Each diet
was fed with and without a supplement of
0.1% L-tryptophan. All animals were
weighed 3 times weekly.

At the end of the experimental period
the rats were decapitated, their livers re-
moved within one minute, blotted dry and
frozen in a mixture of dry ice and acetone
to reduce possible destruction of the pyri-
dine nucleotides. One- to two-gram sam-
ples were homogenized in 10 ml of 2%
trichloroacetic acid; the supernatant fluid
was decanted after centrifugation and
frozen for later analysis. The total oxi-
dized liver NAD plus NADP was deter-
mined by the method of Feigelson et al.
(10). For each set of determinations, re-
coveries using 96% pure nicotinamide
adenine dinucleotideb ranged from 90 to
100%.

In the experiment in which tryptophan
pyrrolase activity was determined, Holtz-
man male rats weighing approximately
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100 g were fed by stomach tube 2 g of

gelatin or casein dissolved in 4 ml of
distilled water. The rats were injected
intraperitoneally with either 4 ml of

L-tryptophan solution (20 mg/'ml in 0.9%
NaCl) or 4 ml of a 0.9% NaCl solution.
They were decapitated 5 hours after the
injections. The livers were removed im-
mediately, chilled in ice, blotted dry and
1.0- to 1.5-g samples were homogenized in
10 ml of a cold 0.9% KC1 solution for
approximately 30 seconds. Two milliliters
of each homogenate were added to a flask
containing 5.0 nmoles of L-tryptophan and
0.05 m KHZ2P04 Glass-distilled water was
added to give a final volume of 3 ml. The
flasks were stoppered and incubated at
37°C in a shaker for one hour with air
as the gas phase. The reaction was
stopped by adding 1 ml of a 16% trichloro-
acetic acid solution to all flasks. All sam-
ples were run in duplicate and a zero-time
flask was included for each determination.
The precipitate was removed by centri-
fugation and the clear supernatant solu-
tion was decanted and frozen for later
analysis. This procedure is essentially that
described by deCastro et al. (11) with cer-
tain modifications as indicated above. The
kynurenine formed during the incubation
period was determined by the method of
Brown and Price (12).

RESULTS AND DISCUSSION

The results presented in table 1 show
that the addition of 12% of gelatin or a
mixture of indispensable amino acids
based on the composition of 12% of gela-
tin to a low-protein, niacin-deficient diet
produced an amino acid imbalance char-
acterized by marked growth retardation.
With both diets a tryptophan supplement
prevented the growth depression and en-
hanced the growth rate. Growth was also
depressed significantly (P < 0.01) when
the basal diet was supplemented with a
dispensable amino acid mixture providing
each dispensable amino acid in an amount
equivalent to that provided by 12% of
gelatin. This growth depression was not
prevented by the addition of tryptophan.

The liver pyridine nucleotide concen-
trations of rats fed the diets without the

5 See footnote 4.

6 Obtained from Sigma
Louis.

Chemical Company, St
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TABLE 1

Effect of tryptophan on the growth and liver pyridine nucleotide concentration of rats fed a low-
protein, niacin-deficient diet plus gelation or a mixture of the dispensable or indispensable
amino acids simulating gelatiti

Wt gain Liver NAD-NADP
Diet rats Without 0.1% W ithout 0.1%
L-tryptophan L-tryptophan L-tryptophan L-tryptophan
g/14 days g/14 days m/9 M /g
Basal diet 21 152+ 091 149+0.9 455 + 15 663+18
Basal+12% gelatin 24 3.0+ 0.6 61.9+ 2.2 493 +20 559+ 11
Basal+m ixture of 1-
indispensable amino acids 2 15 43+ 09 50.0+ 2.4 525+ 24 845 +25
Basal.-fmixture of In
dispensable amino acids 2 16 7.8+ 09 9.2+ 0.8 409+12 541 £11

1 Average value of several studies + se of mean.

2Mixture of L-indispensable and L-dispensable amino acids simulated the amino acid composition of 12%

of gelatin.

tryptophan supplement were not markedly
different (table 1). A supplement of
L-tryptophan increased the pyridine nucle-
otide concentrations of all groups but the
responses were quite different. The in-
creases in the livers of rats fed the basal
diet and the basal diet plus the indispens-
able amino acid mixture were 208 and
320 ug, respectively, wherease the increases
in the livers of rats fed the diets containing
gelatin or the dispensable amino acid mix-
ture were only 66 and 132 ag, respectively.
The results obtained with gelatin in this
study are in agreement with those of Mor-
rison et al. (4) and suggested further that
one or more of the dispensable amino acids
of gelatin might be responsible for the
decreased synthesis of pyridine nucleo-
tides.

To ascertain which dispensable amino
acid(s) of gelatin was responsible for this
effect, rats were fed the basal diet sup-
plemented with dispensable amino acids
in the quantities present in 12% of gelatin
(table 2, diets 3-10). Neither the addi-
tion of L-tyrosine, L-cystine and L-serine
together, nor the stepwise additions of
L-alanine, L-aspartic acid, L-glutamic acid
and L-proline to the basal diet, affected
growth significantly (P>0.01) (table 2,
diets 3—). A supplement of tryptophan
had no significant effect on the growth of
rats fed these diets. However, addition of
glycine or L-4-hydoxyproline, alone or to-
gether, (table 2, diets 8, 9 and 10) caused
a marked depression in growth. A trypto-
phan supplement prevented the growth

depression caused by L-4-hydroxyproline,
but not that caused by glycine or glycine
and L-4-hydroxyproline together.

Liver pyridine nucleotide concentra-
tions of rats fed the diets without a trypto-
phan supplement were not markedly dif-
ferent from the value obtained for the
group fed the diet containing gelatin. Liver
pyridine nucleotide concentrations of rats
fed the basal diet increased when the diet
was supplemented with tryptophan, but no
response to tryptophan was observed in
those fed the diet containing gelatin. The
addition of L-tyrosine, L-serine, L-cystine
and the stepwise addition of L-alanine,
L-aspartic acid, L-glutamic acid and L-pro-
line to the basal diet did not significantly
(P > 0.01) depress the liver pyridine nu-
cleotide concentration below the value
obtained for the group receiving the basal
diet supplemented with tryptophan. The
addition of either glycine or L-4-hydroxy-
proline, alone or together, depressed pyri-
dine nucleotide concentration to a value
just above that of rats receiving gelatin.

The depressing action of glycine and
L-4-hydroxyproline on growth and liver
pyridine nucleotide concentration was
studied further in rats fed the basal diet
supplemented with increasing levels of
either glycine or L-4-hydroxyproline. As
shown in table 3, increasing levels of
glycine in the diet caused a depression in
growth rate which was not prevented by
a supplement of tryptophan. The depres-
sion in growth was significant (P < 0.05)
when glycine constituted 3.08 and 4.62%
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of the diet. These are the amounts of
glycine that would be present in diets con-
taining 12 and 18% gelatin. In the ab-
sence of tryptophan, increasing levels of
glycine had no significant effect on liver
pyridine nucleotide concentration. How-
ever, increasing the level of glycine in
diets supplemented with tryptophan de-
pressed pyridine nucleotide concentration
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below that obtained with rats fed the basal
diet plus tryptophan. The depressions ob-
served when glycine constituted 3.08 and
4.62% of the diet were statistically sig-
nificant (P < 0.05).

Increasing the level of L-4-hydroxypro-
line did not affect growth to any marked
extent in the absence of added tryptophan.
Supplementation of the various diets with

TABLE 2

Effect of the stepwise addition of the i-dispensable amino acids as found in 12% of gelatin to a low-

protein, niacin-deficient diet on weight gain and

liver pyridine nucleotide concentrations

Wt gain Liver NAD-NADP
Diet Diet i .
no. W ithout 0.1% W ithout 0.1%
L-tryptophan L-tryptophan L-tryptophan  L-tryptophan
g/12 days g/12 days y-g/9 Rg/g
i 6% Casein 124+ 111 15.2+ 0.9 422 +14 645+39
2 Diet 1+ 12% gelatin 44+2.1 61.8+ 2.5 506+13 520+13
3 Diet 1+ L-tyrosine,
L-cystine and L-serine 10.0+ 1.1 148+ 2.2 451 17 598 +42
4 Diet 3 + L-alanine 12.0+0.8 158+ 0.7 505+47 620 = 29
5 Diet 4 + L-aspartic acid 10.6+ 1.5 16.8 + 1.6 466 +16 747 £22
6 Diet 5+ L-glutamic acid 120+ 25 122+ 0.4 449 £37 610+ 18
7 Diet 6 + L-proline 10.2+ 1.2 12.6 £0.6 441+12 610+23
8 Diet 7+ glycine 7.2+0.4 9.2+0.7 414 +28 572 +33
9 Diet 7+ L-4-hydroxyproline 6.8+ 1.2 149+ 138 489 32 554 + 25
10 Diet 7+ L-4-hydroxy-
proline + glycine 8.1+1.8 7.8+ 1.0 415+ 17 540+23
1 Average of 5animals * se of mean.
TABLE 3

Effect of graded increments of glycine and 1,-4-hydroxyproline on growth and liver pyridine

nucleotide concentration of rats fed a niacin-deficient 6%

casein diet with and

without a tryptophan supplement

Wt gain Liver NAD-NADP
Supplement W ithout 0.1% W ithout 0.1%
L-tryptophan L-tryptophan L-tryptophan  L-tryptophan
g/15 days g/15 days y-g/g y-g/g
None 174+ 341 158+1.5 499 +£42 661 £34
0.77% Glycine 15.8+ 2.3 14.4+ 0.5 478+16 576 +37
1.54% Glycine 122+ 2.3 158+1.3 500+18 589 +31
3.08% Glycine 7.8+2.2 104+2.8 488 £23 523+27 2
4.62% Glycine 8.0+1.6 8.2+3.0 461+ 21 552+16 2
g/10 days g/10 days
None 7.2+1.4 7.0£11 501 +33 693+ 22
0.40% L-4-Hydroxyproline 7.8+1.8 11.6+0.9 479+ 17 712+ 13
0.80% L-4-Hydroxyproline 114+ 15 13.8+1.6 484 +15 632+19
1.60% x.-4-Hydroxyproline 7.8+ 0.7 12.2+ 1.7 538 £33 608+22 3
2.40% L+-Hydroxyproline 8.0+ 2.4 12.8+1.0 454 + 44 599+38 3
1 Average of 5animals + se of mean. X n a | .
2 Significantly different fP < 0.05; from value obtained for rats fed no glycine suppiement.
3Significantly different (P < 0.05) from value obtained for rats fed no L-4-hydroxyproline supplement.
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tryptophan produced significant growth
increases (P < 0.05) at the 0.4 and 1.6%
levels of L-4-hydroxyproline but not at the
0.8 and 2.4% levels. The short duration
of this experiment (10 days) may partly
explain the variability of these results.
Liver pyridine nucleotide concentration
was not affected appreciably by increas-
ing the level of L-4-hydroxyproline in the
absence of added tryptophan but the pyri-
dine nucleotide concentration was signifi-
cantly lowered (P < 0.05) in the trypto-
phan-supplemented groups by the addition
of 1.6 or 2.4% L-4-hydroxyproline. These
are the amounts of L-4-hydroxyproline that
would be present in diets containing 12
and 18% of gelatin.

The toxic effect of high dietary levels of
glycine is well known (13). The growth-
depressing effect of glycine obtained in
these studies is essentially in agreement
with observations of Hardin and Hove
(14). Swenseid et al. (15) reported that
a combined supplement of L-tryptophan
and L-threonine could prevent a growth
depression caused by the addition of 4.9%
glycine to a low-protein diet but not that
caused by 7.5% glycine. In this study a
0.1% L-tryptophan supplement did not
prevent the growth depression caused by
either 3.08 or 4.65% glycine in a 6%
casein diet deficient in niacin.

Hydroxyproline has been reported to
have a depressing effect on growth when
fed at levels of 3.4% of the diet (16).
The L-4-hydroxproline content of 12% of
gelatin is only 1.6% . When this amount of
L-4-hydroxyproline was added to the basal
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diet supplemented with the other dispens-
able amino acids (exclusive of glycine)
growth was depressed (table 2, diet 9).
In contrast with these results no growth
depressions were observed when either 1.6
or 2.4% of L-4-hydroxyproline was added
alone to the basal diet. This suggests that
growth in rats can be affected by the bal-
ance between the other dispensable amino
acids of gelatin (exclusive of glycine) and
L-4-hydroxyproline. Since the addition of
tryptophan, the most limiting amino acid
in the diet, alleviated the growth depres-
sion caused by the dispensable amino acid
mixture containing L-4-hydroxyproline but
not glycine (table 2, diet 8 and 9), there
is a resemblance between this situation
and that resulting from the amino acid
imbalance caused by addition of the indis-
pensable amino acids (table 1).

The effects on growth and liver pyridine
nucleotides of adding glycine and 1-4-
hydroxyproline to the basal diet containing
a mixture of the indispensable amino acids
simulating the composition of 12% of
gelatin are shown in table 4. The addition
of tryptophan resulted in a marked growth
response in rats fed the diets containing
gelatin or the indispensable amino acid
mixture. The growth rate of rats fed the
indispensable amino acid mixture plus
glycine and L-4-hydoxyproline was only
69% of that of rats fed the indispensable
amino acid mixture. The liver pyridine
nucleotide concentration of rats fed the
indispensable amino acid mixture plus
glycine and L-4-hydroxyproline in the pres-
ence of the tryptophan supplement was

TABLE 4

Effect of glycine and 1,-4-hydroxyproline on the growth and liver pyridine nucleotide concentration
of rats fed a low-protein, niacin-deficient diet plus a mixture of the indispensable amino acids
simulating 12% of gelatin

Wt gain Liver NAD-NADP
Supplement W ithout 0.1% Without 0.1%
L-tryptophan L-tryptophan L-tryptophan  L-tryptophan
g/14 days g/14 days y-g/g y-g/g
12% Gelatin 48+0.6 1 54.8+4.3 444 + 22 539+13
Mixture of indispensable
amino acids 2.2+ 11 51.0+£3.8 495 +43 766 = 25
Mixture of indispensable amino
acid+ 3.08% glycine and
1.60% L-4-hydroxyproline 2 —0.2+ 1.0 35.4+ 3.7 522+44 575+26

1Average of 5animals + se of mean.

2 Amounts of glycine and i.-4-hydroxyproline equal to those provided in 12%

of gelatin.
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depressed below the value obtained for
rats fed the indispensable amino acid mix-
ture and was comparable to the value
obtained for the rats fed gelatin. This is
further evidence that glycine and 1-4-
hydroxyproline interfere in some way with
the synthesis of liver pyridine nucleotides
that normally occurs in response to a die-
tary supplement of tryptophan.

In an attempt to elucidate the mecha-
nism by which gelatin prevents this in-
crease in pyridine nucleotide concentra-
tion, rats were fed either casein or gelatin
by stomach tube and immediately given
an intraperitoneal injection of L-trypto-
phan (100 mg/100 g body weight). The
average tryptophan pyrrolase activities,
measured 5 hours following the trypto-
phan injection, are shown in table 5 and
indicate that gelatin under these condi-
tions did not interfere with the induction
of tryptophan pyrrolase, and that if a block
in the metabolic pathway between trypto-
phan and pyridine nucleotides occurs it
is not at this step.

TABLE 5

Tryptophan pyrrolase activity 5 hours after
injection of 1,-tryptophan into rats fed
casein or gelatin by stomach tube

Tryptophan pyrrolase activity 1

Protein
fed NacCl Tryptophan
injected injected
liméles kynurenine/g/hr
Casein 0.91 11.87
Gelatin 0.15 10.37

1Average of 5 animals.

Morrison et al. (4) showed that rats
maintained for 10 weeks with an 8%
casein-6% gelatin diet lacking niacin were
still able to utilize injected nicotinamide
for the synthesis of liver pyridine nucleo-
tides. Thus, it was of interest to test the
ability of rats maintained with a 6%
casein-12% gelatin diet for 2 weeks to
utilize injected tryptophan for the syn-
thesis of pyridine nucleotides. The liver
pyridine nucleotide concentrations 4 hours
after an intraperitoneal injection of L-tryp-
tophan (100 mg/100 g body weight),
shown in table 6, indicate that the ability
of the rats fed the gelatin-containing diet
to synthesize pyridine nucleotides from
tryptophan was not impaired. The levels
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TABLE 6

Effect of intraperitoneal injection of L-trypto-
phan on liver pyridine nucleotide concentration
of rats fed a diet containing 6% of casein with

and without 12% gelatin.
Liver NAD-NADP i
NacCl Tryptophan
injected injected
jig/g liver tig/g liver
6% Casein 544 856
6% Casein+
12% gelatin 606 1005

1Average of 4 animals.

at which tryptophan was injected in these
latter 2 studies were considerably higher
than the daily dietary intake of trypto-
phan of rats fed the various experimental
diets in the earlier studies and it may be
that this excessive amount of tryptophan
masked any effect the gelatin might have
had on the synthesis of liver pyridine
nucleotides.
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Protein Reserves: Evidence for Their Utilization under
Nutritional and Disease Stress Conditions 2

HANS FISHER, J. GRUN, R. SHAPIRO 2 and J. ASHLEY

Nutrition and Pathology Laboratories,
Rutgers, The State University, New Brunswick, New Jersey

ABSTRACT A series of experiments with growing chickens was carried out to
evaluate the possible significance of increased body N resulting from a super-normal
protein intake. The experimental animals were fed during a preliminary conditioning
period either a normal (22% ) or a super-normal (28% ) protein diet and then sub-
jected to 2 types of stress conditions: 1) they were given a low protein diet deficient
in an essential amino acid or a second diet which was further imbalanced through
the addition of an amino acid mixture devoid of the same limiting amino acid; and
2) after the birds had been fed the normal and super-normal protein diets for different
time intervals, they were inoculated with Newcastle Disease virus and mortality re-
corded. Parental immunity, as determined from hemagglutination-inhibition titers,
was also studied. It was consistently observed that chickens prefed the super-normal
protein diet had higher carcass N and gained more weight with the low protein, amino
acid-imbalanced rations than did the animals prefed the normal protein diets. The
former birds also showed greater parental immunity to and lower mortality from
Newcastle Disease virus inoculation. It was concluded that beneficial effects may be
realized from protein intakes beyond those necessary for optimal body weight gains.

Department of Animal Sciences,

Protein reserves have recently been
defined as “a moiety beyond current needs
which may be called upon to meet situa-
tions of privation or stress” (1). Halac
(2) has called attention to the improper
use of the term protein reserves in describ-
ing “the nitrogenous portion of the healthy
body which may be lost during dietary
privation when the body is obliged to rely
on its own tissues.” In a similar vein,
many studies have alluded to protein re-
serves when inadequate dietary protein
levels were compared with adequate ones
in relation to disease or other forms of
stress

The work of Holt and of Halac has been
concerned with an evaluation of the use-
fulness of any nitrogen moiety which
might be stored in excess of that laid down
in the body on protein intakes adequate
for “normal” growth or maintainance.
These workers (3) studied survival time
of rats fed protein-free diets, having pre-
viously received super-normal as compared
with normal protein diets. Other rats, sim-
ilarly fed, were subjected to swimming
tests in cold water, to X-ray exposure or to
injection with a central nervous system
stimulant.3 The rats that had been fed the
super-normal protein diets did not, under

J. Nutrition, s3: 64

any of these stress conditions, survive for
a longer period than did those given the
normal diet. It was therefore concluded
that protein reserves, as defined by Holt
(1), do not exist.

We have interpreted these studies differ-
ently. Since it is well known that protein
catabolism and efficiency of utilization de-
pend on prior dietary intake (4, 5), we
believe that total deprivation of protein
places animals previously given a super-
normal protein diet at a disadvantage.
Vaughan et al. (4) showed clearly that a
high protein diet interfered with the ability
of pigs to cope with the stress of sudden
protein deprivation; this resulted in a con-
siderably faster protein catabolism and
turnover than occurred with a more nor-
mal protein intake. Thus, in the studies
by Holt during the early days of total de-
privation, rats fed a super-normal protein
diet catabolized protein at a greater rate
than those previously given a “normal”
diet and major differences in survival
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would, therefore, not be expected. The
other stresses these workers applied do not
appear to be sufficiently specific in terms
of protein utilization to permit an unequi-
vocal answer to the problem.

The present studies were initiated to
compare the utilization of “normal” com-
pared with super-normal protein intakes
under more specific protein stresses. We
investigated the immunological response
of chicks to Newcastle Disease virus and
also their response to dietary stress in the
form of diets imbalanced with respect to
an essential amino acid. Our results sug-
gest that under these stress conditions
protein reserves, as defined by Holt, do
have a purposeful function in the protein
metabolism of the animal organism.

EXPERIMENTAL

General. Cross-bred male chicks were
used in all experiments. They were fed
either a 22 or 28% protein diet for 2, 3 or
4 weeks before being subjected to a par-
ticular stress. As will be indicated in the
tables of results, body weights at the end
of each preliminary conditioning period
were essentially the same for the chicks
maintained with either protein level. The
percentage composition of the basal diets
was as follows: sesame meal, 43.5 or 54.4;
corn oil, 3.0 or 5.0; dicalcium phosphate,
2.0; limestone with trace minerals, 1.0;
L-lysine-HCI, 1.1 or 1.3; sodium chloride,
0.5; choline chloride (70% cone), 0.3;
vitamins, 0.25; and glucose monohydrate
to 100. These diets had similar calorie-to-
protein ratios through the addition of extra
fat to the super-normal protein (28%)
diet.

A number of animals were Killed with
chloroform at the end of each conditioning
period for nitrogen (N) analysis. These
animals were starved for 12 hours,
weighed and Kkilled. The carcasses were
then dried to constant weight at 100°C in
a forced-draft oven, finely ground and
mixed, and triplicate samples taken for
N analyses. The analyses were carried out
by semi-micro Kjeldahl digestion, followed
by the colorimetric determination of am-
monium sulfate on the AutoAnalyzer (6).

Imbalance experiments. After an initial
feeding period with the 22 or 28% pre-
liminary conditioning diets, chicks were
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assigned to the experimental regimens.
They were given either a control diet which
supplied 13% protein and which was in-
adequate with respect to either the sulfur
amino acids or lysine, or the control diet
imbalanced by the addition of a 4% amino
acid mixture from which the Ilimiting
amino acid was omitted. The composition
of these diets as well as that of the amino
acid mixture was the same as used in
previous studies (7). The chicks were
given these diets for 1- to 3-week periods
and their weight gains recorded.

For the last experiment of this series
5 replicates of 10 chicks each were used
per treatment. In the other 3 experiments
duplicate groups of 5 or 10 chicks were
used per treatment. For the carcass analy-
ses 8 to 10 birds were Killed except for the
last experiment in which 25 were analyzed
from each preliminary conditioning group.

Immunological studies. The chicks used
in these experiments were progeny from a
flock that had been vaccinated periodically
against Newcastle Disease virus. These
vaccinations confer parental immunity of
approximately 3 weeks’ duration to the
newly hatched chick. In one experiment
the immune titer in serum was measured
by the hemagglutination-inhibition (HI)
reaction using the LaSota strain of New-
castle Disease virus to challenge chicks
that had been maintained with either the
22 or the 28% protein diet for a period of
4 weeks.

In another experiment chicks were in-
oculated with a given dosage of the Horo-
witz strain of Newcastle Disease virus
when they were 4 weeks old and after they
had been maintained with either the 22 or
28% preliminary conditioning diets. Fol-
lowing the inoculation they were main-
tained for a subsequent 2-week period with
a 13 or a 26% protein diet. In two other
experiments weekly inoculations were
made of separate groups of 15 to 20 chicks
that had been raised up to that time with
either the 22 or the 28% protein diets.
The GB strain of Newcastle Disease virus
was used (which is more virulent than the
Horowitz strain) and the mortality within
each age group as a percentage of the
number of chicks inoculated was recorded
as a criterion of differential immunity be-
tween the 2 groups receiving different lev-
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els of protein. In nonimmune birds of this RESULTS

age the expected mortality with the GB Imbalance experiments. Table 1 gives

strain, used |ntranasa”y, is between 90 a summary of 2 experiments in which

and 100%. chicks that had been raised with either a
TABLE 1

Effect of previous protein intake on the response of chickens to low protein diets
deficient in sulfur amino acids

Preliminary dietary protein level

Measurement
22% 28%
Experiment |
Starting weight, 4-weeks, g 429+ 61 423 +2
Carcass N, 4-weeks, % 9.26 £0.29 9.61+£0.09
7-Day gain with:
(A) Low protein, low sulfur amino acid diet,2g 111+8 112+7
(B) As (A) plus sulfur amino acid-deficient
amino acid mix,3g 99 +8 114+ 7
Experiment 2
Starting weight, 2-weeks, g 187 +3 184 +4
Carcass N, 2-weeks, % 8.64 + 0.33 8.94+0.31
21-Day gain with:
(A) Low protein, low sulfur amino acid diet,2g 141+ 12 141 +16
(B) As (A) plus sulfur amino acid-deficient
amino acid mix,3g 119+ 14 158+12

1Mean £ se.
2Thirteen per cent isolated soy-peanut protein diet; methionine content 2% of protein; for

composition see Fisher and Shapiro (7
3 A complete amino acid mixture for growing chicks from which the sulfur amino acids were
%rrr:itted (a7n)d added at 4% of diet; for composition of diet and amino acid mixture see Fisher and
apiro .

TABLE 2

Effect of previous protein intake on the response of chickens to low protein
diets deficient in lysine

Preliminary dietary protein level

Measurement
22% 28%
Experiment 1
Starting weight, 3-weeks, g 326+2 1 325+2
Carcass N, 3-weeks, % 9.71+ 0.11 10.10+ 0.16
14-Day gain with:

(A) Low protein, low lysine diet,2g 136 + 16 164 +20
(B) As (A) plus lysine-deficient amino acid mix,3g 96 +£20 129+20
Experiment 2

Starting weight, 3-weeks, g 363+5 359+4
N consumed (g/brrd/3 weeks) 19.1 22.5
Carcass N, 3 weeks, % 10.35+0.27 10.93+ 0.10
21-Day gain with:
(A) Low protein, low lysine diet,2g 303+ 10 358+13
(B) As (A) plus lysine-deficient amino acid mix,3g 219+ 9 25210

1Mean = se. i . i i " i
2 Thirteen per cent sesame protein diet, lysine content 4% of protein; for composition see Fisher

and Shapiro (7). i X ) i i i X
3 A complete amino acid mixture for growing chicks from which lysine was omitted and added

at 4% of diet; for composition of diet and amino acid mixture see Fisher and Shapiro (7).
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22 or 28% protein diet were subjected to
the stress of a low protein, sulfur amino
acid-imbalanced diet. In both experiments
the chicks that had been maintained with
the normal protein diet (22% ) grew more
slowly with the imbalanced diet than did
the corresponding chicks that had been
raised with the super-normal diet (28% ).
Thus, the chicks raised with the super-
normal protein diet were not affected by
the imbalance as were those raised with
the normal protein diet.

Table 2 gives the results of studies sim-
ilar to those presented in table 1 except
that lysine was the limiting amino acid.
Both of the experiments in table 2 show
the same trend, with the chicks prefed the
28% protein diet growing faster with the
imbalanced as well as with the control diet
than those prefed the 22% protein diet.
The differences in weight gain are statisti-
cally significant at P < 0.001 for the
groups fed the control diet (A) and at
P < 0.02 for the groups fed the imbalanced
diets (B).

The magnitude of the differences in car-
cass N was similar — namely, approxi-
mately 3% in all experiments (tables 1
and 2) — but significant (P < 0.05) only
for experiment 2 with lysine.

Immunological studies. Table 3 shows
the frequency distribution of HI titers for
Newcastle Disease virus of chicks raised
for 4 weeks with either the 22 or the 28%
protein diet. A Chi-square contingency test
indicated that the birds raised with the
28% protein diet had a significantly
greater immunity (P < 0.001) than those
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TABLE 3

Serum antibody titers for Newcastle Disease
virus of chicks after feeding either a normal
(22%) or a super-normal (28%) protein diet for
a 4-week period.

Frequency distribution of HI titers 1

Dilution Preliminary dietary protein level
22% 28%
% %
40 68 33
40-80 27 33
80-160 5 34

1Forty birds/group; serum hemaggluination-inhibi-

tion (H1) titers were determined after the 2 groups
had been fed the 22 and 28% protein diets, respec-
tively, for 4 weeks and using the La Sota strain of
Newcastle Disease virus to challenge the birds.

previously fed the 22% diet. Table 4
shows the weight gain of chicks pretreated
as before and inoculated at 4 weeks with
the Horowitz strain of Newcastle Disease
virus (mildly neurotropic, sublethal) and
maintained for 2 subsequent weeks with a
low (13%) and a high (26%) protein
diet, both diets properly balanced with re-
spect to amino acids. Chicks fed the low
protein diet after having been raised with
the 28% protein diet, gained more weight
than those from the 22% protein pretreat-
ment. There was no difference in growth
response between the chicks receiving the
high protein diet following virus inocula-
tion. Figures 1 and 2 show the mortality
rate (number that died as a percentage of
those inoculated) of chicks receiving either
the 22 (lot 1) or the 28% (lot 2) protein
diets of which separate groups were inoc-
ulated at weekly intervals with the more

TABLE 4

Weight gain of chicks inoculated with Newcastle Disease virus after being fed a normal (22%)
and a super-normal (28%) protein diet for a 4-week period

Measurement

Starting weight, 4 weeks, g

14-Day gain with:
Low protein diet 3
High protein diet 4

Weight gains of Newcastle virus-inoculated birds 1
Preliminary dietary protein level

22% 28%

501 +5 2 512+4
242+ 15 265+14
358+10 353+17

1Twenty-five birds/group were inoculated with the Horowitz strain of Newcastle Disease virus
after having been fed the normal and super-normal protein diets.

Mean *
|
ly

3nPer0vided 13% balanced protein from isolated soy, peanut meal and additional methionine plus
ysine.

4Provided 26% balanced protein from isolated soy, peanut meal and additional methionine plus
sine.



PROTEIN RESERVES

169

Figure 1

Figure 2

Figs. | and 2

Number of chicks that died expressed as a percentage of those inoculated
at weekly intervals with the GB strain of Newcastle Disease virus.
chicks had been fed diets containing either 22%

Until inoculation, the

(lot 1) or 28% (lot 2) protein. For the

results given in figure 1, the first group of chicks was inoculated immediately after hatching
(1-day-old); for figure 2, the first chicks were inoculated after having been fed their respec-

tive diets for one week.

neurotropic and lethal GB strain of New-
castle Disease virus. In both studies there
was a lower mortality for the chicks that
had been fed the 28% protein diet.

DISCUSSION

The results presented suggest that a pro-
tein intake in excess of that required for
“normal” growth of chicks can be utilized

to advantage when the animals are sub-
jected to certain types of stress such as
represented by certain amino acid imbal-
ances and by Newcastle Disease virus. As
was stated in the introduction, we are of
the opinion that our results are not in
conflict with those reported by Holt and
Halac (1-3); instead, we feel that the
stress imposed in our studies reflects more
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specifically upon the protein needs of the
animal than did the stress conditions im-
posed by the New York University group.

The immunological studies presented
herein for Newcastle Disease virus are at
variance with the observations reported by
Boyd and Edwards (8) who showed a
greater mortality in chicks given a 30%
compared with a 15% protein diet after
inoculation with Newcastle Disease virus.
This type of study, so commonly made,
compares a normal with a suboptimal pro-
tein intake. These workers also made no
reference to parental immunity, nor to
changes in protein quality in shifting from
a 15 to the 30% protein diet.

Our disease studies are similar to those
of Ritterson and Stauber (9) who showed
with an intracellular parasite that excess
dietary protein favored the survival of the
host. In the nutrition-disease interaction
of our studies, parental immunity is a con-
tributing factor in survival. Figures 1
and 2 show clearly that parental immunity
declines with age as noted from the in-
creasing mortality with the older groups of
chicks, but is modified in the groups fed
the excess protein. These observations may
be worth considering in Newcastle Disease
vaccination, even though the mechanism
of the interaction is unknown.

The results in tables 1 and 2 suggest a
difference in response between lysine and
sulfur amino acid-deficient diets. This dif-
ference is probably due to the extent of the
amino acid limitation. Thus, lysine was
relatively more limiting than the sulfur
amino acids and this probably explains the
growth differential with the lysine-low con-
trol diet. This explanation is supported by
the better growth with the sulfur amino
acid-limiting diets than with the lysine-
deficient diets (compare the 7-day gains,
exp. 1, table 1, with those of the 14-day
gains, exp. 1, table 2), and also by the
greater growth depression with the lysine-
deficient diets as a result of adding the
amino acid mixture.

SHAPIRO AND J. ASHLEY

It may be questioned whether 22% pro-
tein is really a satisfactory level for grow-
ing chicks or whether a higher level that
permits a higher carcass N should not be
considered normal. We believe this to be
a question of semantics in much the same
way as a discussion of “normal” growth.
The important consideration, however,
should be the realization that with very
high protein intakes growing chickens re-
tain dietary N which may be of value
under specific stress conditions, although
of little or no import under nonstress con-
ditions.

ACKNOWLEDGMENTS

The authors are grateful for the techni-
cal assistance of Miss Elaine DeBolle and
Hans Lutz and Eugene Borbely.

LITERATURE CITED

1. Holt, L. E., Jr, E. Halac, Jr. and C. N. Kajdi
1962 The concept of protein stores and its
implications in diet. JAM.A. 181: 699.

2. Halac, E., Jr. 1962 Studies of protein re-
serves. The relation between protein intake
and resistance to protein deprivation. Am.
J. Clin. Nutrition, 11: 574.

3. Halac, E.,, Jr. 1961 Effects of stress on
animals fed high protein diets. Am. J. Clin.
Nutrition, 9: 557.

4. Vaughan, O. W. L. J. Filer, Jr. and H.
Churella 1962 Influence of prior dietary
protein levels on resistance to the stress of
protein depletion. Pediatrics, 29: 90.

5. Muramatsu, K., T. Sato and K. Ashida 1963
Dietary protein level and the turnover rate
of tissue proteins in rats. J. Nutrition, 81:
427.

6. Ferrari, A. 1960 Nitrogen determination by
a continuous digestion and analysis system.
Ann. N. Y. Acad. Sci., 84: 792.

7. Fisher, H., and R. Shapiro 1961 Amino
acid imbalance: Rations low in tryptophan,
methionine or lysine and the efficiency of
utilization of nitrogen in imbalanced rations.
J. Nutrition, 75: 395.

8. Boyd, F. M., and H. M. Edwards, Jr. 1963
The effect of dietary protein on the course of

various infections in the chick. J. Infect.
Dis., 112: 53.
9. Ritterson, A. L. and L. A. Stauber 1949

Protein intake and leishmaniasis in the ham-
ster. Proc. Soc. Exp. Biol. Med., 70: 47.



Effect of Propionate on the Dietary Vitamin BJ2 Biotin
and Folic Acid Requirement of the Rat*
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ABSTRACT Weanling rats fed a control diet free of biotin, folic acid and vitamin
B12 showed no growth response to dietary additions of these vitamins. However, when
5% sodium propionate was included in the diet marked depressions in growth rate
and diet intake were observed. A significant response in growth rate resulted when
vitamin Bi2 was included in the propionate diets. A significant response to biotin was
observed during the early part of the trial, but this was not sustained. The very
small response to folic acid was not statistically significant. In a second experiment,
in which zero, 3 and 6% sodium propionate were included in the diet, vitamin B]2
was again partially effective in preventing depressions in growth rate and diet intake,

and was more effective with the 3% than the 6% propionate diet.
of vitamin Bi2kg of diet was fully as effective as higher levels.

A level of 25 fig
The possibility of

using propionate as a constituent in vitamin BX assay diets is suggested.

The critical role of vitamin Bu in pro-
pionate metabolism in the sheep has been
demonstrated by Marston and co-workers
(1). By using propionate tolerance tests
with sheep and in vitro studies with liver
homogenates of sheep (1) and rats (2)
it was clearly indicated that in vitamin B2
deficiency the ability of the animal to
convert methyl malonate to succinate is
seriously impaired. More recently Hart-
man and Dryden (3) reported that dietary
propionate or other odd-carbon short-chain
fatty acids, including formate, intensified
the depression in weight gains in vitamin
Bi2defieient rats. Methyl malonate had a
similar effect, but succinate or even-carbon
short-chain fatty acids did not affect
growth.

It is normally difficult to demonstrate a
growth response to dietary vitamin BL in
young rats without prior depletion of the
adult female, prevention of coprophagy
(4) or the use of thyroid (5), or iodinated
casein (6). It therefore seemed worth-
while to learn whether the addition of
propionate to the diet of young undepleted
weanling rats might be a simple expedient
in accomplishing this objective. The par-
ticipation of biotin in propionyl carboxyl-
ase reactions (7, 8) and the observation of
Marston et al. (1) that folic acid deficiency
occasionally accompanies an induced vita-
min Bi2 deficiency in sheep, prompted the

J. Nutrition, 83: 64

present study to determine whether pro-
pionate feeding might also influence the
dietary need for these 2 vitamins.

EXPERIMENTAL PROCEDURE

Experiment 1. One hundred forty-four
weanling (40 to 50 g) female rats (Holtz-
man) were randomly assigned to 16 die-
tary treatments (9 rats /treatment) ar-
ranged as a 2“factorial and continued on
these treatments for 39 days. The experi-
mental variables included 2 basic diets
(control and sodium propionate) as shown
in table 1, and 2 levels each of vitamin
B2 (zero, and 50 ug/kg of diet), biotin
(zero, and 0.75 mg/kg of diet), and folic
acid (zero, and 3.0 mg/kg of diet). Thus,
all combinations of the 4 variables were
included. Sodium bicarbonate was added
to the control diets to approximately equal-
ize the sodium content. The animals were
housed in individual wire cages and al-
lowed the appropriate diet and water ad
libitum. They were weighed semi-weekly
and feed consumption was recorded. The
accuracy of the measurements of feed
consumption was affected by a tendency
for the diets containing propionate to be
hygroscopic. During the first 2 days of
the trial an attempt was made to use diets
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TABLE 1

Diet composition

Experiment 2

Experiment 1

Sodium propionate level

Control  Propionate
0 3 6
% % % % %
Casein 1 20.0 20.0 20.0 20.0 20.0
Sucrose 67.12 66.5
Dextrose 64.0 61.0 58.0
Cornoil2 2.5 2.5 5.0 5.0 5.0
Salt mix 3 2.0 2.0 4.0 4.0 4.0
Cellulose 4 3.0 3.0 5.0 5.0 5.0
Vitamin supplement5
(except vitamin Bu,
folic acid and biotin) 1.0 1.0 206 206 2.06

Sodium bicarbonate 4.38 —
Sodium propionate (N.F.) — 5.0 0.0 3.0 6.0

1Vitamin-free Casein, Nutritional Biochemicals Corporation, Cleveland.

2Mazola, Com Products Company, Argo, Illinois.

3Phillips-Hart IV (plus CoCl2), Nutritional Biochemicals Corporation, Cleveland; contained: (in
per cent) K2POs4, 32.2; CaCO03, 30.0; NaCl, 16.7; MgS04-H20, 10.2; CaHPO04-2H20, 7.5; FeCaHs07,
2.75; MnS04, 0.51; KI, 0.08; CuS04, 0.03; ZnCl2, 0.025; CoCl2 0.005.

4Solka Floe, Brown Company, Berlin, New Hampshire.

5Vitamin Diet Fortification Mixture, Nutritional Biochemicals Corporation, Cleveland: contained
(per kg) vitamin A, 900,000 IU; vitamin D, 100,000 IU; a-tocopherol, 5.0 g; ascorbic acid, 45.0 g;
inositol, 5.0 g; choline-Cl, 75.0 g; menadione, 2.25 g; p-aminobenzoic acid, 5.0 g; niacin, 4.5 g;

pyridoxine-HCI, 1.0 g; thiamine-HCI, 1.0 g; Ca pantothenate, 3.0 g; riboflavin, 1.0 mg; remainder,

dextrose.
6Folic acid and biotin also included.

containing 10% sodium propionate, but
acute palatability problems were encoun-
tered. Four animals died during the early
stages of the experiment, apparently due
to their inability to adjust to the propionate
diet. Appropriate missing plot data were
calculated in these instances.

Experiment 2. In a second experiment
120 weanling (40 to 50 g) female rats
(Holtzman) were randomly divided into
12 groups of 10 each and fed the experi-
mental diets (table 1). Basic diets were
altered somewhat from those used in ex-
periment 1. Treatments consisted of 3
levels of sodium propionate (zero, 3% and
6% ) and 4 vitamin B1 levels (zero, 25,
50 and 100 ug/kg) arranged factorially.
Sodium bicarbonate was not added to the
control diet in this experiment. The ani-
mals were continued on experiment for
21 days and all experimental procedures
were comparable with those of experi-
ment 1.

RESULTS AND DISCUSSION

In experiment 1 no significant differ-
ences in growth rate (table 2) or feed
consumption (table 3) were observed when
any combination of the 3 vitamins tested
was added to the control (bicarbonate)
diet. The increase in growth rate and feed
consumption attributable to the inclusion
of vitamin B,2 in this diet amounted to
only 3.8 and 0.2%, respectively, at 39
days. The inclusion of biotin or folic acid,
or both, resulted in even smaller increases
at this time. However, when 5% sodium
propionate was present in the diet a
marked depression in growth rate was
observed, along with a lesser depression
in diet intake. The presence of supple-
mentary vitamin Bi2to the propionate diet
resulted in a highly significant (P < 0.01)
growth response (fig. 1) as well as an
increase in feed consumption. This dem-
onstrates clearly that a mild vitamin Bi2
deficiency can be induced in the rat by
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the addition of sodium propionate to a
basal diet which itself does not result in
such a deficiency.

The growth curves in figure 2 suggest a
similar, but less marked effect of propio-
nate on the biotin requirement during the
first 2 to 3 weeks of the trial. At 18 days
the rats fed the propionate diet supple-
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mented with biotin were significantly
heavier (P < 0.01) than their controls. The
response to biotin, however, was not sus-
tained to the end of the trial, so that gains
for the entire trial were not significantly
affected. The very small response to folic
acid was not statistically significant. A
biotin by folic acid interaction (P < 0.05)

TABLE 2

Effect of added biotin, folic acid and vitamin JJ2 on the growth (body weight) of rats fed diets
containing sodium propionate or sodium bicarbonate (exp. 1)

No biotin Biotin
Diet No i No i Avi Increase
og G U i
9 9 9 9 9 %
Average gain in body weight to 18 days
Control (bicarbonate)
No vitamin B12 68.1 1 70.0 69.2 74.6 70.4
Vitamin Bi2 74.8 67.9 4.7 71.9 72.3 2.6
Average 70.2 72.6
Increase, % 3.4
Propionate
No vitamin B12 39.0 38.2 47.3 50.2 43.7
Vitamin B12 50.3 57.6 58.2 60.4 56.6 29.52
Average 46.3 54.0
Increase, % 16.6 2
Average gain in body weight to 39 days
Control (bicarbonate)
No vitamin B12 133.4 132.1 125.9 139.1 132.6
Vitamin B12 138.1 131.9 136.4 144.1 137.6 3.8
Average 133.9 136.4
Increase, % 1.2
Propionate
No vitamin B12 88.4 92.4 89.3 85.9 89.0
Vitamin B2 114.7 120.4 108.7 122.0 116.4 30.8 2
Average 104.0 101.5
Increase, % -2.4
1 Represents an average of 9 rats.
2 Statistically significant (P < 0.01).
TABLE 3

Effect of added biotin, folic acid and vitamin B12 on the feed consumption of rats fed diets containing
sodium propionate or sodium bicarbonate (exp. 1)

No biotin
Diet Mo Folic
faocli'g acid
9 9
Control

No vitamin B12 517.01 534.0
Vitamin B12 542.8 544.9

Propionate
No vitamin B12 365.6 434.4
Vitamin B12 435.0 459.4

1Represents an average of 9 rats for 39 days.
2Control > propionate (P < 0.01).

Biotin
No : Avi Increase
) Folic 9

f;’gi'g acid

9 9 9 %
559.4 542.4 538.2
531.0 538.8 539.4 0.2
470.0 416.7 421.7 2
455.6 442.2 448.1 6.3
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Fig. 1 Growth curves of rats fed control (bi- Fig. 2 Growth curves of rats fed control (bi-
carbonate) or propionate diets with and without carbonate) or propionate diets with and without
additional vitamin B12 (trial 1). additional biotin (trial 1).

TABLE 4

Effect of varying levels of sodium propionate and vitamin Bt2 in the diet
on the growth (body weight) of rats (exp. 2)

Vitamin B12, /;9/kg

Sodium
propionate 0 25 50 100 Avg
% 9 9 9 9 9
0.0 95.81 98.9 97.1 91.9 95.9
3.0 68.7 93.3 84.0 92.9 84.7
6.0 58.1 72.4 71.0 68.8 67.6
Average 74.2 88.2 84.0 84.5

1Ten rats/group; average total weight gained/rat in 21 days.

TABLE 5

Effect of varying levels of sodium propionate and vitamin BI2 on the
feed consumption of rats (exp. 2)

Vitamin B12, /ig/kg

Sodium
propionate 0 25 50 100 Avg
% 9 9 9 9 9
0.0 25261 260.7 255.0 251.5 255.0
3.0 192.1 239.3 220.1 241.6 223.3
6.0 176.6 188.7 191.6 186.9 186.0
Average 207.1 229.6 222.2 226.7

1Ten rats/group; average total diet consumed/rat in 21 days.
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was observed in diet consumption. This
was apparently due to a slightly greater
response in diet intake in the propionate-
fed rats due to biotin or folic acid individ-
ually than to the combination of both.
The biological significance of this inter-
action may be questioned, however, espe-
cially since it was not associated with like
changes in growth rate. No other inter-
actions were detected.

In experiment 2, statistically significant
(P < 0.01) differences in growth rate and
feed consumption due to propionate level
and vitamin B2 were observed (tables 4,
5). The interaction between propionate
and vitamin BXRlevels in both growth rate
(table 4) and diet consumption (table 5)
were also significant (P < 0.05). The pro-
pionate effect was quite marked, and
greater depressions in both growth rate
and diet consumption were observed with
the diet containing the higher level of
propionate. Again as in experiment 1 no
response to vitamin B2was apparent when
no propionate was included in the diet,
but a significant response to vitamin BR2
was observed with the propionate diets.
Increasing the levels of vitamin Bu supple-
mentation failed to increase the growth
response, indicating that a level of 25 ug/
kg of diet was adequate even at the higher

TIME (DAYS)

Fig. 3 Growth curves of rats fed diets varying
in propionate content with and without additional
vitamin B2 (trial 2).
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level of propionate fed. Vitamin B was
more effective in stimulating growth (fig.
3) with the diet containing 3.0% sodium
propionate (average increase of 21.4 g)
than with the diet containing 6.0% sodium
propionate (average increase of 12.6 g).
This appears to be due in part at least to
the tendency toward reduced feed con-
sumption with increasing levels of pro-
pionate.

Further studies using graded levels of
vitamin B,2ranging between zero and 25
ug/kg of diet are needed. The data re-
ported herein, however, together with
those of Hartman and Dryden (3) suggest
the possibility of using propionate as a
dietary constituent in vitamin Bi2 assays
with weanling rats from undepleted stock.

To the authors’ knowledge, an effect of
feeding propionate on the dietary biotin
requirement of the rat has not previously
been reported. The lack of a sustained
biotin response may have been due to
destruction with time of the supplemen-
tary biotin in the diets, or to an adaptation
of the rats to the propionate diets in re-
spect to their biotin requirement. Further
studies will be required before the effect
on biotin can be considered conclusive.
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