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ABSTRACT A study was undertaken to determine the effect of varying periods of 
undernutrition in postnatal life on the size and chemical composition of the brain in 
rehabilitated adult animals. Four groups of male albino rats were drawn from litters 
of 16 pups nursed by an undernourished dam. One group was weaned at 3 weeks to a 
diet of 18% casein. Three similar groups were fed a 3%  protein diet until 5, 7 and 
9 weeks of age. A diet of 18% protein was then fed until the rats were 19 weeks old. 
The growth, and brain size and composition of these nutritionally deprived groups were 
compared with those of littermates adequately nourished from birth. Undernutrition 
during suckling caused a degree of stunting of body size that was only partially reversed 
by nutritional rehabilitation. Brain size and brain DNA were depressed by undernutri
tion in the preweaning period but were not affected further by deprivation in the post- 
weaning period. They did not respond to an adequate diet. Brain size was less affected 
than total body size. Cholesterol levels of brain were significantly and irreversibly 
depressed if undernutrition occurred through 5 weeks of age but responded to earlier 
rehabilitation. Phospholipid phosphorus and RNA content of brain were similar in all 
groups. The chemical composition of the smaller brains of the deprived animals was
not significantly different on the basis of 
larger brains of the well-nourished animals.

Studies of children who have suffered 
severe protein-calorie malnutrition in early 
infancy suggest that brain size and in
tellectual development suffer a degree of 
damage that is refractory to subsequent re
habilitation (1 -4 ) . Results of these studies 
are difficult to interpret because of the in
teraction of antecedent and subsequent en
vironmental, cultural, and nutritional de
terminants. Thus it has become necessary 
to rely on animal studies where more pre
cise controls are possible to determine 
whether a relationship exists between the 
plane of nutrition in early life and subse
quent brain development.

Previous research has assessed separately 
the effect of undernutrition in the pre
weaning and postweaning periods. Al
though there have been reports of the effect 
of underfeeding from birth into the post- 
weaning period on behavior in rehabilitated 
adult animals (5 ), little attention has been 
given to its effects on brain growth and 
composition.

Investigators who have fed pups in large 
litters or who have restricted feeding times 
have found that the growth of the brain is 
significantly depressed by undernutrition 
during suckling (6 -8 ) . In addition, Dob- 
bing (9 ) noted a depressed cholesterol con-

percentage composition than that of the

tent, and Culley and Mertz (8 ) , lower 
cholesterol, cerebroside and phospholipid 
values in deprived animals than in ade
quately fed controls. The difference in the 
case of the phospholipid values was not, 
however, significant. Winick and Noble
(10 ) observed that the lower brain size 
and reduced brain DNA content resulting 
from undernutrition during suckling had 
not responded to 16 weeks of rehabilita
tion. Their findings are not corroborated by 
Benton et al. (7 )  who showed that re
habilitation initiated at weaning had elimi
nated differences in brain size, brain cho
lesterol, and phospholipid phosphorus 
content by 6 weeks of age.

Dobbing and Widdowson (11 ) reported 
that undernutrition initiated at weaning 
had no effect on brain size. They observed 
lower phospholipid phosphorus and choles
terol values which were restored to normal 
by adequate nutrition beginning at 11 
weeks. Similarly, rats subjected to under
nutrition from 5 to 8 weeks and from 9 to
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12 weeks had a brain size and DNA con
tent at 19 weeks comparable to those of 
adequately fed controls (7 ).

Undernutrition from birth through 9 
weeks before rehabilitation from 9 to 15 
weeks, resulted in a lower brain DNA, cho
lesterol, phospholipid phosphorus and cere- 
broside content.3

In general, previous studies have shown 
that undernutrition during suckling has a 
permanent depressing effect on brain size 
and on some aspects of brain composition, 
whereas undernutrition occurring in the 
postweaning period has a smaller effect 
which can be eliminated by nutritional re
habilitation.

The purpose of the present study was 
twofold: first, to determine the effect of 
severe nutritional deprivation from birth 
through varying periods after weaning be
fore rehabilitation, on growth, brain size 
and composition in rats; and second, to 
determine whether there is a critical period 
in the development of the central nervous 
system of the rat after which nutritional 
rehabilitation is ineffective in reversing 
any detrimental effects of earlier under
nutrition.

EXPERIMENTAL PROCEDURE

Twenty-four pups born within 12 hours 
of one another to Manor Farm Hyrac strain 
albino dams fed a laboratory ration of 23% 
protein content during gestation were 
pooled and distributed at random to a con
trol group (C ) of 8 pups and a deprived

group (D ) of 16 pups. The control group 
was nursed by a mother fed a diet of ap
proximately 18% protein; those in the de
prived group by a dam changed to a diet 
of approximately 8% protein at 2 days 
postpartum. At 21 days all pups were 
weaned and the females discarded. Two to 
four males from group C were fed the 18% 
protein diet for 16 weeks. The males from 
group D were distributed at random to 4 
experimental groups and fed as outlined 
in table 1. This procedure was repeated 6 
times to provide 12 animals per experi
mental group.

The composition of the experimental 
diets is shown in table 2. Diets were fed 
ad libitum. The rats were housed in indi
vidual cages in a room with controlled 
temperature, artificial ventilation and arti
ficial light regulated to provide 14 hours 
of light each day. To assure consistent 
treatment, only one person handled the ani
mals for routine care and weekly weigh
ings.

At 19 weeks of age, following 3 weeks of 
a series of behavioral tests, the animals 
were killed by mild ether anaesthesia and 
removal of blood by heart puncture. The 
head was chilled and the brain was blotted 
free of excess blood before being removed 
by severing it at the foramen magnum and 
olfactory lobes. The weighed, chilled brain 
was homogenized in a Virtis-45 tissue 
homogenizer for 2 minutes. Two 5-ml ali- * 519

3 Culley, W. J., E. T. Mertz, R. O. Lineburger and 
R. E. Gotts 1967 Effect of early undernutrition on 
brain composition of adult rats. Federation Proc., 26:
519 (abstract).

TABLE 1
Experimental design

Age of rats 1
Diet during 

postweaning period----------------------------------------------------------- No. ofGroup_________________________ 3% protein________________ 18% protein______  rats 2
weeks weeks

Control (C )
(8 pups/litter; mother fed 18% protein diet during suckling) 

c  —  3 - 1 9  12

Deprived (D )
(16 pups/litter; mother fed 8%  protein diet during suckling)

D-3 — 3-19 12
D-5 3-5 5-19 12
D-7 3 -7 7-19 11
D-9 3-9 9-19 9

1 Age from birth.
2 One rat in group D-7 and 3 rats in group D-9 died before rehabilitation.
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TABLE 2
Composition of experimental diets

Control
Low protein 
for lactating 

mother
Low protein 
for deprived 

weanling rats
9 g g

Casein 18 8 3
Cornstarch 68 78 83
Vegetable oil 10 10 10
Salt mixture USP XIV i 4 4 6
Vitamin fortification m ix - 2 2 4

1 Composition of salt mixture: (in milligrams) cupric sulfate, 0.48; calcium carbonate, 68.6; 
calcium citrate, 308.3; calcium biphosphate, 112.8; magnesium carbonate, 35.2; magnesium sulfate, 
38.3; potassium chloride, 124.7; dibasic potassium phosphate, 218.8; sodium cholide, 77.1; mixture 
of ferric ammonium sulfate (94.33), manganese sulfate (1.24), ammonium aluminate (0.57), 
potassium iodide (0.25), sodium fluoride (3.13), 16.2.

2 Composition: (in g/kg) vitamin A, 4.5; vitamin D, 0.25; «-tocopherol, 5.0; ascorbic acid, 45.0; 
inositol, 5.0; choline chloride, 75.0; menadione, 2.25; 2>aminobenzoic acid, 5.0; niacin, 4.5; ribo
flavin, 1.0; pyridoxine-HCl, 1.0; thiamine-HCl, 1.0; calcium pantothenate, 3.0; biotin, 0.020; folic 
acid, 0.050; and vitamin Bi2, 0.00135.

quots of the brain homogenate were used 
for duplicate RNA analyses according to 
the method of Munro and Fleck (12 ) and 
for DNA analyses on a hot acid extract by 
the method of Ogur and Rosen (13). Both 
methods are based on ultra violet absorp
tion at 260 nm

Lipids were extracted from a 10-ml ali
quot of brain using 2 extractions with 95% 
ethanol and 2 with methanol: chloroform 
(3 :1 , v /v ).

Duplicate 2-ml aliquots of the 50-ml 
lipid extract were evaporated to dryness, 
and redissolved in 6-ml 0.1 n  potassium 
acetate in absolute alcohol. These samples 
were saponified with 0.2 ml 33% KOH 
and assayed for cholesterol according to 
the method of Koval (14 ). Duplicate 2-ml 
samples of the lipid extract were digested 
with 0.5 n  sulphuric acid for 3 hours and 
oxidized with 5 drops of 33% hydrogen 
peroxide for 1.5 hours in a sand bath at 
150 to 160°. Phospholipid phosphorus was 
determined on these samples by a modifica
tion of the method of Fiske and Subbarow
(15).

A one-way analysis of variance was car
ried out on the data for growth, brain size 
and chemical composition. For those varia
bles showing a significant F-ratio Duncan’s 
multiple range test (16 ) was applied to 
determine which values differed from con
trol values or from each other.

R E S U L T S  A N D  D I S C U S S I O N

Growth curves for each of the experi
mental groups compared with adequately

nourished controls are shown in figure 1. 
At weaning, rats in the deprived groups 
weighed only 28% as much as those in the 
control group— considerably less than the 
48 and 51% reported by others who had

Fig. 1 Growth curves o f rats subjected to nu
tritional deprivation for 3, 5, 7 or 9 weeks fo llow 
ing birth before rehabilitation, com pared with rats 
adequately nourished from  birth.
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GROUP C GROUP D-3

GROUP D-5 GROUP D-7

GROUP D-9

Fig. 2 Representative rats from each experimental group at 9 weeks of age following zero, 3, 5, 
7 and 9 weeks of severe undernutrition. Average weights for each group were 311, 205, 134, 69 and 
19 g, respectively (scale of background 1 square =  5 cm X 5 cm).
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fed large litters with a well-nourished dam 
(10, 17). The weaning weight (17-20 g) 
of the deprived animals was maintained 
throughout the period of deprivation fol
lowing weaning when a diet of 3% protein 
was fed. The relative sizes of representa
tive animals at 9 weeks of age are illus
trated in figure 2. At this age, weights of 
groups D-3, D-5, D-7 and D-9 which had 
experienced 3, 5, 7 or 9 weeks of under
nutrition represented 65, 46, 22 and 6% 
of the weight of control group, respectively. 
For all groups the growth curve began to 
level off at approximately the same age (16 
to 18 weeks) regardless of weight, sug
gesting that although animals deprived 
early in life might continue to grow slowly 
they would never compensate completely 
for the deficit in body weight resulting 
from undernutrition at an early age. The 
weights of animals in groups D-3, D-5, and 
D-7 represented 72, 69, 63% of that of 
controls at 19 weeks of age, differences sig
nificant at the 1% level of confidence. 
Group D-9 weighed 52% of that of control 
group and its growth curve established a 
plateau at a weight significantly less than 
all other groups.

These data show that rats can recover to 
a limited extent from nutritional depriva
tion sufficiently severe to restrict growth 
during suckling to less than one-third of 
normal weights and to prevent further 
growth up to 6 weeks after weaning. The 
degree of stunting increases the longer the 
period of postweaning deprivation. Differ
ences between control rats and all experi
mental animals remained significant (P <  
0.01) from 2 to 19 weeks.

Food consumption of rats fed the 3% 
protein diet ranged from 2 to 4 g per day, 
and that of rats fed the control diet of 18%

protein increased from 7 to 20 g with in
crease in size of the animal. All rats sur
vived the suckling period but 4 rats, three 
of which were from the same pooled litter 
died after 7 weeks of deprivation. Diarrhea 
always preceded death.

Five out of nine rats in group D-9 de
veloped an opacity of the cornea resemb
ling that described in vitamin A deficiency. 
No other classical vitamin deficiency symp
toms were observed. The appearance of 
vitamin A deficiency symptoms may repre
sent a failure to mobilize hepatic reserves 
or a failure of absorption in a protein de
ficiency rather than a vitamin A deficiency 
per se (18 ). The diet provided 1800 IU 
vitamin A /100 g. Even for the 20-g rats 
consuming only 2 g of diet a day, the in
take of 36 IU is in excess of the 10 IU/day 
recommended for an animal of this size.

Brain weights and the relationship be
tween brain weight and body size is shown 
in table 3. Undernutrition during suckling 
caused a significant (P <  0.01) depression 
in the size of the brain, which was not re
versed by adequate nutrition introduced at 
weaning. The brains of rats undernourished 
for 3, 5, or 7 weeks after birth reached 
87% of the size of controls but did not 
differ from one another. Brains of rats in 
group D-9 were significantly smaller (P <  
0.05) than those of rats deprived for only 
3 or 5 weeks. Thus, rehabilitation initiated 
as late as 7 weeks after deprivation from 
birth may stimulate a degree of recovery 
in brain size that is not possible after 9 
weeks of deprivation. The depression in 
brain size resulting from deprivation dur
ing suckling is at least partially irreversible.

The brains of rats in deprived groups 
were smaller, but their body growth was 
still more stunted so that the brains of the

TABLE 3
Means, standard deviations and analysis of variance for brain weight and its relation 

to body zveight at 19 weeks of age

Group
Control D-3 D-5 D-7 D-9 F ratio

Brain wt, g
Brain wt, % of body wt

1.95 ± 0 .0 9 !  
0.41 ±  0.03

1.70 ±  0.10 
0.48 ±  0.03

1.72 ± 0 .0 9  1.68 ± 0 .0 6  
0.51 ± 0 .0 3  0.55 ± 0 .0 6

1.60 ±  0.12 
0.65 ± 0 .1 0

21.14 2 
31.26 3

1 Mean ±  s d .
2 Control >  D-3, D-5, D-7, or D-9 P <  0.01

D-3, D-5 >  D-9 P <  0.05
3 Control <  D-3, D-5, D-7 or D-9 P <  0.01

D-3, D-5, D-7 <  D-9 P <  0.01
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rats deprived the longest represented an 
increasing proportion of total body weight. 
This finding confirms observations of 
earlier workers (11, 19) that the brain is 
protected to a greater extent than the total 
body from the effects of undemutrition. 
Rats deprived for 9 weeks had brains repre
senting a significantly higher percentage of 
body weight than those deprived for 3, 5, 
or 7 weeks. These, in turn, were signifi
cantly higher than for control rats.

Brain composition data in table 4 on the 
DNA, RNA, cholesterol and phospholipid 
phosphorus content and concentration show 
that undemutrition following birth has dif
ferential effects on each of these compo
nents.

DNA values, considered indicative of 
cell number (20 ) are significantly lower 
in brains of all groups of rats deprived dur
ing suckling than in brains of adequately 
fed controls. That DNA content is not 
lower following longer periods of depriva
tion, and remains the same regardless of 
timing of rehabilitation, indicates the criti
cal period for cell division is in the first 3 
weeks of life, deprivation beyond this point 
has no further detrimental effect, and ade
quate nutrition at weaning does not stimu
late brain cell division. This is in keeping 
with the findings of Winick and Noble (21 ) 
that cell proliferation in normal rat brain 
is complete by 3 weeks and that lower DNA 
values result when deprivation occurs dur
ing suckling, but not when it occurs later 
( 10).

DNA per gram of brain tissue did not 
differ among groups, showing that differ
ences in brain size were a function of dif
ferences in cell number rather than cell 
size. This is substantiated by a high corre
lation coefficient (r =  0.71) between brain 
weight and DNA levels.

Neither RNA content nor concentration 
in brain differed significantly among 
groups although the control groups had 
highest values and group D-9, the lowest. 
RNA-to-DNA ratios of approximately one, 
are in accord with those previously re
ported for brain tissue (22 ).

Groups C and D-3, whose brain choles
terol level was similar, had values signifi
cantly higher than those in brains of groups 
deprived for longer periods. It thus appears 
that rehabilitation initiated before 5 weeks 
of age can promote cholesterol deposition, 
whereas rehabilitation after 5 weeks can
not compensate sufficiently for the effect 
of undernutrition in the suckling period. 
Group D-3 had a cholesterol content 93% 
of that of group C, whereas that of other 
deprived groups was less than 75% . Al
though the concentration of cholesterol in 
the smaller brains of deprived animals is 
lower, it is not significantly different than 
in well-nourished animals. Thus it appears 
that undernutrition has no specific effect 
on cholesterol deposition. The finding that 
cholesterol deposition is less in animals de- 4 5

4 Diets were obtained from Nutritional Biochemicals 
Corporation, Cleveland.

5 See footnote 3.

TABLE 4
Mean values, standard deviations and analysis of variance for DNA, RNA, phospholipid 

phosphorus and cholesterol content and concentration of brains

Groups c D-3 D-5 D-7 D-9
No. of rats 11 12 12 11 9 F ratio

mg/brain
DNA 1 3.34 ± 0 .1 5  2 2.69 ±  0.29 2.83 ± 0 .3 4 2.80 ± 0 .2 7 2.79 ±  0.25 8.80 3*
RNA 3.06 ± 0 .5 1 2.75 ±  0.38 2.78 ±  0.22 2.79 ± 0 .2 3 2.57 ± 0 .2 7 2.38
Cholesterol 36.9 ±  3.8 34.1 ± 3 .5 29.6 ± 4 .9 29.8 ±  6.4 29.0 ± 3 .4 6.23 3»
Phospholipid phosphorus 3.49 ±  0.55 3.31 ± 0 .7 4 3.59 ±  0.45 3.79 ± 0 .7 9 3.17 ± 0 .5 8 1.46

m g/g brain
DNA 1.72 ± 0 .0 9 1.56 ± 0 .1 5 1.68 ± 0 .1 4 1.61 ± 0 .1 5 1.77 ±  0.17 3.18
RNA 1.56 ± 0 .2 3 1.61 ± 0 .1 8 1.63 ± 0 .0 9 1.64 ±  0.15 1.62 ± 0 .1 1 0.38
Cholesterol 18.8 ±  1.7 20.0 ±  1.7 17.3 ± 2 .9 17.4 ± 4 .0 18.2 ± 2 .6 1.96
Phospholipid phosphorus 1.78 ± 0 .2 8 1.94 ± 0 .4 2 2.09 ±  0.24 2.21 ±  0.44 1.96 ± 0 .2 5 2.48

1 n =  11, 11, 11, 10, 8 because of technical error in one day’s sample.
2 Mean ±  s d .
8 Significance of differences among group means based on Duncan’ s multiple range test (16).
a. Total DNA. C >  D-3, D-5, D-7 or D-9 P <  0.01
b. Total cholesterol. C >  D-5, D-7, D-9 P <  0.01

D-3 >  D-5, D-7, D-9 P <  0.05
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prived up to 5 weeks corresponds to find
ings, using radioactive precursors of cho
lesterol (2 3 ), that cholesterol synthesis is 
most rapid in the first 3 weeks of life, and 
virtually complete by 5 weeks.

Neither the total phospholipid phophorus 
content nor its concentration on a percent
age basis in the brains of the deprived 
animals differed significantly from those of 
the controls; nor was any trend evident re
lated to the severity of the deprivation. Our 
results with animals rehabilitated for 9 
weeks do not confirm those of Culley and 
Mertz 5 who found depressed values after 9 
weeks of deprivation and 6 weeks of re
habilitation. Our failure to show similar 
effects on total phospholipid phosphorus 
and cholesterol, both components of the 
myelin sheath, may be the result of the 
phospholipid portion being more responsive 
to nutritional rehabilitation than the cho
lesterol-containing portion (24 ).

The data on the chemical composition 
of the brain show that although cell num
ber is reduced with undernutrition during 
suckling and myelination, as measured by 
the cholesterol values, and is inhibited by 
5 weeks of deprivation, the chemical make
up of the brain on a per unit basis is similar 
in control and deprived animals. Thus the 
critical period for cell division in the brain 
is in the first 3 weeks of life and for cho
lesterol deposition, the first 5 weeks of life. 
Undemutrition at this time inhibits both 
these processes and subsequent nutritional 
rehabilitation is ineffective in reversing the 
damage.

Our findings on brain size and composi
tion are comparable to those of other in
vestigators who studied a milder degree of 
undemutrition which allowed almost twice 
the weight gain during suckling (8, 17).
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Antithiamine Activity of Dimethialium and 
Its Mode of Action * 1
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ABSTRACT The antithiamine activity of dimethialium, a thiamine analogue hav
ing a methyl group in place of the hydroxyethyl group in the thiazole moiety, has 
been demonstrated in nutritional assays using rats or chicks. The antagonism was 
evident only when thiamine was administered orally. The inhibition was competitive 
with thiamine or thiamine propyl disulfide. The latter counteracted the antithiamine 
activity of dimethialium two to four times more effectively than did thiamine. Thia
mine uptake in vitro by Ehrlich ascites carcinoma cells was inhibited competitively 
by dimethialium, whereas the uptake of thiamine tetrahydrofurfuryl disulfide was not 
affected. Dimethialium inhibited thiaminokinase competitively with thiamine but 
showed little or no effect upon pyruvate decarboxylation by carboxylase or pyruvate 
oxidase complexes. All these results demonstrate that dimethialium is a typical but 
relatively weak antithiamine whose antagonistic activity is far less than that of pyri- 
thiamine and comparable to that of amprolium. The present data also support the 
view that the primary cause of the antithiamine action is its interference with intes
tinal absorption or cellular uptake of thiamine.

Among the many thiamine antagonists 
hitherto discovered, pyrithiamine and oxy- 
thiamine have been successfully used for 
elucidation of the mode of thiamine action 
(1, 2 ). Cuckler et al. (3 )  and others (4 ) 
found that a thiamine analogue, ampro
lium,3 showed an effective anticoccidial 
activity which was nullified by thiamine. 
Later Ott et al. (5 ) reported that ampro
lium exerted an antithiamine activity in 
chick growth assay. During the screening 
studies on thiamine-related compounds we 
found that dimethialium,4 the thiamine 
analogue having a methyl group at the 5- 
position of the thiazole moiety, showed a 
typical antithiamine action in rat growth 
experiments. Independently of our inves
tigations, Hiraoka et al. (6 )  also observed 
antithiamine activity of this compound in 
the growth of Lactobacillus fermenti. The 
present report describes the thiamine an
tagonism of dimethialium in several bio
logical systems including rat and chick 
growth assays, thiamine uptake by Ehrlich 
ascites carcinoma cells and in vitro en
zymatic investigations. The possible mode 
of action is also discussed.

METHODS

Rat growth assay. Weanling male rats 
of the Sprague-Dawley strain were kept

individually in metal cages with screen- 
bottoms and fed a thiamine-deficient diet 
ad libitum. The animal room was main
tained at 24° with controlled humidity. The 
diet consisted of the following: (in percent) 
vitamin-free casein, 18.0; sucrose, 67.6; 
cottonseed oil,5 8.0; salts (7 ) , 4.0; pow
dered cellulose, 1.5; DL-methionine, 0.3; 
choline chloride, 0.1; and vitamin mix
ture,6 0.5. For prophylactic assays, the 
rats received thiamine, dimethialium, or 
both, dissolved in 0.2 ml of water, orally 
by stomach tube each day or every other 
day throughout the assay extending 3 
weeks. The dosing regimen is shown in

Received for publication November 20, 1967.
1 This work was presented at the 170th, 172nd and 

173rd meetings of the Japan Vitamin B Research 
Committee, held November 29, 1966 (Tokyo), January 
21, 1967 (Tokyo) and March 7, 1967 (Osaka), respec
tively. The abstracts were published in Vitamins 
(Japan), 34: 593, 1966, and Vitamins, 35: 258, 414, 
1967.

2 Kyoto Herbal Garden.
3 Coccidiostat obtainable from Merck and Company, 

Inc., Rahway, New Jersey.
4 Dimethialium has the structure of 3-(2-methyl-4- 

aminopyrimidin-5-yl) methyl-4,5-dimethyl thiazolium. 
The compound is used as coccidiostat; Actonate, 
Takeda Chemical Ind., Ltd., Osaka, Japan.

3 The oil contained vitamin A palmitate (2000 IU), 
vitamin D2 (200 IU) and dl-a-tocopheryl acetate 
(10 mg) per 8 ml.

6 Contained in mg per 0.5 g of mixture: riboflavin, 
0.8; pyridoxine-HCl, 0.5; niacin, 5; Ca pantothenate, 
4; biotin, 0.04; folic acid, 0.2; vitamin B12, 0.003; 
p-aminobenzoic acid, 10; inositol, 10; ascorbic acid, 
20; menadione, 0.5; glucose was added to the mixture 
to make 0.5 g.

J. N u t r it io n , 94: ’ 68. 4 2 7
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table 1 and the body weight gain was esti
mated from the 3-week assay period. In 
curative assays the rats were divided into 
groups of 7 to 8 rats after a depletion 
period of about 3 weeks and then were 
given thiamine, dimethialium, or both, by 
feeding or intraperitoneal injection. Fig
ure 1 illustrates a typical curative assay. 
The details of the dosage regimen are 
shown in table 2 and figures 1 and 2. The 
growth response is expressed as weekly 
gain in body weight obtained during the

0 7 14 21 days on test

Fig. 1 Antithiamine activity of dimethialium 
in rat curative assay. The numbers show the 
daily doses of the vitamin and antagonist; both 
were given orally by stomach tube.

Dimethialium, mg/day
Fig. 2 Antithiamine activity of dimethialium 

against thiamine propyl disulfide (TPD) in rat 
curative assay. Thiamine (5 ¿tg) and TPD (5 fig 
as thiamine -HC1) with the indicated amounts 
of dimethialium were given orally by stomach 
tube. Data are expressed as mean ±  s d  (n =  7).

3-week assay period. Rats in some groups 
were given thiamine propyl disulfide 7 in 
place of thiamine (fig. 2).

Chick growth assay. One-day-old White 
Leghorn chicks were kept in an electrically 
heated battery and fed a chick starter diet * 4

7 Thiamine propyl disulfide (TPD) is 2-(2-methyl-
4- aminopyrimidin -5- yl )methylf ormamido -5-hydroxy -2- 
penten-3-yl propyl disulfide (refer to Merck Index, ed. 
7). Thiamine tetrahydrofurfuryl disulfide (TTFD) 
is the tetrahydrofurfuryl homologue of thiamine pro
pyl disulfide. The following reviews discuss the chem
ical and biological properties of these compounds: 
Nutr. Rev., 16: 336, 1958; Nutr. Rev., 18: 181, 1960; 
Ann. Rev. Biochem., 24: 419, 1955; and Vitamins 
Hormones, 21: 69, 1963. The thiamine alkyl disulfides 
were obtained from Takeda Chemical Industries, Ltd., 
Osaka, Japan.

TABLE 1
Antithiamine activity of dimethialium in rat prophylactic assay

Group
no.

Dose
No. of rats 
dead/totalThiamine Dimethi

alium
Body wt gain 2

i
mg/rat/day mg 1/rat/day

0 /8
g/rat/wk 
3.0 ±  1.7 3

2 0.01 — 0 /8 28.0 ± 1 .7
3 0.01 0.01 0 /8 26.0 ±  4.7
4 0.01 0.1 0 /8 24.0 ± 5 .3
5 0.01 1 0 /7 22.7 ± 4 .0
6 0.01 10 0 /8 8 .3 ± 3 .0
7 0.01 100 8 /8 —

8 0.1 — 0 /7 31.3 ± 5 .3
9 0.1 0.1 0 /8 32.3 ± 4 .7

10 0.1 1 0 /7 31 .7±  3.0
11 0.1 10 0 /7 29.0 ± 5 .3

1 Milligram equivalents calculated as thiamine HC1.
2 Significant (P <  0.05) in t test, group 2 versus 5. Not significant (P >  0.05), group 2 versus 3, 

2 versus 4, 8 versus 9, 8 versus 10, and 8 versus 11.
3 Mean ±  s d .
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T A B L E  2

Effect of administration route on the antithiamine activity of dimethialium
in rat curative assay

Group
no.

Dose and administration route
No. of rats 
dead/total

Mean

Thiamine Dimethi
alium

survival
time

Body wt gain 1

1
mg/rat/day mg z/rat/day

5 /5
days 3 

15.4
g/rat/zuk

2 — 2 .5  per os 4 7 /7 17.0 —
3 — 2 .5  ip 5 7 /7 12.7 —
4 0 .0 0 5  per os — 0 /7 >  21 11.0  ±  2 .4 6
5 0 .0 0 5  per os 2 .5  per os 0 /7 >  21 4.5  ± 2.4
6 0 .00 5  per os 2 .5  ip 0 /7 >  21 7.1 ±  1.9
7 0 .0 0 5  ip — 0 /7 >  21 1 2 .6 ± 3 .8
8 0 .0 0 5  ip 2 .5  per os 0 /7 >  21 11.1 ±  5 .6
9 0 .0 0 5  ip 2 .5  ip 0 /7 >  21 12.1  ± 3 . 5

1 Significant in t test, P <  0.005 for group 4 versus 5, P <  0.01 for group 4 versus 6, P <  0.05 for 
group 5 versus 6. Not significant (P >  0.5) for group 7 versus 8, 7 versus 9, and 8 versus 9.

2 Milligram equivalents calculated as thiamine •HCl.
3 A 21-day test period.
4 Per os by stomach tube.
5 Intraperitoneal injection.
6 Mean +  sd.

T A B L E  3

Antithiamine activity of dimethialium in chick growth

Group
no.

Supplement to deficient diet
No. of chicks 

dead/'poly.VtotalVitamin Dimethi
alium

Body wt gain

1

mg/kg diet wig 2/fcg diet
Thiamine hydrochloride

—  4 /5 /1 0

g/chick/zuh

— 20 ±  3.5 3
2 0.2 — 2 /5 /1 0 — 19 ±  4.5
3 0.4 — 0 /4 /1 0 — 1 5 ±  2.1
4 0.8 — 0 /0 /7 26 ±  6.7
5 4.0 — 0 /0 /1 0 63 ±  5.4
6 0.8 40 0 /2 /1 0 4 ±  10.0
7 0.8 80 0 /2 /9 -  2 ±  8.1
8 0.8 160 0 /4 /1 0 -  8 ±  6.8
9 0.8 320 0 /4 /1 0 -  9 ±  5.7

10 0.2
Thiamine propyl disulfide 2 

—  2 /4 /1 0 — 1 7 ±  6.6
11 0.4 — 0 /2 /1 0 -  8 ±  4.5
12 0.8 — 0 /0 /9 28 ± 10 .8
13 4.0 — 0 /0 /7 64 ±  6.6
14 0.8 40 0 /0 /1 0 20 ±  9.6
15 0.8 80 0 /2 /1 0 9 ±  14.8
16 0.8 160 0 /4 /1 0 -  2 ±  9.2
17 0.8 320 0 /3 /7 -  9 ±  6.2

1 Polyneuritis.
2 Milligram equivalents calculated as thiamine‘HCl.
3 Mean ±  sd.

for the first 3 days. A thiamine-deficient 
diet, consisting of: (in percent) vitamin- 
free casein, 20; gelatin, 10; sucrose, 48.6; 
powdered cellulose, 5.0; com  oil,8 9 4.5; cal
cium gluconate, 2.5; glycine, 2.0; L-argi- 
nine-HCl, 0.5; DL-methionine, 0.2; choline 
chloride, 0.2; salts (7 ) , 6.0; and vitamin 
mixture,8 0.5, was fed for the next 3 days.

The chicks were then weighed, divided in
to groups of 7 to 10 chicks and fed the 
supplemented diets for 7 days (tables 3 
and 4). In addition to body weight gain, 
the incidence of polyneuritis and mortality

8 The oil contained/4.5 ml: vitamin A palmitate, 
2000 IU; vitamin D2, 200 IU; and di-a-tocopheryl ace
tate, 10 mg.

9 See footnote 6.
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TABLE 4
Effect of administration route of thiamine on the antithiamine activity of 

dimethialium in chick growth

Group
no.

Dose
Diet

intake
No. of chicks 

dead/poly.1 /  total Body wt gain 2
Thiamine Dimethi

alium

mg /kg diet mg 3/kg 
diet g/chick/day g/chick/wk

1 — _ _ 4 /1 0 /1 0 — 2 3 ±  3.2 4
2 0 .5 — 2.9 0 /5 /1 0 -  9 ±  5.5
3 1 — 7.5 0 /0 /1 0 45 ± 1 4 .9
4 2 — 9.1 0 /0 /1 0 63 ±  7.6
5 1 25 8.2 0 /0 /1 0 53 ±  16.1
6 1 50 6.1 0 /0 /1 0 30 ± 1 4 .3
7 1 100 4.9 0 /2 /1 0 1 7 ± 2 2 .5
8 1 200 4.1 0 /3 /9 7 ±  16.9

f ig  / chick / day 
(injection) 5

9 5 — 4.6 0 /0 /1 0 15 ±  6.0
10 10 — 6.7 0 /0 /1 0 39 ±  5.7
11 20 — 8.0 0 /0 /1 0 54 ±  6.3
12 10 25 6.4 0 /0 /8 31 ±  7.7
13 10 50 5.8 0 /0 /1 0 28 ±  4.6
14 10 100 7.1 0 /0 /1 0 32 ±  7.1
15 10 200 5.9 0 /0 /1 0 21 ±  4.7

1 Polyneuritis.
2 Significant (P <  0.05) for 3 versus 6, 10 versus 14, (P <  0.025) for 10 versus 12, (P <  0.005) 

for 3 versus 7, 10 versus 13, 10 versus 15, and 12 versus 15.
3 Milligram equivalents calculated as thiamineHC1.
4 Mean +  sd.
5 Subcutaneous injection.

was also recorded. The other experimen
tal conditions were the same as those de
scribed by Ott et al. (5 ).

Thiamine uptake by Ehrlich ascites car
cinoma cells. The effects of dimethialium 
on thiamine uptake by Ehrlich ascites car
cinoma cells were studied by the method 
of Menon and Quastel (8 ). The cells cor
responding to 150 to 200 mg as dry weight 
were added to Krebs-Ringer bicarbonate 
buffer, pH 7.4, containing glucose (10 
mM). The vessels were gassed with 95% 
oxygen and 5% carbon dioxide mixture. 
After preincubation for 10 minutes at 37°, 
14C-thiamine was added with or without 
dimethialium to make a final volume of
3.0 ml of the reaction mixture. The sus
pension was incubated at 37° for 1 hour 
with gentle shaking. Then the cells were 
collected by centrifugation, washed twice 
with cold Krebs-Ringer phosphate buffer, 
pH 7.4 and finally resuspended in the same 
buffer. Aliquots (usually 0.1 m l) of the 
cell suspension and supernatant medium 
were directly pipetted into counting bot
tles containing 10 ml of PPO-POPOP-diox- 
ane scintillation solution.10 The radioac
tivity was counted by a liquid scintillation 
spectrometer.11 The concentration of the

radioactivity in the cell water was calcu
lated on the basis of our preliminary data 
showing that 82.5% of the wet weight of 
the cells corresponded to the weights of 
cell water. Thus, the results (table 5) 
were expressed as the concentration ratio 
of the intracellular and extracellular radio
activities.

Enzymatic assays. Pyruvate oxidase 
complexes (pyruvate lipoate oxidoreduc- 
tase, EC. 1.2.4.1) were prepared from pig 
heart muscle (9 ) , and Escherichia coli
(10 ). The activity was assayed by the 
pyruvate dismutation method (11 ) by 
coupling with phosphotransacetylase (EC. 
2.3.1.8) and lactate dehydrogenase (EC.l. 
1.1.27), as follows:
Pyruvate +  CoA +  NAD + 

oxidase complexes
-------------------------------> acetyl CoA +  CO2 +

NADH +  H +
Acetyl CoA +  phosphate 

transacetylase
------------------------> acetyl phosphate +  CoA

Pyruvate +  NADH +  H +
lactate dehydrogenase 

-------------------------------------»lactate +  NAD +

2 Pyruvate +  phosphate
in total
----------- > acetyl phosphate +  C 02 +  lactate
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TABLE 5
Inhibitory effect of dimethialium on thiamine uptake by Ehrlich ascites carcinoma cells

and its reversal by thiamine

Initial concn (medium) Molar 
ratio of 

dimethialium/ 
thiamine

Concn of i4C-thiamine i
Inhibition

i4C-Thiamine Dimethi
alium

Cell
water Medium Concn

ratio
fi M /AM /AM /AM %
0.4 — — 0.616 0.341 1.81 —

0.4 2 5 0.486 0.391 1.24 31
0.4 5 12.5 0.412 0.380 1.08 40
0.4 10 25 0.278 0.385 0.72 60
0.4 20 50 0.159 0.391 0.41 77
2 — — 1.60 1.99 0.80 —

2 20 10 0.68 2.03 0.34 58
4 — — 1.83 4.23 0.43 —

4 20 5 1.30 3.92 0.33 23
10 — — 2.08 9.95 0.21 —

10 20 2 2.24 10.32 0.21 0
1 After incubated for 1 hour at 37°.

Thiaminokinase (ATP:thiamine pyro- 
phosphotransferase, EC.2.7.6.2) was puri
fied from pig heart muscle and assayed 
by the method of Hamada and Koike.10 * 12 * 
The reaction mixture for thiaminokinase 
contained 50 nmoles of Tris-HCl buffer 
(pH 7.4), 5 nmoles of magnesium chloride, 
3 nmoles of ATP, 0.02 or 0.1 nmole of 
thiamine and 0.63 mg of the thiaminokin
ase preparation. After incubation for 60 
minutes at 37°, it was boiled for 2 
minutes. The resultant supernatant was 
analyzed for the formation of thiamine 
pyrophosphate by Kaziro’s method (12). 
The principle is based on spectrometry of 
the decrease of NADH by linking with 
yeast apocarboxylase (EC.4.1.1.1) and 
alcohol dehydrogenase (EC. 1.1.1.1) as 
follows:

thiaminokinase
Thiamine +  ATP ------------------------ -» thiamine pyro

phosphate +  AMP
Thiamine pyrophosphate +  apocarboxylase —* 

holocarboxylase
holocarboxylase

Pyruvate --------------------------» acetaldehyde +  C 02
Acetaldehyde +  NADH +  H + 

alcohol dehydrogenase 
------------------------------------ »Ethanol +  NAD +

For studying the effect on pyruvate 
decarboxylase, 0.2 mumole of thiamine 
pyrophosphate was added to the apocar
boxylase system with or without the 
antagonist and the subsequent procedures 
were the same as those described by Kaziro 
(12 ). Both highly purified preparations of 
pyruvate oxidase complexes and thiamino-

kinase were prepared by Drs. M. Koike, 
T. Hayakawa and H. Hamada of the 
Atomic Disease Institute, Nagasaki.

Compounds. The hydrochloride salt of 
dimethialium was used in the present 
studies but the mononitrate salt was used 
in chick assays. Thiazole-2-14C-labeled thia
mine (specific radioactivity, approximately 
1 iiCi/umole) and thiamine tetrahydro- 
furfuryl disulfide labeled with 14C at the 
corresponding carbon were synthesized by 
M. Nishikawa and T. Toga of this Division.

RESULTS

Antithiamine action in rat growth. The 
antithiamine action of dimethialium was 
clearly demonstrated in both prophylactic 
and curative assays (table 1 and fig. 1). 
The growth inhibition induced by the 
compound was readily reversed by thia
mine and the antagonism was of a com
petitive nature. The antithiamine activity 
was evident when thiamine was given 
orally but was no longer appreciable when 
thiamine was administered parenterally 
(table 2). However, the administration 
route of dimethialium did not significantly 
affect its antithiamine activity, although 
it declined somewhat when given by in
traperitoneal injection. Thiamine propyl

10 The scintillation fluid consisted of 2,5-diphenyh 
oxazole (PPO), 3g; l,4-bis-2-(5-phenyloxazolyl)-ben- 
zene (POPOP), 150 mg; naphthalene, 60 g; dioxane, 
1000 ml; and ethyl cellosolve, 200 ml.

TriCarb Model 3000, Packard Instrument Com
pany, Inc., La Grange, Illinois.

i2 Unpublished data,
is Unpublished data, H. Tanaka.
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disulfide, a thiol-type thiamine derivative, 
competed with the antagonist three to four 
times more effectively than thiamine (fig. 
2 ).

Antithiamine action in chick growth. 
The antithiamine action was also demon
strated in chick growth as judged by 
incidence of polyneuritis or mortality as 
well as body weight gain (table 3). Thia
mine propyl disulfide counteracted the 
antithiamine activity of dimethialium 
(about two times) more effectively than 
thiamine (group 6 vs. 14, and 7 vs. 15, 
table 3 ), as described in the rat experi
ments. Another series of chick assays 
showed that dimethialium (25 to 200 m g/ 
kg diet) exerted much less antithiamine 
activity when thiamine was administered 
by subcutaneous injection (10 ug/chick/ 
day) (table 4).

Inhibition on thiamine uptake by Ehr
lich ascites carcinoma cells. The finding 
that the antithiamine activity of dime
thialium is evident only when thiamine is 
given orally to rats or chicks, suggests the 
possibility that the antagonism results 
from an inhibition of intestinal absorption 
of thiamine. To affirm this possibility, the 
effect of the compound on thiamine up
take by Ehrlich ascites carcinoma cells 
was investigated. First, we confirmed the 
finding of Menon and Quastel (8 )  that 
thiamine was transferred into the cells by 
an energy-dependent process and most of 
the intracellular thiamine was character
ized as its phosphate esters. We further 
found that dimethialium inhibited the 
thiamine uptake (table 5). The inhibition 
was completely reversed by further addi
tion of thiamine. Therefore, the antago
nism was competitive with thiamine and 
the index was calculated about 25:1 at 
half inhibition. The thiamine moiety of 
thiamine tetrahydrofurfuryl disulfide 
(TTFD), a homologue of thiamine propyl 
disulfide, was also concentrated into the 
cells, but much more rapidly and in much 
higher concentration than thiamine was 
taken up (fig. 3 ). The uptake of the disul
fide was not inhibited by dimethialium 
even at the higher ratio of 1000:1. The 
intracellular thiamine existed largely as 
free thiamine and any appreciable amount 
of the disulfide was not detected. The re-

Fig. 3 Uptake of 14C-thiamine or 14C-thiamine 
tetrahydrofurfuryl disulfide (TTFD) by Ehrlich 
ascites carcinoma cells.

suits suggest that, unlike thiamine, thia
mine tetrahydrofurfuryl disulfide is trans
ferred into the cells by physical process 
due to its lipophilic property and then 
reduced rapidly to thiamine in the cells. 
The reduction would protect the leakage 
from the cells and make the process irre
versible.

Effect on thiamine-related enzyme sys
tems. The effects of dimethialium were 
then examined on 2 types of thiamine- 
related enzyme systems. The first ones are 
pyruvate oxidase complexes and decar
boxylase which require thiamine pyro
phosphate as a cofactor. Dimethialium 
showed a slight inhibition on the oxidase 
at a high concentration of 0 .0 1  m  (dime
thialium : thiamine pyrophosphate, 625:
1) (table 6). However, the inhibition 
appeared not to be responsible for the in 
vivo antithiamine activity of the antagonist 
because thiamine itself exerted a similar 
inhibitory effect. It was also demonstrated 
that dimethialium did not inhibit decar
boxylase even in a high concentration of 
4 m M  where the molar ratio to thiamine 
pyrophosphate exceeded 10,000:1 (fig. 4 ). 
Therefore, we concluded that dimethialium 
does not inhibit the cocarboxylase-requir
ing enzyme systems. The second enzyme 
studied was thiaminokinase, catalyzing 
the pyrophosphorylation of thiamine. 
Dimethialium inhibited the activity and 
the inhibition was competitively reversed
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TABLE 6
Effect of thiamine or dimethialium on pyruvate oxidase complexes

Source of enzyme Inhibition

Molar F1Sheart
Concn ratio 

to TPP i Thiamine Dimethi
alium Thiamine Dimethi

alium
W M % % % %

10 625 17 15 22 30
2 125 3 4 3 7
0.5 25 0 0 0 1

1 TPP =  Thiamine pyrophosphate.

Fig. 4 Effect of dimethialium on thiamino- 
kinase and pyruvate decarboxylase. I, thiamino- 
kinase coupled with apocarboxylase and alcohol 
dehydrogenase; II, carboxylase coupled with 
alcohol dehydrogenase. TPP =  thiamine pyro
phosphate.

by thiamine (fig. 4 ). The affinity constants 
were about 6  X  10‘7 m  for thiamine (Km) 
and 1 X 10"4 m  for the antagonist (K i) .  
Therefore, dimethialium at a molar ratio 
of 100 to 150 induced one-half inhibition. 
From these results we concluded that 
dimethialium is a typical competitive in
hibitor for thiamine in the thiaminokinase 
reaction.

DISCUSSION

The present studies clearly demonstrated 
the antithiamine action of dimethialium 
in various biological systems including 
intact animals, cellular and enzymatic 
levels. All the observed antagonisms were 
of a competitive nature with thiamine. 
Compared with enzymatic studies or mi

crobiological assays, it is difficult to cal
culate a precise inhibition index from 
these animal assays. One method is to 
estimate the ratio of antagonist to the 
vitamin at which the antagonist counter
acts the growth increment induced by a 
definite amount of vitamin. The ratio can 
be calculated when the responses are with
in or close to the linear range of dose-re
sponse curve. In the present studies, 
indexes thus estimated varied from 200 
to 1200 for seven independent assays 
using rats, and from 100 to 300 for 2 
assays with chicks. These represent only 
an approximation of the antithiamine 
potency of dimethialium, but consistent 
values are also given by the following ob
servation. In the rat a slight depression in 
weight gain was noted at a ratio of 100:1 
and a severe inhibition was induced with 
typical deficiency symptoms when the 
ratio exceeded 1000:1. It seems reasonable, 
therefore, to assume that the inhibition 
index is about 500. For the chick the index 
appears to be approximately 150 since the 
inhibitory action on chick growth is slight 
at a ratio of 50:1 but marked at 200:1. 
The inhibition index of the antagonist 
in the growth of L. fermenti was reported 
to be 200 to 300 (6 )  and about 400.13 
These values are of the same magnitude 
as the values estimated in animal experi
ments. Comparing our findings with pub
lished data on pyrithiamine, oxythiamine 
and amprolium (5, 13-15), dimethialium 
is a relatively weak antagonist whose 
antithiamine activity is far less than that 
of pyrithiamine but comparable to that of 
amprolium. Menon and Quastel (8 )  re
ported that thiamine was transferred into 
Ehrlich ascites carcinoma cells by an 
energy-dependent process and that py-
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rithiamine and amprolium caused one-half 
inhibition of thiamine uptake at the ratios 
to thiamine of 2.5:1 and 25:1, respectively. 
We found that dimethialium inhibited the 
thiamine uptake competitively and 50% 
inhibition was induced at a molar ratio 
of about 25:1. Thus, it is again demon
strated by the in vitro experiment that the 
antithiamine potency of dimethialium is 
comparable to that of amprolium and less 
effective than pyrithiamine.

Pyrithiamine is a potent inhibitor of 
thiaminokinase (Ki =  1.3 X 10'7 m ) ,  and 
oxythiamine also manifests a substrate 
competition of this enzyme at a relatively 
high concentration (Ki = 1 . 5 X 1  O’4 m )
(1 ). We have found dimethialium to be 
a much weaker inhibitor (K¡ =  1 X 10-4 
m ) than pyrithiamine but similar to oxy
thiamine. We have also determined that 
dimethialium does not show any signifi
cant effect on either pyruvate oxidase or 
decarboxylase. Eich et al. (16 ) showed 
the need for the hydroxyl group in the 
thiazole ring for antagonistic action of 
oxythiamine and pointed out the possi
bility that the active form of the inhibitor 
might be the pyrophosphate ester. Later, 
this possibility was confirmed by many 
investigators who demonstrated the for
mation of oxythiamine pyrophosphate (1, 
17) and its inhibitory effect on decarboxy
lase systems (2, 16, 18). In this respect, 
dimethialium does not possess the alco
holic group and therefore it is impossible 
for the antagonist to be phosphorylated to 
compete with cocarboxylase.

The finding that dimethialium antago
nizes thiamine only when the latter is 
administered orally to animals is an im
portant feature of its behavior. This sug
gests the possibility that the primary 
inhibitory action is on the intestinal ab
sorption of thiamine. That dimethialium 
blocked the thiamine uptake by Ehrlich 
ascites carcinoma cells supports this pos
sibility. These findings prompted us to 
examine the fate of radioactive thiamine 
given orally to mice or injected into a 
ligated sac of the small intestine. The re
sults obtained by these autoradiographic 
studies, to be reported elsewhere in detail, 
gave experimental evidence supporting the 
view that the antagonist suppresses the

intestinal absorption of thiamine. From 
all these results, we conclude that the 
antithiamine activity of dimethialium ob
served in animal growth results from an 
interference with intestinal absorption or 
cellular uptake of thiamine. Of the 
hitherto known antithiamines, amprolium 
has been reported to suppress thiamine 
absorption (19, 20).

Although much evidence has been ac
cumulated for the involvement of the 
active transport mechanism with cellular 
uptake of thiamine in mammalian cells 
(8, 21, 22) and microbial cells (2 3 -2 6 ), 
the underlying mechanism is still un
known. However, these studies suggest 
that thiamine phosphorylation is a basic 
process for cellular uptake of thiamine. 
Hence, an inhibitor of thiaminokinase, 
such as pyrithiamine or dimethialium, 
would serve as a useful tool to elucidate 
the relation between thiamine transport 
and thiamine phosphorylation. Pyrithia
mine inhibited both processes almost 
equally at a ratio of 5:1 (pyrithiamine/ 
thiamine) (8, 22). We found that di
methialium inhibited thiamine uptake by 
Ehrlich cells at the ratio of 25:1 where 
thiaminokinase was not so profoundly 
affected. Amprolium also blocked thia
mine uptake more efficiently than thia
mine phosphorylation (8 ). These facts 
infer that thiamine transport is more sus
ceptible to these antithiamines than is 
thiamine phosphorylaton and it is there
fore suggested that the latter may not be 
a sole mechanism involved.

The present studies also show that, 
unlike thiamine, thiamine tetrahydro- 
furfuryl disulfide was transferred into 
Ehrlich cells by a passive process and that 
dimethialium did not influence the trans
fer. These results demonstrate that 
dimethialium inhibits the active transport 
of thiamine but not the passive uptake 
of thiamine tetrahydrofurfuryl disulfide. 
It has been well-established that the disul
fide derivatives of thiol-type thiamine, such 
as thiamine propyl disulfide or thiamine 
tetrahydrofurfuryl disulfide, are better ab
sorbed from the intestinal tract (27 -30 ) 
and cause much higher thiamine concen
tration in blood cells as compared with the 
administration of thiamine (27 ). These
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characteristics are ascribed to passive 
transport due to their lipophilic property 
(31 ). The present finding that thiamine 
propyl disulfide counteracts the antithia
mine activity of dimethialium two to four 
times more effectively than thiamine in 
both rat and chick bioassays could also 
be explained by the above interpretation 
that the antagonist does not interfere with 
the passive transport of the disulfide.
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Effects of Dietary Protein on the Liver of Rats in 
Experimental Chronic Alcoholism 1,2

EDUARDO A. PORTA, OSVALDO R. KOCH, CESAR L. A. GOMEZ-DUMM 
a n d  W . STANLEY HARTROFT
The Research Institute of The Hospital For Sick Children,
Toronto, Canada

ABSTRACT The lipotropic effect of dietary protein was tested in male rats fed 
for 16 weeks a liquid diet in which 40%  of the calories were provided by alcohol 
and 25% by an amino acid mixture. Pair-fed controls received a comparable diet in 
which sucrose isocalorically replaced the alcohol. The livers were examined by light 
and electron microscopy and levels of hepatic triglycerides, cholesterol and phospho
lipids were determined at 4, 8, 12 and 16 weeks. In the early stages (4 -8  weeks) of 
the experiment, the alcohol-consuming rats developed more extensive fatty liver than 
did controls. The accumulation of fat which was only moderate in degree proved to 
be transient because it later disappeared (12 -16  weeks). But fat in livers of control 
rats did not disappear. Instead, it progressively accumulated during the entire 16- 
week period. Some mitochondrial alterations and a few Mallory bodies were also ob
served at the early stages in rats consuming alcohol. However, these ultrastructural 
changes sharply regressed so that by the end of the experiment livers from both 
groups were almost indistinguishable and almost normal (aside from the fat in livers 
of the carbohydrate controls). These data support the concept that even if alcohol 
has any postulated hepatotoxic effects on the livers of rats, it can be profoundly 
modified by manipulation of the accompanying diet.

It has been previously shown by Lieber 
et al. (1 )  that rats consuming alcohohc 
liquid diets containing 16% protein (kcal 
/100 kcal) for 3 weeks developed moder
ate hepatic fatty changes and some 
mitochondrial changes. In our laboratories
(2 )  we have studied the effects of this 
diet for longer periods (3  months) and 
were able to confirm these results. In ad
dition we found that the mitochondrial 
changes had led to the formation of Mal
lory bodies ( “intracellular hyaline” ).

Lieber has maintained the opinion that 
the diet was adequate and that the deleteri
ous effects on the liver were therefore 
attributable to a postulated direct hepato
toxic action of alcohol. However, subse
quent publications from his group (3, 4 ), 
as well as from ours (5 -7 ) ,3,4 indicated 
that modifications of the original dietary 
formula, particularly by elevation of the 
lipotropic content, reduced and even pre
vented the alcohol-conditioned hepatic 
changes. It was then obvious that the 
original liquid diet had, in fact, not been 
adequate under these special conditions 
and consequently the hypothesis of a 
direct toxic effect of alcohol could be 
seriously questioned.

In the present experiment, we have 
tested the lipotropic effect of protein in 
rats that received an alcoholic liquid diet 
consisting of the following: (in kcal/100 
kcal) alcohol, 40; carbohydrates, 20; fat, 
15; and protein, 25. The results indicated 
that even after a period of 16 weeks this 
diet prevented the accumulation of fat and 
markedly reduced the extent of ultrastruc
tural changes of the liver. Rather unex
pectedly mild degrees of fatty livers de
veloped in the livers of the control rats 
(high carbohydrate, no alcohol).

MATERIAL AND METHODS 

Fifty male rats of the Wistar strain 
(154-176 g initial body wt) were allotted 
to 2 groups (A  and B) of 25 animals

Received for publication November 29, 1967.
'Presented in part at the annual meeting of the 

American Association for the Study of Liver Diseases, 
Chicago, 1966 (Gastroenterology, 52: 319, ’67).

2 This study was supported by the Alcohol and Drug 
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2 Gomez-Dumm, C. L. A., and E. A. Porta 1966 
Protein and hepatic injury associated with experi
mental chronic alcoholism. Federation Proc., 25; 304 
( abstract).

4 Porta, E. A., W. S. Hartroft, F. A. de la Iglesia and 
C. L. A. Gomez-Dumm 1966 Implications of dietary 
constituents on the lobular distribution of hepatic 
lesions in experimental chronic alcoholism. Amer. 
J. Pathol., 48: 39a (abstract).
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each. Group A was offered ad libitum an 
alcoholic liquid diet in which the caloric 
ingredients (expressed in kcal/100 kcal) 
were as follows: alcohol,5 40; carbohy
drate, 20; fat, 15; and protein, 25. The 
pair-fed controls (group B) received a 
liquid diet in which sucrose was used to 
replace isocalorically the alcohol. The 
composition of the alcohol liquid diet, 
expressed as grams per 100 ml, was as 
follows: essential amino acid mixture, 
3.050; nonessential amino acids, 3.200; 
salt mixture (8 ) , 1; vitamin mixture,6 2; 
corn oil, 0.450; olive oil, 1.080; cod liver 
oil, 0.130; ethanol (absolute laboratory 
alcohol), 5.714; sucrose, 3; choline chlo
ride, 0.200; sodium carrageenate,7 0.400; 
and distilled water to make 100 ml.

The composition of the essential amino 
acid mixture in grams/100 g was as fol
lows: L-lysine-HCl 13.434; L-arginine-HCl, 
8.125; DL-tryptophan, 2.166; DL-phenyla- 
lanine, 9.750; DL-leucine, 17.334; d l - 
isoleucine, 10.834; DL-valine, 15.167; L- 
histidine-HCl 5.850; DL-methionine, 6.500; 
and DL-threonine, 10.834.

Nonessential amino acid mixture, 
grams/100 g is as follows: L-glutamic acid, 
20.639; DL-serine, 5.159; glycine, 7.223; 
DL-tyrosine, 28.895; L-cystine, 2.063; l - 
proline, 9.287; L-asparagine monohydrate, 
14.344; and DL-alanine, 12.383.

The composition of the isocaloric suc
rose diet B was similar to that of diet A, 
but here the 5.714 g/100 ml of alcohol 
was replaced by 13 g /100 ml of sucrose.

Both liquid diets provided approximately
1.0 kcal/ml and were offered daily in 
Richter drinking tubes. No water was 
given to the animals other than that pres
ent in the liquid diets.

To adapt the animals of group A to the 
high alcohol diet, during the first 4 days 
they were fed a similar mixture, but with 
20% of their calories in the form of alcohol 
(and sucrose 40% ). During the following 
3 days a diet with 30% alcohol was 
offered.

All animals were housed in wire-bottom 
individual cages in air conditioned rooms 
supplied during the day with continuous 
soft music. Body weights were recorded 
twice weekly.

Five rats from each group were killed 
at the end of the fourth, eighth, and 
twelfth week and 10 animals at the end of 
week 16. The livers were weighed and 
blocks taken from the median lobes were 
fixed in Baker’s solution (9 ). Paraffin 
sections were stained with hematoxylin- 
eosin, oil red O (1 0 ), aniline blue-chro
motrope 2R (11 ) for the detection of 
Mallory bodies and with Masson’s tri
chrome stain (12 ) to aid in visualizing the 
connective tissue. Fat in frozen sections 
was stained with oil red O (ORO).

Small blocks also taken from the median 
lobe of each liver were fixed by immersion 
in Dalton’s solution8 and embedded in 
Epon 812 (13 ) for electron microscopy. 
Thick sections (0.5-1 a), which were 
stained with buffered toluidine blue (14 ), 
were used for the identification of precise 
zones of hepatic lobules to be examined by 
electron microscopy. They were, in addi
tion, stained with a variety of procedures 
routinely used in our laboratories and re
ported elsewhere (15 ) to aid in the visuali
zation of Mallory bodies and when neces
sary to provide correlation between light 
and electron microscopy of adjacent sec
tions. Ultrathin sections from preselected 
lobular areas were stained with lead using 
Karnovsky’s methods (16 ) and photo
graphed at established initial magnifica
tions. Numbers and surface areas of mito
chondria and cells were planimetrically 
determined by a previously described 
method (17 ).

The weighed hepatic remnants from ani
mals killed at the different periods were 
kept in deep-freeze ( — 20°) until biochem
ical analyses were made. Total hepatic 
lipids were extracted by the method of 
Folch et al. (18 ) and lipid fraction deter
minations were carried out for triglycerides

s Alcohol is used synonymously with ethanol.
6 Vitamin Diet Fortification Mixture, Nutritional 

Biochemicals Corporation, Cleveland. The composi
tion of this mixture in m g /100 g is as follows; vitamin 
A (200,000 IU /g), 450; vitamin D (400,000 units/g), 
25; a-tocopherol, 500; ascorbic acid, 4,500; inositol, 
500; choline chloride, 7,500; menadione, 225; p-amino- 
benzoic acid, 500; niacin, 450; riboflavin, 100; pyri- 
doxine-HCl, 100; thiamine• HC1, 100; Ca pantothenate, 
300; biotin, 2; folic acid, 9; vitamin B12, 0.135; dex
trose to make 100 g.

7 Viscarin, Marine Colloids Inc., New York.
8 Dalton, A. J. 1955 A chrome-osmium fixative for 

electron microscopy. Anat. Rec., 121: 281 (abstract).
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(1 9 ), total cholesterol (20 ) and phospho
lipids (21),

RESULTS

Food intake. The average daily food 
intake of rats offered the alcohol diet 
(group A ) and the non-alcohol control diet 
(group B), expressed in milliliters/100 g 
body wt, as well as the alcohol intake of 
group A, expressed in grams per kilogram 
of body weight, is presented in table 1.

Groivth. The amounts consumed were 
sufficient to promote continued growth 
and no significant difference was found at

TABLE 1
Mean daily food intake

Time Group
Daily food intake

Total Alcohol
weeks ml/100 g body wt g/kg body wt

4 A 29.70 ± 0 .7 7  1 19.48 ± 0 .4 0
B 29.60 ± 0 .4 0

8 A 22.60 ± 0 .3 6 14.18 ± 0 .2 4
B 22.60 ± 0 .1 2

12 A 20.40 ± 0 .8 0 11.83 ±  0.50
B 19.70 ±  0.68

16 A 17 .50±0 .48 10.24 ± 0 .3 3
B 17 .10±  0.23

1 Expressed as means ±  s e .

any time between body weights of rats 
given the alcohol diet (group A) and those 
of pair-fed controls (group B) (fig. 1). 
The growth rate was 2.69 g/day in group 
A and 2.67 g/day in group B during the en
tire experimental period. Animals of group 
A tolerated the diet well and behaved simi
larly to those of group B.

Liver weights. No significant differ
ences in liver weights (absolute or per 100 
g of body wt) were found between groups 
A and B at any of the periods studied 
(table 2).

Triglycerides. Levels of hepatic triglyc
erides of animals from group A, killed at 
the end of week 4, were three- to fourfold 
higher than those considered normal for 
rats consuming other non-alcoholic liquid 
diets (2 ). However, the values in group 
B were also elevated at this period and not 
significantly different from those of group 
A. In group B, the levels remained elevated 
and did not vary significantly with time. 
But, in group A, triglycerides reached the 
maximal peak at week 8 when they were 
significantly higher than those of group B 
(P < 0.05). However, at the subsequent 
periods studied (weeks 12 and 16) they 
returned to normal values and were sig-

B ODY  W E I G H T

Fig. 1 Changes in body weights of rats consum ing the alcohol liquid diet and in pair- 
fed  controls fed a diet in w hich sucrose replaced the alcohol isocalorically.



4 4 0  E . A . P O R T A , O. R . K O C H , C . L . A . G O M E Z -D U M M  A N D  W . S. H A R T R O F T

T A B L E  2

Effects of the diets on the body and hepatic weights and on the hepatic lipids

Time Group Body wt Liver wt Liver wt Triglycerides Cholesterol Phospholipids

weeks 9 9 9 / 1 0 0  g 
body wt

mg/g fresh 
liver

mg/g fresh 
liver

mg/g fresh 
liver

4 A 294.28 ± 22 .55  1 12.49 ± 0 .6 0 4.28 ±  0.19 21 .20±3 .97 3.00 ± 0 .4 5 17.00± 1.95
B 295.04 ± 19 .80 12.21 ± 1 .1 6 4.00 ±0 .4 3 17.80±4 .95 3.20 ± 0 .3 7 12.00 ±0 .7 1

8 A 379.96 ±  19.88 14.14 ±  0.60 3.74 ±  0.11 37.00 ±5 .5 8 4.80 ± 0 .3 7 26.20 ±  1.83
B 377.70± 13.36 14.30±0 .66 3 .7 8±0 .1 1 16.60± 5.86 4.00 ± 0 .5 5 12.20 ± 0 .8 0

12 A 454.20 ±  9.25 16.94 ±  0.31 3.74 ± 0 .0 8 8 .8 0 ±  1.65 2.28 ± 0 .3 4 15.00± 1.58
B 449 .00±  11.14 15.46 ±0 .7 5 3.44 ±  0.11 10.80 ± 3 .4 7 2.52 ± 0 .4 5 17.00 ±  1.22

16 A 466.30 ±  6.09 17.55 ±  0.09 3.78 ± 0 .0 7 9.70 ± 2 .8 3 2.68 ± 0 .3 8 16.50± 1.12
B 463.60 ±  7.90 17.52 ±0 .4 4 3 .7 7 ± 0 .0 7 17.80± 1.92 2.92 ±0 .2 8 28.20 ±  4.37

1 Expressed as means +  se.

nificantly lower than those of the control 
group B (P <  0.05).

Cholesterol. Levels of hepatic total cho
lesterol in groups A and B remained nor
mal and were not significantly different 
between the groups throughout the experi
ment.

Phospholipids. Levels of hepatic phos
pholipids in rats of group A were signifi
cantly higher than in those of group B, 
except at week 12 at which time they were 
about the same. In both groups the varia
tions with time were somewhat similar to 
those observed for the triglyceride fraction.

Light microscopy. Sections from livers 
of group A killed at the end of week 4 
showed minimal fatty changes in the form 
of small droplets which had accumulated 
in the cytoplasm of centrolobular hepato- 
cytes. By week 8 the amount of stainable 
fat had sharply increased, but still the 
changes were confined to centrolobular 
zones (fig. 2 ). At this period, the fat drop
lets were more numerous in affected liver 
cells but had rarely coalesced to either 
form globules or displace nuclei. Most 
centrolobular and some mid-zonal hepato- 
cytes contained variable numbers of Mallory 
bodies. Their size rarely exceeded those of 
nuclei. Cytoplasm of some Kiipffer cells 
of centrolobular areas and occasionally 
those of others contained a few tiny drop
lets of fat.

By weeks 12 and 16 (fig. 3) stainable 
fat had almost disappeared from hepato- 
cytes, although most Kiipffer cells con
tained numerous small droplets. Mallory 
bodies were observed at week 12 but in

Fig. 2 Accumulation of fat droplets in hépato
cytes and Kiipffer cells of a rat fed the alcohol 
liquid diet for 8 weeks. ORO stain. X 600.

fewer hepatocytes than at week 8 and only 
in 3 out of 5 livers of this group. Mallory 
bodies had completely disappeared in sec
tions from all animals of group A killed at 
week 16.

Livers from group B showed hepatocytic 
fatty changes at week 4 which were quan
titatively similar to those observed in group
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Fig. 3 Fat droplets in Kiipffer cells and in 
some hepatocytes of a rat fed the alcohol liquid 
diet for 16 weeks. ORO stain. X 600.

A at a similar period; but, the hepatocytes 
affected were found not only in centrolobu- 
lar but also in mid-zones. By week 8 (fig.
4) and weeks 12 and 16 (fig. 5 ), the fatty 
changes had extended to all areas of the 
liver lobules and were also found in Kiipf- 
fer cells. The degree of these changes, 
however, was not more than moderate and 
paralleled, in general, the biochemical re
sults.

Electron microscopy. The most notice
able ultrastructural change in hepatocytes 
of rats of group A killed at week 4 was 
found in the mitochondria. These organel
les were generally enlarged and the con
figurations of many were bizarre. They 
had become curved, U-shaped, thin, elon
gated and even frankly grotesque. Except 
in those exhibiting very elongated shapes, 
cristae were scanty, but the density of their 
matrices and the numbers of opaque bodies 
did not appreciably differ from normal. 
The organization of the rough endoplasmic 
reticulum (RER) varied from cell to cell

but slight vesiculization and moderate dis
location of ribosomes was frequent.

By week 8 mitochondrial abnormalities 
had become even further advanced and the 
odd-shapes were more commonly found 
than before (fig. 6). Many megamitochon
dria were now observed in which only a 
few peripheral short cristae with variable 
matrical electron densities could be seen. 
These megamitochondria corresponded to 
Mallory bodies as demonstrated in adja
cent sections studied by light microscopy 
and stained by various techniques as re
ported elsewhere (15). Vésiculation and 
disorganization of RER were also more 
profound than at week 4.

At week 12 the mitochondrial changes 
were similar to those observed at week 8 
but the RER showed fewer alterations. By 
week 16, mitochondria were moderately 
enlarged but they, as well as the rest of 
the ultrastructural cytoplasmic elements, 
had almost normal configuration (fig. 7).

Fig. 4 Fat droplets in hepatocytes and Kiipffer 
cells of a rat fed the non-alcohol diet for 8 weeks. 
ORO stain. X 600.
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pletely normal. They contained compara
tively more glycogen granules than did 
those of group A. Kiipffer cells in group B 
showed no appreciable differences when 
compared with those of group A, also con
taining small cytoplasmic droplets of fat.

Planimetric determinations (table 3). 
These determinations showed little differ
ence in the average size of the hepatocytes 
(area of cells in sections) between groups 
A and B at the different periods. But, with 
the exception of weeks 4 and 16, the area 
of mitochondria per standard (100 ir) cell 
area of group A was almost twice as large 
as that of group B.

DISCUSSION

Histologic and biochemical results from 
previous experiments in which rats con
sumed for 3 to 12 weeks a liquid mixture 
supplying 36% of alcohol and 16% pro
tein showed that the livers of these ani
mals contained significant amounts of ab
normally accumulated fat (1, 2 ). How
ever, their controls given a similar diet in 
which the alcohol was replaced isocalor- 
ically by sucrose only had moderate 
amounts of visible fat and slightly elevated 
hepatic triglycerides. The lipotropic con
tent of these food mixtures was 75 mg 
(expressed as choline) per 100 kcal, a 
level that was considered adequate at that 
time, at least for rats fed conventionally.

It was tempting to conclude then that 
the alcohol per se and not any dietary 
anomaly was directly and solely responsi
ble for the fatty changes. However, exam
ination of the proportions of calories from

TA B L E  3

Area of cells and number and area of mitochondria per cells in sections

Week Group Cell
area

No. mito
chondria/ 
cell area

No. mito
chondria/ 100 /¿2 of 
cell area

Area mito
chondria/ 
cell area

Area mito
chondria/ 100̂ 2 of 
cell area

4 A 487.03 101.16 20.77 147.57
fi2

30.30
B 525.32 98.08 18.29 173.51 33.03

8 A 495.35 263.57 53.21 185.26 37.40
B 427.80 97.58 22.81 64.72 15.13

12 A 515.20 119.01 23.10 228.18 44.29
B 538.71 133.11 24.71 139.95 25.98

16 A 501.04 103.71 20.70 139.34 27.81
B 490.59 133.00 27.11 110.58 22.54

Fig. 5 Accumulation of fat droplets in hepato
cytes and Kiipffer cells of a rat fed the non-alco
hol diet for 16 weeks. ORO stain. X 600.

The Kiipffer cells of animals from group 
A at the different periods studied were 
ultrastructurally normal except that, with 
time, increasing numbers of fat droplets 
appeared in their cytoplasms.

In animals of group B killed at weeks 4, 
8 (fig. 8 ), 12 and 16 (fig. 9 ), the ultra
structure of hepatocytes was almost com



Fig. 6 Mitochondrial alterations in hepatocyte of a rat fed the alcohol liquid diet for 8 weeks. 
Lead stain. X 20,000.

Fig. 7 Aspect of hepatocyte from a rat fed the alcohol diet for 16 weeks. The mitochondria are 
slightly enlarged but their overall configuration is normal. Lead stain. X 20,000.
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Fig. 8 Normal ultrastructural features in hepatocyte of a rat fed the non-alcohol diet for 8 weeks. 
Lead stain. X 20,000.

the various food sources showed that this 
experimental design introduced 2 variables 
between the control and the experimental 
animals. The first obviously was the pres
ence of alcohol in one diet and not in the 
other, and the second (less obvious one) 
was the uncontrolled imbalance of protein, 
carbohydrate and fat created by the carbo
hydrate substitution for alcohol in the 
control diet. As a result, the percentage 
of calories from carbohydrate in the alco
hol-mixture was only 4 or 5 (coming ex
clusively from the vehicle in the vitamin 
mixture), whereas the controls received 
41% —• over 8 times as much.

The utilization of protein by animals fed 
low carbohydrate diets has been found to 
be impaired (22 ). Therefore the imbalance 
noted above was at least in theory of rele
vant importance. Although the ideal rela
tions between nutrients are not yet pre
cisely defined, there is good experimental 
evidence indicating that the efficiency of 
food utilization may be seriously affected

by alterations in the inter-nutrient balance, 
as recently emphasized by Crampton (23). 
These dietary alterations are almost cer
tain to manifest themselves by the develop
ment of abnormalities in the liver, as sub
sequent experiments on chronic alcoholism 
from our laboratories have shown (24). 
A diet containing the same caloric propor
tions of alcohol and protein as before, but 
with lower amounts of fat (6% ) and more 
carbohydrate (42% ), induced significantly 
less hepatic accumulation of fat than that 
observed in rats that had consumed a low 
carbohydrate, high fat mixture. Con
versely, other alcohol diets (3 6 % ) also 
low in fat and high in carbohydrate, but 
with only 6% protein induced severe 
hepatic alterations. These results taken 
together demonstrate how markedly the 
balance of all three chief sources of cal
ories (fat, protein and carbohydrate) can 
influence results.

In the present experiment the amount 
of protein was elevated to 25% and that
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Fig. 9 Normal aspect of hepatocyte from a rat fed the non-alcohol diet for 16 weeks. Lead stain. 
X 20,000.

of alcohol to 40% of the total calories. 
Attempts were also made to provide fat 
and carbohydrate in more harmonious pro
portions under these circumstances (20% 
carbohydrate versus 5% Lieber’s experi
ment). The lipotropic content of this diet, 
as well as that consumed by the controls 
in which alcohol was isocalorically re
placed by sucrose was high (269 m g /100 
kcal). The results showed that in the ear
lier stages of the experiment (4 -8  weeks) 
the alcohol-consuming rats developed more 
extensive fatty liver than controls, but this 
finding proved to be a transient one be
cause it disappeared after longer periods 
(12-16 weeks). However, the control ani
mals developed more extensive fatty liver 
at the end of the experiment than did the 
alcohol-rats. We did not expect to find 
fatty liver (albeit to a slight degree: 17.80 
mg of triglycerides/g of wet liver) in the 
rats of control group B at the end of the 
experiment because the ratio of carbohy-

drate, fat and protein (6 0 :1 5 :2 5 ) is com
parable to that which many other investi
gators and ourselves have often used in 
conventional solid food mixtures in“ nor
mal” diets for rats. The differences be
tween the control diet in the present ex
periment and the conventional ones are 
that the rats consumed the mixture in a 
liquid form and protein had been replaced 
by amino acids. Further studies are neces
sary to seek the explanation.

The protective effect of these relatively 
high levels of protein (25% ) has also been 
demonstrated by Jones and Greene (3 )  
who showed that the livers of rats were 
protected if the animals consumed liquid 
diets providing 36% of the calories as alco
hol, as long as the rest of the food mixture 
was relatively low in fat (5%  ) and high in 
protein ( 19%) .

These data strongly support the con
cept that any postulated hepatotoxic ef
fects of alcohol on the livers of experi-
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mental animals can be vastly modified by 
manipulation of the accompanying diet, 
lipotropic content and particularly the level 
of protein. It is difficult for us, in the light 
of these data, to ascribe to alcohol a “di
rect hepatotoxic” action.
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A B STR AC T  I n  p l a s m a  o f  n o r m a l  r a t s  t h e  p r e s e n c e  o f  t h i a m i n e  m o n o p h o s p h a t e ,  
i n  a  c o m p l e t e l y  d i a l y z a b l e  f o r m ,  w a s  d e m o n s t r a t e d  b y  c h r o m a t o g r a p h i c  p r o c e d u r e s .  
I t s  c o n t e n t  ( 1 6 . 2  ±  0 .4 7  p g / 1 0 0  m l )  a c c o u n t e d  f o r  6 4 %  o f  p l a s m a  t o t a l  t h i a m i n e ,  t h e  
r e s t  b e i n g  f r e e  t h i a m i n e .  B o t h  t h i a m i n e  c o m p o u n d s  o f  p l a s m a  w e r e  r a p i d ly  a n d  
g r e a t l y  a f f e c t e d  b y  d i e t a r y  t h i a m i n e  d e f i c i e n c y .  A d m i n i s t r a t i o n  o f  t h i a m i n e  o r  i t s  
m o n o p h o s p h a t e  b y  v a r i o u s  r o u t e s  a p p a r e n t ly  m o d i f i e d  o n l y  t h e  f r e e  t h i a m i n e  c o n t e n t .  
P h o s p h o r y l a t e d  t h i a m i n e  ( m o s t  l i k e l y  m o n o p h o s p h a t e )  w a s  p r e s e n t  i n  t h e  p l a s m a  
o f  a l l  t h e  a n i m a l  s p e c i e s  s tu d ie d .

Some of our preliminary experiments 
showed that incubation of rat blood plasma 
with human prostate phosphatase caused 
a net increase of free thiamine. This in
crease could have been a consequence of 
the hydrolysis of some thiamine phosphates 
present in plasma. Since there is little or 
no information on the nature and phys
iological meaning of thiamine phosphates 
in plasma, we conducted some experiments 
to clarify these points; the results are pre
sented here briefly.

M A T E R I A L  A N D  M E T H O D S

Male albino rats (Wistar strain), 150 to 
180 g starting weight, were maintained 
with a complete purified diet.2

Unless otherwise stated, the blood was 
withdrawn from the abdominal aorta of 
laparotomized rats under light anesthesia 
by a heparinized syringe. Plasma was 
separated by centrifuging for 10 minutes 
at 2500 rpm.

Thiamine was determined by the method 
of Rindi and Perri (1 ) with minor modi
fications. The fluorescence was measured 
in a Beckman DU (model G 2400) spectro
photometer, equipped with fluorimetric ap
paratus. Thiamine and its esters were ex
tracted from blood as follows: to 2 ml of 
plasma (or 0.5 ml of whole blood) were 
added 4 ml of distilled water, followed by 
0.8 ml of 30% trichloroacetic acid (TCA) 
(w /v). After 10 minutes, the sample was 
centrifuged and the precipitated proteins, 
thoroughly suspended in 2.5 ml of 2% 
TCA, were again centrifuged. The com

bined supernatant fluids were brought to 
pH 5.1 with 1.2 ml of 2.5 m sodium ace
tate and diluted with distilled water to 10 
ml in a volumetric flask. One milligram 
of human prostate phosphatase, prepared 
according to Vescia and Testi (2 ), lyophyl- 
ized, and dissolved in 0.1 ml of water, was 
added and the solution incubated at 37° 
overnight. A second aliquot of 2 ml of 
the same plasma, similarly treated, was 
incubated without phosphatase. In both 
samples thiamine was fluorimetrically de
termined, the first yielding the total thia
mine and the second the free thiamine 
content. Phosphorylated thiamine was cal
culated by difference (2 ). When ethyl- 
enediaminetetraacetic acid (EDTA) was 
present, 25 mg of CaCl2 were added before 
incubation to eliminate its inhibiting ac
tion on prostate phosphatase.

The resins used were: Dowex3 1-X8, 
(2000-400 mesh), acetate (3); Amberlite 4 
XE 64, both carboxylic or buffered at pH
6.5 (4 ).

The thiamine (chloride hydrochloride), 
thiamine monophosphate (chloride) and 
thiamine diphosphate were commercial 
products.5

Received for publication October 19, 1967.
1 Present address: Vister Research Laboratories,

Casatenovo Bz., Italy.
2 Obtained from S.p.a.F. Vismara, Casatenovo Bz. 

(Com o), Italy.
3 Dowex, Dow Chemical Company, Midland, Michi

gan.
4 Amberlite, Rohm and Haas Company, Philadelphia, 

Pennsylvania.
5 Kindly supplied by Prodotti Roche, Milan.
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All the chromatographic columns were 
made of Pyrex glass tubes, fitted with a 
sintered glass disk and fused to a ground- 
glass stopcock.

E X P E R I M E N T S  A N D  R E S U L T S  

Experim ent 1. Total thiamine content 
of rat whole blood and plasm a. The re
sults of several determinations were: (in 
u g / 1 0 0  ml ±  s e )  total thiamine of whole 
blood, 28.31 ±  0.75 (7 rats) and of plasma,
25.25 ±  0.47 (12 rats), which show that 
the plasma total thiamine content did not 
greatly differ from that of the red cells.

Experim ent 2. Free and total thiamine 
content of blood plasm a. The mean values 
for plasma samples from 8 rats were: ( ug/ 
100 ml ±  s e )  total thiamine, 25.25 ±  0.47; 
and free thiamine, 9.05 ±  0.32. Incuba
tion with phosphatase, necessary for total 
thiamine determination, caused an in
crease of free thiamine, probably by hy
drolyzing thiamine phosphates, which 
amounted to 64% of the total thiamine.

Experim ent 3. Incubation of p lasm a  
with or without addition of thiamine phos
phates. The well-known plasma phos
phatase activity might easily split thiamine 
phosphates, either added or preformed. 
This possibility was investigated by incu

bating several 3-ml samples of rat plasma 
at 37°, soon after their withdrawal from 
the aorta, for different periods of time and 
determinining their free and total thiamine 
content.

Figure 1 shows that incubation in
creased free thiamine in plasma, did not 
modify total thiamine, and lowered 
esterified thiamine. Further evidence of 
intrinsic plasma phosphatase activity came 
from experiments in which a set of blood 
plasma samples (2 ml) was incubated at 
37° after addition of 0.8 ug of thiamine 
diphosphate. The enzymatic activity was 
interrupted at different times by adding 
30% TCA solution. After centrifuging and 
washing as described above, in the super
natant fluid only free thiamine was 
determined. The results (fig. 2) again 
suggest that rat plasma can hydrolyze 
thiamine phosphates enzymatically.

Experim ent 4. Blocking of p lasm a  
phosphatase activity. A reliable deter
mination of plasma thiamine phosphates 
could be made only after inhibition of 
phosphatase activity, which otherwise 
could destroy them. The following experi
ments show the efficacy of EDTA as a 
plasma phosphatase inhibitor.

F ig .  1 I n f l u e n c e  o f  i n c u b a t i o n  a t  3 7 °  o n  r a t  p l a s m a  c o n t e n t  o f :  -  O  —, f r e e  t h i a m i n e ;  
— #  —, p h o s p h o r y l a t e d  t h i a m i n e ;  — A t o t a l  t h i a m i n e .
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To blood, withdrawn using a syringe 
rinsed with 5% heparin solution contain
ing 1% NaCl and 2.5% EDTA, 1 mg of 
EDTA per ml was added and mixed 
thoroughly. From the plasma several 2-ml 
samples were prepared, to some of which 
0.3 ag of thiamine mono- or diphosphate, 
dissolved in 0.1 ml of saline, was added. 
The free and total thiamine content was 
determined on all samples, before and 
after five hours of incubation at 37°. The 
lack of an increase in free thiamine (table
1) after incubation clearly shows the 
efficacy of EDTA as an inhibitor.

Experim ent 5. Identification of thia
mine m onophosphate in p lasm a. Differ
ent chromatographic procedures were used 
to identify the thiamine phosphates nor
mally present in plasma.

Seventy-five milliliters of rat plasma, 
collected in the presence of EDTA, were 
diluted with 75 ml of water and deprotein- 
ized with 37 ml of 30% TCA solution, 
mixing thoroughly. After 10 minutes the 
proteins were centrifuged, washed with 
20 ml of 2% TCA and again centrifuged.

10 H ou rs  20

i n c u b a t e d  a t  3 7 °  w i t h  t h i a m i n e  d i p h o s p h a t e

The supernatant fluids were combined, 
brought to pH 6.8 to 7.0 with 10% NaOH 
and passed through a column (1.3 cm X 8 
cm) of deactivated charcoal, prepared ac
cording to Rindi and de Guiseppe (3 ). 
After washing with 20 ml of water, thia
mine and thiamine phosphates were eluted 
with 80 to 100 ml of 10% n-propanol in 
water.

The eluate was concentrated to 20 ml in 
a rotating evaporator under vacuum, at 
40°. An aliquot was used for the determin
ation of free and total thiamine content 
and the rest was subjected to the following 
analytical procedures.

A. Six milliliters of the concentrated 
propanolic eluate were acidified with 0.8 
ml of 0.1 n  HC1 and placed on a chro
matographic column (0.8 cm X 3 cm) of 
Dowex 1-X8, acetate. Separate determin
ations of thiamine, thiamine mono- and 
diphosphate were performed according to 
Rindi and de Giuseppe (3 ). Two fractions 
were eluted: the first (fraction I) con
tained thiamine plus thiamine monophos-

F ig .  2  F r e e  t h i a m i n e  c o n t e n t  o f  r a t  p l a s m a  
( 0 . 4  p g / m l ) ;  e a c h  p l a s m a  s a m p l e  w a s  2  m l .

TABLE 1

I n h i b i t i o n  o f  r a t  p l a s m a  p h o s p h a t a s e  a c t i v i t y  b y  E D T A  1 ( e x p .  4 )

Incubation
Plasma Plasma 2 +  thiamine 

monophosphate
Plasma +  thiamine 

diphosphate
Free

thiamine
Total

thiamine Free
thiamine

Total
thiamine

Free
thiamine

Total
thiamine

h o u rs p g / 1 0 0  m l fig/ 100  m l fig/100  m l

0 5 .12 16 .02 5 .1 2 4 1 .6 0 5 .12 40 .3 0
5 5 .10 16.04 5 .02 39 .8 0 5 .15 39 .8 0

1 Averages of 2 experiments.
2 0.3 /¿g/m l of thiamine mono- or diphosphate were added to plasma before incubation.
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phate and the second (fraction II), thia
mine diphosphate.

B. Six milliliters of the same concen
trated propanolic eluate were passed 
through a column (0.8 cm X 3 cm) of 
Amberlite XE 64 resin, buffered at pH 
6.5, which retained free thiamine and 
allowed phosphorylated thiamine (thia
mine mono- and diphosphate and other 
esters) to flow through. Thiamine phos
phates were collected by washing with 20 
ml of water (fraction I ) : the successive 
fraction (fraction II), eluted with 20 ml 
of 0.5 n  HC1 contained all the free thia
mine.

C. Finally, 6 ml of the concentrated 
propanolic eluate were passed through a 
column (0.8 cm X 3 cm) of Amberlite 
XE 64 resin, carboxylic, which retained 
both free and phosphorylated thiamine 
(thiamine mono- and diphosphate). After 
rinsing with 25 ml of water (fraction I), 
all thiamine compounds previously re
tained by the resin were eluted with 20 
ml of 0.5 n  HC1 (fraction II).

On each fraction separated in the single 
chromatographic procedures described, the 
free and total thiamine content was de
termined, phosphorylated thiamine being 
calculated as the difference.

In table 2 the results of a typical experi
ment are summarized. All the chromato
graphic procedures assured good recovery 
of both free and phosphorylated thiamine 
of the original plasma sample. Moreover, 
procedure A showed that the only thiamine

phosphate in plasma was thiamine mono
phosphate. This was qualitatively con
firmed by paper chromatography. Each 
fraction eluted in single chromatographic 
procedures (see table 2) was concentrated 
to 0.1 ml in a rotating evaporator and 
chromatographed on OB Muntkell paper, 
according to Siliprandi and Siliprandi (5 ), 
for 12 hours. However, no clear separation 
could be obtained for thiamine compounds 
contained in fractions of procedures A and 
B, owing to the presence of many inter
fering substances. Only the fraction eluted 
with HC1 in procedure C was completely 
free of impurities. In the experiment re
ferred to in figure 3 such a fraction was 
eluted with 0.01 n  HC1 to avoid strong 
acidification during the concentration of 
the sample. The paper chromatogram (fig. 
3) shows clearly that thiamine in rat 
plasma was present only in 2 forms, free 
and monophosphate.

Experim ent 6. Dialysis of plasm a. 
The possibility of thiamine monophosphate 
being bound to plasma proteins was tested 
with dialysis experiments. Twenty-two 
milliliters of rat plasma, collected in the 
presence of EDTA, were dialyzed in Visk- 
ing tubing,6 against 2 liters of 0.015 m  
phosphate buffer pH 7.2 (containing 1 mg 
EDTA/ml), at 4° for 24 hours with slow 
agitation. Free and phosphorylated thia
mine content of plasma, before and after 
dialysis, as well as of the dialysis fluid, con-

6 Visking Company, Chicago.

TABLE 2

C om position  o f  fra ction s ob ta in ed  by d ifferen t ch rom a togra ph ic  proced u res 1 (ex p . 5)

C h ro m a to g ra p h ic
p r o c e d u r e

T h ia m in e  c o m p o u n d s  p re s e n t  C o n te n t  fo u n d  
m  t r a c t io n s  a s : in  f r a c t io n s

F ra c t io n E lu e n ts
F ree

th ia m in e
P h o s p h o 

ry la te d
th ia m in e

F ree
th ia m in e

P h o s p h o 
ry la te d

th ia m in e

N o n e  ( p l a s m a ) — t h i a m i n e T M P  2 +  T D P
fig/100 ml plasma 
4 .8 2  1 5 .4 0

A  D o w e x  1 -X 8 i h 2o t h i a m i n e T M P 4 .6 8 1 4 .9 1
a c e t a t e i i 0 .1  n  a c e t i c  a c i d — T D P 0 tr

B A m b e r l i t e  X E  6 4 , i h 2o — T M P  +  T D P tr 1 3 .2 0
b u f f e r e d  ( p H  6 . 5 ) i i 0 .5  N  H C 1 t h i a m i n e — 4 .5 2 tr

C  A m b e r l i t e  X E  6 4 , i H .O ___ ___ 0 0
c a r b o x y l i c i i 0 .5  N  H C 1 t h i a m i n e T M P  +  T D P 4 .9 7 1 3 .4 0

1 The results of a typical experiment are reported.
2 TMP, TDP =  thiamine mono-, diphosphate.
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F ig . 3  P a p e r  c h r o m a t o g r a m  o f  f r a c t i o n  I I  o f  p u r i f i e d  r a t  p l a s m a  e x t r a c t .  T h e  c h r o m a t o 
g r a p h ic  s o lv e n t  w a s  w - p r o p a n o l : w a t e r : m  a c e t a t e  b u f f e r ,  p H  5 ( 7 0 : 2 0 : 1 0 ) .  E lu t i o n  f r o m  
A m b e r l i t e  X E  6 4  r e s i n ,  c a r b o x y l i c ,  w a s  m a d e  w i t h  0 .0 1  n  H C 1 ( p r o c e d u r e  C ;  s e e  t e x t ) .  
F l u o r e s c e n c e  w a s  d e v e l o p e d  b y  s p r a y i n g  w i t h  a l k a l i n e  f e r r i c y a n i d e .  A ,  t h i a m i n e ;  B, t h i a m i n e  
m o n o p h o s p h a t e ;  a n d  C , f r a c t i o n  I I .

centrated in the vacuum, was determined. 
Practically all the plasma thiamine mono
phosphate was dialyzed (table 3 ); this 
means that it was not in a protein-bound 
form. Also free thiamine was dialyzable.

Experim ent 7. Free and phosphoryla- 
ted thiamine in p lasm a of different

TABLE 3
E ffec t o f  d ialysis on  plasm a th ia m in e ( fr e e  and  

p h o sp h o ry la te d )1 (exp . 6)

Material Free
thiamine

Phospho
rylated

thiamine

U-9 U9
P la s m a 1 .4 0 4 .2 3
P l a s m a  a f t e r  d ia ly s i s 0 .2 0 0 .4 0
D i a l y s is  f lu id 1 .2 8 3 .4 8

1 Averages of 2 experiments.

anim als. All the determinations were 
made on plasma samples collected in the 
presence of EDTA. The results reported in 
table 4 show that phosphorylated thiamine 
(probably thiamine monophosphate) was 
found in plasma of all the animals we 
studied. In dogs, the amounts of thiamine 
monophosphate and free thiamine were 
so small that they could not be detected 
with certainty by the method we used. In 
mammals the amount of thiamine mono
phosphate was rarely smaller that that of 
free thiamine.

Experim ent 8. Effect of dietary thia
mine deficiency on TMP plasm a content. 
Male albino rats (Wistar strain), weighing 
about 70 g, were kept in individual cages 
and fed a thiamine-deficient diet consist-
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T A B L E  4

F ree arid p h osp h oryla ted  th ia m in e c o n ten t o f  p lasm a o f  various anim als (exp . 7)

No. Free 
determinations thiamine

Phosphorylated
thiamine

tig/100 ml lig/100 ml
Rabbit 3 4 .0 0  ±  0 .1 2  1 3 .9 1  ±  0 .7 1
Guinea pig 3 1 .2 1  ±  0 .2 1 1 . 5 6 ±  1 .5 6
H og 3 1 .5 2  ± 0 . 0 4 3 . 3 0 ± 0 . 1 2
Rat 7 9 .3 7  ± 0 . 3 2 1 5 .6 1  ± 0 . 7 0
Dog 2 tr tr
Turkey 2 3 .4 0  ± 0 . 6 0 0 .2 0  ±  0 .0 1
C h i c k 4 2 .8 6  ± 0 . 8 4 0 .3 8  ± 0 . 0 6

1 Mean ±  se.

TABLE 5

Plasm a rat th ia m in e and th ia m in e m on op h osp h a te co n ten t during
dietary th ia m in e d efic ien cy  (exp .  8 )

Days of No. Free Thiamine
deficiency determinations thiamine monophosphate

fig/100 ml lig/100 ml
0 8 9 .0 5  ± 0 . 3 2  1 1 6 . 2 0 ± 0 . 7 1
2 5  2 4 .6 0  ± 0 . 2 5 3 .6 0  ± 0 . 4 4
4 3  3 1 . 4 9 ± 0 . 1 1 1 . 4 9 ± 0 . 1 1
6 2  3 0 .5 7  ±  0 .0 6 0 .6 4  ± 0 . 0 7
8 2  3 0 .5 1  ± 0 . 0 2 0 .3 8  ± 0 . 0 8

1 0 2  3 0 .3 8  ± 0 . 0 2 0 .2 6  ± 0 . 0 2

1 M ea n  ±  se.
2 E a c h  v a lu e  w a s  o b ta in e d  on  p la s m a  p ooled  fro m  4 ra ts.
3 E a c h  v a lu e  w a s  o b ta in ed  on p la sm a  p oo led  fro m  10 to 15  ra ts.

ing of: (in percent) casein, washed and 
defatted, 18; cornstarch, 65; olive oil, 2; 
and Osborne and Mendel salt mixture
(6), 5. The diet was supplemented with 
the following amounts of vitamin B com
plex, excluding thiamine, given by mouth 
on alternate days: (in ug) riboflavin 80; 
pyridoxine, 40; nicotinamide, 800; panto
thenate, 4; p-aminobenzoic acid, 20, ino
sitol, 40; choline, 850. In addition, every 
week 1 mg of dl-oi-tocopherol was admin
istered per os. The course of thiamine- 
deficiency, as indicated by thiamine 
content of the tissues, was previously 
studied by De Caro et al. (7).

Groups of rats were decapitated at vari
ous times and free and thiamine mono
phosphate content were determined on 2- 
ml samples of plasma separated from the 
pooled blood in the presence of EDTA.

The results (table 5) show that thia
mine deficiency affected both free thiamine 
and its monophosphate plasma content 
considerably: in 10 days they were reduced 
to extremely low values. The time course 
of the decrease, although similar, is quan
titatively different for the 2 compounds,

being much sharper for thiamine mono
phosphate, particularly in the first 4 days 
of deficiency. Thereafter the differences 
decreased until only traces of both com
pounds remained in plasma.

Experim ent 9. Effect of adm inistration  
of thiamine monophosphate or thiamine. 
Two groups of normal male albino rats of 
150 g body weight received intravenous 
injections (tail vein) of the following thia
mine compounds, dissolved in 0.2 ml of 
saline: group A, 350 ug of thiamine; and 
group B, 450 ug of thiamine monophos
phate 20. A third group (group C) received
1.05 mg of thiamine per os. After different 
time-intervals, blood was collected and 
pooled from 2 animals in the presence of 
EDTA. The free and total thiamine content 
was determined on the plasma.

The results of this experiment (table 6) 
show that for all 3 groups of rats the 
greatest increase was in free thiamine 
content, irrespective of the type of com
pound administered; this means that 
thiamine monophosphate was rapidly 
hydrolyzed. In group A, 5 minutes after 
the intravenous thiamine injection the
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TABLE 6
E ffec t  o f  th ia m in e or th ia m in e m on op h osp h a te  (T M P ) ad m in istration  on th iam ine  

and TM P co n ten t o f  rat p lasm a (exp . 9)

C o m p o u n d  
in je c t e d  

a n d  ro u te
T im e  a fte r  F ree  

a d m in is tr a t io n  th ia m in e
T h ia m in e

m o n o p h o s p h a te

min fig/100 ml fig/100 ml
G r o u p  A

3 5 0  pg  t h i a m i n e ,  iv 0 9 .0 5  ± 0 .3 2  1 1 6 .2 0  ± 0 .7 1
5 2 2 9 .0 0  ± 1 8 .0 0 3 .0 3  ± 1 .0 0

2 0 4 7 .0 0  ± 8 .0 0 2 2 .0 2  ± 0 .7 0
6 0 1 6 .0 0  ± 0 .2 0 1 6 .1 0  ± 0 .1 0

1 2 0 9 .8 0  i t 0 .2 0 1 5 . 2 0 ± 0 .2 0

G r o u p  B

4 5 0  tig T M P , iv 0 9 .0 5  ± 0 .3 2 1 6 .2 0  ± 0 .7 1
5 2 3 0 .0 0  ± 2 0 .0 0 1 8 6 .0 0  i t 1 2 .0 0

2 0 4 8 .0 0  ± 3 .0 0 1 6 .0 0  i t 3 .0 0
6 0 2 4 .0 0  ± 0 .4 0 2 8 .0 0  i t 4 .0 0

1 2 0 1 1 . 0 0 ± 0 .2 0 2 2 .0 0  i t 0 .1 0

G r o u p  C

1 .0 5  m g  t h i a m i n e ,  p e r  o s 0 9 .0 5  ± 0 .3 2 1 6 .2 0  i t 0 .7 1
5 1 0 .5 0  ± 0 .3 0 2 1 .0 0  ± 1 .3 0

2 0 1 5 .0 5  i t 0 .2 0 2 0 .0 0  i t 1 .2 0
6 0 1 2 .5 0  ± 0 .3 0 2 0 .6 0  i t 0 .1 0

1 2 0 1 0 .4 5  ± 0 .4 0 2 2 .0 5  i t 0 .5 0

1 M e a n  ±  se o f  4  d iffe re n t d e te rm in a t io n s , e a c h  m a d e  o n  p la s m a  p o o le d  f r o m  2 a n im a ls .

thiamine monophosphate content appeared 
to disappear completely. This was certainly 
an artifact due to the method of deter
mination we used, whereby the thiamine 
monophosphate was taken as the differ
ence between total and free thiamine. The 
latter was markedly increased by the in
travenous injection, hence rendering the 
thiamine monophosphate determination 
extremely uncertain. Only in group B, 5 
minutes after the intravenous injection 
was the thiamine monophosphate content 
clearly but temporarily increased.

DISCUSSION AND CONCLUSIONS

The results of our experiments indicate 
clearly that thiamine monophosphate is 
present in the normal plasma of various 
animals, particularly in rats. The use of 
EDTA in the collection of the plasma sam
ples prevented the splitting of thiamine 
monophosphate as well as its new forma
tion from higher thiamine phosphates, as 
Kiessling and Tilander (8, 9) showed in 
liver. As dialysis indicated, plasma thia
mine monophosphate is completely diffusi
ble.

None of the experimental conditions we 
tested (dietary thiamine deficiency, ad

ministration by different routes of thia
mine or thiamine monophosphate) spe
cifically affected the thiamine monophos
phate plasma content. However, a finding 
that must be emphasized is that plasma 
thiamine monophosphate appeared to be 
extremely sensitive, particularly in the 
first few days of thiamine deficiency, to 
the lack of thiamine in the diet.

As to the origin of plasma thiamine 
monophosphate, it probably comes from 
several tissues. In fact thiamine mono
phosphate has been found, although in 
small amounts, in various organs (brain, 
heart, liver, kidney) of many animals (10) 
as well as in peripheral nerves (10 ).7 As 
in plasma, the organ content of thiamine 
monophosphate is not affected by thiamine 
dietary deficiency (7 ) or thiamine and 
thiamine monophosphate administration
(11). Recently Gregory and Kon (12) were 
able to detect thiamine monophosphate in 
milk of various animals, confirming a 
previous finding of de Jong (13).

Probably thiamine monophosphate is a 
catabolic product of thiamine diphosphate,

7 G u rtn er, H. P. 19 5 7  B e itra g  z u r  fr a g e  des 
A n e u r in s to ffw e c h s e ls  w ä h re n d  d er N e rv e n e rre g u n g . 
H elv . P h y sio l. P h a r m a c o l. A c ta , 1 5 :  C  66.
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the major thiamine compound of tissues 
(10) or of thiamine triphosphate. It has 
no enzymatic activity, at least in those 
enzymatic systems in which thiamine 
diphosphate is active and it is not an in
termediary product in the synthesis of 
thiamine diphosphate by animal tissues
(14).
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Dialysis Studies of Liver Zinc in Zinc-deficient 
and Control Rats * 1

W . M . B E C K E R  a n d  W . G . H O E K S T R A

D ep a rtm en t o f  B ioch em istry , U n iversity  o f  W iscon sin , M adison , W iscon s in

A B STR AC T  E x p e r i m e n t s  w e r e  d e s i g n e d  t o  s t u d y  p o s s i b le  e f f e c t s  o f  z i n c  d e f i c i e n c y  
o n  z i n c  b i n d i n g  b y  r a t  l i v e r .  E i t h e r  3  h o u r s  a f t e r  i n t r a v e n o u s  65Z n  i n j e c t i o n  o r  a f t e r  
1 0  d a y s  o f  f e e d i n g  65Z n - c o n t a i n i n g  d ie t s ,  l o w  z i n c  ( — Z n )  a n d  z i n c - s u p p le m e n t e d  
( + Z n )  r a t s  w e r e  k i l l e d  a n d  l i v e r  h o m o g e n a t e s  d i a l y z e d  a g a i n s t  8  s u c c e s s i v e  v o l u m e s  
o f  b u f f e r e d  1 0 - 3  M  E D T A , C D T A , h i s t i d i n e ,  c y s t e i n e ,  g l y c i n e ,  o r  b u f f e r  a l o n e .  B a s e d  
o n  t h e  d i a l y s i s  r e s u l t s ,  l i v e r  z i n c  w a s  d e l in e a t e d  i n t o  4  p o o l s .  W h e n  65Z n  w a s  f e d  f o r  
1 0  d a y s  t o  l a b e l  z i n c  p o o l s  u n i f o r m l y ,  d i e t a r y  z i n c  d e f i c i e n c y  h a d  n o  s i g n i f i c a n t  
e f f e c t  o n  t h e  a m o u n t  o f  65Z n  r e m o v e d  b y  a n y  o f  t h e  d i a l y z i n g  a g e n t s ,  w h i c h  s u g 
g e s t s  t h a t  t h e  b i n d i n g  p a t t e r n  o f  l i v e r  z i n c ,  l i k e  t h a t  o f  t o t a l  z i n c  c o n c e n t r a t i o n ,  is  
n o t  a l t e r e d  i n  z i n c  d e f i c i e n c y .  W h e n  65Z n  w a s  i n j e c t e d  i n t r a v e n o u s l y ,  t h e  p e r c e n t a g e  
o f  l i v e r  65Z n  r e m o v a b l e  a t  3  h o u r s  p o s t i n j e c t i o n  b y  E D T A , b u t  n o t  b y  h i s t i d i n e ,  w a s  
s i g n i f i c a n t l y  s m a l l e r  i n  — Z n  t h a n  i n  + Z n  r a t s .  T h i s  s u g g e s t s  t h a t  t h e  r a t e  o f  i n c o r 
p o r a t i o n  o f  z i n c  i n t o  c e r t a i n  l i v e r  p o o l s  
f o r  t h is  e f f e c t  w e r e  s u g g e s t e d ,  b a s e d  o n  
- f Z n  a n d  — Z n  r a t s  a n d  o n  t h e  p o s s i b le  
b o u n d  z i n c  p o o l  i n  z i n c  d e f i c i e n c y .

The zinc concentration of plants and 
microorganisms grown under zinc-deficient 
conditions is often greatly reduced in 
comparison with control values (1 -5 ). In 
contrast, most animal tissues show little 
or no decrease in zinc concentration due 
to dietary zinc deficiency, even when 
growth is severely impaired. In the rat, 
the only organs in which consistent and 
significant decreases in zinc concentration 
have been observed in zinc deficiency are 
the dorsolateral prostate, testes, and epidid
ymis (6 -8 ) and bone (7-9 ). This suggests 
that most animal tissues must monitor 
something other than the total zinc concen
tration when the supply of available zinc 
is not sufficient to permit continued cell 
division and growth. The experiments re
ported here were designed to study possible 
effects of zinc deficiency in rats on certain 
parts of the total pool of liver zinc, as de
lineated by dialysis. The radioisotope “ Zn 
was used to label liver zinc pools. The re
sults indicate that the liver zinc pools, 
delineated by dialyzing agents of varying 
zinc affinities, are not significantly altered 
in size due to zinc deficiency, but that the 
rate of incorporation of zinc into certain 
of these pools is affected by the deficiency.

i s  a l t e r e d  i n  z i n c  d e f i c i e n c y .  E x p l a n a t i o n s  
t h e  d i f f e r e n c e  i n  g r o w t h  r a t e  b e t w e e n  t h e  
i n c r e a s e  i n  t h e  t u r n o v e r  r a t e  o f  a  f i r m l y

M A T E R I A L S  A N D  M E T H O D S

Weanling male rats of the Holtzman 
strain were fed either the basal, low zinc 
diets shown in table 1, or the same diets 
supplemented with 20 ppm zinc as zinc 
carbonate. The zinc content of the basal 
diet was routinely in the range of 0.8 to
1.2 ppm zinc, as determined by atomic 
absorption spectrophotometry.2 As indi
cated in table 1, the amino acid source 
of the basal diet was changed from acid- 
hydrolyzed casein to spray-dried egg white 
between experiments 2 and 3 for economy. 
Rats fed the low zinc ( —Zn) diet were 
housed individually in stainless steel 
cages; those fed the zinc-supplemented 
(+ Z n ) diet were housed individually in 
galvanized cages. Distilled water in glass 
bottles and feed in porcelain cups were 
fed ad libitum.

The onset of zinc deficiency occurred 
at about 8 to 12 days, as determined by re-

R e c e iv e d  fo r  p u b lic a t io n  S ep tem b er 5, 1967.
1 P u b lis h e d  w ith  th e  a p p ro v a l o f  th e  D ire c to r  o f  th e  

W isc o n s in  A g r ic u ltu r a l E x p e r im e n t S ta tio n , M a d iso n . 
Su p p o rted  in  p a rt  b y  P u b lic  H e a lth  S e rv ic e  R e se a rc h  
G ra n t n o. AM -05606 fro m  th e  N a tio n a l In s titu te  o f 
A rth r it is  a n d  M eta b o lic  D isea ses  an d  b y a p re-d octo ral 
fe llo w s h ip  ( to  W .M .B .)  fr o m  th e  N a tio n a l S c ien ce  
F o u n d a tio n .

2 M o d el 2 14  A to m ic  A b so rp tio n  S p ectro p h o to m eter, 
m a n u fa c tu r e d  b y  th e  P e rk in -E lm e r C o m p a n y , N o r
w a lk , C o n n e cticu t.

J. N u t r it io n , 94 : ’ 68. 4 5 5
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T A B L E  1

C om position  o f  th e basal diets

E x p s .
1 a n d  2

E x p s .
3 a n d  4

G l u c o s e  m o n o h y d r a t e  1
g/kg

6 3 3 .7
g/kg

6 3 5 .9
A c i d - h y d r o ly z e d  c a s e in ,  

s a l t - f r e e  2 2 0 0 .0 _
L - T r y p t o p h a n  2 2 .2 —
S p r a y -d r ie d  e g g  w h i t e  2 — 2 0 0 .0
C e l l u lo s e  3 6 0 .0 6 0 .0
C o r n  o i l 5 5 .0 5 5 .0
M i n e r a l  m ix t u r e  4 4 5 .1 4 5 .1
V i t a m in  m ix t u r e  5 2 .5 2 .5
C h o l i n e  c h lo r id e 1 .5 1 .5

1 C erelose, C o rn  P ro d u cts  C o m p a n y , N e w  Y o rk .
2 G e n e ra l B io c h e m ic a ls , In c ., C h a g r in  F a lls , O hio.
3 S o lk a  F lo e, B ro w n  C o m p a n y , N e w  Y o rk .
4 P ro v id ed  in  g / k g  o f  d iet: C a C 0 3 , 12 .3; C a H P 0 4 , 

0.267; K H 2PO 4 , 1 7 .1 ;  N a C l, 12 .5 ; M g S 0 4, 2.425; 
F e ( C 6H 50 7) , 0 .149; M n S 0 4 H 20 , 0.058; C u S 0 4, 0.058; 
a n d  in  m g / k g  o f d ie t: K I, 0.249; a n d  (N H ^eM /D yC ^1 
4H 20 , 0 .175.

5 P ro v id ed  in  m g / k g  o f  d ie t: d l-a -tocop h eryl a c e ta te , 
400; in o s ito l, 100; a sc o rb ic  a c id , 50; n ic o tin a m id e , 25; 
C a  p a n to th e n a te , 20; th ia m in e , 5 ; r ib o fla v in , 5; pyri- 
d o x in e -H C l, 2 .5; m e n a d io n e , 0.5; fo lic  ac id , 0.2; b io tin , 
0 .1; c y a n o c o b a la m in , 0 .1%  tr itu ra te , 0.02; an d  in  
IU / k g  o f  d iet: v ita m in  D 2, w a ter-d isp ers ib le , 10,000; 
a n d  v tia m in  A  p a lm ita te , g e la tin -c o a ted , 5,000. T h e 
e g g  w h ite -c o n ta in in g  d iet w a s  su p p lem en ted  w ith  
a d d it io n a l b io tin  at th e  le v e l 1 m g / k g  o f diet.

duced growth and the appearance of one 
of more of the following symptoms: red
ness and cracking of the tail and paws, 
dermatitis, and loss of hair. Thereafter, 
growth was rapidly and severely depressed, 
as indicated in table 2.

When growth of the —Zn rats had been 
severely impaired, a tracer dose of 65Zn 
(8-10 uCi/rat) was administered as the 
zinc-glycine complex prepared as de
scribed by Heth and Hoekstra (10). In 
experiments 1-3, the 65Zn was injected 
into the tail vein, and the rats were killed 
3 hours later. In experiment 4, the 65Zn 
was mixed with the appropriate diets and 
fed in this form for 10 days before killing 
the rats. Four rats (exps. 2 and 3) or 5 
rats (exps. 1 and 4) were used per treat
ment group.

Immediately after each rat was killed 
(by overanesthesia or decapitation), the 
liver was excised, blotted, and homogen
ized in 6 volumes (exp. 1) or 9 volumes 
(exps. 2-4) of ice-cold 0.05 m  Tris • HC1

T A B L E  2

E ffec ts  o f  z in c d efic ien cy  on  th e su scep tib ility  o f  liver 65Z n  to dialysis

Exp. 1 Exp. 2 Exp. 3 Exp. 4
Experimental diets fed, days 
Wt of rats, g

34 145 33 24

— Zn i 113 -+- 5 2 223 -4- 22 2 109 +  1 2 86 -I- 3 2
-f- Zn 1 224 +  7 409 -+- 6 232 -4- 1 167 -4- 6

65Zn administration iv 3 iv 3 iv 3 oral 4
Dialyzing Dietary Total 65Zn removed from liver homogenates by dialysis against

agent 5 zinc 1 8 successive 100-ml aliquots of external dialysis solution 6
EDTA - Z n 6 4 .3  ±  1 .7  d 6 0 .3 ±  1 .2  b 7 1 .9  ± 0 . 6  b 4 8 .1  ±  1 .0  a

+  Zn 7 6 .8  ± 1 . 2 6 7 .8  ± 2 . 9 7 8 .9  ±  3 .0 4 5 .0 ±  1 .7
CDTA - Z n 5 3 .5 ±  1 .8  d 4 3 .4  ±  1 .0  d 6 2 .1  ± 0 . 4  ' 4 3 .8  ± 0 . 8  a

-f  Zn 6 7 .8  ± 2 . 1 6 0 .8  ± 3 . 0 7 2 .6  ± 3 . 0 4 4 .3  ± 1 . 7
Histidine - Z n 3 9 .1  ±  2 .9  b 4 8 .1  ± 2 . 7  d 4 8 .3  ± 4 . 2  * 2 8 . 7 ±  3 .1  a

- f  Zn 2 6 .1  ± 5 . 4 2 4 .3  ± 3 . 4 5 0 .3  ±  8 .7 3 0 .1  ±  0 .8
Cysteine - Z n 1 4 .9  ±  1 .4  b 1 3 . 0 ±  1 .6  » — —

-f- Zn 1 0 .8  ± 1 . 2 8 .1  ±  1 .4 — —

Glycine - Z n 4 .1  ±  1 .2  a 2 .5  ±  0 .7  a 1 0 .3  ±  1 .7  a 2 .0  ± 0 . 4  a
+  Zn 5 . 2 ±  1 .2 4 .0  ±  0 .5 1 0 .3  ± 1 . 8 3 .2  ±  0 .8

Buffer alone - Z n 4 . 2 ±  1 .5  a 1 .8  ±  0 .4  a 5 .6  ±  2 .9  a 1 .8  ±  1 .7  a
-f-Zn 3 .9  ±  0 .3 2 .3  ± 0 . 4 1 0 .6  ±  2 .3 3 .0  ± 0 . 7

ZnCl2-glycine - Z n — — 9 0 . 7 ±  0 .5  a —
+  Zn — — 9 1 .1  ±  0 .8 —

1 —  Z n  — ra ts  fe d  th e  b a s a l d ie t c o n ta in in g  1 p p m  z in c ;  +  Z n  =  ra ts  fe d  th e  sam e d ie t su p p lem en ted  
w ith  20 p p m  zin c .

2 T re a tm e n t m e a n s +  se. F o u r or five  ra ts / tre a tm e n t group.
3 iv  =  65Z n  in je c te d  in to  ta i l  v e in  3 h o u rs  b efo re  ra ts  w ere  k ille d .
4 O ra l =  65Z n  fe d  w ith  d iet fo r  10 d a y s  b efo re  ra ts  w ere  k ille d .
3 D ia ly z in g  ag en ts  u se d  a t  a c o n c e n tra tio n  o f 0.001 m in  0.05 m T ris-H C l b u ffe r , p H  7.4. E D T A  =  

e th y le n e d ia m in e te tra a c e tic  a c id ; C D T A  =  ira n s-1 ,2 -d ia m in o c y c lo h e x a n e -N ,N ,N ',N '-te tra a c e tic  acid .
6 A liq u o ts  o f liv e r  h o m o g en a tes  w e re  d ia ly z e d  fo r  192 h o u rs  at 5° or 15 ° (e x p . 3 )  a g a in s t  su cc e ss iv e  

100-m l v o lu m e s o f  d ia ly s is  so lu tio n  ch a n g e d  at 24-hour in te r v a ls . V a lu e s  p resen ted  are  tre a tm e n t 
m e a n s ±  s e  fo r  th e  to ta l c u m u la tiv e  a m o u n t o f 65Z n  rem o ved . S u p e rscr ip t le tters  in d ic a te  s ig n ific a n t 
d iffe re n c e s  b e tw e e n  —  Z n  a n d  -f- Z n  v a lu e s  a c c o rd in g  to  th e  fo llo w in g  code:

a: P  >  0.10; b: 0.05 <  P <  0.10; c :  0.01 <  P <  0.05; d: 0.001 <  P  <  0.01.
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buffer, pH 7.4. Aliquots of the homogen
ates were then pipetted into sacs prepared 
from 8-mm Visking dialysis tubing.3 Al
though aliquot size varied from 3 to 10 
ml between experiments because of dif
ferences in the amount of homogenate 
available and the number of dialyzing 
agents used, the volume of homogenate 
exposed to each dialyzing agent was uni
form within a given experiment. The sacs 
were assayed for “ Zn by use of a whole- 
animal gamma scintillation detector4 and 
were then dialyzed in a cold room at 
5° (exps. 1, 2 and 4) or at 15° (exp. 3) 
against 8 successive 100-ml aliquots of 
0.001 m  dialyzing agent in 0.05 m  Tris • 
HC1 buffer, pH 7.4. The following dialyzing 
agents were used: EDTA (ethlenediamine- 
tetraacetic acid), CDTA (trans-1,2-dia- 
minocyclohexane-N, N, N', N'-tetraacetic 
acid), histidine, cysteine, glycine, and 
buffer alone. The synthetic chelating 
agents EDTA and CDTA were selected 
because of their high stability constants 
for the zinc-chelate complex (EDTA, 16.5; 
CDTA, 18.7 (1 1 )). Histidine and cysteine 
were tested because of the presumed im
portance of imidazole and sulfhydryl 
groups in the physiological binding of zinc 
to proteins, and glycine was chosen as an 
agent with a low zinc affinity. In experi
ment 3, ZnCl2 was also used as a dialyzing 
agent to measure the extent of G5Zn 
removal by exchange.

The external dialysis solution was 
changed at 24-hour intervals, and the 
“ Zn remaining in the sample after each 
successive 24-hour period was determined 
with the whole-animal gamma scintilla
tion detector. A CDC 1604 computer was 
programed to accept the observed sample 
count rates after each dialysis period, apply 
corrections for coincidence loss, back
ground, and radioactive decay, and express 
corrected count rates as a percentage of 
the 65Zn initially present in the samples. 
The cumulative percentage removal of 
65Zn by a given dialyzing agent was then 
plotted as a function of time, and the 
data were analyzed for statistically signifi
cant effects of dietary zinc, using Student’s 
t test (12).

R E S U L T S

As shown in table 2 and figures 1-4, 
the dialyzing agents used differed in ef
fectiveness of 65Zn removal from liver

1 0 0

s ?

o  8 0  
UJ 
>
0  6 0  
2
UJ

01 4 0

Z

N
m  2 0  
CD

D I A L Y S I S  T I M E ,  D A Y S
F ig .  1 E x p e r i m e n t  1 : 65Z n  i n j e c t e d  3  h o u r s  

b e f o r e  r a t s  w e r e  k i l l e d .  E f f e c t s  o f  z i n c  d e f i c i e n c y  
o n  t h e  s u s c e p t i b i l i t y  o f  l i v e r  65Z n  t o  d ia ly s i s  
a g a i n s t  1 0 ~ 3 m  e t h y l e n e d i a m in e t e t r a a c e t i c  a c i d  
( E D T A ) ,  h i s t i d i n e  ( H I S ) ,  a n d  g l y c i n e  ( G L Y ) .  
— Z n  =  r a t s  f e d  t h e  b a s a l  l o w  z i n c  d i e t  ( 1  p p m  
Z n ) ;  -| - Z n  =  r a t s  f e d  t h e  s a m e  d ie t  s u p p le m e n t e d  
w i t h  2 0  p p m  z i n c .  V e r t i c a l  b a r s  f o r  d a y  8  r e p r e 
s e n t  SE.

m
o

ë

m
o

X

CD

15

F ig .  2  E x p e r i m e n t  2 :  65Z n  i n j e c t e d  3  h o u r s  
b e f o r e  r a t s  w e r e  k i l l e d .  S e e  l e g e n d  f o r  f i g u r e  1 .

3 U n io n  C a rb id e  C o rp o ra tio n , C h ic a g o .
4 A rm a c  S c in til la tio n  D e tec to r M o d el 440, m a n u 

fa c tu r e d  b y  P a c k a r d  In stru m e n t C o m p a n y , In c ., L a  
G ra n g e , I llin o is .
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D I A L Y S I S  T I M E ,  D A Y S

N
Z
m
o
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>

X

CD

CD
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F ig .  3  E x p e r i m e n t  3 :  65Z n  i n j e c t e d  3  h o u r s  
b e f o r e  r a t s  w e r e  k i l l e d .  S e e  l e g e n d  f o r  f ig u r e  1.

5 0

a*

q  4 0
UJ

o  3 0  
2  
UJ
*  20
z

N
m  I 0
CD

2  4  6  8
D I A L Y S I S  T I M E ,  D A Y S

F ig .  4  E x p e r i m e n t  4 :  65Z n  f e d  i n  d ie t  f o r  1 0  
d a y s  b e f o r e  r a t s  w e r e  k i l l e d .  S e e  l e g e n d  f o r  
f i g u r e  1 .

homogenates in the order EDTA >  CDTA 
>  histidine >  cysteine >  glycine >  buffer 
alone. The relative effectiveness of EDTA 
and glycine compares favorably with re
sults reported by Dennes et al. (13) for 
dialysis of 65Zn from plasma of 65Zn-in- 
jected rabbits. The following compounds 
were also tested as dialyzing agents at a 
concentration of 10 “ 3 M ,  but were found 
to be no more effective than glycine: an- 
thranilic acid, lysine, glutamic acid, adeny
lic acid, and malonic acid. Little correlation 
was observed between the zinc affinity

m
o

x
CO

CD
r
-<

constants reported in the literature for 
these compounds and their effectiveness 
as dialyzing agents under the conditions 
used. Vohra and Kratzer (14) also con
cluded that stability constants reported in 
the literature are not always meaningful 
when applied to biological systems where 
conditions of pff and cation environment 
may differ from the conditions under which 
the values were originally determined.

In table 2 are presented the total 
amounts of 65Zn removed by each dialyz
ing agent from liver homogenates prepared 
from rats fed either the —Zn or the +Zn 
diet. The removal of 65Zn as a function of 
time is shown for each of the 4 experi
ments in figures 1-4. For clarity, the data 
for CDTA, cysteine, and buffer alone have 
been omitted from the figures, since these 
dialyzing agents had effects qualitatively 
similar to those with EDTA, histidine, and 
glycine, respectively. Although the results 
are discussed below for EDTA, histidine 
and glycine, similar statements could be 
made in all cases for CDTA, cysteine, and 
buffer alone.

In experiments 1-3 in which the 65Zn 
was injected 3 hours before the rats were 
killed, EDTA (and CDTA) consistently 
removed a smaller percentage of 65Zn from 
liver homogenates prepared from rats fed 
the —Zn rather than the +Zn diet (table
2). For EDTA, this effect was highly 
significant (P <  0.005) in experiment 1 and 
approached significance (P <  0.10) in 
experiments 2 and 3. In experiments 1 
and 2, but not experiment 3, histidine (or 
cysteine) had the opposite effect: more 
injected 65Zn was removed from the liver 
homogenates of —Zn rats than from those 
of +Zn rats. The higher temperature of 
the cold room in experiment 3 (15° vs. 
5 °) or possibly the difference in dietary 
amino acid source (that is, casein hydroly- 
zate vs. spray dried egg white) may ac
count for the higher amounts of 65Zn 
removed and the failure to observe an 
effect of zinc status of the rat on dialysis 
of liver 65Zn against histidine.

Further differences between the syn
thetic chelating agents (EDTA and CDTA) 
and the amino acids histidine and cys
teine are shown in kinetics of 65Zn removal 
depicted in figures 1-3. The effects of
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dietary zinc on the results obtained with 
glycine (or buffer alone) were uniformly 
nonsignificant.

The results are shown schematically in 
figure 5A, and they were obtained by 
averaging the results of experiments 1-3. 
Based on the susceptibility of injected 
65Zn to dialysis under the conditions of 
these studies and on the assumption that 
“ Zn removal is dependent on the degree 
of zinc-binding by the dialyzing medium, 
total liver 65Zn can be delineated into 4 
pools. Pool A consists of 65Zn which can 
be removed during 8 days of dialysis 
against glycine, pool B represents 65Zn 
accessible to histidine but not to glycine, 
pool C contains “ Zn which required EDTA 
to effect its removal but cannot be re
moved by histidine, and pool D is defined 
as that 65Zn which cannot be removed by 
any of the dialyzing agents used, under 
the conditions employed in these studies. 
As indicated in figure 5A, the main effect 
of dietary zinc deficiency on the binding 
of injected 65Zn by the liver at 3 hours 
after 65Zn administration was on pool C, 
which accounted for a much smaller per
centage of total liver 65Zn in the liver

5 A 5 B
F ig .  5  E f f e c t s  o f  d i e t a r y  z i n c  d e f i c i e n c y  o n  

i n c o r p o r a t i o n  o f  65Z n  i n t o  l i v e r  z i n c  p o o l s .  65Z n  
w a s  e i t h e r  i n j e c t e d  3 h o u r s  b e f o r e  r a t s  w e r e  
k i l l e d  ( f i g .  5 A ,  a v e r a g e  o f  e x p s .  1 - 3 )  o r  f e d  i n  
t h e  d i e t  f o r  1 0  d a y s  b e f o r e  t h e y  w e r e  k i l l e d  ( f i g .  
5 B , e x p .  4 ) .  B a s e d  o n  t h e  t o t a l  a m o u n t s  o f  65Z n  
r e m o v e d  d u r i n g  8  d a y s  o f  d i a l y s i s  o f  l i v e r  h o 
m o g e n a t e s  a g a i n s t  1 0 “ 3 m  E D T A , h i s t i d i n e ,  a n d  
g l y c i n e ,  l i v e r  65Z n  w a s  d e l in e a t e d  i n t o  4  p o o l s ,  
a s  f o l l o w s :  p o o l  A ,  65Z n  r e m o v e d  b y  g l y c i n e ;  p o o l  
B , 65Z n  r e m o v e d  b y  h i s t i d i n e ,  b u t  n o t  b y  g l y c i n e ;  
p o o l  C , 65Z n  r e m o v e d  b y  E D T A ,  b u t  n o t  b y  h i s t i 
d i n e  a n d  p o o l  D ,  65Z n  n o t  r e m o v e d  b y  E D T A .

homogenates prepared from rats fed the 
—Zn diet than in those prepared from rats 
fed the +Zn diet. This decreased amount 
of 65Zn in pool C of the —Zn rats was ac
companied by approximately equal in
creases in the amount of 65Zn in both pools 
B and D. Pool C was smaller in the — Zn 
rats in each of the 3 experiments, although 
the effects were more marked in experi
ments 1 and 2 than in experiment 3.

At least 2 explanations could be offered 
for the effects noted in experiments 1-3 
and shown in figure 5A: Either the dis
tribution of total liver zinc among binding 
sites of varying zinc affinity was altered 
in zinc deficiency, or the extent of incor
poration of intravenously administered 
65Zn into the various pools during the 3 
hours following injection was affected by 
the deficiency status of the rats. In the 
first case, figure 5A would represent actual 
difference in pool sizes due to zinc de
ficiency, and in the second case, pools 
would be unaltered in size, but would 
differ in the rate of labeling with injected 
65Zn.

To distinguish between these 2 possi
bilities, a fourth experiment was conducted, 
in which an attempt was made to label 
all fiver zinc pools more or less uniformly 
with “ Zn by allowing rats to consume a 
“ Zn-containing diet for 10 days before 
they were killed. Selection of the 10-dav 
labeling period was based on the rapid 
turnover of fiver “ Zn reported by other 
workers (15, 16). The results are shown 
in table 2 and in figures 4 and 5B, and 
can be readily summarized: none of the 
differences due to dietary zinc level was 
statistically significant for any of the 
dialyzing agents used at any of the time- 
periods during the 8 days of dialysis. 
These findings suggest that the effects of 
dietary zinc in experiments 1—3 resulted 
from differences in the rates of incorpor
ation of “ Zn into the various pools of fiver 
zinc rather than from actual differences 
in total pool size.

D I S C U S S I O N

The ability of various dialyzing agents 
to remove differing amounts of liver “ Zn 
under the dialysis conditions used in these 
experiments is in accord with the hetero
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geneity of physiological binding sites which 
have been suggested for zinc. These in
clude functional groups of amino acid 
residues in proteins and peptides, notably 
imidazole and sulfhydryl groups (17) and 
specific metal-binding sites of zinc metal- 
loproteins (18) and of nucleic acids (19, 
2 0 ).

Most of the 65Zn present in the liver 
could not be removed by dialysis against 
10~3 m  glycine. In other studies,5 it was 
shown that a tenfold increase in glycine 
concentration had little effect on the ex
tent of 65Zn dialysis from liver homogenate 
(< 1 2 %  removed) and that less than 12% 
of the 65Zn could be recovered by dialysis 
against glycine when the 65Zn was simply 
added to a liver homogenate in vitro rather 
than being injected into, or fed to, the rat 
before it was killed. This level of zinc 
binding, designated as pool A in figure 5, 
is apparently attributable to zinc which is 
present in, or readily equilibrated with, a 
very loosely bound form.

At the other end of the zinc-binding 
spectrum, more than 50% of the 65Zn 
present in the liver homogenates prepared 
from rats fed 05Zn for 10 days before they 
were killed could not be removed by dialy
sis against EDTA under the conditions 
described. Bartholomew et al. (21) have 
also reported that a fraction of liver 65Zn 
could not be removed by EDTA. In all our 
experiments some liver 65Zn was bound 
so firmly that it could not be removed by 
any of the dialyzing agents used; even 
after exhaustive dialysis against ionic zinc 
(exp. 4) or against 10~2 m  EDTA,6 about 
10% of the initial 65Zn remained in the 
homogenate aliquots. The possibility that 
this nondialyzable 65Zn may have been 
bound to the dialysis tubing was excluded 
by flushing out the tubing at the end of 
the experiment and assaying it for radio
activity; routinely, less than 1% of the 
residual sample 65Zn activity was found 
associated with the empty sac. Possible 
zinc-binding sites which might account 
for this pool of firmly bound zinc (pool 
D in fig. 5) include certain metalloproteins 
and the metal-binding sites of nucleic 
acids. For example, it is unlikely that the 
zinc in alcohol dehydrogenase can be re
moved with EDTA, since it is very firmly

bound and treatment with reagents such 
as 1, 10-phenanthroline or 8-hydroxyquino- 
line-5-sulfonic acid is normally required 
to effect its removal, whereupon the en
zyme either dissociates into subunits (22) 
or undergoes denaturation and aggrega
tion.7 Similarly, Wacker and Vallee (19) 
and Wacker et al. (20) have reported that 
some of the trace metals bound to B.NA 
from various sources could not be removed 
by exposure to EDTA. Binding of zinc to 
the sites included in pool D apparently oc
curs only as a result of normal cellular me
tabolism, since 65Zn mixed with a liver ho
mogenate in vitro is almost completely 
removed by dialysis against Zn+ + , EDTA, 
or CDTA, and the process is essentially 
complete after 4 to 6 days of dialysis under 
the conditions described above.8

The insensitivity of zinc concentration 
of rat liver to dietary zinc deficiency has 
been repeatedly reported in the literature 
(7 -9 ) and confirmed in our laboratory.9 
Although zinc assays were not conducted 
on the livers used in the experiments re
ported here, we have, in numerous other 
studies,10 analyzed livers from similar rats 
fed the diets shown in table 1. For rats 
comparable in size and deficiency status 
to those used in the present experiments, 
typical values for liver zinc concentration 
on a fresh-weight basis are (treatment 
means as ag/g ±  s e )  32.1 ±  1.4 ( — Zn) 
vs. 34.1 ±  2.3 (+ Z n ) and 31.7 ±  0.9 
( —Zn) vs. 32.7 ±  1.0 (+ Z n ). In such 
comparisons, the difference in liver zinc 
concentration has always been small and 
has seldom been statistically significant. 
From the results of experiment 4 in the 
present report, it appears that the distri
bution of zinc among various cellular zinc
binding sites is similarly unaffected by 
the dietary zinc status of the rat. The 
apparent effect of zinc deficiency on the 
sizes of pools B, C and D (fig. 5) when 
the 65Zn was injected 3 hours before the 
animals were killed is therefore probably 
the result of altered rates of incorporation

5 U n p u b lish e d  o b serv a tio n s, W . M. B e c k e r  a n d  W . G. 
H oek stra ,

6 See fo otn ote  5.
7 D ru y a n , R ., a n d  B. L . V a lle e  1962 E x c h a n g e 

a b ility  o f  th e  z in c  atom s in  liv e r  a lc o h o l d e h y d ro 
gen ase . F e d e ra tio n  P ro c ., 2 1 :  247 ( a b s tr a c t ) .

8 See fo otn ote  5.
9 See fo otn ote  5.

10 See fo otn ote  5.
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of injected 65Zn into liver zinc pools. Since 
the apparent decrease in pool C due to 
dietary zinc deficiency was accompanied 
by increases in both pools B and D, it is 
likely that at least 2 effects are involved.

A possible explanation for the increased 
amount of 65Zn present in pool B in the 
zinc-deficient rats is that the greatly re
duced growth rate of these rats at the 
time of 65Zn injection resulted in a slower 
rate of labeling of sites in pool C which 
incorporate 65Zn primarily because of de 
novo synthesis of binding sites rather than 
by means of rapid 65Zn-Zn exchange 
reactions. The greater growth of the +Zn 
rats may, in other words, have resulted 
in more rapid 65Zn incorporation into sites 
not accessible to histidine.

The incorporation of more 65Zn into 
pool D by zinc-deficient rats than by zinc- 
supplemented rats during the 3 hours 
following intravenous G5Zn injection sug
gests that the turnover rate of this pool 
is increased in zinc deficiency. Increased 
turnover of at least some proteins in zinc- 
deficient rats has recently been postulated 
by Hsu et al.11 and an increased rate of 
RNA degradation in zinc-deficient organ
isms has also been suggested (8, 23). The 
assumption that incorporation of 65Zn into 
this pool is dependent upon synthesis of 
the molecules responsible for this level 
of zinc binding is consistent with the ob
servation that little or no 65Zn was present 
in a form inaccessible to EDTA when the 
65Zn was simply mixed with the homogen
ate in vitro.

In conclusion, it appears that the bind
ing pattern of liver zinc, like the total liver 
zinc concentration, is not altered in zinc 
deficiency in the rat, and therefore prob
ably cannot serve as a means by which 
liver tissue can detect the overall de
ficiency status of the rat while still 
maintaining normal levels of tissue zinc. 
In particular, the pool of loosely bound 
zinc (pool A), which might have been 
expected to respond most readily to the 
deficiency, was not significantly depleted 
in the —Zn rats, according to the results 
obtained by dialysis of liver 65Zn against 
glycine or buffer alone. However, the rate 
of incorporation of zinc into firmly bound 
forms was affected by the zinc deficiency,

resulting in an apparent decrease in the 
amount of liver 65Zn which could be re
moved by EDTA, but not by histidine, 
under the dialysis conditions used in these 
studies.
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A B STR AC T  T h e  e f f e c t s  o f  f e e d i n g  a  h i g h  p r o t e i n  d ie t  t o  r a t s  p r e v i o u s l y  a d a p t e d  
t o  a  h i g h  c a r b o h y d r a t e  d i e t  c o n t a i n i n g  a d e q u a t e  p r o t e i n  w a s  s t u d ie d  i n  m a l e  S p r a g u e -  
D a w l e y  r a t s .  T h e  h i g h  c a r b o h y d r a t e  d i e t  w a s  f o u n d  t o  s t i m u l a t e  g r o w t h  w h i c h  w a s  
n o t  a u g m e n t e d  n o t i c e a b l y  b y  f e e d i n g  t h e  h i g h  p r o t e i n  d ie t .  L i v e r  p r o t e i n  r e a c h e d  
m a x i m a l  v a l u e s  o n e  d a y  a f t e r  t h e  d i e t a r y  c h a n g e ,  w h e r e a s  r e l a t i v e  l i v e r  s i z e  v a l u e s  
r e m a i n e d  r e l a t i v e l y  c o n s t a n t .  T h e  g l y c o g e n  c o n t e n t  o f  l i v e r  w a s  m i n i m u m  o n e  d a y  
a f t e r  t h e  d i e t a r y  c h a n g e  w h i c h  w a s  f o l l o w e d  b y  r e l a t i v e l y  h i g h e r  a n d  c o n s t a n t  v a l u e s .  
T h e  e n z y m e s  s t u d i e d  c o u l d  b e  d i v i d e d  i n t o  2  g r o u p s  b a s e d  o n  t h e  p a t t e r n  o f  c h a n g e  
i n  e n z y m e  a c t iv i t y  a f t e r  t h e  d i e t a r y  s h i f t .  I n  o n e  g r o u p ,  w h i c h  i n c l u d e s  f r u c t o s e  
1 ,6 - d ip h o s p h a t a s e ,  g l u c o s e  6 - p h o s p h a t a s e ,  g l u t a m i c - o x a l o a c e t i c  t r a n s a m i n a s e ,  g l u 
t a m i c - p y r u v a t e  t r a n s a m i n a s e ,  s e r in e  d e h y d r a s e  a n d  t y r o s i n e - a - k e t o g l u t a r i c  t r a n s a m i 
n a s e ,  e n z y m e  a c t iv i t y  i n c r e a s e d  w i t h  t im e . F u r t h e r m o r e ,  t h e  a c t iv i t y  o f  t h e s e  e n z y m e s  
i n c r e a s e d  w i t h o u t  a  l a g ,  w i t h  t h e  e x c e p t i o n  o f  f r u c t o s e  1 ,6 - d ip h o s p h a t a s e ,  w h i c h  
i n c r e a s e d  i n  a c t iv i t y  o n l y  a f t e r  a  o n e - d a y  d e l a y .  I n  t h e  s e c o n d  g r o u p ,  w h i c h  i n c l u d e s  
L - a - g l y c e r o p h o s p h a t e  d e h y d r o g e n a s e ,  g l u c o s e  6 - p h o s p h a t e  d e h y d r o g e n a s e ,  p y r u v a t e  
k i n a s e  a n d  m a l i c  e n z y m e ,  e n z y m e  a c t iv i t y  w a s  d e c r e a s e d  b y  f e e d i n g  t h e  h i g h  p r o t e i n  
d i e t ,  e x c e p t  t h a t  t h e  a c t iv i t i e s  o f  p y r u v a t e  k i n a s e  a n d  m a l i c  e n z y m e  w e r e  t e m p o r a r i l y  
i n c r e a s e d  o n e  d a y  a f t e r  t h e  d i e t a r y  c h a n g e .  T h e  p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  a  l a g  i n  
e n z y m e  i n d u c t i o n ,  w h e n  s u c h  o c c u r s ,  a n d  a  p o s s i b l e  m e c h a n i s m  f o r  t h e  t r a n s i t o r y  
i n d u c t i o n  o f  p y r u v a t e  k i n a s e  a n d  m a l i c  e n z y m e  b y  t h e  h i g h  p r o t e i n  d ie t  a r e  d i s c u s s e d .

In a previous publication (1 ) , the time- 
course of induction of several rat liver 
enzymes after a non-protein to high protein 
dietary shift was described. The treatment 
was found to increase the activities of most 
of the enzymes studied, even the activities 
of those enzymes involved in the metab
olism of carbohydrates. Two patterns of 
induction were distinguishable; in one 
pattern enzyme activity reached a max
imum within 48 hours after the dietary 
change and in the other pattern induction 
was preceded by a 24-hour lag and the 
time-course of induction appeared to be 
sigmoidal over a period of 7 days.

It was suspected that the lag in induc
tion was due to some derangement in the 
synthetic apparatus of the liver. Further
more, it appeared probable that the transi
tory elevation in the activity of pyruvate 
kinase and malic enzyme after the feeding 
of the high protein diet was caused primar
ily by a sudden spurt in the synthesis of 
these enzymes due to the influx of amino 
acids into the liver. Such influx of amino 
acids could conceivably increase protein 
synthesis by stimulating reaggregation of 
polysomes on messenger RNA already pre

sent (2 ). If these assumptions were cor
rect, then a dietary shift from a high carbo
hydrate diet which contains adequate 
protein to a high protein diet which con
tains no carbohydrate should increase the 
synthesis of amino acid-metabolizing en
zymes without a lag. The transitory 
increase in pyruvate kinase and malic 
enzyme activities, however, may still occur 
as a consequence of the increase in dietary 
protein and hence, amino acid concentra
tion in the liver. To test the validity of 
these assumptions the following experi
ments were undertaken.

E X P E R I M E N T A L

Male rats of the Spague-Dawley strain 
were fed a high carbohydrate diet consist
ing of: (in percent) casein, 25; glucose, 
65; corn oil, 5; minerals (3 ) , 4; and vita
mins (4 ), 1. Four days later the animals 
were offered a diet in which casein was 
substituted for glucose, but which was 
otherwise identical to the previous diet.

R e c e iv e d  fo r  p u b lic a t io n  N o ve m b e r 13 , 1967.
1 S u p p o rted  in  p a rt  b y  P u b lic  H e a lth  S e rv ic e  R e

se a rc h  G ra n t n o. A M -04732 fr o m  th e  N a tio n a l In stitu te  
o f  A r th r it is  a n d  M e ta b o lic  D iseases.

J. N u t r it io n , 94: ’ 68. 463
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The animals were killed in the early morn
ing at zero, 1, 2, 3, 4 and 7 days following 
the change to the high protein, carbohy
drate-free diet. The animals had been 
housed individually in screen-bottom cages 
and offered food and water ad libitum.

The preparation of liver homogenates, 
the determination of liver protein and gly
cogen and the detemination of enzyme 
activities were previously described (1, 5).

R E S U L T S

The effects of the high protein diet on 
body weight and liver constituents are 
summarized in table 1. The animals 
gained a considerable amount of weight 
after being fed the 65% glucose, 25% 
casein diet for 4 days. This gain in body 
weight was not augmented by feeding the 
high protein diet. Both of these observa
tions are consistent with earlier reports
(6) that near maximal growth can be 
achieved in rats fed 20 to 40% protein in 
the diet and that further increase in the 
concentration of protein will not increase, 
or may even decrease, the growth rate. 
It was also observed that the animals exhi
bited a tendency to reject the high protein 
diet 4 days after the dietary change, which 
perhaps accounts for the decrease in liver 
parameters by the seventh day of feeding 
the high protein regimen.

Liver protein values, both total and sol
uble, had reached maximal values one day 
after the feeding of the high protein diet 
began. In contrast with this, relative liver 
size values did not change significantly 
until after 4 days, when a decline in these 
values was observed. As expected from 
previous work (1 ), there was a sharp drop 
in liver glycogen content on the first day 
after the dietary change. This was followed 
by higher and relatively constant values 
until the seventh day, when liver glycogen 
was almost nonmeasurable.

These results indicate that the physio
logical consequences of this dietary shift 
(from adequate to high protein) are much 
less severe than those encountered in the 
shift from protein-free to high protein 
diet (1).

It has been reported previously that the 
activities of serine dehydrase (7, 8 ), glu
tamic-pyruvic transaminase (9-11), glu
tamic-oxaloacetic transaminase (9, 10, 12,

13) and tyrosine-a-ketoglutarate transam
inase (14) are increased by dietary protein. 
In our experiments the activities of these 
enzymes were increased by the dietary 
shift (table 2) and the lag observed in the 
protein-free to high protein shift was not 
observed. This is in agreement with the 
assumption that the synthetic apparatus 
of the liver is deranged by feeding a pro
tein-free diet and that the lag observed in 
the induction of these enzymes when pro
tein is refed may be due to the repair of the 
synthetic apparatus (1 ). It was expected 
that the activities of glutamic-pyruvic 
transaminase, glutamic-oxaloacetic trans
aminase and serine dehydrase would be 
much higher in the animals fed the high 
carbohydrate, adequate-protein diet as com
pared with the animals fed the high carbo
hydrate, protein-free diet (1). Althouth this 
expectation was partially realized, the 
differences in enzyme activities were not 
as great as expected. Thus it appears 
that the effect on the synthetic apparatus 
of liver (that is, the lag in induction of 
the transaminase and serine dehydrase 
upon refeeding protein to the animals fed 
the protein-free diet) caused by feeding 
the high carbohydrate, protein-free diet, 
is not due to the presence of glucose, 
but to the absence of protein in the diet.

The activity of fructose 1,6-diphospha
tase, which is increased by dietary protein 
(1, 15), was induced in these experiments 
only after the second day of feeding the 
high protein diet. The observed lag in 
induction indicates that the control of 
synthesis of this enzyme must involve 
some factors (which cause the lag) other 
than those involved in the control of the 
transaminases and serine dehydrase.

The effects of the dietary shift on a 
number of carbohydrate-metabolizing en
zymes and malic enzyme are summarized 
in table 2. To compare the changes in 
these enzymes on a percentage basis the 
activities after 4 days of feeding the high 
carbohydrate diet were defined as 100%. 
Figure 1 shows that L-a-glycerophosphate 
dehydrogenase and glucose 6-phosphate 
dehydrogenase activities were decreased 
by increasing the protein content of the 
diet. Malic enzyme and pyruvate kinase 
activities were also decreased, but the 
decrease was preceded by a transitory
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D A Y S

F ig .  1 T i m e - c o u r s e  o f  i n c r e a s e  o f  r a t  l i v e r  
e n z y m e s .  T h e  d i e t  w a s  c h a n g e d  f r o m  o n e  c o n 
t a i n i n g  6 5 %  g l u c o s e  a n d  2 5 %  c a s e i n  t o  a  d ie t  
c o n s i s t i n g  o f  9 0 %  c a s e i n  a n d  f r e e  o f  c a r b o h y 
d r a t e .  E n z y m e  a c t iv i t y  a f t e r  4  d a y s  o f  f e e d i n g  
t h e  h i g h  c a r b o h y d r a t e  d ie t  w a s  d e f i n e d  a s  1 0 0 % .
G l u c o s e  6 - p h o s p h a t a s e ,  O ---------------O ;  g l u c o s e  6 -
p h o s p h a t e  d e h y d r o g e n a s e ,  • -------------- •  ; L -a -g ly c e r -
o p h o s p h a t e  d e h y d r o g e n a s e ,  A---------A; m a l i c  e n 
z y m e  ( T P N ) D -------------- □ ;  a n d  p y r u v a t e  k i n a s e

increase on the first day of feeding the 
high protein regimen. In comparison, 
glucose 6-phosphatase activity reached a 
maximum one day after the dietary shift 
and began to decline afterwards, though 
the activity of this enzyme was still higher 
than before the dietary shift.

The induction of glucose 6-phosphate 
dehydrogenase has been shown to be de
pendent on dietary protein (16—20) and 
carbohydrate (21). Possibly, however, the 
control of this enzyme is very sensitive to 
a number of factors and, therefore, is very 
complicated. The reported inability of 
dietary protein (free of carbohydrate) to

induce the activity of this enzyme after 
starvation (22) contrasts sharply with 
results reported in an earlier communica
tion (1 ), where a carbohydrate-free, high 
protein diet did induce glucose 6-phosphate 
dehydrogenase after pre-feeding with a 
protein-free diet. We have also been ob
serving a slight induction of this enzyme 
with a high protein, carbohydrate-free diet 
in meal-fed rats.2 However, in every case 
in which dietary protein induced the activ
ity of this dehydrogenase the pre-induction 
level of the enzyme was very low, whereas 
in the present experiments the activity of 
glucose 6-phosphate dehydrogenase was 
rather high before the feeding of the high 
protein diet. And although there can be no 
doubt that a primary inducer of this en
zyme is glucose, glucose 6-phosphate de
hydrogenase may also be induced by pro
tein, starting from very low levels of en
zyme activity and after negative nitrogen 
balance, but not after starvation.

It is of interest that the activities of glu
cose 6-phosphate dehydrogenase and L-ct- 
glycerophosphate dehydrogenase respond 
similarly to the dietary change. This might 
be expected, as it has been suggested that 
these enzymes may be closely linked to 
lipogenesis (5 ). However, the control of 
the activities of these enzymes is not al
ways the same as shown in a previous 
paper (1).

We have previously reported a transitory 
elevation in the activities of pyruvate kin
ase and malic enzyme shortly after the 
feeding of a high protein diet to animals 
pre-fed with a protein-free diet. The same 
tendency was observed when the animals 
were pre-fed with a high carbohydrate diet 
containing adequate protein (fig. 1). This 
increase cannot be attributed to increased 
internal concentrations of glucose, as such 
would induce glucose 6-phosphate dehydro
genase as well. Increased activities of 
pyruvate kinase and malic enzyme, there
fore, are probably brought about by in
creasing the rate of synthesis at the trans
lational level. It is of interest that the 
transitory elevation in the activity of these 
2 enzymes disappears within a day, sug
gesting that the half-life of these enzymes 
is less than 24 hours. A value of the half- 
life of malic enzyme, reported to be 4

2 Szepesi, B., and R. A. Freedland, unpublished data.
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days (23), then appears too high; from 
our data and the data obtained by Shrago 
and co-workers (24 ), the half-life of malic 
enzyme appears to be less than 24 hours.

D I S C U S S I O N

The observed lag in the induction of the 
transaminases after re-feeding protein to 
animals pre-fed with a protein-free diet 
may have an important function in the 
maintenance of homeostasis and particu
larly in the conservation of nitrogen. It 
is known that withholding of dietary pro
tein results in negative nitrogen balance 
and the conservation of nitrogen becomes 
of prime importance. If such animals 
are re-fed with a diet containing protein, 
such protein must first be used to replen
ish the nitrogen loss which occurred during 
the negative nitrogen balance. Such re
building of body protein would be ham
pered by an immediate and substantial in
crease in the activity of transaminases 
and serine dehydrase. However, rats pre
fed with a high carbohydrate diet which 
contains adequate protein do not develop 
a negative nitrogen balance; and an im
mediate and substantial increase in trans
aminase levels after the feeding of a high 
protein diet helps to maintain homeostasis 
by promoting nitrogen excretion and the 
conversion of amino acid skeletons into 
fats and carbohydrates.

The decrease in the activities of certain 
carbohydrate-metabolizing enzymes during 
gluconeogenic conditions (as feeding a 
high protein diet) also appears to have a 
physiological significance. That is, when 
it is of prime importance that the liver 
produce an increased amount of glucose, 
a decrease in the activity of some enzymes 
involved in glucose breakdown (particu
larly those which might reverse gluconeo- 
genesis or promote the utilization of glu
cose in pathways other than gluconeogene- 
sis) would be beneficial. Hence, glucose 
6-phosphate dehydrogenase, pyruvate kin
ase and L-a-glycerophosphate dehydrogen
ase are ‘low priority enzymes” under such 
conditions. It could be argued that the 
transitory increase in malic enzyme activ
ity may be important by converting pyru
vate to malic acid which would provide 
an additional driving force for gluconeo- 
genesis through increasing oxaloacetate

concentration. The concurrent increase 
in pyruvate kinase activity, however, makes 
the defense of such a mechanism difficult. 
Based on available data however, our pre
vious suggestion that the transitory in
crease in pyruvate kinase and malic 
enzyme activities (after increasing the 
protein content of diet) is mediated at the 
translation level (1 ) appears very prob
able. Such increases would simply be 
mediated by maximal loading of transfer 
RNA’s as the amino acid content of blood 
and liver increases following the feeding 
of a high protein regimen before the mes
senger RNA’s for these enzymes are de
graded as protein feeding is continued. 
However, evidence available is not suffi
cient to ascertain this possibility.
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Recovery of Rat Tissue Lipids from Essential Fatty 
Acid Deficiency: Brain, heart and testes * 1

B R I A N  L . W A L K E R

D ep a rtm en t o f  N u trition , U n iversity  o f  G uelph , G uelph , O ntario

A B S T R A C T  T o  s t u d y  t h e  a b i l i t y  o f  d i f f e r e n t  t is s u e s  t o  r e c o v e r  f r o m  e s s e n t i a l  f a t t y  
a c i d  d e f i c i e n c y ,  m a l e  r a t s  w e r e  m a i n t a i n e d  f o r  2 5  w e e k s  w i t h  a  d ie t  c o n t a i n i n g  1 0 %  
h y d r o g e n a t e d  c o c o n u t  o i l  a n d  w e r e  t h e n  t r a n s f e r r e d  to  a  d ie t  c o n t a i n i n g  1 0 %  c o r n  o i l .  
T h e  t o t a l  f a t t y  a c i d  c o m p o s i t i o n s  o f  b r a i n ,  h e a r t  a n d  t e s t e s  l i p i d s  w e r e  d e t e r m in e d  a t  
i n t e r v a l s  o v e r  a n  8 1 - d a y  p e r i o d .  L i p i d s  f r o m  t h e  d e f i c i e n t  a n i m a l s  w e r e  l o w  i n  t h e  
l i n o l e i c - s e r ie s  a c i d s  a n d  h i g h  i n  o l e i c - s e r ie s  a c i d s .  F e e d i n g  c o r n  o i l  t o  t h e  d e f i c i e n t  
a n i m a l s  r e v e r s e d  t h is  s i t u a t io n .  L i n o l e i c  a c i d  w a s  r a p i d l y  i n c o r p o r a t e d  i n t o  h e a r t  
l i p i d s ,  t h e  c h a n g e s  i n  a r a c h i d o n i c  a n d  t h e  h i g h e r  p o l y u n s a t u r a t e d  a c i d s  o c c u r r i n g  
m o r e  s lo w ly .  S l i g h t ly  e le v a t e d  l e v e l s  o f  e i c o s a t r i e n o i c  p e r s i s t e d  a f t e r  t h e  c o n c e n t r a 
t i o n  o f  t o t a l  « 6 - a c i d s  h a d  r e t u r n e d  to  n o r m a l .  C h a n g e s  i n  b r a i n  f a t t y  a c i d s  w e r e  s lo w ,  
r e f l e c t i n g  t h e  s l o w  m e t a b o l i c  t u r n o v e r  o f  l i p i d s  i n  t h is  t is s u e .  D o c o s a h e x a e n o i c  a c i d ,  
w h i c h  is  r e l a t i v e l y  h i g h  i n  b r a i n  l i p i d s ,  w a s  i n d e p e n d e n t  o f  t h e  i n i t i a l  d ie t  o r  o f  th e  
s u p p le m e n t a l  c o r n  o i l  d ie t .  A r a c h i d o n i c  a c i d  w a s  m o r e  r e a d i ly  i n c o r p o r a t e d  i n t o  t h e  
t e s te s  l i p i d s  t h a n  a n y  o t h e r  a c i d .  D o c o s a p e n t a e n o i c  a c i d ,  t h e  m a j o r  « 6 - a c i d  o f  t h e
t e s t e s  f r o m  c o n t r o l  a n i m a l s ,  r e m a i n e d  a t  a 
i n c r e a s i n g  t o  a  l e v e l  g r e a t e r  t h a n  t h a t  o f  
f a t t y  a c i d  s p e c i f i c i t i e s  w e r e  o b s e r v e d .

Diets low in linoleic acid induce modifi
cations in the fatty acid composition of 
most tissues and these changes are well- 
documented (1, 2). Comprehensive data 
on the sequential changes in the fatty 
acids from different tissues are found less 
frequently in the literature. In a previous 
publication (3 ) the changes in the total 
fatty acids from the liver, plasma and 
erythrocytes of essential fatty acid-deficient 
rats re-fed corn oil for 81 days were re
ported. The present communication ex
tends this data to the brain, heart and 
testes of the same animals. These tissues 
were chosen for the diversity of polyun
saturated fatty acids present in them.

M A T E R I A L S  A N D  M E T H O D S

The basic experimental procedures were 
those used previously (3 ). Male rats of the 
Wistar strain were maintained with diets 
containing 68% dextrose, 18% casein, 
salt and vitamin supplements, and 10% 
hydrogenated coconut oil.2 Corn oil (10%) 
was substituted for coconut oil in the diet 
of the control group. After 25 weeks, the 
experimental group was transferred to the 
corn oil diet. Groups of 3 animals were 
killed at various intervals over an 81-day

c o n s t a n t  l o w  l e v e l  f o r  s e v e r a l  w e e k s  b e f o r e  
th e  c o n t r o l s  a t  8 1  d a y s .  B o t h  t is s u e  a n d

period and the tissues were immediately 
chilled.

The tissues were homogenized and ex
tracted 3 times with 20 volumes of 2:1 
(v /v ) chloroform-methanol. The com
bined extracts were washed with 0.2 vol
umes of water to remove water-soluble 
components, and the aqueous phase was 
removed after centrifugation and the ex
tract was dried over sodium sulfate before 
removal of the solvent in vacuo.

Esterification was effected by refluxing 10 
to 20 mg of the lipids with 1.0 ml of 
benzene and 4.0 ml of 15% borontrifluo- 
ride in anhydrous methanol, the esters 
were purified by thin-layer chromatography 
and analyzed by gas-liquid chromatog
raphy. A Barber-Colman series 5000 gas 
chromatograph equipped with dual col
umns and dual hydrogen flame ionization 
detectors was used. The stainless steel 
columns, 150 cm X 2 mm I.D. were packed 
with 15% ethyleneglycol succinate-silicone 
copolymer (EGSS-X) on 80—100 mesh 
Chromosorb W and were programed from

Received for publication November 27, 1967.
1 This work was supported by the Ontario Depart

ment of Agriculture and Foods.
2 Kindly donated by Canada Packers Ltd., Toronto, 

Ontario.
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160 to 200° at 4° per minute. Peak area 
was measured as the product of peak 
height and width at half-peak height and 
the detector was calibrated against a quan
titative standard3 containing saturated 
esters of even chain length from Ch to 
C24. Experimental and theoretical concen
trations agreed within a mean relative 
error of 2%.

R E S U L T S

The dieary corn oil was rich in linoleic 
(58.8% ) and oleic (26.5% ) acids, with 
stearic and palmitic constituting 2.0% 
and 11.2%, respectively, of the total fatty 
acids. The hydrogenated coconut oil con
tained less than 0.1% linoleic and only 
0.2% oleic acid. Laurie (49.4% ), myristic 
(18.4% ), palmitic (9 .8% ) and stearic 
(11.7% ) were the major acids in this fat.

The major unsaturated fatty acid com
ponents of the total brain lipids from rats 
fed the control diets and during the period 
of supplemental feeding of the deficient 
animals with corn oil are presented in 
table 1. Brain lipids of the animals fed 
the corn oil diet were characterized by 
relatively high levels of the u9-acids 
(25.5% ) and lower levels of the a>6-acids 
(18.3% ). Arachidonic acid was the major 
o6-acid present with lesser amounts of the 
22:4 and 22:5 acids of the series. Lino
leic acid was a relatively minor component 
of the brain lipids of this group.

Unlike the other tissues examined, high 
levels of docosahexaenoic acid (2 2 :6 ^ 3 )4 
were found. This acid, characteristic of 
the brain lipids of many species (4 -6 ), 
accounted for approximately 10% of the 
total fatty acids, and its dietary precursor, 
linolenic acid, made up almost 4% of the 
total fatty acids in the brain. The satu
rated acids, palmitic and stearic, accounted 
for 20.1% and 21.8% , respectively, of the 
total fatty acids of brain lipids.

Feeding coconut oil in place of corn oil 
had very little effect on the u3-acids of the 
brain. In fact, the brain lipids were less 
susceptible to dietary changes than any of 
the other tissues studied. This is un
doubtedly due to the early stage in life at 
which these lipids are formed and to their 
relative metabolic stability. Decreases were 
observed in the a 6-acids, and these were

accompanied by increased levels of the u9- 
acids, primarily 20: 3a>9, and 22: 3oj9, when 
coconut oil was fed.

Once established, the fatty acid patterns 
resulting from the coconut oil diet changed 
very slowly when com oil was substituted 
for the former dietary fat. The eicosatri- 
enoic acid and 22: 3o>9 decreased very 
slowly and even after 81 days of supple
mental feeding were present at concentra
tions above those observed in the corn oil 
control animals. The accumulation of the 
co6 polyunsaturated fatty acids, 20:4 and 
22:4, was also a slow process, which again 
attests to the relative metabolic stability 
of the brain lipids.

Linoleic was the major unsaturated acid 
in the heart lipids from rats fed com oil 
(table 2). Arachidonic accounted for 
18.9% and the pentaenoic acid of the 
u6-series, 22:5, was present to the extent 
of 4.5% of the total fatty acids. The defi
cient diet resulted in elevated levels of 
2 0 :3o>9 (25% ), oleic and palmitoleic 
acids, whereas the levels of linoleic and 
arachidonic acids were considerably de
pressed. The levels of palmitic (13% ) and 
stearic (18% ) were independent of the 
diet.

The heart lipids from the deficient rats 
responded rapidly to the com oil diet. 
Linoleic acid attained the level observed 
in the corn oil control group within 6 days 
and oleic acid decreased to the control 
level in 6 to 9 days. Changes in the other 
unsaturated acids occurred more slowly. 
Arachidonic increased to the level in the 
corn oil controls in 15 days and palmitoleic 
acid required 15 to 22 days to reach the 
control level. Although 20:3w9 decreased 
rapidly in the initial 22 days of supple
mental feeding, slightly elevated levels of 
this acid persisted for somewhat longer 
(0.2% at 63 days). Similarly, the con
centrations of the highly unsaturated 
acids, 22: 4u6 and 22: 5u6, increased slowly 
on feeding corn oil.

In table 3 are presented the data for 
rat testes lipids. Testes from rats fed

3 Methyl ester standard H-104, Applied Science 
Laboratories, Inc., State College, Pennsylvania.

4 X : YwZ, notation for chain length, number of 
double bonds, and number of carbon atoms from  
center of ultimate double bond to, and including, the 
terminal methyl group in fatty acids.
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c o r n  o i l  w e r e  c h a r a c te r iz e d  b y  h ig h  c o n 
c e n tr a t io n s  o f  2 2 :  5w 6, w h ic h  a c c o u n t e d  
f o r  a lm o s t  1 8 %  o f  th e  to ta l fa t ty  a c id s . 
H ig h  le v e ls  o f  th is  a c id  h a v e  b e e n  r e p o r te d  
in  m a tu r e  ra t  te s te s  b y  s e v e r a l w o r k e r s  ( 7 ,
8 ) .  T h is  w a s  th e  m a jo r  u n s a tu r a te d  a c id  
in  th is  t is su e . A r a c h id o n ic  a n d  l in o le ic  
c o n s t it u t e d  1 4  a n d  9 %  , r e s p e c t iv e ly , o f  th e  
to ta l fa t ty  a c id s . A s  w a s  to  b e  e x p e c t e d , 
d ie ta ry  c o c o n u t  o i l  d e p r e s s e d  th e  le v e ls  o f  
a ll th e  <o6-series a c id s  a n d  r e s u lte d  in  e le 
v a te d  le v e ls  o f  th e  co9- a n d  co7 -acids. T h e  
g re a te s t  in c r e a s e  w a s  f o u n d  in  th e  c o n 
c e n tr a t io n  o f  o le ic  a c id ;  e ic o s a t r ie n o ic  a c id  
a c c o u n t e d  f o r  le s s  th a n  1 0 %  o f  th e  to ta l 
a c id s  o f  th is  g r o u p . A  d o c o s a t r ie n o ic  a c id  
o f  th e  w 9 -series  w a s  p r e s e n t . T h is  a c id  
w a s  a ls o  f o u n d  in  b r a in  a n d  e r y th r o c y te  
l ip id s  ( 3 )  f r o m  th e  a n im a ls  d e f ic ie n t  in  
e s s e n t ia l fa t ty  a c id s  ( E F A ) .

T h e  e f fe c t s  o f  th e  c o r n  o il d ie t  o n  th e  
testes  fa t ty  a c id s  f r o m  th e  d e f ic ie n t  a n i
m a ls  d if fe r e d  f r o m  th o s e  o b s e r v e d  w ith  th e  
o th e r  tis su e s  in v e s t ig a te d . T h e  c h a n g e s  
g e n e r a lly  o c c u r r e d  m o r e  s lo w ly  th a n  in  th e  
o th e r  tissu e s . O le ic  a n d  p a lm ito le ic  a c id s  
r e m a in e d  a b o v e  th e  c o n t r o l  le v e ls  u n t il  th e  
ra ts  h a d  b e e n  fe d  c o r n  o i l  f o r  a t le a s t  6 3  
d a y s , a n d  2 0 :3 u 9  a n d  2 2 :3 c o 9  d id  n o t  
a p p r o a c h  c o n t r o l  le v e ls  f o r  at le a s t  2 9  d a y s . 
T h e  in c r e a s e  in  l in o le ic  a c id  c o n c e n t r a 
t io n  w a s  a ls o  s lo w , a n d  2 2 :  5 o 6  c o n c e n t r a 
t io n  in  th e  testes  r e m a in e d  a lm o s t  c o n s t a n t  
f o r  2 2  d a y s  b e fo r e  s ta r t in g  a  s lo w  in c r e a s e  
f o l lo w e d  b y  a  m o r e  r a p id  in c r e a s e  a fte r  
6 3  d a y s . I n  a n im a ls  k il le d  a fte r  81  d a y s , 
th e  c o n c e n t r a t io n  o f  th is  a c id  e x c e e d e d  th a t 
o b s e r v e d  in  th e  c o n t r o l  a n im a ls . In  c o n 
tra s t  w ith  th e  s lo w  c h a n g e s  n o te d  a b o v e , 
a r a c h id o n ic  a c id  in c r e a s e d  r a p id ly  w h e n  
c o r n  o i l  w a s  f e d  to  th e se  ra ts , r e a c h in g  
th e  c o n t r o l  le v e l  in  9  d a y s .

D I S C U S S I O N

I n c o r p o r a t io n  o f  th e  co6-acids in to  th e  
b r a in  w a s  a s lo w  p r o c e s s , e x t e n d in g  o v e r  th e  
81  d a y s  o f  th e  e x p e r im e n t  a n d  r e f le c t in g  
th e  v e r y  l o w  m e t a b o l ic  tu r n o v e r  o f  th e  
b r a in  l ip id s . T h e r e  d id  n o t  a p p e a r  to  b e  
a n y  p r e fe r e n t ia l  in c o r p o r a t io n  o f  l in o le ic  
a c id  o v e r  th e  p o ly u n s a tu r a te s  as o b s e r v e d  
w ith  a ll o f  th e  t issu e s  s tu d ie d  p r e v io u s ly
( 3 )  a n d  w ith  th e  h e a r t  l ip id s . H o w e v e r , 
th e  l o w  le v e l o f  l in o le ic  a c id  f o u n d  in  th e
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brain lipids of the control animals renders 
assessment of any preferential incorpora
tion of this acid difficult in the present 
experiments. The brain also differed from 
all of the other tissues studied in that the 
oleic acid content changed only slightly 
when coconut oil was fed in place of corn 
oil. The major changes occurred in the 
polyunsaturated fatty acids. This has been 
noted by other workers (5, 9).

Rapid changes in linoleic and oleic acids 
in heart lipids of deficient animals refed 
linoleic acid were noted by Nervi and 
Brenner (10). In contrast with the results 
presented above, Nervi and Brenner re
ported relatively slow changes in the 
20:4gj6 and 20 :3oj9 acids during linoleic 
acid supplementation. However, they fed 
much lower levels of linoleic acid (110 
m g/day) than used in the present experi
ment (0.7 to 1.0 g of linoleic acid/day). 
In experiments using arachidonic acid sup
plementation (10), changes in arachidonic 
acid levels in heart lipids were more rapid, 
but loss of eicosatrienoic acid was more 
gradual, again resembling the changes 
noted in the present study.

The results obtained above for changes 
in testicular fatty acid patterns are of in
terest in relation to the function of this 
tissue and to the effects of EFA-deficiency 
on this function. Male rats fed EFA-defi- 
cient diets become sterile (11) and the 
testicular tissue undergoes degeneration
(1 2 )  . Davis et al. (8 ) showed that the 
22 :5gj6 content of rat testicular phospha- 
tides increased as the animals aged and 
that this increased in pentaenoic acid ac
companied the appearance and maturation 
of the spermatids. Vitamin E deficiency 
in the rat, which also results in testicular 
degeneration and sterility, resulted in a 
marked decrease in the amount of 22: 5cj6 
in the testicular lipids (13). The lack of 
incorporation of this polyunsaturated acid 
in the early stages of supplemental com 
oil feeding in the present study could have 
resulted from inhibition of certain enzyme 
systems due to the breakdown in struc
tural components of the testes induced by 
EFA-deficiency. It is of interest that in 
the work reported by Bieri and Andrews
(13) arachidonic acid accumulated in 
testes from vitamin E-deficient animals.

In the present study, the level of this acid 
increased rapidly during the period of es
sential fatty acid supplementation.

Evans et al. (12), in their experiments 
on male sterility, observed marked degen
eration of the testes after they fed rats a 
fat-free diet for 6 months, about the same 
period as in the present study. The sterility 
and degeneration of the testes was re
versed by supplementing the diet of these 
animals with linoleic acid for periods from 
9 to 15 weeks. No attempts were made to 
determine the fertility of the male rats in 
the present study; but the marked upturn 
in the concentration of 22:5w6 at about 
the ninth week of supplemental feeding 
coupled with the previously demonstrated 
association of this acid with sexual ma
turity (8 ) is of interest in this respect.

The results obtained for the fatty acid 
patterns of the testes lipids during supple
mental feeding with com oil were variable, 
particularly in the case of the 22: 5to6 acid. 
For example the concentration of this acid 
varied from 3.2 to 11.1% in the 9-day 
sample, and from 7.6 to 21.1% in the ani
mals killed after 63 days of supplemental 
feeding. Similar variations in oleic and 
arachidonic acids occurred in some in
stances. This was taken as an indication 
of either differences in the susceptibility of 
individual animals to essential fatty acid 
deficiency or of differences in their ability 
to recover from the deficiency. It is note
worthy that Evans et al. (12) reported dif
ferences of up to 6 weeks in the time re
quired for restoration of fertility in individ
ual animals by linoleic acid supplementa
tion.

The results reported in this paper again 
emphasize the differences between tissues 
in their ability to incorporate unsaturated 
fatty acids. Of the 3 tissues considered, 
heart incorporated the o>6-series acids and 
lost oj9-acids most readily. In this respect 
it closely resembled plasma and liver (3 ). 
Heart lipids also incorporated linoleic acid 
more readily than arachidonic acid, thus 
exhibiting a fatty acid specificity similar 
to plasma, erythrocytes and liver. Brain 
lipids incorporated the u6-acids more 
slowly than most other tissues studied and 
no preferential incorporation of linoleic 
acid was observed.
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Rat testes differed from all the other 
tissues studied. The overall changes were 
slow. Elevated levels of palmitoleic and 
oleic acids persisted for practically the en
tire period of the experiment and linoleic 
acid was incorporated relatively slowly. 
This tissue accumulated arachidonic acid 
more readily than linoleic acid, which was 
in marked contrast with the other tissues 
studied with the exception of brain which 
is normally low in linoleic acid. The rapid 
accumulation of arachidonic acid may re
flect a metabolic block in the unsaturated 
acid elongation-desaturation pathway be
tween arachidonic acid and 22:5co6, re
sulting from structural disruption of par
ticulate enzyme systems brought about by 
essential fatty acid deficiency. This pos
sibility bears further investigation.

As in our previous studies, recovery of 
brain, heart and testes lipids from a state 
of essential fatty acid deficiency was 
found to follow a course which was speci
fic for the tissue under consideration and 
for particular fatty acids.
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AB STR AC T  T o  a s c e r t a i n  d i f f e r e n c e s  i n  s e r u m  c h o l e s t e r o l  l e v e l s  a s  p o s s i b l y  a f f e c t e d  
b y  t r a c e  e l e m e n t s  i n  t h e  d r i n k i n g  w a t e r ,  r a t s  w e r e  g i v e n  s o lu b l e  s a l t s  o f  z i r c o n i u m ,  
v a n a d i u m ,  n i o b i u m ,  c h r o m i u m ,  n i c k e l ,  c a d m i u m ,  g e r m a n i u m ,  t in ,  l e a d ,  a r s e n i c ,  a n d  
a n t i m o n y  a t  5  p p m  a n d  s e le n iu m  a n d  t e l l u r i u m  a t  2  p p m  f r o m  t h e  t im e  o f  w e a n i n g  
u n t i l  11  t o  3 0  m o n t h s  o f  a g e .  T h e  f e e d i n g  o f  c h r o m i u m  a t  1 p p m  w a s  a s s o c i a t e d  w i t h  
s u p p r e s s e d  l e v e l s  i n  m a l e s  b u t  n o t  i n  f e m a l e s ;  5  p p m  a p p e a r e d  t o  b e  r e q u i r e d  f o r  t h is  
e f f e c t  i n  f e m a l e s .  T h e  l o w e s t  s e r u m  c h o l e s t e r o l  l e v e l s  w e r e  o b s e r v e d  i n  g r o u p s  g i v e n  
n i o b i u m ,  c h r o m i u m  a n d  n i c k e l ,  t h e  h i g h e s t  i n  g r o u p s  f e d  t e l l u r i u m ,  w i t h  a l l  a n i m a l s  
r e c e i v i n g  1 p p m  c h r o m i u m .  S ig n i f i c a n t  d i f f e r e n c e s  i n  v a l u e s  o f  t h e  2  s e x e s  a p p e a r e d  
f o r  7  e l e m e n t s .  I t  is  p o s s i b l e  t h a t  c h r o m i u m ,  n i c k e l  a n d  n i o b i u m  e x e r t  a n t i - c h o l e s t e r o -  
g e n i c  p r o p e r t i e s ,  w h e r e a s  t e l l u r i u m  m a y  b e  c h o l e s t e r o g e n i c .

Mean circulating cholesterol levels in 
human beings tend to rise with age. This 
tendency is exaggerated in persons living in 
industrialized countries and is less evi
dent in more primitive societies. The pos
sibility arose that some abnormal trace 
element to which civilized man is exposed 
and which accumulates in his tissues with 
age might influence the synthesis of cho
lesterol or interfere with its catabolism. 
Conversely, some modern nutritional prac
tices might promote marginal deficiency of 
an essential trace element on which ho
meostasis of cholesterol depends.

Curran (1 ) showed that rat liver, in vi
tro and in vivo, synthesized cholesterol 
less well in the presence of vanadyl ions 
and better in the presence of trivalent chro
mium and manganous ions than liver un
exposed to trace elements. Other trace 
metals in the first transitional series were 
relatively inert. Curran’s rats were fed a 
commercial ration, which at that time was 
marginally deficient in chromium (2). The 
action of chromium feeding in stabilizing 
serum cholesterol at a low level in male 
rats has been demonstrated (3, 4 ); asso
ciated with this effect was virtual abolition 
of spontaneous aortic plaques and accumu
lation of aortic lipids (4 ).

Studies on the life-term effects of a num
ber of trace elements given in low doses to 
rats and mice (5 ) have provided an oppor

tunity to measure serum cholesterol and 
glucose levels. The present report con
cerns 13 trace elements fed to rats from 
the time of weaning. Differences in serum 
cholesterol associated with element and 
age are shown.

M E T H O D S

The environmental conditions in the lab
oratory, the precautions taken to avoid 
metallic contamination, the low metal diet 
and the double-deionized drinking water 
used have been reported in detail (6, 7). 
The trace element content of the diet, 
which was composed of seed rye, powdered 
skim milk and corn oil, and the estimated 
total intakes, are shown in table 1. To the 
basic drinking water, which contained zinc 
(50 ppm), manganese (10 ppm), copper 
(5 ppm), cobalt (1 ppm), molybdenum 
(1 ppm) and chromium (1 ppm), was 
added one of the following at 5 ppm ele
ment; zirconium sulfate, sodium niobate, 
antimony potassium tartrate, sodium ger- 
manate, stannous chloride, sodium axsen- 
ite, vanadyl sulfate, nickelous acetate, 
cadmium acetate, lead acetate. Sodium

R e c e iv e d  fo r  p u b lic a t io n  N o v e m b e r 1 , 1967.
1 Su p p o rted  b y  P u b lic  H e a lth  S e rv ic e  R e se a rc h  G ra n t 

n o. H E-05076 fro m  th e N a tio n a l H eart In s titu te ;  C o n 
tr a c t  D A  2595 fr o m  th e  U .S. A rm y ; C IB A  P h a r m a 
c e u tic a l P ro d u cts , In c .;  a n d  th e  S e le n iu m -T e llu riu m  
D e ve lo p m e n t A sso cia tio n .

2 P re se n t a d d ress: 9 B e lm o n t A v e n u e , B ra ttle b o ro , 
V e rm o n t 05301.

J. N u t r it io n , 94 : ’68. 475
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TABLE 1

T ra ce e lem e n t co n ten t o f  d iet and  drinking w ater  
and estim a ted  daily in ta kes liZ

D iet W a te r T o ta l

m /b iig/g fig/100 g 
body wt/day

Z i r c o n i u m 2 .6 6 5 5 0 .9 6
V a n a d i u m 3 .2 4 5 5 4 .4 4
N i o b i u m 1 .6 2 5 4 4 .7 2
C h r o m i u m 0 .1 6 0 0 .9 6
C h r o m i u m 0 .1 6 1 7 .9 6
C h r o m i u m 0 .1 6 5 3 5 .9 6
N i c k e l 0 .4 4 5 3 7 .6 4
C a d m i u m 0 .1 4 5 3 5 .7 0
G e r m a n i u m 0 .3 2 5 3 6 .9 2
T i n 0 .2 8 5 3 6 .6 8
L e a d 0 .2 0 5 3 6 .2 0
A r s e n i c 0 .4 6 5 3 7 .7 6
A n t i m o n y n d  3 5 3 5 .0
S e le n iu m 0 .0 5 2 1 4 .3 0
T e l l u r i u m 0 .1 6 2 1 4 .9 6

1 Based on 6 g food and 7 g water ingested/100 g 
body weight/day.

2 These intakes are approximate but are comparable. 
Gains in weight of young rats were similar, weights 
of adult animals remained fairly constant, and varia
tions among groups were not observed. The intake of 
water was measured on control rats for one year; 
marked variations in other groups were not evident.

3 Not detected.

selenate and sodium tellurite were added 
at 2 ppm element; sodium selenite at 
3 ppm.3 In addition, the basic water was 
given without chromium or with 5 ppm as 
the acetate.

Random-bred pregnant female rats were 
purchased from a supplier4 and their off
spring weaned at 21 to 23 days. Groups 
of 52 or more of each sex, four to a cage, 
were given one of the trace elements until 
natural death occurred. Each group was 
placed in separate wooden racks, and cages 
were not interchanged between groups.

In addition, 4 generations of rats were 
bred without exposure to chromium other 
than the small amount in the diet, as re
ported (8 ). The second and fourth genera
tions were used in these experiments. 
Thirty brood females obtained from the 
supplier, which had been fed a diet con
taining adequate chromium, were also 
studied. Their offspring were not believed 
to be deficient in chromium according to 
analyses of tissues of similarly bred ani
mals (9 ).

Blood was obtained from the tail of the 
warmed rat by cutting with a razor blade, 
and centrifuged. Serum cholesterol was 
measured by the method of Huang et al. 
(10), using a premixed reagent and a

Berkeley Medical Instrument spectropho
tometer;5 a few were measured by the 
method of Abell et al. (11). Duplicate and 
replicate analyses agreed within 3%.

Analyses of the diet for trace elements 
were made by a number of standard meth
ods, colorimetric for zirconium, vanadium, 
niobium, chromium, nickel, germanium, 
arsenic, tin, lead and selenium, and atomic 
absorption spectrophotometric for chro
mium, cadmium, antimony and tellurium.

R E S U L T S

Serum cholesterol levels in rats given 
various amounts of chromium are shown 
in table 2. Sex differences appeared. Males 
fed 1.0 to 5.0 ppm in drinking water had 
lower mean values than those given none 
in water. Females given 5.0 ppm in water 
or about 2 ppm in food and water had 
lower values than those given 1.0 ppm or 
less. The difference in male and female 
values at 1.0 ppm was significant (P <  
0.001). According to these data, female 
rats apparently require more chromium 
than males in order that cholesterol in 
serum be suppressed. Fourth generation 
chromium-deficient young rats of both 
sexes had higher values than second gen
eration young rats which were assumed to 
be less deficient.

In table 3 are the mean serum choles
terol levels of rats fed 13 trace elements in 
drinking water, arranged according to the 
values of males. Again sex differences ap
peared in 7 cases. Male values were higher 
in the groups given vanadium, chromium, 
selenium (P <  0.025), and in the controls 
without chromium (P <  0.05). Female 
values were higher in those given cad
mium (P <  0.05), germanium and tin (P 
<  0.001). More or less consistently low 
values were noted in the groups of both

3 In a previous publication on the effects of selenite 
and selenate on mice and rats (1 4 ) , the concentration 
of selenium in the selenite given in water was errone
ously reported as 2 ppm. The supplier of sodium 
selenite (Nutritional Biochemicals Corporation, Cleve
land) stated in a letter that this product was 
Na2Se0 3 -5 H20 . Nearly 2 years later the compound 
was found by D. V. Frost, in our laboratory, to be 
anhydrous, and was then so admitted to be by the 
supplier. As the hydrated form contains 45.7%  
selenium and the hydrated form 3 0 % , the rats and 
mice given selenite actually received 3 ppm selenium.

4 Blue Spruce Farms, Altamont, New York.
s Berkeley Medical Instruments. New England X-Ray 

and Electronic Equipment, Brookline, Massachusetts 
02146.
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TABLE 2

Serum  ch o les tero l leve ls  in  rats g iv en  ch rom iu m

C h r o m iu m
M a le s  1 F e m a le s  1

N o . A g e N o . A g e

ppm days mg/100 ml days mg/100 ml
Y o u n g  2

f 2 0 h 2 0 4 8 6 .0  ± 3 . 9  3 1 2 2 0 4 7 8 .5  ±  2 .5
f 4 0 8 1 1 5 1 1 4 . 0 ± 5 . 0  4 1 0 1 2 7 1 0 9 .6  ±  2 .7  4

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

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

1 Male and female values differ significantly: 2.0 ppm group, P <  0.025; 1.0 ppm group, P <  0.001; 
5.0 ppm groups, P <  0.025.

2 F2 and F4 are rats bred from increasingly deficient mothers.
3 s e .

4 Differs from F2 group, P <  0.001.
5 Differs from mature group, no chromium, P <  0.001.
6 Breeders purchased while pregnant, food containing chromium.
7 Differs from mature groups, 1.0 ppm 660 and 689 days old, P <  0.001.
8 Differs from 2.0 ppm group, P <  0.01.
9 Differs from 2.0 ppm group, P <  0.001.

TABLE 3

Serum  ch o les tero l leve ls  in  m a tu re rats g iv en  various tra ce e lem en ts

Males p Females

N o . A ge v a lu e  1 N o. A ge v a lu e  1

days mg/100 ml days mg/100 ml
G e r m a n i u m 1 2 5 5 7 6 3 .4  ± 3 .2  2 < 0 .0 0 1 1 2 5 7 8 1 0 7 .6 ± 5 .9 n s  3
N i c k e l 1 2 3 4 2 7 5 .3  ± 2 .6 n s 1 2 3 2 9 7 5 .3  ± 3 .8 <  0 .0 0 1
N i o b i u m 1 2 8 4 9 7 5 .7 ± 2 .7 n s 11 8 4 9 7 8 .6  ± 4 .8 <  0 .0 0 1
C o n t r o l s  ( C r  1 ) 2 3 6 6 2 7 7 .5  ± 2 .1 — 1 9 6 6 0 1 1 6 .0 ± 6 .0 —
T i n 1 2 5 2 0 8 2 .5  ± 3 .4 n s 1 2 5 8 0 1 0 5 .3  ± 3 .5 n s
C h r o m i u m 1 2 4 0 5 8 6 .2  ± 3 .2 < 0 .0 2 1 2 4 0 5 7 2 .1  ± 5 .3 <  0 .0 0 1
L e a d 1 4 6 9 5 8 6 .6  ± 6 .5 n s 1 2 7 6 0 1 0 3 .7  ± 8 .5  4 n s
C a d m i u m 1 0 7 5 0 8 8 .6  ± 8 .7  4 < 0 .0 5 1 2 7 5 0 1 1 3 .0 ± 9 .0  4 n s
Z i r c o n i u m 1 2 8 9 3 8 9 .7  ± 5 .6 < 0 .0 1 1 2 8 9 3 1 0 0 .7  ± 9 .0 n s
A r s e n i c 12 8 0 4 9 1 .0 ±  1 0 .1 < 0 .0 5 13 8 0 6 1 0 9 .5 ± 7 .4 n s
V a n a d i u m 11 7 6 1 9 1 .6 ± 5 .1 < 0 .0 0 5 10 7 6 1 6 7 .9  ± 9 .2 <  0 .0 0 1
A n t i m o n y 10 7 9 0 9 7 .6  ± 4 .9 < 0 .0 0 1 10 7 9 0 9 7 .0 ± 5 .6 <  0 .0 1
S e le n iu m  ( V I ) 1 2 4 4 5 1 0 9 .6 ± 6 .1 < 0 .0 0 1 1 2 4 4 5 9 0 .4  ± 5 .0 <  0 .0 0 5
S e le n iu m  ( I V ) 1 2 4 4 5 9 0 .2 ± 3 .5 <  0 .0 0 5
T e l l u r i u m 1 2 4 0 5 1 1 1 .4  ± 3 .0 < 0 .0 0 1 1 2 4 5 2 1 1 0 . 4 ± 9 .9 n s
C o n t r o l s  ( n o  C r ) 1 2 7 6 1 1 2 2 .9  ± 8 .1 7  4 < 0 .0 0 1 1 2 7 6 1 9 4 .5 ±  1 1 .1 9  4 <  0 .0 5

1 Significance of differences from controls.
2 S E .

3 Not significant.
4 Method of Abell et al. (1 1 ), previously reported ( 4 ) , for comparison.

sexes given niobium, chromium, and 
nickel, and high values in those fed tel
lurium.

Compared with the controls given 1.0 
ppm chromium, values for males were es
pecially elevated in groups fed tellurium, 
selenium, antimony and no chromium and 
slightly elevated in the groups fed zirco
nium and vanadium. Cholesterol levels in 
males given germanium were suppressed.

Female control levels were the highest 
of any group. Other elevated values ( >  
100 m g /100 ml) occurred in the groups 
given zirconium, cadmium, germanium, 
tin, lead, arsenic and tellurium. Low val
ues ( <  80 m g/100 ml) were found in the 
groups given vanadium, niobium, chro
mium and nickel.

Because two of these elements, chro
mium and vanadium, have been shown to
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affect cholesterol metabolism in vitro and 
in vivo (1, 4 ), comparisons were made as 
to significant differences in circulating cho
lesterol between rats fed these metals and 
other elements (table 4 ). In relation to the 
chromium-fed group, levels were higher in 
male rats given antimony, selenium and 
tellurium and lower in those fed niobium, 
nickel and germanium. In females, mean

values were higher in rats given all of the 
elements except niobium and nickel.

Comparisons of levels of male rats fed 
vanadium with those given other elements 
showed significantly elevated values only 
in rats fed selenium and tellurium. Signifi
cantly depressed values were observed in 
those given niobium, nickel and germa
nium. In females, all values, except those

TABLE 4
S i g n i f i c a n c e  o f  d i f f e r e n c e s  i n  s e r u m  c h o l e s t e r o l  l e v e l s  o f  r a t s  g i v e n  v a r i o u s  t r a c e  e l e m e n t s  c o m p a r e d

w i t h  t h o s e  g i v e n  c h r o m i u m  a n d  v a n a d i u m

Males Females
Chromium Vanadium Chromium Vanadium

Differ- P Differ- P Differ- P Differ- P
enee 1 value 2 enee 1 value 2 enee 1 value 2 enee 1 value 2

Controls, no Cr + <  0.001 + <  0.001 + <  0.05 + <  0.05
Controls, 1 ppm Cr — <  0.02 — <  0.005 + <  0.001 + <  0.001
Zirconium ns 3 ns + <  0.01 + <  0.01
Vanadium ns ns
Niobium — <  0.01 — <  0.005 ns ns
Nickel — <  0.01 — <  0.005 ns ns
Cadmium ns ns + <  0.001 + <  0.001
Germanium — <  0.001 — <  0.001 + <  0.001 + <  0.001
Tin — ns ns + <  0.001 + <  0.001
Lead ns ns + <  0.001 + <  0.005
Arsenic ns ns + <  0.001 + <  0.001
Antimony + <  0.02 ns + <  0.01 + <  0.02
Selenium + <  0.001 + <  0.001 + <  0.01 + <  0.02
T ellurium + <  0.005 + <  0.005 + <  0.001 + <  0.005

1 Plus sign indicates that the value is larger; minus sign, smaller than that for chromium or vanadium.2 Significance of difference in the value from that of chromium or vanadium (see table 2 ).3 Not significant.

TABLE 5
C h a n g e s  w i t h  a g e  i n s e r u m  c h o l e s t e r o l  i n r a t s  f e d  z i r c o n i u m , n i o b i u m , a n t i m o n y ,  l e a d  a n d  c a d m i u m

Males Females
Element

No. Age value 1 No. Age value 1

d a y s m g / 1 0 0  m l d a y s m g / 1 0 0  m l

Zirconium 12 270 69.0 ±  3.8 2 12 270 76.0 ± 1 .8
12 893 89.7 ±  5.9 <  0.005 12 893 100.7 ±  9.0 <  0.01

Niobium 12 166 69.3 ±  3.4 12 228 81.1 ±  3.7
10 655 70.3 ±  2.89 ns 3
12 849 75.7±  2.7 ns 11 849 78 .6±4 .8 ns

Antimony 12 125 76.7 ±  2.4 12 161 8 6 .3±4 .4
10 790 97.6 ±  4.9 <  0.001 10 790 9 2 .6 ±  5.6 ns

Lead 11 300 72.3 ±  4.74
12 510 79.3 ±  6.48 ns 12 510 103.4 ±  7.12
14 695 8 6 .6 ±  6.7 ns
12 750 74.0 ±10 .03 ns 12 750 103.7 ±  8.53 ns

Cadmium 10 300 76.1 ±  4.74
10 485 85.6 ±  2.3 <  0.05 10 485 97.0 ± 8 .9
12 510 67.6 ±  2.81 ns 12 510 86.5 ± 9 .8 0 ns
12 750 8 8 .6 ±  8.70 ns 12 750 113.0±8 .98 ns

Arsenic 4 12 770 91.6 ±  10.5
12 804 9 1 .0 ±  10.1 ns

1 Significance of difference from first value in each group.
2 SE.
3 Not significant.
4 For comparison of repetitive analyses on different rats of same group.
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of animals given niobium and nickel, were 
significantly elevated.

Changes in circulating cholesterol levels 
with age are shown in table 5. No increase 
was found in animals fed niobium, lead or 
cadmium, nor in females given antimony. 
Increases occurred in rats of both sexes 
fed zirconium and in males fed antimony. 
Data on chromium (table 1) show some 
decrease with age, especially in females.

DISCUSSION

The rat is a poor animal for the study 
of experimental hypercholesteremia, re
quiring special diets and the feeding of 
cholesterol and saturated fats to develop 
high serum levels. The present study con
cerns adequate diets and unsaturated fats 
(corn oil), and high serum levels were 
only noted occasionally. Nevertheless, 
trends and tendencies appeared which 
might turn out to be significant in more 
susceptible mammals.

On this basis, these data indicate that 
trivalent chromium given to rats in drink
ing water was associated with lowered 
serum cholesterol levels, as shown previ
ously (4 ) , that chromium deficiency in 
young rats was associated with elevated 
levels, and that female rats appeared to 
require larger doses for this effect to ap
pear than males. The data show that, in 
general, higher levels occurred in male 
rats fed the metalloid or nonmetallic ele
ments in the “A” groups of the Periodic 
Table — arsenic, antimony, selenium and 
tellurium —  than in those fed metals in 
the transitional or “B” groups —  vana
dium, niobium, nickel and cadmium — or 
heavy metals in the “A” groups — tin and 
lead. Female rats, however, also had 
higher levels when they were given those 
elements situated in the right of the Peri
odic Table, beginning with cadmium, and 
lower levels when fed elements situated in 
the left or “B” groups.

To test this impression, the elements 
were arranged in order of position in the 
Periodic Table from left to right and as
signed numbers from 2 (zirconium) to 27 
(tellurium). Paired rank correlations with 
serum cholesterol levels were calculated. 
For males, r =  +0.486 (P ~  0.05); for 
females, r =  +0.622 (P <  0.01). Although 
the list of elements studied is incomplete,

those on the right of the Table were more 
likely to be associated with high serum 
cholesterol levels than were the transi
tional metals on the left. There was no 
significant correlation with atomic num
ber. In the experience of this laboratory, 
which will be reported, the elements on 
the right of the Table were more likely 
to exert innate or overt toxicity in mice 
and rats than were the transitional metals.

The data on changes in serum choles
terol with age are incomplete. They sug
gest, however, that age-linked increases 
can occur in marginal chromium defi
ciency, in rats of both sexes fed zirconium 
and in males fed antimony. They suggest 
that such increases may not occur in rats 
given niobium, lead and cadmium.

When the groups fed tellurium were 
compared with the others, as in table 3, 
significant differences appeared largely in 
males. Probabilities (P ) of the differences 
being due to chance of the order of <0.005 
occurred in the zirconium, niobium, chro
mium, nickel, germanium, tin, lead and 
control groups, of <  0.01 in the cadmium 
group, of <  0.025 in the antimony group 
and <  0.05 in the arsenic group, all values 
being smaller. Only the selenium group 
did not so differ. In females, the vana
dium, niobium, chromium, and nickel 
groups differed (P <  0.005), as possibly 
did the selenium group (P <  0.05), values 
being smaller than those of the tellurium 
group.

Because it was possible that differences 
in cholesterol levels might be related to 
factors other than the trace elements fed 
to the animals, attempts were made to 
avoid unknown influences as far as practi
cable. Males and females were strictly 
comparable. Several groups of animals 
were bred and observed simultaneously as 
follows: Controls (no chromium), chro
mium (5  ppm ), cadmium and lead; con- 
trals (1 ppm chromium), arsenic, germa
nium and tin; lead (males), zirconium, 
niobium and antimony; chromium (5 
ppm), vanadium, nickel, selenium and 
tellurium. Each experiment required 4 
years for completion (5 ). As facilities were 
limited to 1,000 rats, additional groups 
were bred and started, usually in the fall 
or winter, when previous groups were 
partly depleted through death. Analyses
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of sera were made during the summers on 
several groups at weekly intervals. The 
diet was as uniform as feasible, although 
annual variations in the trace element con
tent of seed rye obtained from the same 
area each year were possible, owing to 
annual variations in rainfall. No consist
ent changes were found among the groups 
analyzed at each interval which could be 
attributed to unknown factors.

The values obtained by the method of 
Abell et al. (11 ) in the first series (4 )  
were compared with those obtained by that 
of Huang et al. (10 ) which was an essen
tially similar but more simple method. 
Mature males fed lead in the first series
(4 )  had 79.3 ±  6.5 mg cholesterol/100 
ml; those in the second had 86.6 ±  6.5 mg 
/100 ml. Mature males fed chromium had
77.0 ±  6.6 m g/100 ml in the first series 
and 86.2 ±  3.2 m g/100 ml in the second. 
Apparently the 2 methods gave values in 
the same ranges for 2 sets of animals fed 
the same metals.

Because all these animals, except those 
in one control group, were given chro
mium, it is evident that if an element in
fluenced serum cholesterol levels, the ef
fect was either additive to or antagonistic 
to that of chromium. Additive effects in 
one sex might be postulated for niobium 
and nickel; antagonistic effects for tellu
rium, selenium, antimony, vanadium and 
zirconium.

Therefore, it is possible that a common 
property of nickel, niobium and chromium 
may be to influence serum cholesterol of 
rats at low levels, and that tellurium in 
some way may raise it. The lowest stan
dard deviations, and therefore individual 
variations, were found among analyses of 
sera from rats fed these metals. Tissue 
levels of the various elements will be or 
have been reported (5 ). Application of 
these data to the chromium deficiency

noted in samples from the adult population 
of the United States (9 )  and the excess of 
tellurium (12, 13) deserve study.
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Factors Influencing Urinary Taurine Excretion 
by Normal and Mongoloid Subjects * 1
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A B S T R A C T  The effect of a variety of experimental conditions on urinary taurine 
excretion by normal and mongoloid subjects was examined. Measurement of taurine 
was by column chromatography. Habitually “high” and “low” excretors were demon
strably present in both populations. In normal subjects taurine excretion was in
creased by the ingestion of sulfur amino acid-rich protein, shellfish, cysteamine, hypo- 
taurine, or prednisone; cysteine sulfinic acid and vitamin Be had no effect; cysteic 
acid and cysteine had little, if any, effect. While under a taurine load of 4 mg/kg body 
weight/day, a roughly 3-day periodicity in taurine excretion was noted in both normal 
and mongoloid subjects. Six weeks of vitamin Be administration did not correct the 
subnormal excretion of taurine by mongoloids. Renal tubular reabsorption of taurine 
appears to be greater in mongoloid low excretors than in high excretors. No correla
tion between serum and urine taurine values was found. Fasting serum taurine levels 
varied more widely than had been expected, both intra- and inter-individual, and there 
is a tendency toward bimodality of these data.

Of the free amino acids appearing in 
normal adult urine, taurine is second both 
in amount (13%  of total) and variation 
(27 to 230 m g/day range) (1 ). There is 
increasing evidence to suggest a metabolic 
role for taurine in higher animals (2, 3 ), 
particularly in function of nervous tissue 
(4, 5 ). Thus it appeared useful to examine 
further the factors affecting urinary tau
rine excretion. Some influences established 
with varying degrees of certainty are age
(6 ) , pregnancy (7 ) , certain foodstuffs (8), 
vitamin B6 intake (9 -1 3 ), intestinal flora 
(10, 14), irradiation (15, 16), thermal 
burns (17, 18), and certain other forms of 
stress (19, 20). Our interest in this prob
lem arose from observation of occasional 
unexplained increases in taurine excretion 
by mongoloid subjects who generally had 
subnormal excretion (2 1 ); consequently, 
such individuals are the subjects for sev
eral of the experiments reported here.

SUBJECTS AND METHODS

Subjects for experiments to be described 
included colleagues and medical students 
in apparent good health and mongoloid 
and non-mongoloid retardates residing at 
Western Carolina Center (W .C.C.), Mor

ganton, North Carolina, or Caswell Center 
(C .C .), Kinston, North Carolina. All mon
goloids at W.C.C. were karyotyped and 
were found to have the standard trisomy 
21. All mongoloid subjects at C.C. were 
examined by two of the authors and any 
for whom the diagnosis was considered 
equivocal were excluded.

In all experiments involving retardates 
at W.C.C. or C. C., mongoloids were 
matched with non-mongoloid subjects for 
sex, weight within 2.27 kg and age within 
2 years. All retarded subjects were receiv
ing the same institutional diet. Even if a 
subject was fed a soft diet, the constituents 
of the regular diet were simply ground and 
fed. Observations of subjects during sev
eral meals made it apparent that virtually 
all subjects consumed all food provided. 
It is, of course, an assumption that what
ever food preferences exist average out be
tween groups of mongoloid and non- 
mongoloid subjects, though little evidence
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of strong food preferences was observed by 
us or reported to us by dietitians at the 2 
institutions.

Taurine was determined in urine and 
serum by column chromatography (21 ). 
Homogeneity of the taurine peak was 
shown by its consistent symmetry, the 
identity of the ratio of the peak areas 
measured at 440 mu and 570 mu with that 
of taurine, and paper chromatographic 
examination of the appropriate fraction of 
the eluate. Creatinine was determined by 
the method of Taussky (22 ). Creatinine 
was used as a base for taurine excretion 
because it provides values most nearly ap
proximating 24-hour taurine excretion val
ues for specimens collected during shorter 
time-periods. Further, this base removes 
the association between taurine excretion 
and both weight and age (21 ).

RESULTS AND DISCUSSION

To examine the effect of protein intake 
on urinary taurine levels, 6 normal adults 
(5 males, 1 female) consumed identical 
diets for 5 days. On each day, taurine 
was measured a) in the first morning urine, 
b ) in that collected between arising and 
breakfast (which we and others (23 -25 ) 
find most nearly corresponds to the com
plete 24-hour urine in terms of creatinine/ 
hour), and c )  in that collected during the 
remaining 15 to 15.5 hours. On days 1 
and 2 the daily protein intake was 20 g, 
on days 3 and 4 it was 120 g and on day 5 
it was 80 g. The diets were approximately 
isocaloric. Urine specimens were collected 
for 6 days including the day following the 
80-g protein intake. The first morning and 
pre-breakfast specimens on the first day 
were the only control specimens collected. 
Our purpose in this experiment was to 
measure the maximal fluctuations that 
might be expected due to short-term die
tary manipulation as an aid to interpreting 
the fluctuations observed from time to time 
in specimens from a single retarded sub
ject (for example, 20 and 80 mg taurine/g 
creatinine on two consecutive days). Fur
ther, the few previous studies of the influ
ence of diet on taurine excretion were 
based on paper chromatographic analysis 
with its lower resolving power and diffi
culties in quantitation. The chosen levels

of protein intake far exceed variations 
found in the normal institutional diet. The 
measurements on the pre-breakfast speci
mens of urine for the 2 highest and the 
2 lowest excretors are presented in figure 
1 and show the clear differences in in
dividual response.

The results for the 15-hour urine speci
mens collected from all subjects during 
the day and evening are presented in table
1. An analysis of variance of these data 
demonstrated a highly significant effect of 
both diet and individual differences. The 
means suggest that effects of a low pro
tein diet are not completely manifested on 
the first day. Similarly, the effect of high 
protein intake appears to carry over to the 
following day. Analyses were also per
formed on both the first morning urine 
specimens and on those collected after the 
first morning specimen but before break
fast (0.5 to 1 hour). The results of these 
analyses were comparable to those cited 
above except that the proportion of vari
ability attributable to individual differ
ences was greater than that attributable to 
diet in the latter 2 analyses. The first 
morning specimens were the least power-

Fig. 1 Taurine content of urine samples col
lected from subjects 1, 3, 6 and 4 after morning 
voiding but before breakfast with low protein 
(days 1 and 2 ) , high protein (days 3 and 4 )  and 
normal protein (day 5) diets.
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TABLE 1

T a u r i n e  v a l u e s  o f  1 5 - h o u r  u r i n e  s p e c i m e n s  f r o m  6  a p p a r e n t l y  n o r m a l  a d u l t  s u b j e c t s ,  
c o l l e c t e d  d u r i n g  l o w  p r o t e i n ,  h i g h  p r o t e i n  a n d  n o r m a l  p r o t e i n  d i e t a r y  r e g i m e n s

Subject no.
D a y s ---------------------------------------------------------------  Means

1 2  3 4 5 6
mg taurineJg creatinine

Low protein 1 59 48 62 50 85 33 56.2
2 60 24 40 44 69 29 44.3

High protein 3 83 50 87 39 62 58 63.2
4 116 87 123 79 109 72 96.8

Normal protein 5 111 40 116 73 67 40 74.5

Means 85.8 49.8 85.6 56.0 78.4 46.4

Rank 1 5 2 4 3 6

Analysis of variance: Variance between days relative to error, F =  10.95, P <  0.001; between 
individuals relative to error variance, F =  7.67, P <  0.001.

ful detectors of either individual or dietary 
differences, as might be expected from the 
generalized slowing of most metabolic 
activities during the night. These data 
also suggest that these normal subjects 
can be divided into at least 2 groups, sub
jects 1 and 3 having higher means than 
all others in all 3 sets of specimens. These 
2 subjects have consistently had higher 
values than the remaining subjects both 
in all experiments reported here and in a 
variety of other unpublished studies.

One of the “high excretors” and one of 
the “low excretors” from the preceding ex
periment had their urinary taurine meas
ured on 3 successive days after either a 
sulfur amino acid-rich breakfast (4  eggs, 
toast and coffee), breakfast plus 50 mg 
L-cysteine/kg body weight, or breakfast 
plus 4 mg taurine/kg body weight. The 
response again demonstrated individual 
differences (table 2).

Two of the high excretors (1 and 3 
from table 1) and one of the low excretors 
(subject 6 from table 1) ingested 50 mg 
L-cysteine/kg body weight, and taurine ex
cretion was measured at intervals during 
periods up to 29 hours, with no alteration 
in normal diet or routine. The same pro
cedure was carried out with two low ex
cretor monogoloids, for comparison (table
3). The excretion of taurine was increased 
in each case during the succeeding day, 
the increase representing a cysteine-to- 
taurine conversion of approximately 1 to 
2% in the normal individuals (1 3 ), but

TABLE 2
Urinary excretion of taurine of 2 individuals 

after 3 dietary regimens

Taurine

excretor excretor 
mg /  g creatinine

Breakfast 0 31 104
2 39 100
4 32 —

6 39 83

Breakfast +  cysteine 0 25 86
2 1 26 107
4 31 157
6 68 160

10 — 157

Breakfast +  taurine 0 14 93
2 2 280 780
4 309 456
6 164 218

1 Serum taurine: 128 and 66 /¿moles/liter, respec-
tively.

2 Serum taurine: 171 and 104 /¿moles/liter, respec-
tively.

less in the mongoloids. An anomalous ex
ception is the excretion of taurine corre
sponding to 1.4% of the ingested cysteine 
by one of the mongoloids in a 2-hour 
period.

Since the subnormal excretion of taurine 
by mongoloids appeared to be the result 
of a tissue deficit of taurine (2 6 ), it was 
of interest to compare the effect of a daily 
load (4 m g/kg body weight) of taurine on 
taurine excretion, as well as the superim
posed intake of either shellfish (8 ) ,  met
abolic precursors of taurine, or prednisone.
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TABLE 3
Urinary taurine response to cysteine loading

Subject designation
Time
after
dose

Normal Mongoloid

3 1 6 AA AL

hours mg taurine/g creatinine
0 68 55 32 10 15
2 76 52 32 7 22
4 114 90 58 22
6 160 58 20
8 155 68 66 13 23

10 131 116 28 63
12 88 discarded 34 930
14 141 58
16 19 22
18
20 105 15 23
24 111 66 51
29 100

Figure 2 shows the results with such a 
study of 4 normal and 3 mongoloid sub
jects.

There was a rather striking rhythmicity 
in the taurine excretion, even if the diet 
was held constant; all subjects showed an 
irregular but roughly 3-day periodicity. Un
der these conditions, the three or four days 
required for excretion to plateau sug
gested that the tissues are not normally 
saturated with taurine. If the normal ex
cretion and the equilibrium excretion be 
used to estimate roughly the degree of 
undersaturation, it amounts to 149 mg in 
normal subject 1 and 1154 mg in mongol
oid AA. In neither case is this very impres
sive in comparison with the total body tau
rine, which can be very roughly estimated 
at 18 g (3, 27, 28) although the “ex
changeable” taurine may be much less (15,
16, 27). Prompt elevations in taurine ex
cretions were produced in normal subjects 
by ingestion of cysteamine, hypotaurine, 
taurine, prednisone, or shellfish. Cysteine 
sulfinic acid, vitamin B„, NaHCCh, or 177 
ml of alcohol had no effect. Cysteic acid 
and cysteine had doubtful effect (29 ). 
Table 4 shows the taurine excretion (morn
ing specimens) of 6 mongoloids after be
ing given such a taurine load for several 
weeks. All were excreting less than the 
normal individuals when they were in equi
librium with this load.

This suggested that such loading might 
be useful in separating the mongoloids 
more distinctly into excretor classes (21).

However, measurement of urinary taurine 
after 4 days of loading (when equilibrium 
values would have been attained) gave the 
results shown in figure 3, with no indica
tor of class-segregation.

In a previous paper (3 0 ), results were 
reported which encouraged the belief that 
the low taurine excretion observed in most 
mongoloids could be corrected by the ad
ministration of vitamin B6. Indirect sup
port for this belief was provided by McCoy 
et al. (3 1 ), who reported that some mon
goloids were slightly deficient in vitamin 
B6 as evidenced by tryptophan loading, and 
by other studies (9 -1 3 ). The administra
tion of deoxypyridoxine gave results sug
gesting a more complicated situation (32 ). 
To examine this possibility more thor
oughly, 50 mongoloid subjects at C.C. were 
divided into a treatment and a control 
group; the treated subjects received 50 mg 
vitamin B6/d a y * 16 4 for 6 weeks, the control 
subjects, neither drug nor placebo (one 
mongoloid from the treatment group left 
the institution during the course of the 
study). A baseline early morning urine 
specimen was obtained initially and early 
morning specimens were collected after 2 
and 6 weeks. Taurine was measured in 
all specimens and the results normalized 
by conversion to log™ (m g taurine/g cre
atinine). Table 5 presents descriptive 
statistics calculated from these data.

The grand mean (1.30) for these data 
does not differ significantly from the mean 
of 1.13 previously obtained (21 ) for 127 
mongoloid subjects and is significantly 
lower than the mean of 1.68 found then 
for control subjects. Paired t tests of values 
for treated mongoloid subjects reveal that 
those at 2 weeks were significantly lower 
than either baseline or 6-week values (t =  
3.21, P < 0 .0 1  and t =  3.80, P <  0.001, 
respectively). Similarly both baseline and
2-week values were significantly lower than 
6-week data for control subjects (t =  2.90, 
P <  0.02 and t =  5.01, P <  0.001, respec
tively). By inspection it appears that the 
only possibly significant difference between 
corresponding means for treated and un
treated subjects is that between baseline 
means; a group test of those means ap-

4 Kindly supplied, as Hexa-Betalin tablets, by the 
Lilly Research Laboratories, Indianapolis, Indiana.
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Fig. 2 Response of urinary taurine (m g/24 hours) to 140 mg taurine twice a day for an 
extended period. The numerals denote that in the succeeding 24-hour period the following 
substances were ingested or the following modifications made: 1) 3.5 g cysteine; 2 ) boiled 
clams; 3 ) constant diet; 4 ) off taurine; 5 ) taurine resumed; 6) 1 g cysteine sulfinic acid; 
7) boiled shrimp; 8 ) 500 mg hypotaurine; 9 ) off taurine, 8 days with control determina
tion following; 10) 5 g NaHC03; 11) 50 mg vitamin B6; 12) 1 g cysteamine; 13) 20 mg 
prednisone; 14) 5 g cysteine; 15) 177 ml ethanol; 16) 2 g cysteic acid; 17) 140 mg extra 
taurine; 18) 280 mg extra taurine; 19) 71 g raw clams; 20) dental surgery with general 
anesthesia; and 21) 10 eggs in diet. Subjects were 4 normal individuals (upper curves) 
and 3 mongoloid adults (3 lower curves).

TABLE 4
T a u r i n e  e x c r e t i o n  b y  m o n g o l o i d s  g i v e n  4  m g  

t a u r i n e / k g / d a y  f o r  5  w e e k s

Subject
no.

Before
load

After
load

m g  ta u r in e/ g  c r e a t in in e

i 15 183
2 16 182
3 22 173
4 145
5 20 200 1
6 4 86 1

1 Taurine load given for 3 weeks.

proached but did not reach conventional 
significance levels ( t= 1 .9 1 , P >  0.05), 
illustrating the greater power of paired 
comparisons to detect differences when it 
is logical and feasible to make such com
parisons.

These data do not support the previous 
impression that vitamin B6 can affect uri
nary taurine excretion among mongoloids. 
However, they document the fact that uri
nary taurine excretion may shift signifi
cantly from one time to another in the 
same subjects. The previous experiment
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mg Taurine /g m  Creatinine

Fig. 3 Distribution o f taurine content o f m orning specim ens o f urine from  24 m ongoloids after 
4  days o f ingesting 4 m g ta u rin e /k g  body w eig h t/d ay .

TABLE 5

Baseline, 2-week and 6 -week urinary taurine excretion among mongoloid subjects treated 
with 50 mg vitamin Be for 6  weeks and among untreated mongoloid controls

Subjects No. Baseline 2-weeks 6-weeks Total

Treated 24 1.48 ±  0 .11  1
log io  (m g taurine/g creatinine) 
1.14  ± 0 .0 8  1 .49  ± 0 .0 8 1 .37  ± 0 .0 6

Untreated 25 1 .1 6 ± 0 .1 2 1 .1 1 ± 0 .0 8 1 .56  ± 0 .0 7 1 .28  ± 0 .0 6

1 s e  o f  m e a n .

supports the conjecture that diet may be 
responsible for most of this variability and 
the fair correspondence lends support, the 
more so since the same food was served to 
all subjects, individual preferences being 
a potential source of uncontrolled varia
tion.

In previous work, taurine had been 
measured in a few sera from mongoloids 
and values found were within the nor
mal range as determined in this laboratory 
(88.6 ±  30.8 pmoles/liter) (30 ) and else
where (33 ). Subsequently 4-hour clear
ance studies were performed on 23 mon
goloid subjects and a few non-mongoloid 
retardates. The lowest mongoloid excre- 
tors generally were found to resorb 98 to 
99% of the taurine reaching the kidney, 
whereas the intermediate mongoloid excre- 
tors and most non-mongoloid retardates 
resorbed between 86 and 97% , the nor
mal percentage range (33 ). No correlation 
was observed between these serum and 
urine taurine values (r*y =  0.02, P >  0.50).

Serum taurine levels, like those of urine, 
can exhibit marked variations from one 
time to another, even in fasting subjects 
as illustrated by data in table 6. These 
matched subjects were studied 3 weeks 
apart following overnight fasting. The 
mongoloid subjects had significantly higher 
values than their retardate controls in both 
the first and second collection (t =  3.66, 
P <  0.02 and t =  3.34, P <  0.02, respec
tively). The correlation between times 
was large but not significant, presumably 
because of small sample sizes (r,y =  0.66, 
0.10 >  P >  0.05). These results encour
aged belief that the lower mean urinary 
excretion of taurine among mongoloids 
might be reflected in higher serum taurine 
levels. To test the generality of this infer
ence, we tested all the mongoloids avail
able at W.C.C.

Each monogoloid was matched with a 
non-mongoloid retardate, but it was not 
feasible to collect all specimens on the
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TABLE 6

Two determinations of serum taurine levels among mongoloid and non-mongoloid 
retardates studied 3 weeks apart

Subject no.

Mongoloids Non-mongoloids
deans

1 2  3 4 1 2 3 4

/¿moles/liter /¿moles /liter
Collection i 3 1 0  199 203 2 15  2 3 2 116 151 65 127 115
Collection 2 150 169 211 134 166 96  128 100 93 104

M eans 2 3 0  184 2 07 174  199 106  140 84 110 110

TABLE 7

Fasting serum values among mongoloid and non-mongoloid retardates
matched for age, sex and weight

Collection Mongoloid Control Mongoloid Control
day male male female female

logio taurine in /¿moles/liter
i N 9 9 h i l

X 2 .1 9 2 .0 6 2 .2 6 2.22
Var. 0 .0 3 7 0 .0 1 6 0 .015 0 .0 1 9

2 N 14 12 1 9 9
X 1.98 1.94 2 .09 2 .04
Var. 0 .0 1 6 0 .018 0 .0 0 6 0 .003

1 Two non-Caucasians inadvertently matched were excluded.

same day. Subjects were fasted overnight, 
and blood specimens were drawn one hour 
after rising. Precision of the determina
tion is within 10 nmoles/liter. The means 
based on log conversions of the serum 
values in micromoles per liter are pre
sented in table 7. Bartlett’s test for homo
geneity of variances was applied prior to 
an overall analysis. The results indicated 
a highly significant heterogeneity, stem
ming primarily from the relatively large 
variance of the mongoloid males on day 
1 and the small variances of mongoloid and 
control females on day 2. Though the obvi
ous heterogeneity of variances discouraged 
pooling of data, an overall analysis sup
ported the impression that the differences 
due to days exceeded any other source of 
variability. One can note suggestions of 
sex differences and of differences between 
mongoloid and controls. The ranking of 
means for all 4 groups agree for both days. 
If there are differences in mean serum 
taurine levels between mongoloid and con
trol subjects and between sexes, it appears 
that the differences must be small. In 
several other studies in which serum

taurine values have been obtained, the 
mongoloid means for both sexes have con
sistently been slightly higher than corre
sponding control means, but the differences 
have not reached conventional significance 
levels. Larger differences between days 
have precluded pooling these experiments.

When examining the raw data, one is 
impressed with a clustering of values with
in a given group. To test this possibility, 
logs of values were converted to relative 
deviates by taking the difference between 
each variable and the mean for its group 
and dividing by the standard deviation for 
that group. Figure 4 shows a plot of these 
data for mongoloid males (days 1 and 2 
combined). Clearly, there is a suggestion 
of bimodality, but again, when the total 
data were analyzed, the obvious lack of 
values in the center of the distribution and 
the excess at the extremes does not reach 
statistical significance (y.2 =  10.3, P > 
0.25). The suggested bimodality may re
flect the bimodality already demonstrated 
in urinary taurine excretion by mongol- 
oids (21 ). This heterogeneity could also 
account for the wide differences in vari
ances observed in these subsamples and
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Fig. 4 Relative deviates of serum taurine values among pooled mongoloid and non-mon- 
goloid retardates (N  =  8 4 ); histogram is observed values, curved line, theoretical expectancies.

render statistical tests based on unimodal 
distributions meaningless. Hopefully, ap
propriate loading studies of the type illus
trated in table 3 may distinguish subpop
ulations of serum or urinary taurine levels.

Although these findings on serum tau
rine levels appear inconclusive, they are 
not unexpected if the observed low urinary 
excretion of taurine by many mongoloids 
is a function of the kidney. Taurine is 
absorbed by these mongoloids (26 ), tau
rine tolerance curves after 4 or 40 mg 
taurine/kg body weight were normal, and 
it is certain that they ingest dietary tau
rine. Nevertheless, despite the lower mean 
urinary excretion of taurine by mongoloid 
subjects, the taurine level of the serum 
may be readily maintained within the wide 
range observed in sera by a diminution in 
the already slight production of metabolic 
taurine from methionine and cysteine or 
by increased conversion of taurine to its 
catabolites, isethionic acid and sulfate, 
both of which are rapidly excreted by the 
kidney. Further, the increased amount of 
sulfate possibly produced from taurine 
would be undetectable because of the 
large total excretion of sulfate.
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Effect of Vitamin B6 Depletion on the Pyridoxal 
Pyridoxamine and Pyridoxine Content of the 
Blood and Urine of Men * 1

JUNE KELSAY,2 AYSE BAYSAL,3 a n d  HELLEN LINKSWILER
D e p a r t m e n t  o f  F o o d s  a n d  N u t r i t i o n ,  U n i v e r s i t y  o f  W i s c o n s i n ,  
M a d i s o n ,  W i s c o n s i n

A B S T R A C T  The amount of pyridoxal, pyridoxamine and pyridoxine in the blood 
and urine of men was determined both when they were adequately nourished with 
vitamin Bc and when they were depleted of the vitamin. When subjects were given 
1.66 mg vitamin B8 daily, pyridoxal made up about 60% and pyridoxamine, 35% of 
the urinary vitamin B6. When the subjects were depleted of vitamin B6, pyridoxal 
and pyridoxamine were found in the urine in approximately equal amounts. Little 
or no pyridoxine was detected in the urine when the daily vitamin B6 intake was 1.66 
mg or less. The amount of protein intake did not affect the form in which vitamin 
B6 was excreted. Pyridoxal was the only form of vitamin B6 found in the blood.

Little information is available concern
ing the distribution of pyridoxal, pyridox
amine, and pyridoxine in the urine and 
blood of normal humans. This has been 
due, in part at least, to lack of methods 
sufficiently sensitive for determining the 
individual forms of vitamin B0. The micro
biological differential assay procedure of 
Rabinowitz and Snell (1 ) ,  when applied 
to human urine, resulted in negative values 
for pyridoxine and in low recoveries for 
pyridoxine added to urine. Fujita and 
Fujino (2 )  proposed a fluorometric deter
mination of the forms of vitamin Be as the
4-pyridoxic acid lactone following chrom
atographic separation and oxidation. This 
method has been criticized because the pro
cedure is not easy to duplicate and conver
sion of the different forms of the vitamin 
to the 4-pyridoxic acid lactone is not always 
complete. Toepfer and Lehmann (3 )  des
cribed a method for assay of vitamin B6 
in foods in which chromatographic separ
ation of the different forms of vitamin B6 
was followed by microbiological assay 
with Saccharomyces carlsbergensis. This 
method was utilized in the present study 
to detemine the amount of pyridoxal, pyri
doxamine and pyridoxine in the blood and 
urine of men both when they were ade
quately nourished with vitamin Bs and 
when they were depleted of the vitamin. 
The 4-pyridoxic acid content of the urine 
was also determined.

EXPERIMENTAL

Procedure. In two separate human 
metabolic studies, men were fed a diet low 
in vitamin B6 which contained either 54 
or 150 g of protein daily. The daily diet 
fed to the subjects of study 1 contained 
0.16 mg vitamin B6, 54 g protein and 0.83 
g of added methionine; vitamin-free casein, 
gelatin and the ordinary foods of the diet 
contributed, respectively, 5.0, 2.5 and 1.5 
g nitrogen daily. The diet fed to the sub
jects of study 2 contained 0.16 mg vitamin 
Be, 150 g of protein and 2.5 g added meth
ionine; of the 24 g of nitrogen in the diet, 
casein supplied 15.0, gelatin 7.5 and or
dinary foods 1.5 g. Both diets contained 
a mixture of animal and vegetable fats 
fed in such amounts that 40% of the 
caloric intake of each subject came from 
fat. More complete details concerning the 
composition of the diets and the methods 
of preparation have been given (4, 5).

Five men who ranged in age from 20 
to 25 years, in height from 168 to 191 
cm and in weight from 64 to 73 kg were 
the subjects of study 1; the 6 subjects of 
study 2 ranged in age from 18 to 31 years,
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in height from 173 to 188 cm and in 
weight from 63 to 71 kg. A description of 
the individual subjects has been given (5 ).

Subjects of study 1 consumed the experi
mental diet supplemented daily with 1.5 
mg of pyridoxine for the first 6 days of 
the study, then the diet without vitamin 
B6 supplementation for 40 days and, fin
ally, the diet supplemented with 0.6 mg of 
of pyridoxine for 7 days. For the first 18 
days the subjects of study 2 were given 
supplements of 1.5 mg of pyridoxine daily; 
then the supplement was withdrawn and 
the subjects were depleted of vitamin Bs 
for 17 days, and then for 16 days they 
were given supplements of 0.6 mg of 
pyridoxine daily. Finally on each of two 
consecutive days the subjects of study 2 
were given 50 mg of pyridoxine.

Methods. For vitamin Bs assays urine 
samples were autoclaved in 0.055 N HC1 
for 3 hours and whole blood samples were 
autoclaved in 0.1 n  HC1 for 5 hours. The 
urine and blood samples of each individual 
were analyzed separately. Total vitamin 
B6 content of the acid hydrolysates as 
determined using S. carlsbergensis (ATCC 
9080) as the test organism. Aliquots of 
the hydrolysates were applied to columns 
of Dowex 50W-X8 in the potassium form 
and pyridoxal, pyridoxine and pyridox- 
amine were eluted with potassium acetate 
buffers. The procedure was as described 
by Toepfer and Lehmann (3 ). The 
amounts of pyridoxal, pyridoxamine and 
pyridoxine in the eluates were then deter
mined using S. carlsbergensis (3 ). The
4-pyridoxic acid content of the urine from 
the subjects of study 1 was determined 
using the method of Reddy et al. (6 ) ;  for 
study 2 the modification by Woodring et 
al. (7 )  of the Reddy method was used.

RESULTS

The average amounts of total vitamin 
Be and of pyridoxal, pyridoxamine and 
pyridoxine excreted by subjects fed the 
54-g protein diet and by those fed the 150- 
g protein diet are shown in figures 1 and 
2, respectively. The values for 4-pyridoxic 
acid are given in table 1. The values for 
total vitamin Bs obtained from the sum of 
the chromatographed values for pyridoxal, 
pyridoxamine and pyridoxine agreed well 
with those obtained from urine samples

not put through the chromatographic col
umns.

Before the experiments began the sub
jects of study 1 and of study 2, while 
ingesting self-selected diets, excreted 116 
and 120 ug of vitamin Be, respectively, per 
24 hours. When supplements of 1.5 mg 
of pyridoxine were given daily for 6 days 
to the subjects consuming the experimental 
diet low in protein, the urinary vitamin 
B6 values were essentially the same as 
those found when the subjects consumed 
self-chosen diets. Subjects fed the experi
mental diet high in protein supplemented 
with 1.5 mg of pyridoxine for 18 days 
excreted significantly more vitamin Bs than 
they did while ingesting self-chosen diets 
(P <  0.005).

Pyridoxal was the form of the vitamin 
excreted in the largest amount when the 
subjects were consuming the experimental 
diets supplemented with 1.5 mg of pyridox
ine or when they were ingesting self- 
selected diets; at these times pyridoxal

U R IN ARY EXCRETION OF 
PYRIDOXAL, PYRIDOXINE 

AND PYRIDOXAMINE

O  10 2 0  3 0  4 0  5 0  6 0
DAYS

Fig. 1 Effect of the level of intake of vitamin 
Bs on the urinary excretion of pyridoxal, pyri
doxamine and pyridoxine by subjects fed the 54-g 
protein diet.
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U R IN A R Y EXCRETION OF 
PYRIDOXAL., PYRDOXINE 

AND PYRIDOXAMINE

DAYS
Fig, 2 Effect of the level of intake of vitamin 

Bs on the urinary excretion of pyridoxal, pyri- 
doxamine and pyridoxine by subjects fed the 
150-g protein diet.

TABLE 1

The 4-pyridoxic acid excretion as affected by level 
of vitamin Be intake and protein intake

No. of 
days on 
specified 

vitamin Bs 
intake

mg /day
Low protein diet

mg/day

6 1.66 1.01 ± 0 .3 2 '
2 0.16 0.67 ± 0 .3 0
5 0.16 0 .18±0 .18

20 0.16 0.11 ±  0.08
40 0.16 0.05 ±0 .0 8

7 0.76 0 .12±0 .05

High protein diet
8 1.66 0.88 ±0 .11
2 0.16 0.46 ± 0 .0 4
5 0.16 0.25 ± 0 .1 3

17 0.16 0.25 ± 0 .0 2
13 0.76 0.25 ± 0 .0 2
2 50.16 26.20 ± 3 .4 2

1 SD.

accounted for approximately 65% and 
pyridoxamine, for 30% of the urinary 
vitamin, with only negligible amounts of 
pyridoxine being noted. Urinary 4-pyri
doxic acid accounted for approximately 
50% of the 1.66 mg intake of vitamin Be.

When the diets containing 0.16 mg vit
amin Be were introduced to the subjects, 
the amount of the vitamin and of 4-pyri
doxic acid excreted by them decreased 
rapidly; and after 4 to 5 days of vitamin 
B6 deprivation the subjects excreted ap
proximately 40% as much vitamin B6 and 
20% as much 4-pyridoxic acid as they 
did when given the diets containing 1.66 
mg of the vitamin. These decreases were 
highly significant; P <  0.01 for vitamin Bs 
values and P <  0.005 for 4-pyridoxic acid 
values. The amount of pyridoxal in the 
urine decreased at a much faster rate than 
that of pyridoxamine; the subjects de
prived of vitamin B6 for 4 days excreted 
approximately equal amounts of pyridoxal 
and pyridoxamine. The amounts of these 
2 substances continued to be excreted in 
equal amounts as the period of vitamin 
Bs deficiency progressed.

During the repletion periods supple
ments of 0.6 mg of pyridoxine caused a 
slight increase in the amounts of pyridoxal 
and pyridoxamine excreted by subjects 
fed the low protein diet but had no effect 
on the amounts excreted by those given 
the high protein diet; pyridoxal and pyri
doxamine were excreted in equal amounts 
by both groups of subjects. At the end 
of the study when subjects fed the high 
protein diet were given supplements of 
50 mg of pyridoxine on each of two con
secutive days, on the second day they ex
creted 4% of the dose as pyridoxal, 10% 
as pyridoxine, 2% as pyridoxamine and 
50% as 4-pyridoxic acid.

Table 2 shows that an intake of 0.16 mg 
of vitamin Be daily caused a rapid decrease 
in the vitamin B6 content of the blood of 
the subjects of both studies. Acid hydro
lysates of whole blood of the subjects 
given 150 g of protein daily were applied 
to chromatographic columns for separation 
of the different forms of vitamin B6. The 
blood of the subjects fed 54 g of protein 
was not chromatographed, and the values

Vitamin Bö 
intake

4-Pyridoxic
acid

excretion
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T A B L E  2

Vitamin B6 content of blood as affected by level 
of vitamin B6 intake and protein intake

No. of 
days on 
specified 

vitamin Bq 
intake

Vitamin B6 
intake

Vitamin Bö 
in blood

mg /day fig/100 ml
Low protein diet1

6 1.66 0.72 ± 0 .2 8  2
10 0.16 0.31 ±  0.10
20 0.16 0.24 ± 0 .0 5
39 0.16 0.14 ± 0 .0 2

6 0.76 0.34 ± 0 .1 7

High protein diet3
18 1.66 0.66 ±0 .0 8
8 0.16 0.22 ± 0 .0 5

16 0.16 0.20 ± 0 .0 5
15 0.76 0.26 ± 0 .0 3

1 Values given for vitamin Be are for total vitamin 
Be and were obtained from unchromatographed 
samples.

2 SD.
3 Values given for vitamin Be are those obtained for 

pyridoxal, the only form of vitamin Be found in the 
blood.

given represent the total vitamin B6 con
tent. Only pyridoxal was found in the 
blood when the subjects were given daily 
1.66 mg or less of vitamin B6; however, 
blood samples from fasting subjects who 
had been given 50 mg of pyridoxine on 
each of two consecutive days contained 
from 4.0 to 5.5 ag of pyridoxal and from 
0.5 to 0.8 ng of pyridoxine per 100 ml of 
blood. No pyridoxamine was found.

DISCUSSION

When the vitamin B6 intake of the sub
jects of the present studies approximated 
the amount normally consumed by man, 
pyridoxal made up about two-thirds and 
pyridoxamine one-third of the vitamin Bfi 
excreted in the urine. But, when the 
dietary intake of vitamin Be was severely 
restricted, the subjects excreted approxi
mately equal amounts of pyridoxal and 
pyridoxamine.

When the intake of vitamin Be was about
1.6 mg daily, the form in which the vit
amin was ingested did not affect the 
form in which it was excreted. Subjects 
of the present studies excreted approxi
mately twice as much pyridoxal as pyri- 
doxamine both when they were fed the 
experimental diets supplemented with 1.5 
mg of pyridoxine and when they were

consuming self-selected diets that con
tained about the same amount of vitamin 
Be. In the latter instance the forms of vit
amin B6 ingested were probably pyridoxal 
and pyridoxamine (1 ,8 ) .

In contrast, when large amounts of 
vitamin B5 were consumed, the form fed 
determined to some extent the form which 
was excreted. In the present study urinary 
pyridoxal and pyridoxine accounted for 
4% and 10%, respectively, of a 50-mg 
dose of pyridoxine. Similar results were 
obtained by Rabinowitz and Snell (9 )  fol
lowing loading of human subjects with 
82 mg of pyridoxine. The latter authors 
showed that feeding 70 mg of pyridox
amine caused significant increases in 
urinary pyridoxal and pyridoxamine and 
that feeding 82 mg of pyridoxal caused 
increases mainly in pyridoxal.

That the vitamin B,; content of the blood 
and urine of subjects fed the low protein 
diet increased slightly when they were 
given 0.6 mg of vitamin Bo daily following 
the period of vitamin depletion, whereas 
that of subjects fed the high-protein diet 
did not, indicates the vitamin B6 require
ment of man is affected by the level of 
protein in the diet. However, the concen
tration of vitamin B6 in the blood and 
urine decreased so rapidly when dietary 
vitamin B6 was restricted that it was diffi
cult to determine whether the level of 
protein intake affected the rate of decrease.

After 18 days of supplementation with
1.5 mg of vitamin B6 subjects fed the 
high protein diet excreted larger amounts 
of pyridoxal and pyridoxamine than they 
did while consuming self-selected diets. 
The progressive elevation of urinary vit
amin Be when the intake was 1.66 mg per 
day might indicate that this level of intake 
was higher than that normally consumed 
by the subjects. Feeding this amount of 
vitamin B6 for 6 days to subjects given 
the low protein diet did not, however, 
cause an increase in urinary vitamin B6.

That pyridoxamine was excreted in the 
urine of the subjects but was not present 
in the blood indicates that transamination 
takes place in the kidney. Transaminase 
activity has been reported to be present in 
the kidney of rats as well as in liver and 
other tissues (10, 11).
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Growth and Concentrations of Amino Acids in Plasma 
of Rats Fed Four Levels of Amino Acids 1,2

CHARLOTTE S. HARKER,3 PATRICIA E. ALLEN 4 a n d  

HELEN E. CLARK
Department of Foods and Nutrition, Purdue University, 
Lafayette, Indiana

ABSTRACT Amino acids in plasma and liver were measured to determine whether 
they would reflect dietary intakes of weanling rats fed 4 levels of amino acids in the 
same proportions when blood was sampled at an interval of fasting at which it was 
least affected by either absorption or starvation. To determine the interval of fasting 
to be used, animals fed casein were fasted 3, 6, 9 or 12 hours in the first experiment. 
Plasma obtained after the 6-hour interval appeared to be least affected by absorption 
or starvation since it contained neither the highest nor lowest levels of most ninhydrin- 
reacting materials and contained few materials formed during metabolism. In the 
second experiment diets were formulated to contain 115, 100, 85 or 70% of proposed 
minimal requirements. Although the nitrogen intake of rats fed the lowest level of 
amino acids was only 56% of the highest level, only the concentration of lysine in 
plasma was related directly to intake at all levels, and that of threonine was related 
at the three lower levels. Plasma concentrations of other amino acids and ninhydrin- 
reacting materials are discussed in relation to intake and to levels in the liver. Carcass 
nitrogen was the only parameter of growth that was related directly to intake of all 
levels of amino acids.

The significance of the concentrations 
of free amino acids in the nonprotein frac
tion of the blood has received considerable 
attention during the last decade. The 
quantitative relationships between the 
composition of ingested protein and the 
plasma amino acids have been of particular 
interest because a method of predicting 
the limiting amino acid or acids in foods 
from concentrations in plasma has been 
sought.

Although many investigators have repor
ted plasma amino acid levels for rats, the 
data are difficult to interpret because of 
interlaboratory differences in experimental 
conditions. Among the many factors that 
affect concentrations of amino acids in 
plasma are: food intake, digestion and 
absorption, fasting, previous protein level, 
amino acid deficiencies or excesses, and 
supplementary amino acids. Age, species 
and source of blood also have an influence. 
For the most part, observations that a high 
level of an amino acid in the plasma was 
associated with a dietary excess of that 
amino acid have been made when only one 
or a few dietary amino acids were in
creased rather than when all amino 
acids were increased simultaneously. Also, 
plasma amino acids have frequently been

determined for non-fasted animals in 
which digestion or absorption may have 
affected the results or for animals fasted 
for 12 or 18 hours when starvation may 
have influenced the levels. No data con
cerning plasma amino acids or growth 
have been found for animals fed all amino 
acids in the same proportions but at dif
ferent levels. In addition, plasma levels 
have seldom been examined in relation 
to parameters of growth.

In the present experiment the effect on 
the concentrations of plasma amino acids 
and related metabolites of consuming 
regularly increasing intakes of amino acids 
in proportions that would promote satis
factory growth in young rats was investi
gated and at the same time growth and 
deposition of nitrogen were measured. 
The minimal requirements for essential

R e c e iv e d  fo r  p u b lic a t io n  S ep tem b er 5, 196 7.
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amino acids that were reported initially 
by Rama Rao and co-workers (1 -3 )  and 
later modified by Ranhotra and Johnson 
(4) were accepted as representing a bal
anced mixture of essential amino acids 
that could be fed at various levels. Data 
obtained in this initial experiment then 
could be used as a basis for further ex
ploration of the effect of variable con
centrations of individual amino acids.

EXPERIMENTAL

Experiment 1 was designed to determine 
whether concentrations of plasma amino 
acids varied significantly between differ
ent intervals of fasting, and to choose the 
time after food was removed at which 
plasma amino acid levels appeared to be 
least affected by either absorption or star
vation. It is to be expected that plasma 
obtained shortly after the ingestion of 
food would reflect the rapid influx of amino 
acids into the bloodstream, whereas blood 
withdrawn after a prolonged period of 
fasting would contain principally amino 
acids withdrawn from metabolic pools. 
Plasma obtained at either of these inter
vals would be less useful in evaluating the 
nutritive state of the animal than plasma 
sampled at an intermediate time when the 
concentrations of amino acids and related 
metabolites were not influenced unduly by 
either recent ingestion or prolonged ab
sence of dietary amino acids. It is postu
lated that the nutritive quality of a protein 
or mixture of amino acids should be reflec
ted most accurately at such an intermedi
ate interval.

Experiment 2 was designed to determine 
whether the concentrations of amino acids 
in plasma would reflect the dietary intakes 
of amino acids when 4 levels of essential 
and nonessential amino acids were ad
ministered to rats. Proportions of amino 
acids in the diets were kept constant as 
total levels were altered to avoid the 
effect of competition during absorption 
or the disturbance of metabolic processes 
that might follow a decrease in single 
amino acids. Young animals were used 
because their higher tissue requirements 
for amino acids might cause the concentra
tions of amino acids to be more sensitive 
to dietary level than those of adults ani
mals. Food consumption, weight gain,

carcass nitrogen, liver nitrogen and liver 
lipid were measured, as well as the con
centrations of ninhydrin-reacting materials 
in plasma and liver.

Diets. In experiment 1, designed to 
study the effect of different intervals of 
fasting, 13.6% of vitamin-free casein 
which was analyzed for amino acids by 
ion-exchange chromatography was incor
porated in the diet. This amount of casein 
equalled in weight the amino acid mixture 
fed at the 100% level in the second exper
iment (table 1).

In experiment 2, the amounts of essen
tial amino acids proposed as minimal re
quirements by Rama Rao and co-workers 
(1 -3 ) and Ranhotra and Johnson (4 )  were 
selected for modification because they 
were reported to induce good growth. 
Mixtures of amino acids that furnished 
115, 100, 85 and 70% of these quantities 
of essential amino acids were prepared 
to determine the effect on plasma concen
trations of administering amounts of 
amino acids that were above as well as 
below the minimal requirements but in 
the same proportions. Since a preliminary 
test indicated that similar results in re
spect to growth and plasma amino acids 
were obtained whether the nonessential 
amino acids were patterned after casein 
or after data obtained from examination 
of 15 representative dietary proteins, the 
nonessential amino acids were patterned 
after casein as suggested by Rama Rao 
et al. (5 ) , except that part of the proline 
was replaced by glutamic acid. Fat was 
limited to 2% when amino acids were 
fed because preliminary data indicated 
that food consumption was reduced by 
6% when the fat level was 10%. The 
composition of all diets is given in table 1.

Animals. Male weanling rats of the 
Sprague-Dawley strain were housed indi
vidually, with food and water being sup
plied ad libitum. In experiment 1, 24 
animals initially weighing 47 g were fed 
the casein diet for 12 days. In experiment 
2, 6 animals weighing 53 g were assigned 
to each of the 4 amino acid diets and fed 
for 21 days. Food consumption and weight 
gain were averaged for each week and for 
the entire experimental period. Food 
consumption, weight gain and total car
cass nitrogen were calculated for indivi-
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T A B L E  1

Composition of diets

D ie ta ry  le v e l o f  a m in o  a c id s

115% 100% 85% 70%
Casein

L-Arginine-HCl 0.55 0.48 0.41 0.34 0.47
L-Cystine 0.39 0.34 0.29 0.24 0.04
L-Histidine • HC1 • H20 0.36 0.31 0.26 0.21 0.37
L-Isoleucine 0.63 0.55 0.47 0.39 0.70
L-Leucine 0.81 0.70 0.59 0.48 1.23
L-LysineHCl 1.30 1.13 0.96 0.79 1.05
L-Methionine 0.18 0.16 0.14 0.12 0.36
L-Phenylalanine 0.48 0.42 0.36 0.30 0.66
x.-Threonine 0.58 0.50 0.42 0.34 0.53
1,-Tryptophan 0.17 0.15 0.13 0.11 _
L-Tyrosine 0.35 0.30 0.25 0.20 0.73
L-Valine 0.63 0.55 0.47 0.39 0.77
DL-Alanine 0.54 0.47 0.40 0.33 0.37
L-Aspartic acid 1.17 1.02 0.87 0.72 0.92
L-Glutamic acid 4.63 4.03 3.43 2.83 3.05
Glycine 0.35 0.30 0.25 0.20 0.26
L-Proline 1.38 1.20 1.02 0.84 1.33
DL-Serine 1.13 0.98 0.83 0.68 0.75

(Total amino acids) (15.63) (13.59) (11.55) (9.51) (13.59)

Vitamin-dextrin mixture 1 15.00 15.00 15.00 15.00 15.00
Salts 446 2 4.00 4.00 4.00 4.00 4.00
Cellulose 2.00 2.00 2.00 2.00 2.00
Cottonseed oil 2.00 2.00 2.00 2.00 10.00
Dextrin 61.37 63.41 65.45 67.49 55.41

Total 100.00 100.00 100.00 100.00 100.00

Nitrogen
Essential amino acids 0.87 
Nonessential amino acids 1.03

Total 1.90

0.75
0.90

1.65

0.64
0.76

1.40

0.53
0.63

1.16 2.16

1 M o d ified  fr o m  R a m a  R a o  e t a l. ( 2 ) .  E a c h  1 5  g o f  v ita m in -d e x tr in  m ix tu r e  c o n ta in e d  th e  fo llo w in g  
in  m ill ig r a m s :  a -toco p h ery l a c e ta te , 10.9; a sc o rb ic  a c id , 1 .5 ; b io tin , 0 .015; 0 .1%  tr itu r a tio n  o f 
c r y s ta llin e  v ita m in  B 12 in  m a n n ito l, 0.5; C a  p a n to th e n a te , 7 .5 ; c h o lin e  ch lo r id e , 99.0; f o l ic  a c id , 0.3; 
in o s ito l, 49 .5; m e n a d io n e , 0 .015; n ia c in , 3.0; p -a m in o b e n z o ic  a c id , 7 .5; p y r id o x in e -H C l, 0 .75; r ib o 
f la v in , 1 .5 ; th ia m in e -H C 1, 1 .5 ; v ita m in s  A  a n d  D 2 (500,000 IU  A  a c e ta te  a n d  50,000 IU  D 2 / g ) ,  0.8; 
a n d  d e x tr in  to m a k e  a to ta l o f  15  g.

2 S p ector, H ., J. B io l. C h e m ., 1 7 3 :  659, 1948.

dual animals but 3 animals were treated 
as a single sample for determination of 
plasma amino acids and of nitrogen, lipid 
and amino acids in liver.

Fasting. In experiment 1, which was 
related to fasting, food cups were removed 
either 3, 6, 9 or 12 hours before blood 
samples were drawn. On the basis of data 
obtained in this experiment, food was re
moved from all animals 6 hours before 
blood was drawn in experiment 2.

Analyses. After fasting, animals were 
anesthetized by intraperitoneal injection 
of 0.125 ml of sodium pentobarbital (15 
m g/m l) per 100 g of body weight and then 
decapitated. Blood drained from the caro
tid artery and jugular veins was pooled

and placed in an ice bath. Livers were 
then removed immediately and representa
tive samples from 3 animals were pooled 
for determination of amino acids, nitrogen, 
lipid and moisture.

Plasma was prepared for analysis by 
the methods of Hamilton and Van Slyke
(6) and Stein and Moore (7 )  except that 
some modifications suggested by Chance 5 
were incorporated. Liver tissues were 
prepared for analysis by the methods of 
Hamilton (8 )  and Tallen et al. (9 ) . Con
centrations of ninhydrin-reacting materials 
in samples that represented approximately 
0.5 ml of plasma or 0.01 g of wet tissue

5 C h a n c e , R . E . D o cto ra l th e s is , 1962. P u rd u e  U n i
v e rs ity , L a fa y e tte , In d ia n a .
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were determined with a Beckman Model 
120B automatic amino acid analyzer equip
ped with a high sensitivity cuvette. Nitro
gen in diets and livers was determined 
by the boric acid modification of the macro- 
Kjeldahl method. Each carcass, minus 
blood and liver, was dried to constant 
weight and the nitrogen content was cal
culated from body water lost during dry
ing, by the method of Miller and Bender 
(10). Liver lipid was determined by the 
method of Bligh and Dyer (11 ). Data 
were treated statistically by analysis of 
variance.

RESULTS AND DISCUSSION
Experiment 1

Effect of fasting on plasma amino acids. 
The concentrations of ninhydrin-react-

ing materials after 3, 6, 9 or 12 hours of 
fasting are shown in table 2. Differences 
were observed in the concentrations of most 
of the materials between all intervals of 
fasting. Significant variation at the 1% 
level was found for valine, glycine, proline, 
asparagine-glutamine and a-amino-n-buty- 
ric acid, and at the 5% level for histidine, 
isoleucine, leucine, threonine, tryptophan 
and alanine. Lysine and citrulline in
creased up to 6 hours and then decreased. 
jS-Alanine, glutamic acid and urea in
creased steadily for 12 hours, whereas 
aspartic acid and proline decreased. Car- 
nosine, creatinine, 1-methylhistidine and
3-methylhistidine appeared only after 9 
or 12 hours of fasting. All others increased 
up to 9 hours and then decreased, except

T A B L E  2

Concentration of ninhydrin-reacting materials in plasma after 3, 6 , 9 and 12 hours of fasting 1

Ninhydrin-reacting
material 3

Hours fasted 
6 9 12

Arginine 0.100
fimoles/ml 

0.152 0.186 0.107
Vi Cystine 0.014 0.014 0.006 0.012
Histidine 0.065 0.082 0.048 0.064
Isoleucine 0.070 0.075 0.090 0.066
Leucine 0.075 0.094 0.110 0.087
Lysine 0.484 0.585 0.534 0.472
Methionine 0.017 0.029 0.036 0.022
Phenylalanine 0.038 0.048 0.053 0.046
Threonine 0.772 0.888 0.986 0.805
Tryptophan 0.028 0.038 0.042 0.020
Tyrosine 0.052 0.068 0.082 0.046
Valine 0.150 0.151 0.165 0.129
Alanine 0.476 0.477 0.502 0.278
Aspartic acid 0.015 0.014 0.013 0.010
Glutamic acid 0.156 0.164 0.191 0.217
Glycine 0.378 0.395 0.493 0.391
Hydroxyproline 0.040 0.055 0.063 0.028
Proline 0.236 0.211 0.200 0.139
Serine 0.470 0.537 0.561 0.461
Asparagine-glutamine 0.744 0.775 1.235 0.484
/3-Alanine 0.009 0.014 0.018 0.027
a-Amino-n-butyric acid 0.012 0.017 0.052 0.025
Ammonia 0.359 0.382 0.440 0.426
Camosine tr tr tr 0.009
Citrulline 0.134 0.174 0.114 0.084
Creatinine tr tr tr 0.230
Ethanolamine 0.032 0.055 0.045 0.063
1-Methylhistidine — — 0.005 0.004
3-Methylhistidine — — 0.009 0.007
Ornithine 0.064 0.070 0.082 0.063
Phosphoethanolamine 0.009 0.011 0.010 0.016
Phosphoserine 0.018 0.014 0.024 0.015
Taurine 0.046 0.051 0.063 0.062
Urea 3.180 3.670 4.000 4.320

1 V a lu e s  re p re se n t th e  a v e ra g e  o f  2  p oo led  sa m p le s; 3 a n im a ls , a v e ra g e  w e ig h t 97 g, p oo led  fo r  
e a c h  sa m p le ; c a s e in  d ie t, 12 -d a y fe e d in g  p eriod.
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cystine, histidine and phosphoserine which 
did not follow a consistent pattern.

Maximal values for plasma amino acids 
also were observed between 9 and 12 
hours of fasting by Henderson et al. (12) 
who followed 13 materials in plasma of 
200- to 300-g rats during a 24-hour period. 
Peak levels of arginine, phenylalanine and 
tryptophan occurred after the same inter
val of fasting as in the present study. 
Differences in plasma amino acid levels 
of human beings and animals at various 
intervals after the ingestion of food have 
been reported by several workers (13 -22 ).

Increasing amounts of materials formed 
during metabolism after 9 and 12 hours 
of fasting (table 2 ) suggested that catab
olism was taking place and that concen
trations of amino acids in blood sampled 
at either of these intervals probably would 
be affected by starvation rather than by 
quantities of amino acids administered 
previously. Samples from the 3-hour fast
ing interval contained either the highest 
or lowest amounts of 16 materials, indi
cating that concentrations might have 
been affected by recent food intake. It 
was recognized that amino acids might 
be absorbed at different rates from casein 
and from the mixtures of amino acids 
tested in the second experiment. Never
theless the concentrations of individual 
amino acids and metabolites would change 
gradually and the trends should be in the 
same direction whether an intact protein 
or a mixture of crystalline amino acids 
was consumed.

The 6-hour fasting interval appeared 
to be the time after ingestion of food at 
which concentrations of almost all com
pounds were least affected by either ab
sorption or starvation since neither highest 
nor lowest levels were observed. This in
terval was judged to be most suitable for 
the second experiment when the effects 
on plasma amino acids of different con
centrations of dietary amino acids were 
compared. A 6-hour fast also was used 
by McLaughlan and Illman (2 3 ) for esti
mation of amino acid requirements of the 
growing rat.

Experiment 2
Effect of 4 levels of amino acids on 

plasma amino acids. The quantities of

amino acids incorporated in the diets (table
1) represented 115, 100, 85 and 70% of 
those reported as minimal requirements 
by Rama Rao and associates (1 -4 ) . Mean 
daily food intakes of the rats fed these 
diets were 11.9, 11.6, 11.6 and 10.9 g, 
respectively. The average amounts of 
amino acids consumed by the rats are pre
sented in table 3. Rats offered 70% of 
the minimal requirements consumed 56% 
as much of each amino acid as those 
fed the highest level of amino acids in
stead of 61% as planned.

The concentrations of amino acids in 
plasma are also shown in table 3. Of the 
essential amino acids, only lysine was 
related directly to intake at all 4 levels, the 
differences being highly significant (P < 
0.01). The concentration of threonine was 
also related directly to intake at the three 
lower levels. Leucine and valine were un
changed. Although other essential amino 
acids tended to decrease as intakes were 
lowered, changes were small in comparison 
with the 44% reduction in intakes.

No consistent relationships between in
takes and plasma levels of nonessential 
amino acids were evident. Of the other 
ninhydrin-reacting compounds, the con
centration of ethanolamine appeared to be 
related directly to intake, whereas the 
concentrations of citrulline and taurine 
were related inversely except in the ani
mals fed the highest level of amino acids. 
The differences for citrulline were statis
tically significant (P <  0.05).

High plasma levels of several amino 
acids as a result of high dietary intakes 
as well as low levels associated with low 
intakes have been reported in different 
species. In the present experiment, lysine 
was the only amino acid that confirmed 
the reports that an increased intake of an 
amino acid is followed by a high plasma 
level; and only lysine and threonine con
firmed the observations that an amino 
acid deficit results in low plasma levels. 
That the results with only these two 
amino acids agreed with those of other 
workers may be attributed in part to the 
latter being based on plasma from non- 
fasted animals. Results obtained in experi
ment 1 (table 2 ) and reports by other 
investigators (12 -2 2 ) emphasize the effect 
of absorption of food or of starvation on
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plasma amino acid levels. However, when 
this effect was minimized in the present 
study by sampling the blood after 6 hours 
of fasting, concentrations of most ninhy- 
drin-reacting materials varied little in 
response to differences in dietary levels of 
amino acids. Furthermore, the feeding of 
large excesses or severely limited amounts 
of single amino acids, as reported by some 
investigators, may have resulted in un
balanced amino acid mixtures; hence the 
findings in respect to concentrations of 
plasma acids would bear little relationship 
to levels observed when the intakes of all 
amino acids were increased or decreased 
simultaneously as in the present experi
ment.

Other factors affecting plasma amino 
acids may also have been responsible for 
the difference in findings. That age affects 
plasma amino acid levels has been ob
served in young and adult rats (1 7 ), in 
children (2 4 ), and also in young and 
elderly adults (25 ). Differences resulting 
from previous protein level (26 -30 ) and 
from source of blood (13, 32, 33) have 
been reported.

Effects of 4 levels of amino acids on 
growth. Food intake, weight gain and 
body composition data are shown in table
4. Animals fed the 115, 100, or 85% diets 
consumed similar amounts of food, but 
those fed the 70% diet consumed one 
gram less per day than animals fed the 
115% diet. Mean daily gains during the 
21-day feeding period were 4.5, 3.7, 3.6 and
3.0 g, respectively. Differences in weight 
gain were highly significant (P <  0.01). The 
average final weight of animals fed the

115% diet was 147 g in comparison with 
129 g for animals fed either the 100 or 
85% diets and 117 g for animals fed the 
70% level.

If the data pertaining to rats consuming 
the highest level of amino acids (115% ) 
are expressed as 100%, nitrogen intakes 
of rats fed the mixtures designated as 
100, 85 and 70% levels were 85, 72 and 
56% , respectively, of the highest level; 
carcass nitrogen values were 93, 87 and 
79% ; and total liver nitrogen values were 
87, 86 and 75% . In terms of gain in body 
weight and in carcass and liver nitrogen, 
the highest level of amino acids was the 
most satisfactory, thus indicating that 
growth of young rats can be improved by 
simultaneously feeding larger amounts of 
amino acids than those reported as mini
mal requirements (1 -4 ) . The decrease in 
intake to 85% of the minimal require
ments caused little change in weight gain 
or liver nitrogen but reduced total carcass 
nitrogen. The reduction to 70% of the 
minimal values caused a decrease in all 
parameters, but the change was less severe 
than expected in view of the 44% decrease 
in dietary nitrogen. Liver lipid values 
were not influenced markedly by treat
ment.

Effect of 4 levels of amino acids on con
centrations of amino acids in liver. Con
centrations of ninhydrin-reacting materials 
in liver samples from animals fed the four 
amino acid diets appear in table 3. Glu
tamic acid and ethanolamine were the 
only compounds whose concentrations 
were related directly to intake, and none 
were related inversely. The lowest con-

TABLE 4
Mean food intakes, weight gains and body composition data for animals fed 4 levels of

amino acids for 2 1  days 1

Dietary level of amino acids
115% 100% 85% 70%

Food consumption, g/day 11.9 ±  0.57 11 .6±0 .56 11.6 ±  0.68 10.9 ± 0 .6 2
Wt gain, g/day 4.5 ±  0.41 3.7 ± 0 .2 5 3.6 ± 0 .2 8 3.0 ±  0.18
Nitrogen intake, mg/day 228 ± 1 .1 1 194 ± 0 .9 4 165 ± 1 .3 4 128 ± 0 .7 2
Carcass nitrogen,2 g 4.98 ± 0 .2 0 4.61 ± 0 .2 0 4.35 ± 0 .3 0 3.93 ± 0 .2 0
Gain in carcass nitrogen, g 3.63 ± 0 .2 0 3.26 ± 0 .2 0 3.00 ± 0 .3 0 2.58 ± 0 .2 0
Total liver nitrogen, mg 1 8 4 ±  10.1 160±  11.9 158 ±1 0 .3 138 ± 1 2 .0
Gain in liver nitrogen, mg 13 2±  11.9 108 ±10 .1 106 ± 10 .3 88 ± 1 2 .0
Liver lipid, % dry wt 18.7 ±  0.34 18.4 ±0 .0 0 17.8 ± 3 .3 0 19.1 ± 0 .8 4

1 Food consumption, weight gain, nitrogen intake and carcass nitrogen are the average of 6 animals; 
liver nitrogen and liver fat are based on 2 samples of 3 animals pooled; mean ±  sd.

2 Carcass minus blood and liver.



5 0 2 CHARLOTTE S. HARKER, PATRICIA E. ALLEN AND HELEN E. CLARK

centrations of all essential and nonessen
tial amino acids except glutamic acid were 
observed in livers of animals fed the 
115% level of amino acids, whereas the 
highest concentrations of all amino acids 
except lysine and glycine were noted in 
animals fed the 85% level. Lysine and 
glycine were highest in livers of animals 
fed the 100% diet.

Concentrations of urea in both plasma 
and liver of animals fed 115% of the 
minimal levels of amino acids were low, 
being slightly lower than in animals fed 
the 70% diet. Since the animals fed the 
115% level had the highest values for 
carcass and liver nitrogen, the concentra
tions of urea in plasma and liver were 
related inversely to nitrogen in the tissues. 
However, plasma urea values were lower 
in rats fed all mixtures of amino acids 
than in those fed casein (table 2 ) and 
also lower than in those reported in the 
literature for larger rats (34 ) or for ani
mals fasted 12 hours (35 ).

The response of amino acids in plasma 
after a particular treatment appears to 
be influenced by age, species, time of 
taking blood after ingestion of food and 
the source of blood. When these factors 
were controlled, as in the present experi
ment, only lysine and threonine appeared 
to be affected markedly by dietary treat
ment. The fact that these are the only 
essential amino acids that do not partici
pate extensively in transamination may 
be significant. However, the free amino 
acids of the plasma arise from absorption, 
synthesis and tissue breakdown which 
proceed continually. Consequently the 
amino acids in plasma represent a balance 
between rates of addition and removal or 
substitution. Therefore the metabolic and 
clinical significance of the free amino 
acids in the plasma should be considered 
only in relation to accompanying changes 
in tissue levels (3 6 ), and further investi
gation of concomitant changes in concen
trations of amino acids in muscle, liver 
and plasma is necessary. Consideration 
should also be given to the effect on plasma 
and tissue levels and on all parameters of 
growth of administering well-balanced 
mixtures of amino acids and different 
levels of amino acids fed in the same pro
portions before a final statement concern

ing the usefulness of plasma amino acid 
data can be made.
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Effect of Glutamine on Inhibition of Rat Growth 
by Glycine and Serine * 1

FRANK N. HEPBURN and WILLIAM B. BRADLEY 
American Institute of Baking, Chicago, Illinois

ABSTRACT Different requirements for glutamine of rats fed two amino acid diets 
were investigated in two rat-feeding experiments. In the first, the nonessential and 
essential amino acid mixtures were interchanged and the nonessential mixture was 
fed at 3 levels to determine whether the need for glutamine was related to the essential 
amino acids, the nonessential amino acids, or to their relative proportions. Results 
showed only the composition of the nonessential mixtures to be important. Because 
the mixtures differed primarily in their proportions of glycine and serine, these amino 
acids were tested in the second experiment by feeding 3 levels of each in all combi
nations, both with and without glutamine. Multiple regression analysis of the gains 
showed that additions of glycine or serine in excess of an undefined optimal level 
caused a linear reduction in gain and that the effects of each were additive. Inclusion 
of glutamine greatly reduced the inhibitory effects. Urine samples from selected groups 
were examined with an automatic amino acid analyzer. Increased excretion of a num
ber of compounds resulted from feeding glycine and serine, which was prevented or 
greatly reduced by glutamine. These included, besides glycine and serine themselves, 
threonine, histidine, glutamine/asparagine, taurine, alanine, and lysine. The action 
of glutamine was accompanied by an increase in the excretion of urea and ammonia.

Previous publications from this labora
tory demonstrated that relatively large 
amounts of arginine and glutamic acid 
were necessary for a high rate of gain of 
rats fed an amino acid diet (1, 2 ). It was 
shown that although either compound 
could spare the other to a large extent, the 
presence of both was required for highest 
gains. It was shown further that glutamine 
could be substituted for, and was more 
effective than glutamic acid in this diet.

In subsequent studies,2 in which amino 
acids were fed in a different pattern from 
that used in the above experiments, it was 
noted that the requirement for glutamic 
acid or glutamine appeared to be greatly 
reduced.

The possibility that the requirement for 
glutamate or glutamine might be imposed 
by the particular balance of amino acids 
has been investigated. The results of two 
feeding studies reported here provide evi
dence that the need for glutamine in the 
diet depends upon the proportions of gly
cine and serine in the amino acid mixture.

EXPERIMENTAL

The same general procedures for the 
feeding studies were followed as described 
previously (1 ,2 ) .  Weanling male rats of 
the Sprague-Dawley strain were fed amino

acid diets over a 3-day adaptation period. 
Animals were divided into groups of 8 and 
assigned to experimental diets on the 
fourth day. Diets and distilled water were 
fed ad libitum for a 3-week period. Ani
mals were housed individually in sus
pended wire-bottom cages and room tem
perature was maintained at 25°. Diets 
were weighed out daily and food consump
tion values corrected for spillage and mois
ture were determined for each week.

Diets. As in previous studies (1, 2 ), 
diets were formulated to contain 4% of 
salt mixture 3 and 5% of com  o il4 with 
wheat starch 5 as the carbohydrate. Vita
m ins6 were added in a portion of the 
starch and sufficient sodium bicarbonate

Received for publication July 26, 1967.
1 This investigation was supported in part by Pub

lic Health Service Research Grant no. AM-05883 from 
the National Institute of Arthritis and Metabolic
Diseases.

2 Unpublished data.
3 Hegsted et al. 1941 Choline in the nutrition of 

chicks. J. Biol. Chem., 138: 459; obtained from Gen
eral Biochemicals, Inc., Chagrin Falls, Ohio.

4 Mazola, Com Products Company, Argo, Illinois.
5 Aytex, General Mills, Minneapolis.
6 Vitamins were supplied in a portion of the starch 

in m g /100 g of diet as follows: thiamine HC1, 1; 
riboflavin, 1; pyridoxine-HCl, 1; nicotinic acid, 10; 
¿-inositol, 20; p-aminobenzoic acid, 20; folic acid, 0.1; 
biotin, 0.1; menadione, 2.0; Ca pantothenate, 4; 
choline chloride, 150; and vitamin B12, 0.004. Each 
rat received weekly 2 mg a-tocopheryl acetate dis
solved in 2 drops of corn oil. Vitamins A and D were 
supplied by a drop of cod liver oil concentrate given 
to each rat weekly.

504 J. N u t r it io n , 9 4 : ’68.
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was included to neutralize the hydrochlo
rides of arginine, histidine, and lysine. 
Basal diets were prepared with the above 
constituents together with an essential 
amino acid mixture to provide 50% of the 
diet. Experimental diets were prepared by 
adding the experimental variables under 
study and sufficient additional starch to 
total 100%. A gluten diet was fed as a 
control with each experiment. This con
sisted of 22.5% of gluten; 1% of L-lysine- 
HC1, 0.2% each of L-histidine HCl H20 , d l - 
methionine, and DL-threonine; and 0.05% 
of DL-tryptophan in place of the amino 
acid mixtures of the experimental diets. 
Diets were moistened with distilled water 
at the rate of 250 m l/kg of dry diet during 
the final mixing. Spilled and unconsumed 
food portions were allowed to air-dry be
fore weighing and food consumption was 
calculated to the air-dried basis.

Analysis of urine. Stainless steel meta
bolism cages were used for obtaining sam
ples of urine from animals on selected 
diets. Each receiving flask contained 5 ml 
each of toluene and 0.2 m  citrate buffer 
(pH 2.2). Samples were collected from 3 
or 4 animals over periods of approximately 
20 hours during the last week and were 
frozen until analyzed. Urine samples were 
pooled by group, adjusted to pH 2.2 and 
filtered through glass filter paper without 
treatment to remove ammonia or protein. 
Nitrogenous compounds were determined 
with a Beckman-Spinco Model 120-C 
amino acid analyzer following the normal 
procedure for physiological fluids.

Experiment 1. A requirement for glu
tamic acid or glutamine was demonstrated 
previously using basal diets A, B, C, and 
D (2 ). The amino acids of these basal

diets were based originally on the propor
tions calculated to be present in wheat glu
ten, supplemented with essential amino 
acids (as in the gluten control diet), and 
with a portion of the proline replaced by 
glycine. They differed from one another 
principally in the isomeric form of certain 
amino acids as previously described (2 ). 
A much lower requirement for glutamic 
acid was found in subsequent work 7 using 
a diet (basal diet E) in which the essen
tial amino acids were provided in propor
tion to the requirement of the growing rat 
and the nonessential amino acids were in 
the pattern of rat carcass.

The primary purpose of experiment 1 
was to determine whether the observed 
difference in the need for glutamic acid 
could be related to the pattern of essential 
amino acids, to the pattern of nonessential 
amino acids, or to the relative proportion 
of essential to nonessential amino acid 
mixtures. This was investigated by inter
changing the essential and nonessential 
amino acid mixtures as used in basal diets 
D and E. Three graded levels of the two 
nonessential mixtures (table 1) were com
bined with each of the two essential mix
tures as given in table 2. The combination 
of level one of nonessential mixture D with 
essential mixture D provided a diet iden
tical to basal diet D of the previous study
(2 ). All combinations were fed without 
supplement and those with nonessential 
levels 1 and 2 were also fed with the 
addition of 4% of L-glutamine.

The results in table 3 show the depend
ency upon glutamine to be related to the 
nonessential amino acid pattern and spe-

7 Unpublished data.

TABLE 1
Composition of nonessential amino acid mixtures

Amino acid
Nonessential mixture E 1 Nonessential mixture D 2

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

% % % % % %
n-Aspartic acid 1.50 2.33 3.16 0.70 1.10 1.49
L-Proline 0.83 1.29 1.75 0.39 0.61 0.83
Glycine 1.47 2.29 3.11 2.01 3.13 4.25
L-Alanine 0.99 1.54 2.09 0.44 0.68 0.92
L-Serine — — — 0.92 1.44 1.95
(Nitrogen contribution) (0.688) (1.072) (1.455) (0.688) (1.072) (1.455)

1 Relative proportions as found in rat carcass, except serine omitted.
2 As contained in basal diet D of previous studies (2).
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TABLE 2
Composition of essential amino acid mixtures

Amino acid Mixture E 1 Mixture D 2

% %
L-Arginine ■ HC1 0.97 0.97
L-His tidine • HC1 • H20 0.40 0.67
L-Isoleucine 0.66 0.71
t-Leucine 0.84 1.15
L-Lysine-HCl 1.35 1.37
L-Phenylalanine 0.50 0.84
L-Tyrosine 0.36 0.50
L-Methionine 0.25 0.47
L-Cystine 0.35 0.33
L-Threonine 0.60 0.51
x.-Tryptophan 0.18 0.21
L-V aline 0.66 0.73
(Nitrogen contribution) (1.015) (1.170)

1 Proportions based on requirement pattern, amino 
acids in 20% excess of requirement.

2 As contained in basal diet D of previous studies (2).

cifically to nonessential mixture D. Appli
cation of the new Duncan multiple range 
test (shown by superscript notation in 
table 3 ) shows no significant difference 
between essential amino acid mixtures D 
and E, nor among levels of either non- 
essential mixture under a given set of 
conditions.

Growth rates and food efficiency ratios 
were severely depressed with all diets in 
which nonessential amino acid mixture 
D was fed without glutamine, but ap
proached maximal values when glutamine 
was included in the diet. Nonessential 
mixture E produced the highest rates of

gain when fed with glutamine but these 
were only slightly lower when glutamine 
was omitted and food efficiencies were 
unaffected.

Analyses were performed on urine sam
ples collected from animals receiving diets 
containing the amino acid mixtures at the 
lowest levels. The results with essential 
mixture E diets are shown in table 4 for 
comparison with those obtained in experi
ment 2 (table 5). In the absence of glu
tamine, nonessential mixture D produced 
greater excretion of serine, glycine, threo
nine, histidine, taurine, hydroxyproline, 
alanine, lysine, glutamine/asparagine, and 
urea than did mixture E. When fed with 
glutamine these differences were elimi
nated or greatly reduced and the amounts 
of urea and ammonia were increased.

Expriment 2. Since performance did 
not depend upon the level of nonessential 
mixture fed in experiment 1, it appeared 
that the relative proportion of amino acids 
within the mixture was the more critical 
factor. A comparison of the two nonessen
tial mixtures shows that the only major 
differences were in the proportions of gly
cine and serine. This is made especially 
obvious when level 3 of nonessential mix
ture D is compared with level 1 of non- 
essential mixture E (table 1). Experiment 
2 was conducted to test whether the differ
ences observed in experiment 1 were re-

TABLE 3
Comparison of amino acid mixtures on requirement for glutamine (exp. 1)

Nonessential amino acids 
Mixture Level Glutamine

Essential amino acids
Mixture E Mixture D

Weekly 
gain 1

Food
efficiency

Weekly
gain

Food
efficiency

g gain/ g gain/
g food g food

E 1 0 41.0abcd±  1.0 0.44 39.5abcd±  1.4 0.44
2 0 38.5'd ± 1 .0 0.43 39.7abcd±  1.7 0.45
3 0 38.7cd ± 1 .3 0.44 39.0bcd ± 1 .5 0.45
1 4 43.3a ± 1 .6 0.43 42.4abc ± 1 .9 0.43
2 4 43.1ab ± 1 .5 0.44 42.1abc ± 1 .4 0.45

D 1 0 26.4' ± 1 .2 0.37 25.7' ± 1 .0 0.38
2 0 23.0e ± 0 .6 0.36 23.7' ± 0 .8 0.38
3 0 24.5' ± 0 .8 0.38 24.7' ± 0 .3 0.39
1 4 39.3abcd± 0 .8 0.41 38.8cd ± 2 .3 0.43
2 4 36.5d ± 1 .4 0.43 36.5d ± 1 .0 0.43

Gluten control diet 50.2 ± 1 .6 0.52

1 Average of 8 rats ±  se over 3-week period. Means bearing same superscript letter not significantly 
different (5% level) by multiple range test (Duncan, D. B., Biometrics, 11: 1, 1955).
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rT . . TABLE 4
Urinary excretion of nitrogenous compounds as affected by the nonessential amino acid 

mixture and by addition of glutamine (exp. 1)

Diet description :
Essential amino acids 
Nonessential amino acids
Glutamine, % of diet

Mixture E 
Mixture D

— 4

Mixture E 
Mixture E

— 4
¡imoles excreted/100 g body w t1

Taurine 16.3 3.7 8.1 5.0
Urea 716.0 1246.0 640.0 868.0
Hydroxyproline 1.2 0.4 0.8 1.0
Threonine 9.0 2.6 3.8 2.6
Serine 9.7 3.6 1.2 0.9
Glutamine ( -f asparagine) 2.0 2.1 1.3 2.2
Proline 1.6 1.6 2.0 4.3
Glycine 23.1 6.0 5.9 4.7
Alanine 1.8 1.3 1.3 1.4
Ammonia 79.0 111.0 73.3 96.3
Lysine 2.8 2.2 2.2 2.3
Histidine 0.5 0.3 0.2 0.3
Creatinine 15.3 17.9 15.7 14.0
Arginine 1.0 1.0 0.7 1.2

1 Average of duplicate analyses of pooled samples. Urine samples collected from 3 or 4 animals/
group over 20-hour periods during third week of experiment.

TABLE 5
Urinary excretion of nitrogenous compounds as affected by dietary glycine and serine

and by the addition of glutamine (exp. 2)

Dietary level, %
Serine — — 1.95 1.95 — — 1.95 1.95
Glycine — — — — 4.25 4.25 4.25 4.25
Glutamine — 4.00 — 4.00 — 4.00 — 4.00

ß-moles excreted/100 g body w t1
Taurine 2.1 1.9 0.9 3.6 20.3 10.8 21.8 9.9
Urea 229.0 665.0 430.0 1225.0 873.0 948.0 1141.0 1822.0
Hydroxyproline 0.8 0.4 0.6 1.0 3.2 1.7 3.4 1.3
Threonine 2.8 2.9 2.6 2.2 30.3 3.8 37.3 9.0
Serine 0.5 0.7 3.9 3.9 30.3 2.7 94.0 23.7
Glutamine

( +  asparagine) 1.5 3.2 1.3 1.7 12.3 3.2 17.1 5.9
Proline 0.8 0.6 0.9 1.1 1.7 2.4 2.6 2.2
Glycine 1.5 1.9 2.7 2.0 437.0 23.4 554.0 81.3
Alanine 1.2 1.4 1.6 1.4 6.4 2.6 6.6 3.0
Ammonia 51.0 73.7 48.7 64.9 66.2 71.6 119.3 130.2
Lysine 1.8 2.0 1.9 1.7 4.3 2.4 4.3 2.6
Histidine 0.4 0.5 0.3 0.3 3.6 0.7 5.0 1.6
Creatinine 21.7 16.6 14.2 17.3 17.5 16.7 15.7 14.6
Arginine 0.9 0.8 1.2 0.8 1 . 0 2.0 1.6 2.2

1 Average of duplicate analyses of pooled samples. Urine collected from 3 or 4 animals per group 
over 20-hour periods during third week of experiment.

lated to the relative proportions of glycine, 
serine, or their combined amounts in non- 
essential mixtures D and E.

Aspartic acid, proline, and alanine were 
maintained at the amounts shown for level 
1 of nonessential mixture E (table 1) and 
were fed with essential mixture E (table
2 ). Increments of glycine (0, 1.47, and 
4.25% ) and serine (0, 0.86, and 1.95% ) 
were tested separately and in combination 
with each other. The levels were chosen to

include as nearly as possible the extremes 
of concentrations used in experiment 1 
(nonessential mixture E, level 1; nonessen
tial mixture D, level 3). All test combina
tions were fed both with and without 
added glutamine.

Performance results in experiment 2 are 
given in table 6. The highest rates of 
growth and food efficiency ratios resulted 
from diets containing no serine or glycine 
and with those containing the least addi-
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T A B L E  6

Gain and efficiency of food utilization as influenced by glycine and serine levels 
and by the addition of glutamine (exp. 2)

Dietary level Fed without glutamine Fed with 4% glutamine

Serine Glycine Weekly 
gain 1

Food
efficiency

Weekly
gain

Food
efficiency

% % 9 g g a in / g  fo o d 9 g g a in / g fo o d
— — 39.1abc±  1.2 0.40 40.0ab ± 1 .6 0.41
— 1.47 38.6abc±  1.2 0.42 38.6abc± 2 .2 0.41
— 4.25 29.1fg ± 1 .3 0.37 37.9»' ± 1 .3 0.42

0.86 — 40. Ia» ± 1 .1 0.40 42.3a ± 0 .9 0.41
0.86 1.47 32.3de,± 0 .6 0.39 39.9ab ± 1 .1 0.41
0.86 4.25 26.0Bh ± 0 .9 0.36 35.7ca ± 1 .5 0.40
1.95 — 35.3cd ± 1 .2 0.40 39.0abc± 0 .9 0.41
1.95 1.47 30.4ef ± 0 .4 0.37 38.2bc ± 1 .1 0.41
1.95 4.25 
Gluten control diet

23.0» ± 0 .9  
46.9 ± 1 .1

0.34
0.48

32.7de ± 1 .0
±

0.40

1 Average of 8  rats ±  s e  over 3-week period. Means bearing same superscript letter not significantly 
different ( 5 %  level) by multiple range test.

tion levels. As indicated by the results of 
the multiple range test (shown in table 6) 
statistically equivalent gains were obtained 
with those diets regardless of whether glu
tamine was included. In the absence of 
glutamine, further additions of either ser
ine, glycine, or both amino acids progres
sively decreased gain and food efficiency. 
When fed with glutamine, however, inhi
bition was evident only at the higher com
bined concentrations of serine and glycine.

A more definitive picture of the relation
ship between serine and glycine with glu
tamine is revealed by multiple regression 
analysis of the gain data. By this treatment 
it is demonstrated that the amount of in
hibition was linear with respect to either 
excess glycine or serine and that the com
bined effects were additive. The data are 
found to fit the general expression:

Y =  A +  biXi + b2X2
in which Y is the average gain; A, the 
intercept constant; Xi  and X2, the concen
trations of glycine and serine; and bi and 
bz, their respective partial regression con
stants.

The above expression would be expected 
to apply only to those diets in which the 
combined glycine and serine levels are 
actually inhibitory. It is presumed that a 
certain, optimal amount of glycine or ser
ine must exist at which the gain would be 
maximal. Gains for diets containing 0% 
glycine, 0% serine, and for the diet con
taining 0% glycine, 0.86% serine plus 
glutamine were less than predicted by the

regression equations. These data were ex
cluded from the calculations because of 
the probability that gains were lowered 
because of suboptimal concentrations of 
glycine or serine.

Regression analyses were performed sep
arately for the group of diets without glu
tamine and for those containing gluta
mine. Results are shown in figure 1, in 
which the two regression equations are 
drawn as separate planes in the three- 
dimensional representation.

For diets without glutamine the partial 
regression constants were found to be
— 9.43 for glycine and — 11.26 for serine. 
The multiple correlation coefficient (R ) of
— 0.996 was highly significant, as were 
each of the partial correlation coefficients :
— 0.986 for glycine and — 0.996 for serine. 
The coefficient of determination (100R2) 
was 99.3. This value indicates the per
centage of the regression in gain accounted 
for by the combined effects of glycine and 
serine.

With diets containing added glutamine, 
partial regression constants of — 4.62 and
— 7.45 were obtained for glycine and ser
ine, respectively. For this set of data, the 
multiple correlation coefficient was —0.989 
and partial correlation coefficients were
— 0.971 and — 0.988 for glycine and ser
ine, respectively. All correlation coefficients 
were highly significant. The coefficient of 
determination in the presence of glutamine 
was 97.9.



G L U T A M IN E  E F F E C T  O N  G L Y C IN E -S E R IN E  IN H IB IT IO N 5 0 9

Fig. 1 Multiple regression planes calculated 
from 3-week gain data of experiment 2, showing 
experimental observations of gain in absence of 
glutamine (o ) and with diets containing 4%  of 
glutamine (x ).

The multiple regression equations clear
ly indicate that glutamine reduced the 
inhibitory effects of excess glycine and 
serine, but not equally, since the partial 
regression constants were not lowered in 
the same proportion.

The inhibitory effects of glycine and 
serine are well-described by the regression 
equations for the experimental conditions 
of experiment 2, in which additions were 
made to a constant level of other amino 
acids. The relationship must be more com
plicated than described, however, because 
in experiment 1, variation in glycine and 
serine, as components of the nonessential 
amino acid mixture, did not produce sig
nificant changes in growth rate. It may be 
that the inhibitory effects are related to the 
proportion of glycine and serine to one or 
more of the remaining amino acids.

Samples of urine were taken from those 
groups receiving the dietary extremes of 
glycine and serine, both with and without 
the addition of glutamine. Table 5 lists 
the results of analyses for those com
pounds found in concentrations of at least 
1 nmole per 100 g body weight. They sup
port and serve to explain the results in 
table 4. In comparison with urine from 
those receiving the diet containing neither 
glycine nor serine, the addition of glycine 
alone greatly increased urinary glycine 
and serine and to a lesser degree threo
nine, taurine, histidine, glutamine/aspar- 
agine, alanine, urea, hydroxyproline, ly
sine, and proline (proportionate basis). 
Fewer differences were produced by serine 
alone, with the increase in serine itself as 
the main effect and with lesser increases 
in glycine, urea and alanine. But when 
fed in combination with glycine, serine 
accentuated the excretion of threonine, glu- 
tamine/asparagine, histidine, proline, and 
ammonia. The inclusion of glutamine in 
the diet greatly reduced the effects of gly
cine and serine and elevated the excretion 
of urea and ammonia.

DISCUSSION

The results presented here are of interest 
both from the aspect of the inhibitory ef
fects of glycine and serine and from that 
of the role of glutamine in their counter
action. The nonessential amino acids have 
been considered to be generally noncritical 
for the rat. Stucki and Harper (3 )  re
ported uniformly good results over a range 
of indispensable-to-dispensable amino acid 
ratios of from 4 to 1. The results of experi
ment 1 indicate that altering the propor
tion of the nonessential amino acid mix
ture had little influence on growth rate, 
but those from both experiments illustrate 
the importance of the relative proportions 
of amino acids within the nonessential 
mixture. Others have noted inhibitory ef
fects of glycine and serine, but under more 
extreme dietary conditions. When fed as 
the sole source of nonessential nitrogen 
glycine was found to be poor and serine 
ineffective by Rechcigl et al. (4 ) ,  and 
Greenstein and Winitz (5 )  reported serine 
to be growth-depressing. When tested sep
arately at 5% levels with a low protein
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diet, Säuberlich (6 )  reported a 50% de
pression of weight gain with glycine but 
only 16% with DL-serine. He noted that 
the degree of toxicity of amino acids in 
excess was decreased at higher protein lev
els and was influenced by the type of pro
tein fed. Gains were nearly 90% of con
trol values when glycine was fed with 10% 
of casein, blood fibrin, or soy protein but 
only 53% with lactalbumin and 63% with 
egg albumin. Säuberlich also observed that 
glycine was unique among amino acids 
tested for toxicity in that the decrease in 
growth rate was not accompanied by low
ered food consumption, thus resulting in 
lowered food efficiency. The decrease in 
food efficiency ratios with increments of 
glycine and serine in the present study 
supports this observation. The growth de
pression does not appear to operate 
through an appetite control mechanism 
such as suggested by Sanahuja and Harper
(7 )  in their studies with amino acid im
balances.

Excretion in the urine of large amounts 
of glycine and serine as a result of their 
separate and combined additions to the 
diet indicates their close metabolic rela
tionship and suggests an inadequate ability 
of the rat to metabolize or detoxify these 
amino acids under the dietary conditions. 
The increased excretion of other amino 
acids may reflect altered patterns of meta
bolism or changes in rates of reabsorption. 
Handler et al. (8 )  observed that glycine 
infused in dogs increased the excretion of 
threonine and histidine primarily, and 
Greenstein and Winitz (5 )  considered it 
likely that the renal threshold is low for 
threonine, histidine, and lysine.

The accumulation of threonine could 
possibly arise from high plasma concentra
tions of serine because Goldstein et al. (9) 
found both substances to have a common 
dehydratase which is more active for ser
ine than threonine and which is not acti
vated by threonine. Anderson and his asso

ciates 8 reported the activity of this enzyme 
to be greatly increased by feeding high 
protein diets and it may be that in the 
present experiments the nitrogen level was 
too low to provide adequate stimulus.

It is not certain whether the influence of 
glutamine in counteracting the effects of 
glycine/serine is general or specific in na
ture. It remains to be determined whether 
it facilitates their normal metabolism or 
whether it provides a process of detoxifica
tion.
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Effect of Method of Fluoride Administration on 
Plasma Fluoride Concentrations * 1
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A B S T R A C T  Two groups of sheep were given 2 mg F/kg either as a single oral 
dose or as a continuous intrarumenal infusion for a 13-week period, and the response 
in plasma fluoride was determined. After an oral dose there was a rapid increase in 
plasma fluoride to a peak at 2 to 3 hours and a slower decline to near the predosage 
level by 12 hours. A considerable difference in the manner in which individual sheep 
metabolized fluoride was evident from the daily plasma fluoride curves. When the 
same amount of fluoride was continuously infused, the plasma fluoride concentration 
was relatively constant throughout the day, and except for the peak period of about 
6 hours, was higher than that from the sheep given an oral dose.

The gross responses of laboratory and 
domestic animals to the ingestion of eleva
ted amounts of fluoride in the diet have 
been extensively studied and reviewed (1—
3). The concentration of fluoride in nor
mal plasma is low and is usually found to 
increase only slightly following fluoride 
ingestion. From data obtained in both rats 
and humans, Singer and Armstrong (4,
5) have postulated that there is a homeo
static mechanism which maintains this 
low level of plasma fluoride. However, 
Shearer and Suttie (6 )  have shown that 
when rat plasma is sampled soon after 
the consumption of a diet containing eleva
ted concentrations of fluoride, there are 
significant increases in plasma fluoride. 
Muhler et al. (7 )  have recently demon
strated rapid variations in plasma fluoride 
following the administration of a single 
oral dose to dogs and humans.

It has also been postulated (8 )  that the 
concentration of fluoride in plasma and 
other soft tissues will increase with time 
as the ability of the skeleton to retain ad
ditional fluoride diminishes and that this 
increase will be associated with an in
creased severity of fluoride-induced effects 
in the animal.

The objective of the present study was 
to determine the effect of a single dose, 
compared with a continuous infusion of 
fluoride on plasma fluoride concentrations 
and to determine what influence the dura
tion of administration might have on these 
concentrations. The relative toxicity of 
fluoride administered by these 2 methods

was also investigated by determining the 
net fluoride balance over a limited time- 
period and by analysis of skeletal fluoride 
retention.

METHODS

Nine wether lambs weighing about 50 
kg at the beginning of the experiment were 
given 2 mg of fluorine (as NaF) per kg 
of body weight per day for a 3-month ex
perimental period. Six of the nine received 
this dose in a gelatin capsule before feed
ing in the morning, and the other three 
received the same amount dissolved in 
distilled water and continuously infused 
into the rumen through an artificial fistula 
in the left flank.

Blood samples were taken from the jug
ular vein at zero, 0.5, 1, 2, 3, 5, 8, 12, 
and 24 hours after administration of the 
F capsules on days 1, 2, 8, 15, 22, 36, 
50, 64, and 78 of the experiment, and 
plasma fluoride was determined by the 
method of Singer and Armstrong (9 ).

Biopsy samples were obtained from the 
hip bone under local anesthesia at the 
start of the experiment, and after 14 weeks 
of fluoride administration. The samples
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were dried, ashed, and analyzed for fluor
ide by the Willard and Winter method (10).

During a 5-day fluoride balance study, 
urine was collected twice daily, just before 
the oral F administration and 12 hours 
later. The amount of fluoride in each sam
ple was determined by the method of 
Rowley and Farrah (11 ) modified by the 
use of the color reagent of Singer and Arm
strong (9 ). Fecal samples from each 
sheep for the entire 5-day study were col
lected, mixed, and a representative sample 
was analyzed for fluoride.

The sheep were fed a mixture of ground 
alfalfa hay (79.5% ), cracked corn (10% ), 
whole oats (1 0 % ) and trace mineralized 
salt (0.5% ) immediately following the 
zero hour sample at 8:30 a m  each morn
ing. Water containing 1 ppm F was sup
plied ad libitum.

RESULTS

The diurnal changes in plasma fluoride 
concentrations which were evident over 
the nine daily sampling periods for each of 
the 6 sheep in the group given a single 
daily dose of fluoride are shown in figure
1. These data indicate there was a rapid 
increase in plasma fluoride following ad
ministration of the 2 mg F/kg dose, and 
that following a peak which usually oc
curred within 3 hours there was a slower

decrease to nearly preingestion values by 
12 hours.

The data in figure 1 also indicate there 
can be rather marked differences in the 
ability of individual animals to handle 
fluoride. These data, which are the average 
for each time-period for each animal dur
ing the last 5 sampling periods (22-78 
days on experiment), show that sheep 
A consistently responded to fluoride inges
tion with a more rapid and extensive 
increase in plasma fluoride and that the 
plasma peak was reached earlier in this 
animal than in the others. Sheep B also 
had a higher plasma fluoride peak, whereas 
the remaining 4 animals exhibited practi
cally identical plasma patterns. To illus
trate the consistency of the diurnal pattern 
of each sheep from one sampling period 
to another, the actual plasma fluoride 
values for two of these sheep and one of 
the continuously infused animals are pre
sented in table 1. The rather small varia
tions observed in the time at which the 
plasma fluoride peaked and the actual 
plasma fluoride level of an individual 
sheep at different sampling periods indi
cate that the variations between the ani
mals (fig. 1) are a true reflection of 
variation in the absorption, distribution or 
excretion of fluoride between different 
animals.

Fig. I Diurnal variation in plasma fluoride. Each curve represents a single animal 
given an oral dose of 2 mg F/kg at zero time. The plasma fluoride value for each time- 
period is the average of the last five sampling periods. The animals referred to in the text 
or in table 1 are: A, —  • • • ; B, —  • • ; and C, —  • — .
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TABLE 1
Diurnal variation in plasma fluoride 1

Animal and 
treatment

Days on 
experiment

F in plasma at hour
0 0.5 1 2 3 5 8 12 24

ppm ppm ppm ppm ppm ppm ppm ppm ppm
A Single dose 22 0.60 0.80 2.26 1.80 1.75 1.26 1.04 0.52 —

36 0.63 2.26 1.96 1.69 0.59 0.65 0.67 0.50 0.38
50 0.58 2.41 2.01 1.37 1.24 0.83 0.65 0.53 0.50
64 — 1.44 1.43 1.59 1.04 0.56 0.42 0.39 0.39
78 0.44 1.45 1.18 1.43 1.10 0.67 0.43 0.41 0.58

C Single dose 22 0.48 0.46 0.70 0.88 1.01 0.76 0.97 0.56 0.31
36 0.55 0.65 0.71 0.85 0.73 0.63 0.65 0.55 0.51
50 0.52 0.63 0.68 0.71 0.81 0.72 0.65 0.65 0.31
64 0.48 0.56 0.49 0.69 0.76 0.62 0.59 0.51 0.47
78 0.54 0.63 0.54 0.64 0.65 0.70 0.62 0.46 0.36

D Continuous infusion 22 0.73 0.71 0.81 0.69 0.68 0.63 0.55 0.61 0.42
36 0.63 0.76 0.64 0.77 0.76 0.54 0.80 0.72 0.96
50 0.78 0.67 0.86 0.69 0.74 0.73 0.72 0.76 0.59
64 0.70 0.68 0.79 0.69 0.63 0.55 0.45 0.41 0.48
78 0.68 0.72 0.57 0.71 0.57 0.53 0.56 — 0.46

1 See figure 1 for identification of animals A and C, and figure 2 for the diurnal curve of the continuous 
group of which animal D is an example.

0.6 - 

0 .4  

0.2  -

Fig. 2 Changes in the diurnal plasma fluoride pattern with an increasing period of 
exposure. The solid line is the curve for the 6 sheep given an oral dose of fluoride, and the 
dashed line the curve for the 3 sheep given a continuous infusion of fluoride. Each curve is 
an average of all sheep in the group for the periods of exposure indicated.
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That the extent of previous fluoride expo
sure has some influence on the animals, 
metabolism of fluoride is illustrated in fig
ure 2. The plasma fluoride concentration 
was about 0.2 ppm before fluoride adminis
tration was begun, and the “zero time,” or 
8:30 a m , plasma level increased to about 
0.4 ppm F by the end of 2 weeks of a single 
daily oral dose of fluoride. This value was 
increased only slightly during the remain
der of the experiment. There was a rather 
constant increase in the concentration of 
plasma fluoride in the continuously in
fused sheep over the first 48 hours to a 
level of about 0.6 ppm F. Following this, 
the values increased to about 0.7 ppm by 
the end of the second week, and there 
was little further increase during the re
mainder of the 13-week experiment. After 
the first few days, the plasma fluoride level 
of the sheep continuously infused with 
fluoride was higher at zero time, fell below 
that of the animals given a single dose for 
about 8 hours, and then was higher again 
for the remainder of the day. The sheep 
were fed following the zero-time sample, 
and the variations in plasma F concentra
tions noted in the infused sheep during 
the subsequent few hours were probably 
related to the introduction of food into the 
rumen.

The data from the balance study (table
2 ) indicate that about 60% of the fluoride 
administered each day was excreted and 
that there was no statistically significant 
difference in retention between the 2 
groups. There was, however, an apparent 
increase in the amount of fluoride which 
had been absorbed from the rumen in the 
infused group. This is evidenced by the 
increase in urinary and decrease in fecal 
excretion in this group compared with

TABLE 2
Fluoride balance —  days 38—42

Continuous
infusion

Oral
dose

F intake, mg 524 ± 4 0 1 558 ± 2 4
F excretion, mg 

Fecal 119±31 186 ± 3 8
Urinary 197 ±  14 123 ± 9

F retained, mg 208 ± 1 7 249 ± 3 5
F retention, % 40 ± 4 45 ± 6

1 Values are mean ±  s e  for the 3 continuously 
infused sheep, and 3 of the 6 sheep given an oral 
dose of fluoride.

the orally administered group. As was to 
be expected, the urinary fluoride concen
tration in the infused group was rather 
constant and averaged about 50 ppm 
(corrected to specific gravity =  1.040) dur
ing both the day and night collection 
period. The sheep given a single oral dose 
in the morning excreted urine containing 
about 49 ppm F during the day and only 
14 ppm during the night. Fluoride analy
ses of the bone biopsies showed that al
though the skeletal retention was similar 
in both groups, there was a slightly higher 
increase in skeletal fluoride when the 
fluoride was administered by constant in
fusion. The fluoride content of the hip 
bone at the beginning of the experiment 
was 443 ± 4 1  ppm (ash weight) and after 
14 weeks was 5935 ±  213 ppm in the 6 
sheep given an oral dose, and 6763 ±  129 
ppm in the 3 sheep continuously infused 
with the same amount of fluoride per day.

DISCUSSION

These data confirm previous reports 
which indicate a rapid but transient in
crease in plasma fluoride following an oral 
dose of a soluble fluoride (7 ) , and extend 
them to indicate that this diurnal varia
tion occurs even after a prolonged period 
of ingestion which has resulted in apprecia
ble skeletal retention of fluoride. The varia
tion in the plasma fluoride response of 
different animals to the same fluoride dose 
was particularly marked. The reason for 
this individual difference was not deter
mined, but it is clear from the reproduci
bility of pattern at different weeks that it 
was a true difference in the way in which 
different animals metabolized fluoride. 
Whether this difference was due to a vari
ation in rate of absorption or excretion of 
fluoride cannot be determined from the 
data. Individual differences such as these 
might be responsible for some of the vari
ation in the degree of dental damage noted 
in animals fed identical amounts of fluor
ide experimentally, or in animals which 
appear, on the basis of skeletal fluoride 
concentrations, to have been exposed to 
similar amounts of fluoride (12).

Inspection of these data shows that al
though the plasma fluoride concentration 
decreased rapidly from a peak obtained 
after a single dose, it did not decrease
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to the pre-experimental value of about 0.2 
ppm but remained somewhat elevated for 
the remainder of the day. This baseline 
plasma fluoride level did not increase ap
preciably following the first two or three 
weeks, indicating that even though there 
had been a large increase in skeletal fluor
ide, the ability of the animal to rapidly 
clear fluoride from the plasma had not 
been impaired. After the first two or three 
weeks, the continuous infusion of an iden
tical amount of fluoride was found to main
tain a higher concentration of plasma fluor
ide for more total hours during the day 
than did the oral dose, even though the 
peak value was lower. These data, however, 
do not allow an interpretation of which 
treatment might eventually be more dam
aging to the animal, the high peak value 
from the oral administration or the exten
ded period of slightly elevated fluoride 
during the day from continuous infusion.
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Depression of Lipogenesis in Choline-deficient 
Guinea Pigs and its Possible Mechanisms
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ABSTRACT Feeding guinea pigs a choline-deficient diet resulted in marked changes 
of cell constituents and their phospholipid composition, indicating that the animals 
have only a small capacity for synthesis of choline. Such changes were linked with 
depression of lipogenesis and inhibition of glucose permeability. When choline chlo
ride was injected into the deficient animals, phospholipid synthesis was greatly in
creased. The inhibition of glucose permeability was marked in adipose tissue. Adipose 
tissue of choline-deficient animals did not respond to insulin, but treatment with 
choline chloride reactivated the response. Possibly a decrease of phospholipid synthesis 
and an insufficient supply of glucose in choline deficiency results in accumulation of 
free fatty acid or acyl-CoA, which inhibits fatty acid synthesis. After choline admin
istration, an increase in the incorporation of fatty acids into phospholipid and the 
activation of glucose permeability might stimulate synthesis of fatty acids. The levels 
of intracellular glucose or glucose metabolite would then be related to triglyceride 
synthesis and secondly to fatty acid synthesis.

In a previous study in this laboratory, 
guinea pigs fed a choline-deficient diet 
showed marked growth disturbance, and 
young animals died within 4 to 5 weeks; 
also the content of various choline deriva
tives in cell constituents decreased (1 ). 
It was postulated that guinea pigs have a 
low capacity for the synthesis of choline
(2 ) ,  and that a choline deficiency might 
cause changes in cell structure through a 
disturbance in the metabolic turnover of 
choline derivatives such as lecithin, and 
inevitably lead to malfunctioning of the 
cells. One of the effects observed was the 
significant depression * 1 of D-/l-hydroxybu- 
tyric dehydrogenase (3 ). The intraperi
toneal injection of choline chloride over
came such effects of choline deficiency at 
every stage of the experiment, and the 
rate of body weight gain was significantly 
increased by the injection.

A low level of liver glycogen and poor 
storage of carcass lipid have been 
noted in choline-deficient guinea pigs. The 
content of lipid in the liver was also 
slightly decreased, in contrast with the re
sults for rats (4 ) . It was suggested that 
a disturbance of intestinal absorption of 
nutrients may result in a low level of liver 
glycogen, hypoglycemia, and depressed 
lipogenesis. However, the changes in cell

constituents may also be the direct effect 
of choline deficiency in addition to a dis
turbance in intestinal absorption. To 
clarify this question, the utilization of 
14C-U-glucose was analyzed under various 
conditions both in vivo and in vitro. These 
results suggested a depression of glucose 
transfer across the cell membrane in the 
animals fed a choline-deficient diet. The 
mechanism whereby choline deficiency de
presses lipogenesis based on this feeding is 
discussed in the present paper.

EXPERIMENTAL

Animals and treatments. Except for the 
experiments on utilization of 14C-U-glu- 
cose, male guinea pigs weighing 250 g 
were used. The animals were fed for 3 
weeks the diet2 listed in table 1, following 
a 3-day adaptation period during which 
the diet was supplemented with vegetables. 
In the experiment as shown in tables 2 and 
3, the animals weighing 180 to 200 g, were 
fed the diet for 4 weeks. Under these 
conditions the effects of a choline defi
ciency in the diet were readily developed 
as reported previously (!)•  In the assay
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TABLE 1

Composition of diet1

Vitamin-free casein 2
%

29.12
Sucrose 10.00
Starch 19.42
Cellulose 7.57
Cellophane 14.56
Rapeseed oil 7.09
Salt mix 3 5.83
Potassium acetate 2.43
Magnesium oxide 0.49
Vitamin mix 4 3.30
Vitamin C 0.19

1 Ten milligrams of folic acid, 100 mg of vitamin E 
(20% a-tocopherol) powder and 700 mg of vitamin A, D mix were added to 100 g of the diet. One gram 
of the A, D mix contained 50,000 IU of vitamin A 
and 10,000 IU of vitamin D2.

2 Obtained from Takeda Chemical Corporation, 
Nagoya, Japan.

2 Percentage composition of the salt mix was: 
CaCOa, 29.29; NaCl, 25.06; ZnCl2, 0.02; KI, 0.0005; 
CaHP04-2H»0, 0.43; MgS04-7H»0, 9.98; CuS04-5H20, 
0.156; (NH4) 6Mo70 24-4H20, 0.0025; KH2P04, 34.31; 
Fe(C6H50 7)-6H20, 0.623; and MnS04-H20, 0.121 (ob
tained from Tanabe Pharmacal Corporation, Osaka, 
Japan).

f  Percentage composition of the vitamin mix was: 
thiamine-HCl, 0.059; riboflavin, 0.059; nicotinic acid, 
0.294; Ca pantothenate, 0.235; pyridoxine-HCl, 0.029; 
menadione, 0.006; biotin, 0.001; folic acid, 0.002; 
vitamin B;2, 0.0002; inositol, 1.176; ascorbic acid, 
0.588; and lactose, 97.551 (obtained from Tanabe 
Pharmacal Corporation).

for utilization of the isotopic compounds 
in vivo, 7.6 itCi of 14C-l-acetate or 8 oCi of 
14C-U-glucose were administered intraperi- 
toneafly, in 1 ml of 0.9% NaCl solution 
or with 150 mg of glucose. The expiratory 
C02 was trapped in 70 ml of 2.5 n  NaOH 
for one hour, using a metabolic cage. In 
this case, C 02 and 14C02 were measured as 
the barium salt. After C02 measurement, the 
animals were killed by cervical section and 
exsanguinated and the liver was resected 
quickly. For the assay of 14C-choline in
corporation into lipid, the animals were fed 
for 2 weeks the same diet, and 14C-choline 
was injected intraperitoneally with 40 mg 
of choline chloride and 150 mg of glucose.

Preparation for analysis. Liver lipid 
was extracted in 19 volumes of a chloro
form-methanol (2 :1 , v /v )  mixture by the 
method of Folch et al. (5 ) . One gram of 
the liver, after homogenization with the 
above solvent mixture in a Waring 
Blendor, was extracted overnight at room 
temperature in a 100-ml glass-stoppered 
vessel and the volume was adjusted to 50 
ml with the same solvent. Twenty milli
liters of the extract were washed once 
with 4 ml of 0.04% CaCl2 and then 3

times with a chloroform-methanol-water 
(3 :48 :47 , v /v )  mixture. After washing, 
the solvent was evaporated and the ex
tract was analyzed. Liver fractionation 
was performed according to the method 
of Schneider and Flogeboom (6 ). For de
termination of carcass lipid, the frozen 
carcass was minced and then prepared by 
the method used for liver. For analysis of 
plasma the heparinized blood was used. 
For separation of lipid silicic acid, column 
chromatography was performed by the 
method of Rhodes and Dawson (7 ) .3 Liver 
glycogen was determined by the anthrone 
method (8 ).

Determination of C03 and UC02 in the 
experiments in vivo. Seventy milliliters 
of 2.5 n  NaOH, into which expiratory C02 
was trapped, were diluted to 200 ml with 
distilled water. One part of the diluted 
solution was sedimented by adding an ex
cess of a solution which contained 0.4 n  
NH4C1 and 0.5 N  Ba(OH)2. The BaCOs 
sediment was washed 4 times with distilled 
water and dried. It was then weighed and 
counted.

Isotopic measurement and in vitro as
say of uC-incorporation. The lipid ex
tract of both liver and carcass, and BaCO.i 
were counted by a 2 rt gas flow counter4 
or by a Packard Tri-Carb liquid scintila- 
tion counter. For the assay of 14C-incor- 
poration in vitro, 500 mg of liver slices or 
100 mg of epididimal adipose tissue taken 
from animals fed ad libitum the diet listed 
in table 1 were used. According to the 
method of Madson et al. (9 )  the reaction 
was performed in a rubber-stoppered ves
sel which contained 5 ml of Krebs-Ringer 
bicarbonate buffer (pH 7.4), 5 m M  glu
cose, 2 m M  acetate and 0.5 uCi of 14C-1- 
acetate or “ C-U-glucose at 37° under the 
gas phase C02- 0 2 (5%  CO»—95% 0 2). After
1.5 or 3 hours the reaction was stopped by 
adding 0.2 ml of 5 n  H2S04. The C02 
formed was absorbed by 1 ml of ethanola- 
mine poured into the center well through 
the rubber stoppers. Ethanolamine solu
tion was counted as 14C02 formed. To the 
reaction mixtures, KOH was added to 2 n

3 The lipid was extracted from 2 g of liver and 
washed by the method of Folch et al. (5 ) ;  it was 
fractionated by column chromatography on 10 g 
of silicic acid and separated into fractions of 150 ml 
of CHCls and 100 ml of MeOH.

4 Kobe Kogyo Corporation, Japan.
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TABLE 3
T h e  14C - i n c o r p o r a t i o n  t o  e x p i r a t o r y  C 0 2,  l i v e r  l i p i d  a n d  c a r c a s s  l i p i d  f o r  a n  h o u r  a f t e r  t h e

a d m i n i s t r a t i o n  o f  14C - 1  - a c e t a t e  1

Animal
no.

Calculated 
14CC>2 formed 2

Calculated 
*4C-uptake to 

liver lipid

Calculated 
14C-uptake to 

carcass lipid 2>3
cpm/g cpm/g cpm/g
body wt liver carcass

Control
i 10,380 203 115
2 9,210 246 194
3 8,214 222 151
4 9,860 333 205
5 11,480 249 209

Mean 9,829 ± 1 ,0 8 2  4 251 ±  43.6 175 ± 3 5 .6
Deficient

2 12,540 443 131
3 13,380 213 80
4 8,520 328 94
5 13,700 205 79

Mean 12,035 ± 2 ,0 70 297 ± 186 .0 96 .0±21 .2

1 7.6 fid  of '-‘C-l-acetaie were injected intraperitoneally with 1 ml of 0.9% NaCl solution.
2 The results were obtained from animals which were administered 14C-f-acetate at a level of 

7.6 /xCi/200 g body weight.
3 Difference between the 2 groups was significant (P <  0.01).
4 Mean ±  se.

concentration and hydrolyzed in a boiling 
water bath for 2 hours. After adjusting 
the pH to 1.0, the hydrolysate was ex
tracted for 15 minutes with 15 ml of pe
troleum ether using a mechanical shaker 
and the extractions were performed suc
cessively 4 times and the whole extract 
was washed by 1.5 n  acetate and then by 
water until the aqueous layer became neu
tral. The extracts were counted with a 
scintillation counter, using the method of 
Jeff ay and Alvarez (1 0 ) for WC02 and by 
the method of Numa et al. (1 1 ) for fatty 
acid. The amount of fatty acid was deter
mined by the method of Duncomb (12 ). 
The 14C-choline, taken up into the lipid, 
was counted by the method of Numa et al.
(11 ) after preparation of the lipid fraction 
according to Folch et al. (5 ) . Bovine crys
tal insulin 5 was used for insulin prepara
tion and was added to 0.2% gelatin-Krebs- 
Ringer bicarbonate buffer (13 ).

RESULTS

The animals were fed for 4 weeks a 
choline-deficient diet. Following this, a 
limited amount of diet was given to the 
control group for 3 days before the assay to 
establish the blood sugar levels in both 
groups, since the liver glycogen content in

the choline-deficient animals decreased sig
nificantly when compared with that in the 
controls as reported previously (1). Table 2 
shows the gain of body weight, liver weight, 
liver glycogen and carcass lipid. The results 
agree with our previous data except for liver 
glycogen level. The amount of the diet was 
sufficient for the deficient group. The liver 
lipid content in the deficient group de
creased slightly and carcass lipid content 
in the deficient animals was much lower 
when compared with the control. These 
results were different from those obtained 
for rats (4 ) . Under such conditions, the 
liver glycogen content of the control group 
was slightly lower than that of the controls 
in the other experiments. Nevertheless, 
liver glycogen content in the deficient 
group was lower than the control with one 
exception. Despite this condition there 
was a marked difference between the 2 
groups in the 14C-incorporation into car
cass lipid from 14C-l-acetate as shown in 
table 3. In tables 2 and 3 are also listed 
the values of expiratory C02 and 14C02 after 
administration of 14C-1-acetate. 14C02 and 
C02 per unit weight in the deficient group 
was slightly higher, but the difference was

s Novo, Denmark; 25 U/mg.
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TABLE 4
(A ) Incorporation of 14C-U-glucose into carcass and liver lipids and fatty acids 1

Body wt Total
carcass lipid 2

14C-incorporated 
into lipid 2

i4C-incorporated 
into fatty acids 2

9 mg
Carcass

cpm/g carcass cpm/g carcass

Deficient 
Injected 4 
Control 5

233 ±  4 3 
245 ± 3  
231 ± 4

4542 ± 5 2 8  
7174 ± 12 53  

24300 ± 19 68

770 ± 1 2 6  
1641 ± 3 2 4  
1970 ± 2 6 9

3 7 7 ± 4 2  
1203 ± 3 5 3  

897 ± 2 4 6

Liver wt 2 Total
liver lipid 2

i4C-incorporated 
into lipid 2

i4C-incorporated 
into fatty acids 2

9 mg
Liver

cpm/g liver cpm/g liver

Deficient 
Injected 
Control5

7.68 ± 1 .2 3  3 
12.36± 1.56 
13.76 ±  1.46

295.49 ± 16 .26  
388.92 ±12 .48  
474.38 ± 20 .52

2790 ± 1 6 3  
4697± 1023 
35 80±476

755 ± 1 4 6  
3083 ±10 74  
1434 ± 2 2

(B ) Distribution of the 14C in both chloroform and methanol fractions from uC-U-glucose

CHCI3 fraction
F/G

ratio 6
MeOH fraction

F/G
ratioGlyceride

glycerol
Fatty
acid

Glyceride
glycerol

Fatty
acid

cpm cpm cpm cpm
Carcass

Deficient 202 ± 1 2 7 2 0 2± 1 1 7 1.00 163 ± 1 3 149 ± 1 2  7 0.92
Inj ected 567 ± 4 6 671 ± 3 9 1.18 181 ±  16 234 ± 1 5 1.29
Control 532 ± 2 4 696 ± 2 6 1.31 239 ± 1 7 259 ± 2 1 1.08

Liver
Deficient 608 ±  56 218 ± 1 8  2 0.36 479 ± 1 2  2 350 ± 1 2 1  2 0.73
Injected 582 ± 4 8 497 ± 2 6 0.82 1255 ± 2 1 1767±442 1.40
Control 890 ± 5 8 597 ± 1 7 0.67 627 ±  14 626 ± 1 3 2 1.00

1 Eight microcuries of 14C-U-glucose were administered intraperitoneally with 150 mg of non- 
radioactive glucose; each value is the mean of 5 animals.

2 The difference among the 3 groups was significant (P <  0.01). 
s Mean ±  se.
4 Forty milligrams of choline chloride were injected for 3 days before the assay (once every day).
5 The animals fed the control diet, and that had the same body weight as the deficient group, 

were used for the controls.
6 Fatty acid-to-glyceride glycerol ratio.
7 The difference between the deficient group and the others was significant (P <  0.01).

TABLE 5
Incorporation of 14C-choline 1 in the liver of guinea pigs fed for 2 weeks a choline-deficient diet

Duration Body
wt

14C into 
lipid in 

a whole cell

i4C into 
lipid in 

105,000 g 
supernatant 

fraction

*4C into 
lipid in 

nuclei and 
cell particles

44C into 
lipid in 
plasma

14C into 
lipid in 

mitochondrial 
fraction

14C into 
lipid in

microsomal
fraction

hr 9 cpm/g liver cpm/g liver cpm/g liver cpm/ml 
plasma

cpm/mg 
protein

cpm/mg
protein

3 266 16,666 1572 15,094 74 205 333
300 14,456 1268 13,188 44 242 523

6 260 18,251 432 17,819 24 315 771
270 18,814 344 18,470 42 363 733

20 266 8,034 140 7,894 21 75 187
330 12,154 116 12,038 21 182 216

1 3 nCi of i4C-choline were injected intraperitoneally with 40 mg of choline chloride and 150 mg of glucose.
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small. The 14C-incorporation into carcass 
lipid was significantly decreased in the 
deficient animals, whereas the incorpora
tion to liver lipid was not significantly dif
ferent in each group as shown in tables 2 
and 3. As indicated in the table, only one 
animal in the deficient group had a high 
liver glycogen level and a relatively high 
incorporation of 14C-l-acetate into liver 
lipid; even in this case the incorporation 
to carcass lipid was very low compared 
with the control.

However, such apparently high 14C-in- 
corporation in the liver of the deficient ani
mals was not observed when 150 mg of 
glucose were administered at the same 
time (table 4 ). In this experiment, the 
animals were fed the diet ad libitum for 3 
weeks. As shown in table 4, the I4C-incor- 
poration from 14C-U-glucose to long-chain 
fatty acids was decreased in both liver and 
carcass of the deficient group, and the 
14C-incorporation into lipid was markedly 
different in each group. The 14C-incorpora- 
tion into fatty acids of the deficient group 
was depressed in both triglyceride and 
phospholipid fractions, whereas the 14C-in- 
corporation into glyceride-glycerol of tri
glyceride was much higher than that in the 
other groups only in the liver. On the other 
hand, the 14C-incorporation into phospho
lipid in the injected group was markedly 
increased. Table 5 shows the incorporation 
of 14C-incorporation of 14C-choline into lipid 
in the liver of the choline-deficient ani
mals. When 40 mg of choline were in
jected with 3 nCi of 14C-choline and 150 
mg of nonradioactive glucose, the 14C-in- 
corporation into lipid reached a maximal 
level 3 to 6 hours after the injection. The 
incorporation in both microsomal and mi
tochondrial fractions was much higher 
compared with that in the supernatant 
fraction. However, the concentration of 
14C-choline in plasma was very low.

To further clarify the above results in 
vivo, the 14C-incorporation into long-chain 
fatty acids was analyzed using liver slices 
and adipose tissue. The experimental ani
mals used in this assay were described 
above. Tables 6 and 7 represent the re
sults; the incorporation of 14C-l-acetate 
was markedly depressed in the deficient 
group even when the medium contained

5 mM glucose, 2mM acetate and 0.1 U /m l 
insulin. It was noted that this depression 
in adipose tissues was not improved by 
adding insulin. Also, when 14C-U-glucose 
was used instead of 14C-l-acetate, the same 
inhibition of 14C-incorporation into fatty 
acid was observed in the deficient animals. 
This inhibition was also marked in adipose 
tissue though there was no marked inhib
ition in the liver.

Pretreatment of the deficient animals 
with choline chloride had a significant 
effect in increasing the uptake (tables 
4, 6 and 7). In these cases 40 mg cho
line chloride were injected intraperitoneally 
once at 15 hours or 3 times for 3 days 
(once every day) before the assay. Though 
the presence of insulin in the medium 
had no effect on the uptake in the deficient 
animals, the incorporation into the ani
mals receiving the pretreatment was accel
erated by the addition of insulin and 
glucose.

On the other hand, the addition of 
choline chloride to the incubation medium 
had no effect on the increase of 14C-incor- 
poration into fatty acid in both liver slices 
and adipose tissue as shown in table 8.

Epididimal adipose tissues of both sides 
were used; insulin was added to the one 
preparation and not added to the other. As 
shown in table 9, samples taken from the 
deficient animals showed an inhibited 14C- 
incorporation from 14C-U-glucose and re
vealed no response to insulin. The con
trol and the injected samples had a high 
incorporation and showed a marked re
sponse to insulin.

DISCUSSION

It was reported previously (1 )  that a 
disturbance of intestinal absorption of 
nutrients would be an important factor in 
the decrease of liver glycogen and carcass 
lipid. However, in addition to the efficiency 
of intestinal absorption, the utilization of 
absorbed nutrients and the reutilization of 
the storage lipid may also be considered as 
factors influencing the content of liver gly
cogen and carcass lipid From such a 
point of view, the utilization of 14C-U-glu- 
cose or 14C-l-acetate was analyzed to clarify 
interrelations among several factors. The 
results presented here offer evidence that
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MNWTf wiot»

• ft

PgO H
d “

^a
"  9fi «CCÌch 2 ° 
£  u  fi 0H X3

« g
ci ß  ̂0 
ft3.2O ̂3 
n̂fi

So
gfi
0  0

0) ft •° fl



5 2 4 H . T A N I? Y . A O Y A M A  A N D  K . A S H ID A

TABLE 8
Effects of choline added to the incubation medium 

on the utilization of 14C-U-glucose in adipose tis
sue taken from choline-deficient animals 1

Without
choline

With 
choline 2

cpm/100 mg tissue
14C 02 formed 3733 ± 3 2 4  3 3294 ± 4 2 3

14C-incorporation 
into fatty acid 730 ± 8 2 690 ±  68

1 Each value is the mean of 5 experiments.
2 Forty m g/ml of choline chloride were added to the 

incubation medium.
s Mean ±  se.

TABLE 9
Utilization of 14C-U-glucose and the effect of 

insulin on adipose tissue taken from guinea 
pigs fed a choline-deficient diet

Without
insulin

With
insulin Increase

cpm/mg cpm/mg cpm/mg
protein protein protein

14C 02 formed
Deficient 2437 ± 2 3 1  2 2225 ± 3 1 8 - 2 1 2
Injected 3 3526 ± 3 5 6 5452 ± 7 6 9 +  1926
Control 5882 ± 8 2 6 7195 ± 9 2 4 +  1313

14C incorporated into lipid
Deficient 744 ± 1 0 8 9 9 6 ± 3 9 +  222
Injected 3 1841 ± 3 7 8 2598 ± 2 4 9 +  657
Control 3771 ± 3 9 9 5364 ± 7 1 4 +  1593

1 The difference among 3 groups was significant 
(P <  0.01).

2 Mean ±  se.
3 Forty milligrams of choline chloride was injected 

intraperitoneally for 3 days before the assay (once 
each day).

4 Each value was the mean of 5 experiments.
5 Incubation medium contained 0.5 /¿Ci 14C-U-glu- 

cose, 10 mM glucose and with or without 100 milli- 
units/ml of insulin.

the effects of a dietary choline deficiency 
would be induced by the changes in cell 
constituents and that the composition of 
phospholipid might be associated with glu
cose permeability into cells.

Since the deficient animals tended to be
come hypoglycemic as described previously, 
the amount of the diet for the control 
group was limited or glucose was injected 
to establish the blood sugar level of the 
deficient group. Even in these cases lipo- 
genesis was significantly depressed in the 
deficient animals. Also in the in vitro 
assay, the “ C-incorporation from I4C- 1-ace
tate or “ C-U-glucose into fatty acid in 
epididimal adipose tissue was depressed 
in the presence of 5 m M  glucose, 2 m M  
acetate and 0.1 U /m l insulin. The depres

sion was marked in adipose tissue in vitro 
and in carcass in vivo, whereas it was 
slight in the liver. In the animals receiv
ing injections of choline chloride the de
pression of the “ C-incorporation was sig
nificantly improved both in vivo and in 
vitro.

“ C-U-glucose incorporation into adipose 
tissue was significantly inhibited in the 
presence of 10 m M  glucose in the deficient 
animals as shown in table 9. Choline treat
ment markedly reversed this depression. 
Furthermore, since the injected choline 
was incorporated into lipid in both micro
somal and mitochondrial fractions at a 
maximal level within 3 to 6 hours, as 
shown in table 5, this effect of choline 
treatment could be attributed to the re
covery of cell constituents, which was in
duced by feeding the choline-deficient diet. 
Possibly recovery of cell constituents over
came the depressed permeability. Rodbell
(14 ) reported that treatment with phos
pholipase C changed glucose permeability 
of fat cells in vitro. This agrees with our 
results in the participation of phospho
lipid with glucose permeability. Further
more, injections of choline elevated such 
depressed fatty acid synthesis from glu
cose or acetate in vitro, as shown in tables 
6 and 7.

As shown in table 4 the “ C-incorpora- 
tion from 14C-U-glucose in vivo was greatly 
inhibited, especially in carcass, whereas 
in the liver the “ C-incorporation did not 
decrease as much, though that into fatty 
acid was depressed. However, the mech
anism for this difference between liver and 
carcass is not clear at present. These re
sults were observed also in vitro as shown 
in tables 6 and 7.

An injection of 40 mg of choline chlo
ride into the deficient animals increased 
expiratory C02 formation about 15% com
pared with the controls. This observation 
also might substantiate a speculation that 
feeding a choline-deficient diet would bring 
about marked inhibition of glucose per
meability into the tissues of guinea pigs.

As shown in table 8 addition of choline 
chloride to the incubation medium had no 
significant effect on the “ C-incorporation 
in adipose tissue. Injections of choline 
chloride had a marked effect as shown in
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all data, and most of the injected choline 
was incorporated into lipid in both micro
somal and mitochondrial fractions; such 
effects of choline could be caused by phos
pholipid synthesis and by its incorporation 
into cell constituents. On the other hand, 
a characteristic observation in the injected 
group was the highly increased 14C-incor- 
poration into the phospholipid fraction, as 
shown in table 4. These results suggest 
that phospholipid synthesis of the deficient 
animals was markedly increased by injec
tion of choline and that a large amount 
of fatty acid was incorporated into phos
pholipid along with its synthesis. The de
crease of accumulated FFA would stimu
late further synthesis of fatty acid (15, 
16).

Accumulation of fat in the liver may 
be related to the intracellular supply of 
glucose. When the glucose supply is suffi
cient, intracellular FFA might accumulate 
as triglycerides; therefore in such cases 
lipogenesis would not be inhibited by the 
increased FFA. However, in guinea pigs, 
fat accumulation in the liver was not ob

served even when the animals were fed 
a choline-deficient diet.

The effect of insulin on lipogenesis has 
been reported by many investigators. Some 
of them postulated that a-G-P was a key 
intermediate (17 ) to lipogenesis and that 
insulin stimulates its formation. Addition 
of insulin increased 14C02 formation and 
14C-incorporation into lipid as shown in 
table 9. Under the same conditions adipose 
tissue taken from the deficient animals 
gave no response to addition of insulin. 
On the other hand giving choline chloride 
to the deficient animals elevated their sen
sitivity to insulin as shown in table 9. This 
result agrees well with Rodbell’s experi
ment (14 ). The effect of insulin on cell 
membranes is not known. However, it 
can be postulated from our results that 
phospholipid in the cell plays a role in 
glucose transport across cell membranes. 
Thus, the rearrangement of cell structures 
would be caused by the injection of choline 
chloride into deficient animals, as a con
sequence of synthesis of lecithin or other 
choline-lipids. Presumably this rearrange
ment would be accompanied by the recon-
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struction of the structural protein of the 
cells. Since injections of choline caused 
a marked enlargement of the liver as 
shown in tables 4, 6 and 7, the decrease 
of 14C-phospholipid per unit protein at 20 
hours after the injection, when it was 
compared with that at 6 hours, shown in 
table 5, may depend upon the enlargement 
of the liver. Therefore, this reconstruction 
of cell membrane certainly would be ac
companied by the secondary increase of 
protein synthesis. However, it would be in
duced secondarily. And the marked enlarge
ment of the liver, following the adminis
tration of choline, is similar in some points 
to the regenerated liver and the clarifica
tion of its mechanism remains to be re
solved.

From those observations a possible 
mechanism of depressed FA synthesis, in
duced by feeding a choline-deficient diet, 
was summarized in figure 1. Feeding a 
choline-deficient diet induced a disturbance 
of intestinal absorption and the animals 
tended to become hypoglycemic. Also, 
permeability across the cell membranes 
was inhibited; consequently, utilization of 
glucose was suppressed significantly. The 
sensitivity of tissue to insulin disappeared 
with feeding the choline-deficient diet. 
These disturbances resulted in a decrease 
of liver glycogen and carcass lipid. De
ficiency of intracellular choline inhibits 
phospholipid synthesis and fatty acid is 
not utilized for the synthesis. If the glu
cose supply is sufficient, FFA would be 
accumulated as triglyceride. However, if 
the glucose supply is insufficient the ac
cumulation of FFA would increase and the 
increased FFA would inhibit fatty acid 
synthesis. Administration of choline to the 
deficient animals induced fatty acid syn
thesis through increasing phospholipid 
synthesis and decreasing the FFA level. 
Furthermore, the increase of glucose sup
ply would be accompanied by increase of 
NADPH synthesis, which is needed for 
fatty acid synthesis.

LITERATURE CITED

1. Tani, H., S. Suzuki, M. Kobayashi and Y. 
Kotake 1967 The physiological role of 
choline in guinea pigs. J. Nutr., 92: 317.

2. Pilgeram, L. O., and D. M. Greenberg 1954 
Susceptibility to experimental atherosclerosis 
and the methylation of ethanolamine-l,2-14C 
to phosphatidyl choline. Science, 120: 760.

3. Jurtshuck, P. Jr., I. Sekuzu and D. E. Green 
1961 Interaction of the n-(-)-j3-hydroxy- 
butyric dehydrogenase apoenzyme with leci
thin. Biochem. Biophys. Research Commun., 
6: 76.

4. Tinoco, J., A. Schannon, P. Miljanich, R. 
Babcock and R. L. Lyman 1965 Liver 
lipids of choline-deficient rats. Biochem. J., 
94: 751.

5. Folch, J., M. Lees and G. H. Sloane-Stanley 
1957 A simple method for the isolation and 
purification of total lipids from animal tis
sues. J. Biol. Chem., 226: 497.

6. Schneider, W . C., and G. H. Hogeboom 
1950 Intracellular distribution of enzymes. 
J. Biol. Chem., 183: 123.

7. Rhodes, D. N., and R. M. C. Dawson 1960 
Chromatographic and Electrophoretic Tech
niques, vol. 1. Interscience Publishers, New 
York, p. 363.

8. Colowick, S. P., and N. O. Kaplan 1957 
Methods in Enzymology, vol. 2. Academic 
Press, New York, p. 34.

9. Madsen J., S. Abraham and I. L. Chaikoff 
1964 Conversion of glutamate carbon via 
citrate in rat epididimal fat pads. J. Lipid 
Res., 5: 548.

10. Jeffay, H., and J. Alvarez 1961 Liquid 
scintillation counting of carbon-14. Anal. 
Chem., 33: 612.

11. Numa, S., M. Matsuhashi and F. Lynnen 
1961 Zur Störung der Fettsäure Synthese 
bei Hunger und Alloxan-Diabetes. Biochem. 
Z., 334: 203.

12. Duncombe, W . G. 1963 Colorimetric mi- 
crodetermination of long-chain fatty acids. 
Biochem. J., 88: 7.

13. Fessler, F., D. Rubinstein and J. C. Beck 
1967 The effect of prolonged incubation on 
lipid synthesis by rat adipose tissue. J. Biol. 
Chem., 242: 1462.

14. Rodbell, M., 1966 Metabolism of isolated 
fat cells. The similar effects of phospho
lipase C and of insulin on glucose and amino 
acid metabolism. J. Biol. Chem., 241: 130.

15. Korchak, H. M., and E. J. Masoro 1964 
Free fatty acids as lipogenic inhibitors. Bio- 
chim. Biophys, Acta, 84: 750.

16. Bortz, W. M., and F. Lynnen 1963 The 
inhibition of acetylcoenzyme A carboxylase 
by long chain acylcoenzyme A derivatives. 
Biochem. Z., 337: 505.

17. Cahill, G. E., Jr., B. Leboeuf and A. E. Renold 
1960 Factors concerned with the regula
tion of fatty acid metabolism by adipose 
tissue. Amer. J. Clin. Nutr., 8: 733.

18. Artom, C. 1953 Role of choline in the 
oxidation of fatty acids by the liver. J. Biol. 
Chem., 205: 101.

19. Artom, C. 1955 Effect of choline admin
istration on the oxidation of fatty acid by 
extrahepatic tissues. J. Biol. Chem., 213: 
681.



Alleviation of the Leg Abnormality in Zinc-deficient
Chicks by Histamine and by Various
Anti-arthritic Agents 1

FORREST H. NIELSEN, MILTON L. SUNDE a n d  WILLIAM G. HOEKSTRA
Departments of Biochemistry and Poultry Science, University of Wisconsin, 
Madison, Wisconsin

ABSTRACT Two experiments were conducted with zinc-deficient chicks fed a diet 
based on soybean protein (13 ppm Zn) to assess the effects, on the “arthritis-like”  or 
"perosis-like” leg defect, of feeding a number of commonly used anti-arthritic agents. 
Prevention of the leg deformity in chicks was compared with that elicited by dietary 
histamine dihydrochloride (0.2%  ) and by dietary zinc (88 ppm Zn). Either histamine 
or zinc essentially prevented the occurrence of leg abnormalities. Of the five anti- 
arthritic agents tested, four were highly effective in preventing the leg disorder. The 
effective agents and approximate dietary level (in percent) required for protection 
were: aspirin, 0.5 to 1.0; phenylbutazone, 0.2; cortisone acetate, 0.1; and indomethacin, 
0.025. Dietary gold sodium thiosulfate (0 .2%  ), the fifth anti-arthritic agent, had little 
effect, but it was not tested by intramuscular injection, the way it is usually admin
istered to human patients. Histamine, as well as the anti-arthritic agents, had little 
or no effect on the symptoms of zinc deficiency other than the leg defect. Three other 
drugs related to histamine (pyrilamine maleate, an anti-histaminic, 0.2% ; jS-histine, 
a vasodilator, 0 .3 % ; and aminoguanidine, a histaminase inhibitor, 0 .1 % ) had no 
significant effect on the zinc-deficient chick. The possible use of the zinc-deficient 
chick in the study of arthritis and anti-arthritic agents is discussed.

O’Dell and his associates (1 )  reported 
that one of the defects caused by zinc de
ficiency in chicks was a leg abnormality. 
This defect was characterized by a stiff 
and unsteady gait, shortening and thicken
ing of the long bones, swelling of the 
hocks, apparent failure of cartilage cell 
development in the epiphyseal plate region 
of the long bone and decreased osteoblastic 
activity in the bony collar. The results of 
Young and co-workers (2 )  and later work 
in our laboratory (3 )  confirmed the ob
servation that chicks fed a low zinc diet 
based on isolated soybean protein devel
oped the leg defects described by O’Dell 
et al. (1 ). However, chicks fed low zinc 
diets based on casein hydrolysate or egg 
white, although having the other signs of 
zinc deficiency, did not develop the leg ab
normality (3 ).

Further studies (4, 5) on zinc-deficient 
chicks fed diets based on soybean protein 
demonstrated that large amounts (1 -2%  
of the diet) of supplemental histidine, or 
smaller amounts (0.1-0.2%  of the diet) of 
histamine, prevented the development of 
leg abnormalities but did not otherwise 
alleviate the zinc deficiency. A number of

other histidine or histamine metabolites 
and related compounds were ineffective 
in alleviating the leg abnormality (5 ). 
The leg defect in chicks fed low zinc diets 
based on soybean protein was designated 
as “arthritis-like” or “perosis-like” on the 
basis of the outward signs (5 ). The stiff 
gait and the reluctance, but not complete 
disability, in movement suggested a pain
ful joint. Furthermore, the joint was swol
len and a twisting deformity was some
times present, but “slipped tendon” was 
extremely rare. The observation that hy
dralazine can cause lesions in man resem
bling rheumatoid arthritis (6 )  and that 
this same agent causes a perosis in chicks
(7) provides further evidence for a possible 
relationship between perosis and arthritis. 
Although the observations that have been 
made on the histopathology of the lesions 
of the bones and joints in zinc-deficient 
chicks (1, 2 ) provide no evidence for a
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close parallel to rheumatoid arthritis, it 
was speculated that the pathogenesis of 
the hock disorder in zinc-deficient chicks 
may have some features in common with 
that of certain arthritic conditions in hu
mans. It was reasoned further that sub
stances which act as anti-arthritic agents 
in man may also act as alleviators of the 
“arthritis-like” leg disorder in zinc-deficient 
chicks fed diets based on isolated soybean 
protein.

The present paper describes the effects 
of several types of anti-arthritic drugs (i.e., 
cortisone, aspirin, indomethacin, phenyl
butazone, and gold thiosulfate) on the 
zinc-deficient chick. Because histamine 
effectively alleviated the “arthritis-like” leg 
disorder in zinc-deficient chicks (5 ) ,  the 
3 drugs pyrilamine maleate (an anti-his- 
taminic), /3-histine (a  vasodilator like his
tamine), and aminoguanidine, a histamin- 
ase inhibitor), were also tested.

MATERIALS AND METHODS

Two experiments were conducted with 
one-day-old New Hampshire X Single 
Comb White Leghorn chicks without segre
gation according to sex. The birds were 
distributed at random into groups of 10 
each and placed in a stainless steel battery 
at 37° to 40°. Feed and distilled water were 
provided ad libitum in aluminum troughs. 
Feed was mixed every 2 weeks and stored 
in a refrigerator until it was fed. The 
composition of the diet, based on soybean 
protein, was that described previously (3) 
except that 4 mg of folic acid/kg of diet 
were fed instead of 0.4 mg. In addition, 
the zinc-deficient diet used in the present 
study contained 5 ppm of supplemental 
zinc and analyzed 13 ppm total zinc on 
an air-dried basis (determined by a Perkin 
Elmer Model 214 atomic absorption spec
trophotometer (3 ) ) .  The 5 ppm of sup
plemental zinc were added to the diet 
to reduce mortality and to allow sufficient 
growth so that leg abnormalities were 
more prominent.

As controls in each experiment, a group 
of chicks were fed the zinc-deficient diet 
(severe leg deformity) and another group 
was fed the diet containing 80 ppm sup
plemental zinc (essentially free of leg 
deformities). Zinc was added to the diet 
in the form of zinc oxide.

In experiment 1, test groups of chicks 
fed the zinc-deficient diet were fed the 
following compounds 2 (in percent of the 
air-dried diet), respectively: histamine
dihydrochloride, 0.2; phenylbutazone, 0.1; 
indomethacin, 0.1; cortisone acetate, 0.05; 
aspirin ( acetylsalicylic acid), 0.2; pyril- 
amine maleate, 0.2; /3-histine, 0.3; and 
aminoguanidine bicarbonate, 0.2.

In experiment 2, the compounds tested 
as additions to the zinc-deficient diet were 
(in percent of the air-dried diet), respec
tively: histamine dihydrochloride, 0.2;
phenylbutazone, 0.2; indomethacin, 0.1,
0. 05, and 0.025; aspirin (acetylsalicylic 
acid), 1.0 and 0.5; cortisone acetate, 0.1; 
and gold sodium thiosulfate,3 0.2.

During the course of each experiment, 
the chicks were weighed weekly and ob
served for abnormalities. When the chicks 
were 4 weeks of age, body weights, leg 
scores and feather scores were taken. 
Legs were scored using a scale of 1 through
5. The following designations were given:
1, indicates a chick with normal legs; 2, 
a chick with legs slightly shortened and 
thickened, and walking with toes pointed 
outward more than normal; 3, a chick 
with legs which were moderately shortened 
and thickened and with moderately swol
len hocks, such that walking ability was 
hampered slightly; 4, a chick with shor
tened and thickened legs with swollen 
hocks causing a very stiff and unsteady 
gait; and 5, a chick with extremely shor
tened and thickened legs with hocks so 
twisted and swollen that the chick could 
hardly walk. Feathers were scored using 
a scale of 1 through 5. The following 
designations were given: 1, wing feathers 
were normal; 2, wing feathers were 
slightly ragged, but not typical of zinc- 
deficient chicks (4 ) ;  3, the inner portion

2 The sources of the compounds tested were as fol
lows: Histamine dihydrochloride, Nutritional Bio
chemicals Corporation, Cleveland; phenylbutazone 
(Butazolidin), Geigy Pharmaceuticals, Ardsley, New 
York; indomethacin (Indocid), Merck and Company, 
Inc., Rahway, New Jersey; cortisone acetate, Mann 
Research Laboratories, Inc., New York; aspirin (acetyl
salicylic acid), Sigma Chemical Company, St. Louis; 
pyrilamine maleate, K and K Laboratories, Inc., Plain- 
view,  ̂ New York; 0-histine (Sere), Unimed, Inc., 
Morristown, New Jersey; and aminoguanidine bicarbo
nate, Aldrich Chemical Company, Inc., Milwaukee. 
The authors acknowledge with thanks the following 
companies for supplying drugs gratis: Geigy Pharma
ceuticals, Merck and Company, Inc., and Unimed, Inc.

3 Prepared from gold chloride and sodium thio
sulfate as described in the Merck Index, ed. 7, 1960 
Merck and Company, Inc., Rahway, New Jersey, p. 
495.
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(secondaries) of the feathers showed 
some barbules or barbicels which were not 
interlocked properly (less than 2 5 % ), 
which caused the inner part of the feathers 
to have a slightly ragged appearance while 
the outer part of the feather appeared to 
be normal; 4, same as 3 except for a much 
greater proportion (more than 25% ) of 
poorly functioning barbules or barbicels; 
and 5, very abnormal wing feathers with 
brittle and broken rachises and with the 
entire inner portions showing no properly 
interlocked barbules or barbicels. The 
rating systems were reproducible, as ap
proximately 80% of the time two indepen
dent observers arrived at the same value. 
In the other 20% of the cases, the ob
servers did not differ by more than one 
value. After the weights and scores were 
taken, blood was withdrawn from the 
chick by heart puncture with a heparinized 
needle. The chick was decapitated, and 
the legs were removed and stored at — 8° 
for later analysis. Length and width mea
surements of the femurs were determined 
by removing the flesh from the bone by rub
bing with cheesecloth and measuring the 
smallest diameter and the largest length 
with micrometers. In experiment 2, the giz
zards were also inspected to screen for 
ulcerogenic activity of any of the drugs. 
The gizzards were scored using a scale of 
1 through 5. The following designations 
were given: 1, normal; 2, slight erosions,

or 1 erosion; 3, 2 to 3 erosions; 4, more 
than 3 erosions; and 5, ulcers.

Statistical analysis was by Duncan’s mul
tiple range test for unequal replication (8).

RESULTS

The results of experiment 1 are shown 
in table 1. As reported previously (5 ) ,  
histamine alleviated the leg abnormality 
in the zinc-deflcient chick. Histamine 
significantly decreased the leg score and 
significantly increased the length-to-width 
ratio of the femur. However, histamine- 
treated chicks were still severely zinc-defi
cient as the final body weight was not 
significantly different from that of the 
zinc-deficient controls; also, addition of 
zinc to the histamine-supplemented diet 
produced a marked increase in growth 
rate.

Cortisone acetate (0.05% of the diet) 
and indomethacin (0.1%  of the diet) had 
effects similar to the effect of histamine. 
Both of these anti-arthritic and anti-in
flammatory drugs alleviated the “arthritis
like” syndrome in the zinc-deficient chick, 
as indicated by the significantly decreased 
leg scores and, in the case of indomethacin, 
by the significantly increased length-to- 
width ratio of the femurs. Neither drug 
had an effect on body weight. At the 
levels tested, the other two anti-arthritic 
agents, aspirin and phenylbutazone, gave 
indications of alleviating leg abnormalities

TABLE 1
Body weights, leg scores, feather scores and femur length-to-width ratios at 4 weeks of age in chicks 

fed diets based on soybean protein and supplemented with various anti-arthritic and
related compounds (exp. 1)

Treatment supplemented Body wt Mortality Leg 
score 1

Feather 
score 1

Length/ 
width 

ratio of 
femur

% of diet ppm 9 %
None 5 s 178 ab 3 0 4.4 a 4.4 a 9.6 ab
None 80 361 d 20 1.2 d 1.4 d 11.8»
0.2% histamine dihydrochloride 5 153 a 0 2.0 »d 2.7 0 11.4»
0.2% histamine dihydrochloride 80 246 « 0 1.3 d 1.6» 12.3 »
0.1% phenylbutazone 5 IS? >b O 3.8 ab 4.0» 9.5 ab
0.1% indomethacin 5 141 a 70 1 .7 cd 5.0 a 12.6 »<•
0.05% cortisone acetate 5 177 ab 10 2.9 b0 3.2 b» 10.1 »
0.2% aspirin 5 199 b 10 3.8 ab 4.0 ab 9.3 ab
0.2% pyrilamine maleate 5 158 a 20 3.4 ab 3.4 ab 10.2 b
0.3% /S-histine 5 156 a 0 3.8 ab 4.3 a 9.4 ab
0.1% aminoguandine bicarbonate 5 184 ab 20 4.1 a 3.9 ab 8 .8  a

1 1 =  normal; 5 =  very abnormal, see text.
2 Diet contained a total of 13 ppm zinc by analysis.
s Values within a column followed by the same letter are not significantly different (P >  0.05) from each 

other.
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in the zinc-deficient chick, but the effects 
were statistically nonsignificant by the 
criteria used.

Pyrilamine male ate, /i-histine and ami- 
noguanidine bicarbonate, at the levels 
tested, had no significant effect on the zinc- 
deficient chick.

Although indomethacin alleviated the 
leg abnormality in zinc-deficient chicks, 
it had a detrimental side effect. Seven of 
10 chicks started on experiment died be
fore the experiment was terminated. Upon 
postmortem examination of four of these 
chicks, it was found that the gizzards were 
ulcerated severely and had perforated, 
causing the abdominal cavities to be filled 
with fluid.

From experiment 1, it appeared that 
indomethacin was being fed at an exces
sive level. Furthermore, since cortisone 
acetate was not as effective as histamine 
in overcoming leg abnormalities, and be
cause phenylbutazone and aspirin had only 
slight, nonsignificant effects on the zinc- 
deficient chick, it was concluded that ef
fective levels of these compounds may 
not have been fed in experiment 1. The 
second experiment was then conducted 
with drug levels adjusted accordingly.

The data for experiment 2 are shown 
in table 2. All anti-arthritic agents at the 
levels tested in this experiment (except for

the borderline improvement as the result 
of gold sodium thiosulfate treatment) gave 
results which were not significantly differ
ent from that of histamine treatment. The 
improvement in legs was so marked that 
none of the groups, except the one fed gold 
sodium thiosulfate, had length-to-width 
ratios of femurs significantly different 
from those of chicks fed the zinc-supple
mented control diet. The chicks fed indo
methacin, cortisone or aspirin had leg 
scores which were not significantly diff
erent from those of zinc-supplemented 
controls. The chicks appeared still to be 
zinc-deficient, as they showed depressed 
growth, and with the possible exception of 
the surviving chicks fed 0.1% indometha
cin, had abnormal feathering (high 
feather scores).

Histamine, phenylbutazone, aspirin, and 
indomethacin had detrimental effects on 
the gizzards as indicated by the increased 
gizzard scores. Indomethacin appeared to 
cause the greatest amount of gizzard ulcer
ation; some of the gizzards were ulcerated 
so severely that perforations were present. 
When indomethacin was fed at 0.1% of 
the diet, 80% mortality resulted. At 
0.05% of the diet, indomethacin caused 
death of 70% of the chicks. At 0.025% 
indomethacin, the mortality rate was de
creased to 10%, but the gizzards of the

TABLE 2
Body weights, leg scores, feather scores, gizzard scores and femur length-to-width ratios at 4 weeks 

of age in chicks fed diets based on soybean protein and supplemented with various anti-
arthritic agents (exp. 2)

Treatment supplemented Body wt Mortality Leg 
score 1

Feather 
score 1

Gizzard 
score 1

-Length/ 
width 

ratio of 
femur

% of diet ppm g %
None 5 2 148 ab 3 40 4.5 a 4.2 a 2.0 a 10.0 a
None 80 274 ' 0 1.2 8 1.3 d 2.3 ab 12.3 b
0.2% histamine

dihydrochloride 5 132 ab 0 2.1 'd 2.8 b' 4.5 ' 11.1 ab
0.2% phenylbutazone 5 131 ab 30 2 .3 ' 4.1 a 3 .9 ' 11.1 ab
0.1% indomethacin 5 130 ab 80 1.5 cde 1.5 "> 5 .0 ' 12.4»
0.05% indomethacin 5 104 a 70 1.3 'de 4.0 ab 5.0 ' 12.6 b
0.025% indomethacin 5 130 ab 10 2 y C(*e 3.6 ab 4 .6 ' 12.0 ab
1.0% aspirin 5 107 a 0 1.3 da 3.0 abc 3.9 ' 12.4 b
0.5% aspirin 5 132 ab 10 2 .2 ' 4.1 a 3.6 ' 11.6 ab
0.1% cortisone acetate 5 1 2 7  a b 10 1.8 cde 3.3 ab 3.3 b' 11.3 ab
0.2% gold sodium

thiosulfate 5 155 b 20 3.7 b 4.0 ab 2.1 a 10.2 a
1 1 =  normal; 5 =  very abnormal, see text.
2 Diet contained a total of 13 ppm zinc by analysis.
3 Values within a column followed by the same letter are not significantly different (P >  0.05) from each 

other.
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chicks usually showed severe ulceration 
which resulted in the high gizzard score 
of 4.6.

Gold sodium thiosulfate did not have a 
marked effect on the leg abnormality, 
but it improved slightly, but significantly, 
the leg score. Further studies are needed 
to ascertain whether gold sodium thiosul
fate administered by intramuscular injec
tion as it is for human arthritic patients, 
or at a higher dietary level, will cause a 
definite alleviation of the “arthritis-like” 
leg disorder.

DISCUSSION

The apparently paradoxical result that 
histamine, which is supposedly a mediator 
of the early phases of inflammation (9 ), 
and the several anti-inflammatory com
pounds had a similar alleviating effect 
on the “arthritis-like” leg deformity of zinc- 
deficient chicks is difficult to explain at our 
present state of knowledge. However, 
histamine has also been shown to moderate 
the lesions of “formalin-induced” arthritis 
of rats (10, 11).

Because drugs used in the treatment of 
arthritic syndromes, such as rheumatoid 
arthritis and osteoarthritis, in man, had 
such a dramatic effect on the leg abnor
mality of zinc-deficient chicks fed a diet 
based upon isolated soybean protein, one 
may postulate that the pathogenesis of the 
leg abnormality may be similar, in at least 
certain respects, to some arthritic syn
dromes in man. If this similarity exists, 
it is possible that the “arthritis-like” leg 
abnormality of chicks can play a role in 
two investigational fields, (a ) elucidating 
the biochemical causes and suggesting 
methods of prevention of arthritic syn
dromes in man, and (b )  the screening of 
compounds for possible anti-arthritic 
activity and study of their mechanisms of 
action.

The importance of (a ) above needs no 
explanation, for the exact etiology, path
ogenesis, and lasting cures for arthritic 
conditions such as rheumatoid arthritis 
and osteoarthritis are not known. This 
may, in part, be due to the fact that no 
species of experimental animal is known 
to have a natural arthritis similar to that 
of rheumatoid arthritis or osteoarthritis 
in man. Many “arthritis-like” syndromes

have been produced in animals but most 
are not very satisfactory for the study of 
rheumatoid arthritis or osteoarthritis. 
Gardner (12 ) has reviewed many of these 
syndromes and has given reasons why they 
are unsatisfactory for the study of arthritic 
syndromes like rheumatoid arthritis. Most 
of the experimental arthritic syndromes 
are created by the injection of exogenous 
substances, for example, urate crystals 
in dogs (13 ), “adjuvant” in rats (1 4 ), or 
bacteria in swine (15).

In this investigation, a leg abnormality 
which responds to anti-arthritic agents was 
created in chicks without the injection of 
an exogenous substance, but simply by 
making alterations in the diet. The abnor
mality can be obtained by feeding soybean 
protein, but not casein hydrolysate or 
dried egg white, as the amino acid source 
for zinc-deficient chicks (3 ). However, it 
has been observed in our laboratory4 that 
this leg abnormality can also be created 
in zinc-deficient chicks fed the appropriate 
amino acid diets (apparently, low levels 
of both histidine and zinc are needed); 
therefore, this effect does not specifically 
depend on feeding isolated soybean pro
tein, but relates to the amino acid pattern 
of the diet. Possibly some disturbance 
in the metabolism of zinc or of histidine 
or histamine may be important in the 
etiology of rheumatoid arthritis or osteo
arthritis in man. Of possible significance 
in this respect is the observation that adult 
human patients with rheumatoid arthritis 
have higher-than-normal concentrations 
of zinc in the synovial fluid and excrete 
about threefold more zinc in the urine 
than controls.5 Moreover, a depressed con
centration of blood serum histidine has 
been suggested as a diagnostic aid for 
rheumatoid arthritis.6 Even if the overt 
causes of the arthritic syndromes in man 
and those produced in chicks are different, 
as appears likely, the basic biochemical

4 Nielsen, F. H. 1967 Relationship of histidine, its 
metabolites and other factors to the “ arthritic”  syn
drome in zinc-deficient chicks. Ph.D. Thesis, Univer
sity of Wisconsin.

s Bonebrake, R. A., J. T. McCall, G. G. Hunder and 
H. F. Polley 1967 Zinc accumulation in synovial 
fluid. Federation Proc., 26: 523 (abstract).

6 Gerber, D. A., and M. G. Gerber 1967 Decreased 
concentration of histidine in the serum of patients 
with rheumatoid arthritis — a new diagnostic aid. 
Arthritis Rheum., 10: 279 (abstract).
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lesion may be the same and studies of this 
lesion should be pursued in zinc-deficient 
chicks.

The possibility of “rheumatoid-like” arth
ritis occuring in chicks is not remote. It 
has been shown that chronic administra
tion of hydralazine, used for the treatment 
of hypertension in humans, can cause 
lesions resembling rheumatoid arthritis 
in man (6 ). Feeding hydralazine to chicks 
results in a perosis, which is similar in 
many respects to the hock disorder studied 
here, and which has reportedly been over
come by manganese supplementation (7 ). 
However, manganese supplementation 
does not affect the leg disorder caused by 
zinc deficiency (3 )  and histamine is not 
effective in overcoming the perosis caused 
by manganese deficiency.7 Clearly, the 
perosis caused by manganese deficiency 
differs in important respects from that 
caused by zinc deficiency.

Use of the leg defect in zinc-deficient 
chicks for screening possible anti-arthritic, 
an anti-inflammatory, compounds and 
studying their mechanism of action is sug
gested. Many screening tests now used 
are not closely related to rheumatoid 
arthritis or osteoarthritis. For example, the 
Evans Blue pleural effusion test measures 
the amount of reduction of the exudative 
response to the intrapleural injection of 
Evans Blue (16 ). In rats with “adjuvant”- 
induced arthritis, several known anti-in
flammatory, or anti-arthritic, drugs have 
been shown to decrease the foot volume 
and “inflammation unit” measurements
(17). However, as in the case of the Evans 
Blue pleural effusion test, these measure
ments are indexes only of a general in
flammatory response to the injection of an 
exogenous substance. With the zinc-defi
cient chick fed a diet based on isolated 
soybean protein, possible anti-arthritic 
compounds can be tested against an “arth
ritis-like” syndrome not caused by injection 
of exogenous substances. The gastrointes
tinal ulceration produced by certain drugs 
can also be determined simultaneously.

That an “arthritis-like” syndrome which 
responds to anti-inflammatory agents can 
result in chicks from a nutritional insult, 
may have further implications for the 
cause of arthritis in man.
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An Unrecognized Nutrient for the Guinea Pig 1,2
K. D. SINGH,3 E. E. MORRIS, W . O. REGAN a n d  B. L. O’DELL 
Department of Argicultural Chemistry, University of Missouri, 
Columbia, Missouri

ABSTRACT An attempt was made to identify or characterize the components of 
natural products which stimulate the growth rate of guinea pigs fed purified diets. 
Animals were fed for 4 weeks a soybean protein basal diet that contained 0.5% added 
methionine, 15% woodpulp and 200 mg of ascorbic acid/100 g. The growth rate was 
increased when this diet was supplemented with either raw cabbage or alfalfa. Similar 
results were obtained when a casein basal diet was fed. The growth-promoting com
ponent of cabbage was identified as ascorbic acid. When ascorbic acid was supplied 
as single oral doses of up to 60 mg/day it had no effect, but the consumption of a 
continuously available ascorbic acid solution (2  m g/m l) significantly increased the 
growth rate. It was concluded that cabbage stimulated growth by virtue of providing 
a more nearly continuous supply of ascorbic acid. Alfalfa contains a growth stimulant 
other than ascorbic acid. When the alfalfa was oven-dried it did not supply a signifi
cant amount of ascorbic acid, but supported an excellent growth rate. Water and 
ethanol extraction did not remove the active component and the activity of the residue 
could not be attributed to its ash or cellulose content. Alfalfa supplementation in
creased the ascorbic acid content of adrenal and spleen tissues slightly, but not to the 
same extent as ad libitum consumption of cabbage and ascorbic acid solution.

Since the isolation of vitamin Bl2, nu
merous claims have been made for the 
existence of unidentified nutrients in 
natural products. A large proportion of 
these investigations have used the chick 
as the experimental subject, but there are 
reports that the guinea pig requires un
recognized compounds to support the 
maximal growth rate.

Ershoff (1 )  reported a growth response 
to desiccated alfalfa when guinea pigs 
were fed a mineralized dried milk ration, 
but not when they were fed a semisynthe
tic diet. However, Reid and Mickelsen (2) 
obtained a significant increase in growth 
rate by supplementation of a casein-base 
diet with 27% of alfalfa meal so as to 
maintain a constant level of nitrogen. 
More recently, Lakhanpal et al. (3 )  have 
also presented evidence for an unidentified 
growth factor in alfalfa and other plant 
sources. Certain plant products have been 
shown to decrease susceptibility of guinea 
pigs to radiation injury (4 )  and salmonel
losis (5 ).

The guinea pig is nutritionally unique 
among lower animals in that it requires 
ascorbic acid. A vitamin C-sparing factor, 
which elevates tissue levels of ascorbic 
acid, has been postulated (6, 7). Bioflav

onoids have been shown to increase tissue 
ascorbic acid levels when fed as supple
ments to an ascorbic acid-containing diet, 
but they did not retard the development 
of scurvy with a scorbutogenic diet (8, 9). 
Crampton and Lloyd (10 ) concluded that 
rutin improves the biological potency of 
ascorbic acid when ascorbic acid is fed at 
sub-minimal levels.

In a preliminary report4 it was shown 
that raw cabbage stimulates the growth 
rate of guinea pigs and protects them 
against salmonellosis. The growth-stimu
lating component was destroyed by drying 
but the salmonellosis resistance factor 
was stable (5 ). The present paper is 
concerned with the nature of the labile 
component in cabbage and presents evi
dence for an unrecognized nutrient in 
alfalfa. * 1 2 3 4
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EXPERIMENTAL

Weanling guinea pigs, 3 to 8 days of 
age, produced in our colony and weighing 
about 125 g, were housed on raised wire 
floors in groups of four. Because of other 
demands for the males, for the most part, 
females were used in this study. Control 
animals were started at approximately 
monthly intervals so that at least one 
group was fed the basal diet concurrently 
with those fed the respective supplements. 
Since the growth rates of the basal groups 
did not vary significantly, those fed the 
test diets were compared with the total 
number fed the basal diet, with the t test 
used as a measure of statistical signifi
cance.

The composition of the basal diets is 
given in table 1. Supplements were added 
at the expense of the total diet. Ascorbic

TABLE 1
Composition of basal diets

Casein
basal

Soy
protein
basal

% %
Washed casein 1 30.0 —

Isolated soy protein 2 — 30.0
Sucrose 43.3 42.1
Cellulose 3 15.0 15.0
Soybean oil 4.0 4.0
Salts I 4 4.0 —
Salts I I 1 2 3 4 5 — 5.0
Potassium acetate 2.7 2.5
Magnesium oxide 0.5 0.5
Ascorbic acid 0.2 0.2
Choline chloride 0.1 0.2
DT-Methionine 0.2 0.5
Chlortetracycline 'HCl 0.0025 0.0025
Water-soluble vitamins 6 + +
Fat-soluble vitamins 7 + +

1 Nabb and O’Dell (5 ).
2 Promine R, Central Soya Company, Inc., Chicago.
3 Wood pulp (Solka Floe), Brown Company, Berlin, 

New Hampshire.
4 Salts I supplied: (g/100 g of diet) CaC0 3 , 2.05; 

MgC03, 0.10; MgSQ4, 0.05; MnS04 H20, 0.08; NaCl, 
0.28; KC1, 0.45; KH2P04, 0.83; FeP04 (soluble), 0.16; 
CuS0 4-5H20, 0.0056; ZnS04-7H20, 0.0025; CoC12-6H20, 
0.003; A1K(S04)2-12H20, 0.0007; NaF, 0.004; and KI, 
0.003.

5 Salts II supplied: (g/100 g of diet) CaCC>3, 0.90;
CaHP04, 2.04; MgS04, 0.30; MnS04-H20, 0.06; NaCl, 
0.26; Na2HP04, 0.64; KC1, 0.77; Fe citrate, 0.036; 
CuS04, 0.002; ZnC03, 0.0143; and KI03, 0.0017.

6 Water-soluble vitamins supplied: (mg/100 g diet) 
thiamine-HC1, 1.0; riboflavin, 1.0; pyridoxine-HCl, 1.0; 
Ca pantothenate, 3.0; niacin, 5.0; folic acid, 0.6; 
inositol, 100; D-biotin, 0.02; and cyanocobalamin, 
0.003.

7 Fat-soluble vitamins supplied per 100 g diet: 
vitamin A palmitate, 2000 IU; vitamin D3, 285 IU; 
a-tocopheryl acetate, 2.0 mg; menadione, 1.0 mg; 
ethoxyquin (Santoquin, Monsanto Company, St. 
Louis), 12.5 mg.

acid was included in the basal diets, but in 
some of the later experiments it was omit
ted from the diet and supplied as a daily 
oral dose. Food and water were supplied 
fresh once daily and were available ad 
libitum. The food was moistened with 
water to form a thick paste just before it 
was offered to the animals. Although 
this practice resulted in loss of ascorbic 
acid, assays showed that sufficient re
mained to meet the recommended allow
ance.

Analytical methods Ascorbic acid in 
fresh cabbage, cabbage juice, dehydrated 
alfalfa meal and the basal rations was de
termined by indophenol titration (11 ). 
The 2, 4-dinitrophenylhydrazine procedure 
of Roe and Kuether (12 ) was used to de
termine ascorbic acid in adrenal, spleen 
and liver. The methods reported by the 
vitamin E panel of the SAC (13) and Booth 
and Bradford (14 ) were modified for the 
determination of the lipid-soluble reducing 
substances in alfalfa meal.

Cabbage fractions The outside leaves 
of cabbage were removed and the remain
der was divided into portions of approxi
mately 300 g. These were supplied either 
ad libitum or on a dry-matter basis as 
indicated. Cabbage was dried in a forced- 
draft oven at 60° after being chopped to 
near salad consistency.

Cabbage juice was prepared by grinding 
the raw cabbage in a food chopper and 
straining through cheesecloth. The residue 
which remained was labeled cabbage pulp. 
The combination of juice and pulp was 
labeled blended cabbage.

When autoclaved, the cabbages were 
cut into eighths, wrapped in cheesecloth 
and heated at 115° for 20 minutes. The 
cooking juice was decanted and the juice 
expressed from the wrapped heads in a 
manual press. The pulp remaining was 
dried in a forced-draft oven and ground 
in a hammer mill. When the juice was in
corporated into the diet it was concentrated 
in vacuo to a syrup.

Alfalfa fractions Since commercial al
falfa meal did not consistently give a 
growth response, alfalfa meal was pre
pared from fourth-cutting alfalfa grown 
on the Experiment Station farm and har
vested in late September or early October. 
The freshly cut plants were brought to
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the laboratory and dried at 80° in a forced- 
draft oven. The dried material was ground 
in a hammer mill and stored under refrig
eration until used. Such preparations 
retained growth-promoting activity for at 
least 3 years.

An aqueous extract was prepared as 
follows: Oven-dried alfalfa meal (1500 
g) was placed in 20 liters of water and 
heated to boiling with live steam. The 
suspension was allowed to steep 30 min
utes, and was then drained through nylon 
net. The residue was re-extracted until 
the filtrate was essentially colorless; us
ually 6 times sufficed. The final residue 
was dried in a forced-draft oven. It con
stituted about 66% of the original weight. 
The water extract was concentrated to a 
syrup (20-40%  dry matter) in a vacuum 
evaporator. The dry matter yield was 
about 30% of the original alfalfa meal.

An ethanol extract was prepared as 
follows: Oven-dried alfalfa meal (2.5 kg) 
was refluxed with 95% ethanol (10 :1 )

for 4 hours and after cooling the super
natant solution was decanted. The residue 
was re-extracted a total of 10 times. After 
6 extractions the extract was nearly color
less, but additional extractions were made 
to assure removal of all ethanol soluble 
materials. The yield of residue was about 
80% of the starting material. The ethanol 
extracts were combined and concentrated 
in a vacuum evaporator to a syrup-like 
consistency. The dry-matter yield was 
about 15% of the original starting mate
rial.

RESULTS

The growth responses obtained when 
the basal diets were supplemented with 
cabbage and various cabbage fractions are 
shown in table 2. Raw cabbage signifi
cantly stimulated the growth rate of 
female guinea pigs fed the casein basal 
diet when supplied at dry-matter levels 
equivalent to 8.5% of total food consump
tion or ad libitum (approximately 25%

TABLE 2
Effect of cabbage and cabbage fractions on the grotvth of female guinea pigs

Supplement Amount1 No.
animals

Daily gain 
(4-wk)

% 9

Casein basal
None . _ 36 5.5 ± 0.11 2
Raw cabbage 8.5 8 6.7 ± 0.47 ** 4
Raw cabbage adlib. 8 7.3 ± 0.35 **
Oven-dried cabbage 15.0 11 5.6 ± 0.34
Blended cabbage mixed in diet 15.0 16 6.1 ± 0.22
Blended cabbage fed separately 15.0 4 7.2 ± 0.43 **
Fresh cabbage juice, 3 X daily in bottle ad lib. 4 5.8 ± 0.41
Fresh cabbage pulp, 3 X daily, separately ad lib. 4 6.8 ± 0.44 *
Raw cauliflower ad lib. 11 7.2 ± 0.26
Raw endive ad lib. 8 7.2 ± 0.33 **

Soybean protein basal
None — . 38 6.2 ± 0.18
Raw cabbage adlib. 12 7.6 ± 0.24 **
Autoclaved cabbage pulp in diet 5.0 8 6.1 ± 0.25
Autoclaved cabbage juice in bottle 3 ad lib. 28 7.4 ± 0.19 **
Autoclaved cabbage juice cone in diet 20.0 8 5.9 ± 0.39
Ascorbic acid 30 mg per os, daily — 24 6.2 ± 0.18
Ascorbic acid 60 mg per os, daily — 24 6.5 ± 0.11
Ascorbic acid in bottle, 2 m g/m l ad lib. 16 7.1 ± 0.31
a-Tocopheryl acetate 0.01 24 7.0 ± 0.21 **
a-Tocopheryl acetate +  ascorbic acid soin.

(2  m g/m l, ad libitum) 0.01 16 7.0 ± 0.25 **
Rutin mixed in diet 0.1 12 6.6 ± 0.22
Rutin 30 mg per os, daily — 8 6.4 ± 0.19

1 Percentages on dry-matter basis.
2 s e  o f  m e a n .
3 Autoclaved juice prepared fresh daily and fed in bottle.
4 Different from basal by Student’s t test, * P <  0.05, ** P <  0.01.
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of total). The growth-promoting activity 
was destroyed by oven-drying. When 
blended fresh cabbage was mixed with the 
basal diet at a level of 15.0% of the dry 
matter, there was not a statistically signifi
cant improvement in growth rate. How
ever, when the blended cabbage was fed 
separately from the basal diet, the results 
were equivalent to those obtained with 
unchopped portions. Juice prepared fresh 
3 times daily and offered ad libitum in a 
water bottle was inactive. The pulp re
maining after extraction of the juice re
tained some activity. Thus, it appears 
that the active component was destroyed 
when the cells were broken, probably being 
catalyzed by an enzyme as well as by a 
dietary constituent. Another member of 
the brassica family, cauliflower, and 
endive stimulated growth to the same ex
tent as cabbage.

The activity of cabbage fractions was 
also determined using the soybean protein 
basal diet. In agreement with the results 
of Reid and Mickelsen (2 ) ,  the growth rate 
with the unsupplemented soybean protein 
basal was greater than that with the casein 
basal diet. Even though this diet had a 
more adequate amino acid balance for the 
guinea pig, the raw cabbage supplement 
elicited a growth response of 1.4 g per day. 
In an attempt to eliminate possible en
zymatic destruction of the growth-promot
ing factor, the cabbage was autoclaved 
before blending to prepare the juice. The 
pulp, when dried and mixed in the diet, 
was inactive. In contrast with fresh juice, 
the autoclaved cabbage juice, supplied ad 
libitum, stimulated growth to nearly the 
same extent as fresh raw cabbage. A con
centrate of the autoclaved juice mixed in 
the diet produced no stimulation in the 
growth rate. Thus, the growth stimulant 
in cabbage was water-soluble and readily 
destroyed in solution when catalzyed by 
undenatured cell components or by con
tact with the diet.

The labile properties of the active com
ponent of cabbage resemble those of ascor
bic acid. Whereas the ascorbic acid of 
the fresh juice decreased to 30% of the 
initial value within 60 minutes, there was 
only a slight decrease in the ascorbic acid 
content of autoclaved cabbage juice over 
the same period. The ascorbic acid content

of the dry basal diet was 200 mg per 
100 g. When moistened, the level of re
duced ascorbic acid decreased to approxi
mately 100 mg per 100 g in a 6-hour per
iod. Although no gross signs of scurvy 
were detected, the effect of supplemental 
ascorbic acid was determined and the re
sults are shown in table 2. Daily oral 
supplements of 30 or 60 mg of additional 
ascorbic acid did not increase the growth 
rate. However, if the ascorbic acid was 
provided free choice as a solution in a 
water bottle, the growth rate was increased 
to 7.1 g per day, a highly significant in
crease over the rate attained when the 
basal diet was fed. During the first week 
the young animals were given the ascorbic 
acid solution as the only source of water. 
During the remainder of the experimental 
period, both fresh wrater and the ascorbic 
acid solution were available. Consumption 
of ascorbic acid during this free-choice 
period ranged from 200 to 300 mg per 
animal per day. In view of the properties 
of the cabbage factor and the fact that a 
continuous supply of ascorbic acid solution 
stimulated growth, it is probable that the 
major effect of ad libitum raw cabbage 
is to provide a continuous source of ascor
bic acid.

Other reducing substances were also 
tested for growth-promoting activity and 
some of the results are iucluded in table
2. The addition of a-tocopheryl acetate 
in the amount of 10 mg per 100 g of diet, 
increased the growth rate of females. A 
combination of a-tocopheryl acetate and 
ascorbic acid was no better than either 
alone. The bioflavonoid, rutin, mixed in 
the diet or given as a single oral dose, 
did not stimulate the growth rate. Two 
other compounds not shewn in the table, 
ubiquinone at 1 mg per day and erythorbic 
acid at 30 mg per day, were inactive.

In view of the fact that the mode of 
ascorbic acid supplementation affects 
growth response, in subsequent experi
ments, the basal diet was prepared without 
ascorbic acid and the vitamin supplied as 
a daily oral dose of 30 mg per animal. 
Table 3 summarizes the results obtained 
under these conditions with supplements 
of alfalfa and alfalfa fractions. Alfalfa, 
freshly cut daily and offered ad libitum,
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TABLE 3
Effect of alfalfa and alfalfa fractions upon the growth rate of weanling female guinea pigs

Supplement1 Amount 2 No.
animals

Daily gain 
(4-wk)

% 9
None — 24 6 .2 ±  0.18 3
Fresh alfalfa daily ad lib. 12 8.3 ± 0 .2 8  ** 4
Oven-dried alfalfa meal 2.5 16 6.9 ± 0 .2 3  *
Oven-dried alfalfa meal 5.0 24 7 .2 ± 0.20 **
Oven-dried alfalfa meal 10.0 19 6.7 ±  0.17 *
Water extract of oven-dried alfalfa 5.0 12 6.3 ± 0 .3 0
Water-insoluble residue of oven-dried alfalfa 5.0 16 7 .2 ± 0 .2 0  **
Ethanol extract of oven-dried alfalfa 1.0 24 6.6 ± 0 .2 6
Ethanol insoluble residue of oven-dried alfalfa 5.0 24 7.3±  0.20 **
Cellulose (wood pulp) 5.0 16 6 .6 ± 0 .1 6
Alfalfa ash 1.0 16 6.4 ±0 .1 8
Oven-dried alfalfa and ascorbic acid soln.

(2  m g/m l, ad lib.) 5.0 20 6.8 ± 0 .2 2  *
Oven-dried alfalfa and a-tocopheryl acetate (0.01%  ) 5.0 19 6.8 ± 0 .1 4  *

i Soybean protein basal diet without added ascorbic acid. Each animal received 30 mg ascorbic 
acid per os daily unless other ascorbic acid supplemenation is indicated.

3 Percentages on dry-matter basis.
3 s e  o f  m e a n .
4 Difference from basal statistically significant, * P <  0.05; ** P <  0.01.

Weeks on diet
Fig. 1 Effect of oven-dried alfalfa on the response of guinea pigs fed a scorbutogenic

diet or a suboptimal amount of ascorbic acid. -----------  basal scorbutogenic diet;
------------------basal plus 5%  oven-dried alfalfa, ---------------0.5 mg of ascorbic acid daily per
os, . . .  . 0.5 mg of ascorbic acid daily per os plus 5%  oven-dried alfalfa. Average
time to appearance of gross signs of scurvy indicated by arrow.

gave a significant increase in the growth 
rate. In contrast with oven-dried cabbage, 
oven-dried alfalfa retained a significant 
portion of its activity. The 5% level

gave the best rate of gain although the 
difference between 2.5 and 5% was not 
highly significant. It is probable that the 
activity lost during drying was due to
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ascorbic acid and that another growth 
stimulant remained.

The oven-dried alfalfa meal, as assayed 
by the 2,4-dinitrophenylhydrazine pro
cedure of Roe and Kuether (1 2 ), con
tained about 10 mg of ascorbic acid per 
100 g. Thus, when added at the 5% level 
it provided less than 0.5 mg per 100 g 
of diet or a daily intake of approximately 
0.1 mg, an insignificant amount compared 
with the 30-mg daily dose. Furthermore, 
it was determined biologically that there 
was insufficient ascorbic acid present in 
5% of oven-dried alfalfa to retard the 
development of scurvy in guinea pigs fed 
a scorbutogenic diet (fig. 1).

As shown in table 3, the water extract 
of oven-dried alfalfa was inactive, but the 
insoluble residue was fully as active as 
the starting material. Similarly, the alco
hol extract was inactive and the insoluble 
residue active. That the stimulation was 
not simply a function of bulk is shown by 
the failure of additional cellulose (total 
of 20% ) to give a significant improvement 
in the growth rate. The alfalfa factor is 
not inorganic in nature as shown by the 
inactivity of alfalfa ash. Neither ad libi
tum ascorbic acid solution nor additional 
a-tocopheryl acetate when supplied in com
bination with oven-dried alfalfa meal sup
ported a greater rate of gain than any 
single supplement. Furthermore, the 
growth-promoting effect of dehydrated al
falfa could not be due to its ascorbic acid 
content.

There might be an ascorbic acid-econo
mizing factor in alfalfa which either re
duces the need for exogenous ascorbic 
acid or reduces its rate of destruction in 
the body. In either case an increase in 
the tissue level should result. Conse
quently the ascorbic acid content of 
adrenal, spleen and liver was determined 
and the results are presented in table 4. 
Both fresh cabbage and ascorbic acid solu
tion more than doubled the ascorbic acid 
content of the tissues analyzed. The oven- 
dried alfalfa supplement also increased 
the adrenal ascorbic acid level in males 
(P <  0.05), but did not have a statistically 
significant influence in females. Spleen 
and liver values were not affected by the 
supplement. Males fed the water and 
ethanol-insoluble residue had higher con-
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TABLE 5
Failure of level or frequency of ascorbic acid supplementation to affect response to alfalfa

Oral
ascorbic acid 
supplement1

Daily gain, 4-wk 
Alfalfa supplement

None 5%

No. No.

9 9
Males

5 mg daily 12 7.5 ± 0 .2 0  2 8 8.1 ± 0 .3 2
10 mg daily 12 7.5 ± 0 .2 5 12 8 .4 ± 0 .2 6  * 3
20 mg daily 12 7.2 ± 0 .2 7 8 8.3 ± 0 .3 6  *
30 mg daily 24 7.4 ± 0 .2 0 28 8 .2 ± 0 .1 6  **

Females
30 mg daily 24 6 .2 ±0 .18 24 7.2 ± 0 .2 0  **
30 mg every 3rd day 15 6.1 ± 0 .2 7 16 7.1 ± 0 .2 5  **
30 mg weekly 15 6 .0 ± 0 .1 8 15 6 .8 ± 0 .2 0  **

1 Soybean protein basal diet with ascorbic acid omitted.
2 Standard error of the mean.
3 Significantly different from the non-alfalfa supplemented group, * P <  0.05; ** P <  0.01.

centrations of adrenal ascorbic acid. The 
bioflavonoid, rutin, also produced an in
crease in the ascorbic acid content of 
adrenal and spleen, but additional a-toco- 
pheryl acetate had no effect.

That the response to alfalfa does not 
depend upon the level or frequency of 
single ascorbic acid doses is shown in 
table 5. The growth of males fed the basal 
diet was not influenced by daily oral doses 
of ascorbic acid ranging from 5 to 30 mg. 
At each level of ascorbic acid, however, 
there was a significant response to the ad
dition of 5% oven-dried alfalfa. When 
the ascorbic acid was given to females at 
intermittent periods, up to intervals of 
one week, they grew at a greater rate 
when the alfalfa supplement was added 
to the basal and there was no difference 
in the response obtained.

Growth rates obtained in the bioassay of 
the oven-dried alfalfa for vitamin C are 
shown in figure 1. Guinea pigs fed 5% al
falfa were growing at a slightly faster rate 
after 2-weeks than those fed the unsupple
mented scorbutogenic diet, but thereafter 
the growth rate of both groups decreased 
sharply. Less than 50% of either group 
survived for 4-weeks and none was con
tinued longer on the scorbutogenic regi
men. The average time (17 days) at 
which gross symptoms of scurvy developed 
was the same for both groups. The effect 
of supplemental oven-dried alfalfa on the 
development of scurvy when a suboptimal

amount (0.5 mg per os daily) of ascorbic 
acid was given is also shown in figure 1. 
This dose is about one-half the requirement 
for the size of animals used (15 ). Animals 
fed the alfalfa-supplemented diet consis
tently exhibited a greater growth rate than 
those fed the unsupplemented basal, and 
the average length of time for the ap
pearance of gross scurvy symptoms was 
prolonged by about 10 days.

DISCUSSION

From a survey of adequate diets, Reid
(16) suggested 20 mg of ascorbic acid per 
100 g of diet as the minimal ascorbic acid 
requirement of the guinea pig. Collins 
and Elvehjem (15) reported that 0.5 mg of 
ascorbic acid per 100 g body weight is 
adequate for growth and verified the value 
by tissue analysis. The basal diets used 
in the present study contained initially 
200 mg of ascorbic acid per 100 g, and 
when ascorbic acid was given orally as a 
single dose, each animal received 30 mg 
per day. Higher oral doses, up to 60 mg 
per day, did not improve the growth rate. 
It is significant that ad libitum consump
tion of an ascorbic acid solution stimulated 
the growth to a rate above that observed 
when single daily doses were administered. 
It is possible that continuously available 
ascorbic acid, either in the form of cabbage 
or ascorbic acid solution, maintains a cri
tical level of ascorbic acid in some bio
chemical compartment. Penney and Zilva
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(17) showed that 25 mg of ascorbic acid 
given orally as a single dose, resulted in 
tissue ascorbic acid levels that were less 
than one-half of those observed when the 
25 mg were given in 50 doses at 10-minute 
intervals. There was no evidence that 
alfalfa spares the minimal ascorbic acid 
requirement, but it may contain a vitamin 
C-economizing factor (6, 7) in the sense 
that it elevates adrenal ascorbic acid 
slightly.

The insoluble alfalfa component stimu
lates growth when ascorbic acid is sup
plied as a single daily dose and gives 
about the same response as ad libitum 
ascorbic acid solution. All attempts to 
solubilize the factor have been unsuccess
ful. Exhaustive extraction with water, 
alcohol and petroleum ether did not 
remove the active component. The organic 
solvents removed reducing substances 
equivalent to 50 mg of a-tocopherol, but 
the extracts were inactive. It was deter
mined, by both chemical and biological 
assay, that the active component in the 
oven-dried alfalfa meal is not ascorbic 
acid. One explanation for the relationship 
between the alfalfa factor and ascorbic 
acid is that the alfalfa components spare 
ascorbic acid. The converse hypothesis 
is as reasonable, namely, that ascorbic acid 
spares the requirement for a nutrient sup
plied by the alfalfa. Analogies to the latter 
postulate are known, for example, the 
vitamin-sparing effects of ascorbic acid in 
the rat (18, 19).5 It is known that bulk 
stimulates the growth rate of guinea pigs 
(20) but the factor under study cannot 
be identified with cellulose. The basal diet 
contains 15% cellulose, and 5% more had 
no effect on the growth rate. Since it has 
not been possible to identify the alfalfa 
residue component with any known nu
trient, it is postulated that this is an un
recognized growth stimulant. It appears 
to be metabolically related to ascorbic 
acid, but this may be by way of the intes
tinal flora.
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AB STR AC T  T h e  h y p o t h e s i s  w a s  t e s t e d  t h a t  r e d u c e d  f o o d  i n t a k e  f o l l o w i n g  i n g e s t i o n  
o f  a n  i m b a l a n c e d  a m i n o  a c i d  m i x t u r e  i s  a  c o n s e q u e n c e  o f  a b n o r m a l l y  l o w  t is s u e  c o n 
c e n t r a t i o n s  o f  t h e  f r e e  l i m i t i n g  a m i n o  a c i d .  R a t s  w e r e  f e d  d ie t s  c o n t a i n i n g  o n l y  
L - a m in o  a c i d  m i x t u r e s  a s  t h e i r  p r o t e i n  s o u r c e .  G r o u p s  o f  a n i m a l s  r e c e i v e d  a d  l i b i t u m  
a  b a s a l  d i e t ,  a  h i s t i d i n e - i m b a l a n c e d  d i e t ,  o r  a  c o r r e c t e d  d ie t .  C o n t r o l s  i n c l u d e d  t h e  
h i s t i d i n e - i m b a l a n c e d  d ie t  f o r c e - f e d  t o  m a t c h  t h e  a d  l i b i t u m  c o n s u m p t i o n  o f  t h e  c o r 
r e c t e d  d ie t  a n d  t h e  c o r r e c t e d  d i e t  p a i r - f e d  to  m a t c h  t h e  a d  l i b i t u m  c o n s u m p t i o n  o f  t h e  
i m b a l a n c e d  d ie t .  I n  e x p e r im e n t s  o f  t h is  t y p e  f r e e  c o n c e n t r a t i o n s  o f  a l l  a m i n o  a c i d s  
w e r e  d e t e r m in e d  a t  s h o r t  t im e  in t e r v a l s  i n  l i v e r ,  m u s c l e ,  a n d  p l a s m a ,  a n d  f o o d  c o n 
s u m p t i o n  w a s  m e a s u r e d .  M a r k e d  d e p r e s s i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e  l i m i t i n g  a m i n o  
a c i d  o c c u r r e d  i n  3  t o  5  h o u r s ,  t h e  r e d u c t i o n  i n  d ie t  c o n s u m p t i o n  a p p e a r in g  s o m e  
2 0  h o u r s  la t e r .  I n  e x p e r im e n t s  w h e r e  a n i m a l s  t h a t  w e r e  a d ju s t e d  t o  a n  i m b a l a n c e d  
m i x t u r e  w e r e  s u p p le m e n t e d  w i t h  t h e  l i m i t i n g  a m i n o  a c i d ,  t h e r e  w a s  a g a i n  a  l a g  o f  
1 8  t o  2 0  h o u r s  b e t w e e n  c o r r e c t i o n  o f  t h e  t is s u e  l e v e l s  o f  t h e  f r e e  l i m i t i n g  a m i n o  a c i d  
a n d  a n  i n c r e a s e  i n  d i e t  c o n s u m p t i o n .  T h e s e  d a t a  s u g g e s t  t h a t  i t  i s  n o t  t is s u e  l e v e l s  o f  
f r e e  l i m i t i n g  a m i n o  a c i d  p e r  s e  t h a t  s u p p r e s s  o r  s t i m u l a t e  i n t a k e  o f  t h e  i m b a l a n c e d  
d ie t ,  b u t  r a t h e r  s o m e  m e t a b o l i c  c o n s e q u e n c e  o f  t h e s e  t is s u e  c o n c e n t r a t i o n s .  G r o w t h  
e x p e r im e n t s  e s t a b l i s h e d  t h a t  a l m o s t  a l l  t h e  g r o w t h  d e p r e s s i o n  r e s u l t i n g  f r o m  th e  
i m b a l a n c e d  g r o u p  i s  a c c o u n t e d  f o r  b y  t h e  r e d u c e d  f o o d  in t a k e .

A series of investigations by Harper and 
his colleagues (1 -1 3 ) led to formalization 
of their thinking about the sequence of 
events leading to the reduction in food 
intake and consequent growth failure that 
are characteristic of the amino acid imbal
ance phenomenon (14 -16 ).

The basic elements of the rationale are 
that on ingestion of an imbalanced amino 
acid mixture the tissues are presented with 
an array of amino acids in which one or 
more amino acids are in short supply rela
tive to the others. Presented with this pat
tern of protein precursors, the tissues syn
thesize protein at normal or nearly normal 
rates, thus driving the equilibrium concen
tration of the limiting amino acid to very 
low values. These depressed concentra
tions of the limiting amino acid in the 
tissues are soon reflected in the amount of 
circulating limiting amino acid. Eventually 
a lower threshold concentration is reached 
at which an unspecified appetite control 
mechanism is triggered to suppress further 
eating of the diet.

Portions of this hypothesis have since 
been tested experimentally and found to be 
valid. In particular, isotopic evidence us

ing 15N and 14C has been presented demon
strating that protein synthesis from an 
imbalanced diet does proceed at a normal 
or supernormal rate (16, 17). As a conse
quence the retention efficiency of the lim
iting amino acid is very high (1 7 ), and 
low concentrations of the limiting amino 
acid in the blood and tissues appear quickly 
after ingestion of an imbalanced mixture.

The present report presents data clarify
ing the histidine imbalance system that 
this laboratory has been using (17 ) as well 
as new data which indicate that the appe
tite control involved in amino acid imbal
ance probably responds to some metabolic 
consequence of the low concentrations of 
the limiting amino acid rather than to 
these low values per se.

METHODS
To have maximal experimental flexibil

ity, diets were developed in which all pro
tein was supplied in the form of L-amino 
acids. The basis for the amino acid mix-

Received for publication October 12, 1967. 
i Present address: Division of Microbiology, Food 

and Drug Administration, Washington, D. C. 20204.
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tures used here was the set of diets de
scribed by Sauberlich (18).

The basal diet consisted of the follow
ing per kilogram of diet: (in grams) 100, 
com  oil; 0.5, cod liver oil; 0.23, a-tocoph- 
eryl acetate; 0.006, menadione; 2.0, cho
line chloride; 1.0, myo-inositol; 50, salt 
mixture no. 5 of Salmon (1 9 ); 50.145, 
sucrose-vitamin mixture; 103.25, amino 
acid mixture H of Sauberlich (1 8 ); and 
692.869, sucrose. This quantity of su
crose-vitamin mixture provided the fol
lowing: (in milligrams) 2.0, folic acid; 
0.05, vitamin Bi2; 29.0, niacin; 35.0, Ca- 
pantothenate; 7.0, thiamineHCl; 7.0, rib
oflavin; 14.0, pyridoxine-HCl; 0.6, biotin; 
and 50.0, ascorbic acid. The amino acid 
mixture contained the following as L-iso- 
mers per kilogram of diet: (in grams)
3.00, alanine; 4.00, arginine HCl; 3.00, 
aspartic acid; 3.0, asparagine monohy
drate; 1.50, cystine; 20.00, glutamic acid;
2.00, glycine; 2.50, histidine HC1; 10.00, 
leucine; 7.50, isoleucine; 9.25, lysine-HC1;
4.00, methionine; 3.25, phenylalanine; 
2.50, proline; 2.50, serine; 3.75, threo
nine; 2.50, tryptophan; 4.0, tyrosine; 7.00, 
valine; and 8.00, NaHCCb. This mixture 
contains only half as much histidine as 
Sauberlich’s mixture H (18 ) and is satis
factory for creating a histidine imbalance. 
In certain experiments the preceding 
amounts of arginine, cystine, leucine, iso- 
leucine, methionine, phenylalanine, thre
onine, tryptophan, tyrosine, valine and 
3.20 g of NaHCOs were used as mixture 
A, and the corresponding amounts of the 
remaining amino acids (nonessential 
amino acids plus lysine) were used as 
mixture B.

All components and diets were stored at 
4°, and fresh vitamin mixtures were pre
pared every 3 months. Amino acid mix
tures to yield imbalanced and corrected 
diets were added to the basal diet at the 
expense of sucrose. The purity of all 
amino acids was determined to be in ex
cess of 99% by ion exchange chromato
graphic analysis (20 ). No trace of the 
alio isomers of threonine and isoleucine 
could be found.

Male weanling rats of the Sprague-Daw- 
ley strain were housed individually in 
stainless steel cages with unlimited access

to water and food except when either 
paired feeding or forced feeding was used. 
All animals were fed the basal diet for 
3 to 5 days before the experiments were 
started. Animals showing satisfactory 
gains and food consumption were then 
grouped for uniformity in weight into 
groups of at least five and fasted for 12 
to 15 hours before the experiments were 
started. In experiments in which animals 
were killed at short intervals, both the 
experimental animals and their controls 
were kept in continuously lighted rooms.

Food intake was measured over inter
vals of several hours for the first 2 days 
and over daily intervals thereafter. Any 
exceptions to this protocol are noted later 
at the appropriate point. Pair-fed and 
force-fed control groups were used fre
quently. For force-feeding it proved im
possible to prepare satisfactorily stable 
emulsions from the diet in its usual form. 
Therefore, for force-feeding a suspension 
of the water-soluble components of the 
diet was blended in a minimal amount of 
water until the suspension was uniform. 
One milliliter of this suspension contained 
0.8 g of diet. The fat-soluble components 
were then fed separately. A size 8 cathe
ter with a calibrated syringe was used in 
all force-feeding. The com  oil-fat-soluble 
vitamin mixture was fed once daily, and 
the water-soluble components were fed in
2- and 3-ml portions 4 to 6 times a day, 
spaced equally over an 18-hour period.

To obtain specimens for analyses of 
free amino acids, animals were anesthe
tized with ether and exsanguinated in 
groups of three. Systemic blood, gastroc
nemius muscle and liver specimens were 
then pooled. After centrifugation, plasma 
was stored at 0°. Liver and muscle sam
ples were frozen immediately in an etha
nol-dry ice mixture and then stored at 0°. 
They were blotted and weighed just before 
further preparation.

Tissue samples were homogenized in 
10 volumes of 1 % picric acid ( 2 1 ) with 
the use of either an all-glass homogenizer 
or a high-speed blender. Protein precipi
tates were removed by centrifugation and 
the supernatants were freed of excess pic
ric acid by passage through a weak anion 
exchange resin in the chloride cycle. Col
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umns that were 2 cm X 10 cm could be 
reused 2 or 3 times provided they were 
regenerated after each use with 1 n  HC1 
and then washed with water until chloride- 
free. Samples were eluted with water fol
lowed by 0.02 n  HC1, and the combined 
effluents were concentrated in vacuo, ad
justed to pH 7.0 to 7.2, and treated with 
an excess of sodium sulfite at room tem
perature for 4 hours to convert gluta
thione to glutathione-S-sulfonate. The ex
tracts were then diluted to the desired 
volume with buffer at pH 2.2 and ana
lyzed in duplicate.

Plasma samples were similarly proc
essed except for deletion of the sulfite 
step.

Amino acid analyses were carried out as 
described by Spackman et al. (20 ) and 
Moore et al. (22 ). Internal standards were 
used with all samples, norleucine for the 
neutral and acidic amino acid column and 
guanidino propionic acid for the basic 
amino acid column.

R E S U L T S  A N D  D I S C U S S I O N

General characteristics of this imbal
ance system are described by the data in 
tables 1, 2, and 3. The data in table 1 
are from an experiment in which a histi
dine imbalance was created. To produce 
an imbalanced diet the basal diet was 
modified by adding an additional 10% of 
the amino acid mixture minus histidine. 
A corresponding corrected diet was pre
pared by restoring the histidine to its orig
inal level. All animals were fed the cor
rected diet for 2 days. They were then 
divided into 2 paired groups of seven ac
cording to body weight, and the experi
mental diets were offered ad libitum. 
Growth and food consumption were ob
served. These data show that the imbal
anced mixture resulted in reduced food 
intake within 24 hours after its introduc
tion, the food consumption of the imbal
anced diet during the first day after that 
period being only 59% of that for the 
corrected diet. After introduction of the 
imbalanced mixture food intake was nor
mal for the first 8 hours; but between the 
eighth and the twenty-fourth hour it fell 
to 2.5 g compared with 4.8 g for the con
trols receiving the corrected diet, a differ-

TABLE I

G row th  and  fo o d  con su m p tion  o f  ra ts fed  
im balan ced  and  correc ted  a m in o  

acid  m ix tu res

Day 1
Food

consumption Body wt

Imbal
anced

Cor
rected

Imbal
anced

Cor
rected

9 9 9 9
- 2 2.8 2.4 43 37
- 1 4.0 3.9 — —

0 — — 47 39
1 3.6 6.1 46 43
2 1.3 6.4 45 47
3 2.0 6.2 45 51
4 2.2 6.7 46 55
5 3.1 7.6 44 59
6 3.5 7.9 47 66
7 3.7 8.6 48 72
1 On days — 1 and — 2 animals were fed the cor

rected diets. Days 1, 2, 3, etc., refer to time since 
introduction of experimental diets. AU values are the 
average of 7 animals/group.

ence that was highly significant statisti
cally. The reduction in intake, then, 
failed to occur until at least 8 hours after 
introduction of the imbalanced mixture. 
Subsequently growth ceased abruptly and 
remained negligible over the following 
week. The system, then, shows quite rap
idly the animal response that is charac
teristic of amino acid imbalances. The 
effect is further clarified by noting that 
the protein efficiency ratio (PER) of the 
imbalanced mixture was only 0.45, where
as that of the corrected diet was 3.4.

Table 2 describes a series of diet for
mulations designed to simplify the amino 
acid mixture used in creating an imbal
ance. As mentioned earlier, mixture A 
consisted of essential amino acids only, 
and mixture B consisted of lysine plus the 
nonessential amino acids in the propor
tions used in preparing the basal diet.

Animal performance with these diets is 
shown in the 2 experiments in table 3. 
Interval feeding, as in the first trial, re
sulted in considerably higher food con
sumption and PER for imbalanced diets 
than ad libitum feeding, confirming that 
imbalanced amino acid mixtures are with
in the limits of metabolic accommoda
tion provided they are eaten in sufficient 
quantities. Of particular importance here 
is the comparison of the performance of 
group 1 with groups 3 and 5 for these 
define clearly the basic properties of the
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TABLE 2

C om position  o f  d iets u sed  in  s im p lify in g  am in o  acid  m ix tu res  u sed  to  
crea te  im b a la n ce fo r  h istid ine

Diet Addenda to basal1 diet 2
Histidine 
content 
of dietNo. Designation

i 10% b a sa l3 none
%

0.25
2 10% basal +  histidine 0.25% histidine 0.50
3 20% im balanced 10% m ixture H less histidine 0.25
4 20%  corrected 10% m ixture H less histidine+  0.75% histidine 1.00
5 15% im balanced, A 5 % mixture A 0.25
6 15% corrected, A 5%  mixture A +  0.75%  histidine 1.00
7 15% im balanced, B 5%  mixture B 0.25
8 15% corrected, B 5% mixture B +  0.75% histidine 1.00
9 15% basal 5% mixture H, m inim al histidine 0.375

10 15% basal +  histidine 5%  m ixture H, m inim al h istidine+  0.35% histidine 0.725

1 Composition of basal diet and mixtures H, A, and B are given in text.
2 Addenda were at expense of sucrose.
3 10%, 15% and 20% refer to the protein concentration in the diet.

TABLE 3

G row th  and fo o d  con su m p tion  o f  ra ts con su m in g  a series  o f  d iets im balan ced  or 
co rrec ted  w ith  r e sp ec t to  h istid ine

Diet Trial 1 i Trial 2 2

No. Designation Food
eaten

w t
gain PER 3 Food

eaten
Wt

gain PER

i 10% basal
g/7 days 

39.3
9

13.7 3.5
g/5 days 

53.1
9

18.5 3.5
2 10% basal +  histidine 46.9 14.7 3.1 53.6 17.8 3.3
3 20 % im balanced 35.2 13.7 2.0 31.5 4.8 0.74
4 20%  corrected 40.1 29.5 3.3 56.4 36.4 3.2
5 15% im balanced, A 35.1 12.7 2.4 29.1 2.4 0.54
6 15% corrected, A 52.0 33.3 4.3 56.6 27.2 3.1
7 15% im balanced, B 30.1 7.0 1.7 — — —

8 15% corrected, B 35.5 10.3 1.9 — — —

9 15% basal 32.7 11.7 2.7 29.5 3.6 0.82
10 15% basal +  histidine 52.1 29.7 3.8 54.8 29.0 3.54
1 Mean values are given for groups of 3 rats trained for 3 days to eat 2 meals daily during feeding 

periods of 1 hour each. Trial 1 was thus with interval-fed animals, and trial 2 was with ad 
libitum-fed animals.

2 Mean values for groups of 5 rats except group 1 which had 10 rats. All animals were fed 
ad libitum.

3 PER represents grams of gain per gram of protein eaten.

imbalance system being studied. Mixture 
A, containing all of the essential amino 
acids except lysine, was used to create an 
imbalance in most of the subsequent re
search because it was readily corrected by 
histidine, whereas the adverse effects 
caused by supplementing the basal diet 
with mixture B were not. Two critical 
types of control have been used in this 
experiment, the basal diet group 1 and 
the corrected diet group 6.

Further attempts to simplify the mix
ture of amino acids used to induce im
balance in the basal diet resulted in only 
weak imbalance responses. Supplementa

tion with threonine or with methionine 
plus phenylalanine was evaluated and 
yielded histidine-correctable growth de
pressions, but these growth depressions 
were mild and not judged suitable for 
study of the short-term sequence of events 
following introduction of imbalanced mix
tures.

The minimal amount of histidine needed 
to correct the histidine imbalance result
ing when 5% of mixture A, the essential 
amino acids, was added to the basal diet, 
led to the results shown in table 4. In 
this experiment histidine was added to 
the imbalanced diet at concentrations of
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TABLE 4

A llev ia tion  o f  am in o  acid  im b a la n ce b y  h istid in e 1

Histidine
Added to 

imbalanced 
diet

Total 
in diet

Wt gain PER2 HER a

% % g/6 days
None 0.25 9.8 1.73 106
0.125 0.375 37.4 4.07 163
0.25 0.50 39.8 4.23 128
0.50 0.75 41.8 4.09 87
0.625 0.875 38.2 4.03 69
0.75 1.00 39.6 4.06 61
1 Five rats/group.
2 PER represents grams of gain per gram of protein 

eaten.
3HER represents grams of gain per gram of histi

dine eaten.

zero, 0.125, 0.25, 0.50, 0.625, and 0.75%. 
Groups of five weight-paired weanling rats 
were offered the diets ad libitum for 6 
days. Weight gains and food consump
tion were measured yielding the data in 
table 4.

The optimal histidine content varied de
pending upon the parameter. Total gain 
reached a maximal value at 0.50 to 0.75% 
total histidine and remained nearly con
stant at values up to 1 .00% total histi
dine. The PER reached a maximum at 
0.50% histidine and dropped to slightly 
lower values at higher levels of histidine. 
Optimal efficiency of histidine utilization, 
shown in table 4 as HER (grams of gain 
per gram of histidine eaten), occurred at 
somewhat lower levels (0.375% histidine) 
and fell markedly as the histidine level 
rose. Considering all 3 parameters, it ap
pears that the least amount of histidine 
giving full correction of the imbalance is 
in the range of 0.375 to 0.50% . This 
level of total histidine is achieved by add

ing only 0.125 to 0.25% histidine to the 
imbalanced diet.

It is implicit in the Harper hypothesis 
that growth failure with imbalanced 
amino acid mixtures is a secondary effect 
of the reduced food consumption — that 
animals consuming an imbalanced mix
ture should grow relatively well if their 
consumption is artificially maintained. Ad
herence of the present experimental sys
tem to these conditions is demonstrated 
by the data in table 5. In this experiment 
groups of 6 animals were fed ad libitum 
the 10% protein basal diet, the 15% pro
tein imbalanced diet, and the 15% protein 
corrected diet. A fourth group was given 
the corrected diet pair-fed to the intake of 
the group consuming the imbalanced diet 
ad libitum. A fifth group was force-fed 
the imbalanced diet to match the con
sumption of the corrected diet eaten ad 
libitum.

Restriction of intake of the corrected 
diet resulted in depressions of gain and 
PER to values approaching those of ani
mals consuming the imbalanced diet ad 
libitum. Force-feeding of the imbalanced 
mixture caused marked improvement in 
both gain and PER, surpassing values ob
tained with the basal diet and approach
ing the values resulting from feeding the 
corrected diet ad libitum.

To assess the time-sequence of the food 
intake reduction and changes in tissue 
concentrations of free amino acids, 
groups of 3 animals were killed at each 
time-interval and duplicate analyses of 
pooled samples were made except on 
plasma on which only single analyses 
were made. Feeding schedules were the 
same as those for groups A, B, C, and D

TABLE 5
F ood  con su m p tion  and  g row th  resp on se  o f  an im als con su m in g  balan ced  

and  im b a la n ced  a m in o  acid  m ix tu res  1

Group Diet Feeding schedule Food
intake Wt gain PER2

A 15% corrected ad libitum
g/7 days 

76.4 37.7 3.3
B 15% corrected pair-fed to group D 51.5 18.5 2.4
C 10% basal ad libitum 78.1 26.7 3.4
D 15% im balanced ad libitum 52.1 15.3 2.0
E 15% im balanced force-fed to group A 72.7 30.3 2.8

1 Six animals/group.
2 Grams of gain per gram of protein eaten.
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of table 5. Complete data for all free 
amino acids in liver, muscle, and plasma 
have been obtained,2 but here only repre
sentative curves have been selected for 
inclusion.

Fluctuations in the concentrations of 
free histidine are of particular interest 
and appear in figure 1. The 3 tissues 
showed comparable trends in all 4 groups. 
The absolute fluctuations were largest in

liver and smallest in plasma, although 
expressed as percentages of the fasting 
values the fluctuations are similar in mag
nitude. With ad libitum consumption of 
the imbalanced mixture marked depres
sion of free histidine concentration below 
fasting values was noted after 4 hours

2 Ellison, E. J. 1967 Studies of an acute amino 
acid imbalance in tbe rat, Ph.D. Dissertation, Virginia 
Polytechnic Institute, Blacksburg, Virginia.

HOURS
F ig .  1 F r e e  h i s t i d i n e  l e v e l s  i n  t is s u e s  o f  r a t s  f e d  b a s a l ,  i m b a l a n c e d  a n d  c o r r e c t e d  a m i n o  

a c i d  m ix t u r e s .
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and persisted throughout the 72-hour pe
riod. These values were distinctly lower 
than the concentrations with the basal 
diet or either of the corrected diets. It is 
assumed that the fluctuations in histidine 
concentrations between the second and 
the eighth hours resulted from heavy food 
consumption following the 12-hour fast
ing period. In contrast with the early de
pression in free levels of histidine which 
was clear-cut at 4 hours, appreciable re
duction in food intake did not appear until 
24 hours after introduction of the diets. 
The significance of this lag will be con
sidered later.

The changes in concentration of free 
plasma leucine (see fig. 2 ), isoleucine, 
and valine were similar. During the ini

tial 8 hours (the critical period from an 
interpretive standpoint because changes 
then have not been confounded by the 
effects of food intake) the aliphatic essen
tial amino acids tended to be lower in 
concentration in animals consuming the 
imbalanced diet compared with those con
suming the corrected diet. None of these 
changes, however, compares in magnitude 
with those of histidine.

In general, with all amino acids the 
animals receiving the corrected diet with 
its intake paired to that of the imbalanced 
group, showed only partial modification 
of the fluctuations in amino acid concen
tration, which indicates that the changes 
occurring during the first 8 hours reflect

F i g .  2  F r e e  l e u c i n e  l e v e l s  i n  t is s u e s  o f  r a t s  f e d  b a s a l ,  i m b a l a n c e d  a n d  c o r r e c t e d  a m i n o  
a c i d  m i x t u r e s .
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the imbalance per se rather than the re
duction in food consumption.

In all treatments except for the basal 
group the concentration of lysine in all 
3 specimens declined steadily over the 
first 8 hours, the imbalanced groups show
ing the slowest decline. Plasma glycine 
concentrations tended to be highest in the 
imbalanced group. Plasma glutamic acid 
was lowered in the ad libitum imbalanced 
group in comparison with the ad libitum 
corrected group within 3 hours. The data 
for liver and muscle showed no such dis
tinct differences.

For the most part the inter-group dif
ferences for the other amino acids were 
noted after 24 hours, and cannot there
fore be attributed to the imbalance of 
amino acids alone.

The rapid and severe depressions in 
liver, plasma, and muscle concentrations 
of histidine demonstrated here confirm in 
a new experimental system the same phe
nomenon observed when other imbal
anced amino acid sources were used. The 
data also support Harper’s hypothesis that 
depression in the tissue concentrations of 
the limiting amino acid are a very early 
consequence of the ingestion of an imbal
anced amino acid mixture. Two further 
points are clarified by the data. One is 
that tissue levels of other amino acids are 
disturbed as a consequence of the imbal
ance. The second is that there is a lag 
of approximately 20 hours between full 
expression of the lowered concentrations 
of the limiting amino acid and the sup
pression of eating.

That a time-lag of similar duration oc
curs between restoration of normal free 
histidine levels and the resumption of eat
ing, is shown by the following experiment. 
Two groups of 14 animals were offered 
the imbalanced or the corrected diet ad 
libitum for 75 hours at which time the 
depression in intake was complete. The 
14 animals receiving the imbalanced diet 
were divided into 2 groups of seven. One 
of these groups was force-fed 100 mg of 
histidine in solution and the other the 
same volume of water. This amount of 
histidine was approximately that being 
consumed daily by the control group re
ceiving the corrected diet ad libitum. It

was given as a 10% aqueous solution of 
histidine hydrochloride adjusted to pH 7.0. 
Food consumption and plasma, liver and 
muscle concentrations of free amino acids 
were then followed at short intervals for 
an additional 30 hours. The results on 
food intake appear in table 6, and show 
that the supplemented animals had in
creased their intake of imbalanced diet 
approximately 18 hours after the supple
ment was given.

Tissue histidine concentrations from 
this same study appear in figure 3. Fol
lowing supplementation there was an im
mediate sharp rise in free histidine levels 
in all 3 tissues to values that were well 
above the normal values observed in the 
tissues of animals receiving the corrected 
diet. In general, histidine levels returned 
to subnormal values within 16 hours. Food 
consumption was not increased until 18 
hours after the supplement when free 
histidine levels in liver and plasma had 
already returned to the very low levels 
characteristic of the imbalanced diet.

Concurrent changes in the levels of leu
cine, isoleucine and valine again followed 
similar courses, the valine data being 
shown in figure 4. The changes are not 
comparable to those in histidine, but in 
general there is a transitory drop in con
centration immediately following the his
tidine supplement, followed by a return 
toward normal values similar to those ob
served in animals fed the corrected diet.

TABLE 6
A d  lib itu m  fo o d  in ta ke o f  ra ts con su m in g  an

im b a la n ced  m ix tu re  o f  am in o acids b e fo re  
and  a fte r  h istid in e su p p lem en ta tion

Time from 
start of 

experiment

Ad libitum food intake

Supplemented
group

Non-
supplemented

group
hours g/hr g/hr
0 -24 0.333 0.306

24-48 0.276 0.283
48-75  1 0.272 0.296
75-80 0.460 0.490
80-85 0.240 0.320
85-93 0.288 0.338
93-99 0.332 * 0.200
99-105 0.543 * 0.351

1 Supplement was administered at the seventy-fifth 
hour.

* Difference highly significantly different between 
groups at P <  0.01 in t test; values are averages of 
2 rats/group.
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F ig .  3  T i s s u e  c o n c e n t r a t i o n s  o f  h i s t i d i n e  a s  a f f e c t e d  b y  h i s t i d i n e  s u p p l e m e n t a t i o n  o f  
r a t s  f e d  a n  i m b a l a n c e d  a m i n o  a c i d  m ix t u r e .

The exceptions to this transitory drop 
were observed with glutamic acid, glycine, 
proline, and alanine and were particularly 
marked in plasma in contrast with liver, 
for which depressions usually occurred.
The alanine response in plasma is shown 
in figure 5 and appears to reflect clearly

the catabolism of the excess histidine sup
plement.3

Considering these data it appears likely 
that Harper’s hypothesis is basically valid

3 Detailed data on all the other amino acids are to 
he found in the doctoral dissertation on which this 
report is based (see footnote 2).
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— that severe depression of the concen
tration of the limiting amino acid in the 
tissues following introduction of an im
balanced diet results in depressed diet 
consumption. The much smaller changes 
in concentration of other free amino acids 
appear to be secondary or side events. It 
appears unlikely, however, that it is the 
concentration of the limiting amino acid 
per se that actually suppresses, or, after 
supplementation, restimulates food intake. 
This conclusion is based on the 8- to 24- 
hour lag between the drop in histidine 
levels and the curtailment of eating and 
by the similar lag between the high histi
dine levels following supplementation and 
the increased intake of imbalanced diet.

This lag suggests that perhaps the syn
thesis of some proteinaceous appetite reg
ulator is retarded by the histidine deficit, 
a lapse of 8 to 24 hours being required to 
exhaust the already synthesized reserves. 
Similarly in the animal with an estab
lished suppression of appetite caused by 
a past history of eating an imbalanced 
mixture, some 18 hours are required be
fore the resynthesis made possible by sup
plementation can cause accumulation of 
enough appetite stimulator to effect the 
increase in intake.

There is obvious contradiction between 
this suggestion and that of Davis et al.
(23 ) that appetite suppression can be the 
result of the presence of a humoral satiety
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factor following eating. In defining the 
area of disagreement 2 points warrant 
particular attention. One is that there is 
positive evidence supporting the present 
suggestion, whereas Davis et al. (23 ) cite 
only negative observations for the absence 
of such a factor in the fasted animal. The 
second is that there are marked differ
ences in the two experimental systems, 
this study dealing with the relatively spe
cific effects of amino acid imbalance and 
the other with the quite general effects of 
consumption of a sweetened condensed 
milk. The entire discrepancy may arise

from this latter difference in the type of 
appetite control operating in the two ex
perimental systems.
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C h o w , B a c o n  F . S e e  L e e ,  C h i -J e n ,  2 0 .
C h r o m i u m ,  s e r u m  c h o l e s t e r o l  l e v e l s  i n  r a t s ,  4 7 5 .  
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/3 - a p o - c a r o t e n a ls ,  4 0 2 .
C o w a n , J . W .  S e e  T a n n o u s ,  R .  I . ,  1 6 1 .
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IN D E X 5 5 7

E n z y m e  a c t iv i t i e s ,  r a t  l i v e r ,  t i m e - c o u r s e  o f  
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s u e :  b r a i n ,  h e a r t ,  t e s t e s ,  4 6 9 .

---------- , l i v e r ,  c o m p o s i t i o n  i n  r a t ,  e f f e c t s  o f  d ie t a r y
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