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ABSTRACT The formation of serum and liver sub-cellular liver cholesterol esters 
was investigated in fasting and fed rats. Rats were injected with cholesterol-4-14C- 
labeled serum and the liver and serum cholesterol esters examined at 45, 90, and 180 
minutes. There was a marked heterogeneity in the labeling of the cholesterol esters 
in the liver cell fractions and serum. In both fasting and fed rats the soluble frac
tion 14C-esters had a higher proportion of I4C-arachidonate than the particulate liver 
fractions. Fasting rats had a higher percentage of 14C-arachidonate in the liver cell 
fractions and serum cholesterol esters than fed rats. There were also comparable 
differences in the cholesterol ester fatty acid composition. The differences in 14C- 
activity distribution and cholesterol ester fatty acid composition were principally at 
the expense of monounsaturated esters. The specific activity of the liver cell fraction 
esters exceeded the specific activity of the corresponding esters in the serum. Choles
terol arachidonate in serum and liver had the highest fractional turnover rate. The 
data suggest that there is a compartmentalization of cholesterol ester metabolism in
the liver and that the liver is the major 
cholesterol esters synthesized in the liver 
on the nutritional status of the animal.

Recent studies (1 -9 ) have provided evi
dence that there is a marked heterogeneity 
in turnover rates, fatty acid composition 
and synthesis among the cholesterol esters 
in rat and human liver and in rat blood. 
This heterogeneity also extends to the cho
lesterol esters in the different lipoproteins 
and sub-cellular liver fractions (5, 7-9). 
These differences in the metabolism of the 
cholesterol esters may be due to the ex
istence of different hepatic pools of esters 
associated with the synthesis of the differ
ent lipoprotein fractions or to the enzyme 
systems involved in the synthesis of the 
different blood and liver cholesterol esters. 
Of particular significance is whether the 
blood cholesterol esters are synthesized pre
dominantly within the liver or by the action 
of the blood cholesterol transferase enzyme 
(10, 11). The blood transferase enzyme 
has the requisite specificity to account for 
the large proportion of polyunsaturated 
fatty acids in the blood cholesterol esters. 
The liver has been shown to contain a 
particulate cholesterol-esterifying system 
which favors the formation of monounsat
urated esters in the rat and the linoleate 
ester in man (12-15). In addition, it was 
recently shown (9, 16) that rat liver has
J. N u t r i t i o n , 95: 141-147.

source of the serum esters. The types of 
and released into the blood are dependent

a soluble enzyme system which favors the 
formation of cholesterol arachidonate. The 
soluble esterifying system was more active 
in the fasted than the fed rat (9 ). This 
correlates well with the observations that 
fasted rats have a higher proportion of 
arachidonic acid in the serum cholesterol 
esters than fed animals (17). The selective 
incorporation of polyunsaturated cho
lesterol esters into the high density lipo
proteins and the non-selective incorpora
tion of saturated and monounsaturated 
cholesterol esters into the low density lipo
proteins at different sites in the liver and 
by different enzyme systems would be con
sistent with the view that the liver is the 
chief source of the blood cholesterol esters. 
This would account for the wide difference 
in fatty acid composition between the se
rum and liver esters. In the present report, 
data are presented which support the con
cept that the liver is a major source of the 
serum cholesterol esters, and that the types 
of cholesterol esters synthesized in the liver 
and released into the blood are constantly
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changing as a function of the nutritional 
status of the animal. The data also suggest 
the existence of several cholesterol ester 
pools in the liver.

EXPERIMENTAL

Male rats (Wistar strain), weighing 175 
to 200 g and fed a stock pellet ration, were 
used. The terms fed and fasting rats re
fer to those animals that either had access 
to food at all times or were fasted 18 hours 
before they were killed. The solution for 
injection was prepared by dispersing (by 
ultrasonic disintegration for 2 minutes at 
4 °)  a tracer amount (10 uCi) of choles- 
terol-4-14C 2 in 0.5 ml rat serum. The 14C- 
cholesterol was found to be uniformly dis
persed in the serum by this procedure and 
no chemical changes were noted when the 
labeled serum was subsequently extracted 
and analyzed by thin-layer chromatog
raphy. The rats were injected in the saphe
nous vein with the 14C-cholesterol serum, 
and groups of 5 animals were killed at 45, 
90, and 180 minutes after the injection. 
Blood was obtained from the abdominal 
aorta and the liver was removed. The 
blood was immediately chilled at 4°, al
lowed to clot and centrifuged at 4° to 
separate the serum. This procedure pre
vented the formation of cholesterol esters 
in the blood due to the cholesterol trans
ferase enzyme (10). The livers were ho
mogenized with 0.25 m  sucrose (1 part 
liver to 2.5 parts sucrose solution). The 
homogenate was centrifuged at 1000 X g 
for 10 minutes to remove nuclei and debris 
and then fractionated into mitochondria 
(10,000 X g for 30 minutes), microsomes 
(104,000 X g for 60 minutes), and soluble 
cell fraction. The serum and liver cell 
fractions were extracted with 20 volumes 
of 2:1 chloroform-methanol.

The serum and liver cell fraction lipids 
were separated by silicic acid column chro
matography (18). Cholesterol esters were 
eluted with diethyl ether-petroleum ether 
(1 :99 , v /v) and free cholesterol with 
diethyl ether-petroleum (25:75 v /v ). The 
14C-activity of the cholesterol fractions was 
determined by liquid scintillation count
ing.3 The free cholesterol concentration 
was determined by the method of Sperry 
and Webb (19). The cholesterol ester frac
tion was treated as follows: The 14C-activ-

ity distribution among the various choles
terol esters was determined by separating 
the cholesterol ester fraction into four 
major cholesterol ester classes (saturated, 
monounsaturated, linoleate, and arachido- 
nate) by thin-layer chromatography on 
silica gel G impregnated with silver nitrate
(20). Petroleum ether-diethyl ether (6 :1 , 
v /v) was used as the ascending solvent. 
The esters were visualized by spraying the 
plates with 2,7-dichlorofluoresceine and ex
amining them under ultraviolet light. The 
respective ester zones were scraped from 
the thin-layer plates directly into liquid 
scintillation vials. Methanol was added 
to elute the esters and the 14C-activity of 
the ester fractions determined by liquid 
scintillation counting. The thin-layer chro
matography procedure was checked with 
known pure cholesterol-4-14C esters (21). 
The recovery of 14C-activity was determined 
for each ester when pure standards were 
analyzed singly and in mixtures. The re
covery of each ester in these test mixtures 
ranged from 93 to 99%. Another portion 
of the cholesterol ester fraction was trans- 
methylated with BF3 in methanol to pro
duce methyl esters and free cholesterol
(22). The fatty acid composition of the 
methyl esters was determined by gas-liquid 
chromatography (6 ). The free cholesterol 
liberated from the cholesterol ester frac
tions was silanized to produce trimethyl- 
silyl ethers and analyzed simultaneously 
for both mass and radioactivity by gas- 
liquid radiochromatography (23). The 
fatty acid composition of the cholesterol 
esters separated by thin-layer chromatog
raphy was determined by gas-liquid chro
matography. The saturated ester fraction 
consisted predominantly of palmitate with 
a small amount of stearate. The monoun
saturated ester fraction contained oleate 
and palmitoleate; the linoleate and arachi- 
donate fractions contained 93 to 95% of 
these particular esters. The specific activ
ity of each cholesterol ester was calculated 
from the specific activity of the total esteri- 
fied fraction, the 14C-activity distribution 
among the cholesterol esters, and the fatty 
acid composition. The validity of this pro
cedure was further checked by comparing

2 Nuclear-Chicago Corporation, Des Plains, Illinois.
3 Nuclear-Chicago Corporation liquid spectrometer.
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the specific activities obtained by the above 
procedure with the specific activities of the 
individual cholesterol ester classes isolated 
by thin-layer chromatography. The cho
lesterol ester fractions were isolated by 
thin-layer chromatography and transmeth- 
ylated to produce free cholesterol and then 
analyzed for mass and 14C-activity by gas- 
liquid radiochromatography (23). The 
above procedures agreed within ±  7% .

RESULTS

The distribution of 14C-activity among 
the cholesterol esters of the liver cell frac
tions and serum 45 minutes after the in
jection of cholesterol-4-14C is shown in 
table 1. The cholesterol ester labeling at 
45 minutes was at a period considerably 
before equilibration of the “ C-esters into 
the different ester pools had occurred. 
There was marked heterogeneity in the 
labeling among the cholesterol esters of 
the liver cell fractions and serum. In both 
fasted and fed rats the liver soluble frac
tion 14C-cholesterol esters had a much 
higher proportion of 14C-arachidonate and 
lower proportion of 14C-monounsaturated 
esters than the particulate (microsomes 
and mitochondria) liver cell fractions 14C- 
cholesterol esters. The composition of the 
mitochondrial and microsomal 14C-choles- 
terol esters was similar. In both fasted and 
fed rats the liver soluble fraction 14C-cho- 
lesterol esters more closely resembled the 
serum I4C-cholesterol ester composition 
than the particulate 14C-cholesterol esters. 
Comparison of the fed and fasted rat indi
cates that the liver cell fraction 14C-choles-

terol esters of the fasted animal contained 
a higher proportion of 74C-arachidonate than 
the fed animal. These differences were 
principally at the expense of 14C-monoun- 
saturated esters. The serum 14C-cholesterol 
esters of the fasted animal had a higher 
proportion of 14C-arachidonate and lower 
percentage of 14C-linoleate than the fast
ing rat. The above differences in 14C-cho- 
lesterol ester composition were found to 
be significant (P <  0.01).

The cholesterol ester fatty acid composi
tion data are shown in table 2. The cho
lesterol esters of the liver soluble fraction 
of both fasted and fed animals had a sig
nificantly higher proportion (P <  0.01) of 
arachidonic acid than the liver particulate 
fractions. The liver particulate fractions 
had nearly the same cholesterol ester fatty 
acid composition. These differences were 
principally at the expense of monounsatu- 
rated fatty acids. Comparison of the fed 
and fasted animals showed that the liver 
particulate and soluble cell fraction cho
lesterol esters of the fasted animal con
tained a significantly higher proportion 
(P <  0.01) of arachidonic acid than the 
fed animal. These differences were prin
cipally at the expense of monounsaturated 
cholesterol esters. The serum cholesterol 
esters of the fasting animal had a signifi
cantly higher proportion (P < 0 .0 1 )  of 
arachidonic acid and a lower percentage 
of linoleic acid than the fed animal.

Comparison of the distribution of 14C-ac- 
tivity in the esters and cholesterol ester 
fatty acid composition (tables 1 and 2) 
indicate that in both fasted and fed ani-

TABLE 1
Distribution of 14C-activity in cholesterol esters

%  of total 14C-cholesterol esters
Saturated Monounsaturated Linoleate Arachidonate

Fasted rats
Liver microsomes 
Liver mitochondria 
Liver soluble fraction 
Serum

14.1 ± 2 .0  2 
16 .9±3 .6  
11.9 ±  1.6 

7.7 ± 0 .8

24.5 ± 6 .0  
2 5 .2±5 .1
16.6 ±  4.0 
4.7 ±  1.0

25.2 ±  3.8
24.6 ± 3 .1  
18.0 ±  4.0
15.6 ± 3 .1

3 6 .2 ±  8.1 
33.3 ± 6 .1  
53.5 ± 9 .1  
72.0 ± 2 .9

Fed rats
Liver microsomes 
Liver mitochondria 
Liver soluble fraction 
Serum

11.0 ±  1.9 
14.8 ± 2 .1  

7 .6 ±  1.1 
10.5 ±  1.1

37.9 ± 2 .1  
39.0 ±  3.6 
2 1 .5±2 .1  

7 .6 ±  1.0

30 .3±2 .1  
29.7 ± 2 .1  
26.4 ±  3.3 
29.0 ±  2.7

20.8 ± 3 .2
16.5 ±  3.7
44.5 ± 5 .7
52.9 ±  3.0

1 Rats were injected with 10 /¿Ci cholesterol-4-14C in serum and killed at 45 minutes.
2 Each value represents the average of 5 to 6 animals ±  sd.
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TABLE 2
Cholesterol ester fatty acid composition

Tissue
% of total fatty acids 1

Saturated Monounsaturated Linoleic Arachidonic

Liver microsomes 28.9 ± 6 .7  2
Fasted rats

2 8 .0 ± 4 .5  2 3 .1 ± 3 .8 2 0 .0 ± 4 .8
Liver mitochondria 26 .4 ± 4 .9 3 2 .2 ± 6 .0 23.4 ± 3 .6 18 .0±5 .6
Liver soluble fraction 30.4 ± 3 .8 2 1 .0 ± 4 .7 21.0 ±  5.0 27.6 ± 5 .2
Serum 17 .0±6 .0 9 .0 ± 2 .3 20.9 ± 3 .9 53.1 ± 6 .3

Liver microsomes 27.5 ± 5 .4
Fed rats 

34.1 ± 2 .1 2 6 .0±3 .1 1 2 .4 ±  1.8
Liver mitochondria 22.4 ± 5 .6 4 1 .0 ± 2 .8 2 6 .3 ± 3 .6 10.3 ± 1 .8
Liver soluble fraction 2 7 .9±4 .1 29.0 ± 3 .2 2 5 .5±3 .1 1 7 .7±2 .0
Serum 15.6 ±  1.6 14.7 ±  1.1 29.7 ±  1.8 4 0 .0±2 .1

1 Values shown are for 45-minute interval after cholesterol-4-14C injection, 
a Each value represents the average of 5 to 6 animals ±  sd.

mals there was a considerably higher per
centage of 14C-arachidonate than arachi- 
donic acid. These differences are a 
reflection of the higher fractional turnover 
rate of cholesterol arachidonate than the 
other cholesterol esters.

The specific activities of the individual 
cholesterol ester classes are shown in fig
ures 1 and 2. In both fasted and fed ani
mals the cholesterol esters of the liver cell 
fractions had a specific activity equal to

and in most cases greater than the specific 
activities of the corresponding serum cho
lesterol esters. The specific activity of cho
lesterol arachidonate exceeded the specific 
activity of the other cholesterol esters in 
the serum and liver cell fractions of both 
fasted and fed rats. The saturated esters 
had the lowest specific activity. The spe
cific activity of the soluble cell fraction 
arachidonate at 45 minutes exceeded the 
specific activity of the other cholesterol

FASTING RATS

Fig. 1 Specific activities of the liver cell fraction and serum cholesterol esters of fasted rats. S =  
saturated, M =  monounsaturated, L =  linoleate, and A =  arachidonate. (Values for the counts per 
minute shown in the figure have been derived by multiplying the actual values by 10-3 .)
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45 MINUTES 90 MINUTES 180 MINUTES
Fig. 2 Specific activities of the liver cell fraction and serum cholesterol esters of fed 

rats. S =  saturated, M =  monounsaturated, L =  linoleate, and A =  arachidonate. (Values 
for the counts per minutes shown in the figure have been derived by multiplying the actual 
values by 10~3.)

este rs  in  th a t  c e l l  f r a c t io n  b y  a  la r g e r  p r o 
p o r t io n  th a n  in  th e  p a r t ic u la te  fr a c t io n s . 
T h e  s p e c if ic  a c t iv it ie s  o f  th e  p a r t ic u la te  
m o n o u n s a t u r a t e d  a n d  lin o le a te  e s te r  
te n d e d  to  b e  h ig h e r  th a n  th o s e  e s te rs  o f  
th e  s o lu b le  c e l l  fr a c t io n . T h e  s p e c if ic  a c 
t iv it ie s  o f  th e  c h o le s t e r o l  e s te rs  in  s e r u m  
a n d  l iv e r  o f  th e  fa s t e d  ra ts  a p p r o a c h e d  
e q u il ib r iu m  a t 1 8 0  m in u te s , w h e r e a s  in  
th e  f e d  r a t  th e re  w e r e  s till m a r k e d  d if fe r 
e n c e s  a m o n g  th e  d if fe r e n t  c h o le s te r o l  
e s te rs  a t th a t  t im e -p e r io d .

T h e  s p e c if ic  a c t iv ity  o f  th e  f r e e  c h o le s 
te ro l f r a c t io n  o f  th e  l iv e r  c e l l  f r a c t io n s  w a s  
e s s e n t ia lly  th e  s a m e  in  m it o c h o n d r ia ,  m i-  
c r o s o m e s , a n d  s o lu b le  f r a c t io n . T h e r e  w e r e  
n o  d if fe r e n c e s  b e tw e e n  fa s t in g  a n d  fe d  
a n im a ls . T h e  s e r u m  fr e e  c h o le s t e r o l  f r a c 
t io n  w a s  s o m e w h a t  lo w e r  th a n  th e  fr e e  
f r a c t io n  in  th e  liv er .

DISCUSSION

T h e  p r e s e n t  s tu d ie s  h a v e  p r o v id e d  s o m e  
n e w  p a r a m e te r s  w ith  r e s p e c t  to  th e  m e t a b 
o l is m  o f  s e r u m  a n d  liv e r  c h o le s te r o l  e s te rs . 
In  a n  e a r lie r  re p o r t  ( 9 )  it  w a s  s h o w n  th a t 
th e re  w a s  m a r k e d  h e te r o g e n e ity  in  th e  
c o m p o s i t io n  o f  th e  c h o le s t e r o l  e s te rs  s y n 

th e s iz e d  b y  th e  l iv e r  c e l l  f r a c t io n s  o f  fa s t 
in g  a n d  fe d  ra ts . T h e  r e s u lts  o f  th e  p r e s 
e n t  s tu d y  c o r r e la te  w e l l  w ith  th e s e  in  v it ro  
f in d in g s  a n d  s u g g e s t  th a t  th e  c h o le s te r o l  
e s te rs  s y n th e s iz e d  b y  th e  l iv e r  a re  m a r k 
e d ly  in f lu e n c e d  b y  th e  n u t r it io n a l  sta tu s  
o f  th e  a n im a l. T h is  in  tu r n  m a y  r e f le c t  
th e  ty p e s  o f  c h o le s t e r o l  e s te rs  b e in g  tr a n s 
p o r te d  f r o m  th e  liv e r  in to  th e  b lo o d  s in c e  
th e  fa s t e d  a n im a l h a d  a  h ig h e r  p e r c e n ta g e  
o f  a r a c h id o n a te  in  th e  s e r u m  c h o le s te r o l  
e s te rs  th a n  th e  f e d  a n im a l. T h e  le v e l  o f  
h ig h  a n d  lo w  d e n s ity  l ip o p r o te in s  in  th e  
b lo o d  c o u ld  a c c o u n t  f o r  th e  o b s e r v e d  d i f 
fe r e n c e s  in  fa t ty  a c id  c o m p o s i t io n  a n d  
la b e l in g  o f  th e  s e r u m  c h o le s t e r o l  e s te rs .

T h e  r e su lts  o f  th e  p r e s e n t  s tu d y  a lso  
s u p p o r t  th e  v ie w  th a t th e  s e r u m  c h o le s t e r o l  
e s te rs  a r ise  p r in c ip a l ly  f r o m  th e  liv e r . T h e  
s p e c if ic  a c t iv ity  o f  th e  c h o le s te r o l  e s te rs  o f  
th e  liv e r  e x c e e d e d  th e  s p e c if ic  a c t iv ity  o f  
th e  e s te rs  in  th e  s e r u m . T h e  e s te r  w ith  th e  
h ig h e s t  s p e c if ic  a c t iv ity  in  b o th  s e r u m  a n d  
l iv e r  w a s  a lw a y s  c h o le s te r o l  a r a c h id o n a te . 
In  v ie w  o f  th e  d if fe r e n c e s  b e tw e e n  th e 
fa t ty  a c id  c o m p o s i t io n  o f  th e  s e r u m  a n d  
l iv e r  c h o le s t e r o l  e s te rs  it  is  p r o b a b le  th a t 
th e  s e r u m  e s te rs  a r ise  f r o m  th e  l iv e r  b y
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h ig h ly  s e le c t iv e  p r o c e s s e s . T h e  e n z y m a t ic  
s y s te m  in  th e  l iv e r  s o lu b le  c e l l  f r a c t io n  
m a y  b e  in t im a te ly  r e la te d  to  th e  sy n th e s is  
o f  th e  s e r u m  c h o le s te r o l  e s te rs . C o m p a r i
s o n  o f  th e  14C -c h o le s te r o l e s te rs  in  th e  
s o lu b le  c e l l  f r a c t io n  w ith  th a t  o f  s e r u m  
s u g g e s ts  a  v e r y  c lo s e  r e la t io n s h ip . T h is  
h a s  a ls o  b e e n  r e p o r te d  f o r  h u m a n  l iv e r
( 7 ) .  R e c e n t  s tu d ie s  ( 9 ,  1 6 )  h a v e  in d ic a t e d  
th a t  th e re  is  p r e s e n t  in  th e  s o lu b le  c e l l  
f r a c t io n  a n  e n z y m a t ic  s y s te m  w h ic h  este r i- 
fie s  c h o le s te r o l . I t  h a s  b e e n  d e m o n s tr a te d  
b y  o n e  g r o u p  o f  w o r k e r s  ( 1 6 )  th a t  a  c h o 
le s te r o l e s te r  tr a n s fe r a s e  e n z y m e  s im ila r  
to  th e  o n e  in  b lo o d  o c c u r s  in  th is  l iv e r  c e ll  
f r a c t io n . H o w e v e r , in  r e c e n t  s t u d ie s 4 it 
w a s  o b s e r v e d  th a t th e re  is  a n o th e r  e n z y m e  
s y s te m  p r e s e n t  in  ra t  l iv e r  s o lu b le  c e l l  
f r a c t io n  w h ic h  is  m a r k e d ly  s t im u la te d  b y  
a r a c h id o n y l C o A . T h is  e n z y m e  h a s  b e e n  
p a r t ia lly  p u r if ie d . T h e  p a r t ic u la te  ra t  l iv e r  
s y s te m  h a s  b e e n  p r e v io u s ly  ( 1 3 ,  1 4 )  c h a r 
a c te r iz e d  a n d  s y n th e s iz e s  p r e d o m in a n t ly  
s a tu ra te d  a n d  m o n o u n s a tu r a te d  c h o le s te r o l  
e s te rs . T h is  s y s te m  m a y  b e  p r im a r ily  in 
v o lv e d  in  th e  s y n th e s is  o f  th e  sa tu ra te d  
a n d  m o n o u n s a tu r a te d  c h o le s t e r o l  e ste rs  
w h ic h  a re  f o u n d  p r e d o m in a n t ly  in  th e  
l o w  d e n s ity  l ip o p r o te in s  ( 8 ) .  T h e  s o lu b le  
e s te r i fy in g  s y s te m , h o w e v e r , m a y  s y n th e 
s iz e  th e  c h o le s te r o l  e s te rs  a s s o c ia te d  w ith  
th e  h ig h  d e n s ity  l ip o p r o te in s  w h ic h  are  
p r in c ip a l ly  p o ly u n s a tu r a te d  ( 8 ) .

T h u s , it  a p p e a r s  th a t  th e  in te r p la y  o f  a  
n u m b e r  o f  fa c t o r s  c o n tr o ls  th e  tu r n o v e r  o f  
th e  s e r u m  a n d  l iv e r  c h o le s t e r o l  e s te rs . 
T h is  in c lu d e s  th e  e n z y m e  s y s te m s  in v o lv e d  
in  th e  s y n th e s is  a n d  h y d r o ly s is  o f  th e  se 
r u m  a n d  l iv e r  c h o le s t e r o l  e s te rs  a n d  th e  
n a tu r e  o f  th e  fa t ty  a c id  p o o l  a v a ila b le  f o r  
c h o le s t e r o l  e s te r if ic a t io n . T h e  la t te r  m a y  
b e  a  r e f le c t io n  o f  th e  n u t r it io n a l  s ta tu s  o f  
th e  a n im a l. F in a lly , i t  is  c le a r  th a t  a ll 
th e se  fa c t o r s  m u s t  b e  ta k e n  in to  c o n s id e r 
a t io n  in  e v a lu a t in g  th e  m e t a b o l is m  o f  th e  
s e r u m  a n d  liv e r  c h o le s t e r o l  e s te rs .
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Urinary Nitrogen Excretion in Fowls Fed 
Acid or Alkali

JUN-ICHI OKUMURA a n d  IWAO TASAKI
Laboratory of Animal Nutrition, Nagoya University, Nagoya, Japan

ABSTRACT Experiments were conducted to confirm the assumption that part of 
the excessive excretion of urinary ammonia of fowls fed a protein-free diet is associated 
with acid-base balance, and also to examine the influence of dietary administration 
of acid or alkali on urinary ammonia excretion. The urine of birds fed the protein- 
free diet showed a lower pH and larger titratable acidity than that of those fed 1 or 
2%  casein diets. When sodium bicarbonate was administered to fowls fed the protein- 
free diet, urinary ammonia excretion was markedly depressed. It was concluded from 
the data that the excessive excretion of urinary ammonia resulting from the protein- 
free diet is a regulator of body acid-base balance. Significantly increased or decreased 
excretion of urinary ammonia of birds fed the 20% casein diet was demonstrated by 
the administration of 10 and 15 mmoles of hydrochloric acid or sodium bicarbonate, 
respectively. Urinary ammonia excretion reached the minimal level with adminis
tration of 15 mmoles of sodium bicarbonate, and this level was considered to be of 
exogenous origin, being 55 and 37 mg in 20 and 10% casein diets, respectively. It 
was found that more ammonia appeared in the urine of birds fed the protein-free diet 
than in that of those fed the casein-containing diets.

A c c o r d in g  to  T a s a k i a n d  O k u m u r a  ( 1 ) ,  
u r in a r y  e x c r e t io n  o f  u r ic  a c id  a n d  a m 
m o n ia  in  fo w ls  in c r e a s e d  l in e a r ly  w ith  an  
in c r e a s e  in  n it r o g e n  in ta k e , b u t  w h e n  th e  
fo w ls  w e r e  f e d  a p r o te in - fr e e  d ie t  th e  e x 
c r e t io n  o f  a m m o n ia  w a s  h ig h e r  th a n  th a t 
e s t im a te d  f r o m  th e  r e g r e s s io n  e q u a t io n  
c a lc u la t e d  w ith  th e  d a ta  o f  v a r y in g  le v e ls  
o f  d ie ta ry  p r o te in . O ’D e ll e t  a l. ( 2 )  a lso  
r e p o r te d  th a t  fo w ls  f e d  a  p u r if ie d  d ie t  e x 
c r e te d  m o r e  a m m o n ia  th a n  th o s e  fe d  
a  c o m m e r c ia l  d ie t , a n d  th is  d i f fe r e n c e  w a s  
d u e  to  th e  a c id -b a s e  b a la n c e  o f  th e  e x p e r i
m e n ta l  d ie ts . S in c e  th e  p r o te in - fr e e  d ie t 
lo w e r e d  th e  p H  o f  u r in e , T a s a k i a n d  O k u 
m u r a  ( 1 )  a s s u m e d  th a t p a r t  o f  th e  u r in a r y  
a m m o n ia  th u s  e x c e s s iv e ly  in c r e a s e d  b y  
fe e d in g  th e  p r o te in - fr e e  d ie t  w a s  a  r e g u la 
to r  o f  th e  d is tu rb e d  b o d y  a c id -b a s e  b a la n c e . 
I f  th is  a s s u m p t io n  w e r e  tru e , th e  a d m in is 
tr a t io n  o f  a lk a li m ig h t  b e  e x p e c t e d  to  
d e c r e a s e  th e  e x c r e t io n  o f  u r in a r y  a m m o n ia .

A c c o r d in g  to  F o lin  ( 3 ) ,  th e  q u a n t ity  o f  
u r e a  e x c r e t io n  in  m a m m a ls  is  e x tr e m e ly  
v a r ia b le  as  th e  r e s u lt  o f  p r o te in  in g e s t io n , 
w h e r e a s  a m m o n ia , to ta l c r e a t in in e  a n d  
u r ic  a c id  a re  e x c r e t e d  a t a c o n s ta n t  ra te . 
In  b ir d s , h o w e v e r , th e  v a r ia b le  u r in a r y  
c o n s t it u e n ts  a re  u r ic  a c id  a n d  a m m o n ia , 
a n d  b ir d s  e x c r e te  m u c h  m o r e  a m m o n ia  
th a n  th e  m a m m a ls  ( 1 ) .  T h e  o r ig in  o f  u r i

n a r y  a m m o n ia  in  b ir d s  c a n  b e  c o n s id e r e d  
as f o l l o w s :  ( a )  m o s t  o f  th e  a m m o n ia  
w h ic h  is  d e a m in a t e d  f r o m  a m in o  a c id s  is 
n o r m a lly  c o n v e r t e d  in t o  u r ic  a c id , b u t  a 
p o r t io n  e s c a p e s  as  a m m o n ia  i t s e lf ,  o r  ( b )  
th e  p o te n t ia l  m e t a b o l ic  a c id  lo a d s  in 
c r e a s e  th e  e x c r e t io n  o f  u r in a r y  a m m o n ia  
s in c e  th e  e n d  p r o d u c t  o f  n it r o g e n  m e t a b o 
lis m  in  th e  f o w l  is  u r ic  a c id .

T h e  p r e s e n t  e x p e r im e n ts  w e r e  c a r r ie d  
o u t  to  c o n f ir m  th e  a s s u m p t io n  d e s c r ib e d , 
a n d  to  d e te r m in e  th e  e f f e c t  o f  a n  a c id  o r  
a lk a li lo a d  u p o n  th e  u r in a r y  a m m o n ia  e x 
c r e t io n  o f  th e  f o w l  f e d  a  p r o t e in -c o n t a in 
in g  d ie t.

EXPERIMENTAL

S in g le  C o m b  W h ite  L e g h o r n  c o c k e r e ls , 
a p p r o x im a t e ly  8  m o n th s  o ld , w ith  a n  a t
ta c h e d  a r t i f ic ia l a n u s , w e r e  u s e d  as th e  
e x p e r im e n ta l  a n im a l. T h e y  w e r e  k e p t  in  
in d iv id u a l m e t a b o l ic  c a g e s  a n d  r e c e iv e d  
d a ily  8 0  g  o f  p e lle te d  e x p e r im e n ta l  d ie ts .

T h e  firs t  e x p e r im e n t  w a s  u n d e r ta k e n  to  
d e te r m in e  th e  m a jo r  n it r o g e n o u s  c o m 
p o u n d s , p H  a n d  titra ta b le  a c id ity  o f  th e  
u r in e  w h e n  3 b ir d s  in  e a c h  g r o u p  w e r e  f e d  
z e r o , 1 %  o r  2 %  c a s e in  d ie ts .

T h e  s e c o n d  e x p e r im e n t  w a s  d e s ig n e d  to  
o b s e r v e  th e  r e la t io n s h ip  b e tw e e n  a m m o n ia
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e x c r e t io n  a n d  a lk a li a d m in is tr a t io n  w h e n  
a p r o te in - fr e e  d ie t  w a s  f e d .  A f t e r  th e  p r e 
l im in a r y  f e e d in g  o f  th e  p r o te in - fr e e  d ie t  
f o r  5  d a y s , 5  b ir d s  r e c e iv e d  d a ily  9 m m o le s  
o f  s o d iu m  b ic a r b o n a t e , in  a d d it io n  to  th e  
p r o te in - fr e e  d ie t . T h e  s o d iu m  b ic a r b o n a te  
w a s  m ix e d  in  th e  p r o te in - fr e e  d ie t , a n d  th e  
a m o u n t  u s e d  ( 9  m m o le s )  w a s  tw ic e  th e 
e q u iv a le n t  o f  th e  a m m o n ia  e x c r e t e d  w h e n  
th e  p r o te in - fr e e  d ie t  w a s  f e d  a lo n e .

I n  th e  th ird  e x p e r im e n t , th e  in f lu e n c e  
o f  f e e d in g  a c id  o r  a lk a li o n  th e  e x c r e t io n  
o f  u r in a r y  a m m o n ia  w a s  e x a m in e d . A ft e r  
th e  p r e lim in a r y  f e e d in g  o f  a  2 0 %  c a s e in  
d ie t  f o r  5  d a y s , th e  b ir d s  w e r e  d iv id e d  in to  
2  g r o u p s  o f  5  b ir d s  e a c h . T h e y  w e r e  th e n  
f e d  d a ily  f o r  3 d a y s  e a c h  at le v e l  5 , 1 0 , a n d  
1 5  m m o le s  o f  e ith e r  s o d iu m  b ic a r b o n a t e  o r  
h y d r o c h lo r ic  a c id  m ix e d  in t o  th e  c a s e in  
d ie t .

T h e  fo u r t h  e x p e r im e n t  w a s  u n d e r ta k e n  
to  f in d  a  m in im a l  le v e l  o f  u r in a r y  a m m o n ia  
e x c r e t io n  w ith  th e  10  a n d  2 0 %  c a s e in  
d ie ts . T h e  e x p e r im e n ta l  p r o c e d u r e  w a s  
th e  s a m e  as in  th e  th ird  e x p e r im e n t  a n d  
b ir d s  w e r e  g iv e n  5 , 1 0 , 1 5 , 2 0 , 2 5 , 3 0 , a n d  
3 5  m m o le s  s o d iu m  b ic a r b o n a te .

I n  e a c h  e x p e r im e n t  u r in e  s a m p le s  w e r e  
c o l l e c t e d  d a ily , a n d  th e  n it r o g e n o u s  c o n 
s t itu e n ts  o r  p H  w e r e  a n a ly z e d  o r  m e a s u r e d . 
T h e  e x p e r im e n t a l  d ie t , e x p e r im e n ta l  p r o 
c e d u r e  a n d  a n a ly t ic a l  m e t h o d s  f o r  u r in a r y  
n it r o g e n o u s  c o n s t it u e n ts  h a v e  b e e n  d e 
s c r ib e d  in  a  p r e v io u s  p a p e r  ( 1 ) .  T h e  h o 
m o g e n iz e d  u r in e  w a s  n e u t r a liz e d  w ith  0 .1  
N s o d iu m  h y d r o x id e  in  th e  p r e s e n c e  o f  a 
f e w  d r o p s  o f  0 .1 %  p h e n o lp h t h a le in  s o lu 
t io n  u n t il  a  fa in t  p in k  c o lo r  p e rs is te d . T h e  
v o lu m e s  o f  0 .1  n  s o d iu m  h y d r o x id e  c o n 
s u m e d  w e r e  in d ic a t e d  as th e  titra ta b le

a c id ity . T h e  p H  o f  th e  h o m o g e n iz e d  u r in e  
w a s  m e a s u r e d  a t 3 7 °  w ith  a  g la ss  r o d  p H  
m e te r .

RESULTS AND DISCUSSION

T h e  m a jo r  n it r o g e n o u s  c o m p o u n d s  e x 
c r e t e d  in  u r in e  p e r  m e t a b o l ic  b o d y  s ize  
( W 0-705)  in  th e  firs t  e x p e r im e n t  a re  s h o w n  
in  ta b le  1, w h e r e  W  in d ic a t e s  b o d y  w e ig h t  
o f  th e  b ir d s  in  k ilo g r a m s , a n d  th e  p o w e r , 
0 .7 0 5 , is  u s e d  a c c o r d in g  to  M it c h e l l  ( 4 )  f o r  
W h ite  L e g h o r n  fo w ls .  T h e  to ta l e x c r e t io n  
o f  u r in a r y  n it r o g e n  o f  b ir d s  f e d  th e  p r o 
te in - fr e e  d ie t  w a s  n o t  s ig n i f ic a n t ly  d i f fe r 
e n t  f r o m  th a t o f  b ir d s  f e d  th e  1 o r  2 %  
c a s e in  d ie ts . T a s a k i a n d  O k u m u r a  ( 1 )  r e 
p o r t e d  p r e v io u s ly  th a t th e re  w a s  n o  s ig n if i
c a n t  d i f fe r e n c e  in  th e  to ta l u r in a r y  n it r o g e n  
e x c r e t io n  b e tw e e n  in  f o w ls  f e d  a  p r o te in - 
f r e e  d ie t  a n d  a  3 %  c a s e in  d ie t . A r iy o s h i  (5 )  
o b s e r v e d  th a t  th e  to ta l u r in a r y  n it r o g e n  
e x c r e t io n  in  b ir d s  th a t  r e c e iv e d  1 g  o f  w h o le  
e g g  p r o te in  d a ily  w a s  n o t  s ig n i f ic a n t ly  d i f 
fe r e n t  f r o m  th a t in  b ir d s  r e c e iv in g  a  p r o 
te in - fr e e  d ie t . M it c h e l l  a n d  C a r m a n  ( 6 )  
a ls o  f o u n d  th a t  th e  to ta l u r in a r y  n it r o g e n  
e x c r e t io n  in  ra ts  f e d  a  p r o t e in - fr e e  d ie t 
w a s  n o t  s ig n i f ic a n t ly  d if fe r e n t  f r o m  th a t  in  
ra ts  f e d  a  d ie t  c o n t a in in g  4 %  w h o le  e g g  
p r o te in . I n  th is  r e s p e c t , th e  d a ta  o b ta in e d  in  
th e  p r e s e n t  e x p e r im e n t  a g r e e  w e l l  w ith  o b 
s e r v a t io n s  o f  T a s a k i a n d  O k u m u r a , A r iy o 
s h i, a n d  M it c h e l l  a n d  C a r m a n , w h ic h  s u g 
g e s t  th a t  th e re  w a s  n o  s ig n i f ic a n t  d if fe r 
e n c e  in  to ta l u r in a r y  n it r o g e n  e x c r e t io n  
w ith  f e e d in g  a  p r o te in - fr e e  o r  a  l o w  p r o 
te in  d ie t.

T a b le  1 a ls o  s h o w s  th a t  u r ic  a c id  e x 
c r e t io n  w a s  v e r y  c o n s t a n t  w h e n  b ir d s  w e r e  
f e d  z e r o , 1 , a n d  2 %  c a s e in  d ie ts , w h e r e a s  
th e  t itra ta b le  a c id ity  d e c r e a s e d  g ra d u a lly

TABLE 1
Major nitrogenous compounds,1 titratable acidity 2 and pH of urine with 

protein-free or low protein diets

Casein 
in diet

Total
N

Uric
acid

N
Ammonia

N
Urea

N
Total

creatinine
N

Titratable
acidity pH

%
0 182 ± 16 3 97 ±  7 55 ±  8 4 ±  1 1 0 ± 1 4.99 ±  0.33 6.44

1 152 ±  13 99 ± 8 33 ± 2 4 ±  3 6 ±  2 4.37 ±  0.57 6.68

2 172 ±  11 102 ± 7 46 ± 4 11 ±  2 6 ± 2 3.16 ±  0.32 6.64

1 Milligrams N/Wkg0,705 in 24 hours.
2 Equivalent millimoles of free acids in urine to bring its original pH to the phenolphthalein end 

point.
3 Mean ±  se of mean.
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with the increase of casein intake. How
ever, more ammonia was excreted when 
birds were fed the protein-free diet than 
when fed the 1% casein diet. From these 
results, it appears that part of the urinary 
ammonia excreted by the protein-free diet 
group is accompanied by some acidic sub
stances. The basis for this assumption is 
the changing pH of the urine. If the mark
edly increased excretion of ammonia is 
associated with the acid-base balance of 
the body fluid, the ammonia excretion 
should be depressed by the ingestion of 
alkali- or base-yielding feed.

The effect of ingested alkali on the excre
tion of ammonia and total nitrogen excre
tion in the fowl fed the protein-free diet is 
shown in figure 1. The excretion of am
monia responded markedly to the sodium 
bicarbonate administration, and the total 
urinary nitrogen excretion tended to re
spond, though no significant difference was 
observed. The result of this experiment 
provides conclusive evidence that birds fed 
the protein-free diet do not excrete any 
essential amount of ammonia, and the 
amount of ammonia excreted is considered 
to have resulted from the regulation of 
acid-base balance in the body.

As shown in table 1, a higher excretion 
of total creatinine was observed when birds 
were fed the protein-free diet. This high

Days before and after NaHCÛ3 
administration

Fig. 1 Effect of sodium bicarbonate adminis
tration on urinary excretion of total nitrogen and 
ammonia in fowls fed a protein-free diet.

excretion reflects the excessive breakdown 
of body protein. This is shown by the loss 
of body weight in birds fed a protein-free 
diet (about 13 g for 8 days), whereas birds 
fed 1 or 2% casein diets maintained their 
body weight. The excretion of urea nitro
gen when the 2% casein diet was fed was 
about 3 times more than that with the 
protein-free or 1% casein diets, though in 
a previous report (1 )  it was shown that 
the excretion of urea with the protein-free 
diet was 2 times more than that with the 
3% casein diet. Owen and Robinson (7 )  
concluded that, using the Sperber tech
nique, the chicken could synthesize urea 
from exogenous or endogenous plasma 
arginine via a rate-limiting process, and 
this urea was subsequently excreted into 
tubular urine by direct release. In this ex
periment, however, the effect of the casein 
level on urea excretion of the fowl was not 
explained.

Distribution of the major urinary nitro
gen compounds of fowls given different 
loads of acid or alkali when fed the 20% 
casein diet is shown in table 2.

The administration of sodium bicarbon
ate or hydrochloric acid tended to decrease 
or increase the total nitrogen excretion, 
respectively.

Administration of 10 or 15 mmoles of 
hydrochloric acid increased the ammonia 
excretion significantly, whereas no signifi
cant effect was observed with administra
tion of 5 mmoles hydrochloric acid. In the 
case of alkali administration, 5 mmoles of 
sodium bicarbonate did not have a signifi
cant effect on ammonia excretion even 
though this amount of sodium bicarbonate 
was equivalent to 140 mg of ammonia ni
trogen in alkalinity. A significant depres
sion of urinary ammonia ouput was ob
served with the administration of more 
than 10 mmoles of sodium bicarbonate. 
Specifically, the administration of 15 
mmoles of sodium bicarbonate decreased 
urinary ammonia excretion markedly and 
subsequently the urinary pH became alka
line.

In the present experiment, the adminis
tration of hydrochloric acid or sodium bi
carbonate did not significantly change the 
excretion of uric acid, urea or total crea
tinine, though Wolbach (8 )  observed in 
birds that the administration of hydro-
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TABLE 2
Distribution of major nitrogenous compounds 1 of urine of fowls given different loads 

of acid or alkali when fed 20% casein diet

Load of acid 
or alkali Total N Uric acid 

N
Ammonia

N
Urea

N
Total

creatinine N pH

Control 746 ± 3 1  2 641 ± 3 8 83 ± 4 7 ± 2 5 ±  1 6.15 ± 0 .2 2
HC1, 5 mmoles 755 ± 4 0 5 7 7 ± 4 7 96 ± 9 8 ± 2 4 ±  1 5.63 ±  0.10
HC1, 10 mmoles 868 ± 4 0 576 ± 3 3 157 ±  9 9 ± 4 5 ±  1 5.55 ± 0 .0 8
HC1, 15 mmoles 837 ± 3 8 593 ± 7 7 159 ± 8 8 ±  2 5 ±  1 5.58 ± 0 .0 9

Control 795 ± 3 1 651 ± 3 1 87 ± 6 5 ±  2 5 ±  1 5.66 ± 0 .3 2
NaHCOs, 5 mmoles 744 ±  38 637 ± 3 3 77 ±  5 7 ±  3 5 ±  1 6.52 ± 0 .2 3
NaHCC>3, 10 mmoles 701 ±  24 608 ± 2 7 63 ± 5 5 ±  1 5 ±  1 6.88 ± 0.21
NaHCC>3, 15 mmoles 687 ± 3 1 611 ±  57 39 ± 3 5 ±  1 5 ±  1 8.31 ± 0 .5 6

1 Milligrams N /W k S0-705 in 24 hours.
2 Mean ±  se of mean.

chloric acid increased the renal excretion 
of ammonia, and simultaneously decreased 
the excretion of uric acid.

The question remains whether the ad
ministration of more than 15 mmoles of 
sodium bicarbonate would further lower 
ammonia excretion, and whether the lower
ing effect of sodium bicarbonate would also 
be shown in birds fed other levels of pro
tein. Figure 2 shows the effect of the ad
ministration of graded levels of sodium 
bicarbonate on the excretion of urinary 
ammonia in fowls fed 10 and 20% casein 
diets. Birds fed the 20% casein diet ex
creted more ammonia than those fed the 
10% casein diet, but the administration of

sodium bicarbonate lowered ammonia ex
cretion at the same rate in both groups. In 
birds fed both protein levels, urinary am
monia excretion reached the minimum 
with administration of 15 mmoles of so
dium bicarbonate, and no greater ammonia 
excretion was observed with administration 
of more than 15 mmoles of sodium bicar
bonate. The minimal levels of the urinary 
ammonia excretion with the 10 and 20% 
casein diets were 37 and 55 mg nitrogen 
per W “-705 kg, respectively. These levels of 
ammonia excretion are considered to be of 
exogenous origin.

Comparison of figures 1 and 2 shows 
that the rate of depression of ammonia ex-

Administration of NaHC03 mmoles
Fig. 2 Effect of administration of graded levels of sodium bicarbonate on the excretion 

of urinary ammonia in fowls fed 10 and 20% casein diets.
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cretion caused by sodium bicarbonate ad
ministration was much greater with the 
protein-free diet than with the casein diet. 
This fact suggests that more ammonia is 
associated with the acid-base balance in 
birds fed the protein-free diet than in birds 
fed the protein-containing diet.
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ABSTRACT The effects of pyridoxide deficiency on the lymphatic organs and 
selected blood components were studied in the neonatal chicken. One hundred and 
fifty newly hatched broiler-type chicks were alloted to 3 treatments in three replicate 
experiments of 2-week duration. Treatments were 1) purified vitamin B6-deficient 
diet, 2 ) purified vitamin B6-adequate diet, and 3 ) practical vitamin B6-adequate diet, 
ad libitum. Typical clinical signs of vitamin Bi deficiency were observed with the 
first treatment. There was a significant atrophy of the spleen, thymus and bursa in 
the deficient chicks as well as a microcytic polychromatic hypochromic anemia. Total 
serum protein concentration was signifiantly lower than normal, as was the serum 
albumin which declined to one-third to one-fifth of the control values. The deficiency 
caused a significant increase in a /S.-macroglobulin and /3i-lipoprotein. Immune 72- 
globulin (IgG) was not affected. The data indicate that vitamin Bo deficiency in the 
young chick depresses erythrocytopoiesis and hemoglobin synthesis, disturbs metabolic 
functions of the liver cell and hinders development of the lymphatic organs.

The need of the chicken for vitamin B6 
at all ages is well-recognized; however, the 
effects of the deficiency of this nutrient 
in the fowl on body tissues and fluids have 
received little attention. Changes observed 
in laying hens subjected to pyridoxine de
privation have been reported previously (1). 
In the present study, attention was focused 
on the effects of a vitamin Be-deficient ra
tion fed for 2 weeks to newly hatched 
chicks, that is, during a period of fast 
growth when tissues and fluids are rapidly 
evolving from embryonic to more mature 
forms. Evidence of the deficiency was 
based on the usual criteria of body weight 
gain, feed efficiency, serum glutamic oxalo
acetic transaminase activity as well as the 
occurrence of clinical signs and mortality. 
Determinations consisted of hematocrit 
and hemoglobin values, total serum pro
teins, the electrophoretic and immuno- 
electrophoretic patterns thereof, weights of 
the thymus, spleen, bursa of Fabricius, and 
liver. Also included were histologic sec
tions of the same organs plus the bone mar
row. Preliminary results of this study were 
previously reported.4

EXPERIMENTAL PROCEDURES

A total of 150 commercial one-day-old 
male Cornish X White Plymouth Rock

chicks were used in three consecutive ex
periments of 2 weeks’ duration. In each 
experiment, 3 groups of birds were raised 
in 5-deck battery brooders with wire floors 
and thermostatically controlled electric 
heating elements of the back-warming 
type. One group of 20 chicks (experi
mental) was raised with a purified diet 
supplemented with all known nutrients ex
cept pyridoxine; the second or diet con
trol group of 15 chicks received the same 
feed as above but with 6 mg of pyridoxine- 
HCl/kg of feed; and a normal control group 
of 15 chicks received a practical diet known 
to support normal growth and performance 
in this type of chicken. The composition 
of the diets is presented in tables 1 and 2. 
Water and feed were provided ad libitum 
and care was taken to scrub and wash the 
waterers twice daily to minimize bacterial
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TABLE 1
C o m p o s i t i o n  o f  p u r i f i e d  d i e t

Dextrose
%

64 .7 5
Isolated soybean protein 2 2 . 0 0

Corn oil 3 .00
N onnutritive fiber 1 3 .0 0
M ineral m ixture 2 5 .30
V itam in  m ixture 3 1 . 0 0

Choline chloride ( 7 0 %  aqueous) 0 .25
DL-Methionine 0 .50
Glycine 0 . 2 0

1 Alphacel, Nutritional Biochemicals 
Cleveland.

Corporation,

2 Fox, M. R. S., and G. M. Briggs, J. Nutr., 7 2 : 243, 
1960 (obtained from Nutritional Biochemicals Cor-
poration).

3 Vitamin mixture supplied the following per kg of 
diet: vitamin A palmitate, 9000 IU; vitamin D3 , 1000
IU; and (in  milligrams) a-tocopherol, 50; ascorbic
acid, 450; inositol, 50; choline chloride, 750; ribo
flavin, 10; menadione, 2.25; p-aminobenzoic acid, 50; 
niacin, 45; thiamine-HCl, 10; Ca pantothenate, 30; 
biotin, 0 .2 ; folic acid, 0.9; vitamin B 12, 0.01. Pyri
doxine hydrochloride (Merck) was added to this mix-
ture at the rate of 6  m g /k g  when fed to 
trol group.

the diet con-

TABLE 2

C o m p o s i t i o n  o f  p r a c t i c a l  d i e t

%
Ground yellow  corn 67 .0
Soybean oil m ea l ( 4 4 %  protein) 2 1 . 0
A lfa lfa  m eal ( 1 7 %  protein) 1.0
Steam ed bone m eal 1.0
Chick concentrate 1 1 0 . 0

1 Chick concentrate furnished the following nutri
ents per kilogram of diet according to manufacturer’s 
specifications: protein, 58 g; calcium, 6.4 g; phos
phorus, 3.7 g; sodium chloride, 4.0 g; vitamin A 
palmitate, 6000 IU; vitamin D 3, 1500 IU; riboflavin, 
4.4 m g; nicotinic acid, 24.2 m g; pantothenic acid, 5.5 
m g; choline, 539 m g; vitamin B12, 11 /¿g; iron, 20 mg; 
copper, 2 m g; manganese, 50 m g; iodine, 2 m g; co
balt, 1 m g; and zinc, 50 mg.

growth and the ensuing import of micro
bial vitamin B6. At 1 and 2 weeks of age 
the birds were individually weighed and 
their serum glutamic oxaloacetic transam
inase activity was determined by the meth
od of Karmen.5 At the end of the 2-week pe
riod the chicks were killed individually by 
chloroform inhalation and exsanguinated 
by open-chest heart puncture. Individual 
blood samples were immediately drawn 
into heparinized capillary tubes that were 
centrifuged for 6 minutes in an IEC model 
B microcapillary centrifuge, and the hema
tocrit values were read in an IEC reader.6 
The remainder of the individual blood sam
ples was divided between 2 sets of tubes, 
one set containing Na citrate for hemo
globin determination, with the other tubes 
being held for serum. The spleen, bursa,

thymus and liver were carefully excised, 
and weighed to 0.1 mg in closed petri 
dishes with a Mettler precision balance.7 
Pieces of the same organs and the proximal 
one-third of the femur were fixed in 10% 
formalin for sectioning and staining with 
hematoxylin and eosin. Hemoglobin con
centrations were determined by the cyan- 
methemoglobin method using a Lumetron 
colorimeter 8 fitted with a 540 mu filter, 
whereas the biuret method was used in 
determining total serum protein. Paper 
electrophoresis, included to determine the 
effect of B,; deficiency on individual protein 
fractions, was carried out according to the 
technique described by Aronsson and Gron- 
wall (2 )  in an LKB electrophoresis cham
ber 9 and the amido black-stained paper 
strips were scanned in a Spinco Analytrol.10 
The agar gel for electrophoresis and im- 
munoelectrophoresis was made with Iona- 
gar no. 2 11 in abarbital-HCl buffer (3 )  and 
the serum protein migration completed in 
2 hours at 2.5 ma/row of 3 slides. Anti
chicken serum antibodies raised in rabbits 
and concentrated by precipitation with 
(NHi) 2S04 was used for the immunodiffu
sion reaction. In agar gel, protein frac
tions or their immunoprecipitin bands were 
stained with thiazine red, and oil red O 
was used for staining lipoproteins.

RESULTS AND DISCUSSION

The clinical signs of pyridoxine defici
ency in the young chicken conformed to 
previously published observations, includ
ing a significant reduction in serum glu
tamic oxaloacetic transaminase activity, 
stunted growth, feather follicle hemor
rhage and up to 60% mortality (4 ,5). 
Typical results from one of the experiments 
are summarized in table 3. The controls 
raised with the vitamin B6-adequate diet 
consistently failed to gain as much weight 
as those fed the practical ration. The etiol
ogy of this reduced growth rate was not

5 A simplified method for colorimetric determina
tion of glutamic-oxalacetic and glutamic-pyruvic 
transaminases. Sigma Technical Bull. No. 505, Sigma 
Chemical Company, St. Louis.

6 International Equipment Company, 300 Second 
Avenue, Needham Heights, Massachusetts.

7 Mettler Instrument Corporation, Princeton, New  
Jersey.

8 Photovolt Corporation, New York.
9 LKB-Produkter AB, Stockholm.
10 Beckman Scientific Instruments, Fullerton, Cali

fornia.
11 Oxoid Division of Oxo Ltd. London, E.C. 4.
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identified but it did not, however, affect 
the experimental results. At termination 
of the experiments, except for marked 
flaccidity and distension of the crop, the 
viscera of the deficient birds were appar
ently normal. Data on weights of lympha
tic organs are presented in table 4. The 
liver weights, included for comparison, 
were unaffected by the deficiency whereas 
the spleen, bursa of Fabricius and thymus 
were significantly reduced in relation to 
body weight. The most striking gross 
changes were observed in the thymus 
whose lobes in the deficient birds looked 
like empty shells of faintly vascularized 
fibrous tissue in contrast with the plump 
succulent thymus lobes of the controls. In 
the latter, the bone marrow was consis
tently red as opposed to its marked pale
ness in deficiency. Histologic sections 
revealed in the vitamin Bs-deficient birds a 
state of cellular depletion of the lymphatic 
organs of which a detailed description will 
be published elsewhere with the hemato
logic findings. The liver, however, ap
peared normal both anatomically and 
histologically.

The depressing effect of vitamin B0 de
ficiency on erythrocytopoiesis was de

scribed in a number of animals (6 )  includ
ing avian species in which a microcytic 
hypochromic anemia was reported in vita
min Bfi deficiency (5, 7, 8 ). In the present 
study, vitamin B6 deficiency caused a sig
nificant reduction of hematocrit and hemo
globin values (table 5 ), hemoglobin being 
more depressed (66%  of controls) than 
the packed cell volume (79%  of controls), 
indicating a hypochromic type of anemia. 
In blood smears of deficient chicks there 
was polychromasia, anisocytosis and mi
crocytosis together with a number of im
mature erythrocytic cells. Pyridoxine 
deficiency was demonstrated 12 to interfere 
with heme synthesis (9,10). The present 
data suggest that hypochromic vitamin B6 
deficiency anemia in the young chick is 
due to unequally depressed erythrocyto- 
genesis and hemoglobin synthesis, the 
latter being more affected.

In a previous study in laying hens, vita
min Be deficiency had no detectable effect 
on serum proteins and their paper electro
phoresis patterns (1 ) , which was later con-

12 Schulman, M. P., and D. A. Richert 1956 Utili
zation of glycine succinate and aminolevulinic acid 
for heme synthesis. Federation Proc., 1 5 : 399 (ab
stract).

TABLE 3

Effects of vitamin Be deficiency on growth, feed conversion and 
viability of the neonatal chick

Purified
vitamin B6-deficient 

diet
Purified

vitamin Be-adequate 
diet

Practical
diet

Body wt gain, g/bird 23.8 ± 1 .9 3  ** 1 101.7 ± 4 .6 6  * 158.2 ±3 .9 1
Feed consumed, g/bird/day 7.5 ± 0 .0 8  ** 13.3 ± 0 .0 5  * 20.0 ± 0 .5 0
Feed/gain 4 .4 6±0 .3 3  ** 1.85 ±0 .0 3 1.71 ±  0.01
Viability 2 6 /20 10/15 13/15

1 Means ±  se based on individual body weights and group feed consumption, respectively.
2 Chicks alive at 2 weeks/chicks started.
* P  <  0.05.
** P <  0.01.

TABLE 4

Effect of vitamin Be deficiency on lymphatic organs (liver included for comparison) 1

Purified
vitamin B6-deficient 

diet

Purified
vitamin Bö-adequate 

diet
Practical

diet

Spleen
Bursa
Thymus
Liver

0.0542±0.0011 ** 2 
0.0997± 0.0142 ** 
0.3006± 0.0142 ** 
3.5999 ±0 .1620

0.1196±0.0437  
0.3406 ±0 .0347  
0.4987 ±0.0224  
3.8275 ±0.2160

0.1272 ±0 .0020  
0.3288 ±0.0300  
0.4875 ±0 .1270  
4.3878±0.1450

1 Organ weight
2 Means ■+■ se . 
** P <  0.01.

in g/100 g body weight.

nniQ nrjTtifaf
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TABLE 5

Blood component values in 2-week-old chicks raised with a vitamin B6-deficient diet

Purified Purified Practical
vitamin B6-deficient vitamin B6-adequate j - .

diet diet

Hematocrit, PCV % 22.5 ± 2 .2 2  * 1 28.5 ±1 .51 28.9 ± 0 .5 0
Hemoglobin, g/100 ml 5.6 ± 0 .7 0  ** 8.3 ±0 .5 3 8.5 ± 0 .2 4
Serum protein, g /100 ml 1.9 ± 0 .0 9  ** 2.6 ± 0 .0 7 2.5 ± 0 .0 8
Serum albumin, g/100 ml 0.5 ± 0 .0 8  ** 1.6 ± 0 .0 4 1.5 ± 0 .0 6
/¡-Globulin, g /100 ml 0.5 ± 0 .0 6  ** 0.3 ± 0 .0 3 0.3 ± 0 .0 3
7 -Globulin, g/100 ml 0.17 ± 0 .0 4 0.19 ± 0 .0 2 0.17 ± 0 .0 3

1 Means ±  s e . 
* P =  0.01.
** P <  0.01.

+

Fig. 1 Paper electrophoresis of deficient (DEF) and control (CON) chick serum. The Analytrol 
tracing is markedly altered in deficiency because of the marked albumin decrease (Alb) and the 
increase of the /¡-globulin fraction.

firmed by Immunoelectrophoresis.13 In 
contradistinction to this, vitamin B6 defici
ency caused marked alterations in the 
serum protein patterns in the neonatal 
chick (table 5). Not only did the deficiency 
cause an overall reduction of the serum 
protein content, but it had a particularly 
depressing effect on serum albumin which 
decreased to one-third to one-fifth the 
amounts observed in the controls. Further
more, a significant increase was observed 
in the /3-globulin group (fig. 1). Agar gel 
electrophoresis and immunoelectrophore
sis confirmed the above results and showed 
the /3-globulin involved to be a /32-macroglo
bulin forming a thick precipitin band near 
the antigen well, with its larger portion 
located on the cathodic side of the well. 
This /32-macroglobulin was also found in

the controls but in lesser amounts (figs. 2 
and 3). In contrast with the foregoing 
changes, the y-globulin was observed in 
equal amounts in deficient as well as in 
control birds. In the immunoelectrophoretic 
(IE) patterns, the y2-globulin (IgG) formed 
a visible precipitin band which generally 
had comparable shape and size for the de
ficient and control chicks alike (fig. 3). 
The agar gel electrophoresis patterns 
stained with oil red O showed an increase 
in the /3i-lipoprotein associating consis
tently with pyridoxine deficiency (fig. 4).

In the 2-week-old chick, y-globulin is 
considered as being of maternal origin, ab
sorbed from the yolk into which it is trans
ferred from maternal plasma during the

13 Unpublished data, J. A. Asmar.
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process of yolk formation. Thus stored, the 
y-globulin passes into the tissues of the 
developing chick from the eleventh day of 
incubation through a few days after hatch
ing, the larger portion being absorbed after 
eclosion (11 ). The finding in the vitamin 
Be-deficient chicks of normal concentra
tions of circulating y-globulin indicates the 
absorption process had taken place; more
over, the transfer of this protein from the 
yolk to the tissues of the chicks must have 
been complete since no residual yolk 
existed in the abdominal cavities of the 
birds at postmortem. There remains to 
explain, however, the reason the deficient 
chicks did not have twice as much y- 
globulin in their blood since they had not 
grown to more than 40% the size of the 
controls, and they must have received a 
similar amount of the same protein. It is 
not clear whether in the deficient chicks 
the extra amounts of y-globulin were ex
creted, degraded at a faster rate or merely 
shifted to the extravascular compartment, 
unless, contrary to conventional thinking, 
the biosynthesis of y-globulin in the chick 
begins at 2 weeks of age which would then 
account for increased concentrations of 
this protein in the controls.

Hypoalbuminemia is often observed in 
nephrotic syndromes or other pathological 
conditions similarly characterized by ab
normal losses of plasma proteins through 
the kidney or gut. These conditions are 
usually accompanied by edema in various 
parts of the body. In the present study 
the deficient birds showed no anatomical 
or pathological evidence of nephrosis nor 
did they display any tendency toward 
edema. There is apparently no indication 
of abnormal protein losses to account for 
the observed hypoalbuminemia.

Reduced concentrations of albumin may 
also be observed in advanced inanition, 
and since there was consistently lower 
feed intake in the deficient birds, inanition 
effects must be considered. Pair-feeding is 
the usual device to determine what com
plications are due to partial starvation; it 
was not used, however, in this study be
cause strong competition for food within 
the restricted control groups would leave 
the less competitive chicks close to starva
tion while the more aggressive individuals
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eat an almost normal share. There is in
direct evidence that reduced feed consump
tion is not the cause of hypoalbuminemia. 
Pyridoxine deficiency had no effect on 
serum albumin in the mature hen (1 ) 
nor in the young chick when the deficiency 
was initiated at 2 weeks instead of at one 
day of age,14 even though in both instances 
there was marked loss of appetite. The 
lack of pyridoxine in the ration did not 
interfere with albumin formation past 
the second week of age, which may in
dicate that the primary result of the de
ficiency in this respect is interference with 
the formation of the biosynthetic apparatus 
that manufactures albumin. Vitamin B6 
was previously reported to be necessary 
for the formation of messenger RNA and 
the tissues of vitamin B6-deficient rats 
contained fewer polysomes than normal 
rats (12 ). The chicken embryo begins the 
synthesis of albumin at 11 days of incu
bation in amounts increasing gradually 
with time (13 ). The site of albumin syn
thesis in birds is the liver cell as it is in 
other species studied (14, 15). The liver- 
to-body weight ratio was practically normal 
in the deficient chicks as was the histology 
of this organ. Depressed albumin synthesis 
did not then correlate with reduced liver 
growth or pathological changes and it re
mains to be seen whether alterations of 
the subcellular structures of the liver cell 
would account for the observed lower 
albumin concentrations.

The increased /T-macroglobulin in the 
vitamin B6-deficient chicks is of unknown 
nature, particularly, as it is not clear 
whether it holds any relationship to the 
immunoglobulins. Apparently it is not an 
abnormal protein since lesser amounts of 
it are also observed in the controls, nor 
is it a neonatal globulin persisting in its 
original form since a similar increase is 
observed when the deficiency is initiated 
at 2 weeks of age.14

The altered lipoprotein pattern is an ad
ditional indication that vitamin Be de

ficiency in the very young chick interferes 
with liver function.
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ABSTRACT Although some information is available concerning the physiological 
alterations in vivo associated with spontaneous bovine ketosis, a broad study of 
pathways and possible changes of enzyme activities has not been carried out. To this 
aim, liver samples were taken from spontaneously ketotic cows, from the same cows 
when normal, and when starved for 96 hours. Measurements were made to ascertain the 
degree of ketosis and to compare changes in lipid synthesis, substrate oxidation, enzyme 
activities and the level of several metabolic intermediates. This research was particu
larly directed to a comparison of differences and similarities between the normal and 
spontaneously ketotic animal and between spontaneous ketosis and starvation ketosis. 
The liver of the spontaneously ketotic cow had a lower activity of mitochondrial NAD- 
malate dehydrogenase than the normal, higher levels of lactate, pyruvate, acetoacetate 
and (3-hydroxybutyrate, and a substantially lower concentration of citrate. Livers 
from the spontaneously ketotic cows, when compared to with those of the starved 
animal, had a lower activity of mitochondrial pyruvate carboxylase, lower levels of 
NADH and higher levels of citrate, /3-hydroxybutyrate and acetoacetate. Many other 
parameters of carbohydrate and lipid metabolism were measured and found to be 
unchanged from the normal in the two ketotic conditions. Notable among these was 
the lack of any alterations in the activity of phosphoenolpyruvate carboxykinase or
levels of oxaloacetate. These findings co: 
of bovine ketosis as generally stated.

Spontaneous ketosis occurs most com
monly during the first 2 months of lacta
tion, when the milk production of dairy 
cows often exceeds their feeding capacity. 
Such cows utilize considerable body fat 
and protein (1, 2 ). Most cows adapt 
harmoniously and present a paradox: They 
are feeding at maximal capacity yet un
dergoing some adaptations that are more 
characteristic of starvation. Spontaneous 
ketosis may be thought to arise as a fail
ure to adapt to a form of relative starvation.

Although rumen mucosa (3 )  and mam
mary gland (4 )  produce ketone bodies, 
most theories of bovine ketosis assume an 
increase in both hepatic ketogenesis and 
release of ketone bodies from the liver. 
Central to these theories is the concept 
that acetyl-CoA production from fatty 
acids exceeds its removal by the citric acid 
cycle or lipogenesis, and hence acetyl-CoA 
tends to accumulate and contributes to en
hanced ketone body synthesis (5 -7 ) .  The 
most common theme is a postulated defi
ciency of oxaloacetate in ruminants due to 
an inadequate oxaloacetate production
160

with the oxaloacetate shortage theory

from propionate, amino acids and lactate 
relative to its utilization for gluconeogene- 
sis and eventually milk lactose synthesis 
(8, 9 ). More recently, Krebs (10 ) has 
suggested that a high rate of gluconeogene- 
sis and specifically an increase in phospho
enolpyruvate carboxykinase activity rela
tive to pyruvate carboxylase would lower 
the oxaloacetate concentration during spon
taneous ketosis and he has supported this 
suggestion by comparison with enzyme 
data from alloxan-diabetic rats. Another 
suggestion proposed for ketotic rat liver by 
Wieland and Loffler (11 ) is that the oxalo- 
acetate-to-malate ratio is influenced by the 
redox state of the mitochondria so that un
der certain circumstances a lower mito
chondrial NAD+-to-NADH ratio results in a
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form: Biochem. Biophys. Res. Commun., 30: 100,
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Health Service Research Grants no. AM-04927, AM- 
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from the National Institute of Child Health and 
Human Development and by Grant CA-07174 from 
the National Cancer Institute.
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fall in the mitochondrial oxaloacetate con
centration. A second major theory is that 
impaired lipogenesis would enhance keto- 
genesis, again due to an increase in the 
acetyl-CoA concentration (12, 6).

There is, however, insufficient informa
tion available concerning the levels of in
termediates and enzymes in the liver of 
spontaneously ketotic cows to permit an 
evaluation of the proposed theories. In the 
present investigation we have attempted to 
provide this information by the study of 
relevant parameters in the liver of spon
taneously ketotic, normal and fasted cows.

MATERIALS AND METHODS

Cows. Six cows diagnosed by practic
ing veterinarians to have primary uncom
plicated ketosis were used for these studies. 
The clinical condition of these cows at the 
time of the experiments is summarized in 
table 1 along with the plasma concentra
tion of ketone bodies, glucose and free fatty 
acids. A liver biopsy sample was taken, 
and the cow was then treated once with 
dexamethasone (10 m g), cyanocobalamin 
(1 m g) and nicotinic acid (1 g) by intra
venous injection, and protamine zinc in
sulin (200 units) by intramuscular injec
tion. A second liver biopsy was taken when 
the cow appeared normal, i.e., was exhibit
ing no clinical signs and when the packed 
cell volume and plasma concentrations of 
ketone bodies, free fatty acids and glucose, 
and the milk production (with one excep
tion) indicated the cow was completely re
covered (see table 1). A third liver sample 
was taken after the cow had been deprived 
of food (but not water) for 96 hours. Milk 
production decreased in all the starved 
cows, but otherwise they showed few or no 
clinical signs. Except during starvation, 
the cows were offered a good quality lu
cerne hay ad libitum together with a grain 
concentrate mixture at a rate of 1 kg/3 
kg milk produced.

Liver biopsy involved laparotomy. The 
right flank was prepared for aseptic sur
gery. Local anesthesia was achieved with 
a T-line infiltration of the skin muscles and 
peritoneum with about 100 ml of 2% pro
caine solution. A vertical incision about 17 
cm long was made parallel to and 5 to 10 
cm from the last rib. Scissors were used

to start an excision line in the lower edge 
of either the caudate or diaphragmatic lobe 
of the liver. The excision of a piece of 
liver about 10 cm X 3 cm X 3 cm was 
achieved partly with the scissors and partly 
by compression of the soft tissue and strip
ping it out of the tough liver capsule with 
the fingers. After separation of the sample, 
a piece was cut off within seconds and im
mersed in liquid dichlorodifluoromethane 
for the determination of metabolic inter
mediates. Other sections were immediately 
placed in appropriate ice-cold solutions for 
the assay of nicotinamide coenzymes, ox
aloacetate and /3-hydroxybutyrate and ho
mogenized or used for the preparation of 
liver slices and enzyme extracts. Sutures 
were placed in the peritoneum, in the com
bined muscle layers, and in the skin. Sub
sequent flank incisions were performed 2 
to 3 cm in front or behind the previous 
incision(s), and liver samples were taken 
from different portions of the liver. One 
cow (K32) died soon after an operation in 
which a major blood vessel was acciden
tally severed, another (K33) died of peri
tonitis. A third (K35) did not respond well 
to the ketosis therapy. It ate poorly for 
several weeks and milk production de
creased severely. When its food intake im
proved, the milk production remained low 
(table 1). Otherwise the cows appeared to 
recover well from surgery and respond 
well to the ketosis therapy.

Additional liver samples were obtained 
from five non-lactating normal cows and 
were used for the measurement of certain 
enzyme activities.

Blood. Samples were taken from the 
mammary vein using heparin as anti
coagulant. The packed cell volume was 
determined with a microhematocrit (13,000 
X g, 10 minutes). Plasma concentrations 
were determined for acetoacetate (1 3 ), /?- 
hydroxybutyrate (1 4 ), glucose (1 5 ), modi
fied by Campbell and Kronfeld (1 6 ), and 
free fatty acids (17 ).

Incubation studies. Liver was sliced as 
described previously (18 ) and incubated 
at 37° in 5.0 ml Rrebs-Ringer bicarbonate 
buffer, pH 7.4 (19) containing 50 m M  (2.5 
liCi) glucose, acetate or potassium pyruvate 
as indicated in table 2. This procedure has 
been described in detail previously (20 ).
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TABLE 2
Metabolism of liC-labeled acetate, glucose and pyruvate by cow liver slices 1

Labeled
substrate

Labeled
product Ketotic Normal Starved

fimoles incorporated/3 hr/g tissue at 37°
Acetate COz 5.64 ± 2 .6 7  2 8.04 ± 2 .0 9 6.67 ±  1.88

fatty acid 0.04 ± 0 .0 2 0.09 ± 0 .0 4 0.04 ± 0 .0 2
non-saponifiable lipid 0.06 ± 0 .0 4 0 .1 6±0 .0 7 * 0.01 ±0 .001

Glucose COz 0 .8 2±0 .2 2 1.03±0 .15 1.24 ± 0 .3 0
fatty acid 0.005 ±0 .001 0.009 ± 0 .004 0.006 ±0 .003
non-saponifiable lipid 0.006 ± 0 .0 02 0.026 ± 0 .0 08 * 0.003 ±0 .001

Pyruvate COz 3.38 ±1 .3 5 5.15 ± 1 .4 5 2.25 ±  0.98

1 Values significantly different (5 %  probability level) from the normal are indicated by an asterisk.
2 Mean ±  se.

The I4C-labeled COz, fatty acid and non- 
saponifiable lipid were isolated and the 
the radioactivity was measured (21 ). All 
radioactivity determinations were per
formed on a Nuclear-Chicago liquid scintil
lation spectrometer. The efficiency of the 
system as determined by channels ratio was 
60 to 70% and all values were corrected to 
100% efficiency on this basis.

Preparation of liver extracts for enzyme 
measurements. Liver samples were ho
mogenized with a coaxial homogenizer in 
10 volumes of a buffered isotonic sucrose 
solution (22 ). Homogenates were centri
fuged at 100,000 X g for 30 minutes in a 
Spinco model L ultracentrifuge at 2°. The 
intracellular distribution of the particulate 
enzymes measured in this study showed 
their activity to be associated with the 
mitochondrial fraction. Therefore, to re
duce the time involved in preparing the 
enzymes for assay, their activity was rou
tinely measured in the total particulate 
fraction. Supernatants were used for the 
assay of glucose 6-phosphate dehydrogen
ase, NAD-malate dehydrogenase, citrate 
synthase, ATP-citrate lyase, acetyl-CoA syn
thetase, pyruvate carboxylase and phos- 
phoenolpyruvate carboxykinase. The par
ticulate fraction was suspended in buffered 
sucrose, freeze-dried, resuspended in water 
and used for the assay of citrate synthase, 
NAD-malate dehydrogenase, pyruvate car
boxylase and phosphoenolpyruvate carbox
ykinase.

Enzyme assays. Standard assay proce
dures were used for the measurement of 
the activity of glucose 6-phosphate dehy
drogenase (2 3 ), 6-phosphogluconate de
hydrogenase (2 4 ), NAD-malate dehydro

genase and NADP-malate dehydrogenase 
(25 ) and ATP-citrate lyase (26 ). Modifica
tions of assays for pyruvate carboxylase
(27 ) and phosphoenolpyruvate carboxy
kinase (28 ) have been reported previously
(29 ) as have changes in the assay of cit
rate synthase (30 ) and acetyl-CoA syn
thetase (31 ) by Hanson and Ballard (20 ). 
All assays were carried out at 37° with 
appropriate blanks.

Preparation of liver extracts for the 
measurement of intermediates. Samples 
of frozen liver were used within 2 hours 
after freezing. The tissue was weighed, 
homogenized in 5 volumes of 6% per
chloric acid and centrifuged. The pH of 
the supernatant was adjusted to approxi
mately 2 with 4 n  KOH and to pH 6 with 
2 m  KHCOs. The suspension was centri
fuged again and the clear supernatant used 
for the determination of malate, lactate, 
pyruvate and citrate. All steps were car
ried out at zero to 4°. Other pieces of liver 
were homogenized in various ice-cold solu
tions, 3.75% trichloroacetic acid for oxalo- 
acetate and acetoacetate, 0.15 m  KC1 buff
ered with 0.02 m  KHCOs to pH 7.6 for 
/3-hydroxybutyrate, acid and alkaline solu
tions for the nicotinamide coenzymes (32 ).

Determination of intermediates. Lac
tate (3 3 ) and malate (34 ) were measured 
spectrophotometrically. As the spectropho- 
tometric measurements of pyruvate and 
citrate were not sufficiently sensitive, these 
methods were modified to detect fluoro- 
metrically concentrations of intermediates 
in the range 0.2 to 10 mumoles. All fluo
rescence measurements were performed 
with a Turner fluorometer model 110 or 
111 using as a primary filter a Coming
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no. 7-60 with a maximum transmission at 
360 mu and as a secondary filter a Wratten 
2A and 47B combination with a maximum 
transmission at 435 mu. Since the native 
fluorescence of the NADH is strongly af
fected by variations in temperature, the 
fluorometer was equipped with a tempera
ture-stabilized door and all measurements 
were performed at 37°.

For the assay of pyruvate and citrate, 
0.1 or 0.2 ml of the liver extract was added 
to 300 umoles of Tris (hydroxymethyl) 
aminomethane (pH 7.5) in a final volume 
of 2.5 ml. At this point 5 mumoles of 
NADH3 was added and the increase in 
fluorescence was noted. The decrease in 
fluorescence upon sequential addition of 
lactate dehydrogenase, malate dehydro
genase and citrate lyase was due to pyru
vate, oxaloacetate and citrate, respectively. 
Usually there was not sufficient oxaloace
tate present to measure in the concentra
tion of extract used. Occasionally there 
was more citrate plus pyruvate present 
than the 5 mumoles of NADH added. In 
these instances, additional, known amounts 
of NADH were added and the subsequent 
oxidation of NADH measured.

Oxaloacetate and acetoacetate were 
measured according to Kalnitsky and 
Tapley (35 ). Both substances form a 
diazo derivative which is measured spectro- 
photometrically at 450 mu- The oxaloace
tate is destroyed by acid, only the aceto
acetate then being measured, and the 
oxaloacetate is taken to represent the differ
ence. The reliability of this difference di
minishes at high concentrations of aceto
acetate relative to the concentration of 
oxaloacetate. The range of 5 to 20 mumoles 
oxaloacetate/g wet weight which we have 
found in sheep and cow liver agrees with 
previous results obtained by this method 
applied to rat liver (35, 36). Assays of ox
aloacetate in rat liver by enzymatic meth
ods have shown concentrations of about 5 
mumoles/g wet weight (7, 37).

The /?-hydroxybutyrate was assayed as 
described by Williamson et al. (14 ).

NAD+, NADH, NADP+ and NADPH were 
measured by the method of Bassham et al. 
(38 ). The exact procedure for extraction 
of the nucleotides from liver and minor 
modifications in the procedure have been 
described previously (39 ).

RESULTS

The 6 cows were at different stages in 
the course of the disease at the time of 
the first biopsy. The most severe clinical 
signs were being displayed by cows K32, 
K36 and K35, those with the lowest plasma 
glucose concentrations (table 1). Cows 
K32 and K36 also had the highest ketone 
body levels and these cows were in the 
early course of the disease (table 1). Cow 
K33 exhibited severe nervous signs, 2 to 4 
days before the experiment, but on the day 
of the experiment it appeared normal, 
apart from its rejection of grain. This cow 
was eating hay well, and its plasma con
stituents suggested that it had recovered 
(table 1). Consequently, values obtained 
from cow K-33 when “ketotic” have not 
been included in the statistical compari
sons. As no obvious trends were discerned 
between the days of duration of spontane
ous ketosis and hepatic function we have 
presented the means ±  the standard error 
within groups of cows, and significance of 
differences between normal and ketotic 
states calculated by paired t tests. In all 
parameters animals K31, K32, K34, K35, 
K36 were used for spontaneous ketosis; 
animals K31, K33, K34, K35, K36 for nor
mals and animals K31, K34, K35, K36 for 
starvation.

Significantly lower rates of incorporation 
of both 14C-acetate and 14C-glucose into 
nonsaponifiable lipids were found in liver 
slices from starved cows compared with 
those obtained from the same animals 
when normal (table 2). No other significant 
differences were noted between incorpora
tion rates under the various conditions.

The activities of several enzymes in cow 
liver during spontaneous ketosis, when nor
mal and during fasting, are presented in 
tables 3 and 4 together with additional as
says of gluconeogenic enzymes in nonlac- 
tating animals. NAD-malate dehydrogen
ase from the particulate fraction decreased 
in activity in both the spontaneously ketotic 
and starved animals. The activity of 
neither cytoplasmic nor particulate phos- 
phoenolpyruvate carboxykinase changes 
significantly during spontaneous ketosis or 
starvation, and furthermore the activity of 
this enzyme was the same in livers from

3 P-L Biochemicals, Milwaukee, Wisconsin.
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both lactating and nonlactating cows. 
Cytoplasmic pyruvate carboxylase, how
ever, was more active in the liver from 
lactating than from nonlactating cows. 
Starvation during lactation increased the 
activity of this enzyme, whereas no change 
in activity was noted during spontaneous 
ketosis. Similar results were found with 
the mitochondrial enzyme.

The concentrations of selected metabolic 
intermediates in cow liver are given in 
table 5. During spontaneous ketosis the 
hepatic concentrations of /3-hydroxybuty- 
rate and acetoacetate were greater than 
were noted in the liver of the same cows 
when normal or starved. Significantly 
higher lactate and pyruvate concentrations 
were found in the liver of spontaneously

TABLE 3

Enzyme activities in liver from spontaneously ketotic, normal and starved cows 1

Enzyme Spontaneously ketotic Normal Starved

Glucose 6-phosphate dehydrogenase 
6-Phosphogluconate dehydrogenase 
Citrate synthase, particulate 
Citrate synthase, soluble 
NAD-malate dehydrogenase, particulate 
NAD-malate dehydrogenase, soluble 
NADP-malate dehydrogenase 
ATP-citrate lyase 
Acetyl-CoA synthetase

1.61 ± 0 .2 5  
2.48 ± 0 .3 0  
1.20 ± 0 .0 4  
0.43 ± 0 .0 9  

* 85.5 ± 3 0 .5  
324 ± 1 7 5  

0.08 ± 0.02 
0.02 ± 0.01 
0.20 ± 0 .0 5

fimoles/min/g liver 
2 1.31 ± 0 .1 5  

2 .3 7±0 .2 8  
0.99 ±0 .2 1  
0 .49±0 .11  
243 ±  74 
137 ± 3 3  

0.03 ± 0 .0 3  
0.04 ±0 .01  
0.16 ±  0.06

1 .88±0 .18  
2.36 ± 0 .2 0  
1.30 ± 0 .2 9  
0.40 ± 0 .0 7  

* 69 .3±21 .1  
122 ± 5 7  

0.10 ± 0 .0 4  
0.03 ± 0 .0 1  
0.11 ±  0.07

1 All assays were carried out at 37°. Values significantly different (5% probability level) 
are indicated by an asterisk and those significantly different from the spontaneously ketotic 
a plus sign.

2 Mean ±  s e .

from the normal 
are indicated by

TABLE 4
Phosphoenolpyruvate carboxykinase and pyruvate carboxylase activities in cow liver1

Enzyme Non-lactating 
cows 2

Lactating, Lactating, 
spontaneously normal 
ketotic cows cows

Lactating,
starved
cows

Phosphoenolpyruvate carboxykinase: 
Particulate 
Soluble

7.21 ± 0 .4 3  3 
5 .0 7 ±  1.10

limoles/min/g liver

4.24 ± 0 .8 2  5.46 ± 0 .8 3  
4.36 ± 0 .9 6  4.73 ± 0 .6 9

4.97 ± 1 .0 2  
4.25 ± 0 .3 3

Pyruvate carboxylase: 
Particulate 
Soluble

* 4 .5 3±0 .1 3
* 1.09 ± 0 .2 9

6 .9 6 ±  1.47 8.28 ± 2 .2 9  
2.45 ± 0 .7 3  2.62 ± 0 .4 5

+ * 14.9 ± 2 .1 5  
3.92 ± 0 .5 4

1 All assays were carried out at 37°. Values significantly different (5% probability level) from the lactating 
normal are indicated by an asterisk, and those significantly different from the spontaneously ketotic are indi
cated by a plus sign.

2 Five cows used.
3 Mean ±  s e .

TABLE 5

Levels of metabolic intermediates in liver from spontaneously ketotic, 
normal and starved cows 1

Intermediates Spontaneously ketotic Normal Fasted

Lactate * 1774 ± 1 8 3  2
m fim o le s/ g l iv e r  

1178±  140 1983 ±4 5 4
Pyruvate * 5 1 .8 ± 5.7 3 3 .7±5 .1 3 5 .5 ±  5.3
Malate 463 ±  62 3 1 9 ±  55 * 484 ±  54
Citrate * 71.6 ±  10.3 2 0 9 ± 2 1 + * 33.1 ± 2 .5
Oxaloacetate 14 ± 5 1 2 ± 2 1 7 ± 3
/3-Hydroxybutyrate * 1831 ± 3 1 5 409 ± 7 1 + 675 ± 2 3 6
Acetoacetate * 280 ± 1 8 68 .2 ±  16.1 + 130 ± 4 4

1 Values significantly different (5% probability level) from the normal are indicated by an asterisk 
and those significantly different from the ketotic by a plus sign.

2 Mean ±  s e .
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ketotic animals as compared with the nor
mals. Citrate was present at 35% of the 
normal in spontaneously ketotic animals 
and 16% of the normal in livers from 
starved animals. The difference in citrate 
concentration between all groups of ani
mals was significant at the 1% probability 
level.

The concentrations of NAD+, NADH, 
NADP+ and NADPH in liver are shown in 
table 6. The only significant change noted 
was an increased level of NADH during 
starvation, which resulted in a lowered 
NAD+-to-NADH ratio (table 7). Using the 
assumptions outlined by Williamson et al.
(40 ) the NAD+-to-NADH ratio in both the 
cytoplasmic and mitochondrial fractions 
may be calculated from the lactate-to-pyru- 
vate and /J-hydroxybutyrate-to-acetoacetate 
systems. These ratios, as shown in table 7, 
are similar in the spontaneously ketotic 
and normal conditions and show a lower 
cytoplasmic and slightly higher mitochon
drial ratio during starvation.

Although only these few statistically sig
nificant differences were found in the pres

ent investigations, several other trends 
were noticeable but were not statistically 
significant, mainly due to variation be
tween animals. For example, the high 
soluble NAD-malate dehydrogenase in liver 
from spontaneously ketotic cows (236% 
of normal) was not significant because one 
value was within the normal range. Other 
examples are the high soluble pyruvate 
carboxylase activity in livers from starved 
animals (150% of normal, 160% of ke
totic), higher rates of 14C02 and fatty acid 
formation from all labeled substrates in 
liver slices from normal cows compared 
with starved cows (with the exception of 
CO, formation from glucose) and high 
lactate levels in livers from starved cows 
(168% of normal).

DISCUSSION

One major metabolic difference between 
monogastrics and ruminants is the almost 
complete fermentation of dietary sugar in 
the latter, resulting in an absolute require
ment for glucose synthesis from propionate 
and amino acids. Lactation at the levels

TABLE 6
Nicotinamide coenzymes in the liver of spontaneously 

ketotic, normal and starved cows 1

Nucleotide Ketotic Normal Starved

NAD + 230 ± 3 7  2
m/imoles/g liver 

267 ± 4 3 2 1 2 ± 3 8
NADH 188 ± 3 8 237 ± 5 5 + 333 ± 2 4
NADP + 53 ± 6 71 ± 9 78 ± 2 9
NADPH 165 ± 5 9 240 ± 6 0 276 ±  89
Total 637 ± 1 1 3 799 ± 1 2 6 904 ± 1 2 7

. 1 Values significantly  ̂different (5% probability level) from the ketotic are indicated by a plus 
sign. No values were significantly different from the normal at this level.

2 Mean ±  se.

TABLE 7
Observed and calculated NAD+ to NADH ratios in liver from coivs when spontaneously ketotic,

normal and when starved for 4 days 1

Ratios of NAD+ to NADH calculated from

Condition Lactate
pyruvate

jS-Hydroxybutyrate
acetoacetate

Lactate-
pyruvate
couplet

(cytosol)

jS-Hydroxy butyrate 
acetoacetate 

couplet
(mitochondria)

Observed 
ratio: 
NAD + 
NADH

Spontaneously ketotic 34.3 6.5 269 3.1 1.4

Normal 35.0 6.0 261 3.4 1.2

Starved 55.9 5.2 164 3.9 0.6

1 Lactate and pyruvate values and /?-hydroxybutyrate and acetoacetate values are obtained from table 5, and 
the NAD+ and NADH concentrations are from table 6. The ratios of NAD+ to NADH determined from the 
lactate-pyruvate or £-hydroxybutyrate-acetoacetate couplets are calculated using the respective equilibrium con
stants reported by Williamson et al. (40).
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attained by the highly productive dairy cow 
so taxes the gluconeogenic capacity of the 
liver that dietary sources of propionate are 
insufficient and the animal must use con
siderable amounts of body protein for this 
purpose. Furthermore, the lactating cow 
is in negative energy balance, and utilizes 
large amounts of stored fats for oxidation 
in the citric acid cycle. It is this depend
ence on propionate, gluconeogenic amino 
acids and fat oxidation that links gluconeo- 
genesis and ketosis in this animal, and 
serves as a starting point in any study of 
the role of the liver in spontaneous bovine 
ketosis.

Propionate is produced by ruminal fer
mentation at the rate of about 1 kg/day
(41). One- to two-thirds of this is con
verted to glucose (42, 43) by a series of re
actions which initially involve the intra- 
mitochondrial conversion of propionate to 
malate (fig. 1). Malate would also be de
rived from many amino acids via a-keto-

glutarate and succinate (10 ). Cow liver 
contains a mitochondrial phosphoenol- 
pyruvate carboxykinase in addition to a 
cytoplasmic enzyme, and hence oxaloace- 
tate formed within the mitochondria is 
probably converted to phosphoenolpyruvate 
which in turn leaves the mitochondria for 
the subsequent steps in gluconeogenesis. 
It has been suggested, however, that dur
ing gluconeogenesis in rat liver, malate is 
the principal product that leaves the mito
chondria for the formation of phosphoenol
pyruvate (44, 45). The cow, however, has 
2 pathways available for phosphoenol
pyruvate synthesis from propionate. First, 
malate formed from propionate via suc
cinate could be converted to oxaloacetate 
and then to phosphoenolpyruvate which 
passes out of the mitochondria (pathway 
A, fig. 1 ); or second, the malate could 
leave the mitochondria and be converted 
to oxaloacetate and then to phosphoenol
pyruvate by enzymes in the cytoplasm

glucose lactate

Fig. 1 Postulated pathways of gluconeogenesis in cow liver. Two alternate pathways of 
propionate conversion to phosphoenolpyruvate (wide arrows) differ as in pathway A, phos- 
phoenolpyruvate leaves the mitochondrion, while in pathway B, malate is the gluconeogenic 
precursor that leaves the mitochondrion. The relatively minor pathways of oxaloacetate for
mation from pyruvate or lactate are indicated by narrow arrows and other mitochondrial 
reactions are shown by dashed lines. For simplicity, the positions at which the various gluco
genic amino acids enter the scheme are not shown. Enzyme activities that were measured 
in spontaneously ketotic cows in the present study are indicated as unchanged from the 
normal (u ) ; increased (j~) or decreased (Ww). In addition, lactate, pyruvate, and perhaps 
malate levels are increased in spontaneous ketosis and citrate is depressed. These findings 
are not shown in the figure as the intracellular distribution of these intermediates is not 
known. PEP indicates phosphoenolpyruvate.



1 6 8 F. J . BALLARD, R. W. HANSON, D. S. KRONFELD AND FIORA RAGGI

(pathway B, fig. 1). In addition, oxaloace- 
tate may be derived from pyruvate car- 
boxylation, but this is probably minor in 
ruminant liver.

The possible shortage of oxaloacetate. 
What clearly emerges from a consideration 
of these pathways is the central role of 
oxaloacetate in the synthesis of glucose 
from propionate and many amino acids. 
Oxaloacetate is also important in the regu
lation of the synthesis of ketone bodies in 
liver. Several investigations have shown 
that unless the amount of available oxalo
acetate within the mitochondria is sufficient 
to condense with the acetyl-CoA formed 
from fatty acid breakdown, the excess ace- 
tyl-CoA might be shunted into the synthesis 
of ketone bodies (5 -7 ) . It is during periods 
of rapid gluconeogenesis, such as lactation 
in the cow, that the great demand for oxalo
acetate for glucose synthesis might reduce 
the concentration of mitochondrial oxalo
acetate with ketosis a result. The oxalo
acetate concentration in whole liver (table
5) was not altered during spontaneous 
ketosis or starvation, but this does not pre
clude a change in the mitochondrial oxalo
acetate concentration. This has not been 
measured directly, and it is likely to be 
extremely low (40 ). Krebs (10 ) has pro
posed a general concept that the function
ally important level of oxaloacetate may 
be inferred from the relative activities of 
the enzymes that generate and utilize it; 
he has also suggested that in severe bovine 
ketosis as in diabetic ketosis the activ
ity of phosphoenolpyruvate carboxykinase 
would increase, whereas that of pyruvate 
carboxylase would not. Substantial in
creases in hepatic phosphoenolpyruvate 
carboxykinase have, in fact, been found in 
diabetic and starved rats (46, 47), but we 
report no such changes in starved or spon
taneously ketotic cows as compared with 
the lactating cow or even the nonlactating 
animal. Although Krebs (10 ) reported no 
changes in hepatic pyruvate carboxylase 
activity in diabetic rats, increases in ac
tivity were found by Freedman and Kohn 
(48 ) and also by Prinz and Seubert (49 ). 
We noted no change in pyruvate carbox
ylase activity in the ketotic cow liver as 
compared with the normal, but there was 
an almost twofold increase in starved cows. 
Furthermore, when compared with the

nonlactating cows, particulate and cyto
plasmic pyruvate carboxylase activities are 
significantly higher in all groups of lactat
ing animals.

The formation of oxaloacetate from 
pyruvate would be favored by an increase 
in acetyl-CoA concentration as this is an 
obligatory cofactor for pyruvate carbox
ylase (50 ). Black,4 by measuring the 
distribution of label in glutamate from
2-14C-pyruvate, has assessed the relative 
importance of the two main pathways that 
pyruvate can enter the citric acid cycle,
i.e., decarboxylation to acetyl-CoA or car- 
boxylation to oxaloacetate. His work shows 
that a greater proportion of pyruvate is 
metabolized via oxaloacetate as compared 
with acetyl-CoA upon the onset of spon
taneous ketosis. Our results show an ac
cumulation of pyruvate in the liver of the 
spontaneously ketotic cow, and this may be 
interpreted as impaired utilization. How
ever, the lower citrate levels in both types 
of ketosis reported in the present investiga
tion may imply a shortage of oxaloacetate 
in the mitochondria, especially as no 
changes in citrate synthase activity were 
found and because it is unlikely that ace- 
tyl-CoA would be limiting citrate forma
tion in ketotic conditions where fatty acid 
breakdown is active. Complementary 
changes in blood concentrations of pyr
uvate and citrate have been reported by 
Bach and Hibbitt (51 ).

If propionate is converted to oxaloace
tate in cow liver mitochondria, as has been 
suggested in figure 1 (pathway A), changes 
in mitochondrial NAD-malate dehydrogen
ase activity are important. This enzyme 
activity was reduced to about one-third of 
normal during both spontaneous ketosis 
and starvation. Within this general frame
work of the theory proposed by Krebs (10), 
relating bovine ketosis to gluconeogenesis 
at the enzyme level, this was the only 
change noted that is likely to lead to a de
crease in mitochondrial oxaloacetate, and 
during starvation this change is opposed 
by an increased activity of mitochondrial 
pyruvate carboxylase. Thus mitochondrial 
oxaloacetate may be depleted in spontane

f Black, A. L. 1966 Metabolic changes in the 
utilization of glucose carbon in the tricarboxylic acid 
(TCA) cycle in bovine ketosis. Federation Proc. 22, 
611 (abstract).
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ous ketosis but not during starvation, and 
this difference may be responsible for the 
difference in the degree of ketosis between 
these two conditions. In this sense our re
sults support the general concept of Krebs
(10 ), although the exact enzyme changes 
observed by us differ from those he pre
dicted.

In addition to changes in the activity of 
malate dehydrogenase, alterations in the 
redox state of the mitochondria and in the 
cell cytoplasm would also affect the levels 
of oxaloacetate. It may be inferred from 
the calculations based on the concentration 
of substrates and products of lactate de
hydrogenase and /3-hydroxybutyrate dehy
drogenase (table 7) that these are repre
sentative of the NAD+ to NADH ratios in 
the cytoplasm and mitochondria, respec
tively. The assumptions involved in these 
calculations are numerous and have been 
discussed recently (40 ). The differences 
between the calculated and observed ratios 
are undoubtedly due to the selective bind
ing of NADH (40 ). Nonetheless, the lac- 
tate-to-pyruvate ratio, the /J-hydroxybuty- 
rate-to-acetoacetate ratio and the total 
NAD+-to-NADH ratio are similar in livers 
from spontaneously ketotic and normal 
cows, whereas deviations from these values 
occur during starvation (table 7). If these 
ratios are used to calculate mitochondrial 
oxaloacetate levels as done by Williamson 
et al. (4 0 ), we would find, as these authors 
did, both a decrease in cytoplasmic oxalo
acetate and an increase in mitochondrial 
oxaloacetate during starvation, but no dif
ferences between the normal and the spon
taneously ketotic.

Ketogenesis and lipogenesis. From the 
high levels of hepatic /3-hydroxybutyrate 
and acetoacetate in spontaneously ketotic 
and starved cows, we may infer that liver 
ketogenesis is increased under these con
ditions. We also might expect higher 
hepatic production of acetyl-CoA due to 
higher plasma concentrations of fatty 
acids. These are probably being oxidized 
in the liver (52, 53). Higher acyl-CoA 
concentrations could lead to an inhibition 
of citrate synthase with a resultant in
crease in ketone body formation (7 ). In 
some preliminary measurements of hepatic 
acetyl-CoA levels by fluorometric methods 
adapted from Ochoa (3 0 ), we found an

average concentration of 9.1 mumoles/g 
liver in normal cows, and only a slight in
crease to 11.1 mumoles/g in livers from 
the same animals after starvation. No 
measurements were carried out on the 
spontaneously ketotic animals.

In confirmation of an earlier study (2 0 ), 
the rates of lipogenesis in cow liver were 
found to be extremely low. The slightly 
lower rates of lipid synthesis in ketosis 
might be explained by the lower hepatic 
citrate concentrations since citrate is re
quired for activation of acetyl-CoA carbox
ylase (5 4 ), a limiting step in fatty acid 
synthesis (5 5 ). Elema (56 ) has also re
ported lower rates of fatty acid synthesis 
in spontaneously ketotic cows.

Gluconeogenesis. During spontaneous 
ketosis the activity of NAD-malate dehydro
genase was decreased in the mitochondria 
(table 3 ) and greatly increased in the 
soluble fraction (except in one cow). 
These findings suggest that pathway A (fig.
1) may be depressed, whereas pathway B 
is enhanced, and hence overall gluconeo
genesis might not be depressed by these 
enzyme changes. In contrast, during star
vation, no increase in soluble NAD-malate 
dehydrogenase activity was detected, al
though the mitochondrial activity was de
pressed. Consequently, depression of path
way A would not be compensated for by 
enhancement of pathway B, and the overall 
gluconeogenic ability of the liver might be 
depressed.

These results complement estimates of 
glucose production obtained from the 
rate of dilution of intravenously in
jected 14C-glucose. Glucose entry rate 
was about one gram per minute in nor
mal and spontaneously ketotic cows, but 
only 0.5 g/minute in starved cows (32, 57). 
Glucose production would reflect the func
tion of gluconeogenic pathways and the 
availability of precursors. Ruminal propi
onate concentration is depressed by dimin
ished food intake, though it is not de
pressed in the early stages of spontaneous 
ketosis (58 ). Thus, gluconeogenesis ap
pears to be depressed by starvation in cows 
through decreased availability of propi
onate and decreased activity of NAD-mal
ate dehydrogenase. This contrasts with the 
situation in the rat, in which starvation
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causes an increase in the rate of gluconeo- 
genesis (59, 60).

Comparative aspects. Differences in 
hepatic gluconeogenesis in response to 
starvation and ketosis are but one type of 
evidence that indicates a basic difference 
in the metabolism of monogastric and 
ruminant animals. The activities of glu
cose 6-phosphate dehydrogenase (61 ), 
NADP-malate dehydrogenase (10 ) and 
ATP-citrate lyase (62 ) are markedly de
pressed in diabetic rat liver but not in 
livers from ketotic cows. Increased activ
ity of phosphoenolypyruvate carboxykinase
(10 ) and decreased oxaloacetate levels
(7 )  have been observed in the diabetic rat 
but not in the spontaneously ketotic cow. 
Reasons for these differences may be the 
extremely low rate of fatty acid synthesis 
in bovine liver (2 0 ), the absence of the 
citrate cleavage pathway in the cow (20) 
and the already high activity of phospho- 
enolpyruvate carboxykinase as compared 
with rat liver. Using the same enzymatic 
assay we have found a combined activity 
(soluble +  particulate) of 2.7 ±  0.3 units 
of phosphoenolpyruvate carboxykinase in 
rat liver as compared with 10.2 units in 
cow liver (table 4). The high activity of 
this gluconeogenic enzyme probably re
flects the nutritional status of an animal 
that is secreting large amounts of sugar- 
containing milk but obtains essentially no 
glucose from the diet. In view of these dif
ferences we should like to stress the need 
to discriminate between the ketotic states 
in various animals for the purpose of ex
plaining the biochemical basis of ketosis.
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Effect of Protein Deficiency on the Spleen and 
Antibody Formation in Rats 1,2

MARY ALICE KENNEY, CHARLOTTE E. RODERUCK, LOTTE ARNRICH 
and FELICITAS PIEDAD
Food and Nutrition Department, Iowa State University of Science and 
Technology, Ames, Iowa

ABSTRACT As protein malnutrition frequently has been associated with lowered 
resistance and poor immune response, a study was undertaken to determine which 
aspects of the primary immune response may be impaired in protein deficiency and 
to describe such effects in terms of tissue components related to synthesis of plasma 
proteins. Protein-deficient and normal adult male rats were immunized with sheep 
erythrocytes and killed 6 days later. Spleens of protein-deficient rats were smaller 
and contained fewer cells, less nitrogen, less RNA, and more DNA per cell than those 
of controls. These changes were compared with those observed in liver as a result 
of protein depletion. In depleted animals, numbers of specific antibody-forming cells 
(AFC) and amounts of circulating antibody were about one-third of normal, while the 
amount of 7 -globulin was two-thirds of normal. Since antibody production per AFC 
did not decrease in deficient animals, the depression of antibody titers in protein 
deficiency could be attributed largely to the reduction in numbers of AFC’s in the 
spleen.

Resistance to infection is often low in 
undernourished children (1 ) , and nutri
tional stresses have caused poor immune 
response and high mortality in infected 
animals (2 -5 ) . This susceptibility may re
sult, in part, from the reduction in spleen 
size characteristic of malnutrition (6, 7). 
The spleen is important in phagocytosis
(8 )  and in synthesis of antibodies (9, 10) 
and other immunoglobulins (1 1 ); splenec
tomy has lowered resistance to certain 
diseases (12 ). Effects of such factors as 
age on the antibody-forming potential of 
the spleen have been described (13 ). How
ever, little work has been carried out in 
various nutritional states to characterize 
quantitatively the relationship of size and 
composition of the spleen to its production 
of immunoglobulins. In the present study, 
the spleen and serum immunoglobulins 
were examined in protein-depleted and 
normal adult rats. For comparison with a 
commonly studied organ, data are also 
presented for composition of liver and for 
concentrations of one of its biosynthetic 
products, serum albumin.

PROCEDURE

Adult male rats of the Wistar strain were 
depleted of protein by feeding ad libitum 
a diet containing 10% fat, 4% salts, 2%

fiber, and 84% cornstarch, plus a daily 
supplement of vitamins (5 ) . In experi
ment 1, nine rats were fed this low protein 
diet; they lost 24% of their initial body 
weight (443 ± 3  g ) in 5 weeks. Twelve 
older and heavier animals in experiment 
2 lost 22% of their initial body weight 
(553 ±  9 g) after only 4 weeks of depletion. 
Control rats (10 and 12 in experiments 1 
and 2, respectively) were fed the labora
tory stock diet (5 )  which provided about 
25% protein. Six days before the end of 
the experiment, all rats were immunized 
by intravenous injection of 1.0 ml 2% 
washed sheep erythrocytes.

In the first experiment, serum was ob
tained from blood taken from the tail 6 
days after immunization. Rats were then 
stunned by a blow on the head. The spleen 
was excised and placed immediately in 
a tared container of balanced salt solution 
(14) and weighed. After the spleen cells 
had been teased apart and washed, they 
were diluted to a known volume and 
counted. The percentage of nucleated 
cells was determined from examination
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2 This investigation was supported by a grant from 
the Agricultural Research Service, U. S. D. A.

J. Nutrition, 95: 173-178. 173



1 7 4 M. A. KENNEY, C. E. RODERUCK, L. ARNRICH AND F. PIEDAD

of stained smears. To identify cells pro
ducing antibody to sheep red blood cells 
(AFC), spleen cells and antigen were 
plated in agar in chemically defined tissue 
culture medium (15 ) and overlaid with 
complement, according to the method of 
Jerne et al. (16 ). After incubation, a 
plaque of lysis surrounded each cell that 
produced specific antibody. For each ani
mal, plaques on each of 3 plates were 
counted under low power magnification; 
total counts from 2 series of 5 fields each 
were averaged.

In experiment 2, blood was drawn from 
the abdominal aorta or heart after anes
thetizing animals with sodium pentobarbi
tal. Blood was centrifuged in the cold; 
all serum was frozen until it was analyzed. 
A portion of the spleen was weighed, 
minced, and prepared for cell counts. The 
remainder of the spleen and the liver were 
weighed separately and frozen in liquid 
nitrogen before storage at — 20° for sub
sequent analysis.

Nucleic acids were precipitated from 
cold homogenates of spleen or liver by add
ing perchloric acid. After dissolving the 
precipitate, RNA was hydrolyzed with al
kali. DNA and protein were again precipi
tated, and RNA in the supernatant was 
measured directly by ultraviolet absorption
(17). DNA was reacted with indole, extrac
ted with chloroform, and measured as the 
colored reaction product (18 ). To measure 
nitrogen, spleen homogenates were diges
ted with sulfuric acid and hydrogen per
oxide; the resulting ammonia was reacted 
with modified Nessler’s reagent and mea
sured colorimetrically (19 ). Homogenates 
of liver were analyzed for nitrogen by the 
Kjeldahl procedure and for total fat by 
ethanol-hexane-ether extraction (20 ).

Antibody was determined by micro
adaptation of standard procedures (21). 
All washings and dilutions were made with 
Veronal buffer, pH 7.4, containing 1.5 
mEq Ca++ and 0.5 mEq Mg++ per liter. 
For hemolysin, double dilutions of serum 
were incubated for 45 minutes at 37° with 
equal volumes of 2% sheep erythrocytes 
and diluted guinea pig serum (containing 
4 units of complement). To measure ag
glutinin, dilutions of serum were incu
bated at room temperature for 1 hour with 
an equal volume of 1.5% red blood cells.

End points were taken as lysis or agglutina
tion of half the cells in the reaction 
mixture. Reciprocals of end-point dilutions 
were transformed to logarithms for statis
tical evaluation of titers.

y-Globulin in 0.5 ml serum was precipi
tated 3 times in one-third saturated 
ammonium sulfate. Precipitates were dis
solved each time in 0.9% sodium chloride. 
After treatment with biuret reagent, solu
tions of 7-globulin were compared colori
metrically with standard solutions of 
bovine serum albumin. Electrophoresis 
in acrylamide gel demonstrated that pro
tein separated in this manner contained 2 
7- components. Serum albumin was ob
tained by diluting an aliquot of serum with 
23% sodium sulfate and adding diethyl 
ether. Biuret reagent was added to a 
portion of the aqueous phase.

In experiment 2, a known amount of 
Evans blue dye was injected intravenously 
15 minutes before the animals were killed. 
Plasma volume was calculated from the 
concentration of the dye in serum.

RESULTS

Spleens of protein-deficient rats were 
reduced in actual weight, to about 60% 
of normal, and in proportion to body weight 
(table 1). Loss of splenic tissue resulted 
from reduction in cell numbers rather than 
decreased mean cell volume. The percen
tage of nucleated cells in the spleen was 
approximately the same in all groups. In 
depleted rats, cells actively forming anti
body to sheep erythrocytes administered 
during the experiment (AFC) were only 
about one-third as numerous as in control 
animals. Liver weight averaged 12.51 and 
12.71 g in controls and 8.28 and 11.65 g 
in depleted groups in experiments 1 and 2. 
The larger rats in experiment 2 had been 
depleted only 4 weeks; livers of these rats 
were heavier on a fat-free basis and con
tained more fat than livers of animals in 
experiment 1 which had been depleted 
for 5 weeks.

Loss of nitrogen from the spleen in pro
tein deficiency paralleled the loss in weight 
and in numbers of cells in that organ 
(table 1). Although both components were 
lost at about the same rate, the ratio of 
N/RNA was slightly increased in deficient 
animals. The DNA content of depleted
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s p le e n s  w a s  lo w e r e d , b u t  n o t  so  m u c h  as 
w a s  th e  w e ig h t  o r  th e  n u m b e r  o f  n u c le a te d  
c e lls . T h e  r e s u lt in g  c o n c e n t r a t io n  o f  D N A  
in  s p le e n s  o f  d e p le te d  ra ts  w a s  so  h ig h  
th a t  th e  a m o u n t  o f  D N A  p e r  n u c le u s  a p 
p e a r e d  to  h a v e  in c r e a s e d  b y  a b o u t  h a l f .  
S in c e  D N A  w a s  lo s t  le s s  r a p id ly  th a n  o th e r  
c o m p o n e n t s ,  th e  R N A /D N A  r a t io  o f  th e  
s p le e n  w a s  lo w e r e d  f r o m  0 .5 8  in  c o n tr o ls  
to  0 .4 3  in  d e p le te d  a n im a ls .

T h e  n it r o g e n  c o n t e n t  o f  th e  d e p le te d  
liv e rs  w a s  6 3 %  o f  n o r m a l  ( t a b le  1 ) .  In  
c o n tr a s t  w ith  th e  s p le e n , th e  c o n c e n t r a t io n  
o f  n it r o g e n  in  fa t - fr e e  l iv e r  w a s  r e d u c e d  
s ig n if ic a n t ly  in  d e p le t io n , as w a s  th e  ra t io  
o f  N /R N A .  P r o p o r t io n a te ly  le s s  R N A  w a s  
lo s t  f r o m  th e  l iv e r  th a n  f r o m  th e  sp le e n . 
T h e  to ta l a m o u n t  o f  h e p a t ic  D N A  in  d e 
f ic ie n t  a n im a ls  e x c e e d e d  th a t  in  c o n tr o ls . 
It m a y  b e  c o n c lu d e d  th a t  to ta l n u c le ic  
a c id s  o f  th e  l iv e r  w e r e  le s s  a d v e rs e ly  
a f fe c t e d  b y  p r o te in  d e f ic ie n c y  th a n  th o s e  o f  
th e  s p le e n . H o w e v e r , th e  ra t io s  o f  R N A /  
D N A  in  b o th  tis su e s  w e r e  d e c r e a s e d  to

a b o u t  th e  s a m e  d e g r e e  b y  p r o t e in  d e p r i
v a t io n .

T o t a l  c ir c u la t in g  y -g lo b u l in  w a s  lo w e r e d  
b y  p r o te in  d e f ic ie n c y  ( t a b le  2 )  to  a  g re a te r  
e x te n t  th a n  h a s  b e e n  r e p o r te d  b y  s o m e  
w o r k e r s  ( 2 2 ) .  T h e  a m o u n t  o f  y -g lo b u lin  
b o r e  a  c o n s t a n t  r e la t io n s h ip  to  th e  R N A  
c o n te n t  a n d  w e ig h t  o f  th e  s p le e n  in  b o t h  
n o r m a l  a n d  d e p le te d  a n im a ls . T h e  a m o u n t  
o f  s e r u m  a lb u m in  w a s  a lso  r e d u c e d  b y  p r o 
te in  d e p le t io n , b u t  le s s  a lb u m in  w a s  p r e 
se n t p e r  m ill ig r a m  o f  h e p a t ic  R N A  in  d e 
p le te d  ra ts  th a n  in  c o n tr o ls . S im ila r ly , 
n it r o g e n  c o n t e n t  o f  th e  liv e r , r e la t iv e  to  
h e p a t ic  R N A , w a s  lo w e r e d  b y  d ie ta r y  d e 
f i c ie n c y ,  w h e r e a s  s p le n ic  n it r o g e n , r e la t iv e  
to  s p le n ic  R N A , w a s  n o t  ( t a b le  1 ) .

B e c a u s e  th e  m e a n  p la s m a  v o lu m e s  p e r  
u n it  b o d y  w e ig h t  d if fe r e d  s ig n i f ic a n t ly  
b e tw e e n  n o r m a l  a n d  d e p le te d  ra ts  ( t a b le
2 ) ,  th o s e  v a lu e s  m e a s u r e d  in  e x p e r im e n t  
2  w e r e  u s e d  to  e s t im a te  p la s m a  v o lu m e s  o f  
a n im a ls  in  e x p e r im e n t  1. T h e  to ta l a m o u n t  
o f  a n t ib o d y  th u s  e s t im a te d  to  b e  in  th e  
s e r u m  in  p r o te in -d e f ic ie n t  ra ts  w a s  o n ly

TARLE 2
Serum y-globulin, albumin and hemolysin in relation to components of liver 

and spleen in normal and protein-depleted rats

Measurement Exp. Control Depleted
Depleted

-----------------  x 100
Control

P lasm a volum e, m l / 100  g body w t 2 3 .6 2  ± 0 .0 9  1 4 .1 0 ± 0 .1 2 113 ** 2
7 -G lobulin, g /1 0 0  m l 2 0.51  ± 0 .4 0 .38  ± 0 .1 1 74 *

m g 2 93 ± 6 66  ±  7 71 * *

m g /m g  spleen R N A 2 17.3 ± 1 .3 20.6  ± 2.0 119
m g /g  spleen 2 101 ± 7 111 ±  11 110

A lb u m in , g /1 0 0  m l 2 4 .9 2  ± 0 .1 4 2 .89  ± 0 .2 3 59 * *
g 2 0 .90  ± 0 .0 2 0 .5 7  ± 0 .0 3 63 **
m g /m g  liver R N A 2 1 1 .0 ± 0 .4 8 . 2 ±  0 .7 75 *
m g /g  fat-free liver 2 74 ± 2 62  ± 5 84 *

H em olysin , log u n its /m l 1 3 .07  ±  0 .21 2 .7 7  ± 0 .2 3 50  3 “1: *
2 3 .64  ± 0 .0 6 3 .1 5 ± 0 .0 9 32 J

log units 1 4 .3 0  ± 0 .2 1 3 .91  ±  0 .23 4 0  3 "I

1*2 4 .9 0  ± 0 .0 6 4 .3 2  ±  0 .10 26
units /A F C  4 plaque X  1 0 ~3 1 0 .3 6 ± 0 .1 2 0 .3 6 ± 0 .1 0 100
u n its /itg  spleen R N A 2 15.6  ± 2 . 6 8 .4  ± 2 .1 54
u n its /m g  spleen 2 9 6 ±  17 4 5 ±  11 4 7  *
un its/yg  7 -globulin 2 1.05 ± 0 .2 7 0 .46  ± 0 .0 7 44
u n its /u n it  agglutinin 1 76 ± 1 8 4 9  ± 1 5 64

2 1 4 9 ±  11 148 ± 3 6 99

1 Mean ±  s e .
2 * P <  0.05; ** P <  0.01 that depleted and control values do not differ, based on t test; P >  0.05 

for all other comparisons.
3 Ratio of antilogarithms.
4 Antibody-forming cell.
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about 30% of that observed in normal ani
mals (table 2). Protein deficiency reduced 
antibody output to the same extent as it 
inhibited formation of antibody-synthesiz
ing cells, but total y-globulin was not affec
ted to that degree. The average amount 
of circulating antibody per AFC was not 
altered in protein depletion. Ratios of 
antibody to splenic RNA, spleen weight, 
and y-globulin tended to be lowered in 
depleted rats (P <  0.10), although varia
tion was in some instances too large to 
permit detection of significant differences 
with the numbers of animals examined. 
Hemolysin and hemagglutinin 6 days after 
immunization were affected similarly by 
protein deficiency.

DISCUSSION
Although the concentration of circu

lating antibody has been related to the 
number of specific antibody-forming cells 
(AFC) (16, 23), correlations between size 
or composition of the whole spleen and 
total immunoglobulins in serum are more 
difficult to demonstrate. Immunoglobulins 
are formed by several tissues, all of which 
may not respond to antigenic stimulus as 
does the spleen. Though convenient for 
study, the spleen may contain varying num
bers of erythrocytes and other cells that do 
not form antibodies. Further, only a small 
fraction of the nucleated cells of the spleen 
are thought potentially capable of antibody 
synthesis (13 ). Despite the inherent vari
ability of procedures, such as antibody 
titrations and AFC counts, some relation
ships have become evident.

Compared with maintenance of plasma 
y-globulins, formation of AFC’s and syn
thesis of a new antibody were particularly 
sensitive to lack of dietary protein. Thus, 
protein may not have been preferentially 
used to enable the animals to produce 
clones of AFC’s in response to the new anti
genic stimulus, but rather to maintain 
globulin synthesis by those fully differen
tiated cells already committed to forming 
specific immunoglobulins. The lack of 
dietary effect on the amount of Y-globulin 
per spleen cell or per milligram of RNA in 
the spleen and on the titer of hemolysin in 
relation to numbers of AFC’s support this 
concept.

Y-Globulin was correlated significantly 
with antibody titers only in protein-defici
ent rats. Thus, Y-globulin concentrations 
may not serve as a satisfactory basis for 
predicting capacity to respond to new 
antigens, except perhaps when malnutri
tion is severe. Even then, small body size, 
chronic infections and poor sanitation, fre
quently associated with malnutrition in 
the human, tend to elevate the concentra
tion of Y-globulin and may mask any de
crease in globulin output resulting from 
malnutrition. Effects of a diet devoid of 
protein fed to adult rats under controlled 
laboratory conditions, as reported here, 
may differ from those of diets containing 
limited amounts of poor quality protein, 
such as those consumed by young children 
in areas where episodes of malnutrition 
and infectious disease are frequent.

Comparison of changes induced in the 2 
tissues by protein deprivation showed that 
the spleen was in some respects more 
sensitive to lack of protein than the liver. 
Even though percentage losses of nitrogen 
from spleen and liver were comparable, 
losses of nucleic acids from spleen ex
ceeded any losses from liver. Although the 
data of Thomson et al. (24 ) supported 
the concept that the DNA per cell in livers 
of adult rats remained constant despite 
dietary modification, total DNA per liver 
(25), as well as DNA per nucleus and DNA 
per gram of dry tissue (2 6 ), has increased 
in livers of adult rats fed diets containing 
little or no protein. Controls in experiment 
1 were 7% heavier (472 ±  9 g) and those 
in experiment 2 were 7% lighter (512 ±  
4 g) at killing than depleted rats had been 
initially. However, this difference in max
imal weight was not sufficient to account 
entirely for the high content of hepatic 
DNA or fat-free weight of the livers of 
deficient animals in experiment 2, when 
compared with controls. Lowered concen
trations of Y-globulin accompanied de
creases in weight, cellularity, nitrogen, and 
RNA of spleen, but the average amount of 
Y-globulin produced by surviving spleen 
cells was at least normal. In contrast, 
serum albumin was reduced in depleted 
rats in relation to weight, nitrogen, and 
nucleic acids of liver. Spleen and liver 
might be expected to respond differently 
to nutritional deficiency. Although the
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spleen is subject to only relatively small 
alterations in its environment (the plas
ma), the liver may also be influenced 
considerably by cessation of the normal 
influx via the portal circulation of dietary 
amino acids. Further, inherent differences 
in sensitivities of key enzyme systems in 
the 2 tissues (27) may lead to diverse 
responses to malnutrition. Whatever the 
cause, detrimental effects of protein defi
ciency on the spleen and on its function in 
synthesizing immunoglobulins were clearly 
evident from the data presented.
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Effects of Age and Impending Parturition upon 
Serum Copper of Thoroughbred Mares * 1
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Kentucky, Lexington, Kentucky

ABSTRACT During an investigation of the possible relationship between serum 
copper and the incidence of parturient uterine artery rupture of mares, sera from 
475 Thoroughbred mares less than 30 days prepartum were assayed for copper and 
protein. Serum copper decreased significantly from a predicted mean of 1.70 gg Cu/ 
ml at age 4 years to 1.52 yg/m l at age 20 years. There was a significant increase in 
serum copper between 30 and zero days prepartum. Mares fatally hemorrhaging 
from ruptured uterine artery at parturition had significantly lower serum copper levels 
than the predicted levels for non-hemorrhaging mares of comparable ages, whereas 
nonfatal cases of apparent uterine artery rupture at parturition had serum copper 
levels not significantly different from predicted levels for mares of comparable ages.

Factors affecting the copper content of 
serum include diet (1 -3 ) ,  neonatal age 
changes (4, 5 ), pregnancy (6 ) , nephrosis
(7 ), Wilson’s disease (8 ) ,  Hodgkin’s 
disease (9 ) , molybdenosis (10 ) and par
asitism (11). Cardiovascular lesions of 
poultry (12 ) and swine (13 ) have been 
associated with a deficiency of copper, an 
important element in the formation of 
aortic elastin (14).

Data for the present report were obtained 
from 475 preparturient Thoroughbred 
mares as part of an investigation of the 
possible relationship between serum cop
per and the incidence of parturient uterine 
artery rupture which causes fatal internal 
hemorrhage of aged mares (15 ).

EXPERIMENTAL

During the 1966 foaling season, blood 
samples from 120 mares on one farm 
were obtained within one month of the 
anticipated foaling dates. Glassware used 
for blood-collecting, serum storage and 
copper analyses was washed with a bio
degradable detergent and rinsed in 
standard distilled water followed by double 
glass-distilled water. The serum was as
sayed for copper by the oxalyldihydrazide 
acetaldehyde procedure of Stark and Daw
son (16 ) and total protein was determined 
by the biuret method (17 ).

During the 1967 foaling season, serum 
samples were obtained from 355 mares one 
month or less prepartum and represent

ing 4 farms. These blood samples were 
obtained with commercial disposable equip
ment 2 without special preparation. Glass
ware for the serum was processed as pre
viously described. The copper and protein 
analyses on these serums were made by 
automated procedures.3 The automated 
copper procedure was an adaptation of 
the pressure dialysis method of Summers
(1 8 ) , which also uses oxalyldihydrazide 
acetaldehyde color reagent. The total pro
tein procedure used was the automated 
biuret procedure adapted by Failing et al.
(1 9 ) . Regression analyses using the coded 
class value system and correlation analyses 
of the serum copper data, expressed in 
terms of micrograms of copper per milli
liter of serum and per gram of serum pro
tein, were made according to Goulden
(2 0 ) . The 1966 and 1967 data were statis
tically analyzed separately because differ
ent assay procedures were used each year. 
Copper data from fatal and nonfatal cases 
of parturient hemmorrhage occurring 
among the mares sampled were compared 
with appropriate mean serum copper values 
for respective groups of non-hemorrhaging 
mares.

Received for publication December 30, 1967.
1 Supported in part by a grant from the Grayson 

Foundation, Inc., and approved for publication by the 
Director of the Agricultural Experiment Station, Uni
versity of Kentucky, as journal paper no. 67-4-119.

2 Vacutainer, Becton-Dickinson Company, Ruther
ford, New Jersey.

3 AutoAnalyzer Equipment, Technicon Instruments 
Corporation, Research Park, Chauncey, New York.
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RESULTS AND DISCUSSION

The serum protein and copper values 
arranged according to age of pre-parturient 
mares are presented in table 1 and the 
data are graphically represented in figure
1. Regression analyses demonstrate an in
verse relationship between serum copper 
and mare age. The regression is significant 
for the 1967 data with P <  0.01 for Cu/ml 
serum and P <  0.05 for Cu/g serum pro
tein. The regression coefficients are 
— 0.1045 and — 0.1123, respectively, for 
copper per milliliter serum and grams of 
serum protein. There was a significant 
correlation P <  0.05 between mare age and 
copper per gram of protein (r =  — 0.108) 
for the 1967 data.

The extent of displacement of the 1967 
data from the 1966 data on the ordinate 
is attributed to the reduced opportunity 
for ion contamination in the automated 
copper analyses and a change from the 
Kjeldahl nitrogen assayed reference stand
ard used in the 1966 (manual) protein 
assays to the bovine albumen reference 
standard used in the 1967 (automated) 
protein analyses.

The 1967 serum protein and copper 
values according to days prepartum are 
shown in table 2. There was a significant 
elevation in copper per milliter of serum

(P <  0.05) and copper per gram of serum 
protein (P <  0.01) during the last 30 days 
of gestation with regression coefficients of
— 0.0381 and — 0.0638 for copper per 
milliliter of serum and copper per gram 
of serum protein, respectively. As parturi
tion approached (10 -0  days prepartum) 
there appeared to be a marked tendency 
toward elevation of total protein, copper 
per milliliter of serum and copper per gram 
of protein; however, this period was also 
marked by a large variation in copper levels 
and a limited number of samples analyzed. 
Neither regression nor correlation coeffi
cients indicated significant relationships 
between days prepartum and serum copper 
or protein for the 30- to 10-day and 10- to 
zero-day prepartum periods.

Using the prediction equation for the re
gression line for the 1967 data in figure 1 
and adjusting the 10- to zero-day pre
partum copper data to a common mare age 
(10 years) the regression coefficients for 
copper per milliliter of serum and per 
gram of serum protein were — 0.175 and
— 0.076, respectively, each insignificant.

Data for 4 fatal and 3 nonfatal, clinically
diagnosed cases of parturient rupture of 
the uterine artery are presented in table 3. 
These mares ranged in age from 15 to 25 
years which, according to Rooney (15 ) is

TA BLE 1

Serum protein and copper levels of preparturient Thoroughbred mares 1

Age
No. assayed Total protein Serum copper

1966 2 19673 1966 1967 1966 1967 1966 1967
years g/100ml ßg/ml lig/9 protein

4 i 6 6.38 7.90±0 .11  4 1.55 1.84 ±  0.13 24.30 23 .23±  1.39
5 7 11 6.71 ± 0 .2 3 7.78 ±0 .1 0 2 .2 4±0 .1 7 1.71 ±  0.01 33.70 ± 2 .9 9 21.90 ±  0.95
6 7 33 7.08 ± 0 .1 6 7.87 ±  0.05 2.04 ±  0.15 1.69 ± 0 .0 6 28.25 ± 2 .2 4 21.37 ±  0.62
7 9 38 6.89 ± 0 .1 6 7.90 ±0 .0 8 1.96 ±  0.08 1.71 ±  0.06 28.88 ±  1.12 21.28 ±0 .7 5
8 12 34 6.70 ± 0 .1 7 7.79 ± 0 .0 7 1.93 ±  0.10 1.57 ±  0.05 29.13 ± 1 .7 4 20.26 ± 1 .1 7
9 10 36 7.05 ±0 .21 7.82 ± 0 .0 6 1.93 ± 0 .0 8 1.62 ± 0 .0 5 27.62 ± 1 .2 9 20.64 ±0 .6 1

10 11 40 6.92 ±  0.15 7.80 ± 0 .0 7 1.85 ±0 .0 5 1.54 ±0 .0 4 26.67 ± 0 .7 0 20 .10±  0.70
11 10 34 6.67 ±  0.22 7.94 ± 0 .0 3 2.08 ± 0 .1 0 1.66 ± 0 .0 6 31.18 ±  0.99 21.05 ±  0.69
12 6 21 6.88 ± 0 .1 5 7.92 ± 0 .0 4 1.97 ± 0 .2 2 1.67 ±  0.01 28.81 ± 3 .4 7 20.97 ± 0 .7 9
13 12 21 7.04 ± 0 .1 9 7.75 ± 0 .0 8 1.91 ± 0 .0 9 1.42 ± 0 .0 4 27.57 ±  1.36 18.41 ± 0 .5 5
14 8 13 7.04 ±  0.12 7.81 ±  0.15 2.02 ±  0.13 1.57 ±  0.01 28.83 ± 2 .1 5 19.81 ± 0 .6 4
15 3 16 6.93 ± 0 .1 0 7.84 ± 0 .0 9 2.00 ±  0.13 1.64 ±0 .01 28.89 ± 1 .7 1 20.62 ± 0 .9 4
16 5 9 6.83 ±  0.19 7.82 ± 0 .1 7 1.77 ±  0.12 1.70 ±  0.01 26.02 ± 1 .6 4 21.69 ±0 .9 5
17 5 8 6.87 ± 0 .2 9 7.82 ± 0 .0 8 1.62 ± 0 .0 5 1.55 ±0 .01 23.85 ± 1 .2 3 19.61 ± 1 .0 4
18 3 8 6.87 ±  0.41 7.97 ±  0.09 1.76 ±  0.06 1.48 ±0 .01 25.94 ± 2 .0 0 19.17± 1.07
19 3 3 6.79 ±  0.15 7 .90±0 .24 1 .95±0 .07 1.65 ± 0 .0 2 28.80 ± 1 .8 1 20.98 ± 0 .7 7
20 2 9 7.72 ± 0 .2 9 7.60 ±  0.19 1.95 ±  0.11 1 .50±0.01 25.43±2 .31 19.88 ±0 .6 4

1 Less than 30 days prepartum.
2 Manual assay procedure.
3 Automated assay procedure.
4 Averages ±  s e  of mean.
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TABLE 2
Serum protein and copper levels of Thoroughbred mares 1 to 30 days preparatum

Days prepartum No. assayed 1 Total protein Serum copper
g/100 ml lig/ml lig/g protein

i 6 8 .1 5±0 .1 7  2 1.62 ± 0 .0 9 2 0 .15±  1.02
2 3 8.05 ± 0 .0 9 2.17 ±  0.22 26.95 ±3 .7 2
3 2 8 .35±0 .11 1.58 ± 0 .0 4 18.95 ± 0 .7 4
4 2 7.62 ± 0 .0 8 1.81 ±  0.04 23 .78±0 .14
5 3 7.78 ± 0 .3 2 2 .0 2 ±  0.20 2 5 .79±  1.71
6 6 7.92 ± 0 .0 8 1 .58±0 .10 19.91 ±  1.17
7 9 7.82 ± 0 .1 4 1.69 ± 0 .1 4 2 1 .46±  1.43
8 3 7.54 ±0 .5 1 1.84 ± 0 .2 4 24.30 ± 2 .7 9
9 6 7.90 ±  0.21 1.87 ±  0.23 23.33 ±2 .3 3

10 8 7.73 ± 0 .1 8 1.60 ±  0.11 20.89 ± 1 .5 2
11-12 19 7 .83±0 .13 1.63 ± 0 .0 7 20.82 ± 0 .8 2
13-14 19 7.89 ± 0 .0 9 1.61 ±  0.10 20.40 ± 1 .1 4
15-16 16 7.76 ± 0 .0 6 1.63 ± 0 .1 2 20.61 ± 1 .1 0
17-18 27 7.95 ± 0 .1 7 1.57 ±  0.07 19.94 ±  0.92
19-20 15 7 .92±0 .17 1.51 ±  0.11 18 .92± 1.33
21-22 18 7.87 ±  0.13 1.67 ±  0.11 21.28 ±1 .5 1
23-24 25 7.71 ± 0 .0 8 1.56 ± 0 .0 6 20.58 ± 0 .6 5
25-26 22 7.67 ± 0 .1 7 1.59 ± 0 .0 8 20.77 ±  0.95
27-28 30 7.84 ± 0 .1 2 1.58 ± 0 .0 8 20.25 ± 0 .9 3
29-30 19 7 .9 0 ±  0.10 1.57 ±  0.08 19.71 ±  0.85

1 Automated procedure.
2 Averages ±  se  o f  mean.
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the age range of mares seen with this con
dition at necropsy. There appeared to be 
no relationship between total protein and 
the incidence of uterine artery rupture. 
The fatally hemorrhaging mares averaged 
0.33 ug Cu/ml serum and 3.9 pg Cu/g 
serum protein less than the nonfatally 
hemorrhaging mares. The copper per milli
liter of serum of the fatally hemorrhaging 
mares was significantly (P < 0.05) lower 
than (actually 0.34 ug Cu/ml serum be
low) predicted serum copper levels of non
hemorrhaging prepartum mares of com
parable age groups. Copper per gram of 
serum protein of the fatally hemorrhaging 
mares was also below (3.66 ug Cu/g serum 
protein below) predicted levels for non
hemorrhaging mares. The nonfatally hem
orrhaging mares averaged 0.10 ug Cu/ml 
and 0.93 ug Cu/g serum protein above the 
predicted levels for non-hemorrhaging 
mares of comparable ages.

The decrease in serum copper with ad
vancing age of mares, the indication that 
there is a prepartum elevation of serum 
copper in the mare as Nielsen (21 ) has 
demonstrated in the human and the ob
served low copper levels in fatally hem
orrhaging, aged, parturient mares make 
feasible a relationship between serum cop
per and the incidence of uterine artery 
rupture at foaling. Were the prepartum 
serum copper elevation a physiological pro
cess to assure optimal amine oxidase activ
ity (22 ) for the maintenance of vascular 
elasticity during the rigors of parturition, 
the aged, hypocupremic mare would pos
sess inadequate endogenous copper and 
be more susceptible to vascular rupture 
than a younger mare.
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Some Effects of Amino Acid Deficiencies 
on Antibody Formation in the R a t* 1
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ABSTRACT The effects of a variety of nutritional deficiencies on antibody formation 
in rats have been studied. Deficiencies of vitamin B6, tryptophan and phenylalanine 
in rats decreased the antibody response to the synthetic antigen, poly Glu52Lys33Tyr15 
(no. 3) or to the natural antigen, sheep red blood cells. Methionine deficiency, 
methionine excess, or caloric restriction did not alter the antibody response. The 
metabolic antagonist deoxypyridoxine further decreased the antibody response in 
vitamin B6-deficient rats. The effect was reversed partially by glycine or serine, serine 
being more effective on a molar basis. Ethionine, a methionine antagonist decreased 
the antibody response, and its effect was not reversed by adenine or by methionine. 
The antibody response in germfree rats was higher than in normal animals.

Since a relationship between resistance 
to infectious disease and nutrition has been 
generally accepted, there have been many 
studies of the effects of nutritional defi
ciency on antibody formation. These 
studies have been restricted generally to 
vitamin deficiencies, particularly vitamin 
Bg, and to a lesser extent, to protein depri
vation. In the present work, the effects on 
antibody formation of feeding rats diets 
containing varying amounts of methionine, 
phenylalanine and tryptophan have been 
studied. The effects of the methionine an
tagonist ethionine and the vitamin B8 
antagonist, deoxypyridoxine, which limits 
the availability of glycine and serine, were 
also investigated. Finally, the effects of 
restricted feeding and lack of gastrointes
tinal flora on antibody formation were 
studied.

METHODS

Male rats of the Charles River CD strain 
were used, except in the germfree studies. 
The animals were housed in group cages, 
and were fed water and food ad libitum un
less otherwise specified. In the germfree 
studies, male rats of the Charles River CDF 
strain were used. The germfree rats were 
housed in sterile isolation units at the 
Charles River laboratories. One control 
group with normal gastrointestinal flora 
was maintained under the same housing

conditions as the germfree rats, and 
another control group was maintained in 
a conventional rat cage in our animal 
room.

The control diets are shown in table 1. 
In the phenylalanine experiment the diet 
consisted of a commercial formula diet for 
patients with phenylketonuria.2 It con
tained approximately 15% protein and 
0.06 to 0.1% phenylalanine; 1.2 g of d l - 
phenylalanine were added to each 100 g 
of the control diet.

The rats were immunized either with the 
synthetic polypeptide poly Glu52Lys33Tyr15 
(no. 3 ),3 or with sheep red blood cells. The 
immunization schedule for the polypeptide 
consisted of 0.75 mg of antigen in 0.5 ml 
of complete Freund’s adjuvant injected 
into both hind foot pads and subcutane
ously into the back of the neck (primary
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systematically defined in Biopolymers, 2: 283, 1964. 
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polypeptide formula denotes the preparation. The syn
thetic polypeptide used in this study has a molecular 
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TABLE 1
Composition of control diet used in vitamin Be, methionine and tryptophan experiments 1

Diet 1 Diet 2 Diet 3
Vitamin B6 study Methionine study Tryptophan study

Casein
%
15

% %

Salt-free acid hydrolyzed casein — — 20
Peanut meal — 20 _
Gelatin — 10 _
DL-Methionine — 0.6 0.6
L-Tryptophan — 0.15 0.24
L-Lysine — 0.3 —

L-Phenylalanine — 0.3 1.0
DL-Threonine — 0.6 --
Glycine 3 — —

Sucrose 67.7 53.75 63.86
Salt mixture IV (1 ) 4 4 4
Corn oil 9 9 9
Cod liver oil 1 1 1
Choline 0.3 0.3 0.3

i Each diet contained per kg of diet: (in milligrams) thiamineHC1, 4; riboflavin, 8; pyridoxine-
HC1, 4; niacin, 40; Ca pantothenate, 20; folic acid, 1; biotin, 0.2; vitamin B12, 0.05; menadione, 1; 
and dl-n-tocopheryl, 100. Changes in the amino acid composition of the experimental diets were ac
companied by appropriate alterations in sucrose levels.

immunization) followed by an intraperi
toneal injection of 0.75 mg of antigen in 
0.5 ml of water (secondary immunization) 
in approximately 3 weeks. With the sheep 
red blood cells, a single immunization was 
used, except in the studies with the germ- 
free rats: 0.8 ml of 10% suspension of 
erythrocytes was injected subcutaneously 
in the back of the neck and 0.1 ml was 
injected into each of the hind foot pads.

Antibody titers elicited with the syn
thetic antigen were measured by the pas
sive hemagglutination technique (2). Using 
this technique, antibody formation was not 
detected before the second injection of the 
synthetic antigen. Antibody titers elicited 
with the sheep red cells were measured by 
the direct hemagglutination method, in 
which untanned uncoated sheep red cells 
were substituted for the tanned, antigen- 
coated sheep red cells. For the hemagglu
tination titrations the sera were diluted 
tenfold and subsequently in twofold dilu
tions. The results are expressed as the 
geometric mean of the logarithm of the 
dilution to the base 2 ±  the standard error 
of the mean. Differences in the amount 
of antibody formed had to be significant 
at P < 0.01 in order to be considered mean
ingful (3 ).

RESULTS
Vitamin B6 deoxy'pyridoxine, glycine, 

and serine studies. Table 2 presents data 
from 2 experiments on the ability of gly
cine or serine to reverse the inhibition of 
antibody formation caused by vitamin B6 
deficiency and deoxypyridoxine. In the 
first study a group of rats weighing approx
imately 74 g were fed the experimental 
diets 3 days before the primary immuniza
tion with poly Glu52Lys33Tyr15 (no. 3). 
The secondary immunization followed 17 
days after the primary, and 5 days later the 
rats were bled. Vitamin B6 deficiency in
hibited the formation of antibody, and the 
deficiency plus the feeding of deoxypyri
doxine completely prevented antibody for
mation in all but one of 13 rats. The 
addition of glycine to this diet partially 
overcame the inhibition of growth and anti
body formation caused by the deoxypyri
doxine.

Similar results were obtained in the 
second experiment in which sheep red 
blood cells were used as the antigen. In 
this experiment, weanling rats weighing 
about 45 g were fed the experimental diets 
10 days before being immunized. Ten days 
later, their hemagglutination titers were 
determined. Glycine partially prevented
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the inhibitory effects of deoxypyridoxine, 
as in the first experiment, and serine at 
half the molar concentration of the glycine 
was considerably more effective in protect
ing the rats against the deoxypyridoxine 
effects.

Methionine and ethionine studies. Table 
3 shows the results of feeding ethionine 
and different levels of methionine on anti
body formation in rats immunized with 
poly Glu52Lys33Tyr15 (no. 3). Groups of 
rats weighing approximately 164 g were 
fed the experimental diets 6 days before 
the primary immunization. The second 
dose of antigen was given 17 days after the 
first, and the rats were bled 5 days later. 
The diets deficient in methionine or con
taining a large enough amount of DL-meth-

ionine (5%  ) to inhibit growth did not 
significantly effect antibody formation. 
The addition of ethionine to the low meth
ionine diet significantly reduced the 
amount of antibody formed. This effect of 
ethionine was not altered by adding meth
ionine to the diet, although the inhibitory 
effect of ethionine on growth was reversed. 
Since one mechanism of ethionine action 
is to trap adenine due to the formation of
S-adenosyl-L-ethionine (4—6) adenine was 
fed to one group of rats in an attempt to 
reverse the effects of ethionine. The ad
ministration of adenine, however, did not 
have any demonstrable effect on either the 
inhibition of growth or antibody formation 
produced by ethionine.

TABLE 2
Effects of glycine and serine on antibody formation in vitamin Be-deficient rats 

treated with deoxypyridoxine

Wt gain No. rats 
responding

Geometric mean 
hemagglutination 

titer

Antigen: poly Glu52Lys33Tyr15 (no. 3)
9

Diet 1
with vitamin B6 89 1 10/10 7.8 ± 0 .6  2
without vitamin B6 49 10/10 5 .5 ± 0 .6
without vitamin B6 +  3%  glycine 28 8 /1 0 4.4 ± 0 .8
without vitamin B6 +  10 mg DOP 3/kg diet 3 1/13 0.3
without vitamin B6 +  10 mg DOP/kg diet +  3%  glycine 15 5/10 2.4 ± 0 .9

Antigen : sheep red blood cells 
Diet 1

with vitamin B6 55 4 13/13 8.7 ±  0.1
without vitamin Be 21 13/13 7 .2 ± 0 .4
without vitamin B6 +  5 mg DOP/kg diet 3 0/11 0
without vitamin B6 +  5 mg DOP/kg diet +  3%  glycine 8 3 /1 2 0.9
without vitamin B6 +  5 mg DOP/kg diet +  2.1% L-serine 13 13/13 4.2 ± 0 .8

1 Grams/18 days.
2 ± se.
3 DOP : deoxypyridoxine.
4 Grams/20 days.

TABLE 3
Effects of methionine and ethionine on antibody formation in rats 1

Diet Wt gain 
/28 days

No. rats 
responding

Geometric mean 
hemagglutination 

titer

Low m ethionine basal (diet 2 )
9

100 12/12 1 0 .3± 0 .3  2
Basal - f  0.6%  DL-methionine 124 14/14 10.1 ± 0 .3
Basal -f- 0.1%  DL-ethionine 7 15/15 7.5 ± 0 .4
Basal - f  0.1%  DL-ethionine +  0.2% adenine 6 12/13 6 .0 ±  0.7
Basal +  0.1%  DL-ethionine +  0.6%  DL-methionine 131 14/14 8.1 ± 0 .4
Basal +  5%  DL-methionine 58 15/15 9.6 ± 0 .4

1 Rats immunized with poly Glu52Lys33Tyr15 (no. 3).
2 ±  SE.
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Tryptophan and phenylalanine studies. 
Table 4 shows the effects of feeding diets 
deficient in tryptophan or phenylalanine 
on antibody formation in rats immunized 
against sheep erythrocytes. The groups of 
weanling rats used in both of these experi
ments were fed the experimental diets 5 
days before immunization, and they were 
bled 9 days after immunization. The tryp
tophan-deficient diet contained 0.04% 
added L-tryptophan compared with the 
0.24% added in the control diet. The phe
nylalanine-deficient diet consisted of the 
control diet without any additional phenyl
alanine. Both the tryptophan and the 
phenylalanine-deficient animals showed an 
impaired ability to form antibodies to sheep 
red blood cells.

Restricted feeding studies. Table 5 
shows the result of restricting caloric in
take on antibody formation in rats fed 
laboratory ration. Initially the rats weighed 
approximately 155 g. They were fed the 
restricted diets 7 days before immunization 
with poly Glu52Lys33Tyr15 (no. 3). The 
second dose of antigen was given 21 days 
after the first, and the animals were bled 
9 days later. The data show that restricted

feeding did not have a significant effect 
on antibody formation.

Studies in germfree rats. Studies on 
germfree rats were undertaken to deter
mine whether the lack of a gastrointestinal 
flora, with its ill-defined nutritional sig
nificance, or the lack of previous antigenic 
stimulus provided by the bacteria would 
influence antibody formation in rats. The 
rats were immunized with sheep red blood 
cells by injecting 0.5 ml of a 2% suspen
sion of cells intravenously through the tail 
vein. Ten days later their antibody titers 
were measured, and they were given a 
second intravenous injection of 0.5 ml of 
a 2% suspension of red cells. The second
ary response was measured 5 and 11 days 
after the second injection of antigen. The 
results of this study (table 6 ) show that 
germfree rats consistently had higher anti
body titers than the animals in either con
trol group. The type of housing and hand
ling which the germfree animals received 
did not have any effect on the results ob
tained, since no statistical differences were 
observed between the amounts of antibody 
in the two control groups, one of which was 
handled in the same way as the germfree 
animals.

TABLE 4
Effects of diets deficient in tryptophan or phenylalanine on antibody formation in rats 1

Diet Wt change 
/14 days No. rats responding

Geometric mean 
hemagglutination 

titer

Control ( diet 3 )
9

52 1 2 / 1 2 6.6 ± 0 .4  2
Tryptophan-deficient - 2 12/14 4.7 ±  0.6
Control (Lofenalac 3 +  1.2%

DL-phenylalanine 42 1 2 / 1 2 7.3 ± 0 .4
Phenylalanine-deficient - 4 13/13 5.3 ± 0 .5

1 Rats immunized with sheep red blood cells.
2 -+- S E .
3 Mead Johnson Company, Evansville, Indiana.

TABLE 5
Effect of restricted feeding on antibody formation in rats 1

Amount of ration 
/rat/day

Wt change 
/37 days No. rats responding hemagglutination

titer

9 9

Ad libitum 184 15/15 7.5 ± 0 .4  2
15-16 116 16/16 8.1 ± 0 .4
12-13 66 15/15 8.3 ± 0 .4

8 - 1 0 1 2 1 1 / 1 1 8.4 ± 0 .9

1 Rats immunized with poly Glu52Lys33Tyr15 (no. 3).
2 ±  S E .
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TABLE 6
Antibody formation in germfree rats 1

Group Time after immunization No. of rats 2
Geometric mean 

hemagglutination 
titer

Germfree 10 days after primary 15 7 .8 ± 0 .1  3
5 days after secondary 13 8 .3 ± 0 .1

11 days after secondary 9 9.6 ± 0 .4
Controls in
isolation 10 days after primary 8 5.6 ± 0 .5

5 days after secondary 8 5.8 ± 0 .4
11 days after secondary 8 6.5 ± 0 .5

Non-isolated
controls 10 days after primary 7 5.4 ±  0.7

5 days after secondary 5 6 .5 ± 0 .9
11 days after secondary 5 7.1 ± 0 .7

1 Rats immunized with sheep red blood cells and fed sterilized laboratory ration.
2 Every rat produced antibody.
2 ±  SE.

DISCUSSION
Cannon (7 )  suggested that globulin pro

duction is dependent upon the intake of 
amino acids and that antibody production 
must similarly depend on protein intake. 
Since then there have been a number of 
studies in man and animals of the effects 
of protein deficiency on the antibody re
sponse and of the relationships between 
protein malnutrition and infection (8, 9). 
There have been few studies, however, of 
the effects of deficiencies of individual 
amino acids on the immune response.

In the present study, deficiencies of 
phenylalanine and tryptophan, but not of 
methionine, resulted in impaired antibody 
formation. The inability of the methion
ine deficiency to alter the antibody re
sponse may be related to the relatively less 
intense deficiency state produced by the 
low methionine diet as shown by the 
growth response compared with that pro
duced by the tryptophan and phenylalan
ine-deficient diets.

Nutrition studies often use metabolic 
inhibitors to enhance the deficiency effects 
of the nutrients they antagonize. For 
example, Wissler et al. (10 ) inhibited the 
antibody response in rats immunized with 
sheep erythrocytes by feeding them /T- 
thienylalanine, and they reversed the effect 
by adding more phenylalanine to the diet. 
However, the data obtained with metabolic 
antagonists must be interpreted with cau
tion, since the effects of the inhibitors can 
be quite complex and go beyond the simple 
intensification of the deficiency of their

nutrient analogues. It has been established 
through the years, particularly by the work 
of Axelrod and his associates that vitamin 
B6 deficiency inhibits the immune re
sponse, and the degree of inhibition can 
be increased by the use of deoxypyridoxine
(11). Gershoff and Faragalla (1 2 ) have 
suggested that the availability of serine 
and glycine is blocked by deoxypyridoxine. 
The results of the present study support 
this hypothesis, since they show that the 
effect of deoxypyridoxine in inhibiting anti
body synthesis can be partially reversed 
by glycine or serine supplementation, ser
ine being much more effective than glycine 
on a molar basis.

Ethionine, which is a methionine an
tagonist, can inhibit protein synthesis by 
inducing an adenosine triphosphate (ATP) 
deficiency due to trapping adenine as S- 
adenosyl-L-ethionine. This effect can be 
reversed by ATP or adenine (4 -6 ) . When 
ethionine was added to a low methionine 
diet, both antibody formation and growth 
were markedly depressed. Adenine did not 
alter the effect of ethionine. The addition 
of methionine to the ethionine-containing 
diet resulted in normal growth, but did not 
significantly affect antibody production. 
In a recent study, Gill and Gershoff (13) 
reported that ethionine added to a diet low 
in methionine inhibited antibody formation 
in Cebus albifron monkeys immunized 
with poly Glu53Lys33Tyr13 (no. 3) and that 
feeding excessive quantities of methionine 
also depressed the immune response. In 
the present study, however, the feeding of



AMINO ACID DEFICIENCIES AND ANTIBODY FORMATION 1 8 9

growth-inhibiting quantities of methionine 
to rats did not inhibit their ability to form 
antibodies to the same antigen.

It is often difficult to distinguish be
tween the effects produced by a specific 
vitamin or amino acid deficiency and the 
more general effects of inanition produced 
by the nutrient deficiency. In the present 
study, however, food restriction did not al
ter the antibody response (tables 3 and 5). 
Thus the effects due to the various defici
encies appear specific. Axelrod and Pru- 
zansky (14 ) have provided similar data in 
studies of the effects of vitamin B6 defici
ency on circulating antibody production to 
diphtheria toxoid in rats.

The enhanced antibody response in the 
germfree rats has been observed by others 
also, and they have attributed it to altera
tions in the avidity of the macrophage sys
tem (15). However, two alternative ex
planations may be offered. The first is 
suggested by considering the parallel phe
nomenon of radiation enhancement of the 
antibody response. An appropriate dose of 
radiation administered a short time after 
an antigenic stimulus enhances the anti
body response (16).

It has been postulated that depletion of 
lymphoid cells by radiation allows a dis
proportionate repopulation of the lymphoid 
tissue by surviving antigen-stimulated 
cells, which multiply more rapidly than 
surviving non-stimulated cells. In the 
germfree animals, the grossly underdevel
oped lymphoid tissue might provide a 
similar situation in which the antigen- 
stimulated cells would proliferate more 
rapidly than the unstimulated cells, thus 
producing higher than normal amounts of 
circulating antibody. The second alterna
tive would be a decreased catabolism of y- 
globulin in the germfree rats, thus allow
ing a higher concentration of antibody to 
be attained in the serum.

The effects of various nutritional defici
encies have been demonstrated with both 
sheep red blood cells and a synthetic poly
peptide as antigens. The antibody re
sponse to the synthetic antigen is affected 
by the same types of metabolic alterations 
that affect the response to a natural anti
gen. Thus, the synthetic antigens can be 
used in nutritional and metabolic experi
ments, and they offer the additional ad

vantages of detailed chemical control of 
structure and a relatively limited variety 
of different antigenic sites. The latter 
property can be of great advantage in 
studying the mechanism of action of nutri
tional deficiencies and of the genetic con
trol of the antibody response.
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Copper-Molybdenum Interaction in Sheep 
and Chicks 1/2

RICHARD P. DOWDY a n d  GENNARD MATRONE
Departments of Biochemistry and Animal Science, North Carolina State 
University, Raleigh, North Carolina

ABSTRACT A series of experiments was conducted in an attempt to gain further 
insight into the biological interaction between copper and molybdenum. In sheep fed 
a purified, low copper diet containing varying levels of molybdenum and inorganic sul
fate, anemia developed only in those animals receiving molybdenum. All these sheep 
showed a diminution of plasma copper as the trial progressed. High levels of dietary 
molybdenum did not significantly depress the induction of ceruloplasmin activity in 
chicks stressed with fowl typhoid. High levels of molybdenum in the incubation 
solution reduced the in vitro uptake of copper by rat liver and kidney slices. It was ob
served that CuSCh and NaiMoCh form a complex which precipitates in a near neutral 
solution. The ratio of copper to molybdenum in this complex was 4 :3 . The results of 
these studies were used to develop a hypothesis that molybdenum complexes with 
copper and that copper bound in this state is biologically inactive.

A number of reports in the literature 
have indicated that molybdenum and inor
ganic sulfate alter the normal metabolism 
of copper, but the mechanism or site of 
this interaction remains elusive.

The first indication of an interaction be
tween copper and molybdenum arose from 
the work of Ferguson et al. (1 ) . These 
workers observed scouring in cattle that 
grazed forages containing a high level of 
molybdenum and found that it could be 
prevented or cured by feeding or drench
ing with copper sulfate even though the 
copper content of the forage was normal. 
Thus, it appeared that molybdenum pre
cipitated a physiological copper deficiency.

Dick (2 )  observed that dietary inorganic 
sulfate intensified the harmful effect of 
molybdenum upon copper metabolism in 
sheep. Other workers (3, 4 ) have demon
strated a beneficial effect of sulfate on 
molybdenum-induced copper deficiency in 
the rat. Gray and Daniel (5 )  have at
tempted to reconcile these apparently anom
alous effects of inorganic sulfate by 
showing that, in the rat, prior copper status 
affects the response. If copper stores were 
low, inorganic sulfate intensified the molyb
denum effect; if copper stores were ade
quate, sulfate prevented the harmful ef
fects of molybdenum. An interaction 
between copper and molybdenum has also 
been observed in rabbits (6 )  and in the 
guinea pig (7 ).

A striking difference between ruminants 
and nonruminants, noted from these re
ports, is that the adverse effects of molyb
denum in the ruminant occur at much 
lower dietary levels.

In the present investigation the inter
acting effects of copper and molybdenum 
were studied under three experimental con
ditions. In the first, lambs were fed a puri
fied (8 ) ,  low copper diet containing vary
ing levels of molybdenum and sulfate. The 
purpose of this experiment was to study 
the effect of molybdenum and inorganic 
sulfate on hemoglobin and plasma copper 
concentrations of the lambs under a de
fined dietary regimen. The second experi
ment, using chicks, was performed to study 
the effect of molybdenum and sulfate on 
ceruloplasmin induction. Normally, chicks 
have very low levels of ceruloplasmin ac
tivity, but it can be increased by stressing * 1 2 3 4
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the birds if copper is present in the diet
(9 ) . The third experiment consisted of 
incubating rat liver and kidney slices in 
varying concentrations of molybdenum and 
copper to study the effect of molybdenum 
on tissue uptake of copper in vitro. In addi
tion to these experiments, a fourth study 
is also presented characterizing a copper- 
molybdenum complex.

EXPERIMENTAL

General procedures. Hemoglobin con
centrations were determined by the method 
of Shenk et al. (10 ). Copper determina
tions were made according to the method 
of Parks et al. (11), as modified by Matrone 
et al. (12 ). Ceruloplasmin activity was 
determined by the procedure of Houchin
(1 3 ), as modified by Rice (1 4 ), with the 
following alterations: when the activity 
was very low, 0.2 ml of serum was used 
instead of 0.1 ml, and incubation time was 
increased from 15 minutes to 30 minutes 
or 1 hour. Radioactivity of 64Cu was deter
mined by a gamma scintillation counter.5 
The analysis of variance method was used 
for statistical analyses of the data (15 ).

Sheep experiment. Ten young lambs 
weighing approximately 23 kg each were 
divided into 5 groups of 2 lambs each. 
Each group was housed in an individual 
wooden pen with a diamond-mesh wire 
floor. Water was provided ad libitum. The 
lambs were fed twice daily. Each group 
was assigned to 1 of the 5 experimental 
diets (table 1). The variables in the experi
mental diets are summarized in table 2.

Blood samples were collected from the 
jugular vein every 2 weeks for the first 
10 weeks and again at weeks 36 and 43. 
Sodium heparin was used to prevent co
agulation. Hemoglobin and plasma copper 
determinations were made on all blood 
samples.

Chick experiment. Thirty-six young 
chicks (White Plymouth Rock) weighing 
about 300 g each were divided into 4 
groups of 9 birds each. Each group was 
housed individually in battery brooders and 
assigned at random to one of the experi
mental diets. The experimental diets and 
drinking water were provided ad libitum. 
The composition of the basal diet is shown 
in table 3. Four experimental diets were 
prepared from this basal mixture. Diet 1

t a b l e  l
Composition of sheep diets

%
Casein1 20.0
Glucose2 29.2
Cornstarch2 23.0
Hydrogenated vegetable oil 3 4.0
Cellulose4 3.0
KHCOs 4.0
NaHCOa 6.0
CaCC>3 1.0
CaHP04 1.8
Vitamin mixture 5 5.0 6
Mineral mixture 7 3.0

1 Nutritional Biochemicals Corporation, Cleveland.
2 Com Products Sales Company, Norfolk, Virginia.
3 Primex B and C (pure vegetable shortening), 

Procter and Gamble Company, Cincinnati.
4 Alphacel, Nutritional Biochemicals Corporation.
5 Contained per kg diet: (in milligrams) thia-

mine*HCl, 8.82; riboflavin, 18.74; nicotinic acid, 
24.91; Ca pantothenate, 31.31; pyridoxincTICl. 12.57; 
folic acid, 1.26; p-aminobenzoic acid, 24.91; inositol, 
250.22; biotin, 0.25; choline chloride, 2500; menadi
one, 2.54; 0.1% vitamin Bis (with mannitol), 102.73; 
a-tocopheryl acetate, 12.57; and glucose, 47 g.

6 Administered 88.2 IU of vitamin A and 9.0 IU of 
vitamin D /day/kg body weight by capsule.

7 Contained per kg diet: (in milligrams) KC1, 6020; 
NaCl, 5270; MgCOs, 3110; Na2S04, 109; FeS04-2H20, 
169; MnS04 H20, 30.8; ZnO, 49.9; C0CO3, 0.20; KI, 
0.13; and glucose, 15.34 g. This was for the basal 
diet (17D). The other diets were supplemented (with 
concomitant reduction in glucose) as follows: (m g/kg 
diet) 17E, Na2Mo04-2H20, 4.23; 17F, Na2Mo04-2H20, 
8.47; 17G, Na2Mo04• 2H20, 4.23 and Na2S04, 600; 17H, 
Na2Mo04 '2H20 , 8.47 and Na2S04, 1200.

TABLE 2
Experimental variables in sheep diets

Diet Copper Molybdenum Sulfur as sulfate
ppm ppm %

17D 1 0 0.03
17E 1 2 0.03
17F 1 4 0.03
17G 1 2 0.06
17H 1 4 0 . 1 2

was the basal and served as the control. 
Diets 2 and 4 were supplemented with 
Na2M o04-2H20  to provide 500 ppm molyb
denum. Diets 3 and 4 were supplemented 
with MgS04 (in lieu of MgCOs) to provide 
1000 ppm inorganic sulfate.

After the birds had been consuming 
their respective diets for 2 weeks, blood 
samples were collected (zero-day sample) 
from each bird by cardiac puncture. Im
mediately after this sample was taken, each 
bird was given an intraperitoneal injection 
of a saline suspension containing approxi
mately 106 Salmonella g allinarum organ
isms. Further blood samples were collected

5 Gamma Scintillation Counter, Nuclear-Chicago
Corporation, Des Plaines, Illinois.
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TABLE 3
Composition of basal chick diet

Glucose 1
%

32.5
Dried skim milk 60.0
Vegetable o il2 5.0
DL-Methionine 0.3
L-Arginine-HCl 0.5
Glycine 0.5
NaCl 0.5

Vitamin mixture 3
mg/kg
1980

MgC03 1855
Choline chloride 1540
FeS04-7H20 528
MnS04-H20  (reagent grade) 220
CuS04-5H20 40

1 Cerelose, Com Products Refining Company, New 
York.

2 Wesson Oil, The Wesson Oil Company, New Or
leans, Louisiana.

3 Supplied per kg of diet: (in milligrams) thiamine, 
3.52; riboflavin, 5.27; folic acid, 1.10; a-tocopheryl 
acetate, 22.00; menadione sodium bisulfite, 0.792; 
biotin, 0.176; pantothenic acid, 18.3; niacin, 52.3; 
pyridoxine, 5.7; and vitamin B12, 8.8 fig; vitamin A,
11.000 USP units; and vitamin D, 1980 ICU.

by the same procedure at 24-hour intervals 
for the subsequent 5 days. Each blood 
sample was assayed for serum ceruloplas
min activity.

Tissue uptake experiments. Tissues 
used in this study were obtained from 
adult rats that had been consuming a com
mercial laboratory diet.* 100 6 The rats were 
killed by stunning and decapitation. The 
liver or kidneys were removed immediately 
and placed in chilled Krebs-Ringer solu
tion. Tissue slices ranging in weight from
100 mg to 200 mg were prepared using a 
Stadie-Riggs microtome. Following slicing, 
the tissue slices were washed twice in 
chilled Krebs-Ringer solution. Tissue ali
quots ranging in weight from either 0.3 g 
to 0.5 g for liver or 0.2 g to 0.4 g for kid
ney were used in the incubation. The in
cubations were performed in Krebs-Ringer 
solution in 25-ml Erlenmeyer flasks at 37° 
in a constant-shaking water bath. Liver 
slices were incubated for 60 minutes and 
kidney slices for 30 minutes. Three levels 
of molybdenum (0, 500 and 1000 yg) and 
4 levels of copper (100, 250, 500 and 1000 
yg) were used in a factorial design. Molyb
denum as Na2M o04-2H20  and copper as 
CuS04-5H20  were dissolved in Krebs-Ringer 
solution. The total incubation volume, ex
cluding the tissue slices, in each flask was
5.0 ml.

Immediately before the start of the in
cubation period, approximately 20,000 to
25,000 cpm of 64Cu were added to each 
flask. After incubation the tissue slices 
were washed in cold Krebs-Ringer solution, 
blotted and placed in counting tubes for 
radioactivity determinations.

Characterization of Cu-Mo complex. 
During the course of this investigation it 
was observed that copper sulfate and so
dium molybdate formed a complex at near 
neutral pH. The method of continuous 
variation, as outlined by Job (16), was used 
to determine the ratio of copper to molyb
denum in the Cu-Mo complex. Copper and 
molybdate solutions (0.1 m ) were made in 
water from copper (II) sulfate and sodium 
molybdate, respectively. They were then 
mixed according to the continuous varia
tion procedure. Both the absorbance at 
340 my of the supernatant solution and 
the weight of the precipitate formed were 
measured. The absorbance at 340 my was 
used as a measure of the concentration of 
the Cu-Mo complex in solution since the 
complex, but neither copper sulfate nor 
sodium molybdate, shows an absorption 
band of visible light in this region.

RESULTS AND DISCUSSION

Lamb experiment. As shown in figure 
1, all animals exhibited decreasing plasma 
copper levels as the trial progressed, re
gardless of the diet fed. These results in
dicate that the basal diet, which contained 
1 ppm Cu, was marginal or inadequate in 
respect to copper. Further examination of 
the data in figure 1 shows that the rate of 
decline in plasma copper was similar for

Fig. 1 Effect of diet on plasma copper levels 
of sheep. Mo added in the form of M o04-2H20 , 
sulfur in the form of Na2S04.

6 Purina Laboratory Chow, Ralston Purina Com
pany, St. Louis.
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the animals fed diets 17D (basal), 17E, 17G 
and 17H but lower for those fed 17F which 
contained 4 ppm of molybdenum and 
0.03% sulfate. A comparison of the results 
obtained with plasma copper concentra
tions in figure 1 with hemoglobin concen
trations in figure 2 shows a low order of 
correlation between these 2 parameters. 
In contrast with the results obtained with 
plasma copper, hemoglobin levels of the 
lambs fed diet 17D (basal) and those fed 
diet 17E, with the low level of molyb
denum (2 ppm) and sulfate (0.03% ), re
mained rather constant and at a normal 
level; all other experimental groups de
veloped anemia. The effect of dietary sul
fate on hemoglobin level is shown strik
ingly in the comparison between lambs 
fed diet 17E and 17G. Both diets con
tained the same level of molybdenum (2 
ppm ), but diet 17G contained twice as 
much sulfate; animals fed the former diet 
maintained a normal level of hemoglobin, 
whereas those fed the higher level of sul-

Fig. 2 Effect of diet on hemoglobin concen
tration of sheep. Mo added in the form of MoOi- 
2H20 , sulfur in the form of NasSCh.

fate developed the severest anemia of any 
group in the experiment. However, the de
gree of anemia was less, and the effect of 
sulfate was ambiguous in the groups fed 
the high level of molybdenum (4  ppm). 
Thus at the low level of molybdenum the 
effect of increased dietary sulfate was syn
ergistic with molybdenum, whereas at high 
levels the predominant depressing factor 
on hemoglobin appeared to be associated 
with the level of molybdenum.

Chick experiment. The effect of the 
diet on chick ceruloplasmin activity is pre
sented in table 4. Recently it was reported
(9) that induction of ceruloplasmin synthe
sis in chicks, which normally have low ce
ruloplasmin activity, could be brought about 
by certain stressor agents. As shown in 
table 4, ceruloplasmin activity of chicks in 
all groups responded similarly, reaching a 
peak on the third day after inoculation with 
fowl typhoid organism, followed by a small 
decline. Although the average values of 
the chicks fed high molybdenum, diet 2, 
are slightly lower than those for other 
groups, a statistical analysis of the data 
indicates that the differences were not 
significant (P > 0 .0 5 ) .  Thus, neither 
molybdenum, nor sulfate, nor the combina
tion of the two affected the induction of 
ceruloplasmin appreciably. Liver copper 
values of these chicks (table 5 ) also show 
no significant differences between treat
ments.

Tissue uptake experiments. The effect 
of molybdenum on the in vitro uptake of 
copper by rat liver and kidney tissues is 
shown in table 6. In every instance, the 
presence of molybdenum in the incuba-

TABLE 4
Effect of diet on chick serum ceruloplasmin activity 1

Days after inoculation of 
fowl typhoid organism

Ceruloplasmin activity 2
Diet

1
Control

2
High Mo

3
High

sulfate
4

High Mo +  
high sulfate

0 0.91 0.82 0.97 1.01
1 3.95 4.18 4.15 3.77
2 5.84 5.65 6.33 5.85
3 7.27 6.40 7.00 7.14
4 6.85 5.98 6.51 6.43
5 7.08 5.84 6.45 6.26

1 Each value represents the mean of 9 chicks.
2 Ceruloplasmin activity expressed as international units.
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TABLE 5
Effect of diet on liver copper of chicks 1

Diet Liver copper
ppm (dry liver basis)

1 Control 13.89 ± 0 .5 6  2
2 Migh Mo 13.19 ± 0 .5 3
3 High sulfate 14 .18±  1.12
4 High Mo +  high sulfate 13.17 ± 0 .5 9

1 Each value represents the mean of 9 chicks.
2 Mean ±  se.

TABLE 6
Effect of molybdenum on incorporation of copper 

into rat liver and kidney slices

Amount in flask Copper incorporated
Copper Molybdenum Liver Kidney

fi9 V9 iig/9 tissue 1
100 — 164 140
100 500 151 109
100 1000 140 112

250 — 324 237
250 500 277 174
250 1000 264 182

500 ___ 499 334
500 500 432 294
500 1000 411 299

1000 — 571 450
1000 500 499 431
1000 1000 490 432

1 Values calculated by the following equation:
, , . observed cpm/ig mcorporated/g tissue = -------- :-------—g tissue

cpm in incubation flask
/Lg Cu in incubation flask

where observed counts per minute have been corrected 
for background and radioactive decay.

tion flask reduced the uptake of copper by 
the tissue slices. Statistical analysis of 
these data shows that while the two high 
levels of molybdenum significantly reduced 
(P  <  0.005) the uptake of copper when 
compared with the zero-molybdenum level, 
there were no significant differences in 
copper uptake between tissue slices exposed 
to either 500 or 1000 ug of molybdenum.

Presumably the reduced uptake of cop
per by the rat liver slices exposed to the 
molybdate could have been effected either 
through interference with the absorption 
process of copper in some unknown man
ner or by molybdate complexing the copper 
before absorption. Observations made acci
dentally showed that under certain in
stances a mixture of sodium molybdate and 
copper sulfate resulted in a precipitate, 
suggesting that the latter alternative might

have a rational basis. Accordingly a study 
was conducted to investigate the charac
teristics of the precipitate.

Characterization of Cu-Mo complex. 
The results of the continuous variation 
method of Job (1 6 ) are presented in fig
ures 3 and 4. Both the absorbance at 340 
mu and the weight of the precipitate 
formed indicate that the molar ratio of 
copper to molybdenum is approximately 
4:3. Others (17, 18) have reported the in 
vitro formation of a copper molybdate com
plex in which the ratio of copper to molyb
denum was 1:1. Tests for sulfate in the 
precipitate were negative. Another char
acteristic of the precipitate was that it 
formed optimally at around neutral pH.

The results obtained with sheep and 
chicks again emphasized the high suscep
tibility of ruminants to molybdenum tox-

MOLARITY x IOz

Fig. 3 Effect of molar variation of CuS04- 
5H20  and Na2Mo04 upon amount of Cu-Mo com
plex in solution. (Values for molarity shown in 
the figure have been derived by multiplying the 
actual values by 102.)

MOLARITY x !02

Fig. 4 Effect of molar variation of CuS04' 
5HzO and Na2Mo04 on formation of Cu-Mo com
plex precipitate. (Values for molarity shown in 
the figure have been derived by multiplying the 
actual values by 102.)
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icity as contrasted with the nonruminar.t. 
The study of copper uptake by liver tissue 
slices and the study demonstrating the 
formation of a Cu-Mo complex suggested 
the hypothesis that molybdenum was com- 
plexing copper, rendering it biologically in
active.
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A Copper-Molybdenum Complex: Its effects and 
movement in the piglet and sheep 1,2
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D ep a rtm en ts o f  B ioch em istry  and  A n im a l S cien ce , N orth  Carolina State 
U n iversity , R aleigh , N orth  C arolina

A B STR AC T  E x p e r i m e n t s  w e r e  c o n d u c t e d  t o  s t u d y  t h e  i n  v i v o  a v a i l a b i l i t y  a n d  
m o v e m e n t  o f  c o p p e r  o f  a  c o p p e r - m o l y b d e n u m  ( C u - M o )  c o m p l e x .  I n  b a b y  p i g s  f e d  
t h e  C u - M o  c o m p l e x  a s  t h e  o n l y  c o p p e r  s u p p le m e n t ,  s e r u m  c o p p e r  l e v e l s  w e r e  s im i l a r  
to  t h o s e  i n  p i g s  f e d  c o p p e r  s u l f a t e .  H o w e v e r ,  t h e  p i g s  r e c e i v i n g  t h e  C u - M o  c o m p l e x  
s h o w e d  a n  i n c r e a s e  i n  c e r u l o p l a s m i n  a c t iv i t y  w h i c h  w a s  n o  g r e a t e r  t h a n  t h a t  i n  p i g s  
f e d  a  d ie t  w i t h o u t  s u p p l e m e n t a l  c o p p e r .  T i s s u e  m o l y b d e n u m  c o n c e n t r a t i o n s  w e r e  
h i g h e r  i n  p i g s  f e d  t h e  C u -M o  c o m p l e x  t h a n  i n  p i g s  f e d  a n  e q u a l  a m o u n t  o f  m o l y b 
d e n u m  a s  t h e  s o d i u m  s a lt .  C o n v e r s e l y ,  t i s s u e  c o p p e r  l e v e l s  i n  t h e  p i g s  f e d  t h e  C u -M o  
c o m p l e x  w e r e  g e n e r a l ly  l o w e r  t h a n  t h o s e  i n  p i g s  f e d  e i t h e r  c o p p e r  s u l f a t e  o r  c o p p e r  
c i t r a t e  p l u s  s o d i u m  m o ly b d a t e  i n  e q u i v a l e n t  a m o u n t s .  I n  s h e e p  g i v e n  a n  i n t r a v e n o u s  
i n j e c t i o n  o f  t h e  C u -M o  c o m p l e x  m a d e  f r o m  64C u  a n d  " M o ,  t h e  r a t e s  o f  r e m o v a l  f r o m  
t h e  b l o o d  o f  t h e  c o p p e r  a n d  m o l y b d e n u m  w e r e  e q u a l ,  a n d  t h is  r a t e  w a s  m o r e  r a p i d  
t h a n  t h e  r e m o v a l  o f  m o l y b d e n u m  w h e n  " M o  w a s  i n j e c t e d  a l o n e .  C o n v e r s e l y ,  t h e  r a t e  
o f  u r in a r y  e x c r e t i o n  o f  m o l y b d e n u m  f r o m  t h e  64C u - " M o - i n j e c t e d  s h e e p  w a s  s lo w e r  
t h a n  f r o m  t h e  " M o - i n j e c t e d  a n i m a l .  T h e s e  r e s u l t s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  c o p p e r  
b o u n d  i n  a C u -M o  c o m p l e x  is  b i o l o g i c a l l y  u n a v a i l a b l e  a n d  i n d i c a t e  t h a t  s u c h  a  c o m p l e x  
c a n  e x i s t  i n  v i v o .

The observations that molybdenum can 
initiate copper deficiency and that copper 
can alleviate molybdenum toxicity have 
been well-documented (1 -4 ) . The nature 
of this interaction is not known. From the 
results in a previous study (5 ) , it was 
suggested that the formation of a “Cu-Mo 
complex” renders the copper biologically 
inactive.

The purpose of the present study was 
to test the hypothesis that the formation 
of a Cu-Mo complex may be the cause of 
the interaction between the 2 metals. Two 
experiments were conducted. In the first 
experiment, baby pigs were fed various 
copper supplements, including the Cu-Mo 
complex, to determine whether the com- 
plexed copper was metabolically available. 
Serum copper, ceruloplasmin activity, and 
tissue copper and molybdenum determina
tions were made. Two ewe lambs were 
used in the second experiment to determine 
the rates of removal from the blood of cop
per and molybdenum from an intraven
ously injected dose of the Cu-Mo complex. 
These lambs were also used to study the 
rate of urinary molybdenum excretion, both 
from the injected Cu-Mo complex and from 
molybdenum injected as the sodium salt.

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

General procedures. Copper determina
tions were made by the method of Parks 
et al. (6 ) ,  as modified by Matrone et al.
(7). Molybdenum was determined by the 
procedure of Evans et al. (8 )  except that 
a chloroform-butanol (7 0 :30 ) solution 
was used as the extracting agent rather 
than isopropyl ether. Ceruloplasmin ac
tivity was assayed according to the pro
cedure of Houchin (9 ) , as modified by 
Rice (10 ). Radioactivity of G4Cu and "Mo 
was determined by a gamma scintillation 
counter.5 The analysis of variance method 
was used for statistical analysis of the 
data (11 ). * 1 2 3 4
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Baby pig experiment. A litter of 12 
baby pigs was farrowed, divided into 4 
groups of 3 pigs each and raised artificially 
for 3 weeks according to the regimen of 
Gomez-Garcia and Matrone (12 ). The 4 
experimental diets consisted of whole raw 
cow’s milk plus the supplements shown in 
table 1. The Cu-Mo complex used for diet 
3 was made in vitro by mixing aqueous 
solutions of copper (II) sulfate and sodium 
molybdate. The precipitate which formed 
was washed 5 times with distilled water 
and dissolved in dilute hydrochloric acid. 
When the complex was diluted with milk 
to feeding concentration, it contained 20 
ppm copper and 24 ppm molybdenum.

Blood samples were collected from the 
vena cava of each pig at 36 hours of age 
and again at 7, 14 and 21 days of age. 
The blood was allowed to coagulate, and, 
subsequently, ceruloplasmin activity and 
copper determinations were made on the 
serum. At the end of the experiment (21 
days) the pigs were killed and the follow
ing tissues removed and frozen : brain, 
heart, liver, kidney and spleen. All tissues

TABLE 1
W h o le  raw  m ilk  su p p lem en ts fo r  p ig  d iets

D iets

1 2 3 4

I r o n  1
C o p p e r
M o l y b d e n u m

8 0 8 0  
2 0  2

ppm
8 0
2 0  3 
2 4  3

8 0  
2 0  4 
2 4  5

1 Iron as ferrous sulfate.
2 Copper as copper sulfate.
8 Copper and molybdenum as the copper-molybde

num complex.
4 Copper as copper citrate.
5 Molybdenum as sodium molybdate.

were analyzed for their content of copper 
and molybdenum.

Copper and molybdenum uptake study 
in sheep. Two ewe lambs, equipped with 
urinary catheters, were placed in metabo
lism crates. No feed was given during this 
short-term experiment, but water was pro
vided. One animal was given an intraven
ous injection of "M o via the jugular vein. 
The other animal was similarly injected 
with the Cu-Mo complex solution made 
from 64Cu and "Mo. The dose given to each 
animal had equivalent amounts of molyb
denum. Blood and urine samples were 
taken at various time-intervals following 
injection of the isotope(s). Blood was col
lected from the jugular vein and urine 
from the catheters. Radioactivity determin
ations were made on blood and urine. The 
blood samples from the animal that re
ceived the Cu-Mo complex injection were 
counted twice; once at a zero time and 
again 72 hours later. From the half-life 
of the 2 isotopes used and the total number 
of counts, equations were constructed by 
which the total counts were partitioned 
into those resulting from copper and those 
resulting from molybdenum.

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

Baby pig experiment. The effect of the 
various treatments on serum copper is pre
sented in table 2. The pigs receiving no 
supplemental copper (diet 1) maintained 
subnormal levels of serum copper through
out the experiment. As will be shown later, 
the initial increase in serum copper in these 
pigs probably resulted from a depletion of 
tissue copper. The increase in serum cop
per in pigs fed the other 3 diets progressed

TABLE 2

E ffec t  o f  d iet on  seru m  cop p er  o f  p ig lets

D i e t 1
A g e

36  h o u rs 7  d a ys 14 d a y s 21  d a y s

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

1 Diet 1, no copper; diet 2, 20 ppm copper as copper sulfate; diet 3, 20 ppm copper and 24 ppm 
molybdenum as Cu-Mo complex; diet 4, 20 ppm copper as copper citrate and 24 ppm molybdenum as 
sodium molybdate.

2 Each value represents the mean of 3 observations ±  se.
8 Each value represents the mean of 2 observations ±  se.
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at a rate normal for young pigs (12 ). This 
suggests that the intestinal absorption of 
copper from the Cu-Mo complex was not 
impeded nor did molybdenum in diet 4 
interfere with the absorption of copper 
from copper citrate.

There was a marked effect of diet on 
serum ceruloplasmin activity (fig. 1). As 
expected, the initial ceruloplasmin activity 
was low (1 2 ). The ceruloplasmin activity 
from pigs fed copper sulfate (diet 2 ) in
creased at a rate which is assumed to be 
normal for the 3-week experimental period. 
The presence of molybdenum in the diet

DIET 2 
(Cu S04)

DIET 4
(Cu-CITRATE + 
NcjgMo 04)

DIET 3
(Cu-Mo COMPLEX) 
DIET I
(NO COPPER)

AGE (WEEKS)

F i g .  1 E f f e c t  o f  d ie t  o n  c e r u l o p l a s m i n  a c t iv i t y  
o f  p i g l e t s .

containing copper citrate had no significant 
effect on the normal increase of cerulo
plasmin activity. Conversely, the increase 
in ceruloplasmin activity in the serum of 
pigs receiving the Cu-Mo complex (diet 3) 
very nearly paralleled that of pigs receiving 
no copper (diet 1); these were both signifi
cantly reduced (P <  0.05) compared with 
copper sulfate-fed controls. These results 
indicate that the copper from the Cu-Mo 
complex was unavailable for ceruloplasmin 
synthesis.

The effect of diet on tissue copper 
and molybdenum concentrations is shown 
in table 3. The pattern for molybdenum 
was the same for all tissues examined. 
Diet 4 (copper citrate, sodium molybdate) 
resulted in significantly higher (P <  0.01) 
molybdenum concentrations than either of 
the non-molybdenum diets (diets 1 and 2 ), 
but significantly lower (P < 0 .0 1 )  molyb
denum concentrations than the Cu-Mo 
complex-supplemented diet (diet 3).

The copper distribution pattern is not 
as well defined. In the liver, all copper- 
containing diets (diets 2, 3 and 4 ) resulted 
in significantly higher (P <  0.05) copper 
concentrations than the copper-deficient 
diet (diet 1). The Cu-Mo complex-supple
mented diet (diet 3) resulted in signifi
cantly lower (P <  0.01) copper concentra
tions in the kidney than the diet 
supplemented with copper citrate and 
sodium molybdate (diet 4). Further, diet

T A B L E  3

E ffe c t  o f  d iet on  tissu e co p p er  and  m olyb d en u m  con cen tra tion s  o f  p ig lets

D ie t
T iss u e 1 i

N o  c o p p e r
2 2

C u S 0 4
3 i

C u -M o  c o m p le x
4  i

C u -c itra te  +  N a 2 M o 0 4

L i v e r 1 .8  +  0 .1

ppm (dry m atter basis) 

M o l y b d e n u m
2 .3  ± 0 . 2  2 5 .9  ±  2 .4 1 6 .0  ± 2 .7

K i d n e y 4 .5  ± 0 . 2 5 .9  ± 0 . 9 7 9 .8  ±  2 .5 3 6 .5  ± 2 .4
H e a r t 2 .4  ± 0 . 5 3 .0  ± 0 . 8 1 4 .6  ±  0 .2 1 0 .5  ± 0 .1
B r a in 0 . 9 ± 0 . 1 0 . 9 ± 0 . 4 7 .2  ±  0 .3 5 .1  ± 0 .2
S p l e e n 3 .1  ± 0 . 2 2 .5  ± 0 . 2 2 5 .4  ±  1 .5 1 5 .4  ± 0 .7

L i v e r 4 5 . 0 ± 3 . 5

C o p p e r
2 1 0 . 0 ± 5 . 0 1 5 8 .0 ±  1 0 .2 1 9 8 .0  ± 4 2 . 0

K i d n e y 2 4 .0  ± 0 . 4 2 1 1 . 0 ± 4 . 0 1 5 0 .0 ±  2 .4 1 9 4 .0  ± 5 .9
H e a r t 2 2 .3  ± 2 . 0 3 3 .4  ± 3 . 0 1 8 .0 ±  2 .5 3 1 .4  ± 4 .2
B r a in 2 1 . 0 ± 0 . 5 3 3 .3  ± 0 . 3 2 9 . 8 ±  0 .4 3 1 .4  ± 0 .7
S p le e n 1 1 . 8 ±  1 .2 1 5 .5  ±  0 .5 2 2 .1  ±  1 .4 1 8 .1 ± 0 .5

1 E a c h  v a lu e  re p re s e n ts  th e  m e a n  o f  3  o b se r v a tio n s .
2 E a c h  v a lu e  re p re s e n ts  th e  m e a n  o f  2  o b se r v a tio n s .
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4 resulted in significantly (P  <  0.05) less 
kidney copper than diet 2 (copper sulfate, 
no molybdenum). The heart copper con
centration resulting from diet 3 (Cu-Mo 
complex) was not significantly different 
from that resulting from no copper supple
ment (diet 1). In the brain, the copper 
concentrations resulting from the 2 diets 
containing molybdenum (diets 3 and 4) 
were significantly lower (P <  0.05) than 
the concentration resulting from the cop
per sulfate control (diet 2 ), but signifi
cantly higher (P < 0 .0 1 )  than that with 
the copper-deficient diet (diet 1). The 
dietary effect on spleen copper differed 
markedly from the other 4 tissues studied. 
In the spleen, the Cu-Mo complex supple
ment resulted in the highest (P <  0.05) 
copper concentration, whereas diets 2 and 
4 (copper sulfate and copper citrate plus 
sodium molybdate, respectively) resulted 
in copper levels which were not signifi
cantly different from each other.

From the data obtained for the liver, 
kidney, heart and brain, it appeared that 
the Cu-Mo complex was taken up and dis
tributed as a unit in the body and that 
this copper was metabolically unavailable. 
In such a case, previously stored copper 
would be utilized for normal metabolism, 
and the tissue copper concentrations would 
be lower in pigs receiving the Cu-Mo com
plex than in pigs receiving an equal 
amount of copper in another form. It 
further appeared that the Cu-Mo complex 
bound molybdenum was turned over less 
rapidly by the tissues since tissue molyb
denum levels resulting from the Cu-Mo 
complex were higher than those resulting 
from an equal amount of molybdenum as 
sodium molybdate.

Copper and molybdenum uptake study. 
Data concerning the disappearance of the 
isotope(s) from the blood of sheep are pre
sented in figure 2. These data indicate that 
the copper and molybdenum from the Cu- 
Mo complex were removed from the blood 
at the same rates. Further, it is apparent 
that the disappearance pattern of molyb
denum from the Cu-Mo complex was not 
the same as for molybdenum alone. From 
the disappearance pattern of molybdenum 
alone, it appears that, under normal con
ditions, molybdenum is initially removed 
from the blood into some pool and then

re-enters the bloodstream before its per
manent removal.

The rate of urinary excretion of molyb
denum, both alone and from the Cu-Mo 
complex, is shown in table 4. These data 
indicate that molybdenum from the in
jected dose of the Cu-Mo complex was ex
creted less rapidly than molybdenum in
jected alone.

In the baby pig experiment, the normal 
increase in serum ceruloplasmin activity 
during early postnatal development was 
depressed in piglets receiving their copper 
in the form of the Cu-Mo complex. This 
indicates that the copper bound in the Cu- 
Mo complex was not available for cerulo
plasmin synthesis.

The data concerning tissue levels of 
molybdenum in the baby pig experiment 
indicate that the turnover rate for molyb
denum was reduced when it was in the 
Cu-Mo complex. This suggestion was sup-

HOURS FOLLOWING INJECTION 
(PLOTTED ON LOG SCALE)

F ig .  2  R a t e  o f  i s o t o p e  u p t a k e  f r o m  t h e  b l o o d  
o f  s h e e p .  A ,  r e c e i v e d  i n j e c t i o n  o f  " M o  a l o n e ;  
O ,  r e c e i v e d  64C u  f r o m  C u -M o  c o m p l e x ;  □ ,  r e c e i v e d  
" M o  f r o m  C u - M o  c o m p l e x .

TABLE 4
Rate of "Mo excretion in the urine

T im e  fo l lo w in g  
in je c t io n

" M o  f r o m  
C u -M o c o m p le x

" M o
a lo n e

hours cpm  l cpm  1
0  t o  0 .5 1 0 9 7 1 1 9 1
0 .5  to  1 .0 1 3 0 7 3 2 0 9
1 .0  to  1 .5 1 5 3 3 3 8 0 9
1 .5  t o  2 .0 1 5 1 8 4 0 8 1
2  t o  3 1 3 4 5 2 7 3 6
3  t o  4 1 2 5 7 2 7 2 2
4  t o  5 1 1 7 6 2 2 0 0
5  t o  8 9 3 6 1 2 7 0

1 Values are expressed as counts per minute which 
were excreted per minute (as an average) between 
the time intervals indicated.
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ported by the results of the sheep experi
ment in which the molybdenum from the 
Cu-Mo complex was excreted more slowly 
in the urine than when molybdenum alone 
was injected.

Since tissue copper was generally lower 
in pigs receiving the Cu-Mo complex than 
in pigs receiving an equal amount of cop
per in another form, it appears that some 
of the tissue stores of copper had been used 
for normal copper metabolism.

The suggestion that the Cu-Mo complex 
can exist in vivo is supported by the re
sults of the sheep study showing that the 
rates of removal from the blood of copper 
and molybdenum arising from the injected 
Cu-Mo complex were equal. Further, this 
rate of removal for molybdenum was more 
rapid than the removal rate of molybdenum 
alone. One further implication of the exis
tence of the Cu-Mo complex in vivo is that 
the urinary excretion of copper should be 
increased when animals are fed high 
molybdenum diets; this has been reported 
by various workers (1 3 ).6

The present data support the hypothesis 
that the formation of a Cu-Mo complex may 
be the site of the nutritional interaction 
between the two metal ions. The chemical 
nature of such a complex is not known at 
the present time. Two possibilities are: 1) 
that copper is bound in a 4-member 
chelate ring (14 ) by the divalent molyb
date anion; or, 2 ) that a heteropoly ion 
(15, 16) is formed between copper and the 
oxyanion of molybdenum.
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Parathyroid Influences upon Phosphorus Balance 
and Homeostasis in Cows 1,2
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ABSTRACT P h o s p h o r u s  b a l a n c e  s t u d ie s  w e r e  c o n d u c t e d  o n  4  c o w s  d u r i n g  p e r i o d s  
o f  e x p e r i m e n t a l l y  a l t e r e d  p a r a t h y r o i d  s ta t u s .  P a r a t h y r o i d  e x t r a c t  a d m i n i s t r a t i o n  to  
i n t a c t  a n d  p a r a t h y r o i d e c t o m i z e d  c o w s  w a s  a c c o m p a n i e d  b y  a n  i n c r e a s e  o f  u r in a r y  
p h o s p h o r u s  a n d  a  d e c r e a s e  i n  f e c a l  p h o s p h o r u s .  P a r a t h y r o i d e c t o m y  w a s  f o l l o w e d  b y  a  
d e c l i n e  i n  u r in a r y  p h o s p h o r u s  o u t p u t  a n d  a  r i s e  i n  f e c a l  p h o s p h o r u s .  T h e  r e c i p r o c a l  
c h a n g e s  b e t w e e n  u r in a r y  a n d  f e c a l  p h o s p h o r u s  e x c r e t i o n  d u r i n g  p e r i o d s  o f  a l t e r e d  
p a r a t h y r o i d  s ta t u s  r e s u l t e d  i n  m i n i m a l  c h a n g e s  i n  p l a s m a  i n o r g a n i c  p h o s p h o r u s  c o n 
c e n t r a t i o n  a n d  p h o s p h o r u s  b a l a n c e .  P h o s p h o r u s  h o m e o s t a s i s  d u r i n g  p a r a t h y r o i d  e x 
t r a c t  a d m i n i s t r a t i o n  a p p e a r e d  t o  b e  p r e s e r v e d  p r i n c i p a l l y  t h r o u g h  a  r e d u c t i o n  o f  f e c a l  
p h o s p h o r u s  o u t p u t  r a t h e r  t h a n  b y  l i b e r a t i o n  o f  p h o s p h o r u s  f r o m  b o n e .  A l t h o u g h  t h e  
c h a n g e s  i n  f e c a l  p h o s p h o r u s  e x c r e t i o n  a r e  c o m p a t i b l e  w i t h  a  p a r a t h y r o i d  h o r m o n e - i n 
d u c e d  e n h a n c e m e n t  o f  p h o s p h o r u s  a b s o r p t i o n ,  t h e  d a t a  d o  n o t  p e r m i t  a  d e f in i t iv e  
c o n c l u s i o n  r e g a r d i n g  s u c h  a n  e f f e c t .

Parathyroid extract promotes renal ex
cretion of phosphorus in several species (1) 
including the bovine (2 ) . Parathyroid ex
tract-induced urinary loss of phosphorus, 
without replenishment of blood phosphorus 
from other sources, could be sufficient to 
deplete body fluids of phosphorus. Previ
ous reports have emphasized the release of 
phosphorus from bone during parathyroid 
extract administration (3, 4 ). The present 
paper draws attention to changes in fecal 
phosphorus output of cows, which might 
partly compensate for changes of urinary 
phosphorus excretion during parathyroid 
extract administration and following para
thyroidectomy.

M E T H O D S

Six experiments were conducted on 4 
six-year-old nonpregnant, nonlactating 
cows in various parathyroid states (table
1). The cows were kept in metabolic stalls 
and fed 6.36 kg/day of a ground mixture 
of timothy hay (4 parts), corn and cob 
meal (9  parts), alfalfa and bromgrass hay 
(2 parts), and NaCl (0.14 parts). Before 
a balance trial, 2 weeks were allowed for 
equilibration with the ration. The content 
of the Ca and P in the diet met the recom
mendation of Morrison (5 ) , and the molar 
Ca:P ratio ranged from 0.86 to 1.4 in the 
lots of feed mixed for the various experi
ments. Water, provided ad libitum, did not

contain detectable phosphorus. Parathy
roid extract3 was injected either subcu
taneously or intramuscularly once daily at 
8 am  or 3 times a day at 8 a m , 4 p m , and 
midnight (table 1). Parathyroidectomy 
was accomplished with approximately 25% 
ablation of the thyroid gland (6 ).

Urine was collected by means of an in
dwelling self-retaining catheter (Bardex- 
Foley with 75 ml inflatable fluted ovoid bal
loon, size 26 French) into a 24-liter poly
ethylene carboy. Feces were collected in a 
pan lined with 6-mil polyethylene sheeting. 
Urine and fecal collections were made daily 
at 8  a m . The feces were mixed with a 
power stirrer, weighed, and a 250-g aliquot 
was saved in an air-tight plastic container 
for analysis. The urine volume was mea
sured, and a 100-ml aliquot was frozen 
for analysis.

Duplicate samples of the fecal aliquot 
were weighed into tared dishes and dried 
in an oven at 105° for 48 hours to deter
mine dry matter content. The resultant 
dry feces were ground and stored. Dupli- * 1 2 3

R e c e iv e d  f o r  p u b l ic a t io n  N o v e m b e r  2 7 , 1967 .
1 T h is  w o r k  w a s  s u p p o r te d  b y  U S P H S  p o s td o c to r a l  

fe l lo w s h ip s  F 2  A M -1 4 ,8 7 4  a n d  A M -3 1 ,3 8 0  a n d  b y  
g ra n ts  f r o m  th e  U S P H S  (A M  0 8 3 9 2 )  a n d  th e  A E C  
( A T  3 0 -1 -3 3 6 0 ).

2 C o n cu rre n t  s tu d ie s  o n  c a lc iu m  m e ta b o l is m  a re  r e 
p o r te d  in  a  s e p a ra te  p u b l ic a t io n  (J . N u tr ., 92: 2 5 3 , 
1 9 6 7 ) .

3 P a ra th y ro id  in je c t io n ,  U SP , w a s  d o n a te d  b y  E li  
L i l ly  & C o m p a n y , G re e n fie ld , In d ia n a .

202 J. N utrition, 95: 2 0 2 -2 0 6 .
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T A B L E  1

Types of experiments
C o w
n o . B reed B o d y  w t C o n d it io n D u r a t io n B e g in n in g

d a te P T E  i

hg days USP units/day
j - i J e r s e y 4 0 0 i n t a c t 1 4 6 -2 3 -6 3

i n t a c t  +  P T E  1 7 7 - 7 -6 3 3 0 0 0
J -2 J e r s e y 4 2 7 i n t a c t 8 1 - 7 -6 4

i n t a c t + P T E 7 1 -1 5 -6 4 3 0 0 0
J -3 J e r s e y 3 6 9 i n t a c t 8 9 -1 5 -6 4

i n t a c t + P T E 7 9 -2 3 -6 4 3 0 0 0 - 5 0 0 0
3 9 8 P T X  2 1 6 8 -  4 -6 5

P T X + P T E 1 0 8 -2 0 -6 5 5 0 0 0  3
G -4 G u e r n s e y 4 2 7 i n t a c t 7 5 -  7 -6 4

i n t a c t  +  P T E 7 5 -1 4 -6 4 3 0 0 0
5 2 2 P T X  2 1 1 2 -  6 -6 5

P T X + P T E 8 2 -1 7 -6 5 5 0 0 0  s

1 P T E , p a r a th y r o id  in je c t io n ,  U SP .
2 P T X , p a r a th y r o id e c to m iz e d ; s u rg e ry  w a s  p e r fo r m e d  o n  c o w  n o . J -3  o n  7 -30 -65 , a n d  o n  c o w  n o  

G -4  o n  8 -25 -64 . A lth o u g h  c o m p le te  p a r a th y r o id e c to m y  w a s  n o t  c o n fir m e d  in  c o w  n o . G -4  a n  e s t i
m a te d  9 2 %  o f  its  p a r a th y r o id  t is s u e  w a s  re m o v e d  ( 6 ) .

3 D iv id e d  in t o  3  e q u a l  d o se s  a t 8 -h o u r  in te rv a ls .

cate samples ( approx. 1 g) of the dry feces 
were redried to a constant weight in tared 
crucibles, and ashed in a muffle furnace 
overnight at 550° to 600°. The ash was 
dissolved in HC1 (1 + 4 ) , evaporated to dry
ness to dehydrate the silica, redissolved, 
and brought to a constant volume before 
filtering (7 ). The same procedure was 
used to ash aliquots of the feed except that 
weight was determined on air-dried 
samples.

Heparinized blood samples were collec
ted through indwelling jugular catheters 
of Teflon tubing (1.2 mm I.D.) before 
feeding at 8 a m  and 4 p m  and again at 
midnight. The plasma was separated by 
centrifugation within 1 hour and frozen.

Inorganic phosphorus was determined 
in urine, feed and fecal ash solution, and 
protein-free filtrates of plasma were as
sayed by the method of Fiske and Sub- 
barow (8 ).

R E S U L T S

Although parathyroid extract adminis
tration to intact and parathyroidectomized 
cows was accompanied by pronounced 
phosphaturia, phosphorus balance was af
fected to a much lesser extent (fig. 1). 
Increases in urine phosphorus ranged from 
64 to 300 mmoles/day, whereas net phos
phorus elimination from the body was in
creased by only 6 to 60 mmoles/day, and 
in one experiment (parathyroidectomized 
cow, G-4) phosphorus balance was im

proved by 9 mmoles/day during parathy
roid extract administration despite a large 
increase in urinary loss. The decrease in 
fecal phosphorus appeared to be the major 
factor offsetting the increased loss of phos
phorus in the urine (fig. 1) since the 
change in fecal phosphorus ranged from 50 
to 107% of the increase in urine phos
phorus.

The decrease in fecal phosphorus (ex
pressed as a percentage of the value before 
extract administration) during parathyroid 
extract administration to intact cows, J-l, 
J-2, J-3, and G-4 was 20, 18, 33, and 14%, 
respectively, and the decrease in parathy
roidectomized cows, J-3 and G-4, in consec
utive order was 57 and 40% . Larger 
doses of parathyroid extract and more fre
quent administration (table 1) may have 
contributed to the greater changes observed 
in the urinary and fecal phosphorus output 
of the parathyroidectomized cows.

Following parathyroidectomy, urinary 
phosphorus decreased to less than 1 
mmole/day in both cows, and fecal phos
phorus increased despite a slightly lower 
dietary phosphorus intake (fig. 1). These 
were the only experiments in which the 
fecal phosphorus output exceeded the diet
ary phosphorus intake. In cow G-4, the 
fecal phosphorus increased by an amount 
equal to 51% of the fecal excretion while 
intact. This cow was in an apparent state 
of parathyroid hyperactivity before para
thyroidectomy, e.g., renal clearance studies
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J-1 J-2 J-3 G-4 J-3 G-4
INTACT INTACT INTACT INTACT PTX PTX

H U  urine 

|  fecal
■ dietary intake

F ig .  1 C h a n g e s  i n  f e c a l  a n d  u r in a r y  p h o s p h o r u s  e x c r e t i o n  o f  c o w s  a s s o c i a t e d  w i t h  p a r a t h y r o i d  
e x t r a c t  ( P T E )  a d m i n i s t r a t i o n  a n d  p a r a t h y r o i d e c t o m y  ( P T X ) .  E a c h  v a l u e  r e p r e s e n t s  t h e  m e a n  o f  
a t  l e a s t  7  d a y s  o f  s t u d y .  S e e  t a b l e  1 f o r  e x a c t  d u r a t i o n  o f  e a c h  p e r i o d .  T h e  d a s h e d  l i n e  r e p r e s e n t s  
t h e  l e v e l  o f  d i e t a r y  p h o s p h o r u s  i n t a k e .  N o t e  t h a t  p a r a t h y r o i d  e x t r a c t  a d m i n i s t r a t i o n  w a s  a l w a y s  
a c c o m p a n i e d  b y  a n  i n c r e a s e  o f  u r in a r y  p h o s p h o r u s  w i t h  a n  o f f s e t t i n g  d e c r e a s e  i n  f e c a l  p h o s p h o r u s  
s o  t h a t  c h a n g e s  i n  t o t a l  p h o s p h o r u s  e x c r e t i o n  w e r e  s m a l l .  P a r a t h y r o i d e c t o m y  w a s  f o l l o w e d  b y  a  
d e c l i n e  i n  u r in a r y  p h o s p h o r u s  to  l e s s  t h a n  1 m m o l e / d a y  a n d  a n  i n c r e a s e  i n  f e c a l  p h o s p h o r u s  d e s p i t e  
a  s l i g h t ly  l o w e r  d i e t a r y  i n t a k e .  A ls o  n o t e  t h a t  t h e  l a r g e s t  c h a n g e s  i n  f e c a l  p h o s p h o r u s  o u t p u t  
o c c u r r e d  i n  c o w s  s h o w i n g  t h e  g r e a t e s t  c h a n g e s  i n  u r in a r y  p h o s p h o r u s .

showed that it reabsorbed a lesser fraction 
of the glomerular filtered phosphorus than 
two other intact cows (2 ) . The greater 
urinary phosphorus output of this cow rela
tive to the other intact cows before extract 
treatment (fig. 1) probably resulted from 
depressed renal tubular phosphorus reab
sorption.

The changes in fecal and urinary phos
phorus output associated with altered para
thyroid status appeared to be related in 
magnitude (fig. 1). The largest changes in 
fecal phosphorus occurred in association 
with the greatest changes in urinary phos
phorus. The regression (fig. 2) of fecal 
phosphorus output (Y, mmoles/day) upon

urinary phosphorus (X, mmoles/day) was 
Y =  388 — 0.734X. The correlation of these 
2 variables (r  =  — 0.90) was highly signif
icant ( t =  6.33, P < 0.001). No correction 
was made for the slight variation in dietary 
phosphorus intake between cows (fig. 1).

Only minor changes in plasma inorganic 
phosphorus concentration were observed 
despite wide shifts in urinary and fecal 
phosphorus excretion (table 2 ). Although 
plasma inorganic phosphorus concentra
tion was slightly increased during para
thyroid extract administration in 5 of the 
6 experiments, all values remained within 
the normal range reported for cows.



PARATH YROIDS AND PHOSPHORUS BALAN CE IN  COW S 2 0 5

D I S C U S S I O N

Despite the induction of a pronounced 
phosphaturia during parathyroid extract 
administration to cows, phosphorus bal
ance and plasma inorganic phosphorus 
concentration were only slightly altered 
(fig. 1 and table 2 ). Previous reports have 
emphasized the removal of phosphorus 
from bone during parathyroid extract ad
ministration (3, 4 ); however, phosphorus 
homeostasis during parathyroid extract ad
ministration to cows appears to be pre-

F ig .  2  R e l a t i o n s h i p  b e t w e e n  f e c a l  a n d  u r in a r y  
p h o s p h o r u s  o u t p u t .  O p e n  s y m b o l s ,  s o l i d  s y m b o l s ,  
a n d  h a l f - c l o s e d  s y m b o l s  r e f e r  t o  i n t a c t ,  p a r a t h y 
r o i d  e x t r a c t  t r e a t e d ,  a n d  p a r t h y r o i d e c t o m i z e d  
c o w s ,  r e s p e c t iv e l y .  T h e  r e g r e s s i o n  l i n e  ( Y  =  
3 8 8  —  0 . 7 3 X )  c a l c u l a t e d  b y  l e a s t  s q u a r e s  i s  s h o w n  
b y  t h e  s o l i d  l i n e .  T h e  c o r r e l a t i o n  c o e f f i c i e n t  
( r =  —  0 . 9 0 )  w a s  h i g h l y  s i g n i f i c a n t  ( t  =  6 .3 3 ,  P  <  
0 .001).

served principally by a reduction in fecal 
phosphorus output rather than by libera
tion of phosphorus from bone. Although 
our findings serve to emphasize the role 
of the gastrointestinal tract in phosphorus 
metabolism of the cow, they do not pre
clude an effect of parathyroid extract on 
bone. In fact, a slight decrease in phos
phorus balance in 4 of our 6 experiments 
suggests some mobilization of phosphorus 
from body reservoirs, presumably bone. 
Also, it is conceivable that accelerated 
turnover of bone phosphorus during para
thyroid extract administration, as indicated 
by investigations with radioactive phos
phorus (3, 4 ), could occur without in
creasing the net loss of phosphorus from 
bone.

Although the phosphaturic effect of 
parathyroid hormone is well-established in 
several species (1 ) , including the cow (2 ) , 
support for an effect of the hormone on 
gastrointestinal transport of phosphorus 
is less prevalent. Parathyroid extract has 
been shown to increase the mucosa to ser
osa flux of phosphorus by everted rat duo
denal loops perfused in vitro ( 9 ), an effect 
which suggests enhancement of phos
phorus absorption by parathyroid hormone. 
In our experiments, the decrease in fecal 
phosphorus associated with parathyroid 
extract administration and the increase fol
lowing parathyroidectomy are compatible 
with the thought that parathyroid hormone 
may enhance phosphorus absorption from 
the gastrointestinal tract. However, we are 
cautious in drawing such an interpretation 
from our experiments for 2 reasons. First, 
the changes in fecal phosphorus do not 
necessarily indicate changes in rate of ab
sorption since large quantities of phos-

T A B L E  2

Plasma inorganic phosphorus in intact and parathyroidectomized cows 
given parathyroid extract

P la sm a  in o r g a n ic  p h o s p h o ru s

C o w  n o . J - l C o w  n o . J-2  C o w  n o . J-3 C o w  n o . G -4

I n t a c t
I n t a c t  +  P T E  2 
P T X 3 
P T X  +  P T E

1 .6 3  ±  0 .1 9  1 
1 .5 7  ± 0 . 2 0

mmoles/liter
1 . 6 0 ± 0 . 1 3  1 . 4 2 ±  0 .1 9  
1 .7 1  ± 0 . 2 7  1 . 4 6 ±  0 .1 9  

1 .5 3  ± 0 . 1 4  
1 .8 7  ± 0 . 2 5

1 .5 2  ± 0 . 2 4  
1 .6 2  ± 0 . 2 0  
1 .4 4  ± 0 . 2 5  
1 . 6 9 ± 0 . 3 1

1 M e a n  ±  s d .
2 P T E , p a r a th y r o id  in je c t io n ,  U SP . 
s P T X , p a r a th y r o id e c to m iz e d .
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phorus are secreted into the gastrointes
tinal tract of cows (1 0 ), i.e., alterations in 
rate of endogenous secretion could influ
ence fecal phosphorus output. Second, the 
effect on fecal phosphorus in our experi
ments may not represent a direct hormonal 
action on the gut. Reciprocal changes, re
lated in magnitude, between urinary and 
fecal phosphorus in response to alterations 
in parathyroid status (figs. 1 and 2 ) sug
gest that one of these variables may have 
influenced the other. A direct effect of 
parathyroid hormone on the renal tubule 
is more firmly established (1, 11, 12) than 
a possible effect on the gut, suggesting that 
the changes in fecal phosphorus may be 
secondary to the renal effect of the hor
mone. However, another possible explana
tion is compatible with direct hormonal 
effects on both kidney and gut, and with 
the close reciprocal relationship between 
urinary and fecal phosphorus output. En
hancement of phosphorus absorption by 
parathyroid hormone would tend to ele
vate plasma inorganic phosphorus concen
tration, as observed during parathyroid 
extract administration in 5 of our 6 experi
ments (table 1). This would tend to in
crease the amount of phosphorus filtered 
through the glomerulus and thus augment 
the phosphaturia induced by the direct hor
monal effect on the renal tubule. Under 
such circumstances the magnitude of the 
increase in urinary phosphorus would be 
somewhat dependent upon the extent of the 
increase in phosphorus absorption.
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Systematic Oscillations in Tyrosine Transaminase 
and Other Metabolic Functions in Liver of Normal 
and Adrenalectomized Rats on Controlled 
Feeding Schedules * 1

M . W A T A N A B E ,2 V . R . P O T T E R  a n d  H . C . P I T O T  2
M cA rd le L aboratory , M ed ica l C en ter , U n iversity  o f  W iscon sin , 
M adison , W iscon s in

A B STR AC T  I n  a n  a t t e m p t  t o  c l a r i f y  t h e  r e g u l a t o r y  m e c h a n i s m  o f  s y n t h e s i s  a n d  
d e g r a d a t i o n  o f  e n z y m e s  i n  m a m m a l i a n  c e l l s  i n  v i v o ,  r a t s  w e r e  f e d  1 2 ,  3 0  a n d  6 0 %  
p r o t e i n  d ie t s  a n d  w e r e  a d a p t e d  t o  8  h o u r s ’  f e e d i n g  i n  e i t h e r  a  2 4 - h o u r  c y c l e  o r  a  4 8 - h o u r  
c y c l e  u n d e r  c o n t r o l l e d  l i g h t i n g  c o n d i t i o n s .  T h e  r a t s  w e r e  k i l l e d  a t  v a r i o u s  t im e s  i n  
t h e  c y c l e  t o  d e t e r m in e  a n y  o s c i l l a t o r y  c h a n g e s  i n  t h e  a c t i v i t y  o f  t y r o s i n 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 t 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  a n d  c i t r a t e  c l e a v a g e  e n z y m e  
i n  l i v e r ,  c o m p a r e d  w i t h  c h a n g e s  o f  g l y c o g e n  d e p o s i t i o n  i n  l i v e r  a n d  c o r t i c o s t e r o n e  
l e v e l  i n  p l a s m a .  T y r o s i n e  t r a n s a m i n a s e  s h o w s  i n c r e a s e d  a c t iv i t y  6  h o u r s  a f t e r  t h e  o n s e t  
o f  f o o d  i n t a k e ,  a n d  t h e  i n c r e a s e d  a c t iv i t i e s  a r e  i n  p r o p o r t i o n  t o  t h e  p r o t e i n  c o n t e n t  o f  
t h e  d ie t s .  D i r e c t  p r o p o r t i o n a l i t y  o f  a c t iv i t y  t o  p r o t e i n  l e v e l  i n  t h e  d ie t  w a s  a l s o  f o u n d  
f o r  s e r in e  d e h y d r a t a s e  a n d  i n v e r s e  p r o p o r t i o n a l i t y  f o r  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  a n d  c i t r a t e  c l e a v a g e  e n z y m e .  A  s e c o n d a r y  r is e  i n  t y r o s i n e  t r a n s a m i n a s e  a c t iv i t y  
o b s e r v e d  1 6  h o u r s  i n t o  t h e  f a s t i n g  p e r i o d s  i n  r a t s  a d a p t e d  t o  8  h o u r s ’  f e e d i n g  i n  
4 8 - h o u r  c y c l e  i s  c l e a r l y  d e p e n d e n t  u p o n  t h e  p r o t e i n  c o n t e n t  o f  t h e  d ie t  p r e v i o u s l y  
i n g e s t e d ,  a n d  i s  a l s o  d e p e n d e n t  u p o n  t h e  a v a i l a b i l i t y  o f  a d r e n a l  h o r m o n 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  s h o w s  h i g h e r  a c t iv i t y  i n  r a t s  a d a p t e d  t o  8  h o u r s ’  f e e d i n g  
i n  a  4 8 - h o u r  c y c l e  t h a n  i n  r a t s  i n  a  2 4 - h o u r  c y c l e ,  a n d ,  o n  t h e  c o n t r a r y ,  s e r i n e  d e h y 
d r a t a s e  p r e s e n t s  h i g h e r  a c t iv i t y  i n  t h e  l a t t e r  g r o u p  o f  r a t s .

The activity of tyrosine transaminase 
was shown by Lin and Knox (1) to increase 
rapidly in liver following the injection of 
hydrocortisone to intact or adrenalecto
mized rats or of tyrosine to intact rats. 
Knox (2 )  later confirmed the failure of in
jected tyrosine to induce the enzyme in 4 
to 8 hours in adrenalectomized animals but 
noted striking increases at 24 hours or after 
10 days of feeding 5% tyrosine in the diet. 
The increases produced by feeding tyrosine 
to adrenalectomized rats were obtained at 
age 7 weeks but not at age 15 weeks. Ken
ney (3 )  showed that the increased activity 
after cortisone injection was associated 
with an increased amount of enzyme and 
with incorporation of labeled amino acid. 
Berlin and Schimke (4 )  reported that corti
sone stimulated the synthesis of several 
enzymes about fourfold, but the various 
enzymes showed marked differences in rate 
of increase in activity due to inherent dif
ferences in decay rates. Tyrosine trans
aminase, with a half-life of 1 to 2 hours, 
increased rapidly for several hours and 
then rapidly declined, whereas arginase

with a half-life of 4 days continued to 
increase for at least 4 days. Kenney (5 )  
recently studied the effect of the well- 
known inhibitors of protein synthesis, puro- 
mycin and cycloheximide, on tyrosine 
transaminase activity following its induc
tion and showed that, whereas in untreated 
animals the half-life was 1.5 hours, the 
enzyme was completely stable for 5 hours 
in treated animals. It was suggested that 
the degradation of tyrosine transaminase 
might require the synthesis of a specific 
degradation system, and Schimke et al. (6) 
have confirmed earlier indications that en
zyme decay is an energy-requiring process. 
The above studies make it clear that the 
amount of any given enzyme in a mam
malian tissue is the resultant of opposing 
rates of specific synthesis and specific de
gradation. Relevant work by Rechcigl and

R e c e iv e d  f o r  p u b l ic a t io n  D e c e m b e r  15, 1967 ,
1 T h is  w o r k  w a s  s u p p o r te d  in  p a r t  b y  P u b lic  H ea lth  

S e rv ice  R e s e a r c h  G ra n t n o . C A -0 7 12 5  f r o m  th e  N a 
t io n a l  C a n c e r  In s titu te .

2 D r . M . W a ta n a b e  w a s  s u p p o r te d  b y  a p o s t -d o c to ra l 
fe l lo w s h ip  f r o m  th e  D a m o n  R u n y o n  M e m o r ia l  F u n d . 
D r . H . C . P ito t  is  a C a reer  D e v e lo p m e n t  A w a rd e e  o f  
th e  N a t io n a l  C a n c e r  In s titu te  (C A -2 9 ,4 0 5 ) .

J. Nutrition, 95: 207-227. 2 0 7
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Heston (7 ) , using liver catalase as a model, 
showed what was believed to be the first 
demonstration of a genetically controlled 
rate of degradation for a specific enzyme.

The regulated synthesis and degradation 
of an enzyme with a physiological half-life 
of only 1.5 hours raises serious questions 
about enzyme assays on tissue from ani
mals whose daily cycles of activity are 
unspecified and uncontrolled and whose 
feeding habits are defined as ad libitum, 
as in most previous studies.

We have established in 3 reports that the 
tyrosine transaminase activity in rat liver 
is subject to wide systematic oscillations. 
In rats fed only in the dark from 6 p m  
(1800) to 6 a m  (0600) liver transaminase 
activity was much higher at midnight than 
at any other time studied. The midnight ac
tivity was directly proportional to the pro
tein content of the diet, while at other times 
there was almost no effect of diet (8 ). 
Potter et al. (9 )  reported data on male rats 
that were fed a 60% protein diet for 12 
hours in each 48 and killed at 6-hour inter
vals. These “36-hour fasting-adapted” rats 
were placed on the regimen at approxi
mately 42 days of age and adapted to it for 
30 days. During this period their weight 
increased from about 150 g to about 225 g 
in comparison with ad libitum controls that 
weighed about 325 g. It was subsequently 
found (10 ) that 40-hour fasting-adapted 
rats could be produced and that the “mid
night peak” in tyrosine transaminase activ
ity could be obtained at 1500 by inverting 
the day-night schedule to give a dark pe
riod from 0900 to 2100 with food available 
for only 8 hours every other day from 0900 
to 1700. Thus the peak in tyrosine trans
aminase activity was clearly associated 
with food intake and followed a pattern 
that was determined by the time of feeding, 
yielding an eightfold increase at approxi
mately 6 hours after the onset of ingestion 
of a 60% protein diet, followed by a rapid 
decay in activity. Ad libitum controls also 
showed a significant increase in tyrosine 
transaminase activity when fed the same 
diet during the same interval of darkness.

Oscillations in tyrosine transaminase ac
tivity in liver of rats fed ad libitum have 
been independently confirmed by Wurtman 
and Axelrod (11), who were unaware of our 
earlier studies. They also observed similar

oscillations in adrenalectomized or hy- 
pophysectomized rats. Civen et al. (12) 
have also confirmed the existence of daily 
oscillations in rat liver tyrosine transamin
ase in normal and adrenalectomized rats 
and have suggested a correlation with 
plasma corticosterone. Similar studies in 
this laboratory had provided similar 
results.3

The present study was undertaken to 
further correlate diet, feeding schedule, 
adrenal status and other metabolic func
tions with changes in rat liver tyrosine 
transaminase activity, and incidentally to 
find possible improvements in the design of 
experiments involving measurements of 
enzyme induction in livers and hepatomas 
in laboratory rats, to be published else
where.

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

Animals. Male rats of the Charles 
River 4 and Holtzman 5 strains were placed 
in a windowless room with an inverted and 
displaced lighting schedule in which lights 
were on from 2100 to 0900. Feeding dishes 
containing 12, 30 and 60% protein diets 
were placed in the cage just before lights 
were switched off, and removed after 8 
hours. The diets contained glucose 6 as the 
carbohydrate, which was increased in pro
portion to the decrease in protein. The 
diet was made up according to specifica
tions previously described (13 ) and sup
plied commercially in the form of pellets.7 
The composition of the diets follows: The 
constant ingredients were corn o i l8 5% 
with oleum percomorphum added in the 
proportion of 0.5 m l/50 g corn oil before 
mixing, salt mix 4% , and vitamin-casein 
mixture 2% . Protein in the form of puri
fied casein was added to give final protein 
concentrations of 12, 30 or 60% , and glu
cose was added at levels of 79, 61 or 31% , 
respectively. The salt mixture contained 
the following: (%  ) sodium chloride
(USP), 4.36; magnesium sulfate (USP), 
13.70; sodium biphosphate (USP), 8.74; 
potassium phosphate (K2HP04), 23.97; cal

3 W a ta n a b e , M ., V . R . P o tte r  a n d  H . C . P ito t, u n 
p u b lis h e d  e x p e r im e n t .

4 T h e  C h a r le s  R iv e r  B re e d in g  L a b o ra to r ie s , W i l 
m in g to n , M a ssa ch u se tts .

5 H o ltz m a n  R a t  C o m p a n y , M a d iso n , W is c o n s in .
6 C ere lo se , C o m  P ro d u c ts  C o m p a n y , A rg o , I l lin o is .
7 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 h io .
8 M a z o la , C o rn  P ro d u c ts  C o m p a n y .
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cium biphosphate [CaH^POOzTTO], 
13.58; ferric citrate (USP reagent, 17.5% 
Fe), 2.98; calcium lactate (USP), 32.67. 
The vitamin-casein mix consisted of thia- 
mine-HCl, 500 mg; riboflavin, 188 mg; 
pyridoxine-HCl, 500 mg; nicotinic acid, 
1.88 g; Ca pantothenate, 1.3 g; vitamin K 
(2-methyl-1,4-naphthoquinone), 250 mg; 
folic acid, 50 mg; vitamin Bi2 (crystalline), 
5 mg; biotin, 10 mg; cholineHC1, 15 g; 
and casein, 1000 g. The vitamins were 
mixed with the casein, and blended in a 
ball mill. The addition of 2% of this mix 
to the diet thus added 2% protein and was 
considered in the final composition of the 
diet. Vitamin mix and diets were stored 
in the cold.

Rats weighing 150 to 160 g of body 
weight were adapted to 8 hours’ feeding in 
every 48-hour cycle ( “8 +  40” regimen)
(10) for more than 3 weeks, and also rats 
weighing 70 to 80 g were adapted to 8 
hours’ feeding in every 24-hour cycle ( “8 +  
16” regimen). Furthermore, some of the 
rats adapted to either the “8 +  40” regimen 
or the “8 +  16” regimen were adrenalec- 
tomized,9 and were maintained on the 
same food regimen as previously noted and 
with 1% NaCl for drinking water.

L-Tryptophan, 5-hydroxytryptophan and 
serotonin 10 were dissolved in 0.9% NaCl, 
and were administered intraperitoneally to 
rats at 1000, namely 1 hour after the onset 
of food intake. Hydrocortisone acetate11 
was also administered by the same pro
cedure.

Preparation of homogenate and super
natant fraction. At the clock times shown 
in each figure, rats were killed rapidly by 
means of a guillotine with no previous 
stress to the animal, and the livers were 
quickly removed and cooled in chilled buf
fer, blotted, weighed, and homogenized in 
4 volumes of 0.2 m  Tris-HCl buffer, pH
8.0, containing 10~4 m  dithiothreitol by 
means of a Polytron homogenizer.12 An 
aliquot of the homogenate was used to 
assay for glucose 6-phosphatase as soon 
as possible. The rest of the homogenate 
was centrifuged in a Spinco model L2 pre
parative ultracentrifuge at 104,000 X g 
for 3 hours. Each clear supernatant was 
stored in several small tubes at — 70° until 
the time of assay for each enzyme.

Enzyme assay. Tyrosine transaminase, 
serine dehydratase, glucose 6-phosphate de
hydrogenase and citrate cleavage enzyme 
were assayed automatically with a combin- 
tion unit previously described by Pitot and 
Pries (14 ) and Pitot et al. (15 ). Glucose
6-phosphatase was assayed by the method 
of De Duve et al. (16 ).

Chemical determination. A sample of 
liver weighing approximately 500 mg wet 
weight was taken for the determination of 
glycogen, by the method of Carrol et al.
(17) and Roe and co-workers (18 ). Plasma 
corticosterone was determined fluorimetri- 
cally by the Silber-Guillemin method as 
modified by Givner and Rochefort (19 ).

R E S U L T S

Rats adapted to 8 hours’ feeding per 48- 
hour cycle. In a series of 5 experiments, 
165 rats were adapted to 48-hour fasting 
and 8-hour feeding in each 48-hour cycle 
with 3 different levels of dietary protein, 
12, 30 and 60% . Animals were killed at 
various time-points in an established 48- 
hour cycle and their livers were assayed 
for glycogen and enzyme activity for 4 
different enzymes as shown in figures 1 
A-E. In these figures, experimental groups 
are shown by points connected by a single 
curve and each point represents 3, or oc
casionally 2 or 4, animals. Each experi
ment with the 12 and 30% protein diets 
included an experiment with 60% protein 
except for two additional experiments with 
60% protein as indicated. Figure 1A shows 
the results of tyrosine transaminase assays. 
The activity increased rapidly for 6 hours 
after the intake of 60% protein diet began 
and showed a sharp maximum 6 hours 
after feeding. This experiment did not in
clude intermediate time-points between 
0900 and 1500 during the intake of 12 and 
30% protein diets, but other data indicate 
that because of an earlier decay the maxi
mum value in animals fed these diets prob
ably comes slightly earlier than 6 hours 
after food was taken. The most interesting 
feature of figure 1A is the secondary peak 
16 hours into the fasting period, with a

9 T h e  E n d o c r in e  L a b o ra to r ie s  o f  M a d is o n , M a d iso n , 
W is c o n s in .

S ig m a  C h e m ic a l  C o m p a n y , St. L o u is .
11 M e r c k  S h a rp  a n d  D o h m e , D iv is io n  o f  M e r c k  a n d  

C o m p a n y , I n c . ,  W e s t  P o in t , P e n n s y lv a n ia . _
12 B r in k m a n  In s tr u m e n ts , In c . ,  D es  P la in e s , I l lin o is .



TYROSINE TRANSAMINASE

F ig .  1 A - E  T y r o s i n e  t r a n s a m i n a s e ,  g l y c o g e n  c o n t e n t ,  s e r in e  d e h y d r a t 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 ,  a n d  c i t r a t e  c l e a v a g e  e n z y m e  i n  t h e  l i v e r  o f  H o l t z m a n  r a t s  a d a p t e d  to  
“ 8  +  4 0 ”  r e g i m e n  w i t h  1 2 , 3 0 ,  a n d  6 0 %  p r o t e i n  d ie t s .  D a r k n e s s  d u r i n g  a l t e r n a t e  1 2  h o u r s  
a s  i n d i c a t e d  b y  c r o s s - h a t c h e d  b a r s .  E a c h  c l o s e d  c i r c l e  c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  
a  m e a n  v a l u e  o f  2  t o  4  r a t s  f e d  1 2 %  p r o t e i n  d i e t s ;  o p e n  c i r c l e  c o n n e c t e d  w i t h  d a s h e d  l i n e ,  
f e d  3 0 %  p r o t e i n  d i e t s ;  p o i n t  w i t h i n  o p e n  c i r c l e  c o n n e c t e d  w i t h  d o t t e d  l i n e ,  f e d  6 0 %  p r o t e i n  
d ie t s .  S e p a r a t e  e x p e r im e n t s  a r e  s h o w n  b y  g r o u p s  o f  p o i n t s  c o n n e c t e d  b y  a  s in g le  c u r v e .

GLYCOGEN



jj.
 M

OL
ES

 /
 G

M 
LI

VE
R

 /
 H

R 
;iM

O
LE

S
 /

 G
M 

LI
V

E
R

/ H
R

SY ST E M A T IC  O SC ILLA TIO N  IN  M E T A B O L IS M  IN  RATS 2 1 1

SERINE DEHYDRATASE

FEEDING FASTING

2 5 0 0 -

000-

5 0 0 -

©.......
000-

5 0 0 -

....-o'''
3 0

'"O'.

.o
f>.....

/  -O...... « ..................O  -

p
P '/ - ö

ef
G......- ......-o...... *

■°--------ÉL
O-jO

,-0 --------- o '

12 ~ o --------- o '

=•==#=

— -y  — *i

0 9 0 0  1 5 0 0 1 7 0 0  2 1 0 0  2 4 0 0  0 3 0 0  0 6 0 0  0 9 0 0  1100 1 5 0 0 1 7 0 0  2 1 0 0

TIME OF DAY 

F ig u r e  1 C

GLUCOSE 6 - PHOSPHATE DEHYDROGENASE

F i g u r e  I D



2 1 2 M. WATANABE, V. R. POTTER AND H. C. PITOT

CITRATE CLEAVAGE ENZYME

sharp decline that coincides with the sec
ond dark period in the cycle. This second
ary rise clearly is dependent upon the ■pro
tein content of the diet previously ingested. 
It is also of interest that during the first 
dark period the enzyme activity rose for 6 
hours, whereas during the second dark 
period the activity fell continuously follow
ing a rise during the light period. The de
cline in activity during the last half of the 
first dark period occurs while the livers are 
simultaneously continuing to lay down gly
cogen for the next 8 hours, as shown in 
figure IB.

Figures 1C, D and E show, respectively, 
the activities of serine dehydratase, glucose
6-phosphate dehydrogenase and citrate 
cleavage enzyme, each of which shows a 
specific relationship to the protein content 
of the diet and to the time in the 48-hour 
cycle. In each case the level during the 
fasting period is a reflection of the previ
ously ingested diet, but the decay phe
nomena are much less apparent than in the 
case of tyrosine transaminase. In these 
experiments approximately 45 rats were 
fed each of the 3 diets and the application

of statistical methods may be made with 
reference to dietary protein or to time of 
day. It is apparent that the enzyme activi
ties are a function of both variables but 
that in the case of the citrate cleavage 
enzyme and of glucose 6-phosphate de
hydrogenase the differences are not sig
nificant at certain time-points, whereas the 
differences are highly significant at nearly 
all time-points in the case of the tyrosine 
and serine enzymes. It appears that statis
tically adequate treatment can best be ac
complished by grouping various combina
tions of successive time-points to get values 
for n large enough to yield standard errors 
that are adequate for judging significance 
(table 1). Figure IF shows the plasma 
corticosterone levels in the rats adapted 
to 30% protein diets, especially during the 
fasting periods in a 48-hour cycle. Since 
the corticosterone levels decreased during 
the feeding periods, as shown in the pre
vious paper (10 ) the low levels are con
tinued until 0600 in the second day, and 
then the increased levels of plasma corti
costerone are found at 0830 when the
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T A B L E  1

Statistica l trea tm en t o f  data on  variation  in  en zy m e  a c tiv ities  (figs. 1A , C , D ,  E )  1

E n z y m e  2
P ro te in  in  d ie t , %

12 30 60

A  P e r i o d  4 —1 0  h o u r s  i n t o  f a s t  
( 2 1 0 0 ,  2 4 0 0 ,  0 3 0 0 )

T A K G
S D H
G 6 P D H
C C E

2 6 ±  4  ( 9 )  3 
4 9 ±  1 0  ( 9 )  

9 7 0 ±  6 8  ( 9 )  
2 9 2  ±  19  ( 9 )

fimoles/g/hr 
6 2 +  8  ( 9 )  

2 8 0 ± 3 5  ( 9 )  
1 1 3 1  ± 7 6  ( 9 )  

2 5 7 ±  9  ( 9 )

2 0 2 ±  1 4  ( 9 )  
9 4 5 ± 4 7  ( 9 )  
8 3 7 ± 5 7  ( 9 )  
1 4 0 ± 1 0  ( 9 )

B  P e r i o d  2 2 - 2 8  h o u r s  i n t o  f a s t  
( 1 5 0 0 ,  1 7 0 0 , 2 1 0 0 )

T A K G 4
S D H
G 6 P D H
C C E

5 4 + 1 1  ( 1 2 )  
1 0 2 + 1 1  ( 1 1 )  

1 8 6 2  +  9 0  ( 1 0 )  
4 3 1  +  2 6  ( 1 1 )

2 8 0 ±  1 3  ( 1 3 )  
6 8 3 ± 5 4  ( 1 0 )  

1 7 1 7 ± 8 7  ( 1 0 )  
3 7 8 ±  1 5  ( 1 0 )

4 0 7 ±  1 3  ( 1 3 )  
1 4 8 1  ± 7 2  ( 9 )  
1 2 9 0 ± 9 9  ( 9 )  

2 6 2 ±  7 ( 9 )

1 A ll  differences are h ig h ly  sign ificant ( P  <  0 .0 1 )  excep t in  the fo llo w in g  cases:
T A K G : A  vs  B ( 1 2 %  )  P  <  0 .02 .
G 6 P D H : 1 2 %  vs  3 0 %  ( A  a n d  B )  P  >  0 .1 , 1 2 %  v s  6 0 %  ( A )  P  >  0 .1 .
C C E : 1 2 %  v s  3 0 %  ( A  a n d  B )  P  >  0 .1 .

2 A b b r e v ia t io n s  are  u s e d : T A K G , ty ro s in e  t r a n s a m in a s e ; S D H , se r in e  d e h y d ra ta s e ; G 6 P D H , g lu co s e  
6 -p h o sp h a te  d e h y d r o g e n a s e ; C C E , c it ra te  c le a v a g e  e n z y m e .

3 se, and  in  parentheses, nu m ber o f  anim als.
4 E a c h  v a lu e  p re s e n ts  th e  T A K G  a c t iv it ie s  a t p e r io d  15.5  to  17  h o u rs  in to  fa s t in g  (0 8 3 0 , 1 0 0 0 ) .

PLASMA CORTICOSTERONE

F ig .  I F  P l a s m a  c o r t i c o s t e r o n e  l e v e l  i n  H o l t z m a n  r a t s  a d a p t e d  t o  “ 8  +  4 0 ”  r e g i m e n  w i t h  
3 0 %  p r o t e i n  d ie t .  T w o  d i f f e r e n t  e x p e r im e n t s  a r e  s h o w n  b y  g r o u p s  o f  p o i n t s  c o n n e c t e d  b y  
a  s in g l e  c u r v e .  E a c h  c i r c l e  r e p r e s e n t s  a n  i n d i v i d u a l  r a t .  W h e n  o p e n  o r  c l o s e d  c i r c l e s  c o i n 
c i d e ,  s u c h  c i r c l e s  a r e  i n d i c a t e d  b y  2  o r  3  s m a l l  b a r s ,  r e s p e c t i v e l y ,  o n  t h e  a p p r o p r i a t e  s y m b o l .

secondary rise of tyrosine transaminase 
activity is observed (fig. 1A).

Rats adapted to 8 hours’ feeding per 24- 
hour cycle. Previous reports by Potter et 
al. (10 ) presented data from rats on the 
“8 +  16” hour cycle but only the 60% pro
tein diet was tested and only tyrosine trans
aminase, serine dehydratase, glycogen and 
plasma corticosterone were reported in 
comparison with animals fed ad libitum. 
In the present study glucose 6-phosphate 
dehydrogenase and citrate cleavage enzyme

were included and the diets contained 12, 
30 or 60% protein. Body weights did not 
differ much from those of ad libitum con
trols in comparable experiments, and the 
“8 +  16” regimen appears to be most use
ful as an approximation of ad libitum feed
ing on a 24-hour cycle when greater con
trol over nutritional status is desired. Food 
was available from 0900 to 1700 in the 
dark and 2 or 3 animals were killed at 
0830, 1500, 1700 and 2100. Data for gly
cogen and four different enzymes are
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shown for individual animals in figures 
2A-C. Parallel groups of animals assigned 
to each diet were housed in small drawer- 
type cages or in larger cages having access 
to voluntary exercise wheels, and the 2 
groups were designated non-exercised and 
exercised, respectively (8 -1 0 ). In the 
present experiment the effect of voluntary 
exercise was negligible and data from the 
2 groups could probably be combined. 
These groups serve as controls for the data 
from the “8 +  40” regimen shown in fig
ures 1A-E, wherein the data for tyrosine 
transaminase in figure 1A reach a high 
level at the onset of the second dark period 
which is unlike the behavior of the enzyme 
in livers of animals that are fed during 
every dark period. Otherwise the peak and 
decline of tyrosine transaminase during 
feeding periods is similar on both regimens. 
Further comparison of the 2 regimens is 
shown in figure 3, which presents data 
for stomach weight and liver weight as a 
function of time of day during a feeding 
cycle, and body weight minus stomach 
weight as a function of the percentage pro
tein in the diet. The increased food intake 
during feeding on the “8 +  40” regimen 
was clearly unable to produce a body 
weight equal to that attained on the “8 +  
16” regimen but the liver weights were 
proportional to body weight.

The enzyme data can best be compared 
by plotting all data obtained during the 
dark feeding periods as a function of pro
tein in the diet, as shown in figure 4. This 
procedure had to be modified in the case of 
tyrosine transaminase since the data show 
marked changes according to time of day 
and only the maximum (1500) values were 
plotted as a function of dietary protein. 
These values are rendered more significant 
by the supporting data from the other time- 
periods even though the latter did not enter 
the average shown. Significant differences 
between the “8 +  16” regimen and the 
“8 +  40” regimen emerge in the case of 
glucose 6-phosphate dehydrogenase and 
serine dehydratase, with the “8 +  40” regi
men yielding high values for the former 
and lowered values for the latter. Other 
differences are probably not significant and 
the noteworthy features of the data are 
the direct proportionality of activity to diet
ary protein level in the case of serine 
dehydratase and tyrosine transaminase and 
inverse proportionality in the case of glu
cose 6-phosphate dehydrogenase and ci
trate cleavage enzyme. There are no data 
for rats on the “8 +  40” regimen with exer
cise because the animals did not survive 
this combination of stresses for the dura
tion of the experiment and died in from 5 
to 20 days. The data summarized in figure

TYROSINE TRANSAMINASE SERINE DEHYDRATASE
"8 *16 " NON-EXERCISED ” B«I6" EXERCISED "8-H 6”  NON EXERCISED "8 *1 6 " EXERCISED

F ig .  2 A - C  T y r o s i n 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 t 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 ,  
c i t r a t e  c l e a v a g e  e n z y m e ,  a n d  g l y c o g e n  c o n t e n t  i n  t h e  l i v e r  o f  H o l t z m a n  r a t s  a d a p t e d  to  
“ 8  +  1 6 ”  r e g i m e n  w i t h  1 2 , 3 0 ,  a n d  6 0 %  p r o t e i n  d ie t s  u n d e r  e x e r c i s e  a n d  n o n - e x e r c i s e  
c o n d i t i o n s .  E a c h  c l o s e d  c i r c l e  c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  a n  i n d i v i d u a l  r a t  f e d  
1 2 %  p r o t e i n  d i e t ;  o p e n  c i r c l e  c o n n e c t e d  w i t h  d a s h e d  l i n e ,  f e d  3 0 %  p r o t e i n  d i e t ;  p o i n t  w i t h i n  
o p e n  c i r c l e  c o n n e c t e d  w i t h  d o t t e d  l i n e ,  f e d  6 0 %  p r o t e i n  d ie t .  O t h e r  s y m b o l  i s  a s  i n  f i g u r e  I F .
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GLUCOSE 6 - PHOSPHATE DEHYDROGENASE CITRATE CLEAVAGE ENZYME
"8  + 16" NON EXERCISED "8+16” EXERCISED "8+16" NON EXERCISED "8+16" EXERCISED

GLYCOGEN
"8+16" NON EXERCISED "8+16" EXERCISED

4 provide a range of values for comparison 
with variations produced by other means.

Effect of adrenalectomy in rats shifted 
from 12% protein to 60% protein. Since

the induction of tyrosine transaminase by 
hydrocortisone was well known (1, 3 ), sev
eral experiments were carried out with 
normal and adrenalectomized rats. In an
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F ig .  3  S t o m a c h  w e i g h t ,  l i v e r  w e i g h t ,  a n d  b o d y  w e i g h t  m i n u s  s t o m a c h  w e i g h t  i n  H o l t z -  
m a n  r a t s  a d a p t e d  t o  e i t h e r  “ 8  +  4 0 ”  o r  “ 8  +  1 6 ”  r e g i m e n  w i t h  o r  w i t h o u t  e x e r c i s e .  R a t s  i n  
t h e  g r o u p  o f  “ 8  +  1 6 ”  r e g i m e n  a r e  t h e  s a m e  a n i m a l s  a s  i n  f i g u r e  2 A - C .  E a c h  c l o s e d  c i r c l e  
c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  a  m e a n  v a l u e  i n  r a t s  a d a p t e d  t o  “ 8  +  4 0 ”  r e g i m e n  u n d e r  
t h e  n o n - e x e r c i s e  c o n d i t i o n ;  c l o s e d  s q u a r e  c o n n e c t e d  w i t h  d a s h e d  l i n e ,  “ 8  +  1 6 ”  r e g i m e n  
u n d e r  t h e  n o n - e x e r c i s e  c o n d i t i o n ;  c l o s e d  t r i a n g l e  c o n n e c t e d  w i t h  d o t t e d  l i n e ,  “ 8  +  1 6 ”  
r e g i m e n  u n d e r  t h e  e x e r c i s e  c o n d i t i o n .  S t a n d a r d  e r r o r s  a r e  i n d i c a t e d  b y  b r a c k e t s .

PERCENT PROTEIN IN DIET

PERCENT PROTEIN IN DIET
F i g .  4  E n z y m e  p a t t e r n s  o f  t y r o s i n e  t r a n s a m i n 

a s e , s e r i n e  d e h y d r a t 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  a n d  c i t r a t e  c l e a v a g e  e n z y m e  i n  t h e  
l i v e r  o f  r a t s  a s  a  f u n c t i o n  o f  p r o t e i n  c o n t e n t  i n  
t h e  d ie t .  S y m b o l s  a s  i n  f i g u r e  3 .

experiment of the type shown in figure 2A, 
rats adrenalectomized 5 or 10 days before 
they were killed showed the same rapid 
increases and decreases as the intact ani
mals.13 The following modification of the 
experiment was carried out in two different 
groups of rats to test whether adrenal func
tion is required for the responses that occur 
when animals are shifted from a 12% to 
a 60% protein diet. Rats were adapted to 
12 and 60% protein diets for 18 days on 
an “8 +  16” regimen. Half the animals 
in each group were then adrenalectomized 
and maintained with 1% NaCl for drink
ing water and all were continued with 
either 12% or 60% protein diets in the 
“8 +  16” regimen as previously. Three 
days later both the intact and adrenalec
tomized animals fed the 12% protein diet 
were presented for the first time with a 
60% protein diet at 0900 while the other 
2 groups were continued with the 60% 
protein to which they had been adapted. 
Pairs of animals from each of the 4 groups 
were killed at 0830 and at intervals for the 
next 12 hours, and 6 measurements were 
carried out on liver or blood from each 
animal as shown in figures 5A- D. Tyrosine 
transaminase showed the same increase 
in activity after intake of food in both in
tact and adrenalectomized rats, regardless 
of the previous diet, which shows that 
adrenal function is not required for the

13 Watanabe, M ., V. R. Potter and H. C. Pitot, un
published experiment; cf. 11, 12.
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short time response shown by tyrosine 
transaminase. The deposition of glycogen 
in liver was poor in both intact and adre- 
nalectomized rats shifted from 12% pro
tein to 60% protein because neither group 
of rats was able to develop gluconeogenesis 
from protein during the time-period shown, 
as demonstrated by the inability to raise 
the level of serine dehydratase. Thus no 
superiority of intact over adrenalectomized 
rats was evident. By contrast, in the groups 
of rats maintained on 60% protein diets, 
the intact rats stored glycogen in higher 
amounts than the adrenalectomized rats. 
The activity of serine dehydratase was not 
modified by adrenalectomy in the rats in 
either of the feeding schedules. Following 
adrenalectomy glucose 6-phosphate dehy
drogenase and citrate cleavage enzyme 
showed slightly decreased activity in the 
rats shifted from the 12% protein diet to 
the 60% protein diet, but no change in 
activity in the rats fed 60% protein diets. 
Plasma corticosterone levels were reduced 
by adrenalectomy in both experimental 
groups.

Effect of adrenalectomy in rats adapted 
to 8 hours’ feeding per 48-hour cycle. It 
was demonstrated that the secondary rise

of tyrosine transaminase activity in the 
liver of rats adapted to the “8 +  40” regi
men was dependent upon the protein con
tent of the diets previously fed (fig. 1A). 
Further experiments were designed to show 
whether the secondary rise is modified by 
adrenalectomy. Rats were adapted to the 
“8 +  40” regimen with 60% protein diets 
for more than 3 weeks, and half of the 
animals were then adrenalectomized, and 
3 days after the operation both the intact 
and the adrenalectomized rats were killed 
at midnight, 0600, 0830, and 1500 during 
the fasting periods, as shown in figure 6. 
At 0830 tyrosine transaminase in the liver 
of adrenalectomized rats showed lower ac
tivity than that in the liver of intact rats, 
but still maintained approximately the 
same level as that in the rats adapted to 
30% protein diets (fig. 1A). Serine dehy
dratase and the other 2 enzymes studied in 
the liver of adrenalectomized rats did not 
show any differences compared with those 
of livers of intact rats during this period.

Another group of rats was fed the 30% 
protein diet instead of the 60% protein 
diet as in the previous experiment, and 
half of them were also adrenalectomized 
3 days before they were killed. These rats

TYROSINE TR AN SAM IN ASE GLUCOSE 6 - PHOSPHATE DEHYDROGENASE

F ig .  5 A - D  T y r o s i n 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 t 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 ,  c i t r a t e  c l e a v a g e  e n z y m e  a n d  g l y c o g e n  i n  l i v e r ,  a n d  c o r t i c o s t e r o n e  l e v e l  i n  p l a s m a  i n  
e i t h e r  i n t a c t  o r  a d r e n a l e c t o m i z e d  H o l t z m a n  r a t s  w h i c h  w e r e  e i t h e r  s h i f t e d  f r o m  1 2 %  p r o t e i n  
d i e t  t o  6 0 %  p r o t e i n  d i e t  o r  m a i n t a i n e d  o n  6 0 %  p r o t e i n  d i e t  u n d e r  t h e  “ 8  +  1 6 ”  r e g i m e n s .  
E a c h  c l o s e d  c i r c l e  o r  s q u a r e  c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  a n  i n d i v i d u a l  i n t a c t  o r  
a d r e n a l e c t o m i z e d  r a t ,  r e s p e c t i v e l y ,  w h i c h  w a s  s h i f t e d  f r o m  1 2 %  p r o t e i n  t o  6 0 %  p r o t e i n  i n  
t h e  d ie t  ( 1 2 - >  6 0 ) .  E a c h  o p e n  c i r c l e  o r  s q u a r e  c o n n e c t e d  w i t h  d a s h e d  l i n e  r e p r e s e n t s  a n  
i n d i v i d u a l  i n t a c t  o r  a d r e n a l e c t o m i z e d  r a t ,  r e s p e c t i v e l y ,  t h a t  w a s  m a i n t a i n e d  o n  a  6 0 %  p r o 
t e in  d i e t  (  6 0  - »  6 0  ) .
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S E R IN E  DEHYDRATASE C ITR ATE CLEAVAGE ENZYME

GLYCOGEN

were killed at the same intervals in the 48- 
hour cycle, as shown in figures 7A-C. 
Tyrosine transaminase activity in the 
adrenalectomized rats shows a significant 
increase 6 hours after feeding similar to 
that in intact rats, and shows the typical

decline thereafter in both groups of rats. 
However, at 0830 in the second day of the 
48-hour cycle the activity in the adrenalec
tomized rats is completely different from 
that of intact rats which show the typical 
secondary rise, and maintains at the low
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PLASMA CORTICOSTERONE

TYROSINE TRANSAMINASE SERINE DEHYDRATASE

F ig .  6  T y r o s i n e  t r a n s a m i n a s e  a n d  s e r in e  d e h y d r a t a s e  i n  t h e  l i v e r  o f  i n t a c t  a n d  a d r e n a l e c -  
t o m i z e d  C h a r le s  R iv e r  r a t s  a d a p t e d  t o  “ 8  +  4 0 ”  r e g i m e n s  w i t h  6 0 %  p r o t e i n  d ie t s .  E a c h  
c l o s e d  c i r c l e  c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  a n  i n d i v i d u a l  i n t a c t  r a t ;  c l o s e d  s q u a r e  
c o n n e c t e d  w i t h  d a s h e d  l i n e ,  a n  a d r e n a l e c t o m i z e d  r a t .



2 2 0 M. WATANABE, V. R. POTTER AND H. C. PITOT

TYROSINE TRANSAMINASE

F ig .  7 A - C  T y r o s i n e  t r a n s a m i n a s e ,  g l y c o g e n  a n d  g l u c o s e  6 - p h o s p h a t a s e  i n  t h e  l i v e r  o f  i n 
t a c t  a n d  a d r e n a l e c t o m i z e d  C h a r le s  R iv e r  r a t s  a d a p t e d  t o  “ 8  +  4 0 ”  r e g i m e n s  w i t h  3 0 %  p r o t e i n  
d ie t s .  E a c h  o p e n  c i r c l e  c o n n e c t e d  w i t h  s o l i d  l i n e  r e p r e s e n t s  a n  i n d i v i d u a l  i n t a c t  r a t ;  o p e n  
s q u a r e  c o n n e c t e d  w i t h  d a s h e d  l i n e ,  a n  a d r e n a l e c t o m i z e d  r a t . O t h e r  s y m b o l s  a s  i n  f i g u r e  I F .

TIM E OF DAY

F ig u r e  7 B
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GLUCOSE 6 -PHOSPHATASE

levels shown in the preceding period. As 
shown in figure 7B, the deposition of gly
cogen in the liver of adrenalectomized rats 
is only about half as great as in intact rats 
even though the oscillation of the deposi
tion occurs in the feeding and fasting 
cycles. The levels of activities of glucose 
6-phosphate dehydrogenase, citrate cleav
age enzyme and serine dehydratase were 
also measured but they showed no distinct 
difference between the intact and the 
adrenalectomized rats. It is of interest 
from this experiment, as shown in figure 
7C, that glucose 6-phosphatase activity 
decreases gradually during feeding and 
again increases during the fasting periods 
in both intact and adrenalectomized rats.

Effect of serotonin in rats adapted to 
12% protein diet and “8 +  16” regimen. 
Wurtman 14 has correlated the increase in 
tyrosine transaminase (8—12) with an in
crease of tryptophan in the liver, and 
there is an important issue as to whether 
the increase in this enzyme is a nutritional 
problem or a hormonal problem. If the 
role of the steroid is indirect and via tryp
tophan, is the tryptophan acting as such 
or only after it has been metabolically 
transformed to 5-hydroxytryptophan or 
further to serotonin, which cannot replace

tryptophan as a nutrient? It was shown 
by Rosen and Nichol (20 ) that serotonin 
and 5-hydroxytryptophan stimulated in
creases in tryrosine transaminase activity 
and appeared to be more effective than l - 
tryptophan. The following modifications 
of their experiment were carried out. Rats 
were adapted to a 12% protein diet and 
the “8 +  16” regimen, and L-tryptophan,
5-hydroxytryptophan and serotonin were 
injected intraperitoneally into the rats at 
1000, one hour after the onset of feeding, 
and the treated rats as well as the control 
rats were killed at 1500 and 1700, namely, 
6 and 8 hours after the onset of the food 
intake. As shown in figure 8, although the 
deposition of glycogen in liver after feeding 
was completely blocked by the administra
tion of the above 3 chemicals, tyrosine 
transaminase activity increased signifi
cantly as compared with the sustained low 
level of the activity in the control rats, 
which show no increase at this level of 
protein intake as shown earlier. The gly
cogen findings confirm the results of Foster 
et al. (21 ) who reported that tryptophan 
leads to both synthesis and activation of 
phosphoenolpyruvate carboxykinase but

i4 Personal communication.
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GLYCOGEN TYROSINE TRANSAMINASE

F ig .  8  E f f e c t s  o f  L - t r y p t o p h a n ,  5 - h y d r o x y t r y p t o p h a n  a n d  s e r o t o n i n  o n  t y r o s i n e  t r a n s 
a m i n a s e  a c t iv i t y  a n d  g l y c o g e n  d e p o s i t i o n  i n  t h e  l i v e r  o f  H o l t z m a n  r a t s  a d a p t e d  t o  “ 8  +  1 6 ”  
r e g i m e n  w i t h  1 2 %  p r o t e i n  d ie t s .  E a c h  c l o s e d  c i r c l e  r e p r e s e n t s  a n  i n d i v i d u a l  r a t  a d m i n i s t e r e d  
0 .9 %  s a l i n e  s o l u t i o n  a s  a  c o n t r o l  g r o u p ;  o p e n  c i r c l e ,  3  m m o l e s  o f  L - t r y p t o p h a n  p e r  k g  b o d y  
w e i g h t ;  o p e n  t r i a n g l e ,  3  m m o l e s  o f  5 - h y d r o x y t r y p t o p h a n  p e r  k g ;  o p e n  s q u a r e ,  1 m m o l e  o f  
s e r o t o n i n  p e r  k g .  A r r o w  s h o w s  t h e  t im e  o f  i n j e c t i o n .  O t h e r  s y m b o l s  a s  i n  f i g u r e  I F .

paradoxically inhibits the activity of that 
enzyme in vivo.

Different doses of serotonin (0.01-1 
mmole/kg of body weight) were admin
istered at the same time as in the previous 
experiment and rats were killed at 1500 
(fig. 9 ). In proportion to the increasing 
administered doses of serotonin the tyro
sine transaminase activity is stimulated 
and glycogen deposition is reduced. There 
is apparently a reciprocal relationship be
tween tyrosine transaminase activity and 
glycogen deposition in the liver under these 
conditions. At a dose of 0.1 mmole/kg, the 
results were intermediate and variable, and 
at 0.01 mmole/kg neither parameter was 
affected.

To determine whether treatment with 
hydrocortisone is modified by the serotonin 
stimulation of tyrosine transaminase activ
ity, rats were administered hydrocortisone

and serotonin simultaneously. As shown 
in figure 10, no additive effect of serotonin 
and hydrocortisone was observed either on 
deposition of glycogen or tyrosine transam
inase activity, and the induction by sero
tonin was not increased by the presence 
of hydrocortisone. These experiments do 
not establish that injected tryptophan in
duces tyrosine transaminase directly or in
directly or whether degradation is affected, 
and the mechanism of the serotonin induc
tion is yet to be determined.

D I S C U S S I O N

Large changes in the content of tyrosine 
transaminase in liver are brought about by 
several factors, such as diet (2, 22-27), 
steroid hormones (1, 3, 28), glucagon (29, 
30), coenzymes or their precursors (24) 
and others (20 ). Greengard (3 1 ) classified 
hormonal and substrate inductions of tyro-
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GLYCOGEN TYROSINE TRANSAMINASE

F ig .  9  E f f e c t  o f  d i f f e r e n t  d o s e s  o f  s e r o t o n i n  
o n  t y r o s i n e  t r a n s a m i n a s e  a c t iv i t y  a n d  g l y c o g e n  
c o n t e n t  i n  t h e  l i v e r  o f  H o l t z m a n  r a t s  a d a p t e d  t o  
t h e  s a m e  r e g i m e n  a s  i n  f i g u r e  8 .  E a c h  o p e n  
s q u a r e  r e p r e s e n t s  a n  i n d i v i d u a l  r a t  a d m i n i s t e r e d  
1 m m o l e  p e r  k g  b o d y  w e i g h t ;  p o i n t  w i t h i n  o p e n  
s q u a r e ,  0 .5  m m o l e  p e r  k g ;  o p e n  t r i a n g l e ,  0 .1  
m m o l e  p e r  k g ;  p o i n t  w i t h i n  o p e n  t r i a n g l e ,  0 .0 1  
m m o l e  p e r  k g ;  c l o s e d  c i r c l e s ,  s a l i n e  c o n t r o l s .  A r 
r o w  s h o w s  t im e  o f  i n j e c t i o n .

GLYCOGEN TYROSINE TRANSAMINASE

F ig .  1 0  C o m p a r i s o n  b e t w e e n  s e r o t o n i n  a n d  
h y d r o c o r t i s o n e  e f f e c t s  o n  t y r o s i n e  t r a n s a m i n a s e  
a c t iv i t y  a n d  g l y c o g e n  c o n t e n t  i n  t h e  l i v e r  o f  
H o l t z m a n  r a t s  a d a p t e d  t o  t h e  s a m e  r e g i m e n  a s  i n  
f ig u r e  8 . E a c h  o p e n  c i r c l e  r e p r e s e n t s  a n  i n d i v i 
d u a l  r a t  a d m i n i s t e r e d  1 m m o l e  o f  s e r o t o n i n  p e r  
k g  b o d y  w e i g h t ;  o p e n  s q u a r e ,  2 0  m g  o f  h y d r o c o r t i 
s o n e  p e r  k g ;  o p e n  c i r c l e  w i t h i n  o p e n  s q u a r e ,  s e r o 
t o n i n  a n d  h y d r o c o r t i s o n e  s im u l t a n e o u s l y .  O t h e r  
s y m b o l s  a s  i n  f i g u r e  8 .

sine transaminase as two different mechan
isms. However, the stimulation of tyrosine 
transaminase by the substrate or non
specific agents required the intact adrenal 
gland or the presence of hydrocortisone 
(32, 33), and Singer and Mason (34, 35) 
also showed actinomycin-sensitive induc
tion of tyrosine transaminase by the ad
ministration of non-hormonal substance, 
indicating “hormone type induction.”

In the experiments on steroid hormone 
effect on tyrosine transaminase activity, 
hydrocortisone or cortisone was mostly 
used, indicating a steroid hormone induc
tion, but the predominant corticosteroid 
in the rat is corticosterone, instead of hy
drocortisone and cortisone (36, 37). How
ever, the administration of deoxycorticos
terone, as a precursor of corticosterone, did 
not show an increased activity, in contrast 
with a significant enhanced effect on the 
enzyme activity by hydrocortisone (25 ). 
The endogenous levels of corticosterone in 
rat plasma were easily modified by chang
ing the environment of the rats (35, 38, 39). 
Considering the effects of endogenous 
corticosterone level of tyrosine transamin
ase activity in rat liver, Geller et al. (40) 
and Schapiro et al. (41, 42) showed that 
adult rats exposed to a stress did not re
spond with an increase in the tyrosine 
transaminase activity in liver despite 
marked corticosterone secretion, but en
zyme activity was increased in stressed 
infant rats, as if the stress increased both 
synthesis and degradation in the former 
but only synthesis in the latter. Wurtman 
and Axelrod (11 ) and Civen et al. (12) 
noted the correlation between plasma cor
ticosterone and tyrosine transaminase in 
unstressed animals on a regulated light 
schedule. The type of stress used by Geller 
et al. (40 ) partially inhibited the induction 
of tyrosine transaminase by hydrocortisone 
in adult rats, but not in infant rats.

Massive doses of steroid hormone admin
istered parenterally may not be necessarily 
equivalent to the physiological level in the 
experimental animal (40, 43), and the 
pituitary function of the hypophysio- 
adrenal axis may be involved directly or 
indirectly in activation of induced tyrosine 
transaminase (4 4 -4 6 ). Furthermore, some 
paradoxical effects of actinomycin on tyro
sine transaminase induction in rat liver
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were observed (47, 48) and these effects 
may be involved in the balance between 
rapid synthesis and degradation of an en
zyme with a half-life of 1 to 2 hours (4, 49).

To create standard controlled physio
logical and nutritional environments for 
studying the relation of diet and hormone 
functions to enzyme activities, Potter et al. 
(8 -10 ) have developed the concept of sys
tematic adaptive challenge in terms of 
limited access to food under controlled 
lighting conditions, and found an apparent 
metabolic oscillation of tyrosine transam
inase activity at more intensified levels in 
rats adapted to “8 +  16” or “8 +  40” regi
mens than in rats fed ad libitum. The data 
herein reported show that in rats adapted 
to the “8 +  16” regimen with 12, 30, and 
60% protein diets tyrosine transaminase 
increased to a maximal level 6 hours after 
the onset of food intake, and thereafter 
gradually declined to the basal levels, and 
the maximal levels of the enzyme activity 
were observed in proportion to increasing 
protein content in the diet. Furthermore, 
if the rats were shifted from 12% protein 
diets to 60% protein diets on the killing 
day or were adrenalectomized 3 days be
fore use, tyrosine transaminase activities 
showed the same oscillatory patterns as 
those of rats adapted to 60% protein diets. 
Sixteen hours after taking the food away 
a secondary rise in the activity in the liver 
of rats adapted to “8 +  40” regimen was 
also observed with a higher level of plasma 
corticosterone and lower deposition of liver 
glycogen, and the increased levels of tyro
sine transaminase were completely depen
dent upon the adrenal status at that time.

The other enzymes studied serve as refer
ence points for the peculiar case of tyro
sine transaminase, but also have some 
intrinsic interest. Serine dehydratase activ
ity in rat liver was modified intensively by 
protein content of diet (12, 13, 27, 50-52), 
by fasting (53 ) and by hormonal status 
(54, 55). Glucose 6-phosphate dehydrogen
ase was also changed by a different carbo
hydrate content of diets (27, 56-59). The 
activity of citrate cleavage enzyme in rat 
liver varies greatly with change in nutri
tional conditions (60 -62 ). The changes 
of glucose 6-phosphatase activity by nutri
tional and hormonal status were mentioned 
by several authors (27, 56, 58, 63-65). As

reported in the present paper, the activities 
of serine dehydratase, glucose 6-phosphate 
dehydrogenase and citrate cleavage en
zyme, and the glycogen deposition in the 
liver showed specific relationships to the 
protein content of the diets and to the time 
during feeding and fasting in the 24- and 
48-hour cycles, and glucose 6-phosphatase 
also showed an apparent oscillation in 
the liver of rats adapted to the “8 +  40” 
regimen.

In all the above situations the resolution 
of hormonal and nutritional contributions 
remains incomplete and both may conceiv
ably affect simultaneously activation, inac
tivation, inhibition, synthesis or degrada
tion (21 ). Their further interweaving is 
suggested by experiments using a-aminoiso- 
butyric acid and 1-aminocyclopentane-l- 
carboxylic acid, which are probably trans
ported across the cell membrane by a 
system that actively transports natural 
amino acids. Cortisone accelerates the 
uptake of these non-metabolizable amino 
acids by the liver and the uptake in adren
alectomized animals was reduced when 
compared with the intact animals (66, 67); 
hence the steroid may have indirect effects 
equivalent to an increased amino acid in
take. Recently, Baril and Potter (6 8 ), 
using the new nutritional regimens herein 
described, found a systematic oscillation 
of the transport system of 1-aminocyclo- 
pentane-l-carboxylic acid by the liver and 
showed that the oscillations could not be 
demonstrated in rats fed ad libitum. More
over, the initial and secondary rises in the 
activity of tyrosine transaminase coincided 
with the increased transport of the non- 
metabolized amino acid into the liver.15 
Thus, the action of steroid hormone may 
include an augmentation of the accumula
tion of amino acids by the liver (64, 69).

The available data thus suggest that pre
vious interpretations (31 ) of the role of 
cortisone and of actinomycin in experi
ments involving induction of tyrosine trans
aminase may have to be modified to some 
extent to encompass the role of degradation 
and the possibility of action by way of 
the transport of amino acids into the liver.

is Watanabe, M., and E. F. Baril 1967 Oscilla
tions in tyrosine transaminase activity and amino 
acid transport in liver of rats adapted to 24- or 48- 
hour cycles of feeding and fasting. J. Cell Biol., 35; 
139A (abstract).
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Changes in enzyme activity resulting 
from changing rates of synthesis and de
gradation of enzyme protein in rat liver 
occur in the course of the 24-hour cycle, 
as a result of feeding habits, as a result 
of changes in dietary composition and as a 
result of hormonal status (7 0 ) in the rat. 
The experimental use of rats that are 
adapted to special feeding regimens under 
controlled lighting conditions may lead to 
a clearer understanding of some of the 
factors involved in the regulation of en
zyme activity under physiological environ
ments. The data reported above suggest 
several ways in which the practice of ad 
libitum feeding might be modified to facili
tate further studies on the change in the 
ratio between synthesis and degradation 
of specific enzymes.
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ABSTR ACT  T h e  m o d e l  a m i n o  a c i d ,  c y c l o l e u c i n e ,  w a s  u s e d  t o  s t u d y  a m i n o  a c i d  
t r a n s p o r t  i n  t h e  l i v e r  o f  r a t s  f e d  a d  l i b i t u m  a n d  r a t s  a d a p t e d  t o  8  h o u r s ’  f e e d i n g  i n  
e i t h e r  a  2 4 - h o u r  c y c l e  o r  a  4 8 - h o u r  c y c l e  u n d e r  c o n t r o l l e d  l i g h t i n g  c o n d i t i o n s .  T h e  
r a t s  w e r e  k i l l e d  a t  v a r i o u s  t im e s  i n  t h e  c y c l e  t o  d e t e r m in e  w h e t h e r  o s c i l l a t o r y  c h a n g e s  
o c c u r r e d  i n  t h e  a m i n o  a c i d  t r a n s p o r t  s y s t e m . S y s t e m a t i c  o s c i l l a t i o n s  o f  a m i n o  a c i d  
t r a n s p o r t ,  w i t h  l i t t l e  i n d i v i d u a l  v a r i a t i o n ,  w e r e  o b s e r v e d  i n  l i v e r  o f  r a t s  a d a p t e d  to  
c o n t r o l l e d  f e e d i n g  a n d  f a s t i n g  p e r i o d s .  I n  c o n t r a s t ,  n o  a p p a r e n t  o s c i l l a t i o n s  a n d  c o n 
s id e r a b le  i n d i v i d u a l  v a r i a t i o n  w e r e  o b s e r v e d  i n  a m i n o  a c i d  t r a n s p o r t  i n  l i v e r  o f  r a t s  
f e d  a d  l i b i t u m .  T h e  s y s t e m a t i c  o s c i l l a t i o n s  o f  a m i n o  a c i d  t r a n s p o r t  i n  l i v e r  a p p e a r  to  
b e  r e l a t e d  t o  t h e  d i e t a r y  s ta te  o f  t h e  a n i m a l .  A ls o ,  a d r e n a l  f u n c t i o n  c o n t r i b u t e d  t o  a 
s e c o n d a r y  o s c i l l a t i o n  o b s e r v e d  d u r i n g  t h e  e a r l y  f a s t i n g  p e r i o d  o f  t h e  4 8 - h o u r  c y c l e .  
T h e  o s c i l l a t i o n s  i n  t h e  a m i n o  a c i d  t r a n s p o r t  s y s t e m  o f  f a s t i n g - a d a p t e d  r a t s  c o r r e l a t e  
w e l l  w i t h  o b s e r v e d  o s c i l l a t i o n s  i n  t h e  a c t iv i t y  o f  l i v e r  t y r o s i n e  t r a n s a m i n a s e  f r o m  t h e  
s a m e  r a t s .

The demonstration of a daily rhythm in 
some metabolic activities of rat liver and 
minimal deviation hepatomas by Potter 
et al. (1 -3 )  indicates the need for con
trolled feeding and lighting schedules in 
experiments with the laboratory rat. A 
daily oscillation in the liver tyrosine trans
aminase activity of rats fed ad libitum was 
first observed by Potter et al. (1 ,3 )  and 
later confirmed by other investigators (4,
5). However, Potter et al. (1 -3 )  showed 
that the amplitude in the normal daily 
oscillation of some enzymes in liver was in
creased with animals on controlled feeding 
and fasting regimens.

The activity of rat liver tyrosine trans
aminase and other liver enzymes can be 
correlated with the diet, feeding schedule, 
adrenal status and other metabolic func
tions, as shown by Watanabe et al. (6 ). 
Data on the functional behavior of the 
amino acid transport system of liver are 
also required to obtain a clearer under
standing of the sequence of metabolic 
events that give rise to the oscillations in 
enzyme activities. Changes in the level of 
free tyrosine in plasma and liver have been 
related to changes in the activity of rat 
liver tyrosine transaminase at different 
times of the day and different levels of 
dietary protein and hormonal activity (7 ).

However, to unequivocally relate changes 
in the activity of the enzyme to variations 
in the amino acid transport system itself, 
it is necessary to separate transport from 
metabolism of the amino acids.

Use of model amino acids introduced by 
Christensen and co-workers permits inves
tigation of amino acid transport in the ab
sence of metabolic alteration of the amino 
acid itself (8, 9). Christensen and Jones
(10) have shown that the synthetic amino 
acid 1-aminocyclopentane-l-carboxylic acid 
(ACPC, cycloleucine) is not metabolized 
by the rat and is almost completely reab
sorbed by the kidney so that its rate of 
elimination from the body is extremely 
slow. Cycloleucine resembles the natural 
amino acids L-valine and L-methionine in 
transport properties (9 ) and is rapidly ac
cumulated in vivo by liver, muscle (1 0 ), 
pancreas (11 ) and other tissues in the rat.

Simultaneous oscillations in amino acid 
transport and in the activity of tyrosine 
transaminase in liver from fasting-adapted 
rats were described in a preliminary report
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by Watanabe and Baril.3 In the present in
vestigation, the model amino acid 1-amino- 
cyclopentane-l-carboxylic acid carboxyl-14C 
was used to correlate diet, feeding schedule 
and adrenal status with changes in the 
activity of the amino acid transport system 
in liver and other tissues of the rat.

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

Chemicals. 1-Aminocyclopentanecar- 
boxylic acid-carboxyl-IJC (5 mCi/mmole) 
was dissolved in 1 % NaCl before use.4 The 
30% and 60% protein diets (6 )  fed to the 
rats were made up as previously described 
and supplied in the form of pellets.5

Animals and regimens. Male rats of the 
Charles River strain6 (150-160 g) were 
housed on arrival in a windowless room 
with lighting automatically regulated to 
provide a 12-hour period of light (9  p m  -  
9 a m )  followed by 12 hours of darkness 
(9 a m  -  9 p m ) .  Food was available during 
the dark period only. Feeding dishes con
taining 30% or 60% protein diets were 
placed in the cage immediately before the 
lights were switched off and removed after 
8 hours. Thus, the animals were fed for 
fixed periods of 8 hours in each 24-hour 
cycle ( “8 +  16” regimen) or 48-hour cycle 
(“8 +  40” regimen) and subsequently 
fasted for fixed periods of 16 or 40 hours.

The rats were adapted to the desired 
regimens for more than 3 weeks before the 
start of the experiments, which were com
pleted within 4 to 5 weeks of the regimen. 
Some of the rats adapted to the “8 +  40” 
regimen were adrenalectomized,7 and main
tained on the same regimen with a 1% 
NaCl solution in place of drinking water. 
Experiments were not performed with 
adrenalectomized animals until at least 24 
hours after the operation.

The 14C-cycloleucine was always injected 
subcutaneously near the lumbar region of 
the back at a concentration of 0.8 nmole 
(4 aCi in 0.1 ml of sa lin e)/100 g body 
weight one hour after the start of a feeding 
period. In most of the experiments, the 
interval between injection and the first 
measurement of cycloleucine levels was at 
least 24 hours. The actual times are pre
sented with the results for the respective 
experiments. Data from other experiments 
show that the blood level becomes constant 
within less than 2 hours (8 ) .8 The rats

were decapitated with a guillotine without 
previous stress to the animal. Blood was 
collected in heparinized beakers and the 
livers were quickly removed, chilled and 
washed in several volumes of ice-cold 0.25 
m  sucrose-TKM (0.05 m  Tris-HCl, pH 7.5 
at 20°; 0.025 m  KC1; 0.005 m  MgCh). Af
ter weighing, each liver was homogenized 
in 2 volumes of ice-cold sucrose-TKM by 
means of a Polytron homogenizer.9 Tri
chloroacetic acid (TCA) was added to ali
quots of liver homogenates and blood to 
a final concentration of 10% and the TCA- 
insoluble fraction was removed by centri
fugation at 600 X g for 10 minutes. The 
supernatant was decanted, the precipitate 
washed with 2 ml of 10% TCA, and the 
supernatants and washes were combined. 
One-half-milliliter aliquots of the TCA- 
soluble fractions were added to 10 ml 
ANPO scintillation fluid (13 ) and the ra
dioactivity was counted in a Packard Tri- 
Carb liquid scintillation spectrometer.

In some experiments, the entire small 
intestine or kidney and spleen were re
moved along with the liver from the ani
mal. The intestine was slit and washed in 
several volumes of ice-cold 0.25 m  sucrose- 
TKM to remove its contents. The proce
dures used for homogenization, extraction 
and radioactivity counting were the same 
for these tissues as described for liver.

No radioactivity was found in the TCA- 
insoluble fractions of the homogenates and 
blood when aliquots were analyzed by the 
filter paper disc procedure of Mans and 
Novelli (14 ). Likewise, no radioactivity 
was found by the procedure of Whittle and 
Potter (15 ) in C02 expired over a 4-hour 
collection period.

R E S U L T S

14C-cycloleucine levels in liver and blood 
from rats fed ad libitum or maintained on 
“8 +  16” regimen. The results presented

3 Watanabe, M., and E. F. Baril 1967 Oscilla
tions in tyrosine transaminase activity and amino
acid transport in liver of rats adapted to 24- or 48-
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139A (abstract).
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9 Brinkman Instruments, Inc., Des Plaines, Illinois.



2 3 0 EARL F. BARIL AND VAN R. POTTER

in figure 1 demonstrate marked differences 
in the transport of 14C-cycloleucine in liver 
of rats on controlled feeding regimens com
pared with rats fed ad libitum. For these 
experiments one group of rats was fed ad 
libitum at a dietary protein level of 30% 
for one month, and two other groups were 
adapted for one month to the “8 +  16” 
regimen at dietary protein levels of 30 and 
60% . The rats in all 3 groups received a 
single injection of 14C-cycloleucine 24 hours 
before the start of the experiment.

The level of 14C-cycloleucine per gram of 
liver from rats on the “8 +  16” regimen 
oscillated over the 24-hour period. The 
values observed for individual rats at 
the same time-point were similar, as 
shown in figure 1, B and C. The highest 
level of 14C-cycloleucine in the liver was 
observed during the feeding period and a 
gradual decline occurred during the fasting 
period. Between 0300 and 0600 of the 
cycle the level declined to one-half the 
value observed during the feeding period. 
A sharp rise in the level of 14C-cycloleucine 
in the liver occurred between 0800 (one 
hour before feeding) and 1100 so that the 
level of 14C-cycloleucine in liver during the 
feeding period of a second 24-hour cycle

was approximately the same as that ob
served during the feeding period of the 
preceding 24-hour cycle. The oscillations 
in liver were not accompanied by comple
mentary changes in the level of 14C-cyclo- 
leucine in the blood. Qualitatively and 
quantitatively similar oscillations of the 
level of 14C-cycloleucine in liver of rats on 
the “8 +  16” regimen at dietary protein 
levels of 30 and 60% were observed. How
ever, the steady-state level of 14C-cycloleu- 
cine in liver of rats fed a 60% protein diet 
was extended a few hours longer and the 
decline during the fasting period was 
sharper.

The observed changes in the amino acid 
levels in liver were not errors of the mode 
of expression since the decline in radio
activity per gram of liver was not caused 
by an increase in liver weight. Also, sim
ilar oscillations occurred when the data 
were represented on a per liver basis or 
as the distribution ratio of I4C-cycloleucine 
in liver to blood.

Completely different results were ob
tained with rats fed ad libitum a 30% pro
tein diet, as shown in figure 1A. Individual 
rats taken at the same time-point varied 
considerably in the values of 14C-cycloleu-
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i n d i v i d u a l  r a t .  T h e  o p e n  a n d  h a t c h - m a r k e d  a r e a s  i n d i c a t e  1 2 - h o u r  in t e r v a l s  o f  l i g h t  a n d  
d a r k ,  r e s p e c t iv e l y .  A ,  R a t s  f e d  a d  l i b i t u m  t h e  3 0 %  p r o t e i n  d i e t ;  B, r a t s  a d a p t e d  t o  “ 8  +  1 6 ”  
r e g i m e n  o n  a  3 0 %  p r o t e i n  d i e t ;  a n d  C , r a t s  a d a p t e d  t o  “ 8  - f  1 6 ”  r e g i m e n  o n  a  6 0 %  p r o t e i n  
d ie t .  ( V a l u e s  f o r  c o u n t s  p e r  m in u t e  s h o w n  i n  t h e  f ig u r e  h a v e  b e e n  d e r i v e d  b y  m u l t i p l y i n g  
t h e  a c t u a l  v a l u e s  b y  1 0 - 4 . )
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cine in liver and blood over the 24-hour 
cycle. This same variation exists if the 
data are expressed as a distribution ratio 
of the “ C-cycloleucine levels in liver and 
blood. Due to the wide variation in the 
level of 14C-cycloleucine in liver of individ
ual rats, oscillations were not apparent. 
However, oscillations in tyrosine trans
aminase activity in liver of rats fed ad 
libitum were demonstrated by Potter et al.
(1) and later confirmed by other investiga
tors (4, 5).

Systematic oscillations of amino acid 
transport ivith rats on an “8 +  40” regimen. 
The results of an experiment with rats 
adapted to an “8 +  40” regimen at a 60% 
dietary protein level are presented in figure 
2 and show that oscillation of the amino 
acid transport system in liver of fasting- 
adapted rats is systematic. A single injec
tion of 14C-cycloleucine was given one hour 
after the start of a feeding period and 3 
rats were killed at each interval during the 
96-hour period, the first interval occurring 
5 hours after the injection.

The highest level of the amino acid was 
maintained in liver during the feeding pe
riod, similar to the results obtained with 
rats on the “8 +  16” regimen. However, 
for rats adapted to the “8 +  40” regimen 
the steady-state level extended into the 
early fasting period.

A secondary rise in the level of cyclo
leucine in liver occurs during the first 5 
to 16 hours of the 40-hour fasting period. 
However, the selected time-points did not 
permit its detection in the experiment for 
the data presented in figure 2. In this 
figure, the secondary rise is represented 
by a broken line which is based on data 
from experiments reported below. The 
level of the amino acid gradually declined 
as the fasting period continued and after 
24 to 30 hours of fasting the level was ap
proximately one-half that observed in liver 
during the feeding period. However, one 
hour after the start of feeding in the sub
sequent 48-hour cycle the level of the 
amino acid in liver increased about two
fold to the level observed during the feed
ing period of the preceding 48-hour cycle.

IN JE C T 5 12 2 4  2 8  3 2  3 6  4 0  4 8  6 0  7 2  8 4  9 6
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When the 14C-cycloleucine level in liver and 
blood was followed through a second 48- 
hour cycle the level of the amino acid in 
liver again oscillated, whereas the blood 
level remained relatively constant.

The maximal and minimal levels of 14C- 
cycloleucine observed in liver from rats 
on an “8 +  40” regimen were four- to five
fold greater than the values observed in 
liver from rats on an “8 +  16” regimen. At 
the present time, the basis for this differ
ence is unknown and further investigation 
is required to determine whether the 2 
regimens produced different rates of amino 
acid transport or whether other factors 
were responsible.

Increase in 14C-cycloleucine level in liver 
of rats during feeding -period on 30 and 
60% protein, “8 +  40” regimen. Experi
ments performed with rats adapted to the 
“8 +  40” regimen at dietary protein levels 
of 30 and 60% suggested that the level of 
14C-cycloleucine in liver during the feeding 
and early fasting period was related to 
the dietary protein level. To further deter
mine whether the correlation of cyclo
leucine level and protein diet could be 
explained by the transport of the amino 
acid during the feeding period, rats adapted 
to an “8 +  40” regimen at dietary protein 
levels of 30 and 60% received a single in
jection of 14C-cycloleucine one hour after 
the start of the feeding period and 46.5 
hours before the start of the experiment. 
The rats of both groups were then killed 
at various time-intervals beginning one- 
half hour before the start of and continu
ing 4 hours into the feeding phase of the 
subsequent 48-hour cycle. The results 
presented in figure 3 indicate that the rise 
in the level of 14C-cycloleucine in liver dur
ing the feeding period is directly related to 
the dietary protein level. Although the 
level of 14C-cycloleucine per gram of liver 
was about 50% higher in the rats main
tained on a 60% protein diet, the level 
of 14C-cycloleucine per milliliter of blood 
did not differ in rats fed a 30 or 60% pro
tein diet.

These results also indicate that the ob
served oscillations are not due to compe
tition with natural amino acids since one 
would expect the greater competition, and 
thus the lower level of cycloleucine, in 
liver from rats maintained on a 60%
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protein diet. However, the level of 14C-cy- 
cloleucine in liver was about 50% higher 
for rats on a 60% as compared with a 
30% protein diet. Also, when rats adapted 
to the “8 +  40” regimen at a dietary pro
tein level of 60% protein were shifted to 
a 12% protein diet, a corresponding de
crease in the uptake of cycloleucine in 
liver occurred.10 Thus, the rate of amino 
acid transport into liver appears to be re
lated to the level of protein in the diet.

Effect of adrenalectomy on the level of 
14C-cycloleucine in liver and other tissues. 
The observation of systematic oscillations 
in the level of 14C-cycloleucine in liver over 
the 96-hour period following the single in
jection and the absence of significant

i °  U n p u b lis h e d  d a ta , M . W a ta n a b e , E . F. B a r il  a n d  
V . R . P o tte r , 1967 .
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changes in the plasma level raise the 
question of a possible recycling of the 
amino acid between liver and other tissues 
or organs. The small intestine has been 
shown to actively concentrate cycloleucine 
in vitro and in vivo (9 )  and the level of 
cycloleucine in the small intestine was 
shown to decrease, whereas that in the liver 
increased following cortisone administra
tion to the rat (16).

Variations in the plasma corticosteroid 
level have been observed in rats adapted 
to the “8 +  40” regimen (3 ). In view of 
these findings the effect of adrenalectomy 
on the uptake of 14C-cycloleucine by liver 
and other tissues was examined. Adren
alectomy was performed on half of a group 
of rats adapted to a regimen of 8 hours of 
feeding at a dietary protein level of 30% 
and 40 hours of fasting. The remaining 
animals were used as intact controls. 
Twenty-four hours after the operation and 
one hour after the start of the feeding pe
riod, the adrenalectomized and control 
animals were injected with 14C-cycloleu- 
cine. Control and adrenalectomized ani
mals were killed at various intervals during 
the first 30 hours of a 48-hour cycle with 
the first interval occurring 46.5 hours 
following the single injection.

The data presented in figure 4 show 
that adrenalectomy has no effect on cyclo
leucine uptake by liver during the feeding 
period and the first 4 hours of fasting. 
However, adrenalectomy did prevent the 
increased uptake observed between 2100 
and 1500 hours of the fasting period. Dur
ing this period the level of 14C-cycloleucine 
in liver from adrenalectomized animals re
mained at the same level as that observed 
for adrenalectomized and control animals 
during the feeding period.

The difference in the amino acid level 
of liver from adrenalectomized and intact, 
control animals was not due to the differ
ences in the water content of the tissues 
since total tissue water measurements in
dicated a difference of less than 10%. 
Other investigators have reported that the 
reduced uptake of amino acids by the in
testine of adrenalectomized rats was not 
observed when the rats were given saline 
in place of water for 7 days (17 ). How
ever, in the present studies, replacement of 
drinking water by 1% NaCl fcr 9 days
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failed to relieve the effect of adrenalec
tomy, which still resulted in reduction of 
the uptake of cycloleucine by liver at the 
time intervals described.11 Experiments 
performed with sham-operated animals 
gave the same results as those for the in
tact, control rats when the experiments 
were performed five or more days after the 
operation.12 Before this time, the results 
obtained with sham-operated animals were 
similar to results obtained with adrenalec
tomized animals. No explanation is given 
for these differences. However, the fact 
that adrenalectomy prevented the second
ary rise in the cycloleucine level in liver 
without a recovery even 9 days after the 
operation suggests that the rise in the

11 See footnote 10.
12 See footnote 10.
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amino acid level was most probably related 
to adrenal function. It may follow that the 
results obtained with sham-operated ani
mals before 5 days post-operation were due 
in part to a taxing of adrenal function 
during the stress of the operation.

As shown in figure 4 the blood levels of 
cycloleucine in control and adrenalectom- 
ized animals were similar and showed 
little variation. However, the uptake of 
cycloleucine by the small intestine from 
control animals did vary over the time- 
period studied. The amino acid uptake 
by the small intestine was increased dur
ing the feeding period and the first 4 hours 
of the fasting period. This was followed 
by a rapid decline between 2100 and 0830 
hours of the fasting period, the period dur
ing which the level of the amino acid in 
liver from control animals increased 
sharply. The level of 14C-cycloleucine in 
the small intestine from adrenalectomized 
animals showed less variation over the 
same time-period.

The pancreas and the small intestine 
behaved similarly in the uptake of 14C-cyclo- 
leucine measured under the same experi
mental conditions.13 However, the uptake 
of the amino acid was greater in pancreas 
than that observed in liver or small intes
tine, confirming observations of other 
investigators (18, 19).

The comparison of data obtained from 
rats on the “8 +  40” regimen at a dietary 
protein level of 60% shown in figure 2 
and data with rats fed a 30% protein diet, 
the control rats in figure 4, suggested that 
the secondary rise in the level of the amino 
acid in liver during early fasting is a func
tion of the level of dietary protein, as well 
as adrenal status. The increase in the 
level of 14C-cycloleucine in liver during this 
period was twofold higher for rats main
tained on a 60% protein diet than for rats 
fed a 30% protein diet.

An experiment was performed in a simi
lar manner to that described previously 
to determine the role of the adrenal func
tion in the secondary oscillation. However, 
the rats used were adapted to an “8 +  40” 
regimen and a 60% protein diet. Control 
and adrenalectomized animals were injec
ted with I4C-cycloleucine at the start of a 
feeding period and 63 hours before the 
start of the experiment. Animals were

killed during the early part of the fasting 
period, between 63 and 78 hours after the 
injection, when a secondary rise in the up
take of cycloleucine was observed (figs. 2 
and 4). The level of 14C-cycloleucine was 
measured at each time point in the liver, 
kidney, spleen and blood. As shown in fig
ure 5A adrenalectomy prevented the oscil
lation in the level of 14C-cycloleucine 
observed in liver of the control animals. 
The level of 14C-cycloleucine in liver of the 
adrenalectomized animals was approxi
mately the same as the maximal level ob
served during this time-period in the liver 
of control animals on a 30% protein diet 
(fig. 4 ). However, the level observed in 
liver of control animals fed the 60% pro
tein diet was twice that of the control 
animals fed the 30% protein diet (figs. 4 
and 5A).

The levels of 14C-cycloleucine in the kid
ney, spleen and blood were not affected by 
adrenalectomy as shown in figures 5B-D. 
Also, no oscillation in the level of 14C-cyclo- 
leucine in kidney, spleen or blood was 
apparent.

DISCUSSION

These results show that amino acid 
transport in liver varies systematically in 
rats maintained under controlled condi
tions of feeding and room lighting. The 
finding of an oscillation in the amino acid 
transport system extends the list of meta
bolic functions which have been shown by 
Potter and co-workers to oscillate daily in 
the liver of the laboratory rat (1—3,6,15).

The marked individual variation in the 
level of 14C-cycloleucine in liver of rats fed 
ad libitum, in contrast with the results 
obtained with rats on the “8 +  16” regimen, 
provides additional support for the sugges
ted use of controlled feeding schedules in 
experiments with the laboratory rat (2, 6). 
A wide individual variation in the trans
port of 14C-cycloleucine into liver of mice, 
presumably fed ad libitum, was also ob
served by Christensen and Jones (10 ). 
These authors stated that “ 1-Aminocyclo- 
pentanecarboxylic acid showed hepatic 
levels varying all the way from 1.7 to 9.9 
times the plasma level, with a mean value 
of 4.5 times, with sufficient instances

13 See footnote 8.
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throughout this range to indicate that the 
unusual variability was probably real.”

The oscillations in the amino acid trans
port system of fasting-adapted rats corre
late well with the observed oscillations in 
the activity of liver tyrosine transaminase 
from the same rats.14 This conclusion is 
based on the following evidence presented 
in this paper and by Watanabe et al. (6 ) :  
(a) the level of 14C-cycloleucine and tyro
sine transaminase activity oscillated to
gether in liver of rats on the “8 +  16” and 
“8 +  40” regimens; (b )  both the amino 
acid level and the activity of the enzyme 
were increased in liver by an increase in 
the level of dietary protein; ( c )  the re
sponse to the level of dietary protein was 
most apparent in both cases for rats on the 
“8 +  40” regimen; and (d ) only the second
ary oscillation, during the early fasting 
period, of the amino acid level and tyrosine 
transaminase activity in liver of rats on 
the “8 +  40” regimen was modified by 
adrenalectomy. The oscillations in the 
amino acid transport system of fasting-

adapted rats also showed a correlation with 
the observed oscillations in liver ribonu
cleic acid content and orotic acid metabo
lism as reported by Whittle and Potter (15).

Our understanding of the factors re
sponsible for this oscillatory behavior of 
the amino acid transport system in liver 
is incomplete at present. However, fasting- 
adapted rats may prove to be useful sub
jects for the study of the general control 
mechanisms for amino acid transport, 
which are also poorly understood (20 ).

The decline in the level of 14C-cycloleu- 
cine in liver during the fasting period is 
apparently due to a change in the activity 
of the transport system during this period, 
rather than the result of competition with 
other amino acids. This is supported by 
the fact that the level of the amino acid 
increased during the feeding periods as the 
dietary protein level increased, a result 
which is not compatible with an alteration 
of the amino acid level by competition.

14 See footnote 3.
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Also, the oscillation does not appear in all 
tissues, as evidenced by the results ob
tained with kidney and spleen. Whether 
the decline in the 14C-cycloleucine in liver 
was due to continued efflux by a simple 
diffusion process in the absence of influx 
by active transport or due to some other 
mechanism cannot be determined from 
this study. Although the mechanism of 
efflux of amino acids from liver has not 
been clearly defined, there is evidence 
from studies on Ehrlich ascites cells and 
other tissues that efflux does not involve 
active transport (11 ). The results obtained 
with small intestine and pancreas indicate 
that oscillations in these tissues were out of 
phase with the oscillations occurring in 
liver. These results might be expected 
since there was no detectable change in the 
blood level of cycloleucine and since this 
amino acid is non-metabolizable and 
almost completely retained by the body. 
Thus, it is possible that a recycling of this 
non-metabolizable amino acid over a 24- 
or 48-hour cycle involves reciprocal 
changes in the intracellular level of the 
amino acid in multiple tissues or organs. 
Oscillations in other metabolic functions in 
the liver correlate well with the observed 
oscillations in amino acid transport in this 
organ. These metabolic functions, how
ever, have not been studied in other tissues 
of the fasting-adapted rat because the prin
cipal interest of this laboratory is to relate 
the biochemistry of hepatomas to that of 
normal liver.15 Therefore, it is unknown 
whether the primary effect responsible for 
the observed oscillations in amino acid 
transport originates solely in liver.

The results of the experiments with the 
adrenalectomized animals on the “8 +  40” 
regimen indicate that a part of the second
ary oscillation was related to adrenal func
tion. However, it appears that factors other 
than adrenal function are also involved 
in maintaining the higher uptake of the 
amino acid during the feeding and early 
fasting period, as compared with the later 
fasting period, since adrenalectomy did 
not reduce the level of the amino acid in 
liver to that in the late fasting period. 
Actually, the lower level during the early 
fasting period for adrenalectomized ani
mals was the same as the steady-state level 
observed during the feeding period, which

was not altered by adrenalectomy. Thus, 
it is probable that the increased level of 
the amino acid during the feeding period 
is related to some non-adrenal function(s) 
and that the secondary oscillation observed 
with rats on the “8 +  40” regimen resulted 
from an additional increase in the rate of 
amino acid transport due to adrenal func
tion^) coming into play at this time. How
ever, the nature of the factors involved 
remains unidentified and will require fur
ther biochemical and physiological analy
sis. Evidence has been presented that 
amino acid transport is modified by 
glucocorticoids (8, 16) and probably other 
hormones (21, 22). Thus, it is possible 
that the observed oscillations in the amino 
acid transport result from multihormonal 
influences and a rhythmicity in these sys
tems (23 ).

The basis for the higher level of cyclo
leucine observed in liver for rats on the 
“8 +  40” regimen, in contrast with the 
“8 +  16” regimen, is being investigated. 
However, rats adapted to the “8 +  40” regi
men show increased activity and lower 
body weights,16 greater stomach weights 
(6, 15) and, in general, signs of greater 
stress than animals adapted to the “8 +  
16” regimen or fed ad libitum (6 ). The 
amino acid transport system of rats adap
ted to an “8 +  40” regimen may be altered 
by increased activity in these animals. If 
such is the case, it lends support to the 
contention that rats adapted to the “8 +  16” 
regimen are similar to rats fed ad libitum 
but reflect more controlled environmental 
conditions, since the level of cycloleucine 
in liver of ad libitum-fed rats was in the 
same range but with greater scatter than 
for the “8 +  16” adapted rats.

The basis for the observed oscillations is 
being further investigated. However, the 
observed oscillations in amino acid trans
port complicate the interpretation of re
sults from enzyme assays and amino acid 
incorporation studies conducted with tissue 
from animals whose daily activity is un
controlled and whose feeding habits are 
ad libitum. The available data appear to 
warrant the recommendation that biochem
ical studies on laboratory rats should be

15 See footnote 8.
16 R e y n o ld s , R . J ., a n d  V . R . P o tte r , 1 9 6 7  ( m a n u 

s c r ip t  in  p r e p a r a t io n ) .
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conducted with more careful attention to 
lighting, activity, and feeding schedules.
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ABSTR ACT  O r o t i c  a c i d  la b e l e d  w i t h  14C i n  t h e  7 -, 2 -  o r  6 - p o s i t i o n  h a s  b e e n  u s e d  
t o  o b t a i n  i n f o r m a t i o n  o n  i t s  m e t a b o l i s m  i n  t h e  r a t  a d a p t e d  t o  a  4 8 - h o u r  c y c l e  o f  8  
h o u r s  o f  f e e d i n g  a n d  4 0  h o u r s  o f  f a s t i n g .  T h e  c o n v e r s i o n  o f  o r o t i c  a c i d  t o  u r id i n e  
m o n o p h o s p h a t e  ( U M P )  d i d  n o t  v a r y  w i t h  t h e  n u t r i t i o n a l  s ta t e  o f  t h e  r a t  t h r o u g h o u t  
t h e  c y c l e .  H o w e v e r ,  t h e  f u r t h e r  m e t a b o l i s m  o f  U M P  d e r i v e d  f r o m  i n j e c t e d  r i n g - l a b e l e d  
o r o t i c  a c i d ,  a s  d e t e r m in e d  b y  i t s  i n c o r p o r a t i o n  i n t o  l i v e r  R N A  a n d  d e g r a d a t io n  to  
C 0 2, d i d  s h o w  c y c l i c  v a r i a t i o n s ,  c o r r e s p o n d i n g  w i t h  a  c y c l i c  v a r i a t i o n  o f  t h e  t o t a l  
l i v e r  R N A  c o n t e n t .  T h e  i n c r e a s e  i n  d e g r a d a t io n  t o  C 0 2 o f  U M P  d e r i v e d  f r o m  i n j e c t e d  
o r o t i c  a c i d  i n  t h e  f a s t i n g  p e r i o d  o f  t h e  c y c l e  s u g g e s t s  a n  i n c r e a s e  i n  c a t a b o l i c  e n z y m i c  
a c t iv i t y .  A  s im p l e  a n d  e f f i c i e n t  m e t h o d  f o r  c o l l e c t i n g  a n d  d e t e r m in in g  e x p i r e d  14C 0 2 
is  d e s c r i b e d .

The occurrence of a daily rhythm in 
various metabolic activities in the labora
tory rat in association with cycles of light 
and darkness, food intake, and activity has 
led us to question the common practice of 
ad libitum feeding with unspecified killing 
times and light schedules (1 ,2 ). Some 
metabolic functions oscillate widely de
pending on the metabolic transitions asso
ciated with feeding and fasting even in the 
rat fed ad libitum, rats being nocturnal 
feeders (see references in (1 ) ) .  The oscil
lations are much more marked, however, 
in animals fasted for 2 or 3 days and then 
refed as in our study (3 )  of the Tepperman 
experiment or in animals that are adapted 
to having food available for only 12 hours 
in each 48 hours (4 )  or for only 8 hours 
in each 48 hours (1 ,5 ). We have referred 
to rats in the latter 2 regimens as fasting- 
adapted rats. In addition to marked fluc
tuations in enzymatic activity (1 ) and 
amino acid transport in liver (2 ) we have 
observed increased voluntary exercise and 
much lower body weights in such animals 
as compared with controls fed ad libitum.3

The present work on some aspects of the 
metabolism of orotic acid in the fasting- 
adapted rat was carried out as an adjunct 
to more detailed studies on liver RNA 
metabolism in terms of labeling of specific 
cell fractions in this type of animal.4 The
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general metabolism of orotic acid in the 
rat fed ad libitum was established by 
Hurlbert and Potter (6 ). Following injec
tion of the ring-labeled compound, approx
imately 30% was excreted unchanged in 
the urine within 2 hours, a large propor
tion of the orotic acid was incorporated 
into pyrimidine derivatives in the liver, 
and labeled C02 as a degradation product 
was found in the expired air. Initially, the 
activity in liver was recovered almost 
quantitatively in the acid-soluble fraction 
as free uridine nucleotides and their de
rivatives (7 ). Subsequently, the radioac
tivity in the acid-soluble fraction decreased, 
and that in the RNA increased.

The experiments to be reported here 
were performed on rats that had been 
adapted to a 48-hour cycle comprising 8 
hours of feeding and 40 hours of fasting. 
The conversion of orotic acid to uridine 
monophosphate (UMP) and its subsequent 
incorporation into liver RNA and catab-
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3 Reynolds, R., and V. R. Potter, 1967 (manuscript 
in preparation).

4 Unpublished studies, R. A. Gebert, G. Blobel and 
V. R. Potter, 1966.
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olism to C02 were studied in rats at differ
ent times in the 48-hour cycle by use of 
substrate labeled with 14C in the 7-, 2- or
6-position (fig. 1).

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

Chemicals. The orotic acid was labeled 
in 3 different positions and was available 
at somewhat different specific activities: 
Orotic acid-7-,4C (39.0 m Ci/m m ole),5 
orotic acid-2-14C (22.0 m Ci/m m ole),6 and 
orotic acid-6-I4C (34.7 m Ci/m m ole).7 
These preparations were diluted with non- 
radioactive orotic acid8 to give specific 
activities of 1 pCi/pmole in all cases.

Animals and regimen. Male rats (140— 
150 g )9 were housed on arrival in a win
dowless room with the lighting automati
cally regulated to provide 12 hours of light 
(9  p m  to 9 a m )  and 12 hours of darkness 
(9  a m  to 9 p m ) .  The animals were fed a 
60% protein diet (1 ,8 )10 in alternative 
dark periods from 9 a m  to 5 p m . The start 
of feeding was designated the beginning of 
the 48-hour cycle, and thus food was pro
vided only during the first 8 hours of each 
cycle. The rats were kept on this strict 
regimen for 2 to 3 weeks before use in an 
experiment. In total, 58 rats were used.

Experiments were carried out at five 
different times in the 48-hour cycle, as 
listed in table 1.

The general experimental procedure was 
as follows: At the decided time, the rat 
was injected intraperitoneally with 1 ml

t a b l e  i

Plan o f  ex p er im en ts : th e rela tion  o f  rats in  ea ch  
exp er im en ta l grou p  to th eir  n u trition a l sta te  

in  th e  48 -h ou r cy c le  a t th e  tim e o f  
in jec tio n  o f  oro tic  acid-14C

Time of injection
Group --------------------------------------------------- -

Time of day Hour in cycle 1

( F o o d  p r o v i d e d  a t  
1

9 a m )
1 PM 4

2 4 PM 7
( F o o d  r e m o v e d  a t  

3
5 p m ) 
9 AM 24

4 3 PM 3 0
5 5 AM 44

1 The beginning of the cycle was designated by the 
start of feeding.

5 New England Nuclear Corporation, Boston 02118.
6 Calbiochem, Los Angeles 90054.
7 Schwarz BioResearch, Inc., Orangeburg, New 

York.
8 Sigma Chemical Company, St. Louis 63118.
9 Holtzman Company, Madison, Wisconsin.

10 General Biochemicals, Inc., Chagrin Falls, Ohio.
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of a solution containing 1 uCi of orotic 
acid-14C labeled in the 7-, 2- or 6-position, 
diluted with nonradio active orotic acid so 
that its specific activity was 1 uCi/umole. 
The rat was immediately placed in a tube 
for determination of expired 14C02 for 4 
hours.

Determination of UC02. The rat was 
placed in a glass tube (6  cm internal diam
eter and 30 cm long) stoppered at both 
ends and fitted with air inlet and exit tubes. 
The exit tube was connected directly to a 
gas dispersion tube with a fritted cylinder 
at its end which dipped into a C02-absorb- 
ing solution contained in a long narrow cyl
inder (100-ml graduated cylinder elongated 
by 20 cm of plain tubing of the same 
diameter). A current of air was drawn 
through the system at the rate of 1.2 to
1.4 liters/minute. Two collecting cylinders 
were connected in parallel by means of 3- 
way taps to facilitate sampling of the 
expired 14C02 at regular intervals through
out the 4-hour collection period. The C02- 
absorbing solution was a mixture of ethan- 
olamine 11 and ethylene glycol monomethyl 
ether 12 (1 :2 , v /v )  (9 ) ,  a volume of 25 ml 
being sufficient for complete absorption 
of the expired 14C02 up to a 30-minute in
terval. The absorbing solution maintained 
a constant volume throughout the collec
tion interval, and 5-ml aliquots were trans
ferred directly to 20-ml counting vials. 
Ten milliliters of scintillation solution (10) 
were added, and 14C was determined with a 
Packard Tri-Carb scintillation counter by 
use of a large window and high amplifica
tion. The efficiency of counting was 75% , 
and quenching was corrected for by exter
nal standardization.

Analysis of liver tissue. Four hours 
after injection, C02 collection was discon
tinued and the rat was decapitated. The 
liver was quickly removed, chilled in ice- 
cold isotonic saline, cleaned, blotted, 
weighed, and frozen in liquid nitrogen. 
It was stored at — 25° until used for esti
mation. The stomach and its contents were 
weighed and discarded.

The liver was homogenized 13 14 in 4 vol
umes of ice-cold water and the homogenate 
was filtered through 2 layers of cheese
cloth, and 0.5-ml aliquots were transferred 
to 12-ml centrifuge tubes for subsequent 
determination of total radioactivity in the

acid-soluble fraction, radioactivity and con
tent of RNA, and content of DNA.

Acid-soluble fraction. The homogenate 
was acidified with perchloric acid to give 
a concentration of 0.2 N. The mixture was 
allowed to stand in ice for 15 minutes, 
then centrifuged, and the supernatant 
fraction, together with two acid washes of 
the residue, was collected for counting. 
Ten milliliters of scintillation solution were 
added directly to a 0.5-ml aliquot of the 
acid-soluble fraction. The efficiency of 
counting was 86% , and quenching was 
corrected for by externai standardization.

RNA fraction. The RNA fraction was 
obtained according to the method of Fleck 
and Munro (11 ). The acid-washed tissue 
residue was dissolved in 0.3 n  KOH and 
incubated at 37° for 1 hour. The solution 
was then cooled in ice, acidified with per
chloric acid to give a final concentration 
of 0.2 n , centrifuged, and aliquots of the 
supernatant solution were estimated for 
radioactivity and absorbancy. An absorb
ancy value of 1.000 at 260 mu for a 1-cm 
light path was taken to be equivalent to 
32 ug RNA/ml (12 ).

DNA. DNA in the residue was deter
mined by the method of Ceriotti (1 3 ), 
slightly modified: 2.5 n  HC1 was used 
instead of concentrated HC1 (1 4 ), and the 
reaction mixture was heated at 100° for 
20 minutes instead of 10 minutes (15 ). 
Calf thymus DNA (containing 6.8% or
ganic phosphorus, 6.1% sodium, and 20% 
moisture) was used as standard.14 It was 
corrected for sodium and moisture content.

RESULTS
Fundamental data on the rats used in 

the experiments are given in table 2. For 
rats in group 2, after 7 hours of feeding 
followed by 4 hours in the apparatus with
out food, the weight of the stomach plus 
contents was about 24 g, i.e., nearly 12% 
of the weight of the whole animal. The 
rat had learned to compensate partially 
for the fasting period of the cycle by eating 
voraciously during the limited hours when 
food was available, so that at the time of 
killing its stomach was seen to be grossly

11 Fisher Scientific Company, Chicago 60651.
12 See footnote 11.
13 Ultra-Turrax, made by Janke and Kunkel, K.G., 

Staufen, Breisgau, Germany.
14 Sigma Chemical Company, St. Louis.
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distended. The rats in group 3, killed 20 
hours after the removal of food, were 
found still to have a small amount of solid 
matter in their stomachs.

Conversion of carboxyl-labeled orotic 
acid to UMP. Figures 2A and B show the 
cumulative percentage excretion of 14C02 
following injection of 1 nmole of orotic

acid-7-14C (specific activity, 1 nCi/jjmole) 
into rats in each of the 5 groups (table 1). 
The 4-hour values for each group were 
similar, approximately 74% of the injected 
dose then having been recovered as 14C02. 
Also, the time-course was similar, with 
the maximal rate of excretion occurring in 
the first 40 minutes after injection and the

TABLE 2
F u nd am enta l data on  rats u sed  in  th e labelin g exp er im en ts  1

Orotic acid-14C 
injected Group No. in 

group
Wt of 

rat
Wt of 

stomach
Wt of rat 

minus stomach
Wt of 
liver

9 9 9 9

7-14C i 5 201 ± 2  2 17.3 ± 0 .3 184 ± 2 7 .1 4± 0 .1 0
2 4 208 ± 4 26.2 ± 1 .3 1 8 2 ±  5 7.61 ± 0 .5 0
3 4 188 ± 2 5 .6 ± 0 .9 182 ±  1 7.63 ± 0 .2 7
4 4 189 ± 2 3.6 ± 0 .4 185 ±  1 7.92 ± 0 .5 9
5 4 185 ± 1 1 .7 ±  0.1 183 ± 1 6.31 ± 0 .2 3

2-«C 1 3 204 ± 1 18.8 ± 2 .0 1 8 5 ± 2 7.43 ±  0.19
2 4 208 ± 4 23.8 ± 1 .2 184 ± 3 7.57 ± 0 .2 5
3 6 194 ± 1 5 .7 ± 0 .5 188 ±  1 8 .0 6 ± 0 .1 7
4 5 194 ± 3 3.3 ± 0 .6 1 9 1 ± 3 8.03 ± 0 .2 5
5 4 184 ± 2 1 .6 ±  0.1 183 ± 1 6 .1 8 ± 0 .3 2

6-14C 1 4 209 ± 3 15.4 ±  1.1 193 ± 4 7.77 ± 0 .2 3
2 4 209 ± 4 22.0 ± 1 .2 1 8 7 ± 4 8.09 ± 0 .4 1
3 3 1 9 7 ± 3 4.9 ±  1.3 192 ± 3 8 .1 7 ±  0.28
4 4 184 ± 1 2.0 ± 0 .2 182 ± 1 7.61 ± 0 .1 7

1 Rats were injected with 1 ¿imole of orotic acid-14C at five different times in the 48-hour cycle 
(table 1). Each rat was killed 4 hours after injection.

2 Mean ±  se of mean.

F ig .  2  C u m u l a t i v e  p e r c e n t a g e  r e c o v e r y  a s  14CC >2 o f  i n j e c t e d  d o s e  o f  1 ¿ ¿ m o le  o f  o r o t i c  
a c id - 7 - 14C  f o r  r a t s  i n  e a c h  o f  t h e  f i v e  e x p e r im e n t a l  g r o u p s  ( t a b l e  1 ) .  N u m b e r  o f  r a t s  i n  
e a c h  g r o u p  i s  g i v e n  i n  t a b l e  2 .  T h e  s t a n d a r d  e r r o r  o f  t h e  m e a n  is  i n d i c a t e d  b y  v e r t i c a l  b a r s .
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cumulative excretion tending to reach a 
maximum by 2 hours. Figure 2B has been 
drawn separately to show more clearly that 
there appears to have been a slower initial 
rate of 14C02 excretion for rats of groups 
4 and 5, which were injected after being 
fasted for 22 and 36 hours, respectively. 
For rats in groups 1, 2, and 3, the fraction 
of the initial dose which was recovered 
as 14C02 after 20 minutes was more than 
40% , whereas it was 35% and 27% for 
groups 4 and 5, respectively.

The formation of uridine nucleotides 
from orotic acid has been shown to involve 
a two-step reaction (16,17) in which UMP 
is the product (fig. 1). The second step, 
the decarboxylation of orotidylic acid tc 
form UMP, is an irreversible reaction 
which apparently takes place with such 
speed that orotidylic acid has not been de
tected in normal rat liver (1 7 ), although 
it can accumulate under appropriate con
ditions (18 ). Orotic acid is not degraded, 
at least in rat liver, via a reversal of its 
de novo pathway, i.e., via L-dihydroorotate 
and carbamyl-L-aspartate (19 ). Hence, it 
seems justifiable to assume that all the 
14C02 that was recovered in the expired 
air following injection of orotic acid-7-14C 
had arisen from the orotidylate decar
boxylase reaction in which UMP was 
formed.

In the whole animal, the complexities of 
the processes involved in the transport and 
excretion of metabolically formed C02 
have been investigated by several workers, 
e.g., Morris and Simpson-Morgan (20). 
The report of Shipley et al. (21 ) is 
especially pertinent to the present study. 
These workers injected NaH14C03 intra
venously to fed and fasted rats and col
lected the expired C02 from 2 to 120 min
utes following injection. It was observed 
that, although the total C02 expired was 
the same, the rate of elimination of 14CO: 
was somewhat lower for the fasted rats. 
Thus, the difference observed between 
groups 2, 4 and 5 injected with orotic 
acid-7-14C (fig. 2B) for recovery of 14C02 
in the early time-intervals can most prob
ably be accounted for by a difference in 
the initial rates of excretion of “ C 02 once 
it had been formed by the orotidylate de
carboxylase reaction, rather than by a dif
ference in the rate of the reaction itself.

As, moreover, the values for total 14C02 
expired by 4  hours were close to m a x im um  
and so similar, it is strongly suggested that 
the rate of formation of UMP from injected 
orotic acid was at all times similar for 
rats in each of the five experimental 
groups.

For all 5 groups of rats, approximately 
74% of the injected dose of orotic acid-7- 
14C was recovered as 14C02. A small pro
portion of the metabolically formed l:C 02 
might have been incorporated into com
pounds having a relatively low turnover 
in the animal. Therefore, at least 74% 
of the 1 nmole of injected orotic acid was 
converted to UMP. The difference between 
the amount injected and the amount con
verted to UMP would represent orotic acid 
that was excreted unchanged in the urine 
(6,19).15 Lipman and Potter 16 used dosages 
of 1, 3, 6, 12 and 18 limóles of carboxyl- 
labeled orotic acid injected into rats fed 
laboratory ration ad libitum. At 1- and
3-iimole doses of orotic acid the C02 recov
ered was 70 and 75% , in close agreement 
with the recovery and time-course indi
cated in figure 2. At the higher dosages the 
recovery as C02 was 58, 48 and 39% , 
respectively, at 8 hours. The time-course 
was delayed, and the urinary output was 
increased. The data on carboxyl-labeled 
orotic acid provide a firm basis for the use 
of ring-labeled orotic acid for studies on 
RNA metabolism in rat liver.

Metabolism of ring-labeled uC-orotic 
acid. The labeled UMP that is formed 
from ring-labeled orotic acid is synthesized 
into acid-soluble derivatives of UMP and 
incorporated into RNA, and it is catab- 
olized so that the I4C appears as 14C02 
in the expired air (fig. 1). Figure 3A shows 
the cumulative percentage recovery as 
14C02 in the 4-hour period after injection 
of 1 amolé of orotic acid-2-I4C (specific 
activity, 1 uCi/umole) into rats in each of 
the 5 groups. The rate of excretion of 14C02 
in the first 20 minutes was low for all 
groups, but between 20 minutes and 4 
hours the rate for rats in the fasting period 
of the cycle (particularly groups 4 and 5) 
was markedly higher than that for the fed 
rats (groups 1 and 2). There was no sig-

is Unpublished data, C. A. Lipman and V. R. Potter,
1961.

16 See footnote 15.
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F ig .  3  C u m u l a t i v e  p e r c e n t a g e  r e c o v e r y  a s  14C 0 2 o f  i n j e c t e d  d o s e  o f  1 p i n o l e  o f  o r o t i c  
a c i d - 2 - 14C  ( A )  a n d  o r o t i c  a c i d - 6 - 14C  ( B )  f o r  r a t s  i n  e a c h  o f  t h e  f i v e  e x p e r i m e n t a l  g r o u p s  
( t a b l e  1 ) .  N u m b e r  o f  r a t s  i n  e a c h  g r o u p  i s  g i v e n  i n  t a b le  2 . T h e  s t a n d a r d  e r r o r  o f  t h e  m e a n  
i s  i n d i c a t e d  b y  v e r t i c a l  b a r s .

nificant difference in the excretion rates 
between groups 1 and 2, or between groups 
4 and 5. The rates of group 3 were inter
mediate. When the slight difference in 
rates of excretion of metabolically formed 
14C02 for fasted and fed rats (21 ) is taken 
into account, the actual difference between 
rats in the fasting and feeding periods of 
the cycle with respect to the rate of forma
tion of metabolic 14C02 from labeled UMP 
might be expected to be even slightly 
greater than the observed difference in 
their rates of 14C02 excretion.

Figure 3B shows the curves for 14C02 
excretion obtained after 1 nmole of orotic 
acid-6-14C (specific activity, 1 nCi/umole) 
was injected. The results are similar to 
those in figure 3A, as would be expected if 
the further breakdown of /f-alanine were 
rapid (fig. 1).

The results given in figure 2A and B and 
figure 3A and B thus show that, although 
the conversion of orotic acid to UMP was 
similar for rats at all 5 times of the cycle 
tested, the rate of breakdown of the UMP 
thereby formed was considerably greater 
for rats in the fasting period of the cycle.

Table 3 shows the corresponding results 
for incorporation of 14C from orotic acid-2- 
14C and orotic acid-6-14C into the acid- 
soluble and total RNA fractions of liver 
4 hours after injection. Fasting does not 
affect the DNA content of the average liver 
cell nucleus or the total number of cells 
in the liver (22 ). Therefore, in order to 
reveal possible changes in the metabolism 
at the cellular level, the activities in the 
acid-soluble and RNA fractions have been 
expressed per milligram of DNA.

The radioactivity in the acid-soluble frac
tion of the livers of rats in the 5 groups 
was remarkably similar, and its total value 
in each liver after 4 hours represented 
approximately 40% of the injected dose. 
Preliminary results of experiments per
formed under the same conditions have 
indicated that, for rats in both the feeding 
and fasting periods of the cycle, over 90% 
of the radioactivity in the acid-soluble 
fraction can be accounted for in pyrimidine 
nucleotides and nucleotide-containing com
pounds. The net incorporation of 14C into 
RNA was higher for groups 1 and 2 than 
for groups 3 and 4, and bore an inverse
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TABLE 3
In corp ora tion  o f  UC from  ring-labeled  orotic  acid  in to  th e acid -soluble and  R N A  fra ction s  o f  

liv er  4 h ours a fter  in jec tio n  o f  1 pC i (sp ecific  a ctiv ity , 1 gC i/ pm ole)  1

Orotic acid-14C 
injected Group 14C in acid- 

soluble fraction i4C in RNA RNA/DNA

2-14C i
dpm/mg DNA 

59 ,90 0 ±  1,110 2
dpm/mg DNA
16,700 ± 3 ,3 0 0 3.47 ± 0 .0 2

2 62,200 ± 1 ,2 6 0 14,300 ±  950 3 .5 3 ± 0 .1 0
3 55,900 ± 2 ,6 7 0 7 ,9 70 ±  1,160 3 .9 8± 0 .1 1
4 52,800 ± 2 ,1 4 0 8,590 ±  620 3.88 ±  0.10
5 54,600 ± 2 ,8 3 0 11,700 ±  950 3.24 ± 0 .0 6

6-14C 1 64,8 0 0 ±  1,560 17,3 0 0 ±  1,690 3 .6 0 ±  0.17
2 62,900 ± 1 ,7 7 0 16,400±3,110 3 .4 0 ±  0.10
3 60,300 ± 1 ,0 0 0 7,300 ±  280 4 .0 0 ±  0.25
4 61,400 ± 1 ,6 2 0 8,730 ±  770 3.92 ± 0 .0 9

'  The relation of rats In each experimental group to their nutritional state in the 48-hour cycle at 
the time of injection is given in table 1.

2 Mean +  se of mean.

relationship to the amount of 14C02 recov
ered from these rats. However, for rats 
in group 5, at the extreme end of the 
fasting period, the net incorporation of 14C 
into RNA gave an intermediate value, al
though these rats had a high rate of excre
tion of hC02.

Cyclic variation in liver RNA content. 
Table 4 shows the average value of RNA/ 
DNA for the total number of rats in each 
experimental group. The RNA/DNA ratio 
was at a minimum at the end of the fasting 
period (group 5 ); it increased during feed
ing (groups 1 and 2) and during the first 
part of the fasting period (group 3) to a 
value at least 21% higher than its mini
mum, and then it decreased. This varia
tion in RNA content of the liver throughout 
the 48-hour cycle has been observed for a 
similar group of fasting-adapted rats, fed 
12 hours out of 48 hours.17 For rats in 
groups 1 and 2, the rate of liver RNA syn-

TABLE 4
V ariations in  liver R N A /D N A  ra tio  w ith  the  

n u trition a l sta te o f  th e r a t 1

Group RNA/DNA

i 3 .4 8 ± 0 .0 6  (1 2 )  2
2 3 .4 4 ± 0 .0 6  (1 2 )
3 3.92 ± 0 .0 7  (1 3 )
4 3.87 ± 0 .0 6  (1 3 )
5 3.24 ± 0 .0 4  ( 8 )

1 The relation of rats in each experimental group to 
their nutritional state in the 48-hour cycle at the time 
of injection is given in table 1. The rats were killed 
after 4 hours without food (while i4CC>2 determina
tions were made).

2 Mean ±  se o f  mean, with the number o f rats in 
parentheses.

thesis must therefore have exceeded its 
rate of degradation, whereas for rats in 
the second half of the fasting period, 
possibly including group 4, the rate of 
degradation was the greater. The relation
ship between the cyclic variation in the 
liver RNA/DNA ratio and the rates of 
labeling of respired C02 and liver RNA to 
the feeding and fasting periods is shown 
in figure 4.

D I S C U S S I O N

The studies with carboxyl-labeled orotic 
acid showed that the conversion of intra- 
peritoneally injected orotic acid to UMP did 
not vary with the nutritional state of the 
rat throughout its 48-hour cycle of 8 hours 
of feeding and 40 hours of fasting. The 
liver RNA content did show a cyclic varia
tion, and the studies with ring-labeled 
orotic acid showed there were correspond
ingly cyclic variations in the incorporation 
of labeled UMP into RNA and in the 
catabolism to C02 (fig. 4 ). The sum of the 
percentage radioactivity recovered in ex
pired C02 and in total liver RNA was 
fairly constant throughout the cycle for 
a 4-hour labeling period, and is in agree
ment with the observation that the radio
activity remaining in the acid-soluble frac
tion also varied little. The inverse type of 
relationship found here between incorpor
ation of labeled UMP into RNA and its 
degradation to 14C02 is similar to that 
observed by Canellakis (23 ) for the meta
bolism of uracil. He showed that tissues

17 See footnote 4.
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F ig .  4  R e la t i o n s h i p  b e t w e e n  c y c l i c  v a r i a t io n s  i n  t h e  l i v e r  R N A / D N A  r a t i o  a n d  r a t e s  o f  
l a b e l i n g  o f  r e s p i r e d  C 0 2 a n d  l i v e r  R N A  t o  t h e  f e e d i n g  a n d  f a s t i n g  p e r i o d s .  T h e  d a t a  a re  
d e r i v e d  f r o m  f i g u r e  3 A  a n d  t a b le  3  f o r  r a t s  i n j e c t e d  w i t h  1 ¿ ¿ m o le  o f  o r o t i c  a c i d - 2 - 14C , a n d  
k i l l e d  4  h o u r s  la t e r .  T w o  c o m p l e t e  4 8 - h o u r  c y c l e s  a r e  s h o w n ,  t h e  d a t a  f r o m  t h e  f i r s t  c y c l e  
b e i n g  r e p e a t e d  f o r  t h e  s e c o n d  c y c l e  ( d a s h e d  l i n e s ) .

which incorporate uracil into RNA to an 
appreciable extent have a decreased abil
ity to degrade it.

The incorporation of 14C into liver RNA 
was lower in rats in the fasting period of 
the cycle, particularly in the middle of the 
fasting period when the RNA/DNA ratio 
was near maximum (fig. 4 ) ; however, 
without some information on the free 
nucleotide pool sizes, and hence their spe
cific activities, it is considered that no firm 
conclusion can be drawn as to the relation 
of incorporation of labeled orotic acid into 
RNA to the rate of RNA synthesis through
out the cycle. Hirsch and Hiatt (2 4 ) have 
recently reported that there is a decrease 
in the rate of liver ribosomal RNA synthesis 
during fasting. Thus, the decrease observed 
in the incorporation of 11C from ring- 
labeled orotic acid into liver RNA during 
the fasting period of the cycle may reflect 
such a decrease in the rate of RNA syn
thesis. In might also be caused, in part, 
by a dilution of free nucleotide pools result

ing from an accelerated breakdown of 
RNA during fasting (25,26). Despite any 
possible dilution of the pyrimidine nucleo
tide pools resulting from increased RNA 
breakdown, there occurred an increase in 
the rate of degradation of UMP derived 
from injected ring-labeled orotic acid dur
ing the fasting period of the cycle. There 
must, therefore, have been a greater cata
bolic enzymic activity for UMP during the 
fasting period. These experiments add 
further support to the proposal that con
trolled feeding schedules should be main
tained in nutritional experiments on 
animals that are to be used for biochemical 
studies (1 ,2 ).
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Acute Choline Deficiency in Germfree, Convention
alized and Open-Animal-Room Rats: Effects of 
neomycin, chlortetracycline, vitamin B,2 and 
coprophagy prevention * 1

S T A N L E Y  M . L E V E N S O N ,2 A R N O L D  L . N A G L E R ,2-3 
E R V I N G  F . G E E V E R 2-3 a n d  E L I  S E I F T E R  2'4
D ep a rtm en ts o f  Surgery, P a th ology  and B ioch em istry , A lb ert E in stein  
C olleg e o f  M ed ic in e , Y esh iva  U n iversity , N ew  Y ork , N ew  Y ork

A B STR AC T  A c u t e  c h o l i n e  d e f i c i e n c y  w a s  s t u d i e d  i n  g e r m f r e e  ( G F ) ,  c o n v e n t i o n a l 
i z e d  ( C O N V )  a n d  o p e n - a n i m a l - r o o m  ( O A R )  r a t s .  W i t h  d ie t  A  ( l o w  c y s t i n e ,  l o w  c h o 
l e s t e r o l ) ,  n o  r a t s  d i e d ;  n e p h r o p a t h y  a n d  l i v e r  f a t  w e r e  le s s  i n  t h e  G F  r a t s .  L iv e r  
c h o l e s t e r o l  ( m e a s u r e d  o n l y  i n  O A R  r a t s )  i n c r e a s e d .  N e o m y c i n  w a s  w i t h o u t  e f f e c t  
i n  G F  a n d  O A R  r a t s .  V i t a m i n  B i2 l e s s e n e d  t h e  n e p h r o p a t h y  a n d  l i v e r  f a t  i n  o n l y  O A R  
r a t s ;  c h o l e s t e r o l  w a s  n o t  m e a s u r e d .  G F  r a t s  f e d  d ie t  B  ( h i g h  c y s t i n e ,  h i g h  c h o l e s t e r o l )  
s h o w e d  m u c h  le s s  n e p h r o p a t h y  a n d  m o r t a l i t y  t h a n  C O N V  o r  O A R  r a t s  b u t  i n c r e a s e d  
l i v e r  f a t .  P r e v e n t i o n  o f  c o p r o p h a g y  d i d  n o t  c h a n g e  t h e  r e s p o n s e  o f  O A R  r a t s  to  
c h o l i n e  d e f i c i e n c y ,  n o r  d i d  n e o m y c i n .  V i t a m i n  B 12 a n d  c h l o r t e t r a c y c l i n e  d e c r e a s e d  t h e  
n e p h r o p a t h y  a n d  m o r t a l i t y  o f  O A R  r a t s  b u t  n o t  l i v e r  f a t .  V i t a m i n  B 12 a n d  n e o m y c i n  
h a d  n o  e f f e c t  o n  c h o l i n e - d e f i c i e n t  G F  r a t s .  A l l  r a t s  h a d  h i g h  l i v e r  c h o l e s t e r o l ;  t h e  G F  
w e r e  t h e  h i g h e s t .  T h e  c h o l e s t e r o l  l e v e l s  w e r e  u n a f f e c t e d  b y  c h o l i n e  d e f i c i e n c y ,  b u t  
c h l o r t e t r a c y c l i n e  a n d  n e o m y c i n  i n c r e a s e d  l i v e r  c h o l e s t e r o l  o f  c h o l i n e - d e f i c i e n t  r a t s .
W e  a s c r i b e  t h e  l e s s e n e d  n e p h r o p a t h y  o f  G F  r a t s  f e d  c h o l i n e - d e f i c i e n t  d ie t s  to  t h e i r  
l o w e r  m e t a b o l i c  r a t e s ,  a b s e n t  b a c t e r i a l  u t i l i z a t i o n  o f  c h o l i n e  a n d  m e t h i o n i n e ,  g r e a t e r  
l i v e r  c h o l i n e  s y n t h e s i s ,  a n d  l e s s e n e d  d e c r e a s e  i n  r e n a l  a c e t y l  c h o l i n e .  W e  t h i n k  t h e  
a b r u p t  d r o p  i n  r e n a l  a c e t y l  c h o l i n e  i n  O A R  r a t s  f e d  s u c h  d ie t s  l e a d s  t o  n e p h r o p a t h y  
v i a  r e n a l  v a s o s p a s m  a n d  i s c h e m i a .

The possible role of microorganisms on 
the liver and renal pathology resulting 
from acute choline deficiency (1 -6 )  has 
interested us since one of us (S.M.L.) re
ported that germfree rats of the Lobund 
strain develop liver cirrhosis as a result 
of chronic choline deficiency earlier than 
open-animal-room (OAR) or conventional
ized rats (7 -8 ) . Further, certain anti
biotics have been reported by others to 
prevent many of the acute and chronic 
manifestations of choline deficiency (9—
13). Our experiments indicate that the 
“germfree” state5 diminishes and often 
prevents the renal manifestations of cho
line deficiency; its influence on the early 
accumulation of liver fat is dependent on 
the cholesterol and cystine concentrations 
in the diet. Vitamin B12 diminishes the 
nephropathy of acute choline deficiency in 
OAR or conventionalized rats 6 but has no 
added effect on the lessened renal lesions 
of germfree rats. The early liver fat ac
cumulation is not affected by vitamin B12. 
Similarly, neither neomycin nor chlortetra
cycline diminishes the early accumulation

of liver fat but chlortetracycline (but not 
neomycin) diminishes the severity of the 
nephropathy in open-animal-room rats.

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

The diets used were adopted from Sal
mon and Newbeme (14 ) with the follow
ing modifications: (a ) they were auto
claved at 126° for 25 minutes; (b )  the 
amounts of certain vitamins were in-

Received for publication July 13, 1967.
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3 Department of Pathology, Albert Einstein College 
of Medicine, Yeshiva University, New York, New 
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4 Department of Biochemistry, Albert Einstein Col
lege of Medicine, Yeshiva University, New York, New 
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3 The term “ germfree”  as used in this paper refers 
to rats free from viable bacteria, parasites, or fungi 
as determined by methods published elsewhere (8 ).

6 Conventionalized rats were littermates of the 
germfree rats contaminated with cecal contents of 
OAR rats on the day after weaning, the day the ex
periments were started.
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creased to compensate for their destruc
tion by autoclaving. The amounts added 
were: thiamine, 10 m g/kg; calcium panto
thenate, 20 m g/kg; pyridoxine, 10 m g/kg; 
niacin, 200 m g/kg; menadione, 5 m g/kg; 
riboflavin, 20 m g/kg; i-inositol, 200 m g/ 
kg; (diet A );7 and ( c )  in several experi
ments we added 0.4 g cystine and 5 g 
cholesterol for every 100 g of diet (diet B) 8 
to enhance the renal pathology.

Male rats of the Fischer strain, 21 to 23 
days old,9 were used. The OAR rats were 
housed singly in stainless steel cages on a
2- mesh wire floor in a room where the 
temperature was controlled at 22° ±  1°. 
The germfree and conventionalized rats 
were housed in flexible plastic film isola
tors in rigid plastic cages on 2-mesh wire- 
raised floors, one rat per compartment in
3- compartmented boxes; the tops of the 
plastic cages were also 2-mesh wire. The 
conventionalized rats were littermates of 
the germfree rats and were purposefully 
contaminated with cecal contents of OAR 
Fischer rats the day after weaning, the 
day the experimental diets were started.

Within each group, some rats were given 
supplements of choline chloride in a con
centration of 1.5 m g/m l in their drinking 
water; other groups of animals were given 
supplements of either neomycin sulfate 
(0.11 g/100 g in drinking water or 0.27 g /  
100 g diet) chlortetracycline-HCl10 (0.20 
g per 100 g in drinking water or 0.5 g/100 
g diet), or vitamin Bi2 (50 ag/100 g drink
ing water). The rats were weighed 3 times 
each week between 1 and 3 p m . Diet and 
supplements were given at these times; 
the rats ate and drank ad libitum.

In some experiments the rats were bled 
via retro-orbital puncture, hematocrits were 
measured, and blood urea N (BUN), glu
cose, and uric acid and plasma sodium, 
potassium, chloride and total solids deter
minations made. All chemical determina
tions were made by autoanalyzer methods 
(15, 16); the total solids were determined 
by refractometry (17).

Rats that died were autopsied within 12 
hours and the tissues placed in 10% buff
ered formalin. At 10 or 12 days, the sur
viving rats were anesthetized lightly with 
ether and bled by heart or aortic puncture. 
The livers were weighed and the caudate

lobe was removed and placed in 10% 
buffered formalin together with the kid
neys for later histological examination. 
Such histological examination of the livers 
provided only a gross approximation of 
their fat content; chemical methods were 
used for quantitative measurements of 
liver fat. The water content, total fat (18 ) 
and total nitrogen (15 ) determinations 
were performed on the liver. All kidney 
tissue sections were stained with hema
toxylin and eosin (19 ) and the Mowry 
modification of Hale’s colloidal iron (1 9 ); 
in some instances, Perl’s (1 9 ), PAS (1 9 ) 
and Van Kossa (19 ) stains were used to 
evaluate, respectively, the degree of ear
lier hemorrhage, the status of the base
ment membranes and the presence of cal
cium deposits.

The following criteria were used for 
grading the acute renal damage: One
plus (+  ) injury was not detectable grossly 
and was characterized microscopically by 
focal cortical tubular necrosis accompan
ied by small foci of hyperemic vessels and, 
less often, hemorrhage. Three plus 
( +  +  +  ) injury was manifested grossly by 
diffusely hemorrhagic kidneys, principally 
cortical. Microscopically, a continuous 
subcapsular cortical rim of necrotic tub
ules, hyperemic vessels and fresh hemor
rhages was seen. Many tubules contained 
fibrinous or hyaline casts; these were found 
at all levels extending to the collecting 
tubules. Scattered foci of amorphous he
matoxylin-stained material were seen 
among the necrotic cortical tubules. Ex
cept for the casts, the pathologic changes 
were restricted to the cortex and were 
most severe and most common in the ex
treme outer portion. Two plus ( +  +  ) in
jury was intermediate in intensity and 
could usually be diagnosed grossly. The 
microscopic changes were focal but more 
extensive than the one plus ( +  ) lesion.

R E S U L T S

1. Open-animal-room rats, diet A, ex
periments A and B (table 1). In two 10-

7 All dietary ingredients were purchased from 
General Biochemicals Inc., Chagrin Falls, Ohio.

8 See footnote 7.
9 Charles River Breeding Laboratories, Wilmington, 

Massachusetts.
10 Chlortetracycline-HCl (Aureomycin-HCl) gener

ously donated by the American Cyanamid Company 
(Lederle Laboratories), Pearl River, New York.
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day experiments with diet A, the renal 
damage in the unsupplemented OAR rats 
was + +  to + + +  in 14 of 20 animals, but 
none had died by the time they were killed. 
The incidence and degree of renal dam
age were similar in the 20 neomycin- 
treated rats. In contrast, none of 8 rats 
whose diet was supplemented with vita
min B12 (exp. B) had any gross or micro
scopic signs of renal damage. There were 
no statistically significant differences in 
the hematocrits and plasma total solids 
of the rats in the various groups.

The liver fat for the choline-supple
mented group was 2 to 4% (wet weight), 
and the liver fat of the unsupplemented 
OAR rats was increased to 19 and 21% 
(P <  0.001). Neomycin did not affect the 
liver fat accumulation nor did vitamin Bn 
during the first 7 days, but by the tenth 
day the liver fat of the vitamin Bn-supple- 
mented OAR rats (16%  ) was lower than 
that of the unsupplemented (21% , P <  
0.05) and neomycin-supplemented rats 
(25% , P <  0.001).

The average weight gain of all groups 
was identical for the first 5 to 6 days; 
thereafter the unsupplemented rats grew 
much more slowly. In the first experiment, 
supplementation with neomycin was with
out effect on growth, but in the second, 
neomycin enhanced growth significantly 
(P <  0.001), so that it was identical to that 
of the choline- and vitamin Bn-supple- 
mented groups.

2. Open-animal-room rats, diet B, ex
periments C and D (table 2). In experi
ments C and D, 86 OAR rats were divided 
into 4 groups and fed diet B for 12 days. 
Three of these groups were given supple
ments in their drinking water, either neo
mycin sulfate, vitamin B]2 or choline chlo
ride and one group was given just tap 
water. The results of these 2 experiments 
are presented together since the findings 
were similar.

Rats supplemented with choline grew 
normally and none died. At killing, their 
kidneys, hematocrits, plasma total solids 
and BUN concentrations were normal.

The unsupplemented rats gained weight 
at a normal rate for the first 5 to 6 days 
and then lost weight. Twenty of the 28 
rats died in 7 to 10 days, with severe bi

lateral renal cortical hemorrhagic necro
sis. One rat killed at 8 days had a BUN 
concentration of 200 m g /100 ml blood 
and +  +  +  nephropathy. Five of the re
maining 7 rats (killed at 12 days) had 
+  +  and +  +  +  hemorrhagic nephrop
athy, with BUN levels ranging from 61 
to 187 m g/100 ml blood; the remaining 
2 rats had +  +  +  nephropathy but in the 
healing stage and their BUN concentra
tions were 10 and 25 m g/100 ml blood. 
The average hematocrit of the survivors 
was not different from that of the choline- 
supplemented groups, but the plasma total 
solids concentration of the former rats 
was significantly higher (P <  0.02). Ran
dom sections of the aorta and myocar- 
diums of the rats were studied microscopi
cally; no abnormalities were noted.

The growth of the 18 neomycin-supple
mented rats was similar to that of un
supplemented rats. Ten of these rats died 
8 to 10 days after the start of the diet 
with severe nephropathy. Two rats killed 
at 8 days had BUN values over 200 
m g/100 ml blood and showed severe ne
phropathy. The 6 rats killed on day 12 had 
+  +  and +  +  +  nephropathy and ele
vated BUN values ranging from 50 to 200 
m g/100 ml blood. Their hematocrits were 
not altered but their plasma total solids 
concentrations (like those of unsupple
mented rats) were significantly higher 
than those of choline-supplemented rats 
(P <  0.02).

The 10 vitamin Biz-supplemented rats 
also reached a plateau in their weights at 
5 to 6 days; five of these rats recovered 
shortly and grew at a rate considerably 
faster than the unsupplemented rats 
(P <  0.02), though not as fast as the 
choline-supplemented groups. At killing, 
the 5 rats had +  +  and +  -f +  nephrop
athy in the healing stage and their BUN 
concentrations averaged 22 m g/100 ml 
blood. Their hematocrits did not differ 
significantly from those of the choline- 
supplemented control rats; their plasma 
total solids concentrations were elevated 
and significantly higher than those of 
their choline-supplemented controls. The 
other 5 rats lost weight and died with 
severe renal disease. The 50% mortality 
of the vitamin Bn-supplemented rats was
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significantly lower than that of the un
supplemented group (P <  0.001).

An inverse correlation between weight 
gain and nephropathy and death was 
noted. All 40 rats fed diet B without any 
supplement or with vitamin Bi2 or neo
mycin grew at normal rates for the first 
5 to 6 days. Thirty-two then lost weight, 
so that at death or killing they weighed 
1 to 5 g less than their starting weights. 
Seventeen of these thirty-two died at 8 to 
10 days and 15 were killed at day 12. 
All had severe nephropathy. In contrast, 
none of the 8 rats that gained weight after 
the short stationary period died, and none 
had severe nephropathy, one had +  +  
nephropathy, and the remaining seven 
had either zero or +  nephropathy when 
they were killed.

The liver fat of the choline-supple
mented rats averaged 13% (usual for this 
high cholesterol-cystine diet); that of the 
unsupplemented animals that survived 
averaged 27% (P <  0.001) and neither 
neomycin nor vitamin Bi2 changed this. 
All rats that died with severe nephropathy 
(with or without vitamin Bi2 or neomycin 
supplements) had levels of liver fat which 
were significantly lower (P <  0.001) than 
those of the corresponding rats that sur
vived.

3. Open-animal-room rats — effects of 
cystine and cholesterol on acute choline 
deficiency (exp. E) (table 3). This ex
periment was conducted to determine the 
extent to which cystine and cholesterol 
were responsible for the conversion of 
the mild nephropathy-producing diet A to 
the severe, lethal nephropathy-producing 
diet B.

Six groups of rats were studied. Group 
A: 10 rats fed diet A with 0.4 g cystine/ 
100 g diet added; group B: 10 rats fed 
diet A with 5 g cholesterol/100 g diet 
added; and group C: 10 rats fed diet A 
with 0.4 g cystine and 5 g cholesterol/100 
g diet added (diet B). The remaining 3 
groups of 5 rats each (groups D, E, and 
F) were fed the above 3 diets, respectively, 
but in addition were given choline chloride 
in their drinking water.

All choline-supplemented rats gained 
weight but the 2 groups of rats fed diets 
containing cholesterol gained twice as

much as the groups of rats without choles
terol (P <  0.001). At killing, none of the 
choline-supplemented rats showed any 
signs of choline deficiency. Their hemato
crits and plasma total solids concentrations 
were similar and in the usual range.

After an initial 5 to 6 days of normal 
weight gain, all choline-deficient rats 
failed to gain for 1 to 2 days and then 
started to lose weight. The rats fed diet 
A with added cystine resumed growth 
shortly (though at a slowed rate), but the 
others did not. Each of these groups gained 
significantly less than the corresponding 
choline-supplemented rats. By the twelfth 
day, 30% of the choline-deficient rats fed 
diet A with cystine were dead, whereas 
100% and 90% of the choline-deficient 
rats fed diet A with cholesterol were dead. 
These results were paralleled by the ele
vations in BUN and the severity of renal 
disease found at autopsy. There were no 
significant differences between the hema
tocrits and concentrations of plasma total 
solids in the choline-deficient cystine group 
and their controls; no statement in this 
respect can be made about the two choles
terol-supplemented groups because 19 of 
the 20 animals died. The one surviving 
animal had a low hematocrit and a high 
plasma total solids concentration.

The liver fat of the rats fed diet A with 
cystine was 4 to 5 times as much as that 
of their choline-supplemented counter
parts. The liver fat of those rats fed the 
diets containing cholesterol with or with
out cystine was similar to and only slightly 
higher than the values for their choline- 
supplemented counterparts.

4. Open-animal-room rats, diet B Chlor
tetracycline and neomycin supplemen
tation (exps. F, G and H) (table 4). All 
rats in these 3 experiments gained weight 
for the first 5 to 6 days, but then all ex
cept the choline-supplemented rats failed 
to gain normally. In experiments F and 
G, the chlortetracycline-supplemented rats 
gained 13 to 14 g/rat in the 12 days 
of the experiment as contrasted with 
the zero-gram net weight gain of the 
unsupplemented groups (P <  0.001 for 
each). In experiment H, however, neither 
Chlortetracycline nor neomycin influenced
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favorably the weight gain of the rats fed 
the choline-deficient diet.

All 25 unsupplemented rats died with 
severe nephropathy as did 18 of the 20 
neomycin-supplemented rats. The two 
neomycin-supplemented rats killed at 12 
days also showed signs of severe nephrop
athy. The incidence and severity of ne
phropathy was significantly less (P < 
0.001) in the chlortetracycline-treated 
group. Only 22 of the 41 chlortetracycline- 
supplemented rats died (P  <  0.001), each 
with severe nephropathy. Six of the 19 
chlortetracycline-supplemented rats killed 
at 12 days had no renal damage, 6 had 
+  nephropathy, and 7 had +  +  and 
+  +  +  nephropathy. There was also a 
statistically significant difference in peak 
BUN among the groups. The BUN aver
aged 380 m g /100 ml blood and 406 m g / 
100 ml blood, respectively, for the un
supplemented and neomycin-supplemented 
groups and 247 m g /100 ml blood for the 
chlortetracycline-supplemented rats (P <  
0.02 for both).

The liver fat of chlortetracycline-supple
mented rats that died was 21% , a level 
significantly higher (P <  0.001) than that 
of the unsupplemented rats (1 3 % ) and 
that of the neomycin-supplemented rats 
(1 5 % ) that died. The liver fat of the 
chlortetracycline-supplemented rats killed 
at 12 days averaged 33% , a level signifi
cantly higher than that of the chlortetra
cycline-supplemented rats that died (21%  ) 
(P <  0.001), and of the choline-supple
mented rats that were killed (1 1 % ) 
(P <  0.001).

At killing, the plasma total solids of 
the 7 chlortetracycline-supplemented rats 
with +  +  or +  +  +  nephropathy averaged
9.1 g/100 ml plasma as compared with 
the average of 7.2 g/100 ml plasma for 
those 12 rats with mild or no nephropathy 
(P <  0.02). The choline-supplemented 
groups had plasma total solids concentra
tions which averaged 7.0 g/100 ml plas
ma. There were no significant differences 
in hematocrits among the chlortetracycline- 
and choline-supplemented rats. In experi
ment H, we found severe anemia in two 
of the rats receiving chlortetracycline and 
the 2 neomycin-supplemented rats (aver
age hematocrits of 30 and 32% , respec
tively) when they were killed on day 12;

these rats were moribund at killing. Their 
total plasma solids were also markedly 
elevated, averaging 9.3 and 10.0 g/100 
ml plasma, respectively. Since none of the 
unsupplemented rats survived, hemato
crits and plasma total solids determina
tions were not made in those groups.

In summary, although chlortetracycline 
lessened the severity of the choline de
ficiency, it was not as effective as choline 
when judged by growth, survival, liver 
fat, plasma total solids concentrations, 
BUN and renal pathology. Neomycin was 
ineffective.

5. Effect of prevention of coprophagy 
on the response of open-animal-room rats 
to acute choline deficiency (exp. I) (table
5). Barnes and Kwong (2 0 )n found that 
when coprophagy was prevented, the 
hepatic synthesis of choline from methi
onine was enhanced in young rats and 
the nephropathy and death following acute 
choline deficiency was decreased. We 
carried out an experiment to extend these 
findings, using a different diet and a 
different strain of rats.

Sixty-three weanling rats receiving diet 
B were divided into groups as follows: 
group C, F (21 rats) were prevented from 
practicing coprophagy by application of 
tail cups; six of these rats were given 
supplements of choline chloride (group 
F) in their drinking water and the other 
15 rats received no choline. Groups A, 
D and B, E were also composed of 21 
rats each and again, six in each (groups 
D and E) were given supplements of 
choline chloride. The rats of groups A, 
B, D, and E were permitted to practice 
coprophagy; the rats of groups B and E 
wore sham tail cups, the rats of groups 
A and D wore no cups. The sham cups 
differed from the coprophagy-preventing 
cups in that the bottom of the sham cup 
was cut out and screwed to the top. The 
positioning, weight and attachment of all 
the cups were the same.

Of the 21 rats with sham cups, 6 un
supplemented rats and 2 choline-supple
mented rats died within the first 3 days 
of the experiment; of the 21 rats with 
coprophagy-preventing cups, 3 choline-

n  Personal communication, E. Kwong and R. H. 
Barnes.
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deficient and 4 choline-supplemented rats 
died during the same time. We attribute 
these very early deaths to the cupping per 
se, not to choline deficiency.

Among the choline-supplemented rats, 
those without cups grew significantly 
faster (an average weight gain of 25 g in 
12 days) than those with coprophagy- 
preventing cups (11 g weight gain on the 
average) or those with sham cups (an 
average weight gain of 14 g). None of 
these rats died or had any renal pathology 
at the time they were killed.

The choline-deficient rats lost weight 
after the first 5 to 6 days. All fifteen with
out cups, all nine with sham cups and 
eleven of the twelve with coprophagy- 
preventing cups died with severe nephrop
athy. The BUN concentrations of rats 
from each of these groups chosen at ran
dom correlated with the severity of ne
phropathy; choline-supplemented rats had 
normal BUN.

The ratio of liver fat to liver protein 
was 0.197 and 0.192 for choline-supple
mented rats with coprophagy-preventing 
cups and sham cups, respectively. Rats 
without cups had a somewhat higher ratio, 
0.395 (P <  0.02). Each of the choline- 
supplemented groups differed significantly 
from their respective choline-deficient 
counterparts (P <  0.02 for each) but not 
from one another. The choline-deficient 
rats with sham cups had a fat-to-protein 
ratio of 0.604, which was not significantly 
different from the ratio of 0.566 for the 
choline-deficient rats with coprophagy- 
preventing cups or the ratio of 0.640 for 
choline-deficient rats without tail cups.

6. Germfree rats and open-animal-room 
rats, diet A (exp. B); germfree, conven
tionalized and open-animal-room rats, diet 
B (exps. J, K and L) (tables 1 and 6). Ex
periment B included germfree and OAR 
rats fed diet A and included groups that 
were unsupplemented or supplemented 
with choline chloride, neomycin or vitamin 
B12 in their drinking water. No rats died. 
All eight unsupplemented OAR rats had 
morphologic evidence of renal damage at 
killing 10 days after the start of the diet, 
four with +  +  +  and four with +  ne
phropathy (table 1). None of the choline- 
or vitamin ¿«-supplemented OAR rats had 
nephropathy, whereas six of the eight

neomycin-supplemented rats did, two with 
+  +  + , one with +  +  and two with +  
nephropathy. In contrast, none of the 
germfree rats had any evidence of ne
phropathy. The liver fat of the unsupple
mented germfree rats was significantly 
higher than that of the choline-supple
mented germfree rats, but the increase in 
liver fat of the choline-deficient germfree 
rats was lower than that of the comparable 
OAR rats. Neither supplementation with 
vitamin Bis nor neomycin affected the in
crease in liver fat in the choline-deficient 
germfree rats. As mentioned earlier, sup
plementation with vitamin B« appeared 
to lower the concentration of liver fat of 
OAR rats, but this difference was of border
line significance. Neomycin was without 
effect on liver fat in OAR rats.

Diet B was used in three other experi
ments (table 6). In two of these, experi
ments J and K, germfree rats and their 
conventionalized littermates were studied; 
in experiment L an additional group of 
OAR rats was studied. Diet B was used 
because it produces a more severe ne
phropathy than diet A.

The growth of all rats progressed nor
mally for the first 5 to 6 days. At this 
point, growth of the conventionalized and 
OAR unsupplemented rats ceased and 
many started to lose weight, but the unsup
plemented germfree rats continued to gain 
normally; this difference was statistically 
significant (P <  0.001).

None of the choline-supplemented rats 
died and none had nephropathy. Among 
the choline-deficient rats, 10 of 11 OAR 
rats and 19 of 33 conventionalized rats 
died with severe nephropathy by day 12, 
but only 1 of the 33 germfree rats de
veloped fatal nephropathy (P <  0.001).

At killing of the choline-deficient rats, 
the BUN of the one surviving OAR rats was 
426 m g/100 ml blood; the BUN of the 14 
conventionalized rats averaged 92 mg/100 
ml blood, whereas that of the 32 germfree 
rats averaged 25 m g/100 ml blood (P < 
0.001, germfree vs. conventionalized). 
The peak BUN of the conventionalized 
rats at the eighth day averaged 170 m g/ 
100 ml blood (6  rats), and that of the 
germfree rats at the peak averaged 83 
m g/100 ml blood (4  rats) (P <  0.02) 
(exp. J). At killing, the plasma total solids
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of the one OAR rat was 10.6 g/100 ml 
plasma; that of the fourteen conventional
ized rats averaged 8.1 g/100 ml plasma, 
a figure significantly higher than that of 
the germfree rats, 7.1 (P <  0.02), and 
that of the choline-supplemented conven
tionalized and germfree rats, 6.7 and 7.0, 
respectively (P <  0.02). It was noted that 
in 2 of the 3 experiments (J and L), 
hematocrits of the killed conventionalized 
choline-deficient unsupplemented rats aver
aged 33%, a value which was signifi
cantly lower than that of the convention
alized supplemented or germfree rats sup
plemented or not (P <  0.02 in each case).

The histologic appearance of the kidneys 
of the rats killed on day 12 reflected the 
BUN findings; the OAR rat and 11 of the 
14 conventionalized rats showed +  +  and 
+  +  +  nephropathy; in contrast only 1 
of 32 germfree rats revealed +  +  +  ne
phropathy (P <  0.001). None of the con
ventionalized or OAR rats had normal 
kidneys histologically, but twenty-five of 
the germfree rats did. The kidneys of the 
7 germfree rats that showed mild or 
moderate nephropathy showed focal corti
cal tubular atrophy and collapse micro
scopically. Such areas showed increased 
cellularity due to a mixture of tubular 
epithelium, lymphocytes, histiocytes and 
fibroblasts and there were scattered intra- 
and extra-cellular fat droplets and iron
positive pigment deposits. Occasional tub
ular fibrinous casts were encountered. 
Collapsed tubules could be traced by the 
PAS stain which showed basement mem
brane fraying, distortion and disruption. 
In many areas the tubules were normal 
or, at most, showed a slight dilatation. The 
glomeruli were not affected. The kidneys 
of all choline-supplemented rats were 
normal.

The liver fat content of the killed OAR 
and conventionalized choline-supplemented 
rats averaged 13% each; that of the 
choline-supplemented germfree groups 
averaged 16%, a difference which was 
not statistically significant. The liver fat 
of the choline-deficient conventionalized 
rats that died averaged 16% as contrasted 
with the 26% mean liver fat of those 
that lived (P <  0.001). Similarly, the 
mean liver fat of the OAR choline-deficient 
rats of experiment L that died was 15%

as contrasted with the mean liver fat of 
27% of those which lived in experiments 
C and D.12 The liver, fat of the choline- 
deficient germfree rats at killing averaged 
36% , a level significantly higher than that 
of the conventionalized or OAR rats at kill
ing in all 3 experiments (P <  0.001 for 
each ).

7. Influence of vitamin Bu and neo
mycin on the response of germfree rats 
receiving diet B (exp. M) (table 7). 
Twenty-eight germfree rats were fed diet
B. Group A (8  rats) drank tap water; 
group B (8 rats) was given vitamin Bi2; 
group C (5 rats) was given neomycin 
sulfate and the seven remaining rats, 
group D, were given choline chloride. 
There were 5 litters in the experiment. 
The 8 rats in groups A and B consisted 
of matched littermates (2  rats from each 
of 3 litters, 1 rat from each of 2 litters). 
The 7 rats of group D matched seven of 
those in each of groups A and B. The 5 
rats in group C had one rat from each 
of the 5 litters.

The rats supplemented with choline 
chloride behaved as did the choline- 
supplemented rats in all our experiments; 
they grew normally, none died, and when 
killed on day 12 none showed any sign 
of renal disease, grossly or microscopi
cally, or elevation in BUN.

One of the 8 unsupplemented germfree 
rats and two of the vitamin B ̂ -supple
mented germfree rats died with severe 
nephropathy. These 3 rats had stopped 
gaining weight after 5 to 6 days and then 
lost weight. Of the 7 unsupplemented 
germfree rats killed at 12 days, one had 
+  +  +  nephropathy, three showed +  +  
nephropathy (with evidence of healing) 
and three were normal. At killing, 3 of 
the 6 vitamin Biz-supplemented rats 
showed +  +  renal injury with evidence 
of healing; the other three were normal. 
None of the 5 neomycin-supplemented 
rats died; at killing three had +  +  +  ne
phropathy and one had +  nephropathy 
and one was normal. The average BUN 
of all rats at 12 days was similar as were 
the hematocrits and plasma total solids 
concentrations.

12 This comparison was made since only one OAR 
rat from the experiment lived.
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The liver fat of the unsupplemented 
group averaged 35% ; the liver fats of 
the rats supplemented with neomycin or 
vitamin BiZ were similar, averaging 33% 
and 35% , respectively. All differed signifi
cantly from the choline-supplemented 
group (1 9 % ) (P <  0.001).

Blood uric acid, blood glucose, plasma 
sodium, potassium and chloride were not 
altered in any of the animals killed at 
12 days.

8. Concentration of liver cholesterol in 
germfree, conventionalized, and open- 
animal-room rats fed either diet A, diet 
A with cholesterol or diet B (with or with
out neomycin, Chlortetracycline, or choline 
supplementation (table 8 )). The livers 
of rats from most of the aforementioned 
experiments (whether the rats died or 
were killed after 10 or 12 days of choline 
deficiency) were assayed for cholesterol. 
All the rats in the study fed diet A lived 
until they were killed 10 days after the 
start of the diet; most of the rats (8 0 - 
90% ) fed diet B died 8 to 11 days after 
the start of the experiment, and therefore 
most of the cholesterol data in the aver
ages represent data from rats that died of 
choline deficiency.

We found a three- to fourfold increase 
in the concentration and content of liver 
cholesterol (P <  0.001) in the unsupple
mented choline-deficient (diet A ) rats. 
The rise in liver cholesterol, however, was 
proportionately somewhat less than the in
crease in liver fat. These changes in liver 
cholesterol and liver fat were not affected 
by supplementation with neomycin (table 
8).

The feeding of diet B or diet A plus 5% 
cholesterol caused marked increases in the 
concentration and content of liver choles
terol of choline-supplemented rats so that 
these were equal to the levels found in cho
line-deficient rats fed diet A; liver fat 
averaged 12%, a figure much higher than 
that for the rats fed diet A and choline but 
lower than that for choline-deficient rats 
receiving either diet A, diet A plus choles
terol or diet B. Choline deficiency had no 
further effect on the liver cholesterol of 
the rats eating the cholesterol-supple
mented diets, but their liver fat increased 
still further. Neomycin and Chlortetracy
cline given to the rats fed diet A plus 5%

cholesterol or diet B without choline sup
plementation caused an additional (50%  ) 
increase in the concentration of cholesterol 
in the liver without altering the fiver fat 
accumulation.

The concentration and content of fiver 
cholesterol were similar in the choline- 
deficient and choline-supplemented con
ventionalized rats and in each case, these 
were higher than those of comparable OAR 
rats. Similarly, the fiver cholesterol con
centration and content of germfree rats 
were the same whether or not the rats were 
supplemented with choline chloride, but in 
each case these levels were higher than 
those of the conventionalized and OAR rats. 
Liver fat accumulation was the greatest in 
germfree rats and the least in OAR rats.

Neomycin did not modify either fiver 
cholesterol or fiver fat of the germfree rats 
fed the choline-deficient diet B.

DISCUSSION

Our investigations show that the growth- 
deterring, nephropathic and lethal effects 
of choline deficiency were considerably less 
severe in germfree rats. However, the fiver 
fat of germfree rats was higher than that 
of conventionalized and OAR rats fed a 
low choline diet high in cholesterol (5%  ) 
and containing added cystine (0.4% ), but 
lower in the diet without the added choles
terol and cystine. There were no differ
ences in the liver fat of conventionalized 
and open-animal-room rats fed the various 
choline-deficient diets. Incidental findings 
in our experiments were a consistent sig
nificant elevation of the plasma total solids 
concentration and an occasional decrease 
in the hematocrits of rats with severe 
acute choline deficiency nephropathy.

These differences in response of germ
free, conventionalized and OAR rats to 
acute choline deficiency are additional ex
amples of the important influences of mi
croorganisms on mammalian metabolism 
and nutrition. For example, germfree rats 
are less susceptible to ascorbic acid (21 ), 
vitamin E 13 and methionine 14 deficiencies, 
but more susceptible to vitamin K (22 ) 
and thiamine (23 ) deficiencies.

13 Unpublished observations, F. S. Doft and E. G. 
McDaniel.

14 See footnote 13.
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The importance of choline in lipid me
tabolism and the prevention of fat accumu
lation in the liver has been recognized for 
35 years (24 ). Most of the liver fat accu
mulated in choline deficiency is as trigly
cerides (2 5 -2 8 ), and interference with the 
transport of triglycerides from the liver 
appears to be the main defect. The type 
of dietary fat, protein and carbohydrate in 
large measure determines the pattern of 
neutral fats accumulated in the liver in 
choline deficiency (3, 24, 26, 29-37). How
ever, just which pathways fail, for exam
ple, the phosphatidylethanolamine (38, 39) 
or the cytidine diphosphocholine (40, 41), 
is unsettled.

Ashworth et al. (25 ) reported that the 
addition of 2% cholesterol to a choline- 
deficient diet enhanced the accumulation 
of liver triglycerides and led to a tenfold 
increase in liver cholesterol. Several other 
investigators have reported on the anti- 
lipotropic properties of cholesterol in cho
line deficiency and during choline sup
plementation (37, 42-46). As in the 
experiments of Ashworth (2 5 ) and Chap
lin and Mulford (3 7 ), we found that 
a high cholesterol diet caused increases in 
liver fat whether choline was given or not, 
but the liver fat was higher in the choline- 
deficient rats. We also found that choline 
deficiency in rats fed a low cholesterol diet 
produced increases in the concentration 
and amount of liver cholesterol, but pro
portionately less than the increase in liver 
fat. Neomycin and vitamin B!2 did not 
alter the liver cholesterol of OAR rats fed 
this type of diet. The rise in liver choles
terol of such choline-deficient rats has 
been considered a result in part of im
paired mobilization of cholesterol from the 
liver since cholesterol is a precursor of bile 
salts (47 ), and choline-deficient rats pro
duce significantly less bile than normal 
controls (48 ). When 5% cholesterol (with 
or without 0.4% cystine) was added to 
the diet, we found that the concentration 
and amount of liver cholesterol increased 
to the same levels whether choline was 
given or not, but the rise in liver fat was 
substantially greater in the choline-defi
cient rats. The germfree rats behaved in 
the same general way, but had a greater 
concentration and amount of liver choles
terol than OAR rats, confirming the find

ings of Wostmann and Weich (49 ). The 
conventionalized rats had liver cholesterol 
levels which were in between those of the 
germfree and OAR rats. Neomycin and 
chlortetracycline given to OAR rats fed the 
5% cholesterol, 0.4% cystine diet, without 
choline, caused further increases in con
centration and content of liver cholesterol 
so that these increases were then propor
tional to the increases in liver fat and ap
proached the values for cholesterol of the 
conventionalized rats. The mechanisms 
underlying the effects of cholesterol diets 
on liver cholesterol have not been eluci
dated. The relationship between liver cho
lesterol and the gut flora was discussed in 
an earlier publication by Gustafsson and 
Norman (50).

Two studies have been reported on the 
increase in renal disease produced by add
ing cholesterol to a choline-deficient diet, 
Griffith and Mulford (51 ) with 0.5% 
cholesterol in the diet and Chaplin and 
Mulford (37 ) with 4.3% cholesterol in 
the diet. We found also that 5% choles
terol in the diet increased markedly the 
severity of the choline deficiency. One 
reason suggested by Chaplin and Mulford 
(3 7 ) for cholesterol enhancing the acute 
choline deficiency was that cholesterol 
causes a greater need for amino alcohols 
which are believed necessary for the for
mation of phosphatidylethanolamine and 
maintenance of the cholesterol-to-phospho- 
lipid ratio, which requires transmethyla
tion (52 ). Another possibility which ap
pears likely to us is that the cholesterol 
effect is mediated in part through its ef
fects on growth. Rats fed small quantities 
of food during the period of acute choline 
deficiency show lower levels of liver fat 
and less nephropathy than rats allowed to 
eat ad libitum (42, 53). Hoffbauer and 
Zaki (5 4 ), using slow-growing primates, 
also showed that the requirement for cho
line is related to the rate of growth. In 
our experiments, rats fed the high choles
terol diet with choline supplementation 
grew faster than rats not fed cholesterol. 
Ashworth also reported an increase in 
growth rate for rats fed a 2% cholesterol 
choline-deficient diet (25 ).

The relationship between growth rate 
and the severity of choline deficiency has 
also been considered with respect to the
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enhancing effect of cystine when added 
to choline-deficient diets (42, 51, 55). Mul- 
ford and Griffith (55 ) showed that the 
addition of 0.1 to 0.5 g cystine/100 g diet 
to 18% casein choline-deficient diets 
caused better growth, higher levels of liver 
fat and a higher incidence of bilateral renal 
cortical hemorrhagic necrosis. They felt 
the growth-promoting activity of cystine 
led to an increase in choline requirement. 
Kwong and Barnes (5 6 ), however, have 
shown that cystine enhances the severity 
of acute choline deficiency even in a situa
tion where cystine does not affect growth. 
In their view, the cystine effect is due to 
its interfering with the endogenous synthe
sis of choline from methionine. The evi
dence they present for this is particularly 
dramatic for rats fed choline-deficient diets 
when coprophagy is prevented. We ob
served that germfree rats fed the choline- 
deficient diet without added cholesterol and 
cystine for 10 days had significantly less 
liver fat and nephropathy than their OAR 
counterparts, a reflection of the lesser sus
ceptibility of the germfree rats to the nutri
tional choline deficiency. When 5 g cho
lesterol and 0.4 g cystine were added to 
each 100 g of the choline-deficient diet, the 
nephropathy was again less in the germ
free rats but the levels of liver fat were 
higher than those of the conventionalized 
or OAR rats. At first glance it appears that 
there is a dichotomy in the responses of the 
germfree rats to this choline-deficient diet. 
We do not think so. We believe the higher 
liver fat of the germfree rats in this case 
does not reflect a greater choline defi
ciency, but rather that the nephropathic 
effects of the choline deficiency were more 
severe in the conventionalized rats, result
ing in a decreased food intake and conse
quent less accumulation of liver fat. The 
influence of food intake on liver fat ac
cumulation in choline deficiency has been 
discussed previously.

The renal lesions of acute choline de
ficiency are characterized by an increase 
in kidney weight and size due to hemor
rhage (57, 58) and cortical necrosis. The 
renal damage grossly, histologically, as de
termined by the rise of the BUN, and by 
death, was considerably less in germfree 
rats and, when found at the time the rats 
were killed at 10 to 12 days, was usually

in the healing stage. Among the possibil
ities for the lesser nephropathy in germ
free rats are the following, (a ) Many of 
the gastrointestinal microflora present in 
OAR and conventionalized rats metabolize 
choline to trimethylamine (5 9 ) a non- 
metabolizable compound which is probably 
not lipotropic. Since the diet as fed con
tains minimal amounts of choline, more 
would be available to the germfree rats, 
(b ) Similarly, there is a greater require
ment for methionine by OAR and conven
tionalized rats than by germfree rats be
cause of the utilization of methionine by 
the intestinal bacteria.15 ( c )  The livers of 
germfree rats on a choline-deficient diet 
synthesize more choline than the livers of 
conventionalized or OAR rats.16 Kwong and 
Barnes 17 have shown an increased hepatic 
synthesis of choline from methionine when 
OAR rats are prevented from practicing 
coprophagy. (d ) The less severe renal le
sions of the germfree rats in choline de
ficiency may be due to their lower meta
bolic rate. We feel that this is a major 
factor. Levenson et al. (6 0 ) have shown 
that the oxygen consumption and carbon 
dioxide production by germfree rats is 
about 15 to 20% lower than by their con
ventionalized littermates. In this respect, 
Baxter (61 ) showed that thiouracil (2 -3  
ug/'g diet) prevented the renal lesions of 
choline deficiency. He presented no data 
on the metabolic rates of these rats, but 
their thyroids were enlarged and their 
growth rates were slowed. The results 
could be partially reversed by feeding des
iccated thyroid, but whether this was sta
tistically significant is unclear.

The observation of Barnes and Kwong 
(2 0 ) that prevention of coprophagy mini
mizes the effects of a choline-deficient diet 
fed to weanling rats may also have bear
ing on the lessened acute choline defi
ciency nephropathy of germfree rats. 
Barnes and Kwong (20 ) reported that the 
rate of oxidation of methionine was greatly 
enhanced when coprophagy was prevented. 
This observation was interpreted to mean 
that transmethylation of methionine with 
consequent choline biosynthesis was in

is See footnote 13.
16 Unpublished data, E. Kwong, G. Fiala, R. H. 

Barnes, D. Kan and S. M. Levenson.
17 See footnote 11.
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creased under this condition. They sub
stantiated this conclusion by finding that 
the fatty liver, nephropathy and lethality 
of acute choline deficiency are reduced by 
preventing OAR rats from practicing 
coprophagy. Furthermore, using 14C methyl- 
labeled methionine injected into the portal 
vein, they found an increased specific ac
tivity of choline isolated from the livers of 
such rats (2 0 ). They believe that these 
effects of preventing coprophagy are a con
sequence of alteration in the gastrointes
tinal microbial flora because of decreased 
inoculation of the upper intestinal tract by 
certain fecal microorganisms.

The effects of prevention of coprophagy 
on the numbers of intestinal bacteria are 
controversial; Gustafsson and Fitzgerald 
(62 ) reported a marked decrease in the 
number of lactobacilli and an increase in 
coliforms and streptococci during the pre
vention of coprophagy, whereas Lev and 
his colleagues (63, 64) reported no signifi
cant differences. Chen et al.18 have re
cently reported that the trimethylamine ex
cretion following injection of choline by 
rats prevented from practicing coprophagy 
by tail cupping is considerably less than in 
rats permitted to practice coprophagy. 
They interpret this to mean that the intes
tinal bacterial flora must have been altered 
by the prevention of coprophagy.

Our experiments show no effect of pre
venting coprophagy on the development of 
acute choline deficiency by rats fed a diet 
low in choline but containing 5% choles
terol and 0.4% cystine. Barnes and 
Kwong repeated their coprophagy preven
tion experiments using a high cholesterol, 
choline-deficient diet and obtained the 
same results as we did.19 It appears 
that preventing coprophagy influences 
favorably a mild choline deficiency, but 
not a very severe deficiency.

Baxter and Campbell (9 )  showed that 
neither Chloromycetin, terramycin nor 
streptomycin were effective in protecting 
rats from acute choline deficiency. Other 
antibiotics, penicillin and sulfonamides, 
were tried by Salmon and Newberne (14 ) 
with little success. In the present experi
ments, we found that neomycin did not 
influence growth, the early liver fat accu
mulation, the renal disease or death from

acute choline deficiency in germfree, con
ventionalized or OAR rats.

Baxter and Campbell (9 )  reported that 
Chlortetracycline significantly lessened the 
acute renal damage and possibly the liver fat 
of rats fed choline-deficient diets. These ex
periments have been substantiated in part 
by our studies, although the extent of pro
tection (as judged by the nephropathy and 
death) we found was far less striking than 
that reported by Baxter. Further, we found 
that liver fat increased in the chlortetracy- 
cline-supplemented rats, whereas Baxter 
reported a decrease in the liver fat of such 
rats; these differences may be related to the 
fact that our diet contained 5% cholesterol 
and 0.4% cystine and increased the choline 
requirement.

If the mechanism of Chlortetracycline 
protection is antibacterial (and this is sup
ported by the observations of Baxter that 
inactivation of Chlortetracycline as an anti
biotic by heat rendered it ineffective in 
choline deficiency (9 ) ) ,  there must be sig
nificant differences in the effects of Chlor
tetracycline and the other antibiotics used 
on the intestinal flora of the rat. This 
would not be unexpected but there are few 
data about this (11, 65, 66). Weanling 
rats fed choline-deficient diets have a 
marked reduction in the fecal content of 
Escherichia coli during the first week of 
supplementation with Chlortetracycline but 
not with penicillin (11 ). There are, how
ever, two other studies showing that the 
E. coli content of the feces of rats fed nor
mal diets is increased by both Chlortetracy
cline and penicillin (65, 66) during the 
first week. These differences in bacterial 
response may be related to the diets used, 
and age and strain of the rats. There are 
no experiments reported which detail the 
effects of neomycin on the microflora of 
the OAR rat intestine. However, we ob
served that in dicontaminated rats fed nor
mal diets, the E. coli and Bacillus proteus 
content of the gut falls quickly from 107 
to 105 viable bacteria/g feces when neo
mycin is fed (60).

Baxter reported (9 )  that feces of chlor- 
tetracycline-treated animals collected every

18 Chen, R., E. Kwong and R. H. Barnes 1967 
Urinary trimethylamine following choline administra
tion in the study of intestinal microflora of the rat. 
Federation Proc., 26: 526 (abstract).

19 See footnote 11.
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2 to 3 days during the 10 days they were 
fed a choline-deficient diet contained more 
choline (0.3 to 1.5 m g) than the feces of 
the choline-deficient rats not receiving 
chlortetracycline. This is consistent with 
the view that the flora of the gut are modi
fied to lessen the conversion of choline to 
trimethylamine. DuVigneaud et al. (67, 
68), however, reported that the total re- 
ineckate precipitate obtained from a 42-day 
feces collection of 2 ex-germfree rats fed a 
choline-deficient diet was less than 1 mg, 
whereas none was recovered from a 32-day 
feces collection of 2 germfree rats fed the 
same diet (67, 68). In addition, Du
Vigneaud et al. (67, 68) subjected adult 
germfree rats and ex-germfree rats reared 
under non-sterile conditions and drinking 
water containing D20  to a choline-deficient 
diet for 2 to 3 weeks and assayed the rat 
tissues for labeled choline and creatine. 
They found that the levels of deuterium in
corporated into the choline and creatine 
were slightly higher in the non-sterile rats 
than in germfree but indicated that the dif
ference might not be significant. The au
thors (68) stated that “While it is possible 
that additional synthesis by intestinal bac
teria of labile methyl groups may have taken 
place in the case of the non-sterile animals, 
it may be noted that the germfree animals 
were older and did not grow as much tissue 
during the experiment. Of ultimate impor
tance, of course, is the fact that there was 
an enrichment of deuterium in the methyl 
groups of choline and creatine in the germ
free animals.”

Other investigators have shown (69, 70) 
that chlortetracycline, terramycin, and pen
icillin decrease the urinary excretion of 
trimethylamine by normal human subjects 
and patients without liver or intestinal dis
ease. This decrease occurred very soon 
after antibiotic treatment and lasted as 
long as 2 weeks while the antibiotics were 
being given; subsequently the levels of tri
methylamine in the urine started to rise 
despite the continued administration of the 
antibiotics.

While neomycin is ineffective in acute 
choline deficiency, its effects in the pre
vention of liver cirrhosis in certain strains 
of rats undergoing chronic choline defi
ciency are well-documented (12 ). Broit- 
man et al. (10 ) have postulated that the

beneficial effects of neomycin in prevent
ing liver cirrhosis reflects a reduction of 
“normal endotoxemia,” presumably by re
ducing the number of gram-negative intes
tinal bacteria. This was based on their 
findings that rats treated with neomycin 
during chronic choline deficiency develop 
liver cirrhosis much more slowly than con
trols. However, when given endotoxin or
ally (daily), the neomycin-treated rats de
veloped cirrhosis to the same extent and 
within the same time as the controls. This 
appears to be in contradiction to the ob
servation of Levenson et al. (8 )  that germ
free Lobund rats develop cirrhosis earlier 
than OAR rats. It is unlikely that the germ
free rats have more bacterial endotoxin in 
their intestinal tract than the neomycin- 
treated OAR rats. Furthermore, it has 
been well-documented that the germfree 
rat is somewhat more resistant to the acute 
lethal effects of injected endotoxin than 
OAR rats. One of us (S.M.L.) has postu
lated that the beneficial effects of neomycin 
in the prevention of chronic choline defi
ciency liver cirrhosis is due to an altera
tion in the intestinal bacterial flora and the 
subsequent increase in production of a 
protective nutrient or factor such as vita
min B12 by the surviving bacteria. We 
think that the lack of protection of neomy
cin in acute choline deficiency results from 
the time required for the establishment of 
the bacterial flora to produce this nutrient 
or factor being too long for the effects to 
be evident in 7 to 12 days. This theory also 
explains the increased susceptibility of 
germfree rats to chronic choline deficiency 
since some of these “beneficial” bacteria 
are present in the OAR rats and are pro
ducing this hypothetical factor, whereas 
in the germfree rats there are no viable 
bacteria, and thus no production of such 
a factor. This theory would also explain 
the lack of beneficial effects of neomycin 
in chronic choline deficiency of germfree 
animals.

Baxter (9 )  found that vitamin B12 re
duced the incidence and severity of renal 
damage in acute choline deficiency. This 
has been confirmed by us and by others 
(53, 71). Since chlortetracycline has been 
shown to increase the vitamin Bi2 activity 
of the feces promptly (72 ) and to decrease 
the mortality of animals fed vitamin Bi2-
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deficient diets (7 3 ), Baxter postulated that 
the Chlortetracycline effect in acute choline 
deficiency might be mediated in this way. 
However, we think it unlikely that this ef
fect would come about quickly enough and 
suggest that the Chlortetracycline effect is 
due to its influence on the conversion of 
choline to trimethylamine and the utiliza
tion of methionine by bacteria.

Wilson et al (7 4 ), using a regular com
mercial rat ration, found that formate and 
formaldehyde served as precursors of cho
line. Arnstein and Newberger (7 5 ), using 
rats fed a vitamin B 12-choline-deficient diet 
and Lust and Daniel (7 6 ), using a vitamin 
Bi2-requiring protozoan found that vitamin 
B12 stimulated the synthesis of choline as 
measured by a greater incorporation of 14C 
from labeled glycine, serine and formate 
(75 ) and from labeled formate and for
maldehyde, but not from methionine (7 6 ), 
respectively. DuVigneaud et al. (67, 68) 
had found that the addition of 1.5 mg vita
min B12 to a choline-deficient diet of ex- 
germfree rats did not increase the synthesis 
of methyl donor compounds. However, the 
diet used by them contained 10 ug vitamin 
B12/IOO g which may have been sufficient 
to prevent further stimulation by additional 
amounts of vitamin B]2.

In our experiments, vitamin B12 reduced 
the renal disease and to a lesser extent the 
liver fat accumulation resulting from acute 
choline deficiency in OAR rats but not in 
germfree rats. The lesser beneficial effect 
of vitamin BiZ on the liver fat accumulation 
of acutely choline-deficient OAR rats than 
on the nephropathy is due, we think, to 
the likelihood that the production of methyl 
donor stimulated by vitamin Bi2 is limited 
and although enough is synthesized to pre
vent the acute renal damage of choline de
ficiency, not enough is made to prevent 
the accumulation of liver fat. Similar re
sults were found in our experiments with 
Chlortetracycline, in which the renal path
ology and lethality of choline deficiency 
were prevented but not the increase in 
liver fat. In this respect, Griffith and 
Wade (7 7 ) found that weanling rats re
quired 10 mg choline/day to protect them 
from liver damage but only 2 m g/day to 
protect them from renal damage.

If increased synthesis of methyl donors 
under the influence of vitamin Bz2 is re

lated in part to the microflora, this would 
explain the lack of effect of vitamin B12 on 
acute choline deficiency in germfree rats. 
In other experiments Levenson and his co
workers 20 had found that vitamin B!2 pre
vented cirrhosis in germfree rats. This may 
be a matter of the degree of labile methyl 
formation induced by vitamin B12, less 
perhaps being required to prevent cirrhosis 
than the early accumulation of liver fat.

A question of prime importance is why 
choline deficiency causes renal damage. 
We have discussed this in detail elsewhere 
(78 ) and concluded that the nephropathy 
which occurs in young rats fed a choline- 
deficient diet reflects an abrupt and 
sustained fall in acetyl choline, which in 
turn alters the reactivity of the renal vascu
lature to vasopressor agents leading to vaso
spasm, ischemia, renal damage and hemor
rhage. This was based on our finding in 
collaboration with Dr. S. Baez,21 Albert 
Einstein College of Medicine, that the 
capillary flow of the mesoappendix of the 
acute choline-deficient rat was slower than 
normal and that there were fewer open 
capillaries. These differences were noted 
before there were any elevations of BUN or 
any histologic renal damage. We also 
noted that the precapillary arterioles and 
the precapillary sphincters of the mesoap- 
pendices of the choline-deficient rats were 
less responsive to topical epinephrine than 
the small (120-150 mu) arteries, a reac
tion which is the reverse of the normal 
state. Vasomotor activity in the mesoap
pendix was increased in the choline-defi
cient rats. These changes are consistent 
with a deficiency of acetyl choline. We 
also noted a lessening of peristalsis of the 
choline-deficient rats, a finding also con
sistent with decreases in acetyl choline, but 
no direct measurements of peristalsis were 
made.

Coincident with these microcirculatory 
studies we performed several experiments 
in collaboration with Dr. W. Dettbarn, Col
lege of Physicians and Surgeons, Columbia 
University, assaying the level of acetyl cho
line in brain, intestine and kidneys of cho
line-deficient and normal OAR rats (78 ).

20 Unpublished data, S. M. Levenson, F. S. Doft, 
L. Ashburn and E. F. Geever.

21 Nagler, A. L., S. M. Levenson and S. Baez 1968 
Microcirculation in choline deficiency. Federation 
Proc., 27: 1522 (abstract).
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We have found marked decreases in the 
level of acetyl choline in the choline-defi
cient OAR rats. This decrease ranged from 
70% in the kidneys to 30% in the brain 
and intestine. The cholinesterase levels 
in the same tissues were not increased.

We believe that the nephropathy which 
occurs in young rats fed a choline-deficient 
diet reflects an abrupt and sustained fall 
in kidney acetyl choline, which in turn in
creases the reactivity of the renal vascula
ture to vasopressors leading to vasospasm, 
ischemia, renal damage and hemorrhage. 
In this respect, Baez and Gordon 22 have 
noted that the mesoappendix vessels of the 
germfree rat are hyporesponsive to epi
nephrine. This, in addition to the afore
mentioned metabolic differences between 
germfree, conventionalized and OAR rats 
(metabolic rates, choline and methionine 
metabolism, and possible liver choline syn
thesis) affords adequate explanation for 
the markedly lessened response of germ
free rats to acute choline deficiency.
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Effect of Alterations in Protein Intake on Liver 
Xanthine Dehydrogenase in the Chick 1,2

R. W. SCHOLZ a n d  W. R. FEATHERSTON
Department of Animal Sciences, Purdue University, Layfayette, Indiana

ABSTRACT Studies were conducted to investigate the influence of alterations in 
protein intake on body weight, liver weight, liver nitrogen and liver xanthine dehydro
genase (XDH) activity of chicks. After a 10-day period in which all chicks were fed 
a diet containing 25% isolated soybean protein, one-half of the chicks were changed to 
a diet containing 75% isolated soybean protein and one-half were continued with the 
25% diet. The results of these studies showed no significant difference in body or 
liver weights at 20 days between birds fed the 25 and 75% isolated soybean protein 
diets. Fasting for 24 hours resulted in a similar decrease in body and liver weights 
for birds fed the two protein levels, but the decrease in liver N was greater for birds 
fed the high protein diet. Feeding a protein-free diet for 24 hours resulted in larger 
livers and lower total liver N as compared with control values. Regardless of the basis 
for expressing enzyme activity, liver XDH was significantly higher for birds fed the 
high protein diet ad libitum as compared with birds fed the 25%  isolated soybean 
protein diet. Liver XDH levels of chicks that had been fed the high protein diet ad 
libitum and subsequently fed a diet devoid of protein, or fasted, for 24 hours were also 
significantly higher than those observed in chicks from similar treatments previously 
fed the 25% isolated soybean protein diet. In most cases, a 24-hour starvation period 
did not significantly lower total liver XDH as compared with ad libitum controls at 
each protein level, whereas feeding a protein-free diet for 24 hours resulted in signifi
cantly lower liver XDH levels.

Considerable attention has been given to 
the manner whereby animals adapt to 
dietary changes. Alterations in feed con
sumption, changes in organ size or com
position, and changes in selected enzymes 
or enzyme systems are several responses 
observed in animals subjected to diverse 
dietary conditions. It appears that such 
responses arising through experimentally 
controlled changes in the environment 
represent an attempt to maintain homeo
stasis (1 ). Of the many reports con
cerned with metabolic adaptations in 
mammals, variations in dietary protein 
level have received considerable emphasis. 
Work with rats demonstrated that feeding 
high levels of protein resulted in increased 
levels of all the urea cycle enzymes com
pared with those observed when diets con
taining lower amounts of protein were fed 
(2 -4 ). In addition, numerous other en
zymes associated with amino acid metab
olism per se are subject to extensive 
variation depending on the type and 
quantity of protein in the diet. Harper (1) 
has presented a review of this subject on 
work conducted with rats. Similar com
prehensive studies with chicks subjected

to wide alterations in dietary protein, how
ever, are limited.

In the avian species the primary nitrog
enous excretory product resulting from 
protein and amino acid catabolism is uric 
acid. The terminal reactions involved in 
the biosynthesis of this purine (hypoxan
thine - »  xanthine —» uric acid) are cata
lyzed by a NAD-dependent xanthine dehy
drogenase. Richert and Westerfeld (5 )  
were the first to demonstrate that xanthine 
dehydrogenase is not autoxidizable in 
avian tissue and in this respect differs from 
the more common xanthine oxidase of 
mammalian tissue. There are reports con
cerned with the embryonic and post-hatch
ing development patterns and kinetic 
properties of xanthine dehydrogenase (6—
10), as well as aspects of specific variations 
in dietary protein on xanthine dehydro
genase activity (11—16). The research 
presented in the present report was de-
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signed to investigate the responses of avian 
liver xanthine dehydrogenase to extreme 
alterations in protein intake. Liver xan
thine dehydrogenase activities were studied 
in chicks fed normal or excessive levels 
of dietary protein and were compared with 
xanthine dehydrogenase levels of chicks 
that had been fed a normal or high protein 
diet ad libitum and subsequently fed a diet 
devoid of protein, or fasted, for a 24-hour 
period.

EXPERIMENTAL

The one-day-old White Rock cockerels 
used in each of the studies reported were 
initially fed a diet containing 25% isolated 
soybean protein (table 1) for the first 10 
days. At this time, one-half of the chicks 
were transferred to a diet containing 75% 
isolated soybean protein and one-half were 
continued with the 25% diet. The protein 
content of the 25 and 75% isolated soy 
protein diets was 21.0 and 63.9%, respec
tively. At 20 days of age, groups of chicks 
from both protein levels were selected at 
random and divided into two additional 
subclasses: 1) starved for 24 hours, here
after referred to as the 25% or 75% 
starved group; or 2) fed a diet devoid of

TABLE 1
Composition of 25% isolated soy protein diet1,2

Isolated soy protein
s/fes

250.0
Glucose monohydrate 587.39
Soybean oil 50.0
Cellulose 30.0
Mineral premix 3 60.48
Vitamin premix 4 15.0
DL-Methionine 5.0
Choline chloride (70%  ) 2.0
Butylated hydroxytoluene 0.13

1 The 75% isolated soy protein diet contained 3 
times the levels of isolated soy protein and DL-methi- 
onine used in the 25% isolated soy protein diet added 
at the expense of glucose monohydrate.

2 The protein-free diet was identical to the 25% 
isolated soy protein diet with the exception that the 
isolated soy protein and DL-methionine were replaced 
with glucose monohydrate.

3 The mineral premix provided the following re
agent minerals in g/kg of diet: CaC0 3 , 19.1;
Ca(H2P04) 2-2H20, 21.15; K2HP04, 11.2; NaCl, 6.0; 
MgC03, 2.08; FeS04, 0.2; ZnCOs, 0.18; CuS04-5H20, 
0.015; MnS04-H20, 0.51; KI, 0.04; and NaMo04-2H20, 
0.0025.

4 The vitamin premix provided the following units 
of vitamins per kg of diet: (in milligrams) thia- 
mine-HCl, 6.0; riboflavin, 9.0; niacin, 50.0; Ca d - 
pantothenate, 20.0; pyridoxine-HCl, 8.0; biotin, 0.3; 
folic acid, 2.0; menadione sodium bisulfite, 2.0; inosi
tol, 1000.0; and vitamin Bi2, 20 /¿g; vitamin A palmi- 
tate, 25,000 USP units; vitamin D3, 1200 ICU; d-a- 
tocopheryl acetate, 17.6 IU.

protein for 24 hours, hereafter referred to 
as the 25% or 75% protein-free group. 
All chicks were killed at 21 days of age 
for liver xanthine dehydrogenase assays. 
Deionized water was provided ad libitum 
to all chicks.

One procedure used to measure xanthine 
dehydrogenase activity in these studies 
generally follows the colorimetric method 
of Schwartz and Litwack (12 ) as later 
modified by Stirpe and Corte (15 ). Livers 
were removed from birds that had been 
decapitated and bled, and placed in cold 
0.03 m  Na-K phosphate buffer, pH 7.4. 
After blotting and weighing the livers, a 
portion was homogenized with 5 volumes 
of cold buffer in a Potter-Elvehjem homog- 
enizer. The homogenate was then centri
fuged for 20 minutes at 24,000 X g in a 
refrigerated centrifuge (0 ° ) . One milliliter 
of the clear supernatant was preincubated 
for 20 minutes at 41° in a water-bath 
shaker in 25-ml Erlenmeyer flasks contain
ing 4.0 ml of buffer and 0.5 ml of 0.02 m  
methylene blue. After the preincubation 
period, 0.6 ml of 0.057 m  xanthine (mono 
Na-salt) was added to the reaction mixture 
and 0.5 ml aliquots removed at zero and 
10 minutes and immediately placed into 
centrifuge tubes containing 3.5 ml of a 
40% Na-tungstate: 2 n  H2S04:H20  solu
tion (1 :1 :5 , v /v ). Final reaction mixture 
concentrations for methylene blue and 
xanthine were 1.63 m M  and 5.61 m M , 
respectively. Xanthine remaining was 
determined colorimetrically as described by 
Litwack et al. (17 ). Control flasks con
taining all assay reagents with the excep
tion of xanthine were assayed periodically 
and showed no endogenous xanthine dehy
drogenase activity. The supernatant from 
the homogenized liver samples contained 
essentially all the xanthine dehydrogenase 
present since no activity was detected when 
an aliquot of resuspended particulate mat
ter was assayed as described.

Where indicated, xanthine dehydrogen
ase activities were also assayed spectro- 
photometrically at 25° as the rate of forma
tion of NADH at 340 mp in 1-cm cells. In 
the final reaction mixture, 0.1 ml of 
suitably diluted enzyme preparation was 
suspended in 0.03 m  Na-K phosphate 
buffer, pH 7.4, 0.38 m M  xanthine and 
0.816 m M  NAD. As suggested by Stritt-
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matter ( 6 ) ,  KCN (0.20 h i m )  was added 
to prevent the reoxidation of NADH. The 
reaction was started by adding xanthine 
to both cells of a Beckman DB spectropho
tometer, NAD being omitted from the refer
ence cell.

Nitrogen was determined by the Kjeldahl 
method on duplicate liver samples.

Statistical procedures used for treating 
data obtained in these studies were per
formed by analysis of variance. Treatment 
means were tested for significant differ
ences by the sequential method of Newman 
and Keuls (18).

RESULTS

The results of trial 1, which show the 
effects of alterations in protein intake on 
liver weight, liver nitrogen and liver xan
thine dehydrogenase activity, are presented 
in table 2. Feeding either the 25% or 75% 
isolated soybean protein diets ad libitum 
did not result in significant differences in 
liver weights when expressed as total 
weight or liver weight per 100 g body 
weight in 3-week-old chicks. Liver nitro
gen, however, expressed either on a per 
gram of liver or total liver basis was sig
nificantly greater (P <  0.05) for birds fed 
the high protein diet. Compared with the 
ad libitum groups within each protein level, 
fasting for 24 hours resulted in a signifi
cant reduction (P <  0.05) in liver weight 
and total liver nitrogen content. Although 
the livers from chicks fed the high protein

diet contained significantly more nitrogen 
(P <  0.05) than those from chicks fed the 
25% isolated soybean protein diet, similar 
values were observed in the 2 groups after 
fasting for 24 hours. These results indicate 
that a greater loss in liver protein occurred 
during starvation in birds previously fed 
the high protein diet. In contrast with the 
reduction in liver weight of the starved 
birds, feeding a protein-free diet for 24 
hours resulted in increased liver weights 
when compared with the ad libitum groups. 
These results were not statistically different 
(P >  0.05) when expressed on a 100 g 
body weight basis. As compared with birds 
that had been starved for 24 hours, total 
liver nitrogen was depleted to a slightly 
greater extent in birds fed the protein-free 
diet.

Regardless of the basis for expressing 
xanthine dehydrogenase activity, birds fed 
the high protein diet ad libitum showed 
significantly higher enzyme levels when 
compared with birds fed the 25% isolated 
soybean protein diet (table 2). In these 
studies with chicks, a 24-hour starvation 
period has been observed to result in an 
8% to 10% reduction in body weight and 
a 25% to 30% reduction in liver weight 
(compared with ad libitum controls). Birds 
fed a diet devoid of protein either maintain 
their weight or continue to gain in weight 
during this period. For these reasons, 
“total” enzyme activity (units per 100 g 
body weight) is expressed on a pre-starva-

TABLE 2
Effect of alterations in protein intake on liver weight, liver N and 

liver xanthine dehydrogenase activity (trial 1) 1

25% isolated soybean protein 75% isolated soybean protein
Ad libitum Starved Protein-free Ad libitum Starved Protein-free

Liver wt,2 g 12.6 a 9.7 b 14.0 ' 13.3 ac 9.5 b 15.3 d

Liver w t2/ 100 g body wt, g 3.5 a 2.7 b 3.8 ac CO <] 2.8 » 4.0 c

N /g  liver,2 mg 28.7 a 31.8 b 21.3 ' 33.2 b 34.2 b 20.7 '

Xanthine dehydrogenase activity 3
Units/g liver 29.1 a 38.0 ab 16.2 ' 61.6 d 91.7 e 42.7 b
Units/100 mg liver N 100.8 a 119.0 a 76.1 » 185.9 c 268.9 d 205.4 c
Units/liver 365.0 a 369.5 a 226.9 b 819.1 e 864.4 ' 642.9 d
Units/100 g body wt 103.0 a 93.1 a 61.7 b 229.3 c 230.3 ' 167.4 d

1 Data obtained from 21-day-old chicks fed their respective protein-containing diets ad libitum, starved the 
preceding 24 hours, or fed a protein-free diet the preceding 24 hours. Values represent means of 7 observa
tions each. Means with the same lettered superscript in a horizontal row are not statistically different (P  >  
0.05).

2 Fresh tissue weight. ,
3 Units represent enzyme activity catalyzing the disappearance of 1 //mole of xanthme/10 minutes at 41 .
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tion weight because a decrease in total 
enzyme activity could otherwise be masked 
by a concomitant decrease in body weight. 
Similarly, if total liver enzyme did not 
change during the starvation period, ex
pressing enzyme activity on a basis of 
starved body weight would erronously 
show it to increase.

Compared with the ad libitum controls, 
xanthine dehydrogenase activity within a 
protein level is higher for the starved 
groups when expressed on a per gram of 
liver or per gram of liver nitrogen basis. 
Enzyme activities of the starved birds were 
not greatly different from the ad libitum 
groups when expressed on a total liver 
or 100 g body weight basis, thus indicating 
that xanthine dehydrogenase protein had 
been spared during the 24-hour starvation 
period. Xanthine dehydrogenase activities 
of the protein-free groups were significantly 
lower (P <  0.05) than the respective ad 
libitum groups when expressed as activity 
per gram of liver, per liver or per 100 g 
body weight. Compared with the ad libitum 
values, enzyme activity per gram of liver 
nitrogen was significantly reduced (P <  
0.05) for the 25% protein-free group but 
remained unchanged for the 75% protein- 
free group. These results suggest that the

total amount of xanthine dehydrogenase 
available to the chick significantly de
creases when a diet devoid of protein is 
fed for 24 hours. This is in contrast with 
birds starved for 24 hours, in which case 
total xanthine dehydrogenase remained at 
the ad libitum level.

The results of a second trial using the 
same 6 treatments as previously described 
are shown in table 3. The effects of altera
tions in protein intake on liver weight and 
liver nitrogen are in close general agree
ment with those described for trial 1. 
The extent of nitrogen depletion following 
a 24-hour starvation period was greater for 
birds previously fed the high protein diet 
in trial 2 as compared with trial 1.

Similar to the results in trial 1, liver 
xanthine dehydrogenase activities were 
significantly higher (P <  0.05) for birds 
fed the high protein diet as compared with 
birds fed a normal level of protein, regard
less of the basis for expression of enzyme 
activity. Xanthine dehydrogenase activity 
was higher for the 25% starved group as 
compared with control birds fed the 25% 
isolated soybean protein diet ad libitum 
when expressed on the basis of per gram 
of liver or per gram of liver nitrogen, but 
similar when expressed on a basis of per

TABLE 3
Effect of alterations in protein intake on liver weight, liver N and 

liver xanthine dehydrogenase activity (trial 2) 1

25%  isolated soybean protein 75%  isolated soybean protein
Ad libitum Starved Protein-free Ad libitum Starved Protein-free

Liver wt,2 g 12.4 a 9.1 » 13.3 12.8 ad 8.7» 13.2 ad

Liver wt 2/100 g body wt, g 3.2 ad 2.7 b 4.0 0 3.6 ac 2.9 bd 4.0 <=

N /g  liver,2 mg 22.7 a 26.2 b 16.7 c 29.5 d 27.8 bd 19.1 e

N/liver,2 mg 278.7 a 238.8 b 221.5 » 372.8 ' 240.4 » 251.2 ab

Xanthine dehydrogenase activity: 3
Units/g liver 18.2 a 24.8 b 8.6 ' 49.2 d 49.8 d 23.2 b
Units/100 mg liver N 81.0 a 95.1 a 51.8 b 169.0 ' 180.9 ' 120.6 d
Units/liver 225.6 a 226.9 a 114.7 b 629.4 c 432 .7“ 303.6 a
Units/100 g body wt 59.3 a 67.8 ab 38.1 c 175.4“ 144.4 “ 90.9 b

Xanthine dehydrogenase activity: 4
Units/g liver 0.58 ab 0.80 b 0.31 a 2.07 c 2.16 ' 0.78 b
Units/100 mg liver N 2.56 a 3.06 a 1.65 b 7.11 c 7.74 c 4.05 d
Units/liver 7.16 a 7.35 a 4.17 b 26.37 ' 18.45 d 10.19 a
Units/100 g body wt 1.84 a 2.18 ab 1.20 a 7.39 ' 6.29 c 3.10 »

1>2 See table 2, footnotes 1 and 2.
3 Units represent enzyme activity catalyzing the disappearance of 1 /¿mole of xanthine/10 minutes at 41°, 

colorimetric assay of Schwartz and Litwack (12) as modified by Stirpe and Corte (15).
4 Units represent enzyme activity catalyzing the reduction of 1 /¿mole of NAD/minute at 25° ( spectrophoto- 

metric method of assay).
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liver or per 100 g body weight. Liver xan
thine dehydrogenase activity for the 75% 
starved birds responded differently in trial 
2 than observed in trial 1. Enzyme activ
ity was not changed when expressed on a 
per gram of liver basis and was signifi
cantly lower (P <  0.05) on the basis of 
total fresh liver weight. Expressing xan
thine dehydrogenase activity per 100 g 
body weight, however, did not result in 
significant differences as compared with 
control levels. As observed in trial 1, feed
ing a protein-free diet for 24 hours resulted 
in a significant reduction in liver xanthine 
dehydrogenase activity compared with ad 
libitum control values.

A comparison of the spectrophotometric 
method with the colorimetric method as 
assays of xanthine dehydrogenase activity 
is also presented in table 3. Although ab
solute values for xanthine dehydrogenase 
activity obtained by these 2 methods can
not be compared because of differences in 
assay conditions, relative comparisons 
show close agreement. Because a contin
uous reaction rate is recorded with the 
spectrophotometric assay, this method is 
subject to less error than the colorimetric 
assay for xanthine disappearance. Omit
ting NAD, xanthine, or enzyme preparation 
from the reaction mixture resulted in no 
measureable xanthine dehydrogenase activ
ity.

DISCUSSION

The results of these studies have shown 
a two- to threefold elevation in xanthine 
dehydrogenase activity in chicks fed a 
diet containing 75% isolated soybean pro
tein as compared with chicks fed a diet 
containing 25% isolated soybean protein. 
This response was observed regardless of 
whether enzyme activity was expressed 
on a “unit” basis (per gram of liver or per 
gram of liver nitrogen) or as “total” activ
ity (per liver or per 100 g body weight).

The manner chosen to express enzyme 
activity following a 24-hour starvation 
period could be misleading because body 
weight, liver weight, as well as liver com
position were changed considerably during 
this time. In these studies, chick weight 
was reduced 8% to 10% and liver weight 
was reduced 25% to 30% following a 24- 
hour starvation period. Total liver N de
pletion paralleled the loss in liver weight

for birds previously fed the high protein 
diet (25%  in trial 1; 35% in trial 2 ) but 
was lower for birds previously fed the 25% 
isolated soybean protein diet (approxi
mately 14% in both studies). In each 
study reported, xanthine dehydrogenase 
activity per gram of liver and per gram of 
liver nitrogen increased for the starved 
birds previously fed a normal level (25% 
isolated soybean protein) of protein. Ex
pressing enzyme activity on a “total” basis 
resulted in similar values for these birds 
when compared with ad libitum controls, 
thus indicating that xanthine dehydrogen
ase had been spared during the 24-hour 
starvation period. Similar results were 
observed for the starved birds previously 
fed the high protein diet in trial 1, but 
in trial 2, xanthine dehydrogenase re
mained at the ad libitum level when ex
pressed on a unit basis and decreased when 
expressed as “total” activity. An explana
tion for this difference in response between 
the 2 trials may be based on greater nitro
gen depletion for the starved birds pre
viously fed the high protein diet in trial
2. It is conceivable that some xanthine 
dehydrogenase protein was lost during this 
24-hour starvation period.

As shown in these studies, the feeding 
of a protein-free diet for 24 hours resulted 
in increased liver weight, a decrease in 
total liver nitrogen similar to that observed 
during a 24-hour starvation period, and 
a significant reduction in liver xanthine 
dehydrogenase activity as compared with 
ad libitum controls. Although liver nitro
gen expressed on the basis of per gram of 
liver was markedly higher for the starved 
birds as compared with birds fed the pro
tein-free diet for 24 hours, the similar 
extent of total nitrogen depletion in both 
groups was unexpected in view of results 
of studies conducted with rats (19 ). 
Schimke (19 ) presented evidence for a 
lower degree of total protein depletion 
when rats were fed a protein-free diet, as 
compared with rats starved 4 or 7 days. 
The similar extent of total nitrogen deple
tion in chicks starved or fed a protein-free 
diet for 24 hours has been observed in sub
sequent studies conducted in this labora
tory. No explanation can be offered for 
the apparent differences in response be
tween the chick and the rat.
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The elevated activities of liver xanthine 
dehydrogenase observed in the present 
studies with chicks fed diets high in protein 
closely resemble the changes observed in 
the urea cycle enzymes of rats under simi
lar dietary conditions (2, 3). The question 
concerning whether the increased enzyme 
“activity” as measured in vitro represents 
the formation of additional enzyme or, 
alternatively, increased activity of the en
zyme already present has been investigated 
by Stirpe and Corte (15 ) and Corte and 
Stirpe (16 ). Their studies using puro- 
mycin and actinomycin D have shown a 
reduction in xanthine dehydrogenase “ac
tivity” in chicks that had previously been 
stimulated by the administration of inosine. 
Strittmatter (6 )  has reported on patterns 
of xanthine dehydrogenase development 
in the chick and noted a large reduction 
in enzyme activity when puromycin was 
administered. The elevated liver and kid
ney xanthine dehydrogenase activities ob
served with inosine stimulation or during 
the early stages of chick development ap
pear to be the result of increased enzyme 
synthesis.

Remy and Westerfeld (11 ) studied the 
effects of dietary protein on xanthine 
dehydrogenase in selected tissues in the 
chick and reported higher enzyme activity 
in the liver and pancreas with increased 
levels of protein intake. Low protein diets 
depleted liver xanthine dehydrogenase but 
did not affect intestinal or kidney xanthine 
dehydrogenase. In another report Wester
feld et al. (14 ) noted a linear increase 
in liver xanthine dehydrogenase activity in 
chicks and turkey poults with increasing 
levels of dietary protein intake. Stirpe and 
Corte (15 ) reported that xanthine dehydro
genase activity expressed on the basis of 
milligrams of liver or milligrams of nitro
gen increased during a 24-hour starvation 
period in chicks reared with normal levels 
of protein. Litwack and Fisher (13 ) fed 
diets deficient in one or more specific 
amino acids or a diet low in protein con
tent to young chicks and found a marked 
depression in liver xanthine dehydrogenase 
activity.

The present studies are in general agree
ment with those reported earlier and have 
shown that total liver xanthine dehydro
genase of starved birds remained at ad

libitum levels in both experiments in birds 
fed the 25% isolated soybean protein diet 
and in 1 of the 2 experiments in birds fed 
the high protein diet. In addition, the ef
fects of feeding a diet devoid of protein 
on liver xanthine dehydrogenase activity 
are presented. Although liver nitrogen 
was shown to decrease to a similar extent 
in birds that were starved or fed a protein- 
free diet, xanthine dehydrogenase levels 
were significantly higher for the starved 
birds. This difference in xanthine dehydro
genase activity between the 2 groups ap
pears to be related to dietary differences in 
meeting energy needs as well as amino 
acid requirements under these conditions. 
During a 24-hour starvation period there 
appears to be a greater need for directing 
labile tissue protein toward fulfilling energy 
requirements. Since amino nitrogen would 
be liberated from elevated amino acid cata
bolism during the starvation period, xan
thine dehydrogenase protein is spared to 
maintain levels sufficient to promote the 
formation of uric acid. For birds fed the 
protein-free diet for 24 hours, there is a 
reduced dependence on gluconeogenesis 
and amino acid catabolism since adequate 
energy is provided by the protein-free diet. 
That the effects of feeding a protein-free 
diet, or fasting, for 24 hours results in op
posing influences on gluconeogenic activ
ity has also been shown by the results of 
studies of 2 important gluconeogenic en
zymes, glucose 6-phosphatase and fructose 
1,6-diphosphatase.3 In particular, glucose 
6-phosphatase activity (units/100 g body 
weight) was reduced approximately three
fold in birds fed a protein-free diet for 
24 hours as compared with birds that 
were fasted or fed their respective protein- 
containing diets ad libitum.

Results of studies recently conducted in 
this laboratory suggest that the elevated 
response of xanthine dehydrogenase to a 
high level of dietary protein, as measured 
in vitro, has significance in vivo.4 A direct 
relationship between increased xanthine 
dehydrogenase activity and elevated levels 
of uric acid production was observed dur-

3 Unpublished data.
4 Featherston, W. R., and R. W. Scholz. Changes in 

liver xanthine dehydrogenase and uric acid excretion 
in chicks during adaptation to a high protein diet 
(manuscript in preparation).
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ing a 10-day experimental period when 
chicks were fed a high protein diet. These 
results are interpreted as adaptive respon
ses and under conditions of diverse protein 
intake appear to represent attempts to 
maintain homeostasis.
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Biochemical, Skeletal and Allometric Changes 
Due to Zinc Deficiency in the Baby Pig * 1
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ABSTRACT Comparisons of biological measures made on baby pigs weaned shortly 
after birth to zinc-deficient or zinc-adequate purified diets show that zinc deficiency 
in the baby pig results in a reduced rate and efficiency of body weight gain, a reduced 
rate of food intake, parakeratosis, an alteration in leukocyte differentiation, a reduc
tion in the levels of serum zinc, calcium and alkaline phosphatase, tissue zinc and 
liver alcohol dehydrogenase, an alteration of serum protein electrophoretic patterns, 
a reduction in size and strength of bone and changes in organ allometrics. Paired- 
feeding studies indicated that these changes with the exceptions of bone size and 
strength and certain allometric values were due to zinc deficiency and not due to 
reduced food intake. Thymus weight was greatly reduced in zinc-deficient pigs. 
Growth rate diminished in zinc-deficient pigs before food intake was reduced. Incorpor
ation of 125 ppm of copper into the diet did not alleviate zinc deficiency or signifi
cantly influence the value of any of the measures taken.

Extensive studies of zinc deficiency in 
post-weanling pigs have been made since 
Tucker and Salmon (1 )  demonstrated that 
parakeratosis described by Kernkamp and 
Ferin (2 )  was due to zinc deficiency. De
ficiency symptoms observed include para
keratosis (1 -2 7 ) and a reduction in 
growth rate (1, 3 -2 7 ), appetite (1, 3 -27 ), 
efficiency of food conversion (1, 3 -27 ), 
serum or plasma and tissue zinc concentra
tion (3, 6, 8, 20, 28), zinc balance (3, 17, 
22), serum albumin (19, 29) and serum 
alkaline phosphatase activity (5, 19, 27, 
30, 31). Gilts receiving suboptimal dietary 
levels of zinc had a reduction in growth 
rate during gestation (25, 30), number 
and size of offspring (25, 31), rate of 
growth of offspring (25, 28), serum and 
tissue zinc levels of offspring (31, 32) and 
milk zinc concentration (32, 33). Roberts 
et al. (30 ) and Hoekstra et al. (31 ) found 
that many of the offspring from gilts re
ceiving a low zinc, high calcium diet had 
parakeratosis at 9 weeks of age and these 
pigs had a greatly reduced serum alkaline 
phosphatase level. Studies of zinc defici
ency produced in normal pigs weaned 
shortly after birth have not been published.

The purposes of this study were to de
termine biological changes due to zinc 
deficiency occurring in the baby pig weaned

shortly after birth and to investigate the 
influence of type of protein and level of 
copper in the diet upon the development 
of zinc deficiency in the baby pig. Prelim
inary reports of this work have appeared 
previously.4,5,8

MATERIALS AND METHODS

Forty Yorkshire-Hampshire baby pigs 
were used in 3 trials. In all the trials the 
baby pigs were taken from their dams at 3 
days of age and reared in stainless steel 
cages with stainless steel wire-mesh bot
toms. All pigs received the soy basal, me
dium copper diet shown in table 1 during 
an initial 4-day adjustment period. Animals 
were then assigned at random to experi
mental lots at one week of age, balancing 
for sex and initial weight. Conditions of

Received for publication January 29, 1968.
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TABLE 1
Composition of purified diets

Soy 1 Casein 2

Purified protein 30 30
DL-Methionine 0.3 —
Lard 5 5
a-Cellulose 3 5 5
Glucose monohydrate 4 50.7 51
Mineral mixture 6 6
Fat-soluble vitamins 

in com oil 5 1 1
Water-soluble vitamins 

in water 5 2 2

Mineral mixture

KC1
%

10.0
KI 0.002
FeS04-2H20 0.7
C0CO3 0.1
MnS04-H20 0.1
Z11SO4 'I^O 0.0 (0 .4) 6
CuS04 0.1 (0.625) 7
MgC03 2.0
NaHCOs 25.0
CaHP04-2H20 36.0
CaC03 12.5
Glucose monohydrate 13.5

1 Soya Assay Protein, General Biochemicals, Cha
grin Falls, Ohio.

2 Vitamin-Free Casein, Nutritional Biochemicals Cor
poration, Cleveland.

3 Solka Floe, Brown Company, Chicago.
4 Cerelose, Com Products Company, Argo, Illinois.
5 Vitamins supplied at levels as in Miller et al. 

(47) plus ergocalciferol to provide 12.5 fig/kg diet.
5 Basal and zinc-supplemented diets analyzing 12 

and 100 ppm, respectively.
7 Medium and high copper diets containing 25 and 

150 ppm, respectively.

the physical environment were similar to 
those of previous studies (34).

In the first trial, 4 pigs received the soy 
basal diet containing 12 ppm of zinc and 
4 pigs received the same diet supplemented 
with ZnS04 H20  to make a diet containing 
100 ppm of zinc. Animals in both groups 
were individually fed ad libitum. Food in
take was accurately recorded and weights 
of the pigs were taken weekly during a 4- 
week period. At the conclusion of the trial, 
blood samples were taken from the anterior 
vena cava of all pigs for cellular determin
ations and for serum analyses. A small 
portion of the blood was quickly heparin
ized and from this, erythrocyte, hemo
globin, hematocrit and leukocyte determin
ations were made as described by Ullrey 
et al. (35 ). The remainder of the blood 
was placed in acid-washed centrifuged

tubes, allowed to clot, centrifuged at 2500 
X g and the serum was withdrawn and 
placed in acid-washed vials. Determina
tions of levels of serum calcium, zinc and 
inorganic phosphorus (36 ) and serum al
kaline phosphatase activity 7 * were made.

Electrophoretic separation of serum pro
teins was accomplished on agar gel in a 
modified Durrum cell (37 ). Quantitation 
was with a Beckman Spinco Analytrol den
sitometer. After the final weighing and 
blood sampling, all pigs were rendered in
sensible by intravenous administration of 
sodium pentobarbital and killed by exsan- 
quination. Various organs, glands and the 
left femur were removed and weighed
(3 8 )  . Measurements of specific gravity
(39 ) and strength of femurs (40 ) were 
made.

In the second trial 4 lots of 4 pigs each 
were group-fed in stainless steel cages. 
The four dietary treatments were 1) basal 
soy diet (12 ppm of Zn) ad libitum; 2) 
100 ppm of zinc soy diet limited to intake 
of basal soy group; 3) 100 ppm of zinc 
soy diet ad libitum; and 4) basal casein 
diet (10 ppm of Zn) ad libitum. Measure
ments similar to those of the first trial were 
also made in this trial. In addition, alcohol 
dehydrogenase activity (41 ) was deter
mined for livers of each pig immediately 
after autopsy.

The third trial was carried out to deter
mine the influence of a high level of dietary 
copper upon the course of zinc deficiency. 
Four lots of 4 pigs each were group-fed ad 
libitum. The four dietary treatments were
1) basal soy diet (12 ppm of Zn and 25 
ppm of Cu); 2 ) basal soy diet with an ad
ditional 125 ppm of Cu; 3) 100 ppm of 
zinc soy diet (100 ppm of Zn and 25 ppm 
of Cu); and 4) 100 ppm of zinc soy diet 
with an additional 125 ppm of Cu. Growth, 
blood and organ measurements were made 
as in the first 2 trials. In addition, deter
minations were made of the concentration 
of zinc in liver and pancreatic tissue. 
After tissue digestion with nitric and per
chloric acid and appropriate dilution, zinc 
concentration was determined with a Per- 
kin-Elmer Model 303 atomic absorption 
spectrophotometer using a single electrode 
zinc cathode tube with absorption mea

7 Sigma Technical Bulletin 104, Sigma Chemical
Company, St. Louis, 1963.
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sured at 2138 angstroms. Zinc concentra
tion in the diets of each trial were deter
mined similarly. Also liver alcohol dehydro
genase (41 ) and glutamic dehydrogenase
(42) activities of all pigs were determined.

Data were examined by analysis of vari
ance with statistical significance of treat
ment differences being determined by 
either the F test of Snedecor (43 ) or the 
multiple range test of Duncan (44 ).

RESULTS AND DISCUSSION

Results of measures taken during the 
first trial are presented in tables 2 and 3. 
All the zinc-deficient pigs gained weight 
during the first 2 weeks of the trial, but 
significantly less than the pigs receiving 
100 ppm of zinc in diet and all the zinc- 
deficient pigs had slight-to-severe paraker- 
atotic lesions. Growth stopped in all the

zinc-deficient pigs during the third week of 
the trial and all these pigs lost weight dur
ing the fourth week of the trial at which 
time they all had severe parakeratotic 
lesions and were near death. Pigs receiv
ing 100 ppm of zinc in the diet gained 
normally throughout the trial. Food intake 
and efficiency of food utilization for body 
weight gain were severely depressed after 
the first few days of the trial in the zinc- 
deficient pigs.

Measures of erythrocyte hematology 
were not significantly altered by zinc de
ficiency. These measures were erythrocyte 
population, blood hemoglobin concentra
tion and hematocrit. Blood leukocyte popu
lation was not significantly affected by 
zinc deficiency but a relative and absolute 
reduction in lymphocyte population in zinc- 
deficient pigs were observed and there was

TABLE 2
Growth, food utilization and hematological effects of zinc deficiency 

in the baby pig (trial 1) * 12 1

Dietary zinc, ppm
12 100

Initial wt, kg 
Final wt, kg 
Daily gain, g 
Daily food intake, g 
Gain/food
Pigs with parakeratosis, %

Final blood cellular values 
Erythrocytes, 106/m m 3 
Hemoglobin, g/100 ml 
Hematocrit, %
Leukocytes, lOVmm3 

Lymphocytes, %
Segmented neutrophils, %
Band neutrophils, %
Monocytes, %
Eosinophils, %
Basophils, %

Final serum values 
Serum Zn, y g / 1 0 0  ml 
Serum Ca, m g /100 ml 
Serum inorganic P, m g/100 ml 
Serum alkaline phosphatase, Sigma units 
Total serum protein, g/100 ml 

7 -globulin, %
/3-globulin, % 
a3-globulin, % 
ct2-globulin, % 
ai-globulin, %
Albumin, %

2.1 ± 0 .2  2 2.0 ± 0 .2
2 .6 ± 0 .5  ** 8 .8 ±  1.7
18±  10 ** 242 ± 3 6

1 0 0±  15 ** 360 ± 5 4
0.18±0 .01  ** 0.67 ±  0.03

100 ** 0

7.5 ± 0 .3 6.8 ± 0 .7
12.0 ± 0 .6 10.8 ± 0 .8
38.8 ± 1 .9 3 5 .9±2 .1

7.9 ± 0 .6 13.4 ± 2 .9
4 9 ± 7 ** 64 ± 5
27 ± 3 24 ± 6
14 ± 6 6 ±  1

9 ±  5 5 ± 2
1 ± 1 1 ± 1
0 ±  0 0 ± 0

17 ± 1 ** 60 ±  1
9 .2 ± 0.4 ** 10.9 ± 0 .5
6.8 ± 0 .9 7 .0 ±  1.1
0 .7 ± 0 .1  ** 9.1 ± 2 .5
5 .5± 0.2 ** 4 .8 ± 0 .1

10.0± 0.8 ** 6 .7 ± 0 .8
12.2 ±  1.4 12.4 ± 0 .4

3.6 ± 1 .7 5.0 ± 2 .4
2 5 .0 ± 4 .7  ** 9.2 ± 1 .8

4.7 ± 1 .7 8 .2 ± 0 .7
44 .5± 5.2 ** 58.5 ± 2 .4

1 Four pigs/group.
2 Mean ±  s e .
** Differs significantly from 100 ppm mean, P <  0.01.
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TABLE 3
Skeletal and allometric effects of zinc deficiency in the baby pig (trial 1)

Dietary zinc, ppm
12 100

Femur characteristics
Weight, g 19 .6±  1.5 1 ** 51.6 ±  1.1
Specific gravity 1.13 ±  0.01 1.15 ±  0.01
Breaking load, kg 25 ± 4 ** 46 ± 3
Bending moment, kg-cm 34 ± 6 ** 85 ± 5
Moment of inertia, cm4 0.02 ± 0 .0 03  ** 0.07 ±  0.007
Breaking stress, kg/cm 2 660 ± 4 0 660 ± 4 8
Modulus of elasticity, kg/cm 2 12,100 ±  1270 15,500 ±23 00

Organ weights, g( % ) 2
Liver 76 (2 .8) 281 (3 .2)
Lungs 39 (1 .5) 115 (1 .3)
Brain 48 (2 .1) ** 57 (0 .8)
Kidneys 24 (0 .9) 65 (0.8)
Stomach 26 (1 .0) ** 49 (0.6)
Heart 15 (0.58) 46 (0.52)
Thymus 1.7 (0.06) ** 26 (0.28)
Pancreas 4 (0.15) * 23 (0.25)
Spleen 5 (0.18) 16 (0.17)
Testes 3.2 (0.12) 14.8 (0.15)
Thyroid 0.28 (0.011) 0.90 (0.010)
Adrenals 0.70 (0.031) ** 0.79 (0.009)
Pituitary 0.044 (0.0018) * 0.074 (0.0008)

1 Mean +  s e .
2 Organ weights in grams and, in parentheses, percentage of body weight with statistical compari

sons made of the latter.
* Differs significantly from 100 ppm mean, P <  0.05; ** P <  0.01.

a tendency for the percentage of non- 
segmented neutrophils to be increased in 
these animals.

Serum zinc concentration was greatly 
reduced in the zinc-deficient baby pigs. 
Serum calcium level was also significantly 
reduced in these animals, whereas serum 
inorganic phosphorus level was unchanged. 
Serum alkaline phosphatase activity de
clined to a level below that observed in 
older zinc-deficient pigs (19, 27). Total 
serum protein and the percentage of y- 
and a2-globulins were increased in zinc- 
deficient pigs. These observations, along 
with a significant reduction in the percent
age of serum albumin, suggest a diminu
tion in ability of the zinc-deficient animal 
to utilize globulins and perhaps a diminu
tion in its ability to synthesize serum 
albumin.

The data presented in table 3 indicate 
weak bones in zinc-deficient baby pigs. 
The strength of the bones, however, is in 
direct relation to their size, and the param
eters of breaking stress and elasticity 
indicate that perhaps the basic modeling

of the bone is unchanged by zinc defici
ency. This view is further strengthened 
by the observation of similar values of 
femur specific gravity of zinc-deficient and 
zinc-adequate pigs.

All the measured organ and gland 
weights of zinc-deficient pigs were less than 
those of the zinc-adequate pigs. However, 
when organ and gland weights were deter
mined relative to total body weight, only 
thymus and pancreas gave reduced values. 
Adrenals were enlarged relative to body 
weight in zinc deficiency, as also observed 
in other nutrient deficiencies of the baby 
pig (38 ).

Data from the second trial are presented 
in tables 4 and 5 and in figure 1. Growth 
of the zinc-deficient and ad libitum-fed, 
zinc-adequate baby pigs was similar to that 
observed in the first trial. Growth of the 
limited-fed, zinc-adequate baby pigs was 
significantly greater than that of zinc-de
ficient pigs with a similar quantity of 
dietary intake, but much less than that of 
ad libitum-fed zinc-adequate pigs. Pigs 
receiving the 10 ppm of zinc casein diet
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TABLE 4
Comparison of measures from baby pigs receiving soy or casein diets not supplemented with 

zinc with measures from pigs receiving limited or ad libitum intake of soy diets 
supplemented with zinc (trial 2)

Type of protein 
Dietary zinc, ppm 
Dietary intake

Soy
12

Ad lib.

Soy
100

Limited

Soy
100

Adlib.

Casein
10

Ad lib.

Initial wt, kg 2.7 2.6 2.7 2.7
Final wt, kg 3.4 5.3 10.8 10.4
Daily gain, g 25 88 aa 288 bb 273 bb
Daily food, g 170 170 430 bb 410 bb
Gain/food 0.14 0.57 aa 0.67 bb 0.67 bb
Pigs with parakeratosis, % 100 0 0 0
Final hematological values

Serum Zn, yg/100  ml 22 98 bb 127 cc 34 aa
Serum alkaline phosphatase,

Sigma units 0.4 5.5 aa-b 7 Q bb,c 3.8 aa
Leukocytes, lOVmm3 17.0 a 12.9 11.8 10.6

Lymphocytes, % 50 68 a 70 a 67 a
Segmented neutrophils, % 30 22 21 26
Band neutrophils, % 11 c 3 4 1
Monocytes, % 6 4 2 3
Eosinophils, % 1 1 2 1
Basophils, % 2 2 1 2

Serum protein, g/100 ml 5.0 a 5.1 aa'b 4.9 4.8
7 -globulin, % 10.5 10.6 7.6 6.9
/3-globulin, % 10.5 10.1 12.7 12.6
a2 +  a3-globulin, % 25.0 cc 17.5 17.0 18.7
ai-globulin, % 5.6 5.3 7.1 7.4
Albumin, % 48.5 56.5 a 55.5 a 54.5 a

Liver alcohol dehydrogenase 1 0.0602 0.0611 0.0632 0.0596

1 A O.D./min/mg protein.
a Significantly greater than least value, P <  0.05; aa P <  0.01. 
b Significantly greater than least two values, P <  0.05; bb P <  0.01. 
0 Significantly greater than all other values, P <  0.05; P <  0.01.

TABLE 5
Skeletal and allometric comparisons of zinc-deficient baby pigs with limited and 

ad libitum-fed zinc-adequate baby pigs (trial 2, soy diets)

Dietary intake Ad lib. 
Dietary zinc, ppm 12

Limited
100

Ad lib. 
100

Femur characteristics
Weight, g 17.8 24.8 43.4 bb
Shaft length, cm 5.6 6.5 a 7.2 aa
Shaft diameter, cm 0.95 1.00 1.14 b
Breaking strength, kg 30 35 47 a
Bending moment, kg-cm 42 58 85 a
Moment of inertia, cm4 0.03 0.04 0.08 bb
Breaking stress, kg/cm 2 622 698 641
Modulus of elasticity, kg/cm 2 8,950 10,500 10,700

Organ weights, g ( % ) 1
Liver 105 (3 .0) 158 (3 .0) 345 (3 .2)
Lungs 41 (1.2) 58 (1.1) 121 (1 .1)
Brain 50 (1 .5) bb 58 (1 .1) « 60 (0 .6)
Kidneys 23 (0.6) 31 (0 .6) 74 (0 .7)
Stomach 33 (1 .0) aa 50 (1 .0) aa 68 (0 .6)
Heart 19 (0.55) 27 (0.52) 57 (0.53)
Thymus 1.8 (0.05) 12.8 (0.23) aa 51.3 (0.47) bb
Pancreas 7.5 (0.22) 12.2 (0.24) 23.3 (0.22)
Spleen 5.1 (0.15) 10.8 (0.21) 15.9 (0.15)
Testes 6.5 (0.19) 9.9 (0.18) 27.5 (0.27) bb
Thyroid 0.62 (0.019) b 0.63 (0.012) 1.36 (0.012)
Adrenals 1.26 (0.037) aa-b 1.17 (0.023) 1.83 (0.017)

1 Organ weights in grains and, in parentheses, percentage of body weight with statistical comparison made of the latter.
a Significantly greater than least value, P <  0.05; aa P <  0.01.
‘ Significantly greater than both other values, P <  0.05; bb P <  0.01.
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WEEKS WEEKS WEEKS
Fig. 1 Growth, food consumption, serum zinc concentration and alkaline phosphatase activity 

of zinc-deficient (D ) and limited-fed (L ) and full-fed (F ) zinc-adequate baby pigs (trial 2, soy diets).

ad libitum showed growth similar to that 
of the pigs receiving the 100 ppm of zinc 
soy diet ad libitum. In this trial the pigs 
receiving the zinc-deficient soy diet con
sumed a quantity of diet similar to that of 
the pigs on the other dietary regimens 
during the first week, but their growth 
during that period was less (fig. 1), indi
cating that in zinc deficiency a diminution 
of growth rate occurs before voluntary 
food intake is affected. Voluntary food in
take was diminished beginning in the 
second week of zinc deficiency and stayed 
at a low level for the remainder of the 
trial. Growth stopped during the second 
week of the trial. Parakeratosis was evi
dent during the second week also and skin 
lesions became more severe as the trial 
progressed.

Serum zinc and alkaline phosphatase 
concentrations reached low levels in all the 
pigs fed the low zinc soy diet. Pigs receiv

ing the low zinc casein diet had serum 
zinc and alkaline phosphatase levels which 
were significantly higher than those of the 
pigs receiving the low zinc soy diet, but sig
nificantly lower than those of the pigs re
ceiving the soy diet containing 100 ppm 
of zinc with either limited or ad libitum 
intake. There were no clinical indications 
of zinc deficiency in the pigs receiving the 
casein diet. Serum zinc and alkaline phos
phatase levels were similar for the limited- 
and ad libitum-fed, zinc-adequate soy diet 
pigs, with the values of the ad libitum-fed 
pigs somewhat higher.

Blood leukocyte population increased in 
the zinc-deficient pigs in this trial. This 
was possibly due to cutaneous infection 
which was observed following appearance 
of large fissures with the acute paraker
atosis. Skin infections were not observed 
with parakeratosis in the first trial and 
leukocyte population was not increased
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(table 2 ). Changes in leukocyte differen
tial counts were observed in zinc-deficient 
pigs in this trial similar to those changes 
noted in the first trial, namely, a decrease 
in the percentage of lymphocytes and an 
increase in the young neutrophils. Serum 
protein changes with zinc deficiency which 
were observed in the first trial were again 
observed in this trial. These changes con
sisted of an increase in total serum protein 
concentration, a decrease in the albumin 
fraction and an increase in the a-globulins.

Data presented in table 5 indicate that 
bone growth was affected in direct propor
tion to the effect upon body growth by

zinc deficiency, that maximum bending 
moment was directly related to bone size 
and that zinc deficiency does not exert a 
specific effect upon femur strength other 
than the general effect upon growth. This 
latter indication is inferred from the sim
ilar values of breaking stress and elasticity 
observed for all three soy diet treatments. 
Liver alcohol dehydrogenase activity was 
not significantly influenced by level of zinc 
in the diet, source of dietary protein or 
level of dietary intake.

The organ weights and allometric mea
sures for the deficient, limited- and ad libi- 
tum-fed pigs (table 5) show that the allo-

TABLE 6
Comparisons of measures from baby pigs receiving soy diets supplemented or unsupplemented with 

zinc with medium or high levels of copper (trial 3) 1

Dietary Zn, ppm 
Dietary Cu, ppm

12
25

12
150

100
25

100
150

No. of pigs 4 4 4 4

Initial wt, kg 2.5 2.5 2.5 2.5

Daily gain, g 30 40 316 ** 276 **

Daily food intake, g 208 210 416 ** 376 **

Gain/food 0.14 0.19 0.76 ** 0.75 **

Pigs with parakeratosis, % 100 100 0 ** o

Final hematological values
Serum Zn, ug/100 ml 22 19 86 ** 64 **
Serum alkaline phosphatase,

Sigma units 0.8 1.4 7.1 ** 5.9 **
Leukocytes, 103/m m 3 30.8 27.0 14.1 ** 16.8 **
Lymphocytes, % 20 22 45 ** 37 **
Segmented neutrophils, % 32 27 40 50
Band neutrophils, % 39 40 g ** 5 **
Monocytes, % 9 11 6 6
Eosinophils, % 0 0 2 ** 2 **
Basophils, % 0 0 i 0

Serum protein, g/100 ml 5.1 5.1 4.9 4.9
Albumin, % 27.1 26.2 50.4 ** 46.0 **
a2 +  a3-globulins, % 34.9 34.6 21.0 ** 25.2 **

Organ weights, g ( % ) 2
Thymus 1.3 (0.03) 1.0 (0.03) 28 (0.28) ** 27 (0.29) **
Adrenals 1.23 (0.030) 1.05 (0.028) 0.95 (0.10) ** 0.90 (0.010) **
Pancreas 5.6 (0.16) 6.6 (0.19) 20 (0.20) 21 (0.22)

Tissue zinc
Liver, /ug/g dry matter 107 128 197 ** 178 **
Pancreas, g g / g  protein 102 95 196 ** 199 **

Liver enzymes
Alcohol dehydrogenase 3 0.0406 0.0400 0.0576 ** 0.0580 **
Glutamic dehydrogenase 4 0.131 0.122 0.127 0.139
1 Four pigs/group.
2 Organ weights in grams and, in parentheses, percentage of body weight with statistical comparisons made 

of the latter.
3 A O.D./min/mg protein.
4 A  O.D./min/mg protein.
** Significantly differs from values of both groups receiving 12 ppm zinc, P <  0.01.
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metric increase of brain and stomach 
observed in zinc deficiency during the first 
trial was due to growth interruption. 
However, data from the limited-fed, zinc- 
deficient and zinc-adequate pigs of this 
trial indicate that the reduced allometric 
measure of thymus and the increased 
allometric measure of adrenals observed 
in zinc deficiency of both trials were a 
result of the nutrient deficiency.

In earlier studies Hoefer et al. (19 ) and 
Ritchie et al. (20 ) observed that supple
mentation of a natural corn-soybean meal 
diet for weanling pigs with 125 ppm or 
250 ppm of copper from copper sulfate 
gave varying degrees of protection against 
parakeratosis. In some of their studies total 
protection against parakeratosis was af
forded by inclusion of either level of copper 
supplementation. The third trial was con
ducted to inspect this relationship in the 
baby pig. Data from this trial are presented 
in table 6. Supplementation of 125 ppm 
of copper from copper sulfate did not pro
vide any apparent effect upon the onset 
or severity of zinc deficiency using the 
criteria of incidence of parakeratosis, 
growth, food consumption and utilization, 
serum zinc and alkaline phosphatase levels, 
blood leukocyte population and differentia
tion, serum protein concentration and elec
trophoretic patterns, organ weights and 
allometric measures, liver and pancreas 
zinc concentration, and liver alcohol dehy
drogenase and glutamic dehydrogenase 
activities. In this trial liver alcohol dehy
drogenase activity, but not glutamic dehy
drogenase activity, was positively influ
enced by dietary zinc level. All measures 
from pigs on the same dietary level of zinc 
(12 vs. 100 ppm) were similar regardless 
of dietary copper level (25 or 150 ppm). 
Hoekstra (45 ) and O’Hara et al. (46 ) were 
also unable to demonstrate any benefit of 
dietary copper supplementation in prevent
ing or alleviating the consequences of zinc 
deficiency of weanling pigs.
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Maternal Dietary Zinc, and Development and Zinc 
Iron, and Copper Content of the Rat Fetus 1,2,3

SANDRA A. SCHLICKER a n d  DENNIS H. COX
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sylvania Sate University, University Park, Pennsylvania

ABSTRACT High levels (0.2 and 0.4% ) of zinc were fed to adult female rats 
beginning at either 0-day age of the fetus or 21 days before breeding to study the 
development and iron, copper, and zinc status of the 15- to 20-day-old fetus. Growth 
reduction in terms of dry matter or variable degrees of death and resorption occur
red in fetuses from mothers fed 0.4% zinc; 100% resorption occurred in the 15- and 
16-day-old fetus of mothers fed 0.4% zinc beginning at 21 days before breeding. Fetal 
development was normal in the fetus of mothers fed 0.2% zinc beginning at 21 days 
before breeding. No external anatomical malformations were observed in the fetus 
from zinc-fed mothers. Total zinc and concentration of zinc were significantly higher 
in the 15- to 20-day-old fetus of mothers fed 0.4% zinc. No significant elevation of 
zinc occurred in the fetus from mothers fed 0.2% zinc. Reduced total iron and con
centration of iron was the trend found in the fetus from mothers fed excess zinc; 
the reduction was significant only in the 16- and 18-day-old fetus from mothers fed 
0.4% zinc beginning at 0-day age of the fetus. Liver iron was not reduced in the 
18-day-old fetus; the decrease in the fetus, therefore, was a reflection of the significant 
reduction of body iron. Copper was significantly reduced in the fetus from zinc-fed 
mothers except the 15- and 16-day-old fetus from mothers fed 0.4% zinc beginning 
at 0-day age of the fetus. No significant change was found in maternal liver, but 
trends showed liver iron to be increased in mothers fed 0.4% zinc for 15 and 16 days 
and decreased with the other zinc regimens. With the exception of mothers fed 0.4%  
zinc for 15 days of fetal age, copper content in the liver was significantly reduced by 
all zinc regimens.

Excess dietary zinc has been shown to 
cause a reduction in liver iron and copper 
in the rat (1 -4 )  and liver iron in the pig
(5 )  . Although the mechanism of the zinc 
antagonism to iron and copper is obscure, 
available data suggest a decreased ability 
of ferritin and hemosiderin to store iron
(6 )  , a shortened life span of erythrocytes 
resulting in a faster turnover of iron (7 ) , 
and an impairment of copper absorption as 
mediated primarily via the direct effects of 
zinc either in or on the intestine (8 ). The 
above studies were conducted with either 
weanling or adult rats. No data are avail
able on the effect of excess zinc in the diet 
of the maternal animal on fetal zinc, iron, 
and copper, and scant information was 
found on the development of the fetus. Sut
ton and Nelson (9) noted stillbirths and re
duced numbers of newborn from rats fed 
a diet containing 0.5% zinc for 14 to 17 
weeks before and during gestation. Kin- 
namon (10 ) reported no resorption and 
no difference in the number per litter and 
average wet weight of rat fetuses from 
mothers fed a diet containing 0.5% zinc 
for 53 days before and during gestation.

Although zinc accumulated in the liver of 
the fetal lamb, no adverse effect on devel
opment occurred in the fetuses of yearling 
ewes given a daily dosage of 5 mg zinc sul- 
fate/kg body weight during the gestation 
period (11 ). The present investigation was 
designed to determine the effect of a high 
level of zinc in the diet of the female rat on 
fetal development; the iron, copper, and 
zinc relation in fetal tissue; and the iron, 
copper, and zinc relation in the maternal 
animal.

EXPERIMENTAL PROCEDURE

General. Nulliparous female rats,4 
ranging in weight from 160 to 190 g, were

Received for publication January 22, 1968.
1 College of Human Development Research Publica

tion no. 250.
2 This investigation was supported by Public Health 

Service Research Grant no. HD-02103 from the Na
tional Institute of Child Health and Human Develop
ment.

3 Presented in part before the 51st Annual Meeting 
of the Federation of American Societies for Experi
mental Biology, Chicago, 1967. A portion of this 
paper was taken from a thesis submitted by the senior 
author to the Graduate School, Pennsylvania State 
University, in partial fulfillment of the requirements 
for the degree of Master of Science.

4 CFE strain of Sprague-Dawley rats obtained from 
Carworth, New City, New York.

J. Nutrition, 95: 287-294. 287



2 8 8 SANDRA A. SCHLICKER AND DENNIS H. COX

individually housed in wire cages and re
ceived feed and distilled water ad libitum. 
The composition of the basal diet was as 
follows: (in % )  casein, 20; sucrose, 63; 
cellulose,5 2; corn oil, 10; salt mixture,6 4; 
and vitamin mixture,7 1. Excess zinc diets 
were made by the incorporation of either 
0.2 or 0.4% zinc as zinc oxide into the 
basal diet. The diets contained 7.5 ppm 
of copper and 230 ppm of iron.

Mating was performed as previously 
described (1 2 ), and the day sperm was 
found in the vaginal smear was designated 
as 0-day age of the fetus. At the appropri
ate age of the fetuses, the mothers were 
stunned by a blow on the head, decapitated, 
exsanguinated, and maternal liver and 
fetuses removed via abdominal incision. 
Because of fetal size, the 15- and 16-day- 
old fetuses from individual mothers were 
pooled. For the 18- and 20-day-old fetuses, 
the liver was removed from each fetus 
and the livers and the bodies 8 of the fetuses 
from each mother were pooled separately. 
Therefore, the value for the older fetus is 
the mathematical sum of the determined 
values for liver and body.

All specimens were dried to a constant 
weight at 100°. The dried samples were 
wet-digested with nitric and sulfuric acid, 
and analyzed for zinc (1 3 ), copper (14 ), 
and iron ( 15).

Experiment 1. Ten female rats were 
fed the 0.4% zinc diet and ten were fed 
the basal diet beginning at 0-day age of 
the fetus. At each fetal age of 15 and 16 
days, 5 experimental and 5 basal rats were 
killed.

Experiment 2. Twenty female rats 
were treated according to the same regimen 
as described in experiment 1 with the ex
ception that the animals were killed at fetal 
ages of 18 and 20 days.

Experiment 3. Twenty female rats 
were subjected to the same regimen as 
stated in experiment 1 with the exception 
that the rats were fed the diets for 21 days 
before mating and continued to be fed the 
diets during the development of the fetus.

Experiment 4. Ten female rats were 
subjected to the same regimen as given in 
experiment 3 with the exceptions that the 
experimental diet contained 0.2% zinc, 
and the rats were killed only at a fetal age 
of 15 days.

RESULTS

Excess zinc (0.4% ) in the diet of the 
maternal rat beginning at 0-day age of the 
fetus caused a significant reduction in 
growth (in terms of dry matter) of the 
15- to 20-day-old fetus (table 1). Growth 
reduction was also reflected by a signifi
cantly smaller liver size of the 18- and 20- 
day-old fetus. Although variable degrees 
(4-29%  ) of fetal resorption occurred with 
this regimen, no external anatomical mal
formations were observed. Extension of 
the feeding of 0.4% zinc to 21 days before 
mating caused 100% resorption of the 15- 
and 16-day-old fetuses. In trials to deter
mine at what fetal age resorption was 
initiated on the regimen of 0.4% zinc be
ginning at 21 days before mating, 36 and 
40% resorption was found for the 12- 
and 14-day-old fetus, respectively. Feeding 
a 0.2% zinc diet beginning at 21 days be
fore mating did not affect fetal growth in 
terms of dry matter, cause any significant 
degree of resorption, nor cause any ana
tomical malformations in 15-day-old 
fetuses.

Data illustrating the amount of zinc, 
iron, and copper expressed as total (ug) 
and concentration (ppm ) of the individual 
fetus, liver, and body on a dry weight basis 
are given in tables 2, 3, and 4, respectively.

Total zinc and the concentration of zinc 
were significantly higher in the 15- to 20- 
day-old fetus of maternal rats fed the 0.4% 
zinc diet during pregnancy. The body of 
the 18- and 20-day-old fetus and the liver 
of the 20-day-old fetus from mothers fed 
zinc contained significantly higher total 
zinc and concentration of zinc. The liver 
of the 18-day-old fetus, however, did not 
contain a significantly increased total or 
concentration of zinc. Fetus from the 
maternal rat fed 0.2% zinc beginning at 21 
days before mating contained about the

5 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.

6 Jones, J. H., and C. Foster, J. Nutr., 24: 245, 1942 
(obtained from Nutritional Biochemicals Corpora
tion).

7 Vitamins in cornstarch, amount/kg of diet: vita
min A, 20,000 IU; vitamin D, 2,200; (in  milligrams) 
ascorbic acid, 1017; vitamin E as a-tocopheryl acetate, 
485; inositol, 110; choline dihydrogen citrate, 3715; 
menadione, 49.6; p-aminobenzoic acid, 110; niacin, 
99.2; riboflavin, 22; pyridoxine• HC1, 22; thiamine-HCl, 
22; Ca pantothenate, 66; biotin, 0.44; folic acid, 1.98; 
and vitamin B12, 29.7 /¿g (obtained from General Bio
chemicals, Inc., Chagrin Falls, Ohio).

8 In this report, the term body, such as body iron, is 
used to mean the fetus minus the liver.
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TABLE 1
Effect of excess dietary zinc for the maternal rat on growth and viability of fetus

Diet Fetal 
age 1

Dry weight
Resorption 2

Fetus Liver Body
days m g m g m g %

Experiment 1
Basal 15 2 1 .2 ±  0 .7 s 0(12)
0.4% Zn 15 16.2 ±  1.1 44 29( 9)
Basal 16 40.2 ±  1.7 0(12)
0.4% Zn 16 31.5 ±  1.5 44 11(10)

Experiment 2
Basal 18 131.8 ±  3.5 18.3 ± 0 .5 113.5 ±  3.3 0(12)
0.4% Zn 18 98.7 ±  S.O44 11.5 ±  1.7 44 8 7 .2 ±  6.6 44 19(11)
Basal 20 421.9 ±  11.2 4 9 .3 ± 3 .7 372.6 ±11 .1 0(11)
0.4% Zn 20 31 7 .0±24 .5  44 3 1 .3 ± 4 .6  44 286 .7±20 .2  4 4 (10 )

Experiment 3
Basal 15(36) 22.9 ±  3.2 0(13)
0.4% Zn 15(36) 100( 0)
Basal 16(37) 37.9 ±  1.4 0(11)
0.4% Zn 16(37) 100( 0)

Experiment 4
Basal 15(36) 20.9 ±  0.1 1(12)
0.2% Zn 15(36) 20.7 ±  0.1 1(10)

1 Day sperm found in vaginal smear counted as O-day age of fetus; days pregnant animals were fed 
diets. Numbers in parentheses are total number of days females were fed diets.

2 Criteria for resorption were fetuses in all stages of resorption and total resorption with implanta
tion site evidence of fertilization. Numbers in parentheses are average number of viable fetuses.

3 Average value per fetus, liver, or body and se of mean.
4 Significantly different from basal value, P <  0.05.
44 Significantly different from basal value, P <  0.01.

same total zinc and concentration of zinc 
as the fetus from mothers fed the basal 
diet.

Reduced total iron and concentration of 
iron was the general trend in the fetus 
from mothers fed excess zinc. However, 
the reduction was significant in only the
16- and 18-day-old fetus from mothers fed 
0.4% zinc. In this respect, no significant 
difference was found in total iron and 
concentration of iron in the liver of the 
18-day-old fetus from mothers fed excess 
zinc. The reduction of iron in the fetus, 
therefore, was a reflection of the change in 
body iron; both total iron and concentra
tion of iron were significantly reduced in 
the body of the 18-day-old fetus.

No significant reduction in total copper 
or concentration of copper occurred in the 
15- and 16-day-old fetus from mothers fed 
a diet containing 0.4% zinc beginning at
0-day age of the fetus. The 18- and 20-day- 
old fetus from mothers fed zinc beginning 
at 0-day of the fetus had significantly re
duced total copper and concentration of 
copper. Total copper and concentration of 
copper in the liver of these fetuses were

also significantly reduced. Total copper 
and concentration of copper in the body, 
however, were only significantly reduced 
in the 18-day-old fetus; no change was 
found in the body of the 20-day-old fetus. 
Feeding the maternal rat a diet of 0.2% 
zinc beginning at 21 days before mating 
caused a significant reduction in total cop
per and concentration of copper in the 
fetus.

Data showing the amount of zinc, iron, 
and copper expressed as total (ag) and con
centration (ppm ) of the maternal liver on 
a dry-weight basis are tabulated in table 5.

A significant increase was found in total 
zinc and concentration of zinc in the liver 
of mothers on all zinc regimens. Lower 
total zinc and concentration of zinc were 
noted in the liver of the mothers fed 0.2% 
zinc as compared with those fed 0.4% 
zinc. No significant changes were observed 
in maternal liver iron. However, the liver 
of mothers fed 0.4% zinc for 15 and 16 
days of fetal age contained a higher total 
and concentration of iron, whereas the 
other regimens resulted in a lower total 
iron and concentration of iron. With the
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exception of the liver of mothers fed 0.4% 
zinc for 15 days of fetal age, total copper 
and concentration of copper were signifi
cantly reduced by all zinc regimens.

DISCUSSION

Since proper nutrition before and during 
pregnancy has such marked influences on 
physical and mental potential of the indivi
dual, increased research is being carried 
out in this area. Although much informa
tion has been obtained concerning the in
fluence of the maternal diet in terms of an 
excess or a deficiency of a nutrient on such 
parameters as malformation, fetal resorp
tion, and ultimate development of the 
individual, the basic metabolic lesions are 
poorly understood.

A normal estrous cycle and normal mat
ing with fertilization and implantation 
were observed in female rats fed a diet 
containing either 0.2 or 0.4% zinc. Dur
ing the development of the embryo or fetus 
from mothers fed 0.4% zinc, however, 
changes occurred in the amount of zinc, 
iron, and copper, and probably other 
metabolites, and death and resorption or 
reduced growth ensued.

Abnormal fetal development occurred 
coincident with the level of zinc in the 
maternal diet and the length of time the 
diet was fed. In addition to reduced 
growth, small percentages of fetal resorp
tion at fetal age of 15 to 18 days were noted 
in rats fed 0.4% zinc beginning at 0-day 
age of the fetus. However, feeding 0.4% 
zinc to the female rat beginning at 21 days 
before breeding, resulted in 36, 40, and 
100% resorption for 12-, 14-, and 15- and
16-day-old fetuses, respectively. Lower
ing the level of zinc in the diet to 0.2% , 
and feeding it beginning at 21 days before 
breeding, had no adverse effect on fetal 
development. Although the abnormal fetal 
development was similar to that reported 
by Sutton and Nelson (9) ,  it is difficult 
to make direct comparisons since they fed 
a zinc diet to weanling rats instead of to 
the mature female. Why Kinnamon (10) 
found no adverse fetal development from 
mature females fed 0.5% zinc for 53 days 
cannot be explained.

Zinc was significantly elevated in the 
viable fetus of mothers fed 0.4% zinc.
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Although the zinc content in the liver of 
the 18-day-old fetus from the mothers fed 
zinc was the same as in the liver of the 
fetus from mothers fed the basal diet, a sig
nificantly higher zinc content was present 
in the body. This variation in zinc uptake 
between liver and body, which was not ob
served in the 20-day-old fetus, suggests a 
difference in tissue uptake or retention of 
zinc. As a possible explanation, Kinnamon
(10) reported a variation in the distribution 
of 65Zn in 12- to 17-day-old fetuses. The 
highest activities, in order of decreasing 
65Zn concentration, were in calcifying 
bones; liver, spleen, and lumen of the large 
blood vessels; and in kidneys. The lack of 
an accumulation of zinc in the fetus of 
mothers fed 0.2% zinc suggests a placental 
barrier to the transfer of abnormal 
amounts of zinc to the fetus, which be
comes ineffective at higher concentrations 
of zinc.

Changes observed for the iron and cop
per content of the fetus from mothers fed 
excess zinc resembled the reduction pre
viously reported (1 -4 )  for the weanling 
and adult rat fed excess zinc. Although 
the general trend was reduced fetal iron 
with all zinc regimens, the only significant 
reduction was in the 16- and 18-day-old 
fetus from mothers fed 0.4% zinc begin
ning at 0-day age of the fetus. In contrast, 
a significant reduction occurred in the cop
per content of the 18- and 20-day-old fetus, 
but not in the 15- and 16-day-old fetus. 
Copper was also significantly reduced in 
the fetus of mothers fed 0.2% zinc; how
ever, the zinc content in the fetus was not 
elevated. These findings suggest that the 
antagonism of zinc with copper is mediated 
in the mother or the placenta rather than 
in the fetus. An iron reduction in the body, 
but not in the liver of the 18-day-old fetus, 
indicates that whereas iron in the liver of 
the weanling rat was lowered in 3 to 5 days 
after initiating the feeding of zinc (1 ) , 
fetal fiver was relatively stable to the 
antagonism of zinc. However, fiver cop
per was reduced to a greater degree than 
body copper in the 18-day-old fetus.

The reduction in content of iron and cop
per suggests an altered synthesis of impor
tant iron and copper metabolites in the 
fetus, which may have precipitated the ab
normal fetal development. Reduced activ

ity of fiver cytochrome oxidase and catalase
(17), heart cytochrome oxidase (3 ) ,  and 
fiver xanthine oxidase (6 )  have been noted 
in rats fed excess dietary zinc. Since the 
activity of fetal fiver and heart cytochrome 
oxidase does not peak until days 18 and 19 
of fetal age, respectively (1 8 ), and since 
hepatic xanthine oxidase activity is ab
sent in the fetus (1 6 ), ascribing fetal death 
and resorption to possible changes in these 
enzymes is tenuous. Changes in the activ
ity of the enzymes may, however, play a 
role in the reduced growth of the fetus 
from mothers fed zinc. These aspects of 
the problem are being investigated in this 
laboratory.

The increase in the amount of zinc in 
the fetus suggests the possibility of ab
normal fetal development, particularly 
death and resorption, as the result of a 
toxic condition due to zinc per se. Rather 
than a zinc toxicity, the elevation of zinc 
may cause abnormal metabolism by 
adversely affecting tissue or organ systems. 
An increased osmotic fragility observed 
(19) for erythrocytes incubated in vitro 
with solutions containing zinc has been 
reported (7 )  to occur in rats fed excess 
zinc.

With the exception of the fiver of 
mothers fed 0.4% zinc beginning at 0-day 
age and extending to day 15 of fetal age, 
the copper content was significantly re
duced in the fiver of mothers on all zinc 
regimens as similarily reported (1 -4 )  for 
the nonpregnant animal. In contrast with 
this earlier work, and, although statisti
cally insignificant, the values for fiver iron 
indicate that trends of either an increase 
occurred when 0.4% zinc was fed for the 
short period of 15 to 16 days or a decrease 
occurred when 0.2 or 0.4% zinc was fed 
for longer periods of time. The lack of 
more positive agreement with the earlier 
work may be explained by the difference in 
animal age, as the adult rat was used in 
the present study rather than the weanling 
animal and consequently the diet was fed 
for a shorter period of time.
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Effect of Imbalanced Diets Containing Natural 
Proteins on Appetite and Body Composition 
in the Rat ’'2

JU A N  C. S A N A H U J A  a n d  M A R IA  E . RIO
D e p a r t m e n t  o f  F o o d  S c i e n c e s  a n d  E x p e r i m e n t a l  N u t r i t i o n ,  S c h o o l  o f  
P h a r m a c y  a n d  B i o c h e m i s t r y ,  U n i v e r s i t y  o f  B u e n o s  A i r e s ,  A r g e n t i n a

A B S T R A C T  E xperim ents were undertaken to determ ine som e biochem ical changes  
that occur in  protein-depleted rats fed  im b alanced  diets for 24  hours. The diets used  
contained only natural proteins— w heat gluten and defatted w hole egg— m ixed  in  
different am ounts. B asal diets contained only defatted w hole egg having the sam e  
level o f “ com plete protein” as the corresponding im balanced ones. A n im als fed  im 
balanced diets show ed a typical consum ption curve, but their total intake w as low er 
than that o f the control anim als. A fter a subsequent 4-hour fast, the im balanced rats 
lost a significantly higher percentage o f w eight than the corresponding groups fed  the 
balanced diet. Body w ater content w as increased in  im balanced rats, but that value  
returned to a m ore norm al figure after fastin g  subsequent to the feeding period. 
H em atocrit value w as also higher in  rats fed  the im balanced diets than in  control 
anim als, but the values tended to be closer after the fastin g period.

In previous studies we have reported 
that concurrently with variations in the 
plasma amino acid pattern, some changes 
occur in weight and in the composition of 
organs in rats fed imbalanced diets (1 -2 ) . 
The imbalanced diets used in those studies 
were obtained by adding to a basal diet 
(containing 10% of wheat gluten supple
mented with 0.1% of lysine) 3.1% of a 
synthetic essential amino acid mixture 
lacking threonine.

As some of the effects observed were 
similar to biochemical and clinical signs 
characteristic of kwashiorkor, we suggested 
that in this condition these symptoms 
could be related not only to a low protein 
intake or to a low protein-to-calorie ratio 
but also to the imbalanced amino acid 
pattern of the diet (2 ).

In the present work we studied the food 
consumption and changes in body com
position that occur in protein-depleted rats 
after feeding for 24 hours imbalanced diets 
containing a mixture of animal and vege
table proteins resembling that commonly 
used in areas in which malnutrition is 
prevalent. The imbalanced and the corre
sponding basal diets used in these experi
ments contained the same percentage of 
“complete” or “utilizable protein” or, ac
cording to Platt et al. (3 ) , the same “pro
tein value,” expressed as NDpCals%, but

with the imbalanced diets having a large 
excess of vegetable protein not available 
for synthetic purposes.

The results reported here indicate 
that coincidently with the characteristic 
changes in appetite and weight, rats fed 
this type of imbalanced diet showed 
marked shifts in body water distribution 
that significantly altered their body com
position. These changes also showed some 
similarity to those observed in protein mal
nutrition, thus supporting the hypothesis 
previously stated (2 ).

The biochemical mechanisms that could 
be responsible for the changes reported in 
this paper are also discussed.

E X P E R IM E N T A L

Male rats of the Wistar strain, having 
an average weight of 63 g, were used in 
these experiments. All rats were depleted 
by feeding them a protein-free diet for 10 
days; after that they were fasted for 24 
hours. Animals that lost approximately 14 
to 16 g were selected. * 1 2

Received for publication November 27, 1967.
1 Supported in part by grants from the Research 

Corporation and from the Consejo Nacional de Inves
tigaciones Científicas y Técnicas (Argentina).

2 This paper is part of a thesis to be presented in 
partial fulfillment of the requirement for the Doctor’s 
degree, of the University of Buenos Aires, Buenos 
Aires, Argentina.
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The rats were housed in individual sus
pended cages with screen bottoms. The 
animals were grouped as indicated below 
and were fed the experimental diets ad 
libitum for 24 hours. Food intake was 
recorded periodically to establish the con
sumption curve throughout the experi
mental period.

In all experiments rats were weighed 
after the 24-hour feeding period. The diets 
were then withdrawn and the animals 
were weighed again 4 hours later (fasting 
period).

Water was offered ad libitum during 
both the feeding and fasting periods.

Diets. Two series of diets, A and B, 
were used in these experiments. The com
position of the diets is outlined in table 1. 
Lysine was the limiting amino acid for 
growth in both series of diets.

Diets of series A (Ai, A2 and As) consti
tuted basal or balanced diets and contained 
as the only source of protein defatted whole 
egg in different amounts to provide in
creasing levels of available lysine. Diet 
A3 also contained a supplement of 0.2% l - 
lysine.

Diets of series B (Bi, B2 and B3), the im
balanced diets, contained as the source of 
protein a mixture of defatted whole egg 
and wheat gluten, in different amounts.

The imbalance was produced by a large 
excess of vegetable protein over egg pro
tein.

Accordingly, the values for the ratio of 
complete protein to total protein were 
markedly higher for diets of series A than 
for those of series B (table 1).

The diets of both series were grouped 
in 3 pairs. Each pair included a diet of 
series A and another of series B, both con
taining the same level of lysine, for ex
ample, 0.20, 0.30 and 0.40% , respectively, 
in the diet. Therefore the quantity of 
“complete protein” was the same for each 
pair, with the unbalanced diets of series 
B having an excess of amino acids pro
vided by the wheat gluten, not available 
for anabolic purposes.

Experiments with pairs 1 and 2, were 
performed with groups of 6 rats each. For 
pair 3, two groups of 12 animals were 
used.

Available lysine was determined in all 
diets by the procedure of Carpenter (6 )  as 
modified by Rao et al. (7 ) .

Chemical analysis. Body water content 
and hematocrit values were determined in 
the rats of pair 3: 6 rats of each group —  
basal and imbalanced —  were killed after 
the 24-hour feeding period, and the remain
ing 6 rats were killed after the subsequent

TABLE 1
C o m p o s i t i o n  o f  d i e t s

Series A (balanced) Series B (imbalanced)
A , A2 A3 Bi b 2 B 3

% % % % % %
Defatted w hole egg 1 5 .80 8 .75 6.20 3 .0 4 .0 6.20
W h ea t gluten 2 — — — 9 .0 13.0 16.0
L-Lysine 3 — — 0.20 — — —

M inerals 4 5 .0 5 .0 5 .0 5 .0 5 .0 5 .0
V itam in  m ixture 4 0 .25 0 .25 0 .25 0 .25 0 .25 0 .25
Choline chloride 0 .15 0 .15 0 .15 0 .15 0 .15 0 .15
Corn oil 5 .0 5 .0 5 .0 5 .0 5 .0 5 .0
D extrin 5 8 3 .8 0 8 0 .8 5 8 3 .2 0 77.60 7 2 .6 0 6 7 .4 0

Total available lysine 0.20 0 .30 0 .40 0.20 0 .30 0 .40
Total protein content 4 .0 0 6.00 4 .46 9 .47 13.56 17.56
Com plete protein  

c o n te n t6 2.20 3 .3 0 4 .4 0 2.20 3 .30 4 .4 0
Com plete protein as %  

o f total protein 55 .0 55 .0 98 .6 2 3 .2 2 4 .3 0 2 5 .1 0

1 Containing 10.8% N (68.8% protein) and 3.43% available lysine.
2 Containing 13.2% N (83.0% protein) and 1.20% available lysine.
3 As r-lysine-HCl.
4 Harper (4).
5 M oist cornstarch autoclaved at 121° for 3 hours.
6 Munro et al. (5 ).



4-hour fasting period, for the correspond
ing analysis. Zero-time values were deter
mined in a group of 6 rats killed after a 
4-hour fasting period following protein 
depletion. Before killing, blood samples 
were taken for the determination of hema
tocrit. The rats were anesthetized with 
ether, and blood was withdrawn by heart 
puncture. Hematocrit values were deter
mined on the heparinized blood of each 
group according to the micro-hematocrit 
technique of Dacie and Lewis (8 ).

Water in animal carcasses was deter
mined by heating at 105° for 48 hours as 
described by Bender and Miller (9 ). The 
composition of gained tissue was calculated 
by the difference between the individual 
final values and the mean carcass com
position at zero time.

R E SU LT S

The food intake and weight gain of pro
tein-depleted rats fed the different diets 
ad libitum are summarized in table 2.

As shown, for each experiment rats fed 
the diets of series B had a lower consump
tion than those receiving the corresponding 
diet of series A, despite the percentage of 
complete protein being the same in each 
pair of diets.

The consumption curves shown in 
figure 1 are similar for the 3 experiments. 
The food intake of rats fed imbalanced 
diets B was higher during the first hours 
than that for animals fed the correspond
ing balanced diets A; but after a few 
hours, the food consumption of groups 
fed diets of series B decreased, and at the 
end of a 24-hour feeding period the total 
intake was significantly higher for animals 
fed the balanced diets than for those fed 
the corresponding imbalanced diets.

Weight gain of rats after the 24-hour 
experiment was lower for groups fed diets 
B than for those fed the corresponding 
diets A. The difference was statistically 
significant (P < 0 .0 1 )  for pairs 1 and 2 
(table 2).

Weight loss after the subsequent fasting 
period (table 2 ), determined in pairs 2 and 
3, was markedly higher for groups fed the 
diets of series B, than for groups fed the 
corresponding diets of series A. Rats fed 
the imbalanced diet B2 lost, after the 4- 
hour fasting period, nearly 90% of the
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2 2 6 8 10 12 14 18 18 20 22 24 hour*

Fig. 1 Food consum ption o f protein-depleted  
rats fed  the experim ental diets for 24  hours: a) 
pair 1 ; b )  pair 2 ; and c )  pair 3 . V ertical lines  
represent SE o f m ean .

weight they had gained during the 24-hour 
feeding period, weighing at that time only 
0.5 g more than at zero time. On the con
trary, rats fed the balanced diet A2 lost, 
after fasting, approximately only 30% of 
the gained weight, their weight at that time

being still 5 g more than at zero time. A 
similar result was observed in pair 3.

Table 3 shows that at the end of the 24- 
hour feeding period body water content 
was significantly higher for animals fed 
the imbalanced diet B3 than for those fed 
the balanced diet As and was similar to that 
in the zero-time group (table 3 ); but after 
4 hours of subsequent fasting no significant 
differences were observed for either group.

Changes in hematocrit values are shown 
in figure 2. In group As the zero-time 
value —  higher than normal as a conse
quence of depletion —  decreased at the 
end of the feeding period to a value close 
to normal showing only a small change 
after the following fasting period. On the 
contrary, in rats fed imbalanced diet Bs 
the hematocrit value tends to be slightly 
higher after 24 hours of feeding when 
compared with the zero-time value, de
creasing after the subsequent fasting pe
riod to a value that is still higher than nor
mal and significantly different than that 
observed in group 5 fed balanced diet A3.

D ISC U SSIO N

Diet and food intake. In all experi
ments carried out in this study, rats fed 
diets of series B —  in which imbalances 
were created by adding wheat gluten to egg 
protein —  had a lower food intake than 
those fed the corresponding balanced diets 
containing only egg protein. These results 
are in agreement with others reported in 
previous papers (2 ,10), confirming that 
depression in food intake could be consid
ered an initial and distinctive effect of 
imbalance.

Curves of the progressive food consump
tion show a similar and characteristic pic
ture in the 3 experiments that deserves 
further consideration.

During the first 4 hours of the feeding 
period, food intake was higher for groups 
fed imbalanced diets than for those fed 
the corresponding balanced diets. How
ever, by the fifth hour a change of beha
vior was observed in imbalanced animals 
and the intake decreased markedly. There
after and in the remaining experiments 
their rate of consumption diminished when 
compared with control animals. As a con-
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TABLE 3
B ody w a ter  c o n ten t o f  rats fe d  d iets A 3 and  B 3 (pa ir 3 ) ad lib itum  fo r  24  hours  

fo llo w ed  b y  a 4 -h ou r fa stin g  p eriod

Paired Total - f i a b l e Diet
Complete 
protein in 

the diet

Body water content

Zero time 1
At end 

of feeding 
period

At end 
of fasting 

period
% % % o f body weight

3 0.40 A3 (6 .2%  defatted whole egg
+  0.2% lysine) 4.40 70.5 ± 0 .4  2 68.3 ± 0 .4 68.0 ± 0 .5

0.40 B3 (6 .2%  defatted whole egg
+  16% wheat gluten) 4.40 70.5 ± 0 .4 7 1 .2 ± 0 .5  3 69.2 ± 0 .4

1 After a 4-hour fasting period following protein depletion.
2 Mean +  s e  of mean.
3 Highly significantly different (P <  0.01) from the group fed the corresponding balanced diet A3.

sequence, the total food intake at the end 
of 24-hour feeding period was significantly 
lower for rats fed imbalanced diets than 
for those fed the corresponding balanced 
diets.

This fact can be clearly observed in rats 
fed imbalanced diet B3 (fig. 3 ). In this 
group, food intake was recorded every hour 
during the first 5 hours of the feeding pe
riod together with that of the group fed the 
corresponding balanced diet.

These findings showed marked similar
ity to some previously reported observa
tions when protein-depleted rats were fed 
imbalanced diets, created by adding syn
thetic mixtures of amino acids to diets with 
a low protein content. In those experi
ments the depression in food intake was 
also observed after a feeding period in 
which the amount of diet eaten was slightly

60 
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p e r io d  "
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Fig. 2  H em atocrit values for protein-depleted  
rats o f pair 3 , after the 24-hour feeding period  
and the subsequent 4 -hour fastin g  period. ▲ nor
m a l value for nondepleted rats. Vertical lines  
represent SE o f m ean .

higher for the imbalanced than for the 
basal groups (10 ).

This particular behavior could be as
cribed to a high ability of depleted rats to 
efficiently utilize imbalanced diets, whether 
the imbalance was semisynthetic or na
tural, during a short period of time.

It is possible that this “high intake pe
riod” may be curtailed when some bio
chemical changes occur that alter the 
body homeostasis; these changes would 
trigger an appetite-depressing mechanism 
causing the decrease in food intake. The 
time in which this effect is produced ap
pears to be variable and possibly dependent 
on the type of imbalance.

In previous papers we assumed that the 
appetite-depressing mechanism could be 
related to changes in relative proportions 
of amino acids between the plasma and 
tissues that occur concurrently with the

Fig. 3  Food consum ption o f protein-depleted  
rats o f pair 3 during the first 5 hours o f the 2 4 - 
hour feeding period. Vertical lines represent SE  
of m ean .
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alteration of the plasma amino acid pat
tern (11 ). Protein-depleted rats fed for 
24 hours imbalanced diets of the same 
composition used in this study showed an 
abnormal distribution of amino acids be
tween plasma and tissues.3 These results 
would support our assumption.

Imbalanced diet and body composition. 
The effect of an altered dietary pattern on 
body composition has been the subject of 
numerous studies during the last years. 
Weil et al. (1 2 ), working with diets con
taining 12.5 and 25% of protein, pointed 
out that the only alterations in body com
position which could be ascribed to the 
dietary treatment “ . . . were those changes 
which would be expected to accompany the 
different rates of total growth produced 
by the two levels of protein intake.” Ac
cording to these authors, diets of very low 
protein content do not appear to modify 
the extremely narrow limits of composi
tional homeostasis to any appreciable ex
tent. These statements are in agreement 
with the concept of lean body “constancy” 
that has been postulated previously by 
Pace et al. (13 ).

Miller and Payne (14 ) have reported 
that weight increments in weanling rats 
fed diets of the same NDpCals%, but 
containing different proteins, should be 
similar. However, Tagle et al.4 noted differ
ent growth responses in rats fed diets con
taining wheat gluten and casein at the 
same NDpCals% level, and which could 
be considered therefore nutritionally 
equivalent; but the authors did not report 
significant differences for the animals car
cass composition.

Our results show that the body composi
tion of protein-depleted rats fed diets of 
identical “protein value,” but having a dif
ferent total protein content, is markedly 
altered. As shown in table 3, the percent
age of water, higher than normal, observed 
in rats at zero time, which could be con
sidered the consequence of the protein 
depletion, diminished in animals fed 
balanced diet A3 after the 24 hours of 
feeding, reaching a value close to normal. 
On the contrary, in the group fed imbal
anced diet B3, body water percentage 
increased after the feeding period, being 
significantly different from that of group 
As.

These changes are reflected in the values 
of some ratios derived, showing the mark
edly different effects of the balanced and 
imbalanced diets on body composition of 
the rats (fig. 4 ). The ratio of total body 
water to dry body weight was increased 
over the zero-time value for the group fed 
the imbalanced diet, indicating that water 
retention accounted for the largest part 
of the weight gained by these animals. 
On the contrary, in the group fed diet As 
this ratio showed a lower value than at 
zero time, indicating a relative increment 
in the dry body weight of the rats after 
feeding the balanced diet (fig. 4a).

These differences are still more marked 
when the body water gain-to-body dry 
weight gain ratios were compared (fig. 4b).

The data obtained after the fasting pe
riod subsequent to the 24 hours of feeding 
are worthy of note. During this period rats 
fed imbalanced diets Bs and Bs lost a 
greater percentage of weight gained dur
ing the feeding period than the animals 
fed the corresponding balanced diets A2 
and As. The study of body composition 
showed that after fasting, the water con-

Fig. 4  Ratios show ing changes in  body co m 
position o f protein-depleted rats fed  the balanced  
diet A 3 and the corresponding im b alanced  diet B 3.
a )  Total body w ater-to-dry body w eight ratio ;
b )  body w ater gain-to-dry w eight gain  ratio. 
W h ite  bars: values after the 24-hour feeding pe
riod. Slanted bars: values after the subsequent 
4-hour fastin g period. Black bar: zero-tim e value.

3 Rio, M. E., S. Closa and J. C. Sanahuja 1967 
Biochemical changes in natural amino acid imbalance 
in the rat. Federation Proc., 26: 521 (abstract).

* Tagle, M. A., and G. Donoso 1967 Long-term 
effects of feeding rats on casein and gluten diets of 
the same protein value (submitted for publication).
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tent of rats previously fed imbalanced diet 
B3 was significantly lower than at the end 
of the feeding period. Thus it could be 
assumed that an increase in water excre
tion occurred during fasting in imbalanced 
rats that lost in this way some of the water 
accumulated during the feeding period. 
This phenomenon was not observed in rats 
fed the corresponding balanced diet A3 in 
which the water carcass showed no differ
ences at the end of both periods. As a 
consequence, after fasting, the values for 
the ratios previously noted were similar 
for both diets (fig. 4a,b).

From these observations that correlate 
variations in weight with changes in body 
water content, it might be assumed that 
changes concerning body composition in 
depleted rats, under conditions of dietary 
protein imbalance, appear in the following 
progressive sequence. First, the excess of 
amino acids provided by the imbalanced 
diet, which cannot be utilized for protein 
synthesis, would accumulate in rat tissues. 
In a previous paper we have reported the 
high level of free amino acids that appear 
in the livers of rats after feeding an im
balanced diet (2 ). Therefore an overhy
dration could be expected due to an osmotic 
flow of fluid from the extracellular space. 
The rise in hematocrit value at the end of 
the 24-hour feeding period agrees with 
such an assumption. Second, during fast
ing following the feeding period, the in
creased water loss observed in imbalanced 
animals may be related to the excretion 
of the excess of amino acids or its meta
bolites. Albanese (1 5 ) reported that the 
excessive renal loss of free amino acids 
provided by diets containing wheat gluten, 
which cannot be utilized for tissue synthe
sis, caused an increased water loss through 
an electrolytic diuresis.

This high water excretion in rats fed the 
imbalanced diet would explain the fact 
that after fasting, body water content and 
hematocrit values reached values closer 
to normal than at the end of the feeding 
period.

These changes in body composition pro
duced by feeding imbalanced proteins in
dicate that the compositional homeosta
sis —  which according to Weil et al. (12)

appears to achieve an independence from 
the nutritional environment —  could be 
markedly affected by the dietary imbalance 
of proteins.

However, the effect observed with bal
anced diets of low protein content, such as 
the diets of series As, is in agreement with 
the results reported by Weil et al., indica
ting that those diets do not modify the 
homeostasis to any appreciable extent.

On the basis of these results we can 
assume that changes observed in the body 
composition of rats fed imbalanced protein 
could be considered specific for the imbal
ance, as they did not appear when the 
animals were fed balanced diets considered 
nutritionally equivalent to the imbalanced 
ones on the basis of complete protein 
content.

Disturbances in water and electrolyte 
metabolism are consistent characteristics 
of protein-calorie malnutrition. In fact, the 
malnourished child shows overall body 
tissue over hydration, generally considered 
a consequence of a decrease in some 
plasma protein fractions subsequent to a 
low protein intake.5

However, the results obtained by feeding 
depleted rats imbalanced diets containing 
natural proteins support our assumption
(2) concerning the possible role of dietary 
amino acid imbalance in kwashiorkor 
development.

An altered amino acid pattern in the 
diet might be a factor capable of influ
encing per se the degree of tissue hydra
tion, and this effect can be superimposed 
on that produced by the low protein content 
of diet, as can be inferred from our findings 
in the present study.

Therefore the complete protein-to-calorie 
ratio, commonly used to establish the ade
quacy of diets to prevent protein malnu
trition, does not appear to be a reliable in
dex when the diets contain an excess of 
amino acids, not available for tissue synthe
sis, supplied by a protein of low nutritive 
value. In those cases, such an imbalance 
could aggravate the metabolic impairment 
resulting from a low ratio value.

s Frenk, S. 1960 Some aspects of protein malnu
trition in childhood. Vth International Congress on 
Nutrition, Panel II, Washington, D. C., p. 35.
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Effect of Source of Carbohydrate as Influenced 
by Dietary Fat: Carbohydrate ratio and 
forced exercise in rats * 1

R IC H A R D  A . A H R E N S , S U S A N  S. W E L S H ,2 Y V O N N E  L . A D A M S ,2 
R U T H  P. T A Y L O R 2 a n d  D A V ID  L . K E LL E Y
D ep a rtm en t o f  F ood , N u trition  and In stitu tion a l A dm inistration , C ollege of 
H om e E con om ics  and D ep a rtm en t o f  P h ysica l E du cation , C ollege o f  P hysi
ca l E du cation , R ecrea tion  and H ea lth , U niversity  o f  M aryland , C ollege  
P ark, M aryland

A B STR AC T  T he effects were studied o f changing the carbohydrate source in  diets
h igh  or low  in  fat and fed  to sedentary or force-exercised rats. E ighty m ature, m ale  
rats were either force-exercised by treadm ill-running every day or allowed voluntary  
activity in  an activity cage. The 4 0  anim als receiving each exercise treatm ent w ere  
then fed  ad libitum  either a h igh  fat-low  carbohydrate diet or a diet low  in  fa t and  
high in  carbohydrate. E quicaloric intakes o f the 2  diets provided equal intakes of 
protein, v itam ins and m inerals. The 20  anim als receiving each diet at each exercise  
level w ere divided into 4  groups o f 5 anim als each to receive their dietary carbohydrate  
as: 1 )  cornstarch, 2 )  lactose, 3 )  sucrose, or 4 )  a m ixture approxim ating the carbohy
drate com position o f an average U . S. “ m arket basket”  diet. The anim als fed  lactose  
as the only carbohydrate in  a low  fat-h igh  carbohydrate diet had  diarrhea and w eighed  
less than all other an im als, even w hen diets were corrected to equicaloric intakes by 
analysis o f covariance. M etabolism  o f 1-14C- and 6 -14C- glucose to 14C 0 2 and U -I4C- 
glucose to citrate-14C indicated greater activity o f the H M P  shunt pathw ay in  anim als  
fed  lactose. The m oderate level o f forced exercise used in this study significantly  
low ered the ingesta-free body w eights o f anim als fed  equicaloric am ounts o f the high  
fat-low  carbohydrate diets, but had  no effect on the body w eights o f anim als fed  
equicaloric am ounts o f the high carbohydrate-low  fa t diets. T his appeared to indicate  
a greater m uscular efficiency in rats fed  the h igh  carbohydrate-low  fat diets th an  in  
those fed  the high fat-low  carbohydrate diets. Body com position w as altered by all 
three o f the m a in  experim ental variables. A n im als fed  the high fat-low  carbohydrate  
diet h ad  m ore body fa t than anim als o f the sam e w eight fed  the h igh  carbohydrate-low  
fa t diet. Force-exercised anim als had  less body fat than anim als o f the sam e w eight 
allow ed voluntary activity only. A m on g rats of the sam e w eight, those fed  starch as 
the only source o f carbohydrate had  m ore body fat than those fed  the other carbo
hydrate sources. H ow ever, rats fed  starch had  a low er carcass concentration o f  
cholesterol than rats fed  the other carbohydrate sources. Rats fed  the m ixture o f  
carbohydrates at either a high or a low  level in  the diet increased in  body cholesterol 
m ore rapidly as they gained w eight than rats fed  the single carbohydrate sources. 
W eig h t control w as of prim ary value in  lim itin g  the cholesterol content o f the anim als  
fed  the carbohydrate m ixtu re, regardless o f fa txarb oh ydrate  ratio o f the diet.

Investigators have generally found that 
high fat-low carbohydrate diets result in 
lower body weights than diets high in car
bohydrate and low in fat (1—4). The claim 
has been made that a high fat-low carbohy
drate diet can be used for weight reduction 
without restricting caloric intake.3 How
ever, most weight loss has occurred a short 
time after adoption of a high fat-low carbo
hydrate diet ( 5 )4 and has been most 
marked when caloric intake was restricted, 
though equal to the intake of rats that lost 
less weight when fed a high carbohydrate- 
low fat diet (6 ). The greater loss of weight

in rats fed a high fat-low carbohydrate 
diet could be completely accounted for by 
the reduced bulk of the gastrointestinal 
contents, possibly due to a shift in water 
balance. Rats fed the high fat-low carbo-

Received for publication December 12, 1967.
1 This work was supported by Public Health Service 

Research Grant no. 1305-FRo7042-01 from the Na
tional Institutes of Health.

2 Data are from a thesis by the author submitted 
to the Graduate School, University of Maryland, in 
partial fulfillment of the requirements for the M.S. 
degree.

3 Alsop, J. 1965 The diet that finally did it. 
McCalls, 92 (8 ) :  138.

4 Anderson, J. T., H. L. Taylor and A. Keys 1956 
Serum cholesterol in subjects on reducing diets high 
and low in fat. Federation Proc., 15: 542 (abstract).

J .  N u t r i t i o n , 95: 303-310. 3 03
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hydrate diet had more body fat (P <  0.01) 
than rats of the same size consuming a 
high carbohydrate-low fat diet (6 ).

It is not known whether the effect of car
bohydrate restriction is different when the 
carbohydrate source in the diet is different. 
Wells and Anderson (7 )  reported that 
cholesterologenesis in rabbits was acceler
ated when lactose replaced cornstarch in 
the diet. Several studies have shown that 
animals fed dextrin had a higher body fat 
content than those fed sucrose (8 -1 0 ) or 
those fed lactose (8, 11). Studies involving 
the feeding of a mixture of carbohydrates 
such as that reported by Eheart and Mason
(12) to be used in U. S. “market basket” 
diets have not been made. Forced exercise 
has been observed by Konishi (13 ) to re
duce the activity of the hexose monophos
phate (HMP) shunt in rats.

The present study compares cornstarch, 
sucrose, lactose, and a mixture of carbo
hydrates simulating that used in U. S. 
“market basket” diets (12 ). Each carbohy
drate source was fed in both a high fat-low 
carbohydrate diet and a high carbohydrate- 
low fat diet to rats that were either force- 
exercised or allowed voluntary activity in 
an activity cage.

E X P E R IM E N T A L

Eighty-five male rats,5 obtained at 140 
days of age, were housed individually and 
fed a stock diet6 ad libitum for a week in 
order to compensate for any lack of uni
formity in the previous dietary history. 
Five rats were then selected at random 
and killed for initial carcass composition 
analysis. During the adjustment period, 
forty of the animals were trained to exer
cise on a treadmill at increasing speeds and 
times. The lights of the animal laboratory 
were kept lighted for 12 hours each day. 
All animals, whether force-exercised or not 
were placed on alternate weeks in rotating 
treadmill activity cages which allowed vol
untary activity but did not require activity 
of any kind. The housing of experimental 
rats in activity cages whenever possible 
provides a more natural basis of physical 
activity effects on which to study nutri
tional variables. The investigation of nu
tritional phenomena on rats restricted in 
activity to individual wire cages may limit 
the applicability of the data obtained. The

voluntary activity of rats housed in rota
ting treadmill cages can be monitored to 
determine whether different dietary regi
mens predispose the rats to different pat
terns of physical activity (14 ).

The 80 experimental rats were assigned 
at random to one of 16 groups of 5 rats 
each for 8 weeks. An analysis of variance 
showed no significant differences in the 
initial weights of the 16 groups. Eight 
groups of rats were subjected to a regimen 
of daily forced exercise and 8 groups were 
allowed only the voluntary activity they 
exhibited while in the activity cages. The 
forced exercise consisted of a brief run on 
a treadmill at a speed sufficient to stimulate 
the cardio-respiratory system. Four groups 
of animals in each exercise treatment were 
fed a high fat diet, and 4 groups a high 
carbohydrate diet designed to provide simi
lar amounts of vitamins, protein, and min
erals when an equal calorie intake was 
consumed (table l ) . 7

Approximately 24% of the added fat 
was provided by a polyunsaturated fatty 
acid source (corn oil), which is representa
tive of U. S. “market basket” diets. The 
high carbohydrate-low fat diet contained 
54% of its calories as carbohydrate, which 
is again representative of some U. S. “mar
ket basket” diets. The high fat-low carbo
hydrate diet contained only 12% of its 
calories as carbohydrate, which is ap
proximately the degree of carbohydrate 
restriction recommended by those advo
cating low carbohydrate-high fat diets for 
reducing purposes (1 -6 ).

The carbohydrate source in the diets fed 
to the 4 groups at each exercise and carbo
hydrate intake level was either cornstarch, 
lactose, sucrose, or a mixture of carbohy
drates approximating that in U. S. “market 
basket” diets (12 ). This is a 2 X 2 X 4  
factorial experiment designed to be ana
lyzed by analysis of variance and covari
ance, to aid in interpreting data (1 5 ). Al
though 5 rats per group is not a large 
number, the second-order interaction (car
bohydrate level X carbohydrate source X 
exercise treatment) was significant (P <  
0.05) only in the case of serum cholesterol,

5 Sprague-Dawley strain from Rockland Bams, Gil- 
bertsville, Pennsylvania.

6 Wayne Lab-Blox, Allied Mills, Inc., Chicago.
7 Prepared by General Biochemicals, Chagrin Falls, 

Ohio.



IM P O R T A N C E  O F D IE T A R Y  C A R B O H Y D R A T E 3 0 5

TABLE 1
C om p osition  o f  h igh  fa t-low  carboh yd ra te  and  

high  carboh yd ra te-low  fa t d iets fed  
ad lib itum  to rats 1

High fat High carbohydrate

% %
Lactalbum in
Carbohydrate

3 6 .7 0 2 7 .5 0

source 2 16 .17 56 .75
Corn oil 3 9 .30 2 .30
B eef tallow  
V itam in  A  and D

2 9 .5 0 6 .90

cone i 0 .07 0 .05
Salt m ix  5 5 .40 4 .00
Cellulose 6 2 .0 0 2 .00
V itam in  m ix 0 .86  6 0 .5 0  7

Total 100 .00 100 .00

Gross calories,
k c a l /g 6 .45 4 .60

1 Lactalbumin, mineral, and vitamin content of the 
high fat-low carbohydrate diet was elevated so that 
equicaloric amounts of the 2 diets provide an equal 
intake of these nutrients.

2 Either 1) cornstarch; 2) lactose; 3) sucrose; or 
4 ) a mixture of 40% cornstarch, 20% lactose, 10% 
dextrin, 10% sucrose, 10% glucose, and 10% fruc
tose.

3 Mazola, Com Products Company, Argo, Illinois.
4 Percomorph Oil, Mead Johnson Company, Evans

ville, Indiana.
5 Jones and Foster (16).
6 CelluFlour, Chicago Dietetic Supply House, Chi

cago.
7 The following vitamins were added per kilogram

of ration: thiamine HC1, 7 mg; pyridoxine• HC1, 7
mg; niacin, 7 mg; riboflavin, 13 mg; Ca D-pantothe- 
nate, 34 mg; p-aminobenzoic acid, 405 mg; a-tocoph- 
eryl acetate, 34 mg; 2-methy 1-1,4-naphthoquinone, 3 
mg; folic acid, 3 mg; biotin, 135 /ig; vitamin B12, 40 
tig-, choline chloride, 3 g; and inositol, 1.3 g.

8 The following vitamins were added per kilogram
of ration: thiamine-HC1, 5 mg; pyridoxine-HC1, 5
mg; niacin, 5 mg; riboflavin, 10 mg; Ca D-pantothe- 
nate, 25 mg; p-aminobenzoic acid, 300 mg; a-tocoph- 
eryl acetate, 25 mg; 2-methyl-1,4-naphthoquinone, 2 
mg; folic acid, 2 mg; biotin, 100 f i g ;  vitamin B12, 30 
/ig; choline chloride, 2 g; and inositol, 1 g.

and hence in the case of all other param
eters studied, groups could be combined 
for comparison purposes. Except in the 
case of serum cholesterol, all other statis
tically significant differences involved the 
comparison of groups containing at least 
10 rats each.

Food and water were provided for all 
animals ad libitum and calorie intake was 
monitored. Calorie intake differences were 
equalized between groups by an analysis 
of covariance, which was used as a tool 
to determine the probability that differ
ences observed were explainable through 
differences in caloric intake. This proced
ure for equalizing intake differences has 
been outlined by Steel and Torrie (15). 
During the experimental period, the 5 rats

in each of the 16 experimental groups re
ceived intraperitoneal injections of 1 uCi 
each of U-14C-, 114C-, and 6-14C- glucose in 
physiological saline at 96-hour intervals. 
Animal, food and water were placed in a 
metabolism chamber and 14C02 was recov
ered and counted; total activity was deter
mined, and data are expressed as a per
centage of the dose injected as suggested 
by Wang (17 ). Urinary citrate was iso
lated for the first 12 hours after injecting 
U-14C-glucose by use of a Dowex 50 column 
and paper chromatography using a 4 :1 :5  
(v /v ) upper phase w-butanol: acetic acid: 
water solvent system. Citrate was iden
tified by the use of standards and spraying 
with a solution of 0.04% bromophenol blue 
in 95% ethanol solution. Citrate spots 
were cut from the paper, ignited in an 0 2 
bomb, and the 14C02 was counted and ex
pressed as percentage of dose injected (14).

At the end of 8 weeks, all rats were 
anesthetized with sodium amytal, blood 
was removed by heart puncture for choles
terol analyses, the gastrointestinal tract re
moved, flushed of its contents and returned 
to the carcass. The animals were grouped 
according to their dietary source of car
bohydrate and killed over a 4-day period, 
in the same order they had been placed 
on the study. The animals in each carbo
hydrate source grouping were fed as usual 
on the morning they were killed and were 
killed by blocks (groups) over the next 8 
hours so that any influence of time of 
last feeding would show up as a block 
effect in subsequent statistical analyses. 
The ingesta-free carcasses were weighed 
and homogenized in a Waring Blendor 
by dilution with added water and ice at a 
ratio of 2:1 (18 ). Carcass homogenates 
were analyzed for moisture (9 ) ,  fat accord
ing to the micro-Soxhlet method,8 ash (19 ), 
and nitrogen according to the semi-micro- 
Kjeldahl method of Hiller et al. (20). 
Serum samples and carcass homogenates 
were analyzed for cholesterol content by 
the method of Koval (21 ).

R E SU LT S A N D  D ISC U SSIO N

Among the main experimental effects 
studied, only changing the source of carbo-

s Molander, A. L. 1956 A comparison of quanti
tative determinations of fat in foods analyzed by four 
different methods. M.S. thesis, College of Home Eco
nomics, University of Maryland.
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hydrate in the diet significantly affected 
final ingesta-free weight. Table 2 reports 
the mean ingesta-free weights of the 20 
rats fed each carbohydrate source, their 
body composition and the recovery of 14C- 
glucose in these animals as HC02 and urin
ary citrate-14C. The finding that the inges
ta-free body weight of animals fed lactose 
was significantly lower (P <  0.01) than 
that of all other animals was to be expected 
since the rats consuming lactose as the 
sole source of carbohydrate had diarrhea 
and undoubtedly digested their diets less 
efficiently. However, Womack et al. (11 ), 
in an earlier report, observed that differ
ences in digestible calorie intakes could 
account for only part of the superior 
weight gains of animals fed cornstarch 
as compared with those fed lactose. They 
postulated that a metabolic effect due to 
feeding lactose accounted for part of the 
poor weight gains of animals fed lactose 
as the sole source of dietary carbohy
drate. Our data on the metabolism of 14C- 
glucose appear to agree with this postulate 
(table 2).

Although the I4C02 recovery from rats 
injected with 6-14C-glucose was not affected 
by changing the carbohydrate source in 
the diet, rats fed lactose as the only carbo
hydrate source exhaled more 14C02 from 
l-14C-glucose in 12 hours than rats fed the 
mixture of carbohydrates simulating that 
used in the U.S. “market basket” diets (P < 
0.05). During the 12 hours following the 
administration of U-14C-glucose the small
est percentage of recovery as citrate-14C in 
urine was obtained from animals fed lac
tose (P <  0.05). The mean citrate excre
tion in the urine of rats consuming the 4 
carbohydrate sources was nearly the same, 
ranging from 0.86 ±  0.10 mEq/day for 
the rats fed lactose to 0.92 ±  0.09 mEq/ 
day for those fed sucrose. The specific 
activity of urinary citrate following glu- 
cose-U-14C administration was, therefore, 
less (P <  0.05) for rats fed lactose than 
for rats fed the other three carbohydrate 
sources (table 2). Assuming that urinary 
citrate is representative of the TCA cycle 
intermediates throughout the body, this 
agrees with the radiorespirometry data and 
it appears that less of the 14C from U-14C- 
glucose was passing through the glycolytic 
scheme and into the TCA cycle for the rats
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fed lactose than for those fed the other 
carbohydrate sources. This agreement in 
results of two independent routes of inves
tigation indicates greater activity of the 
hexosemonophosphate (HMP) shunt in 
rats fed lactose than in the rats fed the 
other carbohydrate sources.

Rats fed cornstarch as the only source of 
carbohydrate had a greater relative pro
portion of body fat (P < 0 .0 1 )  than rats 
fed the other carbohydrate sources (table
2). This agrees with earlier reports that 
animals fed dextrin had a higher body fat 
content than those fed sucrose (8 -1 0 ) or 
those fed lactose (8, 11). The higher rate 
of fat accretion in animals fed starch may 
be the result of more efficient utilization 
of the starch-containing diets due to slower 
absorption controlled by the digestive re
lease of its monosaccharide units. This 
would be a similar postulate to that of 
Harper et al. (23 ) who observed a growth

reduction in rats when casein in a dextrin 
diet was replaced by a mixture of amino 
acids. These workers postulated that the 
rate of release or absorption of amino acids 
from casein in relation to the carbohydrate 
source has an important effect on growth.

Table 3 shows the final ingesta-free body 
weights and body composition of rats either 
force-exercised or allowed only voluntary 
activity with diets either low in fat and 
high in carbohydrate or diets high in fat 
and low in carbohydrate. The effects of 
forced exercise on body weight was differ
ent with the 2 diets, but the picture is 
complicated by the caloric intakes with 
the 2 diets not being the same. Table 4 
reports the daily caloric intakes of the 16 
groups in this study. When an analysis of 
covariance was used to correct all groups 
to an equal calorie intake as recommen
ded by Steel and Torrie (1 5 ), then it be
came apparent that forced exercise of rats

TABLE 3
E ffec ts  on  bod y  w eig h t and bod y com p osition  o f  fo r c e -ex erc ised  rats fe d  h igh  fa t-low  

carboh yd ra te  and h igh  carboh yd ra te-low  fa t diets lt2j3

Carbohydrate level- 
activity combination

Ingesta-free body
Wt Water Protein Fat Ash

9 9 9 9 9
HC-LF-FE 4 354.6 ab 231.5 a» 77.0 a 23.2 a 13.2 a
HC-LF-VOL 340.3 » 219.6 » 74.2 a 27.1 a 13.0 a
HF-LC-FE 350.8 ab 229.6 ab 76.0 a 29.2 a 12.8 a
HF-LC-VOL 370.6» 235.6» 74.5 a 41 .5» 12.4 a

1 Twenty rats/group.
2 The effect of changing the exercise treatment within high fat-low carbohydrate and high carbo

hydrate-low fat diets was not different with any of the different carbohydrate sources.
3 Means within each column identified by a different superscript letter are significantly different 

(P <  0.05).
4 HC =  high carbohydrate; HF =  high fat; LC =  low carbohydrate; LF =  low fat; FE =  force- 

exercised; VOL =  allowed only voluntary activity in an exercise wheel.

TABLE 4
C om parison  o f  m ea n  ca loric  in ta kes and seru m  ch o les tero l levels  as in flu en ced  by d ietary  

carboh yd ra te  sou rce , fa t ca r b o h y d r a te  ra tio , and fo r c ed  e x erc is e

Treatment 
group i

Caloric intake Serum cholesterol
HC-LF HF-LC HC-LF HF-LC

heal/day keal/day mg/100 ml mg/100 ml
Starch, VOL 86.2 93.2 44.7 48.7
Starch, FE 92.4 92.8 49.8 56.8
Lactose, VOL 90.5 102.1 52.3 58.1
Lactose, FE 88.9 103.7 77.7 59.9
Sucrose,VOL 92.3 98.8 87.0 96.6
Sucrose, FE 91.9 99.9 91.9 93.3
Mixture, VOL 94.5 95.5 65.4 105.4
Mixture, FE 93.1 92.6 83.5 81.3

i HC =  high carbohydrate; HF =  high fat; LC =  low carbohydrate; LF =  low fat; FE =  force- 
exercised; VOL =  allowed only voluntary activity in an exercise wheel.
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consuming equicaloric amounts of the 
high fat-low carbohydrate diet reduced 
(P <  0.05) their final ingesta-free body 
weights (343.2 g vs. 362.7 g for rats per
forming only voluntary activity). The ef
fect of the same amount of moderate forced 
exercise in rats fed equicaloric amounts of 
the high carbohydrate-low fat diet was not 
enough to cause a statistically significant 
change in body weight (349.0 g vs. 361.4 
g ). This appears to indicate greater mus
cular efficiency in rats fed the high carbo
hydrate-low fat diets than in those fed the 
high fat-low carbohydrate diets. This find
ing agrees with the earlier reports of Marsh 
and Murlin (24 ) and Krogh and Lind- 
hard (25 ). This phenomenon is thought to 
be due to increased protein catabolism for 
energy when subjects receiving a high fat- 
low carbohydrate diet are forced to exer
cise. This could increase the specific dy
namic effect of this diet and reduce its 
efficiency of utilization.

Despite the report of Konishi (13 ) that 
HMP shunt activity was inhibited by forced 
exercising, we could find no significant 
differences in 14C-glucose metabolism 
caused by exercise. Therefore, we have not 
reported the I4C02 and citrate-14C recovery 
data pertaining to exercise effects. The 
difference of our findings from those of 
Konishi (13 ) is probably due to the differ
ences in experimental conditions. We used 
a very moderate level of forced exercise 
and allowed free voluntary activity to those 
rats not forced to exercise. The sedentary 
rats of Konishi were severely restricted in 
activity.

It is of interest that despite the carbohy
drate level X exercise treatment interaction 
in final body size response to equicaloric 
intakes, when an analysis of covariance 
was used to correct all groups to an equal 
body size, rats of the same size had less 
body fat (P <  0.05) when they were force- 
exercised instead of allowed only voluntary 
activity. The use of covariance to correct 
for body size differences in comparing body 
composition between groups is preferred to 
comparing percentage composition figures 
since percentage data are not normally 
distributed. Steel and Torrie (15 ) outline 
the comparison of composition data in this 
way. Forced exercising by moderate tread
mill-running of these ad libitum-fed ani

mals significantly changed their relative 
body composition, which is in agreement 
with the earlier work of Hanson et al. (6) 
who used swimming. An analysis of covari
ance correcting for body weight differences 
also showed that rats of the same size fed 
high fat-low carbohydrate diets have more 
body fat (P <  0.01) than similar-size rats 
fed high carbohydrate-low fat diets. This is 
in agreement with the earlier report of 
Hanson et al. (6 ) .

The serum cholesterol levels reported in 
table 4 are higher for rats fed high fat-low 
carbohydrate diets than for rats fed high 
carbohydrate-low fat diets (P < 0 .0 1 ) .  
However, when an analysis of covariance 
corrected for differences in caloric intake 
this “effect” completely disappeared. There
fore, the higher serum cholesterol levels in 
rats fed the high fat-low carbohydrate diets 
appear to have been due entirely to the 
fact that the caloric intakes of rats consum
ing these diets were higher than for rats 
fed the high carbohydrate-low fat diets.

The serum cholesterol levels were 
changed by all three experimental varia
bles in this study (carbohydrate level X 
carbohydrate source X exercise treatment). 
Despite the variation in the reported values 
(table 4 ), rats fed diets containing corn
starch or lactose as the only source of car
bohydrate tended to have lower serum 
cholesterol values than rats fed the other 
two carbohydrate sources. Figure 1 shows 
the regression lines representing the rela
tionship between total cholesterol in the 
carcass and carcass weight. Carbohydrate 
level and exercise treatment did not affect 
carcass cholesterol levels in this study. 
However, rats fed cornstarch as the only 
source of carbohydrate in their diets had 
much lower levels of cholesterol in their 
carcasses (P <  0.01) than observed in the 
carcasses of rats fed the other carbohydrate 
sources. This effect was no different when 
the carbohydrate sources represented only 
12% of the caloric intake instead of 54% . 
It is of interest that the starch-fed animals, 
which had the lowest levels of body choles
terol, had the highest levels of body fat 
(table 2). Dupont (26 ) reported increased 
cholesterologenesis when fat was used for 
energy, and hence lipogenesis and choles
terologenesis may be independent of one 
another. The dietary supply of cholesterol
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INGESTA-FREE BODY WEIGHT [GM).

Fig. 1 Regression lines o f body cholesterol v s . ingesta-free body w eight as influenced by dietary  
carbohydrate source. The fat-to-carbohydrate ratio o f the diet and m oderate forced exercising had  
no effect on this regression, and hence each line represents 20  observations. M eans o f each regression  
were as fo llow s: lactose, +  0 .8 4 4 ; starch, — 0 .4 8 9 ; sucrose, +  0 .2 9 4 ; and m ixture, +  2 .38 4 .

was not different in the carbohydrate 
sources in this study since all other com
ponents of each diet were identical (table 
!)•

Rats fed the mixture of carbohydrates 
simulating that in U. S. “market basket” 
diets (12 ) increased in body cholesterol 
more rapidly (P <  0.01) as they gained in 
weight than rats fed the single carbohy
drate sources. This effect was just as 
evident when the carbohydrate sources ac
counted for 12% of caloric intake as at 
54% . This indicates that a mixture of 
carbohydrates such as that fed in this study 
predisposed rats to lay down body choles
terol at a more rapid rate as they gained 
in weight. Thus, weight control was of 
primary importance in limiting body cho
lesterol content in these animals. The 
lightest animals fed the mixture of carbo
hydrates did not have a greatly different 
carcass cholesterol content from rats of 
the same weight fed cornstarch. However, 
the heaviest rats fed the mixture of carbo
hydrates had a carcass cholesterol concen
tration over 3 times that in rats of similar 
weight but fed cornstarch. The importance

of this finding in human nutrition will 
require further study.
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Effect of Linoleic Acid Deficiency on the Fertilizing 
Capacity and Semen Fatty Acid Profile of 
the Male Chicken

R O B ER T J. L ILL IE  and H . M E N G E
A n im al H u sban dry R esea rch  D iv ision , A gricu ltu ral R esea rch  S erv ice, 
USDA, B eltsv ille , M aryland

A B STR AC T  T o determ ine the effect o f  a linoleic acid deficiency on the fertilizing  
capacity o f the chicken, W h ite  Leghorn m ales w ere fed  a vitam in-free casein-gelatin  
basal diet practically devoid o f linoleic acid from  4  w eeks o f age. C o m  oil w as used  
as a source o f linoleic acid. On the basis o f  one insem ination  (0 .0 5  cm 3 undiluted  
sem en ) per hen per 3-w eek period, a linoleic acid deficiency significantly decreased  
the average fertility o f  m ales. N o  differences in  fertility were observed betw een the 
groups fed  the linoleic acid-supplem ented diet and a practical diet. There were no  
differences in  percentage o f dead germ s, pipped eggs, or chicks hatched am on g the 
dietary treatm ents. The fertilizing capacity, as m easured by the decline in  num b er of 
fertilized eggs after a single insem in ation , indicated that the linoleic acid deficiency  
resulted in  a decrease o f fertility below  9 0 %  on day 4  after insem ination  as contrasted  
w ith  day 9  for the linoleic acid-supplem ented diet. Linoleic acid deficiency had  n o  
effect on body w eight m ain ten an ce, feed  consum ption , sem en volum e, sperm  m otility , 
and sperm  count. Fatty acid determ inations o f sem en and blood indicated a m u ch  
low er value for linoleic acid in  the linoleic acid-deficient group th an  fo r  the supple
m ented groups. Tw o fatty acids tentatively identified as docosadienoic and docosatetra- 
enoic w ere fou n d  in  sem en lipid. T he percentages o f  docosadienoic and docosate- 
traenoic w ere 6 tim es larger and 6 tim es less, respectively, in  the deficient sem en than  
in  the nondeficient sem en. The significance o f these findings rem ains to be elucidated.

The comprehensive review of Aaes-j0r- 
gensen (1 )  on the role of essential fatty 
acids on the reproductive performance of 
animals did not include any data on the 
male fowl. Although Edwards (2 )  con
ducted essential fatty acid deficiency 
studies with the growing domestic cock, 
he did not report fertility data with the 
deficient males. Initial studies conducted 
by Lillie and Menge * 1 showed that a lino- 
leic acid deficiency significantly reduced 
the fertilizing capacity of the male fowl, 
as measured by the decrease in number of 
fertilized eggs after a single insemination. 
These results prompted further investiga
tion in greater detail and scope, the results 
of which are presented here.

E X P E R IM E N T A L  PR O C E D U R E

One-day-old May-hatched White Leghorn 
cockerels were maintained in electrically 
heated batteries and fed a practical-type 
starter diet (21%  protein). At 4 weeks of 
age, 45 males were distributed at random 
into 3 groups of 15 each and continued in 
batteries.

The dietary treatments from 4 to 23 
weeks of age were as follows: group 1 was 
fed a vitamin-free casein-gelatin basal diet 
practically devoid of linoleic acid; group 
2, the same diet supplemented with corn 
oil (1.7% ) to supply one percent of lino
leic acid; group 3, a corn-soy diet calcu
lated to contain one percent of linoleic 
acid. The grower diets for groups 1 and 
3 are presented in table 1. From 23 to 59 
weeks of age, the grower diets were 
changed as follows: corn oil was increased 
to 6.9% and 5% in group 2 and 3 diets, 
respectively, to supply 4% of linoleic acid, 
and the protein content was decreased to 
20% in group 1 and 3 diets (table 1). Ad
justments were made with cellulose and 
dextrose so that all diets were equal in 
protein and energy content.

At 20 to 22 weeks of age, semen from 
individual males was obtained by abdom
inal massage as described by Burrows and 
Quinn (3 ). Because some of the males did 
not respond to abdominal massage after

Received for publication December 4, 1967.
1 Unpublished data.

J. N u t r i t i o n , 95: 311-315. 311
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TABLE 1
C om p osition  o f  diets

Grower diets Adult diets

Linoleic acid-deficient 
(group 1)

Com-soy 
(group 3 )

Linoleic acid-deficient 
( group 1)

Corn-soy 
(group 3)

C asein , vitam in-free
%

18.0
% %

18.0
%

Gelatin 11.0 — 5 .0 —
Ground yellow  corn — 4 0 .0 — 4 7 .0
Soybean m eal, 5 0 % — 36 .0 0 — 3 2 .0
Coconut oil (hydrogenated) 2 .0 2 .0 2 .5 2 .5
M ethionine hydroxy analogue 0 .34 0 .25 0 .3 0 .23
C holine, 7 0 % 0.35 0 .35 0 .35 0 .35
V itam ins 0 .50  1 0 .5 0 1 0 .5 0  2 0 .5 0  2
M inerals 6 .0 0  3 6 .0 0  3 12 .2  4 12.2  4
A n tio x id a n t5 0 .015 0 .01 5 0 .01 5 0 .015
Cellulose, nonextracted — — — 0 .205
Cellulose, extracted 2 .0 — 9 .11 —
Dextrose 5 9 .7 9 5 14.885 52 .0 2 5 —
Corn oil — — — 5.0

Total 100 .0 100 .0 100 .0 100 .0

M etabolizable energy,
k c a l/k g 341 0 2 9 3 2 3000 300 0

Protein, % 2 5 .8 21 .5 20.1 20.1

1 Vitamin mix no. 1 supplied the following: (m g/kg of diet) thiamine-HCl, 100; niacin, 100; ribo
flavin, 16; Ca D-pantothenate, 25; pyridoxine-HCl, 10; vitamin B12 (0 .1% ), 20; folacin, 4; menadione, 
5; biotin, 0.6; dry vitamin A palmitate (500,000 USP/g), 36; vitamin D3 (200,000 ICU/g), 7; d-a- 
tocopheryl acetate (1360 IU /g), 26; dextrose to 0.5% of diet.

2 Vitamin mix no. 2 is identical to vitamin mix no. 1 with 3 exceptions: vitamin B12 (0 .1% ), 15; 
vitamin D3 (200,000 ICU/g), 8 ; d-a-tocopheryl acetate (1360 IU /g), 40; dextrose to 0.5% of diet.

3 Mineral mix no. 1 supplied the following: (in  % ) CaCC>3, 0.75; CaHP04-2H20, 3.44; KH2PO4, 1; 
NaCl, 0.3; MgC03, 0.13; FeCeHsOy-SIUO, 0.06; MnS04-H20, 0.03; ZnC03, 0.01; H3BO3, 0.001; KI, 
0.004; Cu(CH3COO)2, 0.0032; CoS04-7H20 , 0.0002; Na2Mo04-2H20, 0.0009; Na2Se04- 10H2O, 0.00005; 
glucose monohydrate (Cerelose, Corn Products Company, Argo, 111.), to 6.0% of diet.

4 Mineral mix no. 2 is identical to mineral mix no. 1 with 7 exceptions: CaC0 3 , 6.6; CaHP04‘ 
2H20, 3.75; MgCOs, 0.425; ZnC03, 0.0125; Cu(CH3COO)2, 0.004; Na2Mo04-2H20, 0.0006; glucose 
monohydrate to 12.2% of diet.

5 l,2-Dihydro-6-ethoxy-2,2,4-trimethylquinoline.

several weeks and also because a few 
deaths occurred during the grower period, 
the number of males was reduced from 15 
to 10 per group at 22 weeks of age. Semen 
collections were made on a weekly basis 
by the same person for artificial insemina
tion and observations on semen volume, 
motility, sperm counts, and fatty acid 
analysis. Semen volume was measured to 
the nearest 0.01 cm3 with a tuberculin 
syringe at the time of collection. The 
semen was tested for motility and sperm 
count, according to the method of Parker 
et al. (4 ) . The fatty acid analysis of semen 
and blood was determined by the method 
of Miller et al. (5). All measurements were 
made of samples obtained from individual 
males.

White Leghorn pullets, maintained in 
individual cages and fed a standard practi
cal-type breeder diet, were used for insem
ination studies. From one to five females

were assigned at random to each male, 
depending on the quantity of semen col
lected. Inseminations were made every 
21 days with 0.05 cm3 of undiluted semen 
per hen. All eggs laid on the third day 
through the sixteenth day after insemina
tion were pedigreed and dated for hatcha- 
bility studies. The pedigreed eggs were set 
on day 17 after insemination. After 7 
days of incubation, those eggs that showed 
no signs of life were removed, broken open 
and examined macroscopically for class
ification as infertile or dead germs. At the 
end of incubation period, those eggs that 
did not hatch were examined and tabulated 
as dead germs or pipped eggs. All the per
centage data obtained with fertility, em
bryonic mortality, and hatchability repre
sented the mean based on averaging the 
data of individual males per group.

Since no differences were observed on 
the effect of linoleic acid deficiency on
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TABLE 2
E ffe c t  o f  lin o le ic  acid  (co rn  oil) on  h a tch a b ility  and sem en  ch a ra cteristics

Diet

Linoleic acid-deficient 
(group 1)

Linoleic acid-supplemented 
(group 2 )

Corn-soy 
( group 3 )

H atchability ( 6 insem ination s ) :
M ales tested, no. 10 10 10
Eggs set, no. 1 ,51 2 1,418 1 ,572
Fertility, %  1 6 4 .2  * 2 77 .9  b 8 2 .3  *
D ead germ s 0 - 7  d a y s ,%  3 5 .9 5 .2 5 .6
D ead germ s 8 -2 1  days, % 3 7 .2 6 .0 6 .6
Pipped eggs, %  3 7 .6 7 .2 5 .5
Chicks hatched, %  3 79 .2 8 1 .6 8 2 .3

Sem en characteristics:
V o lu m e /m a le , cm 3 0 .14 0 .13 0 .15
M otility 4 2 .0 2 .4 2 .2
Sperm  count, m illio n s /c m 3 4 .3 4 .0 4 .4

1 Data represent a mean fertility value based on averaging the fertility of individual males.
2 Means on the same line bearing different superscript letters are significantly different (P  — 0 .01).
3 %  of fertile eggs.
4 0 =  no motility; 1 =  sluggish motility; 2 =  moderate motility; and 3 =  vigorous motility.

TABLE 3
E ffe c t  o f  lin o le ic  a cid  (co rn  oil) on  th e  d eclin e  in  p ercen ta g e  o f  fe r ti le  eg gs  laid b y  hen s  

in sem in a ted  w ith  0 .05 c m 3 u n d ilu ted  s em en  o n ce  ev e r y  3 w eek s

Day of ovi-position 
after insemination

Linoleic acid-deficient 
males 

(group 1)

Linoleic acid-supplemented 
males 

(group 2)

Corn-soy 
males 

(group 3)

3 95 96 100
4 87 94 99
5 82 96 100
6 82 94 99
7 84 91 95
8 77 91 95
9 70 87 93

10 69 85 86
11 56 80 85
12 54 68 83
13 45 63 65
14 33 55 51
15 27 43 53
16 17 33 38

body weight gains and feed consumption 
of males fed the three dietary treatments 
from 4 to 59 weeks of age, the data are not 
presented.

R E SU LT S

The fertility data of males, as summar
ized in table 2, substantiated the initial 
studies of Lillie and Menge 2 in that there 
was a significant reduction in the average 
fertility of males fed the linoleic acid-defi
cient diet (group 1).

As shown in table 3, the percentage of 
fertile eggs laid by hens inseminated with

semen from group 1 deficient males fell 
below ninety on day 4 as contrasted with 
day 9 for group 2 and day 10 for group 3. 
The fertilizing capacity was twice as great 
for the group 2 and 3 males as for the 
group 1 males by day 16.

Analysis of semen lipids from group 1 
exhibited a fatty acid profile indicative of 
an essential fatty acid deficiency (table
4 ). This was noted in the increased per
centages of palmitoleic, oleic and eicosatri- 
enoic acids with a concomitant decrease in 
linoleic and arachidonic acids when com-

2 See footnote 1.
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TABLE 4
F atty  acid  analysis o f  s em en

Diet
Fatty acid Linoleic acid-deficient Linoleic acid-supplemented Com-soy

( group 1 ) (group 2) (group 3)
% % %

Unknown 1.76 2.02 1.45
14:0 0.33 0.29 0.29
Unknown 3.37 3.85 3.95
16:0 12.09 13.25 14.00
16:1 1.18 0.51 0.72
Unknown 2.37 3.30 2.35
18:0 18.28 20.19 19.39
18:1 20.77 13.32 14.25
18:2 0.15 4.18 4.09
Unknown 0.36 0.47 0.11
18:3 5.48 3.15 3.28
Unknown 0.75 0.94 1.25
20:3 1 8.24 0.00 0.00
20:4 2.14 8.61 8.97
22:2 2 18.91 2.52 2.99
22:4 2 3.85 23.03 22.43

1 The 20:3 acid is tentatively identified as the 5,8,11-isomer of eicosatrienoic acid.
2 Tentative identification.

TABLE 5
F atty acid  analysis o f  blood  p lasm a

Diet

Fatty acid Linoleic acid-deficient Linoleic acid-supplemented Com-soy
(group 1) ( group 2 ) (group 3)

23 weeks 47 weeks 23 weeks 47 weeks 23 weeks 47 weeks
% % % % % %

16:0 22.04 20.63 26.00 16.31 21.34 17.99
16:1 6.20 4.57 1.71 tr 0.57 tr
Unknown 1.45 1.47 1.78 1.80 2.57 2.94
18:0 14.49 14.44 17.87 16.71 18.71 17.40
18:1 41.45 41.18 22.07 12.99 16.85 10.76
18:2 0.25 0.13 17.39 36.83 26.59 37.66
18:3 0,19 0.29 tr tr 0.71 0.13
20:3 1 7.78 10.06 -----  ----- — ___

20:4 0.32 tr 6.89 8.28 6.89 7.80

1 The 20:3 acid is tentatively identified as the 5,8,11-isomer of eicosatrienoic acid.

pared with the analyses of groups 2 and 3. 
Unsaturated fatty acids tentatively identi
fied as docosadienoic and docosatetraenoic 
were found in the semen lipids from all 3 
groups. The docosadienoic was found in 
group 1 deficient semen in a concentration 
approximating 6 times that noted in the 
nondeficient groups 2 and 3. In contrast, 
the percentage of docosatetraenoic in the 
semen lipid of the deficient group was ap
proximately one-sixth of that observed in 
the nondeficient groups. The significance 
of these observations cannot be explained 
at this time.

Fatty acid analysis of plasma lipids 
(table 5) indicated that the males in group 
1 were effectively depleted of linoleic acid 
when compared with the analysis of the 
plasma lipids from groups 2 and 3.

D ISC U SSIO N

The data clearly demonstrate that the 
fertilizing capacity of the male, as mea
sured by the decline in number of fertile 
eggs after a single insemination, was de
creased by linoleic acid deficiency. The 
reduction in fertility was due to factors 
other than semen volume, sperm motility
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and sperm count since these characteristics 
were essentially the same for all groups. If 
weekly inseminations had been used, the 
effect of dietary treatment on the decrease 
in fertilizing capacity of the sperm would 
not have been established. A plausible ex
planation for the decrease in fertilizing 
capacity may be attributed to the low lino- 
leic acid content of the sperm from defici
ent males. Further research is needed to 
explore the effect of this deficiency on 
sperm metabolism within the oviduct of 
the hen.

The overall average of 1.34 and 0.37 cm3 
of semen volume reported by Parker and 
McCluskey (6 )  and Crawford and Proud- 
foot (7 ) , respectively, was higher than the 
semen volume obtained for all groups in 
this study. Edwards (2 )  was unable to 
obtain semen from deficient males at 24 
weeks of age, even though the linoleic 
acid-supplemented males responded in a 
normal manner.

The data of Ahluwalia et al. (8 )  indi
cated an increase of eicosatrienoic and a 
decrease in the members of the linoleate 
family in testes of rabbits fed an essential 
fatty acid-deficient diet. These results sub
stantiate our data with semen of the

chicken. This paper is believed to be the 
first to present a complete fatty acid pro
file of the semen of any species of animal 
fed different diets.
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ERRATUM

Tollenaar, D. 1966 Effects of mineral and vitamin supplementa
tion on swimming times and other parameters related to performance 
of rats on a low calorie regimen. J. Nutr., 90: 441. On page 444, 
column 1, line 16, the statement, “Analysis of variance (29 ) indicated 
that the nonsupplemented groups . . . should have read: “Analysis 
of variance (29 ) indicated that during period 1 the nonsupplemented 
groups ..

To correct this omission in your copy of volume 90, number 4, 
please cut along lines of reprinted section below and paste at the 
bottom of page 444.

Column 1, lines 16 and 17, should read: 
Analysis of variance (29 ) indicated that 
during period 1 the nonsupplemented 
groups . . .

ERRATUM

Miller, W. J., Y. G. Martin, R. P. Gentry and D. M. Blackmon 1968 
65Zn and stable zinc absorption, excretion and tissue concentrations as 
affected by type of diet and level of zinc in normal calves. J. Nutr., 
94: 391. The unit of measurement in table 5 should have read, % of 
absorbed 65Zn dose/kg fresh tissue, instead of % of absorbed 65Zn 
dose/g of Zn.

To correct this error in your copy of volume 94, number 3, page 
397, table 5, please cut out the unit of measurement printed below 
and paste over % of absorbed 65Zn dose/g of Zn.

% o f absorbed s5Zn dose/kg fresh tissue
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