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ABSTR ACT A  c o m b i n e d  p r o t e i n - v i t a m i n  E  d e f i c i e n c y  s y n d r o m e  c a u s i n g  s e v e r e  
l i v e r  d a m a g e  i n  t h e  p i g  w a s  s t u d i e d  b y  m a n i p u l a t i n g  d ie t a r y  l e v e l s  o f  m e t h i o n i n e ,  
c h o l i n e  a n d  s e le n iu m .  Y o r k s h i r e  p i g s  w e a n e d  a t  3  w e e k s  o f  a g e ,  w e i g h i n g  a n  a v e r a g e  
o f  5  k g ,  w e r e  u s e d  i n  4  e x p e r im e n t s .  D u r i n g  t h e  8 - w e e k  e x p e r im e n t a l  p e r i o d  th e  
a n i m a l s  w e r e  f e d  a  b a s a l  d ie t  c o n t a i n i n g  3 %  i s o l a t e d  s o y  p r o t e i n  a n d  2 5 %  c o r n  o i l ;  i t  
w a s  m a r g i n a l  i n  v i t a m i n  E  a n d  s e le n iu m  b u t  a d e q u a t e  i n  a l l  o t h e r  n u t r ie n t s .  C o n 
s u m p t i o n  o f  t h is  d ie t  r e s u l t e d  i n  t h e  d e v e l o p m e n t  o f  l i v e r  n e c r o s i s  w h i c h  w a s  m o s t  
o b v i o u s  h i s t o l o g i c a l l y  a t  w e e k s  2  a n d  4 ;  a t  w e e k  8  s e v e r e  p o s t n e c r o t i c  s c a r r i n g  o f  th e  
l i v e r  p r e d o m i n a t e d  w i t h  l i t t l e  e v i d e n c e  o f  a c u t e  n e c r o s i s .  T h e  l i v e r  d a m a g e  w a s  c o m 
p l e t e l y  p r e v e n t a b l e  b y  s u p p l e m e n t a t i o n  w i t h  a - t o c o p h e r o l ,  o r  s e le n iu m ,  o r  b o t h .  C h o l i n e  
s u p p le m e n t a t io n  a g g r a v a t e d  t h e  l i v e r  d a m a g e ;  h o w e v e r ,  m e t h i o n i n e  s u p p le m e n t a t io n  
p r o v i d e d  c o n s i d e r a b l e ,  a n d  i n  s o m e  c a s e s ,  c o m p l e t e  p r o t e c t i o n  a g a i n s t  n e c r o s i s  a n d  
s c a r r i n g  b u t  d i d  n o t  p r e v e n t  t h e  a p p e a r a n c e  o f  h y a l i n e  b o d ie s  i n  t h e  h e p a t o c y t e s .  T h e  
m e t h i o n i n e  e f f e c t  w a s  n o t  r e l a t e d  t o  c o n t a m i n a t i o n  o f  t h e  s u p p le m e n t a l  m e t h i o n i n e  
w i t h  s e le n iu m .

Previous reports from this laboratory 
have described the biochemical, morpho
logic and behavioral changes observed in 
weanling pigs fed experimental diets low 
in protein, but adequate in all other known 
nutrients (1, 2 ). The objective was to de
velop in the pig an experimental model 
which mimicked severe protein-calorie mal
nutrition in the child. Such a system 
offers many possible avenues of study; 
two which have been explored are the ef
fect of the experimental protein deficiency 
on learning behavior (3 ), and the relative 
efficiency of several different dietary pro
teins in rehabilitating the severely protein- 
calorie malnourished pig (4 ).

The advantages of using animals, par
ticularly the pig, in experimental model 
systems have been discussed elsewhere
(5 ) ;  one such advantage is that, in animal 
studies, the complicating effect of nutrient 
deficiencies other than protein can be 
eliminated so that only the protein defi
ciency effect is seen This may also be 
considered a disadvantage, however, since 
seldom, if ever, does protein deficiency oc
cur unaccompanied by other nutrient defi
ciencies in the human situation. Thus, 
when the observation was made that lower-

J. N u t r i t i o n , 95: 499-508.

ing the vitamin E content of the experimen
tal low protein diet to submarginal levels 
resulted in liver damage of a type not en
countered in simple protein deficiency, it 
was decided to study the combined protein- 
vitamin E deficiency more closely.

The present studies were designed to 
evaluate the effect of dietary manipulation 
of nutrients, particularly methionine, cho
line and selenium on the protein-vitamin 
E deficiency syndrome, using liver damage 
as the principal criterion.

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

General. Seventy-four Yorkshire pigs 
weaned at 21 days of age and averaging 
approximately 5 kg of body weight were 
used in 4 experiments. The animals were 
assigned at random by litter, weight and 
sex to dietary treatments. The animals 
were housed in pairs in ccncrete-floor pens, 
2 m X  1 m with plywood partitions. Water 
was supplied ad libitum from cast-iron 
troughs and the experimental diets were 
supplied ad libitum from metal self-feeders.

R e c e ive d  fo r  p u b lic a t io n  M a rch  6, 1968.
1 Su p p o rted  in  p a rt b y  fu n d s  p rov id ed  th ro u g h  the 

S tate  U n iv e r s ity  o f N e w  Y o r k  an d  P u b lic  H e a lth  
S e rv ic e  R e se a rc h  G ra n t no. A-3620 fro m  th e  N a tio n a l 
In stitu te s  o f  H ealth .

2 P re se n t a d d re s s : D e p a rtm e n t o f P a th o lo g y , S ch ool
o f  M e d ic in e , U n iv e r s ity  o f  P itts b u rg h , P e n n s y lv a n ia .
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The basal diet used in all experiments was 
a 3% soy protein diet with a selenium 
level of 0.018 m g/kg diet and an a-tocoph- 
eryl acetate level of 7.60 IU/kg diet. The 
composition of the basal diet is shown in 
table 1. Room temperature was main
tained near 22° with a thermostatically 
controlled electric space heater.

Body weight and feed intake were re
corded weekly. Blcod samples were drawn 
from the anterior vena cava into a hepa
rinized syringe and placed immediately in
to test tubes in a container with cracked 
ice. Total plasma proteins were deter
mined by the method of Gornall et al. (6 ) 
and electrophoretic patterns were run on 
the same samples using the Spinco Model 
R electrophoresis system. With the excep
tion of experiment 1, all animals were 
killed on day 56 either by electrocution 
(exps. 1 and 4 ) or sodium pentobarbital. 
At necropsy the liver was weighed fresh 
on removal from the body; after removal 
of tissue for histopathology, the liver was 
homogenized and frozen. Liver lipid was 
subsequently determined by ether extrac
tion of the homogenized, freeze-dried sam
ple. Tissues selected for histopathology 
were routinely fixed in Bouin’s solution. 
In addition, liver was fixed in formalin for 
fat-staining and in alcohol for glycogen- 
staining. Paraffin-embedded tissues were 
sectioned at 6 a; frozen tissues at 10 n. 
All tissues were stained with hematoxylin- 
eosin; in addition, liver sections were 
stained with Sudan III for lipid and alco
hol-fixed liver with Best’s carmine for gly
cogen. The severity of liver damage after 
56 days on experiment was evaluated on 
the basis of 6 criteria: the presence of 
triad fibrosis, hemosiderosis, bile duct pro
liferation, eosinophilic leukocytosis, inter
lobular fibrosis and pseudolobulation. Each 
criterion was scored on a scale ranging 
from zero for absence of change to 5 for 
maximal severity. Thus, with 6 criteria, 
each scored zero to 5, the maximal severity 
score was 30.

Experiment 1. Preliminary experiments 
not reported here had indicated that pigs 
subjected to a low protein diet with a 
marginal vitamin E content showed severe 
liver damage when killed after 8 weeks. 
The following serial experiment was de-

TABLE 1
C om position  o f  basal and con tro l d iets

Basal Control
% %

Glucose 1 40.6 13.6
Dextrin 2 25.0 25.0
Corn o i l 3 25.0 25.0
Mineral m ix 4 5.4 5.4
Vitamin m ix 5 1.0 1.0
Isolated soybean protein 6 3.0 30.0
Vitamin E 7 — +
Selenium 8 — +

1 C ere lose , C o rn  P ro d u cts  C o m p a n y , A rg o , I llin o is .
2 N u tr it io n a l B io c h e m ic a ls  C o rp o ra tio n , C le v e la n d .
3 M a z o la , C o rn  P ro d u cts  C o m p a n y , A rg o , I llin o is .
4 M in e ra l m ix  c o n trib u te d  th e  fo llo w in g  le v e ls  p e r  

k g  o f  d ie t: ( in  g )  C a H P 0 4 -2 H 2 0 , 15.4 ; CaCC>3 , 12.30; 
K H 2P O 4 , 17 .2 ; N a C l, 6 .1 ; C u S 0 4-5H 20 , 0.57; F e S 0 4- 
7H 20 , 0.66; M n S 0 4 H 20 , 0 .185; Z n C 0 3, 0.66; M gO , 
0.82; C o C l2-6H20 , 0 .0 11; a n d  K I, 0.0004.

5 V ita m in  m ix  co n trib u te d  th e  fo llo w in g  le v e ls  p er 
k g  o f d ie t: ( in  I U )  v ita m in  A , 5720; v ita m in  D 3 , 660; 
v ita m in  E , 7.60; ( in  m g )  th ia m in e -H C 1, 3.96; r ib o 
f la v in , 9.90; n ia c in , 66.00; C a  p a n to th e n a te , 39.60; 
c h o lin e  d ih y d ro g e n  c itr a te , 3960.00 ( in  exp . 3 ) ,  
6,458.00 ( in  ex p s. 1 , 2 a n d  4 ) ;  v ita m in  B 1 2 . 0.066 ( in  
exp . 3 ) ,  0 .198 ( in  e x p s. 1 , 2 a n d  4 ) ;  in o s ito l, 220.00; 
fo lic  a c id , 2.20; m e n a d io n e , 4.40; p y r id o x in e , 3.30; 
b io tin , 0.33 ( in  ex p . 3 ) ,  1 .0 1 ( in  ex p s. 1 , 2  a n d  4 ) .

6 P ro m in e, C e n tr a l S o ya , C h ic a g o .
7 S u p p lem en ted  as  a-toco p h ery l ac e ta te  to  su p p ly  

100 IU  o f  v ita m in  E  a c t iv ity  p e r  k ilo g ra m  o f  d iet.
8 N a 2 S e0 3 to  su p p ly  0.5 m g  se le n iu m  p e r k ilo g ra m  

o f  d iet.

signed to evaluate the pathogenesis of the 
liver lesions.

Sixteen Yorkshire pigs weighing an aver
age of 4.5 kg were assigned to 4 treatments, 
4 animals/treatment. All animals were 
assigned to the basal 3% soy protein diet 
(table 1). Four animals were killed every 
2 weeks for an 8-week period. A terminal 
blood sample was obtained from each pig 
immediately before it was killed for deter
mination of plasma protein levels. At 
necropsy, sections were taken from liver, 
kidney, pancreas, spleen, lung, esophagus, 
trachea, stomach, small intestine, large in
testine, thyroid, adrenal, skeletal muscle 
and cardiac muscle.

Experiment 2. Eighteen pigs were as
signed to 4 experimental diets, 4 pigs/ 
diet; 2 animals were assigned to a control 
diet. The basal diet was fed alone, supple
mented with 0.5 ppm selenium (supplied 
as sodium selenite), supplemented with 
a-tocopheryl acetate to a level of 100 IU 
of vitamin E activity per kilogram of diet 
and supplemented with both selenium and 
vitamin E at the indicated levels. The 
control diet was a 30% soy protein diet 
supplemented with vitamin E and selenium
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(table 1). All diets were fed for a period 
of 56 days at which time blood samples 
were drawn and the animals killed. Only 
liver was taken for histopathology.

Experiment 3. Sixteen Yorkshire pigs 
were assigned at 3 experimental diets and 
to a control diet. The basal diet was fed 
alone, supplemented with 0 .1 0 %  d l - 
methionine, and supplemented with 0.10% 
choline supplied as choline dihydrogen 
citrate. The control diet was a 30% soy 
protein diet (table 1). The animals were 
bled and killed on day 56. Liver was ob
tained on necropsy and processed for his
topathology. The supplemental methionine 
used was 98% DL-methionine 3 with a de
termined selenium content of 0.018 ppm.

Experiment 4. Although the results of 
experiment 3 showed that supplementation 
of the basal diet with 0.10% DL-methionine 
completely prevented liver damage, an ex
periment was designed to determine wheth
er the observed effect with supplemental 
methionine was due to contamination of 
methionine with selenium or whether the 
effect was a true amino acid effect. 
Twenty-four pigs were assigned to 5 ex
perimental diets and to a control diet. The 
basal diet was fed alone, supplemented 
with 0.10% DL-methionine, supplemented 
with a-tocopheryl acetate to a level of 100 
IU of vitamin E activity per kilogram of 
diet, supplemented with 0.5 ppm selenium 
(as sodium selenite), and supplemented 
with seleno-DL-methionine (0.00447 m g/ 
100 kg diet); this amount of selenomethio
nine supplies 0.000018 ppm selenium 
which is equal to the amount of selenium 
supplied by the addition of 0.10% DL-me- 
thionine to the basal diet. Blood samples 
for plasma protein determinations were 
taken at weeks 2, 4, 6 and 8. Serum glu
tamic-oxaloacetic transaminase (SGOT) ac
tivity was measured at weeks 2, 4, 6 and 8 
using the Sigma method.4 For histopathol
ogy, the same protocol was followed as de
scribed in experimen: 1. In addition, se
lected tissues were stained with Ladewig’s 
modification of Mallory’s connective tissue 
stain, Weigert’s elastin stain and phloxine.

R E S U L T S

Experiment 1. The development of the 
fatty liver as judged chemically is shown 
in figure 1. Not until week 6 of the defi-

F ig .  1 F a t t y  l i v e r  d e v e l o p m e n t  d u r i n g  t h e  8 - 
w e e k  p r o t e i n - d e p l e t i o n  p e r i o d .  ( L i p i d  e x p r e s s e d  
a s  %  l i v e r  d r y  m a t t e r . )

ciency do hepatic lipid levels rise signifi
cantly above normal. Between weeks 
six and eight hepatic lipid levels essentially 
double. There is, however, considerable 
variation in lipid levels at week eight as 
evidenced by the large standard error of 
the mean.

The results of the pathologic examina
tion of the liver at the biweekly intervals 
are described below. There was no mortal
ity in any of the treatments.

Two vneeks. Fatty metamorphosis was 
not demonstrated histologically. Glycogen 
was moderately increased in the cord cells.

In 2 of the 4 pigs there were regressive 
liver changes. They were focal and rather 
mild. Lesions included hyalinization of the 
cytoplasm with the spherical, acidophilic 
hyaline bodies typically surrounded by an

3 Feed grade, Dow Chemical Company, Midland, 
Michigan.

4 Sigma Technical Bull. 505 (1964), Sigma Chem
ical Company, St. Louis.
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empty halo, and pyknosis, rhexis and even 
lysis of the cord cell nuclei. Reparative 
processes were not observed.

Four weeks. The liver cord cells showed 
no fatty metamorphosis. Glycogen in non- 
necrotic cells was still more increased.

Two of the pigs showed focal necrosis 
throughout the liver. Reactive changes 
consisted of mononuclear cell infiltration, 
hemosiderosis of reticuloendothelial cells 
and a mild fibroplasia. In the remaining 2 
pigs necrosis was extensive and reparative 
processes more advanced.

Six weeks. There was a mild sudan- 
ophilic reaction in the periphery of the 
lobules. Glycogen was very prominent in 
the cord cells.

Although focal acute necrosis was ob
served in some instances, the predominant 
changes in the liver were chronic prolifer

ative. The lesions were those listed under 
Experimental and they were of mild-to- 
moderate degree.

Eight iveeks. Fatty metamorphosis was 
advanced throughout the lobules and gly
cogen staining reaction was intense.

Two of the pigs exhibited mild-to-moder- 
ate chronic liver changes, whereas the le
sions were severe in the other 2 pigs.

The results of this serial experiment in
dicate that young pigs fed a diet low in 
protein and vitamin E develop hepatic 
necrosis of varying severity — massive, 
submassive or focal — but only rarely of 
sufficient acuity to precipitate death. In 
surviving animals, the response of the 
liver to the necrotic insult was a chronic 
scarring (fig. 2 ), the severity dependent 
upon the extent of the previous necrosis. 
Massive or submassive necrosis resulted in

Fig. 2 Extensive postnecrotic scarring in liver o f animal on basal diet for 8 weeks.
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a collapse of large areas of liver paren
chyma with infiltration of fibrous tissue and 
chronic inflammatory cells and with a 
proliferation of bile ductules. Focal necro
sis resulted in a much less widespread 
fibrosis characterized by monolobular and 
pseudolobular nodules.

Experiment 2. The results on weight 
change and liver damage (table 2) show 
that supplementation c f the basal diet with 
selenium and vitamin E, either together or 
separately, completely prevented weight 
loss and liver damage. Pigs receiving the 
basal diet lost weight and suffered a 100% 
incidence of liver damage with an average 
severity score of 14.5. None of the ani
mals receiving the supplemented diets de
veloped liver damage and all gained a 
small amount of weight. Selenium or vita
min E alone was as effective in preventing 
liver damage as when fed together. It 
should be pointed out that a severity score 
of zero does not necessarily denote a nor
mal liver, only the absence of any of the

6 criteria enumerated in the description 
of experimental procedure. The control 
animals had normal livers, but the livers 
of the 3 supplemented basal groups all 
showed the characteristic periportal fatty 
liver of protein deficiency. Selenium or 
vitamin E supplementation had no effect 
on liver lipid levels in the protein-deficient 
groups (table 3). The liver lipid levels of 
protein-deficient animals show consider
able variation but are consistently higher 
than control values.

There was no statistically significant ef
fect of either selenium or vitamin E sup
plementation on serum protein levels 
( table 3 ). All of the serum protein param
eters of the control groups were signifi
cantly greater (P <  0.01) than those of 
the protein-deficient groups. In the sup
plemented basal groups, both the albumin- 
to-globulin ratio and albumin expressed as 
a percentage of total serum protein tended 
to increase with supplementation of sele
nium, or vitamin E, and particularly with

TABLE 2
E ffec t  o f  selen iu m  and vitam in  E su p p lem en ta tion  on  exp er im en ta l liver  

dam age in  you n g  p igs (exp . 2)

Diet
no. Diet designation

Liver damage
Wt change Severity

Incidence score
(0-30)

1 Basal diet
9

- 1 3 7  1
%

100 14.5
2 +  Se, 0.5 ppm +  300 0 0
3 +  Vitamin E, 92.4 IU +  367 0 0
4 +  Se, 0.5 ppm +  vitamin +  263 0 0

5
E, 92.4 IU 

Control diet +  19,775 0 0

1 Weight change between day zero and day 56.

TABLE 3
E ffe c t  o f  selen iu m  an d  vitam in  E on  liver  lipid and seru m  p ro te in  levels  (ex p . 2)

Diet no. 1 2 3 4 5

Diet designation Basal Basal 
+  Se

Basal +  
vitamin E

Basal +  Se +  
vitamin E Control

Liver lipid
(dry basis), % 19.44 26.56 18.50 16.76 7.76 **

Serum proteins
Total, g /100  ml 3.68 3.60 3.22 3.18 6.55 **
Albumin, g /100  nil 1.28 1.32 1.20 1.28 3.50 **
Globulin, g /100  ml 2.38 2.28 2.02 1.90 3.05 **
Album in: globulin 0.54 0.58 0.62 0.72 1.15 **
Album in, %  o f  total 35.32 36.48 37.12 40.98 53.50 **

** Significantly different from basal diets (P <  0.01).
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both. This effect, however, rather than 
being a consequence of increasing serum 
albumin levels with supplementation, was 
due to decreasing serum globulin levels in 
diets 1 through 4.

The results of this, and the previous ex
periment, clearly indicate that the liver 
damage observed was a manifestation of 
vitamin E-selenium deficiency.

Experiment 3. Supplementation of the 
basal diet with 0.10% DL-methionine com
pletely prevented liver damage (table 4). 
Methionine supplementation, however, did 
not prevent the appearance of numerous 
large hyaline bodies within the liver cells. 
Choline supplementation had no protective 
effect; rather, it appeared to aggravate the 
liver damage. Both choline and methionine 
supplementation had a significant (P <  
0.05) lipotropic effect (table 5) reducing 
liver lipid levels in diets 2 and 3 by 50% 
under diet 1 levels, but not back to control 
levels. The serum protein parameters 
showed little of significance (table 5 ) with 
the possible exception of the somewhat

higher serum albumin level of the methio
nine group compared with the basal or 
basal plus choline groups. This may re
flect an improvement in liver function 
consequent to the lack of liver damage in 
the methionine-supplemented group.

This experiment was repeated with 
similar results. Methionine and choline 
again had a lipotropic effect on liver lipid 
levels; the preventive action of methionine 
on liver damage was confirmed, as was 
the aggravating effect of choline which, in 
the repeated experiment, was more pro
nounced than in the original experiment. 
The question as to the modus operandi 
of the preventive effect of methionine re
mained unanswered. The methionine 
source used was a feed grade containing 
not less than 98% DL-methionine; by 
analysis this methionine source was found 
to contain 0.018 ppm selenium. The pos
sibility existed that the preventive effect 
of methionine was a selenium-contami
nant effect. It seemed inconceivable that 
the infinitesimal (0.000018 ppm) amount

TABLE 4
E ffe c t  o f  m eth ion in e  and ch o lin e  su p p lem en ta tion  on  exp er im en ta l liver  

dam age in  you n g  pigs (exp . 3)

Diet designation
Liver damage

Wt change Severity
Incidence score

(0-30)
9 %

1 Basal diet +  50 i 100 9.00
2 +  0.10% DL-methionine +  475 0 0.00
3 + 0 .1 0 %  choline - 2 5 0 100 14.30
4 Control diet +  16,800 0 0.00
1 Weight change between day zero and day 56.

TABLE 5
E ffe c t  o f  m eth ion in e  and ch o lin e  su p p lem en ta tion  on  liver  lipid

and ' seru m  p ro te in  levels  (exp . 3)

Diet no. l 2 3 4

Diet designation Basal Basal +  0.10% 
DL-methionine

Basal +  0.10% 
choline Control

Liver lipid
(dry basis), % 38.29 19.15 17.99 10.02

Serum proteins:
Total, g /100  ml 3.88 4.43 4.23 6.27
Albumin, g /100  m l 1.35 1.62 1.33 3.33
Globulin, g /100  m l 2.53 2.81 2.90 2.94
Album in: globulin 0.53 0.58 0.46 1.13
Albumin, % o f total 35.00 36.15 31.00 52.67
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of selenium supplied by the addition of 
0.10% DL-methionine to the basal diet 
could have prevented the liver damage. 
Nevertheless, this possibility was investi
gated in the last experiment by matching 
the selenium supplied as a contaminant 
of methionine with an equal amount of 
selenium supplied in the form of seleno- 
DL-methionine.3 In this way it was hoped 
to separate the methionine (i.e., amino 
acid) effect and the selenium-contaminant 
effect.

E xp erim en t 4 . Supplementation of the 
basal diet with 0.10% DL-methionine af
forded almost complete protection against 
liver damage (table 6 ); however, supple
mentation with seleno-DL-methionine to 
supply the same amount of selenium as 
supplied by 0.10% of DL-methionine had 
no protective action against liver damage. 
Supplementation with vitamin E or selen
ium protected completely against liver 
damage, confirming the results of experi
ment 2. The liver lipid and serum protein 
data showed nothing that had not been ob

served in previous experiments and that 
is not reported here. Of interest are the 
data on change of SGOT levels with time 
(table 7). At week 2, the basal diet had 
a SGOT level significantly elevated (P <  
0.05) above the control value. The methi
onine- and seleno-DL-methionine-supple- 
mented groups both had somewhat ele
vated SGOT levels, but neither were 
significantly different from control or 
basal values. By week 4, all SGOT levels 
had returned to control values and re
mained there throughout the experiment. 
The elevations in SGOT activities were not 
striking, but did occur in those groups 
where evidence of liver damage was found 
on necropsy.

The results indicate that the protective 
action of DL-methionine on liver damage 
is not a consequence of selenium con
tamination but rather is a true amino acid 
effect. 5

5 Grade 1, containing 40.26% selenium, Cyclo 
Chemical Company, Los Angeles.

TABLE 6
Failure o f  s e len o -o i-m eth io n in e  to  p r ev en t exp er im en ta l liv er  dam age  

in  you n g  p igs (ex p , 4 )

D ie t
n o . D ie t  d e s ig n a t io n W t  c h a n g e

L iv e r  d a m a g e  

I n c id e n c e
S ev er ity

s co re
( 0 - 3 0 )

9 %
i B a s a l  d ie t - 3 5 0  1 1 0 0 1 2 .5 0
2 +  0 .1 0 %  D L -m e t h io n in e +  1 8 8 5 0 2 .7 5
3 +  V i t a m i n  E , 9 2 .4  IU - 2 3 7 0 0 .0
4 +  S e , 0 .5  p p m +  6 2 0 0 .0
5 +  S e le n o -D L -m e t h io n in e  2 - 1 2 5 1 0 0 1 3 .5 0
6 C o n t r o l  d ie t +  1 0 ,0 0 0 0 0 .0 0

1 Weight change between day zero and day 56.
2 Supplies 0.000018 ppm Se.

TABLE 7
C h an ge in  seru m  g lu ta m ic-oxa loa ce tic  tra nsa m ina se w ith  tim e (exp ,  4 )  1

D ie t
no.

S G O T

2  w e e k s 4  w e e k s 6  w e e k s 8 w e e k s

Sigma-Frankel units
i B a s a l  d ie t  8 7 .5  a 2 4 .7 1 7 .5 1 6 .0
2 +  0 .1 0 %  D L -m e t h io n in e  4 3 .5  ab 2 2 .2 2 1 .2 2 1 .2
3 +  V i t a m in  E , 9 2 .4  1U  2 0 .8  b 1 5 .2 1 4 .5 1 2 .0
4 +  S e , 0 .5  p p m  1 8 .0  b 1 6 .8 1 6 .7 1 6 .5

5 +  S e le n o -D L -m e th io n in e  6 1 .0  ab 2 1 .2 2 3 .5 1 9 .5

6 C o n t r o l  d ie t  2 1 .5  b 1 2 .8 1 1 .5 1 1 .5

1 Means within the same week having the same superscript are not significantly different 
(P <  0.05); no significant differences in weeks 4, 6 or 8.
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D I S C U S S I O N

Vitamin E-selenium-responsive diseases 
have been described in several species and 
include dietary liver necrosis in the rat
(7 )  and hepatosis diaetetica in the pig
( 8 )  . Three separate dietary factors— -vi
tamin E, selenium and cystine —  all had 
been reported to protect against dietary 
liver necrosis in either rats or pigs. It 
became obvious in the late 1950:s (9 )  that 
commercial L-cystine was usually contami
nated by 1 to 2 ug of selenium per gram 
of amino acid. Many of the experiments 
reporting a protective effect of sulfur 
amino acids in dietary liver necrosis came 
under question. Careful experimentation 
using sulfur amino acids free of selenium 
contamination, however, showed that sul
fur amino acids, although not affording 
complete protection, delayed the onset of 
dietary necrotic liver degeneration in the 
rat. This effect was mediated by a potent 
sparing action of the sulfur amino acids 
on the requirement for vitamin E (7 ).

The results presented in this paper are 
entirely compatible with this concept. Vi
tamin E-selenium-responsive liver damage 
was completely prevented by vitamin E or 
selenium supplementation, but only par
tially protected by methionine. In experi
ment 4, methionine supplementation af
forded considerable protection but did not 
prevent the development of mild fibrosis 
in the livers of 2 animals. In experiment 
3, there was no evidence of fibrosis in the 
methionine-treated group, but cytoplasmic 
hyaline bodies were abundant.

Hyaline bodies (alcoholic hyaline, Mal
lory bodies) have received much attention 
as a feature of liver injury (1 0 ). Hyaline 
bodies were originally described by Mal
lory (11 ) as pathognomonic of alcoholic 
liver cirrhosis, but similar eosinophilic cy
toplasmic masses have been observed in 
nonalcoholic cirrhosis (1 2 ), in noncir
rhotic liver, and in certain types of ex
perimentally damaged animal liver (1 3 -
15). The ultrastructural interpretations of 
the various forms of cytoplasmic hyaline 
in man and animals are summarized by 
Steiner et al. (16 ). Two types of cyto
plasmic alterations, namely, swelling and 
clumping of the mitochondria and disrup
tion of the endoplasmic reticulum, are 
thought to result in the appearance of hya

line bodies. Svoboda and Higginson (17 ) 
have shown that the earliest lesion in the 
liver of rats fed a necrogenic diet low in 
a-tocopherol and cystine was a swelling of 
the mitochondria. Todd and Rrook (15 ) 
have reported that the earliest histological 
change in vitamin E-selenium deficiency 
in the bovine was the appearance of cyto
plasmic hyaline bodies. The demonstra
tion of hyaline bodies in the liver of me
thionine-treated animals may therefore be 
interpreted as evidence of cellular injury. 
The protective effect of methionine, while 
considerable, was nevertheless only par
tial and possibly mediated by sparing vita
min E. The results of experiment 4 indi
cate that selenium contamination was not 
a significant factor in the protective ac
tion of methionine.

It remains to be established definitely 
whether methionine or one of its oxidation 
products is the protective agent in dietary 
liver necrosis. Schwarz (7 )  has proposed 
that, since homocysteine and methionine 
are as effective as cystine, and the conver
sion of cystathionine to cysteine is irrevers
ible in mammals, the protective effect ap
pears to originate at the cystine-cysteine 
level or below. Hathcock and Scott (18 ) 
have recently shown that cysteine, not me
thionine, is the metabolically active sulfur 
amino acid in the prevention of nutritional 
muscular dystrophy in vitamin E-deficient 
chicks.

Choline supplementation in experiment 
3 considerably increased the severity of 
liver damage. Mackenzie and duVigneaud
(19) have shown that availability of 
methyl groups, such as supplied by cho
line, tends to keep sulfur amino acids in 
the methionine area, whereas lack of 
methyl groups increases the rate of catab
olism of sulfur amino acids. Thus, choline 
supplementation may reduce the conver
sion of methionine to cysteine, thereby in
creasing the severity of liver damage. The 
same reasoning explains why methionine 
supplementation in experiment 4 (choline 
level, 0.26% ) did not completely prevent 
the appearance of fibrosis, whereas methi
onine supplementation in experiment 3 
(choline level, 0.16% ) did.

The finding of postnecrotic hepatic scar
ring in protein-vitamin E-deficient pigs 
may have relevance to the continuing con
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troversy about liver cirrhosis as a possible 
sequel to protein malnutrition in the hu
man. As Schwarz (20 ) remarks, the term 
“protein malnutrition” may not properly 
define the situation from a strictly bio
chemical point of view. In addition to 
amino acids, proteins usually also carry a 
great many vitamins and trace elements 
either chemically bound or as contami
nants. The word “protein,” while of great 
value in the description of the nutritional 
status of a population, is of little value 
when it comes to the search for specific 
etiological mechanisms in biochemical 
terms. The evidence for vitamin E de
ficiency in human protein malnutrition is 
considerable and accumulating (21 -23 ). 
Little attention has been directed toward 
selenium in protein malnutrition, but ex
isting evidence points to the possibility of 
selenium deficiency in kwashiorkor (24, 
25).

Waterlow and Bras (26, 27) have ad
vanced a dual theory of the etiology of 
cirrhosis which postulates that toxic, in
fective or parasitic agents, when com
bined with malnutrition, may play a causa
tive role. Our evidence shows that protein 
malnutrition in the pig, when associated 
with vitamin E-selenium deficiency, re
sults in severe postnecrotic scarring of the 
liver. The possibility of a similar defi
ciency precipitating liver cirrhosis in the 
protein-malnourished human should be in
vestigated.
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Effect of Dietary Lipid upon Some Enzymes of 
Significance in Biogenic Amine 
Metabolism in the R a t* 1

B E R N A R D  C E N T U R Y  and M . K . H O R W I T T
L. B. M en d el R esea rch  L a bora tory , E lgin  State H ospita l , E lgin , Illinois

A B STR AC T  A c t iv i t i e s  o f  c e r t a i n  e n z y m e s  c o n c e r n e d  w i t h  b i o g e n i c  a m i n e  m e t a b o 
l i s m  w e r e  i n f l u e n c e d  s ig n i f i c a n t ly  b y  t h e  d i e t a r y  l i p i d .  M o n o a m i n e  o x i d a s e ,  5 - h y d r o x y -  
t r y p t o p h a n  d e c a r b o x y l a t i o n ,  a n d  i n  v i t r o  m e t a b o l i s m  o f  5 - h y d r o x y t r y p t o p h a n  t o  e n d  
p r o d u c t s  w e r e  h i g h e s t  i n  l i v e r s  f r o m  r a t s  f e d  7 %  l e v e l s  o f  c o d  l i v e r  o i l ,  l i n s e e d  o i l ,  
c o r n  o i l  o r  a  c o m b i n a t i o n  o f  l i n s e e d  a n d  c o d  l i v e r  o i l s ,  i n  c o m p a r i s o n  w i t h  s im i l a r  
d a t a  f r o m  a n i m a l s  f e d  b e e f  f a t  o r  l o w  l e v e l s  o f  c o r n  o i l .  N o  d i f f e r e n c e s  w e r e  f o u n d  i n  
b r a i n  e n z y m e  a c t iv i t y  a m o n g  t h e  e x p e r im e n t a l  g r o u p s .  F a t t y  a c i d s  f r o m  l i v e r  p h o s 
p h o l i p i d s  r e f l e c t e d  t h e  d i f f e r e n c e s  d u e  t o  t h e  d i e t a r y  l i p i d ,  b u t  n o  s ig n i f i c a n t  d i f f e r 
e n c e s  w e r e  f o u n d  i n  l i v e r  l i p i d  c o n t e n t ,  o r  i n  l i v e r  a n d  b r a i n  n i t r o g e n ,  R N A ,  a n d  
D N A  l e v e l s .

Studies from our laboratory (1 -3 )  as 
well as by other investigators (4 -7 )  have 
shown that the fatty acid composition of 
lipids, even phospholipids from cellular 
and subcellular structures, can readily be 
altered by feeding lipids of different com
positions. One may, therefore, reasonably 
ask whether enzymes, responses to drugs, 
and other cellular functions might differ 
as a result of these compositional changes 
in lipoprotein structures obtained by feed
ing various lipids. Although a plethora of 
information has accumulated concerning 
the effects of dietary lipids upon athero- 
genesis, cholesterol, lipid levels and lipid 
metabolism, less work has been described 
concerning the effects of dietary lipids up
on other biological variables. Previous re
ports from this laboratory have shown that 
swelling responses of liver mitochondria
(8 ) , in vitro depression of oxidative phos
phorylation by chlorpromazine (9 ) ,  and 
in vivo depression of 32P labeling of rat 
brain phospholipids by chlorpromazine2 
were significantly affected by feeding dif
ferent fats and oils. Tepperman and Tep- 
perman (10 ) found increased activities in 
malic enzyme, hexose monophosphate de
hydrogenase, and NADPH oxidase in livers 
from rats fed saturated fat diets over rela
tively short periods. Erythrocytes from rats 
fed coconut oil were more easily hemo- 
lyzed by glycerol and thiourea than cells 
from rats fed corn oil (11 ). A number of

reports have described the effects of fast
ing (1 2 -1 3 ) and of protein deprivation 
(14 -17 ) on various enzymes and animal 
behavior. The present investigation is con
cerned with the effects of feeding nutri
tionally adequate diets that furnish differ
ent lipids upon some enzymes known to be 
prominent in biogenic amine metabolism.

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

Weanling male albino rats, of the 
Sprague-Dawley strain, weighing 40 to 
45 g, were fed semisynthetic diets (tables
1 ,2 ) similar to those previously described
(18). These diets are adequate in the 
known nutrients and are isocaloric with 
respect to the protein, vitamin, and min
eral contents. Animals were killed during 
the times indicated on the tables and were 
of comparable weights. Generally, the larg
est rats of each group were killed earlier, 
to obtain as much uniformity as possible. 
Liver and brain homogenates were pre
pared in ice-cold 0.25 m  sucrose in con
centrations suitable for various assays. All 
incubations were made in a water-bath

Received for publication January 11, 1968.
1 Supported by the Illinois Mental Health Fund and 

by Public Health Service Research Grants nos. 
AM-07184 and AM-10823 from the National Institute 
of Arthritis and Metabolic Diseases.

2 Century, B., and M. K. Horwitt 1965 Effect of 
chlorpromazine upon P32 uptake into brain phospho
lipids as a function of the diet. Federation Proc., 
24: 688 (abstract).
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TABLE 1
E xp erim en ta l diets

A B
Corn oil percentages Lipid percentages

10 2 1 0.5 7 0.8 0.5
parts parts parts parts parts parts parts

C a s e i n  ( v i t a m i n  t e s t ) 2 5 2 5 2 5 2 5 2 5 2 5 2 5
S a lt  m i x t u r e  4 4 6  1 4 4 4 4 4 4 4
D e x t r o s e ,  U .S .P . 6 1 7 8 .6 8 1 .0 8 2 .2 5 6 4 7 8 .0 4 7 8 .7 6
L i p i d  2 1 0 2 .2 1 .1 0 .5 5 7 0 .8 6 0 .5 4

T o t a l 1 0 0 1 0 9 .8 111.1 1 1 1 .8 1 0 0 1 0 7 .9 0 1 0 8 .3 0

C h o l i n e  H .  c i t r a t e 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3
V i t a m i n  m i x  3 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3 0 .3 3

1 Salt mixture described by Mameesh and Johnson (19), modified to furnish 0.38 ppm of chromium and 
0.16 ppm of selenium as sodium selenite to the diet.

2 d-a-Tocopheryl acetate (furnished by Distillation Products Industries, Rochester, New York) was added 
to the lipids to supplement 400 ¿tg/g of dietary lipid in the higher lipid containing diets, and 2.0 mg/’g of lipid 
in the diets containing lower levels of corn oil.

3 Vitamin mixture furnishes the following levels in the diet (m g/kg or the isocaloric equivalent): ¿-inositol 
( m eso), 111; p-aminobenzoic acid, 111; menadione, 50; niacin, 100; riboflavin, 22; pyridoxine-HCl, 22; thia
mine HC1, 22; Ca-D-pantothenate, 67; folic acid, 2; biotin, 0.45; and vitamin B12, 0.03. Vitamins A (2500 
IU) and D (180 IU) were given orally in 2 drops of oleum percormorphum per week. Animals fed diets 
containing cod liver oil were given 1 drop/week.

shaker at 37°. Specific inhibitors3 were 
added in concentrations described in the 
results. Decarboxylation of 5-hydroxytryp- 
tophan (5-HTPD) was determined by the 
method of Snyder and Axelrod (20 ) using 
side-chain labeled 5-HTP-2-14C as the sub
strate. In all instances of 14C counting, ali
quots were taken for assay by liquid scin
tillation counting using Bray scintillation 
fluid (21). Monoamine oxidase (MAO) 
determinations were made using the radio
active tryptamine procedure of Wurtman 
and Axelrod ( 22 ), or the fluorometric 
method of Kraml (23 ) with kynuramine 
as the substrate. In the latter case, 0.6 m  
perchloric acid instead of 10% trichloro
acetic acid was used to stop the reactions. 
Catechol-O-methyltransferase (COMT) was 
determined by the method of McCaman
(24). Metabolism in vitro of 5-hydroxy- 
tryptophan (5-HTP) was assayed by the 
method of Feldstein and Wong (25 ). Ra
dioactive serotonin (5-HT) and 5-HTP-MC 
were separated and determined as de
scribed; but in a modification cf the pro
cedure, aliquots of the ethyl ether extract 
were assayed for 14C before and after the 
extraction step using NaCl saturated 0.5 m  
borate buffer (pH 10). This difference 
represented 5-hydroxyindoleacetic acid (5- 
HIAA) and the final ether fraction con
tained 5-hydroxyindoleacetaldehyde plus
5-hydroxytryptophcl (neutrals). In all

the enzyme determinations, control flasks 
which included the acid or buffer used to 
stop the reactions were incubated with the 
experimental samples. Liver nitrogen was 
determined by a Nessler procedure (26 ), 
liver lipids by the gravimetric procedure 
of Sperry and Brand (27—28), and RNA 
and DNA by the method of Monro and 
Fleck (2 9 ), using the diphenylamine re
action for the final determination of DNA. 
Fatty acid compositions of liver phospho
lipids and brain lipids were determined as 
previously described (3 ).

R E S U L T S

Unsaturated fatty acid compositions of 
liver phospholipids and brain lipids shown 
in table 2 illustrate the differences found 
in the experimental groups. Liver phospho
lipids from rats fed 7 % corn oil contained 
high proportions of u6 essential fatty acids 
(EFA) with 4 and 5 double bonds (30 ). 
These totaled about 22% , as compared 
with 8% in animals given 7% beef fat. 
Feeding diets containing linseed or cod 
liver oils, which supplied high levels of co3 
polyunsaturated fatty acids (PUFA) (3 0 ),

3 Compounds used were iproniazid, Hofirnann-La 
Roche, Inc., Nutley, N. J.; /3-phenylisopropylhydrazine 
hvdrochloride fJB-516. Catron), Lakeside Labora
tories, Milwaukee, Wise.; N'-meihyl-N'-( 3-hydroxv- 
benzyl )-hydrozinium dihydrogen phosphate (NSD- 
1034) and 4-bromo-3-hydroxybenzyloxyamine trihydro
gen phosphate (NSD-1055), Smith & Nephew Research, 
Ltd., Ware, Herts, England; and a-methyl-dihydroxy- 
phenylalanine (a-methyl-DOPA), Nutritional Biochem
icals Corp., Cleveland, Ohio.
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resulted in considerable substitution of u3 
fatty acids having 5 and 6 double bonds 
for co6 EFA. The former totaled about 13 
to 16% of the fatty acids, as compared 
with about 2 to 5% in the other experi
mental groups. Animals fed beef fat or low 
levels of corn oil showed varying amounts 
of cj9 eicosatrienoic acid, but the triene-to- 
tetraene ratio (3 1 ), indicative of EFA de
ficiency, was well under 0.4 in all animals 
except those fed 7% beef fat. Two groups 
of rats whose diets furnished about 0.55% 
of calories as linoleic acid (0.5% corn oil 
versus 0.3% corn oil +  6.7% beef fat) 
showed similar fatty acid patterns in liver 
phospholipids, suggesting that the level of 
the dietary lipid per se did not influence 
the fatty acid patterns when both diets 
furnished the same amount of linoleic 
acid. Feeding 2% linseed oil +  5% cod 
liver oil, however, resulted in a consider
able depression of co6 essential fatty acids 
and a predominance of co3 or linolenic type 
fatty acids in the liver phospholipids, in 
comparison with the group fed 0.8% corn 
oil. Both diets furnished about 0.86% of 
their calories as linoleic acid, but in this 
case u3 fatty acids substituted for much 
of the EFA in the tissue sites.

Similar differences were also observed 
in brain fatty acids among various experi
mental groups but to a much lesser degree 
than in liver phospholipids. Four u>6 EFAs 
constituted about 15% of the fatty acids 
of brain lipids from animals fed 7% com  
oil, as compared with 11 to 12% in ani
mals fed beef fat or low levels of corn oil, 
about 10% in rats fed 7% linseed oil, and 
only 8% in the two groups whose diets 
included cod liver oil. Omega-3 or linolenic 
type fatty acids made up from 12.3 to 
15.9% of the fatty acids in brain lipids 
from animals fed linseed or cod liver oil, 
9.2% in rats fed 7% corn oil, and 5.9 to 
8.8% in animals fed beef fat or low levels 
of corn oil. Omega-9 eicosatrienoic acid 
appeared only in brains of rats fed 7% 
beef fat, 6.7% beef fat +  0.3% corn oil 
or 0.5% corn oil. These diets furnished 
the three lowest levels of PUFA.

No differences were seen in liver lipid 
(4.1 to 5 .1% ), in nitrogen levels in 
brain (1.79 to 1 .95% ) and liver (2.76 to 
3.02% ), in RNA in brain (2.51 to 2.65 
m g /g ) and liver (10.36 to 11.48 m g /g ),
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or in DNA in brain (1.99 to 2.38 m g /g ) 
and liver (2.6 to 2.9 m g /g ) among the 
experimental groups which could suggest 
that the effects of the dietary variables 
upon the enzymes might be due to tissue 
dilution.

In two experiments shown in table 3,
5-HTFD in liver was significantly lower in 
animals fed either beef fat or 0.5% corn 
oil. No differences were found in 5-HTPD 
activities in brain among the experimental 
groups. These averaged about 0.23 nmole/ 
g/hour. The MAO and 5-HTPD activities 
were also evaluated in livers from rats fed 
diets which provided at least a minimum 
amount of EFA (table 3). Liver 5-HTPD 
was significantly lower in animals fed 1% 
corn oil, or 6.5% beef fat +  0.5% corn 
oil, in comparison with rats fed 7% corn 
oil. These two diets furnished about 1.2 
and 0.95% , respectively, of their calories

TABLE 3
5-H TPD and  M A O  in  livers from  rats fe d

various lipids

Dietary lipid 1 5-HTPD MAO 2 3
fimoles, 'g/hr

Exp. 1 (8 )  s
7% Cod liver oil 4 .7 6 ± 0 .2 7  4 ----
15% C om  oil 4.95 rt 0.17 —
15% Beef fat 3 .2 7 ± 0 .1 7 5 —

Exp. 2- (6 )
10% C om  oil 4.78 ± 0 .2 2 —
2%  C om  oil 4 .4 2 ±  0.27 —

1 %  C om  oil 4 .1 0 ±  0.29 —

0.5%  C om  oil 3.44 ± 0 .4 4  5 7 —

10% Beef fat 2.99 ± 0 .2 0  5 —

Exp. 3.
6.5% Cod liver oil

(1 0 ) (7 )

— 0.5% com  oil 4 .5 6 ± 0 .1 6 19.3 ±  0.7
7 % Corn oil 4.87 ± 0 .2 1 16.7 ±  0.4 8
1 % Corn oil 
6 .5%  Beef fat

4.26 ± 0 .1 4  6 15.8 ± 0 .5  9

— 0.5% corn oil 3.78 ±  0.15 7 1 5 .6 ±  0.7 9
7% Beef fat 2.99 ± 0 .1 6  7 15.4 ± 0 .7  9

1 In exp. 1, rats were kept for 13 to 15 weeks, and 
in exp. 2, for 4 to 10 weeks on diets isocaloric with 
group A from table 1. In exp. 3, rats were kept for 
9 to 15 weeks on diets isocaloric with group B.

2 Tryptamine-2-14C as substrate.
3 Numbers of animals per group are in parentheses.
4 Mean ±  se .
5 P < 0.01 that differences from groups fed 7% cod 

liver oil or 10% corn oil, respectively, are due to 
chance.

6 P <  0.05 that differences from group fed 7% com 
oil are due to chance.

7 P <  0.001 that differences from group fed 7% corn 
oil are due to chance.

8 P <  0.02 that differences from group fed 6.5% cod 
liver oil are due to chance.

9 P <  0.01 that differences from group fed 6.5% cod
liver oil are due to chance.

as linoleic acid. The lowest activity was 
observed in rats fed 7% beef fat, whose 
diet furnished about 0.28% of calories as 
linoleic acid. Liver MAO was significantly 
higher in rats fed 6.5% cod liver oil +  
0.5% corn oil in comparison with the 
other experimental groups. This diet fur
nishes about 3.0% of calories as co3 PUFA 
and about 0.8% of calories as linoleic acid, 
as well as about 0.6% as arachidonic 
acid, most of which appeared to be cj6 or 
essential.

Incubation of liver homogenates from 
animals in experiment 2 with 1 X 10-5 m  
and 3 X 10 5 m  concentrations of a-methyl- 
DOPA resulted in inhibitions of 17 and 
33% , respectively, while 6 X 10-6 m  and 
2 X 10“5 m  concentration of a-methyl- 
DOPA inhibited brain 5-HTPD by 30 and 
46% . No differences were observed in 
percent inhibition by this drug among rats 
fed different diets.

The effects of various dietary lipids up
on 5-HTPD, MAO, COMT, and 5-HTP 
metabolism are illustrated in table 4. Liver
5-HTPD and 5-HTP metabolism rates were 
significantly lower in rats fed beef fat or 
low levels of corn oil than in rats fed 7% 
cod liver oil or 7% corn oil. Highest activ
ities of liver MAO, determined by two pro
cedures, were observed in animals fed 
diets containing cod liver oil, whereas the 
lowest values were found in animals fed 
beef fat or low levels of corn oil. Liver 
COMT, however, was significantly lower 
in rats fed 7% cod liver oil, or 2% linseed 
oil +  5% cod liver oil, in comparison with 
the other groups not given cod liver oil. 
Metabolism of 5-HTP by liver homoge
nates by way of serotonin resulted primar
ily in the formation of 5-HIAA plus small 
amounts of neutral derivatives. Highest 
rates of 5-HTP utilization and 5-HIAA for
mation were obtained with liver samples 
from rats fed 7 % levels of corn oil, linseed 
oil, or cod liver oil, which furnished high 
amounts of PUFA. These differences, to 
a lesser degree, were also seen in the for
mation of the neutral metabolites. Accu
mulation of serotonin was significantly 
less only with liver from rats given 7% 
beef fat. This is not surprising, since in 
other groups, the differences in decarboxy
lation to serotonin are probably cancelled 
by the corresponding oxidation of seroto-
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nin by MAO. Liver MAO, 5-HTPD, and 
5-HTP metabolism in rats fed 0.3% corn 
oil +  6.7% beef fat were sliglriy higher 
but not significantly higher than in ani
mals fed 0.5% corn oil. Both diets fur
nished about 0.55% of their calories as 
linoleic acid. The same activities in livers 
from animals fed 2% linseed oil +  5% 
cod liver oil were, however, significantly 
higher (P < 0.01) than in rats fed 0.8% 
corn oil. Both groups of rats were given 
0.86% of their calories as linoleic acid, 
but animals fed 2% linseed oil +  5% cod 
liver oil also received about 4.8% of their 
calories as co3 PUFA, including about 
2.4% as linolenic acid.

No differences were observed in 5- 
HTPD, MAO, or COMT activities in brains 
of rats from the different experimental 
groups. The activities in brain for 5-HTPD 
were, 0.17 to 0.22 umole/g/hour; for MAO 
with tryptamine-2-4C, 4.9 to 5.3 nmoles/ 
g/hour; for MAO with kynuramine, 7.2 to
7.7 nmoles/g/houi; and for COMT, 0.49 
to 0.51 nmole/g/hour.

Liver 5-HTPD was inhibited from 44 to 
53% by 2 X 10“5m  NSD-1055 and 33 to 
38% by 1 X 10-4 m  NSD-1034, but no sig
nificant differences were observed in the 
effectiveness of these drugs among the 
experimental groups. Similarly, brain de
carboxylase was inhibited 60 to 69% by 
5 X 1CTS m  NSD-1055 and 28 to 36% by 
1 X 1CT4m  NSD-1034, with no significant 
differences among the groups. No signifi
cant differences were found in the inhibi
tion of MAO by JB-516 (Catron) or by 
iproniazid in liver and in brain among the 
experimental groups. Liver MAO was in
hibited 23 to 30% by IX 10“6 m  JB-516 
and 55 to 62% by 5 X 10_4m  iproniazid. 
Brain MAO was inhibited 30 to 34% by 
1 X 10-6 m  JB-516 and 49 to 53% by 5 X 
10 4 m  iproniazid.

D I S C U S S I O N

The data reported here support the hy
pothesis that fatty acid changes in the 
tissue structures can affect subcellular 
functions. It is possible that altering the 
fatty acid compositions of the lipoproteins 
on enzyme-supporting structures could af
fect some of the particle-bound enzymes, 
such as MAO, which has been reported to 
be primarily bound to mitochondria (32,

33). Similar changes might be observed 
concerning 5-HTPD, although there is only 
slight evidence that this enzyme might be 
loosely bound rather than soluble (33, 34), 
and these studies were done with brain 
rather than liver. In a preliminary investi
gation in our laboratory, over 90% of the 
5-HTPD activity in liver was found in the 
supernatant fraction. COMT, however, has 
been described as a soluble enzyme (35 ), 
and the type of differences in MAO and 
5-HTPD activities found among the experi
mental groups were not observed with 
COMT. The lower COMT activities in liver 
from animals whose diets included cod 
liver oil may be due to some factor other 
than the fatty acid content, since no in
hibition of COMT was found in rats fed 
7% linseed oil, whereas both linseed oil 
and cod liver oil in the diet led to increased 
tissue levels of co3 PUFA at the expense of 
co6 EFA. It should be noted, however, that 
a considerable increase in u3 docosahexa- 
enoic acid (2 2 :6 ) in liver phospholipids 
was found only in animals fed cod liver oil.

The level of dietary fat per se did not 
appear to influence the activities of the 
enzymes discussed here. Feeding either 
0.5% corn oil or 0.3% corn oil +  6.7% 
beef fat resulted in similar fatty acid pro
files in liver phospholipids and in similar 
enzyme activities. Both diets furnished 
0.55% of the calories as linoleic acid.

No differences were found in the ac
tivities of various drug inhibitors upon 
MAO and 5-HTPD among the experimen
tal groups. The percentages of inhibition 
of the enzymes were the same, regardless 
of the uninhibited levels of activity found 
in the livers.

Brain activities of MAO and 5-HTPD 
did not differ among the experimental 
groups. Small differences were found in 
fatty acid compositions, but on the whole, 
brain lipids appeared to be much more re
sistant to changes in response to a differ
ence in the dietary lipid.

Cellular and subcellular membranes 
have been described as consisting of vari
ous forms of layers of lipoproteins with 
phospholipid or hydrophobic structures in 
the leaflets (36, 37). Differences in activi
ties reported here could be related either 
to changes in the enzyme properties result
ing from altered fatty acid compositions
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in the lipoproteins, or to changes in the 
rate of transport of substances through 
subcellular membranes. In any case, the 
data reported here serve to call attention 
to some of the nutritional factors which 
could easily affect biochemical and phar
macological variables at the cellular and 
subcellular level.
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Effects of Retinoic Acid and Progesterone 
on Reproductive Performance 
in Retinol-deficient 
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A B ST R A C T  I t  w a s  d e s i r e d  t o  d e t e r m in e  w h e t h e r  a d m i n i s t r a t i o n  o f  r e t i n o i c  a c i d ,  
o r  a  c o m b i n a t i o n  o f  r e t i n o i c  a c i d  p l u s  p r o g e s t e r o n e ,  c o u l d  r e p a i r  t h e  d e f e c t s  i n  r e 
p r o d u c t i v e  p e r f o r m a n c e  w h i c h  o c c u r  i n  r e t i n o l - d e f i c i e n t  f e m a l e  r a t s .  A  r e l i a b l e  d e g r e e  
o f  r e t i n o l  d e f i c i e n c y  w a s  a c h i e v e d  i n  v i r g i n  f e m a l e  a l b i n o  r a t s  b y  f e e d i n g  a  r e t i n o l -  
r e p l e t e  d ie t  f r o m  w e a n i n g  u n t i l  a t t a i n m e n t  o f  a  b o d y  w e i g h t  o f  8 0  g ,  f o l l o w e d  b y  a 
r e t i n o l - f r e e  d ie t  u n t i l  t h e  r a t s  r e a c h e d  2 0 0  g  a n d  w e r e  m a t e d .  O n e  g r o u p  o f  6 0  r a t s  
w a s  f e d  a n  u n s u p p l e m e n t e d  r e t i n o l - f r e e  d i e t ,  a n d  t w o  o t h e r  g r o u p s  o f  4 8  a n d  6 0  r a t s ,  
r e s p e c t iv e l y ,  w e r e  a d d i t i o n a l l y  g i v e n  a l l -trans  r e t i n o i c  a c i d  b y  m i x i n g  i t  i n t o  t h e  d ie t  
( 1 0  /xg/g) o r  b y  m e d i c i n e  d r o p p e r  ( 3 7 5  / ¿ g / r a t / w e e k ) .  S u p p le m e n t a t io n  o f  t h e  r e t i n o l -  
f r e e  d i e t  w i t h  r e t i n o i c  a c i d  i m p r o v e d  w e i g h t  g a i n s  a n d  r e s t o r e d  r e g u l a r  e s t r o u s  c y c l e s  
i n  n o n p r e g n a n t  r a t s  a n d  a l s o  i m p r o v e d  r a t e s  o f  m a t i n g  a n d  c o n c e p t i o n .  A d m i n i s t r a t i o n  
o f  r e t i n o i c  a c i d  b y  d r o p p e r  w a s  m o r e  e f f e c t i v e  t h a n  a d m i x t u r e  i n  t h e  d ie t .  N e i t h e r  
r e t i n o i c  a c i d  a l o n e  n o r  i n  c o m b i n a t i o n  w i t h  5  m g  p r o g e s t e r o n e / r a t / d a y  f r o m  t h e  d a y  
o f  c o n c e p t i o n  p r e v e n t e d  r e s o r p t io n  o r  d e a t h  o f  f e t u s e s .  H e m o r r h a g e  o f  t h e  l a b y r i n t h  
a n d  n e c r o s i s  o f  t h e  j u n c t i o n a l  z o n e  o f  t h e  p l a c e n t a  w e r e  c h a r a c t e r i s t i c  a n t e c e d e n t s  
o f  l a t e  f e t a l  d e a t h .  A l t h o u g h  r e t i n o i c  a c i d  d i d  n o t  p r e v e n t  r e s o r p t io n  o f  f e t u s e s  i n  
r e t i n o l - d e f i c i e n t  d a m s ,  i t  s u p p o r t e d  f o r m a t i o n  o f  c h o r i o - a l l a n t o i c  p l a c e n t a s  a n d  p o s t 
p o n e d  t h e  t im e  o f  f e t a l  r e s o r p t i o n  u n t i l  a p p r o x i m a t e l y  d a y  1 6  o f  g e s t a t io n .

Considerable attention has been focused 
on the relationship between deficiency of 
vitamin A and reproductive failure in ex
perimental animals (1 -6 ) . Mason’s ex
periments in particular (3, 4 ) present a 
classic picture of reproductive failure in 
rats as characterized by fetal resorption, 
stillbirths, congenital malformations, pro
longed labor, irregular estrous cycles, and 
cornification of the vagina which tends to 
obscure estrous cycles. It has been sug
gested that failure of reproduction might 
be a nonspecific resultant of general debil
ity of the retinol-deficient animal (7 )  since 
deficiency of retinol is known to cause a 
variety of pathological disorders such as 
stunted or abnormal growth, decreased 
resistance to infection, lesions of the 
nervous system (8 ) , keratinization of 
epithelial cells (9 ) , and suppression of 
steroid hormone biosynthesis (10 ). This 
suggestion has been disputed on the ground 
that reproductive failures have resulted 
even when the animals have been fed 
retinoic acid, a substance known to correct

the above abnormalities while not sup
porting vision and reproduction (11 -20 ).

The earliest abnormality observed dur
ing pregnancy in retinol-deficient rats re
ceiving retinoic acid is necrosis of the 
junctional zone of the placenta which later 
spreads to the labyrinth (14 ). That pla
cental damage is associated with poor re
productive performance in retinol-deficient 
rats suggests that such rats may be suffer
ing from insufficiency or imbalance of 
steroid hormones. This suggestion is sup
ported by the fact that the fetal resorption 
occurring in retinol-deficient rats also oc
curs in reproductive failure caused by 
deficiency of ovarian progesterone (21—24) 
and that steroid hormone synthesis, es
pecially conversion of pregnenolone to 
progesterone, is depressed in rats deficient 
in retinol (10).

Received for publication November 22, 1967.
1 Published with the approval o f the Director of the 

Hawaii Agricultural Experiment Station as Technical 
Paper no. 930.

2 Based on a thesis submitted by Edna Q. Calaustro 
to the Graduate Division, University of Hawaii, in 
partial fulfillment of the requirements for the Master 
of Science degree in Nutrition, June 1967.
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In the present work reproductive per
formance of retinol-deficient rats was 
examined with respect to rates of concep
tion, formation of chorio-allantoic placen
tas, continued placental integrity, and 
delivery of live young. Retinoic acid was 
given to determine its effects upon the 
variables mentioned and to produce retinol- 
deficient rats not suffering from general 
growth suppression and debility. Proges
terone was injected into retinol-deficient 
rats fed retinoic acid to determine whether 
this hormone could correct any remain
ing reproductive defects and permit the 
rats to carry gestation to a successful 
conclusion.

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

A preliminary experiment was carried 
out with virgin, female albino rats of the 
Navy strain (raised in the Division of 
Nutrition) with the object of establishing 
standard conditions for the development 
of retinol deficiency and methods for the 
introduction of retinoic acid. A second 
experiment was conducted, under the es
tablished conditions, in which the effects 
of progesterone were studied in rats of 
the same strain fed a retinol-free diet sup
plemented with retinoic acid. All experi
ments were carried out in air conditioned 
animal quarters kept at 21 to 27°, with 
the females caged in pairs.

Preliminary experiment. One hundred 
and seven weanling females with initial 
weights ranging from 30 to 40 g were used. 
Daily records were kept of body weight, 
and vaginal smears were recorded daily 
starting 2 weeks before the desired date 
of mating. The rats were fed a commercial 
laboratory ration3 until they reached a 
body weight of approximately 80 g. There
after they were fed a retinol-free diet, 
vitamin A test diet, USP.4 Group 1 was 
continued with this retinol-free diet; group 
2 was fed the retinol-free diet supple
mented with crystalline all-frans retinoic 
acid,5 10 ng/g of diet (see table 1). No 
special care was taken to mix this diet 
at frequent intervals; unused retinoic acid 
was wrapped in light-proof foil and kept 
in an evacuated desiccator. Females of 
both groups were mated as soon as possible 
after they had been fed the retinol-free diet 
(with or without retinoic acid) for 75 days. 
The day on which sperm were found in 
the vaginal smear was designated as day 
zero of gestation.

Rats were killed with ether on day 10, 
11, or 12 of gestation and at least six whole 
conceptuses from each animal were re
moved and examined grossly. Care was

3 Purina Laboratory Chow Pellets, Ralston Purina 
Company, St. Louis.

4 Diet composition: (in percent) USP salt mixture 
no. 2. 4; irradiated yeast, 8; starch, 65; vegetable oil, 
5; vitamin-free casein, 18; viosterol, 0.0011.

s Eastman Organic Chemicals, Rochester, New York.

T A B L E  1

G roup d es ijn a tion s  o f  v ita m in  A -d eficien t rats in  rela tion  to  d iet and  in jec tion

G rou p N o . o f  
ra ts D ie t D a ily  in je c t io n s

i 5 9
P r e l i m i n a r y  e x p e r im e n t  

R e t i n o l - f r e e  d ie t n o n e

2 4 8 R e t i n o l - f r e e  d ie t  s u p p le m e n t e d  w i t h  a l l 
t r a it s  r e t i n o i c  a c i d ;  s u p p le m e n t s  w e r e  
a d d e d  b y  m i x i n g  1 0  f i g  o f  r e t i n o i c  
a c i d / g  o f  d ie t

n o n e

2-0 3 0
P r o g e s t e r o n e  e x p e r im e n t  

S a m e  a s  g r o u p  1 d ie t  b u t  a l l  -trans 
r e t i n o i c  a c i d  w a s  d i s s o l v e d  i n  c o r n  o i l  
a n d  a d m i n i s t e r e d  t h r o u g h  a  m e d i c i n e  
d r o p p e r  3 t im e s  w e e k l y ,  e a c h  d o s e  c o n -  
c o n t a i n i n g  1 2 5  f i g ,  t o t a l i n g  3 7 5  f i g /  

r a t / w e e k

v e h i c l e  ( c o r n  o i l )  a l o n e ;  
i n t r a m u s c u l a r

2 -P 3 0 S a m e  a s  g r o u p  2 - 0 5 m g  p r o g e s t e r o n e  d i lu t e d  
i n  c o r n  o i l ;  i n t r a 
m u s c u l a r
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taken to select only conceptuses that did 
not appear to be undergoing resorption. 
These were fixed in Bouin’s solution for 
3 to 4 days, sectioned at 7 a, and stained 
with hematoxylin and eosin. At least 2 
conceptuses from each dam were examined 
microscopically.

Progesterone experiment. Sixty females 
were fed the commercial laboratory ration 
until they reached a weight of approxi
mately 80 g, and were then fed the retinol- 
free diet. All of these rats were given 375 
ug of all-trans retinoic acid by medicine 
dropper in three weekly doses of 125 ag 
each. The retinoic acid was dissolved in 
a small amount of corn oil. This mode of 
administraton of retinoic acid was intro
duced to attain higher growth rates than 
could be obtained when retinoic acid was 
added to the diet. The rats were mated 
after 75 days of receiving this diet. Start
ing with day zero of gestation, 30 rats 
were injected intramuscularly with 0.2 ml 
corn oil (group 2-0) daily, and the remain
ing 30 rats (group 2-P) were injected 
intramuscularly with 5 mg progesterone in 
0.2 ml of o il6 daily. See table 1 for iden
tification of groups of rats. Six rats from 
each of these groups were permitted to 
proceed to term and the others were killed 
on day 12, 14, 16, or 18 of gestation. In
jections of vehicle or progesterone were 
stopped on day 20 of gestation for those 
rats that continued to term. Liver and 
blood serum were saved for analysis of 
vitamin A. Conceptuses were collected and 
examined as previously described. Placen
tas, rather than whole conceptuses, were 
collected from rats pregnant more than 12 
days. Lipids were extracted from the liver
(25 ), and both extracts and serum were 
analyzed for their content of retinol by a 
trifluoroacetic acid method (26). Serum 
and liver vitamin A concentrations were 
measured for rats fed laboratory chow and 
for rats fed the retinol-free diet with ad
mixed retinoic acid for 75 days and rats 
fed the retinol-free diet and retinoic acid 
by medicine dropper for 75 to 100 days. 
Serum was prepared immediately after 
bleeding, and both serum samples and 
livers were stored frozen until ready for 
analysis 2 to 4 weeks later.

R E S U L T S

Weight gains and general appearance. 
Body weight gains are shown in figure 1. 
Rats fed the vitamin A-free diet (group 1) 
manifested most of the classic signs of 
deficiency of this vitamin. There was poor 
weight gain, followed by decline in body 
weight during the tenth week of feeding 
the retinol-free diet. Weight gains of group 
2-0 and 2-P rats were similar and were 
plotted as a single curve. This curve closely 
followed that for normal rats (those fed 
stock laboratory ration). However, the 
curve for rats of group 2, given retinoic 
acid in the diet, fell below the curves for 
normal rats and those given retinoic acid 
by dropper, more closely approached the 
curve for group 1. The weight gain curves 
for normal rats and those of groups 2-0

F ig .  1 W e i g h t  g a i n s  o f  f e m a l e  r a t s  f e d  l a b o r a 
t o r y  c h o w  ( n o r m a l ) ,  r e t i n o l - f r e e  d ie t  ( g r o u p  1 ) ,  
a n d  r e t i n o l - f r e e  d ie t  s u p p le m e n t e d  w i t h  r e t i n o i c  
a c i d ,  e i t h e r  m i x e d  i n  t h e  d ie t  ( g r o u p  2 )  o r  g i v e n  
b y  m e d i c i n e  d r o p p e r  ( g r o u p s  2 - 0  a n d  2 - P ) .

6 Proluton, Schering Corporation, Bloomfield, New 
Jersey.
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and 2-P continued to rise, whereas those 
for rats of groups 1 and 2 began to fall 
after the ninth week. The difference in 
weight gains of group 2 rats from those 
of groups 2-0 anc 2-P is ascribed to the 
difference in the mode of administration 
of the retinoic acid supplements. Admin
istration by medicine dropper was more 
effective than admixture in the diet, 
possibly because retinoic acid in the diet 
was damaged by light. Skeletal deformities 
developed in some of group 1 rats. Such 
rats developed a hunchback appearance 
and peculiar gait as observed in dogs by 
Mellanby (27). Some of these rats had 
coughing spells, and others had convulsive 
seizures lasting up to 1 minute. These 
signs of vitamin A deficiency were com
pletely absent in normal rats and those 
of groups 2, 2-0, and 2-P. No ocular 
changes were observed, possibly because 
the length of time during which the rats 
were fed the retinol-free diet was not 
sufficient for total depletion of vitamin 
A stcres in the eye (28).

Esirous cycles and rates of conception. 
Estrous cycles of group 1 rats became 
irregular soon after the menarche. Later 
there was constant vaginal cornification, 
unrelated to any particular stage of the 
reproductive cycle, as evidenced by con
tinuous presence of large numbers of cor- 
nified cells in the vaginal smears. Rates 
of conception, pseudonregnancy and fail
ure to mate are shown in table 2. Rats 
were judged to have been pseudopregnant 
if they showed continued anestrus, gained 
weight to the same extent as pregnant 
animals, and displayed hyperemic ovaries 
and uteri, but no fetuses, at autopsy. Rats 
of group 1 showed the lowest rates of 
conception and the highest rates of pseudo
pregnancy and failure to mate. Admin

istration of retinoic acid by dropper was 
slightly more effective than admixture in 
the diet in improving the rate of concep
tion. Pseudopregnancies and failures to 
mate were rarer in rats given supplements 
of retinoic acid.

Microscopic examination. In exam
ining conceptuses and placentas collected 
from rats fed the retinol-free diet, with or 
without retinoic acid, particular attention 
was paid to whether or not a true chorio
allantoic placenta had formed; and if so, 
whether any pathological processes could 
be observed; and if so, at what time they 
appeared. The criterion adopted for the 
presence of a chorio-allantoic placenta 
was the formation of fetal blood channels 
within the labyrinth as identified by the 
presence within them of nucleated fetal 
erythrocytes. The number of rats that 
showed true chorio-allantoic placental for
mation are set forth in table 3. Dietary, 
and especially oral administration of re
tinoic acid had a beneficial effect upon 
placental formation. Additional treatment 
with 5 mg progesterone/day gave no sig
nificant improvement beyond the result 
achieved with oral retinoic acid alone.

Placental lesions were seen in all groups 
of retinol-deficient rats. Hemorrhages of 
the junctional zone and within the lab
yrinth were commonly seen. At a later 
stage there was generalized necrosis of 
the junctional zone which led to gradual 
degeneration of the embryo. These find
ings are summarized in table 4.

Administration of retinoic acid in the 
diet tended to delay the onset of embryonic 
degeneration until about day 11 of gesta
tion, whereas oral administration of this 
substance delayed the onset of most path
ological changes until day 16. After this 
time, however, few if any conception sites

TABLE 2
R ates o f  con cep tion , p seu d op reg n a n cy , and inability  to  m a te in  v ita m in  A -d eficien t rats

G rou p
T o ta l 
m .  o f

H ats th a t  c o n c e iv e d R ats  th a t  b e ca m e  
p s e u d o p re g n a n t

R a ts  th a t  fa ile d  
to  m a te

rats N o . N o. N o .

i 5 9 1 8
%

3 0 .5 3 2
%

5 4 .3 9
%

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

2 - 0 3 0 2 3 7 6 .6 5 1 6 .7 2 6 .7
2 -P 3 0 2 3 7 6 .6 3 1 0 .0 4 1 3 .4
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TABLE 3
E ffec t o f  d ietary  su p p lem en ts  o f  retin o ic  acid  u p on  th e d evelop m en t o f  ch orio-a llan toic p lacen ta s in

v itam in  A -d eficien t rats

Group Retinoic 
acid fed

No. of 
days fed 

diet
No. of 
rats 

mated

No. of 
placental 

sites
examined 1

No. of sites where 
a chorio-allantoic 

placenta was:
Present 2 Absent 2

i N o n e 7 5 - 1 0 0 8 16 2 1 4
1 0 0 - 1 2 5 3 6 — 6
1 2 5 - 1 5 0 — — — —

1 5 0 - 1 7 5 1 2 1 3 1

2 1 0  ng/g  d ie t 7 5 - 1 0 0 1 5 3 0 8 2 2
1 0 0 - 1 2 5 6 1 2 2 1 0
1 2 5 - 1 5 0 5 1 0 2 8
1 5 0 - 1 7 5 2 4 — —

2 - 0 3 7 5  / ¿ g /w e e k  b y  d r o p p e r 7 5 - 1 0 0 2 3 4 6 4 2 4

2 -P 3 7 5  fig / w e e k  b y  d r o p p e r 7 5 - 1 0 0 2 3 4 6 4 4 2

1 Sites were examined at autopsy on days 10 to 12 of gestation.
2 See text for criterion of presence or absence of a chorio-allantoic placenta.
3 Degenerating.

TABLE 4
S um m ary o f  pa th olog ica l ch a n ges in  v ita m in  A -d eficien t p reg n a n t rats

G ro u p D a y  o f  
g e s ta t io n

N o . o f  
ra ts

N o . o f  
c o n c e p tu s e s  

e x a m in e d

N o . o f  
c o n ce p tu s e s  

s h o w in g  
h e m o r r h a g ic  

ju n c t io n a l  
z o n e  a n d  
la b y r in th

N o. o f  
c o n ce p tu s e s  

s h o w in g  
n e c r o s is  o f  
ju n c t io n a l  

z o n e

N o . o f  
c o n c e p tu s e s  

s h o w in g  
in c ip ie n t  

e m b r y o n ic  
d e g e n e ra t io n

i 1 0 5 1 0 6 10 8
11 5 1 0 9 10 3
1 2 4 8 8 8 5

2 1 0 6 1 2 8 4 0
11 9 18 1 4 18 4
1 2 11 2 2 2 2 2 2 2 0

2 - 0 1 2 3 6 3 3 2
1 4 6 1 2 4 4 2
1 6 5 1 0 1 0 10 1 0
18 6 1 2 1 2 1 2 1 2

2 -P 1 2 1 2 1 1 0
1 4 6 1 2 2 6 0
1 6 6 1 2 8 8 8
1 8 6 1 2 1 0 1 0 1 2

had escaped severe damage and embryos 
were destroyed. Administration of pro
gesterone afforded extra protection to the 
embryo up to day 14 of gestation but not 
thereafter.

By day 16 of gestation, placental damage 
was extensive in rats of groups 2-0 and 
2-P, and nearly all embryos were de
generating. Placental damage at this time 
consisted mainly in loss of fetal blood 
channels and invasion of the former chan
nels with maternal blood, which gave a

hemorrhage-like appearance to the lab
yrinth. Figure 2 shows an 18-day placental 
labyrinth from a normal rat with intact 
fetal blood channels, and figure 3 shows 
the hemorrhagic appearance of an 18-day 
labyrinth from a rat of group 2-0 fed the 
retinol-free diet supplemented with retinoic 
acid by medicine dropper.

In animals in which placental damage 
was extensive after day 16 of gestation, 
the fetuses were adversely affected among 
all groups of rats. Fetal degeneration was
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F ig .  2  L a b y r i n t h  o f  1 8 -d a y  p l a c e n t a  f r o m  a  n o r m a l  r a t . x  2 3 5 .

recognized by the fuzzy appearance of neu
ral tubes and somites. Toward the end of 
gestation in all retinol-deficient rats given 
retinoic acid (groups 2, 2-0, and 2-P) the 
placental labyrinths became ei:her empty 
or filled with blood, ft appeared that 
maternal-fetal exchange of nutrients had 
stopped. No fetuses in any retinol-deficient 
group survived tc full term, though one 
dam of group 2-P (progesterone-injected) 
delivered two dead, malformed pups.

Serum and liver concentrations of vita
min A. Concentrations of retinol in the 
serum and liver cf rats fed a replete diet 
and of pregnant rats fed retinol-free diets 
are shown in table 5. After a 75- to 100-day 
period of depletion, the serum concentra
tions of retinol fell to values only one-third 
as high as those of replete rats. Liver stores

in the pregnant, retinol-deficient rats were 
too low to be detected by the method used.

D I S C U S S I O N

Newton (29 ) showed in 1938 that preg
nant rats fed a vitamin A-free diet after 
they had attained a weight of 35 to 100 g 
with a replete diet failed to complete ges
tation because of fetal resorption. If the 
deficiency diet was fed from weaning, fail
ure to mate was the most common defect. 
In the present work, weanling rats were 
brought to 80-g body weight with labora
tory ration and then fed a retinol-free diet, 
with or without supplements of retinoic 
acid. This procedure produced a reliable 
degree of retinol deficiency. Serum levels 
of vitamin A were consistently about one- 
third of normal, whereas liver stores were 
essentially depleted.
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F ig .  3  L a b y r i n t h  o f  1 8 -d a y  p l a c e n t a  f r o m  a  r e t i n o l - d e f i c i e n t  r a t  g i v e n  r e t i n o i c  a c i d  b y  
m e d i c i n e  d r o p p e r  a n d  i n j e c t e d  w i t h  c o r n  o i l  v e h i c l e .  W h i l e  a r e a s  o f  m a t e r n a l  b l o o d  r e m a in ,  
n o  f e t a l  r e d  b l o o d  c e l l s  a r e  s e e n ,  x  2 3 5 .

TABLE 5

Serum  con cen tra tion s  and  liver stores o f  v itam in  A

G rou p D ie t I n je c t io n s
N o . o f  

d a y s  fe d N o . o f V ita m in  A  c o n c n
d e fic ie n t

d ie t
ra ts S eru m L iv e r

N o r m a l S t o c k  r a t io n n o n e — 6
/ig/100 ml

3 3
M-g/g
3 .0

1 R e t i n o l - f r e e n o n e 7 5 6 1 2 n d  1

2 - 0 R e t i n o l - f r e e  +
o r a l  r e t i n o i c  
a c i d c o r n  o i l  a l o n e 7 5 - 1 0 0 3 0 1 0 n d

2 -P R e t i n o l - f r e e  +  
o r a l  r e t i n o i c  
a c i d

5 m g  p r o g e s t e r o n e  
i n  c o r n  o i l ;  
i n t r a m u s c u l a r 7 5 - 1 0 0 3 0 1 2 n d

1 Not detected.
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The present data demonstrate that reti
noic acid in the absence of retinol provides 
nutritional support for improving weight 
gain, frequency of mating, and conception 
in the rat. A most striking effect of retinoic 
acid, in our hands, was its support of in
vasion of allantoic blood vessels into the 
labyrinth and thus formation of chorio
allantoic placentas. This effect was not 
further augmented by injection of 5 mg 
progesterone/'day from conception.

Regardless of improvements :n mating, 
conception, and formation of placentas, 
there was no success in obtaining live 
young from retinol-deficient dams even 
when both retinoic acid and progesterone 
were given. Failure to carry gestation to a 
successful conclusion was probably not 
ascribable to insufficient supply of retinoic 
acid, as the rats showed improved growth, 
mating and conception. These results are 
in accord with those of June j a et al. (13 ), 
and of Thompson et al. (14, 30). who used 
either 10 ug of methyl retinoate/g diet or 
700 ug/'week of sodium retinoate in 2 doses 
of 350 ug mixed into the diet. In the pres
ent work one group of rats received 10 ug 
of crystalline all-trans retinoic acid/g diet 
(group 2). The overall food consumption 
of these rats averaged 5 g/day. Thus the 
weekly consumption of retinoic acid was 
50 ug/day for 7 days, or 350 ug/week. 
This computation was used in selecting the 
dose of 375 ug/wesk by medicine dropper. 
This was only about half the dose of 
methyl retinoate used by Thompson and 
co-workers. Nevertheless, in neither study 
did retinoic acid support full-term gesta
tion in the presence of a severe deficiency 
of retinol.

Other dietary manipulations are known 
to cause failure of gestation. The best- 
known example is that of vitamin E de
ficiency (31 ), but such failures also occur 
when the diet is lacking in pantothenic 
acid (32 ), pyridoxine (3 3 ), protein (34 ), 
or when there are multiple deficiencies of 
vitamins, minerals, and protein (35 ). It 
is notable that in all of these instances live 
young could be obtained if the dams had 
been given daily injections of progesterone 
in amounts up to 5 mg/day. Although in
jections of progesterone have been shown 
to be beneficial in vitamin A-deficient rab
bits (36 ), neither progesterone alone as in

the present study, or progesterone plus 
estrogen as used by Coward et al. (3 7 ), 
have led to birth of live young in retinol- 
deficient rats given retinoic acid. It is usu
ally considered that a combination of 3 or 
4 mg progesterone/day with 1 ug estrone,/ 
day will suffice to maintain pregnancy in 
rats ovariectomized in early pregnancy
(23). In view of this maintenance require
ment it is of interest that pregnancy ap
parently cannot be maintained in the 
retinol-deficient rat by similar doses of 
progesterone and estrogen, while these 
steroids have proved to be effective in rats 
deficient in other nutrients as listed above. 
The reason for these latter successes is not 
clear, especially in the absence of corrob
orating evidence that deficiency of panto
thenic acid, pyridoxine, or protein leads to 
disturbed synthesis or removal of steroid 
hormones.

Although lack of retinol blocks the syn
thesis of progesterone from pregnenolone, 
this metabolic defect can be repaired un
der some conditions by retinoic acid (10). 
This finding emphasizes that fetal resorp
tion or other features of reproductive fail
ure in retinol-deficient rats are not neces
sarily caused by lack of specific steroid 
hormones or any other disturbances in hor
mone metabolism. The evidence reported 
here supports the concept of Thompson et 
al. (30 ) that there are three dissociable 
modes of action of vitamin A, namely, sys
temic, visual, and reproductive. It is evi
dent that neither retinoic acid alone nor 
in combination with progesterone, in the 
doses used here can replace retinol in its 
specific action on reproduction. This ac
tion appears to be one of maintenance of 
the integrity of the conceptus from the 
time of formation of the chorio-allantoic 
placenta to term.

A C K N O W L E D G M E N T S

The authors thank Dr. Vincent J. DeFeo 
for advice and Mary Jane Gooley for prep
aration of photographs.

L I T E R A T U R E  C I T E D

1. E v a n s ,  H . 1 9 2 8  T h e  e f f e c t s  o f  i n a d e q u a t e  
v i t a m i n  A  o n  t h e  s e x u a l  p h y s i o l o g y  o f  th e  
f e m a l e .  J . B io l .  C h e m .,  7 7 ;  6 5 1 .

2 . C o w a r d ,  K . 1 9 2 9  T h e  i n f l u e n c e  o f  v i t a 
m i n  A  d e f i c i e n c y  o n  t h e  e s t r u s  c y c l e  o f  t h e  
r a t . J . P h y s i o l . ,  6 7 ;  2 6 .



RETINOIC ACID AND PLACENTA 5 2 5

3 . M a s o n ,  K . E . ,  a n d  E . T .  E l l i s o n  1 9 3 5  
C h a n g e s  i n  t h e  v a g i n a l  e p i t h e l i u m  o f  t h e  r a t  
a f t e r  v i t a m i n  A  d e f i c i e n c y .  J . N u t r . ,  9 :  7 3 5 .

4 . M a s o n ,  K . E . 1 9 3 5  F o e t a l  d e a t h ,  p r o 
l o n g e d  g e s t a t i o n ,  a n d  d i f f i c u l t  p a r t u r i t i o n  i n  
t h e  r a t  a s  a r e s u l t  o f  v i t a m i n  A  d e f i c i e n c y .  
A m e r .  J . A n a t . ,  5 7 :  3 0 3 .

5 . K a lt e r ,  H . ,  a n d  J . W a r k a n y  1 9 5 9  E x p e r i 
m e n t a l  p r o d u c t i o n  o f  c o n g e n i t a l  m a l f o r m a 
t io n  i n  m a m m a l s  b y  m e t a b o l i c  p r o c e d u r e .  
P h y s i o l .  R e v . ,  3 9 :  6 9 .

6 . L a m m i n g ,  G . E .,  G . W .  S a l i s b u r y ,  R . L .  H a y s  
a n d  K . A . K e n d a l l  1 9 5 4  T h e  e f f e c t  o f  i n 
c i p i e n t  v i t a m i n  A  d e f i c i e n c y  o n  r e p r o d u c t i o n  
i n  t h e  r a b b i t .  J . N u t r . ,  5 2 :  2 2 7 .

7 . P a r k e s ,  A . S ., a n d  J . C . D r u m m o n d  1 9 3 3  
T h e  e f f e c t s  o f  f a t - s o l u b l e  v i t a m i n  A  d e f i 
c i e n c y  o n  r e p r o d u c t i o n  i n  t h e  r a t . B r it .  J . 
E x p .  B io l . ,  3 ;  2 5 1 .

8 . M o o r e ,  T . 1 9 5 7  V i t a m i n  A . E ls e v ie r ,  N e w  
Y o r k .

9 . W o l b a c h ,  S . B .,  a n d  P . R . H o w e  1 9 3 3  E p i 
t h e l i a l  r e p a i r  i n  r e c o v e r y  f r o m  v i t a m i n  A  d e 
f i c i e n c y .  J . E x p .  M e d . ,  5 7 :  5 1 1 .

1 0 . J u n e j a ,  H . S ., S. K . M u r t h y  a n d  J . G a n g u l y  
1 9 6 6  T h e  e f f e c t  o f  v i t a m i n  A  d e f i c i e n c y  o n  
t h e  b i o s y n t h e s i s  o f  s t e r o id  h o r m o n e s  i n  r a t s . 
B i o c h e m .  J ., 9 9 :  1 3 8 .

1 1 . D o w l i n g ,  J . E .,  a n d  G . W a l d  1 9 6 0  T h e  b i o 
l o g i c a l  f u n c t i o n  o f  v i t a m i n  A  a c i d .  P r o c .  
N a t .  A c a d .  S c i . ,  4 6 :  5 8 7 .

1 2 . M u r r a y ,  T .  K . 1 9 6 2  P o t e n c y  o f  v i t a m i n  A -  
a c i d  i n  t h e  v a g i n a l  s m e a r  a s s a y .  P r o c .  S o c . 
E x p .  B io l .  M e d . ,  I l l :  6 0 9 .

1 3 . J u n e j a ,  H . S ., S . K . M u r t h y  a n d  J . G a n g u l y  
1 9 6 4  E f f e c t  o f  r e t i n o i c  a c i d  o n  t h e  r e p r o 
d u c t i v e  p e r f o r m a n c e s  o f  m a l e  a n d  f e m a l e  
r a t s .  I n d i a n  J . E x p .  B io l . ,  2 :  1 5 3 .

1 4 . H o w e l l ,  J . M . ,  J . N . T h o m p s o n  a n d  G . A . J . 
P i t t  1 9 6 4  H i s t o l o g y  o f  t h e  l e s i o n s  p r o 
d u c e d  i n  t h e  r e p r o d u c t iv e  t r a c t  o f  a n i m a l s  
f e d  a  d ie t  d e f i c i e n t  i n  v i t a m i n  A  a l c o h o l  b u t  
c o n t a i n i n g  v i t a m i n  A  a c i d .  I I . T h e  f e m a l e  
r a t .  J . R e p r o d .  F e r t . ,  7 :  2 5 1 .

1 5 . M o o r e ,  L , A . ,  a n d  J . F . S k y e s  1 9 4 1  T e r m i 
n a l  c e r e b r o s p i n a l  f l u i d  p r e s s u r e  v a l u e s  in  
v i t a m i n  A  d e f i c i e n c y .  A m e r .  J . P h y s i o l . ,  134: 
4 3 6 .

1 6 . A r e n s ,  J . F . ,  a n d  D . A . v a n  D o r p  1 9 4 6  A c 
t iv i t y  o f  v i t a m i n  A  a c i d  i n  t h e  r a t . N a t u r e ,  
158: 6 6 2 .

17. W o l f ,  G . ,  W .  R . S h r e e p a d ,  R . A . v a n  D y k e  
a n d  B . C . J o h n s o n  1 9 5 8  T h e  f u n c t i o n  o f  
v i t a m i n  A  i n  m e t a b o l i s m .  J . B io l .  C h e m .,  
2 3 0 :  9 7 9 .

1 8 . G lo o r ,  U .,  a n d  O . W i s s  1 9 5 9  V i t a m i n  A  
a n d  b i o s y n t h e s i s  o f  c h o le s t e r o l .  B io c h e m .  
B io p h y s .  R e s . C o m m u n . ,  1 :  1 8 2 .

1 9 . V a n  D y k e ,  R . A . ,  G . W o l f  a n d  B . C . J o h n s o n  
1 9 6 0  T h e  f u n c t i o n s  o f  v i t a m i n  A  i n  a d r e n a l  
s t e r o id  m e t a b o l i s m .  B i o c h e m .  B io p h y s .  R e s . 
C o m m u n . ,  3 :  1 2 3 .

2 0 .  D i p l o c k ,  A . T . ,  J . G r e e n  a n d  J . B u n y a n  1 9 6 5  
V i t a m i n  A  a n d  i s o p r e n o i d  s y n t h e s i s  i n  th e  
r a t . B io c h e m .  J ., 9 5 :  1 3 8 .

2 1 .  H a t e r iu s ,  H . O . 1 9 3 5  R e d u c t i o n  o f  l i t t e r
s iz e  a n d  m a i n t e n a n c e  o f  p r e g n a n c y  i n  th e  
o o p h o r e c t o m i z e d  r a t :  e v i d e n c e  c o n c e r n i n g

t h e  e n d o c r i n e  r o l e  o f  t h e  p l a c e n t a .  A m e r .  J. 
P h y s i o l . ,  114: 3 9 9 .

2 2 .  R o t h c h i l d ,  I . ,  a n d  R . K . M e y e r  1 9 4 0  M a i n 
t e n a n c e  o f  p r e g n a n c y  i n  c a s t r a t e  r a t s  b y  
m e a n s  o f  p r o g e s t e r o n e .  P r o c .  S o c .  E x p .  B io l .  
M e d . ,  44: 4 0 2 .

2 3 .  L y o n s ,  W .  R . 1 9 4 3  P r e g n a n c y  m a i n t e 
n a n c e  i n  h y p o p h y s e c t o m i z e d - o o p h o r e c t o m i z e d  
r a t s  i n j e c t e d  w i t h  e s t r o n e  a n d  p r o g e s t e r o n e .  
P r o c .  S o c .  E x p .  B io l .  M e d . ,  5 4 :  6 5 .

2 4 .  A le x a n d e r ,  D . ,  J . F . D . F r a z e r  a n d  J . L e e  
1 9 5 5  T h e  e f f e c t s  o f  s t e r o id  o n  t h e  m a i n t e 
n a n c e  o f  p r e g n a n c y  in  th e  s p a y e d  r a t . J. 
P h y s i o l . ,  130: 1 4 8 .

2 5 . D i p l o c k ,  A . T . ,  J . G r e e n  a n d  J . B u n y a n  1 9 6 3  
T h e  d e t e r m in a t i o n  o f  v i t a m i n  A  in  a n i m a l  
t is s u e s  a n d  it s  p r e s e n c e  i n  t h e  l i v e r  o f  th e  
v i t a m i n  A  d e f i c i e n t  r a t . B r it .  J . N u t r . ,  17: 
1 9 9 .

2 6 .  N e e l d ,  B . J ., a n d  W .  N . P e a r s o n  1 9 6 3  
M a c r o -  a n d  m ic r o m e t h o d s  f o r  t h e  d e t e r m in a 
t io n  o f  s e r u m  v i t a m i n  A  u s i n g  t r i f l u o r o a c e t i c  
a c i d .  J . N u t r . ,  7 9 :  4 5 4 .

2 7 .  M e l l a n b y ,  K . 1 9 4 1  S k e le t a l  c h a n g e s  a f f e c t 
i n g  t h e  n e r v o u s  s y s t e m  p r o d u c e d  i n  y o u n g  
d o g s  d e f i c i e n t  in  t h e  v i t a m i n  A . J . P h y s i o l . ,  
9 9 :  4 6 7 .

2 8 . P o p p e r ,  H . 1 9 4 9  H i s t o l o g i c a l  d e m o n s t r a 
t i o n  o f  v i t a m i n  A  in  r a t s  b y  m e a n s  o f  f l u o r e s 
c e n c e  m i c r o s c o p y .  P r o c .  S o c .  E x p .  B io l .  M e d . .  
4 3 :  1 3 3 .

2 9 .  N e w t o n ,  W .  H . 1 9 3 8  A  n o t e  o n  t h e  e f f e c t s  
o f  v i t a m i n  A  d e f i c i e n c y  i n  p r e g n a n t  r a t s . 
J . P h y s i o l . ,  9 2 :  3 2 .

3 0 . T h o m p s o n ,  J . N . ,  J . M . H o w e l l  a n d  G . A . J . 
P it t  1 9 6 4  V i t a m i n  A  a n d  r e p r o d u c t i o n  in  
r a t s .  P r o c .  R o y .  S o c . L o n d o n  ( s e r i e s  B ) ,  159: 
5 1 0 .

3 1 . M o o r e ,  T . 1 9 6 5  N u t r i t i o n a l  f a c t o r s  a f f e c t 
i n g  f e r t i l i t y :  v i t a m i n  E  a n d  o t h e r  n u t r ie n t s .  
I n :  A g e n t s  A f f e c t i n g  F e r t i l i t y ,  e d s . ,  G . R .
A u s t i n  a n d  J . S . P e r r y .  L i t t l e ,  B r o w n  a n d  
C o m p a n y ,  B o s t o n ,  p p .  3 4 - 3 6 .

3 2 . N e l s o n ,  M . M . ,  a n d  H . M . E v a n s  1 9 4 6
P a n t o t h e n i c  a c id  d e f i c i e n c y  a n d  r e p r o d u c t i o n  
i n  t h e  r a t . J . N u t r . ,  31: 4 9 7 .

3 3 . N e l s o n ,  M . M . ,  W .  R . L y o n s  a n d  H . M . E v a n s  
1 9 5 1  M a i n t e n a n c e  o f  p r e g n a n c y  in  p y r id o x -  
i n e - d e f i c i e n t  ra t s  w h e n  i n j e c t e d  w i t h  e s t r o n e  
a n d  p r o g e s t e r o n e .  E n d o c r i n o l o g y ,  48 : 7 2 5 .

3 4 . N e l s o n ,  M . M . , a n d  H . M . E v a n s  1 9 5 4
M a i n t e n a n c e  o f  p r e g n a n c y  i n  t h e  a b s e n c e  o f  
d i e t a r y  p r o t e i n  w i t h  e s c r o n e  a n d  p r o g e s 
t e r o n e .  E n d o c r i n o l o g y ,  5 5 :  5 4 3 .

3 5 . K e n d a l l ,  K . A . ,  a n d  R . L . H a y s  1 9 6 0  M a i n 
t a in e d  p r e g n a n c y  i n  t h e  r a t  a s  a s s o c i a t e d  
w i t h  p r o g e s t e r o n e  a d m i n i s t r a t i o n  a n d  m u l 
t ip le - n u t r ie n t  d e f i c i e n c y .  J . N u t r . ,  7 0 :  1 0 .

3 6 . H a y s ,  R . L . ,  a n d  K . A . K e n d a l l  1 9 5 6  T h e  
b e n e f i c i a l  e f f e c t  o f  p r o g e s t e r o n e  o n  p r e g 
n a n c y  i n  t h e  v i t a m i n  A - d e f i c i e n t  r a b b i t .  J. 
N u t r . ,  5 9 :  3 3 7 .

3 7 .  C o w a r d ,  W .  A . ,  J . M . H c w e l l ,  G . A . J . P it t  
a n d  J . N . T h o m p s o n  1 9 6 6  E f f e c t s  o f  h o r 
m o n e s  o n  r e p r o d u c t i o n  i n  r a t s  f e d  a d ie t  d e 
f i c i e n t  i n  r e t i n o l  ( v i t a m i n  A  a l c o h o l )  b u t  
c o n t a i n i n g  m e t h y l  r e t i n o a t e  ( v i t a m i n  A  a c i d  
m e t h y l  e s t e r ) .  J . R e p r o d .  F e r t . ,  1 2 :  3 0 9 .



G e n e s i s  o f  E s o p h a g e a l  P a r a k e r a t o s i s  a n d  H i s t o l o g i c

C h a n g e s  i n  t h e  T e s t e s  o f  t h e  Z i n c - d e f i c i e n t  R a t

a n d  T h e i r  R e v e r s a l  b y  Z i n c  R e p l e t i o n  1

G . H . B A R N E Y , M . C . O R G E B I N -C R I S T  a n d  M . P . M A C A P I N L A C
D ivision  c f  N u trition , V and erb ilt U n iversity  S chool o f  M ed ic in e, 
N ashville, T en n essee

ABSTR ACT A  h i s t o l o g i c  s t u d y  o f  t h e  e a r l y  c h a n g e s  i n  t h e  e s o p h a g u s  a n d  te s te s  
w a s  m a d e  i n  :h e  z i n c - d e f i c i e n t  r a t . C e l l u la r  c h a n g e s  i n  t h e s e  t is s u e s  w e r e  d e s c r i b e d  
i n  2  e x p e r im e n t s  c o m p r i s i n g  a  t o t a l  o f  7 2  a n i m a l s ,  e x t e n d i n g  to  4 4  d a y s  i n  th e  f ir s t  
s t u d y  a n d  4 5  d a y s  i n  t h e  s e c o n d .  I n  t h e  f i r s t  s t u d y ,  r a t s  w e r e  f e d  a  z i n c - d e f i c i e n t  d ie t  
( 0 . 5  p p m )  a n d  c o m p a r e d  w i t h  p a i r - f e d  a n d  a d  l i b i t u m  c o n t r o l s  f e d  t h e  s a m e  d ie t  
s u p p le m e n t e d  w i t h  3 0  p p m  o f  z i n c .  T h e  e a r l i e s t  c h a n g e s  i n  t h e  e s o p h a g u s  o f  h y p e r 
k e r a t o s i s  a n d  p a r a k e r a t o s i s  w e r e  o b s e r v e d  o n  d a y  1 6  o f  t h e  e x p e r im e n t .  I n  t h e  te s te s  
o f  t h e  z i n c - d e f i c i e n t  a n i m a l s  f e d  t h e i r  d ie t  f o r  2 3  d a y s ,  t h e r e  w a s  a  d e c r e a s e d  n u m b e r  
o f  s p e r m a t i d s  w i t h  m a n y  s e m i n i f e r o u s  t u b u le s  a p p e a r in g  i m m a t u r e  i n  c o m p a r i s o n  
w i t h  t h o s e  o f  t h e  p a i r - f e d  c o n t r o l s .  I n  z i n c  d e f i c i e n c y  o f  t h e  r a t  t h e  t r a n s f o r m a t i o n  
o f  s p e r m a t i d s  t o  s p e r m a t o z o a  i s  i n h i b i t e d ,  w h i c h  a p p e a r s  t o  b e  t h e  e a r l i e s t  h i s t o l o g i c  
c h a n g e  i n  s p e r m i o g e n e s is .  T h e  a n i m a l s  i n  t h e  s e c o n d  s t u d y  w e r e  o f f e r e d  a  l o w  z i n c  
d ie t  ( 2 . 5  p p m )  f o r  1 0  d a y s ,  t h e n  f e d  a  z i n c - d e f i c i e n t  d ie t  ( 0 . 5  p p m )  f o r  1 3  d a y s ,  a n d  
w e r e  c o m p a r e d  w i t h  p a i r - f e d  c o n t r o l s .  H i s t o l o g y  o f  t h e  e s o p h a g i  o f  4  r a t s  f e d  t h e  l o w  
z i n c  d ie t  f o r  1 0  d a y s  w a s  s im i l a r  t o  t h a t  o f  t h e  p a i r - f e d  c o n t r o l s .  E le v e n  d e f i c i e n t  
a n i m a l s  w e r e  r e p l e t e d  w i t h  1 m g  o f  z i n c  ( Z n S 0 4 - 7 H 2 0 )  b y  i n t r a p e r i t o n e a l  i n j e c t i o n  i n  
t h e  2  e x p e r im e n t s .  I n  t h e  f i r s t  s t u d y ,  3  r a t s  w e r e  r e p l e t e d  f o r  3 , 1 2 , a n d  1 8  h o u r s ,  
r e s p e c t iv e l y ,  f r r  h i s t o l o g y  o f  t h e  e s o p h a g i ,  a n d  2  r a t s  w e r e  r e p l e t e d  f o r  1 4  d a y s  f o r  
h i s t o l o g y  o f  t h e  t e s t e s . I n  t h e  s e c o n d ,  6  r a t s  w e r e  r e p l e t e d  f o r  2 4  h o u r s  a n d  s h o w e d  
c o m p l e t e  k e r a : i n i z a t i o n  o f  t h e i r  e s o p h a g i ,  c o m p a r e d  w i t h  t h e  p r o g r e s s i v e  r e c o v e r y  o f  
t h e  l e s i o n  i n  th e  3  r a t s  o f  t h e  f i r s t  s t u d y .  N o  r e c o v e r y  w a s  o b s e r v e d  i n  t h e  t e s te s . 
Z i n c  d e t e r m in a t i o n s  f r o m  p o o l e d  s e r u m  o f  1 5  r a t s  i n  t h e  f i r s t  s t u d y  r e p r e s e n t i n g  th e  
d e f i c i e n t ,  r e p l e t e d ,  p a i r - f e d  a n d  a d  l i b i t u m  g r o u p s  h a d  v a l u e s  f r o m  8 2 .5  t o  9 7 .5  pg/ 
1 0 0  m l  i n  t h e  r e p l e t e d  a n d  d e f i c i e n t ,  a n d  1 2 3  t o  1 9 2  yg/lOO  m l  i n  t h e  c o n t r o l s .

Rats fed a zinc-deficient diet for 7 to 8 
weeks show parakeratosis of the esoph
agus and nearly complete atrophy of the 
testes (1 -3 ) . Genesis of these lesions has 
not been studied, and trials to reverse these 
changes by repletion are relatively few (2,
3). The present report describes the early 
histologic changes in the esophagus and 
testes of zinc-deficient rats as studied by 
light and phase microscopy, and the effect 
of zinc repletion.

M E T H O D S

In the first experiment, 46 male, 21-day 
old rats of the Sprague-Dawley strain that 
averaged 44.8 g in weight were divided 
into 3 groups. These groups were: 20 ani
mals fed a zinc-deficient diet (0.5 ppm 
zinc) containing ir_ grams per 100 g: zinc- 
low casein,2 20 (4 ) ;  cottonseed oil,3 10; 
vitamin-sucrose mix,4 5; mineral mix,5 
3.55; choline chloride, 0.15; and sucrose,"

61.3; a second pair-fed group of 20 ani
mals was offered the same diet supple
mented with ZnSOr 7ITO to provide an 
additional 30 ppm of zinc; and, a third 
group of 6 animals was fed the zinc-sup
plemented diet ad libitum. All animals 
were housed in plastic cages designed and * 1 2 3 4
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AM-10040, and AM-08317 from the National Institute 
of Arthritis and Metabolic Diseases. Dr. Macapinlac 
held International Post-Doctoral and Trainee Fellow
ships from the National Institutes of Health during a 
portion of this study. Present address: Department 
of Biochemistry. University of Philippines Medical 
School, Manila, Philippines.

2 Casein purified; Nutritional Biochemicals Corpora
tion, Cleveland.

3 Vitamin A, 1000 IU (Aquasol A, U. S. Vitamin and 
Pharmaceutical Corporation, New York), vitamin D2, 
125 IU (Drisdol, Winthrop Laboratories, New York), 
and a-tocopherol, 60 mg (Nutritional Biochemicals 
Corporation) were added to 10 g cottonseed oil (Wes
son Oil, Hunt-Wesson Foods, Fullerton, California).

4 Vitamin-sucrose mix, mg/kg of mix: thiamine-
HC1, 200; riboflavin. 120; pyridoxine-HCl, 80; Ca pan
tothenate, 320; biotin, 4; nicotinic acid, 300; folic 
acid, 10; vitamin B12, 0.4; menadione, 6.6; and su
crose to make 1000 g.

5 2 6 J. N u t r it io n , 95; 526 -534 .
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made locally.5 * 7 Diet was fed in plastic cups 
and deionized water was provided ad libi
tum from plastic bottles. Starting on the 
sixth day, the daily food intake of the pair- 
fed group was adjusted to equal the mean 
intakes of the animals fed the zinc-defi
cient diet.

The esophagi from 20 zinc-deficient ani
mals and 20 pair-fed controls killed at 
various times between days 7 and 44 of 
the experiment were examined by light 
microscopy (table 1). Three zinc-deficient 
rats were repleted on days 29 and 30 of 
the experiment by intraperitoneal injection 
of 1 mg of zinc (ZnS04-7H20 )  3, 12, and 
18 hours before killing, and their esophagi 
were examined by light and phase micros
copy. One testis from each of 6 zinc-defi
cient animals and 6 pair-fed controls killed

TABLE 1
C om parison  o f  body w eigh ts  and  in c id en ce  o f  

esop h a gea l parakera tosis in  rats fe d  a zin c- 
d eficien t, pa ir -fed  and  ad lib itum  con tro l diet

N o . o f  
ra ts

D a y s
fe d
d ie t

M e a n
b o d y  w t  P a ra k e ra to s is  

w h e n  o f  e s o p h a g u s  1 
k i l le d

9
Z i n c - d e f i c i e n t

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

P a i r - f e d  c o n t r o l
3 7 5 5 .4 0
2 9 6 6 .1 0
2 16 8 2 .8 0
3 17 8 5 .1 0
3 2 2 9 0 .6 0
2 2 3 8 7 .0 0
2 2 9 9 4 .7 0
1 3 0 8 9 .2 0
2 4 4 1 5 0 .3 0

A d  l i b i t u m  c o n t r o l

1 7 5 3 .5 —

2 1 7 8 5 .7 —

2 2 0 1 1 0 .5 —

1 3 0 1 9 6 .4

1 Parakeratosis was based on the persistence of 
nuclei in the stratum corneum.

2 Three rats repleted by intraperitoneal injection of 
1 mg of zinc (ZnS04-7H20 )  and killed 3, 12 and 
18 hours thereafter.

3 Two rats depleted with zinc as above after hemi- 
castration on day 30 and fed the control diet ad 
libitum for 14 days.

on days 9, 16, and 23 of the experiment 
was examined histologically, and the other 
testis was removed for zinc analysis. On 
day 30, 2 zinc-deficient rats were repleted 
with 1 mg of zinc (ZnS0r7H 20 )  by intra
peritoneal injection after hemicastration. 
They were fed the control diet for 14 days 
before removal of the other testis.

The esophagi for light and phase micros
copy were either fixed in 10% neutral for
malin, embedded in Paraplast8 and cut 
into 6-a sections, or in 2% osmium tetrox- 
ide,9 previously diluted with 0.3 M phos
phate buffer to a final molarity of 350 
mmoles, embedded in epoxy resin,10 and cut 
into 1.4-u sections. Testes were fixed in 
Bouin’s fluid, embedded in Paraplast and 
cut into 7-u sections.

Zinc was determined in serum and 
testes by atomic absorption spectroscopy. 
Testes were prepared for analyses by a wet- 
ashing procedure.11 Blood was withdrawn 
from the aorta of 3 to 5 rats in each group, 
and equal amounts of serum from each 
rat were pooled. The pooled sera was di
luted 1:1 with deionized water for anal
ysis.

In the second experiment, a zinc-low diet 
(2.5 ppm) was fed to 26 male, 21-day-old 
Sprague-Dawley rats for 10 days. Four of 
these rats were killed on the tenth day of 
the experiment, and their esophagi exam
ined by light microscopy. There was no 
evidence of parakeratosis at this time. The 
remaining rats were divided into 2 groups: 
14 rats were fed the zinc-deficient diet 
(0.5 ppm), and 8 were pair-fed the same 
diet supplemented with 30 ppm of zinc 
(ZnS04-7H20 ) .  Six of the deficient animals 
were repleted on the thirteenth day of the 
study by intraperitoneal injection with 1 
mg of zinc (ZnS04-7H20 )  24 hours before 
killing, and their esophagi were examined 
histologically and compared with those of 
6 pair-fed controls.

5 Each 3.55 g of mineral mix contained: (g )
CaHP04, 2.58; KC1, 0.343; Na2C03, 0.115; MgS04- 
7H20, 0.405; FeS04-7H20, 0.06; MnS04 H20, 0.031; 
CoC12-6H20, 0.004; CuS04-6H20, 0.006; KI, 0.0004; 
and NaF, 0.0008.

e Commercial cane sugar. Godchaux Sugar Refining 
Company. New Orleans, Louisiana.

7 Economy Plastics, Nashville, Tennessee.
3 Fisher Scientific Company, New York.
9 See footnote 8.
10 Araldite, Ciba Products Company, Summit, New 

Jersey.
11 Analytical Methods for Atomic Absorption Spec

trophotometer Manual 990-9461, 1964, Perkin-Elmer 
Corporation, Norwalk, Connecticut.
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R E S U L T S

Growth curves of the zinc-deficient and 
control rats are shown in figure 1. Para
keratosis of the esophageal mucosa was 
noted in 11 of 18 zinc-deficient rats. It 
was first evident on day 16 and thereafter, 
with the exception of 2 animals killed on 
days 16 and 17 (table 1). The esophagi in 
the latter 2 rats were hyperkeratotic. In the 
pair-fed controls, the esophageal mucosa 
averaged 4 to 5 layers in thickness, and 
the keratohyalin granules were in stellate
shaped cells subjacent to the stratum 
corneum ( fig. 3 (1 ) ) .  Excluding the para- 
keratotic zone, the esophagi of the zinc- 
deficient animals that showed imperfect 
keratinization on days 16 and 17 were 5 to 
6 cell layers in mucosal thickness and the 
morphology of the cells in the granular 
layer were mostly polyhedral in shape with 
ovoid nuclei. The zinc-deficient rats killed 
on days 22 and 23 showed a mucosal thick
ness of 11 to 12 layers under the para- 
keratotic zone, and the keratohyalin gran
ules were in polyhedral cells located in the 
mid-portion of these layers. These early 
changes of esophageal parakeratosis are 
similar to those described by Follis et al. 
(1 ) in rats fed a zinc-deficient diet for 34 
to 74 days. Follis stated, however, that the 
stratum overlying the basal cells was only 
6 to 8 cell layers thick. It is probable that 
the diet used by these workers contained 
more zinc than the one used in the present 
study.

In the esophageal mucosa of the rat re- 
pleted for 3 hours, there was a dense zone 
of 5 to 6 layers of stellate-shaped cells 
above the stratum basal with a less dense 
zone of 8 to 9 layers of polyhedral cells 
overlying it (fig. 3 (2 ) ) .  Keratohyalin 
granules were sparse at the junction of 
these 2 zones. In the rat repleted for 12 
hours, the esophageal changes were com
parable, but the mucosa was 9 to 10 cell 
layers in thickness below the parakeratotic 
zone with keratohyalin granules frequent 
in numbers in the mid-portion of these 
layers. Unexpectedly, in the esophageal 
mucosa of the rat repleted for 18 hours, 
there appeared a discrete layer between 
the parakeratotic zone and the outer-most 
cell layer (fig. 3 (3 ) ) .  There was an in
crease in number of keratohyalin granules 
compared with the pair-fed control. Of

equal importance was the presence of stel
late-shaped cells with keratohyalin gran
ules approximate to the stratum corneum. 
The esophageal mucosa was 7 to 8 cell 
layers in thickness below the parakeratotic 
zone. In the second experiment, the esoph
ageal mucosa of the 6 zinc-repleted rats 
was comparable to the 6 pair-fed controls 
after 24 hours of repletion, except for the 
parakeratotic zone in the lumen and the 
presence of more keratohyalin granules 
(fig. 3 (4 ) ) .

When rats were fed the zinc-deficient 
diet or the pair-fed control diet for 1 to 2

W E E K S

F ig .  1 G r o w t h  c u r v e s  o f  z i n c - d e f i c i e n t  a n d  
c o n t r o l  r a t s .

DAYS

F ig .  2  M e a n  z i n c  c o n c e n t r a t i o n  i n  t e s te s  o f  
2  z i n c - d e f i c i e n t  a n d  2  p a i r - f e d  c o n t r o l s  o n  d a y s  
9 , 1 6 , a n d  2 3 .



ZINC DEFICIENCY IN THE RAX 5 2 9

F ig .  3  ( 1 )  P a i r - f e d  c o n t r o l  e s o p h a g u s  o f  a r a t  s h o w i n g  a  m u c o s a l  t h i c k n e s s  o f  4  t o  5  c e l l  la y e r s
( A )  w i t h  t h e  n o r m a l  a p p e a r a n c e  o f  a  s t r a t u m  c o r n e u m  ( B ) .  L i g h t  m i c r o s c o p y .  ( 2 )  E s o p h a g u s  f r o m  

a  z i n c - d e f i c i e n t  r a t  r e p l e t e d  w i t h  1 m g  o f  z i n c  3  h o u r s  b e f o r e  k i l l in g .  N o t e  j u n c t i o n  ( A )  b e t w e e n  t h e  
2  z o n e s  a n d  s p a r s e  n u m b e r  o f  k e r a t o h y a l i n  g r a n u l e s .  C e l l s  a r e  m o r e  s t e l la t e - s h a p e d  i n  l o w e r ,  d e n s e  
z o n e  ( B )  c o m p a r e d  t o  t h e  p o l y h e d r a l  c e l l s  ( C )  i n  t h e  u p p e r  la y e r s .  U n s t a in e d .  P h a s e  m i c r o s c o p y .
( 3 )  E s o p h a g u s  o f  a  z i n c - d e f i c i e n t  r a t  r e p l e t e d  w i t h  1 m g  o f  z i n c  1 8  h o u r s  b e f o r e  k i l l in g ,  w i t h  a  d i s 
c r e t e  la y e r  b e t w e e n  t h e  s t r a t u m  g r a n u l o s u m  a n d  p a r a k e r a t o t i c  z o n e  ( A ) .  K e r a t o h y a l i n  g r a n u l e s  a re  
f r e q u e n t  i n  n u m b e r  3  t o  4  c e l l  l a y e r s  b e l o w  t h e  k e r a t i n i z e d  l a y e r  ( B ) .  U n s t a in e d .  P h a s e  m i c r o s c o p y .
( 4 )  E s o p h a g u s  f r o m  a  z i n c - d e f i c i e n t  r a t  r e p l e t e d  w i t h  1 m g  o f  z i n c  2 4  h o u r s  b e f o r e  k i l l i n g .  M u c o s a  
i s  6  to  7  c e l l  l a y e r s  i n  t h i c k n e s s .  S t e l la t e - s h a p e d  n u c l e i  a r e  o r i e n t e d  p a r a l l e l  t o  s t r a t u m  c o r n e u m  ( A )  
w i t h  k e r a t o h y a l i n  g r a n u l e s  s u b ja c e n t  to  t h is  l a y e r .  N o t e  s e p a r a t i o n  o f  s t r a t u m  c o r n e u m  a n d  p a r a 
k e r a t o t ic  z o n e  ( B ) .  L i g h t  m i c r o s c o p y .
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weeks, there was no difference in the his
tology of the testes. Multi-nucleated cells 
and spermatocytes shed from the germ
inal epithelium were seen in the lumen of 
the seminiferous tubules and the epididy- 
mal canal, which is a normal feature in 
rats of this age (5 ). On day 23 of the 
experiment the overall picture of the testes 
in both groups was similar. A few degen
erate tubules were seen, but they were 
in the same proportion in each group. 
However, in the zinc-deficient animals the 
number of elongated spermatids was re
duced in most tubules in stage 3 of Roosen- 
Runge’s classification of the seminiferous 
epithelium cycle (6 ). This was confirmed 
by the absence of sperm in the lumen of 
the epididymal canal of the zinc-deficient 
rats in contrast to the many sperm in the 
epididymides of the pair-fed controls (fig.
4 (5 ) ) .  On day 30, the reduction in the 
number of elongated spermatids was even 
more striking (fig. 4 (7 ) ) .  There were a 
number of tubules which showed a non
specific type of degeneration with pyknotic 
spheres, exfoliation of cells, and the for
mation of multi-nucleated spermatids (fig.
5 (9 ) ) .  In the epididymis of the zinc-de
ficient rat, very few sperm could be seen 
compared with these of the pair-fed con
trols which were packed with sperm. After 
repletion for 2 weeks, there was no amelio
ration and more tubules appeared to be 
severely damaged, shrunken, and lined by 
spermatogonia and spermatocytes (fig. 5 
(1 2 )) . However, tubules subjacent to the 
tunica albuginea tended to be less affected 
than those deep in the testes, and even 
there, normal tubules were close to atrophic 
ones (fig. 5 (1 1 )) .

Five rats fed the deficient diet for 22 or 
23 days had serum zinc concentrations of
97.5 Mg/100 ml, ar.d 3 animals offered the 
same diet for 29 cr 30 days, and zinc-re- 
pleted for 3 and 12 hours, had serum levels 
of 82.5 ag/100 ml. By comparison, 3 rats 
fed a pair-fed control diet for 22 or 23 days 
showed serum concentrations of 123 11g/  
100 ml, and 3 animals on days 29 and 30 
in this group had serum zinc levels of 192 
Mg/100 ml. Zinc concentrations of 163 
a g /100 ml of serum were observed in 5 
rats fed the ad libitum control diet for 7 
to 17 days. These serum zinc concentra
tions represent pooled samples for the dif

ferent groups of rats. Mean zinc concen
trations of the testes are shown in figure
2. Although few rats were studied, there 
were marked differences between deficient 
and the pair-fed groups.

D I S C U S S I O N

One of the objectives in this study was 
to determine which cells of the esophageal 
mucosa and in the testis are initially in
jured in zinc deficiency. In the normal rat 
esophagus, parenterally injected radioac
tive zinc concentrates in the mucosa of 
this organ (7 ) , but the relative distribution 
of zinc in the different cell layers is not 
known. Some in vitro studies (8 -1 0 ), us
ing histologic sections of the skin, have 
shown that the granular layers in particu
lar have a marked affinity for exogenous 
zinc. Whether there is a high concentra
tion of zinc in these layers in vivo is not 
known. Interestingly, keratohyalin gran
ules and tonofibrils in the granular cells 
have been considered as precursors of 
keratin (11 ). In view of these reports, we 
initially considered the probability that the 
primary locus of zinc action might be at 
the stage when the granular cells differ
entiate to fully keratinized cells of the 
stratum corneum. The results obtained, 
however, show that the cells immediately 
adjacent to the basal layer remain poly
hedral in shape early in zinc deficiency. 
Furthermore, zinc repletion caused rever
sion of the morphology of the cells in this 
region to stellate-shaped ones before any 
change in the more superficial layers be
came evident (fig. 3 (3 ) ) .  These stellate
shaped cells may either be previously poly
hedral cells whose morphology has changed 
following zinc repletion, or newly formed 
cells from the basal layer. Thus, it is 
clear that the deepest layers of the transi
tional cells are injured in zinc deficiency, 
and it is possible that the subsequent ab
normal differentiation to parakeratotic cells 
is a manifestation of this earlier injury.

Although keratohyalin granules were di
minished in zinc deficiency and became 
more numerous following repletion, these 
findings are common in other diseases 
causing parakeratosis of the skin (12 ). 
The successive histologic changes follow
ing zinc repletion suggest that healing ap
parently occurs by displacement of the
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F ig .  4  ( 5 - 6 )  J u n c t i o n  o f  t h e  c a p u t - c o r p u s  i n  t h e  e p i d id y m i d e s  o f  a  z i n c - d e f i c i e n t  r a t  ( 5 ) ,  
a n d  t h e  p a i r - f e d  c o n t r o l  ( 6 )  o n  d a y  2 3  o f  t h e  e x p e r im e n t .  N o t e  t h e  a b s e n c e  o f  s p e r m  i n  th e  
e p i d i d y m a l  c a n a l  o f  t h e  d e f i c i e n t  r a t . ( 7 - 8 )  S e m i n i f e r o u s  t u b u le s  i n  s t a g e  3  o f  R o o s e n -  
R u n g e ’ s c l a s s i f i c a t i o n  i n  a  z i n c - d e f i c i e n t  r a t  ( 7 )  a n d  t h e  p a i r - f e d  c o n t r o l  ( 8 )  o n  d a y  3 0 . 
T h e r e  i s  a  r e d u c t i o n  i n  n u m b e r  o f  e l o n g a t e d  s p e r m a t i d s  i n  t h e  d e f i c i e n t  r a t .
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F ig .  5  ( 9 - 1 0 )  T e s t e s  o f  a z i n c - d e f i c i e n t  r a t  ( 9 )  a n d  th e  p a i r - f e d  c o n t r o l  ( 1 0 )  o n  d a y  
3 0  o f  t h e  e x p e r im e n t .  T h e  s e m i n i f e r o u s  t u b u le s  s h o w  e a r l y  s ta g e s  o f  d e g e n e r a t i o n  ( a r r o w s ) 
a m o n g  h e a l t h y  o n e s .  ( 1 1 )  O t h e r  t e s t is  o f  t h e  s a m e  r a t  r e p l e t e d  w i t h  z i n c  f o r  2  w e e k s  in  
m i c r o p h o t o g r a p h  9 . A r r o w s  i n d i c a t e  a t r o p h i c  t u b u le s .  ( 1 2 )  S a m e  t e s te s  a s  m i c r o p h o t o g r a p h  
11 w i t h  t h e  2  c e n t e r  t u b u l e s  l i n e d  o n l y  w i t h  s p e r m a t o g o n ia  a n d  s p e r m a t o c y t e s .
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abnormal cell layers above the stratum 
basal by normally differentiating cells that 
have newly arisen from this layer. In the 
normal esophageal mucosa some cells 
formed from the basal cells when displaced 
from their layer, differentiate irreversibly 
into stratum corneum cells (13 ). It is 
possible that in zinc deficiency, cells al
ready derived from the basal layer prior to 
zinc repletion, also continue to differentiate 
into parakeratotic cells. It would be of in
terest in future studies to identify defini
tively the new cells from the basal layer 
following zinc repletion by concomitant 
labeling of their nuclei with parenterally 
injected thymidine.

In the esophagus of the normal rat, the 
basal layer appears to be the only site of 
the production of new cells (14). This char
acteristic appears preserved in zinc defi
ciency since we have not seen mitotic fig
ures in the transitional cells, even though 
these cells were markedly increased in 
number.

The rapidity with which the esophageal 
lesions are reversed following zinc therapy 
is indeed remarkable. Such rapidity is 
conceivable since it takes only about 2 
days for a basal cell to migrate from the 
basal layer and become keratinized in the 
normal rat esophagus (15 ).

In the testes of the zinc-deficient ani
mals fed their diet for 23 days, there was 
a decreased number of spermatids with 
many seminiferous tubules appearing im
mature in comparison to those of the pair- 
fed controls. Thus, in zinc-deficiency of 
the rat the transformation of spermatids to 
spermatozoa is inhibited, and this appears 
to be the earliest histologic change in sper- 
miogenesis. Nevertheless, in a recent study 
in 38-day-old rats previously fed a zinc- 
deficient diet for one week, there was bio
chemical evidence of increased break
down of RNA and protein in the testes, 
although there were no apparent histologic 
changes (16 ). Since the tubules of the 
testes were still immature when examined, 
and spermiogenesis had not yet been fully 
established, the younger cells such as sper
matocytes and spermatogonia are probably 
injured early in zinc deficiency despite the 
absence of demonstrable morphologic ab
normality.

In the present study, it is of interest that 
despite zinc repletion, the histologic le
sions appeared to have progressed further 
so that in many of the atrophic tubules 
only spermatocytes and spermatogonia re
mained. One explanation that could be 
offered for this finding is the possibility 
that cells already damaged before zinc re
pletion proceed to degenerate irreversibly, 
and are extruded and lost from the germi
nal epithelium. Conceivably, as in the case 
of the esophagus, reversal of the lesions in 
the testis following zinc repletion may oc
cur by replacement of abnormal spermato- 
genic stages by new cells from the sperma
togonia. Considering the fact that it takes 
about 45 days for spermatogonia in the 
normal rat to develop into mature sperm
(17 ), the 2-week repletion period in the 
present study may have been too short for 
morphologic reversal of the lesions to be
come evident. Millar and co-workers (2 ) 
concluded from their earlier studies that 
the reversibility of the histologic lesions in 
the testes following zinc repletion depends 
on the severity of damage at the time of 
repletion. However, the testicular lesions 
produced by prolonged deficiency would be 
concurrent with the injurious effects of 
inanition, since anorexia develops quite 
early in zinc deficiency (3 ). Other work
ers (18 ) have demonstrated, by histochem- 
ical methods, decreased activities of cer
tain enzymes in the zinc-deficient testis 
which activities are restored to normal fol
lowing repletion with zinc.

L I T E R A T U R E  C I T E D

1. F o l l i s ,  R . H . ,  H . G . D a y  a n d  E . V .  M c C o l l u m  
1 9 4 1  H i s t o l o g i c a l  s tu d ie s  o f  t h e  t is s u e s  o f  
r a t s  f e d  a  d i e t  e x t r e m e l y  l o w  i n  z i n c .  J . 
N u t r . ,  2 2 ;  2 2 3 .

2 . M i l l a r ,  M . J ., M . I . F i s c h e r ,  P . V .  E lc o a t e  
a n d  C . A . M a w s o n  1 9 5 8  T h e  e f f e c t s  o f  
d i e t a r y  z i n c  d e f i c i e n c y  o n  t h e  r e p r o d u c t iv e  
s y s t e m  o f  m a l e  r a t s .  C a n  J . B i o c h e m .  P h y s 
i o l . ,  3 6 ;  5 5 7 .

3 . M a c a p i n l a c ,  M . P . ,  W .  N . P e a r s o n  a n d  W . J . 
D a r b y  1 9 6 6  S o m e  c h a r a c t e r i s t i c s  o f  z i n c  
d e f i c i e n c y  i n  t h e  a l b i n o  r a t . I n :  Z i n c  M e t a b 
o l i s m ,  e d . ,  A . S . P r a s a d .  C h a r le s  C  T h o m a s ,  
S p r i n g f i e l d ,  I l l i n o i s ,  p .  1 4 2 .

4 . M a c a p i n l a c ,  M . P .,  G . H . B a r n e y ,  W .  N . 
P e a r s o n  a n d  W .  J . D a r b y  1 9 6 7  T h e  p r o 
d u c t i o n  o f  z i n c  d e f i c i e n c y  i n  t h e  s q u ir r e l  
m o n k e y  (S a im iri s c iu r eu s ) .  J . N u t r . ,  9 3 ;  
4 9 9 .



5 3 4 G. H. BARNEY, M. C. ORGEBIN-CRIST AND M. P. MACAPINLAC

5 . A l l e n ,  E .,  a n d  P . D . A t l a n d  1 9 5 2  S tu d ie s  
o n  d e g e n e r a t i n g  c e l l s  i n  i m m a t u r e  m a m m a ls .  
I I . M o d e  o f  d e g e n e r a t i o n  i n  t h e  n o r m a l  d i f 
f e r e n t i a t i o n  o f  t h e  d e f in i t iv e  g e r m  c e l l s  i n  
m a l e  a l b i n o  r a t  f r o m  a g e  t w e l v e  d a y s  to  
m a t u r i t y .  J . M o r p h . ,  91: 515.

6. R o o s e n -R u n g e ,  E . C .,  a n d  L . O . G ie s e l  1 9 5 0  
Q u a n t i t a t iv e  s tu d ie s  o n  s p e r m a t o g e n e s i s  in  
t h e  a l b i n o  r a t . A m . ,T. A n a t . ,  87: 1.

7 . M i l l a r ,  M . J ., N . R . V i n c e n t  a n d  C . A . M a w s o n  
1 9 6 1  A n  a u t o r a d io g r a p h i c  s tu d y  o f  t h e  d i s 
t r i b u t i o n  o f  z i n c - 6 5  i n  r a t  t is s u e s .  J . H is t o -  
c h e m .  C y t o c h e m ..  9: 1 1 1 .

8 . R e a v e n ,  E . P . ,  a n d  A . J . C o x ,  J r . 1 9 6 2
B in d in g  o f  z i n c  b y  t h e  t r a n s i t i o n a l  l a y e r  o f  
e p i d e r m is .  J . I n v e s t .  D e r m a t o l . ,  39.- 1 3 3 .

9 . R e a v e n ,  E . P . ,  a n d  A . J . C o x ,  J r . 1 9 6 3
T h e  h i s t o c h e m i c a l  l o c a l i z a t i o n  o f  h i s t i d i n e  
i n  t h e  h u m a n  e p i d e r m is  a n d  i t s  r e l a t i o n s h i p  
to  z i n c  b i n d i n g .  J . H i s t o c h e m .  C y t o c h e m . ,  
11: 7 8 2 .

1 0 . C o x ,  A . J ., a n d  E . P . R e a v e n  1 9 6 7  H i s 
t id i n e  a n d  k e r a t c h y a l i n  g r a n u l e s .  J . I n v e s t .  
D e r m a t o l . ,  49 : 3 1 .

1 1 . B r o d y ,  I. 1 9 6 0  T h e  u l t r a s t r u c t u r e  o f  t h e  
t o n o f i b r i ls  i n  t h e  k e r a t i n i z a t i o n  p r o c e s s  o f  
n o r m a l  h u m a n  e p i d e r m is .  J . U l t r a s t r u c t .  
R e s . ,  4 : 2 6 4 .

1 2 . A l l e n ,  A . C . 1 9 6 6  S k in . I n :  P a t h o l o g y ,  e d . ,  
W .  A . D . A n d e r s o n .  C . V .  M o s b y  C o m p a n y ,  
S a in t  L o u i s ,  p .  1 2 3 1 .

1 3 . L e b l o n d ,  C . P . 1 9 6 5  T h e  t im e  d i m e n s i o n  
i n  h i s t o l o g y .  J . A n a t . ,  116: 1.

1 4 . L e b l o n d ,  C . P . ,  a n d  B . E . W a l k e r  1 9 5 6  
R e n e w a l  o f  c e l l  p o p u l a t i o n s .  P h y s i o l .  R e v . ,  
36: 2 5 5 .

1 5 . L e b l o n d ,  C . P . ,  R . C . G r e u l i c h  a n d  J . P . M . 
P e r e i r a  1 9 6 4  R e la t i o n s h i p  o f  c e l l  f o r m a 
t io n  a n d  c e l l  m i g r a t i o n  i n  t h e  r e n e w a l  o f  
s t r a t i f ie d  s q u a m o u s  e p i t h e l i a .  I n :  A d v a n c e s  
i n  B io l o g y  o f  S k in ,  e d s . ,  W .  M o n t a g n a  a n d  
R . E . B i l l i n g h a m .  M a c m i l l a n  C o m p a n y ,  N e w  
Y o r k ,  p .  3 9 .

1 6 . M a c a p i n l a c ,  M . P . ,  W .  N . P e a r s o n ,  G . H . 
B a r n e y  a n d  W . J . D a r b y  1 9 6 8  P r o t e i n  a n d  
n u c l e i c  a c i d  m e t a b o l i s m  i n  t h e  t e s t e s  o f  z i n c -  
d e f i c i e n t  r a t s .  J . N u t r . ,  95: 5 6 9 .

1 7 . C le r m o n t ,  Y . ,  a n d  B . P e r e y  1 9 5 7  Q u a n t i 
t a t iv e  s t u d y  o f  t h e  c e l l  p o p u l a t i o n  o f  th e  
s e m i n i f e r o u s  t u b u le s  o f  i m m a t u r e  r a t s .  J . 
A n a t . ,  100: 2 4 1 .

1 8 . P r a s a d ,  A . S ., D . O b e r le a s ,  P . W o l f  a n d  J . P . 
H o r w i t z  1 9 6 7  S tu d ie s  o n  z i n c  d e f i c i e n c y :  
C h a n g e s  i n  t r a c e  e l e m e n t s  a n d  e n z y m e  a c 
t iv i t i e s  i n  t is s u e s  o f  z i n c - d e f i c i e n t  r a t s .  J. 
C l i n .  I n v e s t . ,  4 6 : 5 4 9 .



Tyrosine Toxicity in the Rat: Effect of high intake 
of p-hydroxyphenylpyruvic acid and of 
force-feeding high tyrosine d iet* 1

A M A L  M . B O C T O R 2 and A . E . H A R P E R  
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A B STR AC T  R a t s  f e d  a  l o w  p r o t e i n  d ie t  c o n t a i n i n g  5%  o f  t y r o s in e  d e v e l o p  e x t e r n a ]  
p a t h o l o g i c a l  l e s i o n s  w i t h i n  a  f e w  d a y s .  T h e  o b j e c t i v e  o f  th e  e x p e r im e n t s  d e s c r i b e d  
b e l o w  w a s  t o  d e t e r m in e  w h e t h e r  t h is  s y n d r o m e  c o u l d  b e  p r o d u c e d  b y  f e e d i n g  p - h y 
d r o x y p h e n y l p y r u v i c  a c i d  o r  w a s  a l t e r e d  b y  m a i n t a i n i n g  t h e  f o o d  i n t a k e  o f  r a t s  f e d  
a  h i g h  t y r o s i n e  d i e t  t h r o u g h  f o r c e - f e e d i n g .  W h e n  p - h y d r o x y p h e n y l p y r u v i c  a c i d  w a s  
s u b s t i t u t e d  f o r  t y r o s i n e ,  s ig n s  o f  t o x i c i t y  d i d  n o t  d e v e l o p  w i t h i n  2  w e e k s .  P l a s m a  
t y r o s i n e  c o n c e n t r a t i o n  a n d  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  a c t iv i t y  w e r e  g r e a t l y  e le v a t e d  
i n  r a t s  f e d  t h e  h i g h  t y r o s i n e  o r  t h e  h i g h  p - h y d r o x y p h e n y l p y r u v i c  a c i d  d ie t .  T h e  a c 
t iv i t y  o f  p - h y d r o x y p h e n y l p y r u v a t e  h y d r o x y l a s e  w a s  n o t  e le v a t e d  i n  r a t s  f e d  a  h i g h  
t y r o s i n e  d i e t ;  h o w e v e r ,  t h is  e n z y m e  a p p e a r e d  t o  b e  p r e f e r e n t i a l l y  r e t a in e d  i n  t h e  l i v e r s  
o f  r a t s  f e d  p - h y d r o x y p h e n y l p y r u v i c  a c i d  w h i l e  l i v e r  w e i g h t  w a s  d e c r e a s i n g .  R a t s  
f o r c e - f e d  t h e  h i g h  t y r o s i n e  d i e t  s h o w e d  o n l y  a  t r a n s i t o r y  i m p r o v e m e n t  i n  w e i g h t  g a i n  
a n d  2  o f  7  d ie d  w i t h i n  8  d a y s ,  w h i c h  i n d i c a t e s  t h a t  l o w  f o o d  i n t a k e  is  a n  e f f e c t  a n d  
n o t  a  c a u s e  o f  t y r o s i n e  t o x i c i t y .  T h e  r e s u l t s  m a k e  i t  u n l i k e l y  t h a t  i n t e r m e d ia t e s  o f  
t h e  m a i n  p a t h w a y  o f  t y r o s in e  d e g r a d a t io n  a r e  r e s p o n s ib l e  f o r  t h e  d e v e l o p m e n t  o f  th e  
s ig n s  o f  t y r o s i n e  t o x i c i t y .

Food intake and growth of rats fed a 
low protein diet containing an excessive 
amount of tyrosine are depressed, and the 
animals develop eye and paw lesions (1,
2 ). Also, food intake and growth of rats 
fed a low protein diet in which there is an 
amino acid imbalance are depressed; how
ever, when the food intake of rats fed a 
diet in which there is an amino acid im
balance is stimulated by injecting them 
with insulin (3 ) , by exposing them to a 
cold environment (4 )  or by force-feeding 
them (5 ) ,  growth rate is improved and 
they appear normal. Since tyrosine tox
icity is alleviated by supplementary threo
nine (2 ) , it was thought that a dietary 
excess of tyrosine may increase the re
quirement for threonine and that the con
dition may be analogous in some respects 
to an amino acid imbalance. Thus the 
question arose as to whether tyrosine tox
icity might be alleviated if the food intake 
of rats fed a high tyrosine diet were in
creased.

The observation that an excessive tyro
sine intake increases tyrosine transaminase 
(L-tyrosine:2-oxoglutarate amino transfer

ase, E.C. No. 2.6.1.5) activity (6 ) ,  which 
should facilitate conversion of tyrosine to 
p-hydroxyphenylpyruvate, raised the ques
tion as to whether a high intake of p-hy
droxyphenylpyruvic acid might cause signs 
of tyrosine toxicity.

The results presented here indicate that 
tyrosine toxicity is not alleviated when the 
food intake of rats fed a high tyrosine 
diet is increased by force-feeding them, 
and that intermediates of the main path
way of tyrosine catabolism are not respon
sible for the development of the toxicity 
syndrome.

M E T H O D S

Male albino rats (Holtzman strain) 
weighing 50 to 55 g were individually 
housed in suspended screen-bottom cages 
and kept at a temperature of 24° in an 
animal laboratory with a light period from 
8:00 a m  to 8:00 p m . They were fed a 
basal 6% casein diet for 2 to 3 days, and
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were then separaied into groups and fed 
the experimental diets for periods as in
dicated in the respective figures and tables. 
The diets contained 6% of casein, 5% of 
corn oil and adequate quantities of vita
mins and minerals and were prepared as 
agar gels (2, 7). Substances added to the 
diet replaced an equivalent amount of the 
dietary carbohydrate. Food and water 
were given ad libitum except as indicated. 
Food intake was recorded daily and weight 
changes every other day.

In the force-feeding study, the basal 
diet was prepared in liquid form to contain 
approximately 0.8 g of dry matter per ml. 
For 2 days all rats were given 6 ml of 
this diet by stomach tube in 3 feedings 
per day at 9:00 a m , 3:00 p m  and 9:00 
p m  to allow them a period of adjustment. 
Animals were then separated into 2 
groups of 7 rats each, and fed the basal 
diet or a high tyrosine diet (5%  L-tyro- 
sine) in liquid fcrm but the daily intake 
was divided into 2  meals, one at 9 :00 a m  
and another at £:00 p m . The 2 groups 
were tube-fed equal amounts of food dur
ing :he experiment. The first day, they 
were given a total of 7 ml; this was in
creased to 8 ml on the second and third 
day. On days 4 to 6 the daily intake was 
increased to 9 ml and on days 7 and 8 
to 9.5 ml per day. Concurrently a group 
of 4 rats was fed the high tyrosine diet 
ad libitum so that it would be possible to 
compare the growth of this group with 
that of the force-fed group.

Enzyme assay. At the end of experi
mental periods, rats were anesthetized 
with ether, blood was obtained by heart 
puncture with a heparinized syringe. The 
liver was excised and kept frozen at — 20° 
until assayed for liver enzymes. Twenty 
percent liver homogenates were prepared 
in C.14 m  potassium chloride solution 
which contained 3.005 m  sodium hydrox
ide and were centrifuged at 25,000 X g 
for 45 minutes in a refrigerated centri
fuge The activities of tyrosine transami
nase and p-HPP-hydroxylase (p-hydroxy- 
phenylpyruvate ascorbate: oxygen oxire- 
ductase, E.C. No. 1. 14.2.2) in the super- 
nate were assayed at 30° using the enol- 
borate methods (3 ).

Plasma amino acids. Plasma was sep
arated from the red cells by centrifugation

at 2,000 rpm for 15 minutes in a refriger
ated centrifuge. The plasma proteins were 
precipitated by adding 15% sulfosalicylic 
acid solution to give a final concentration 
of 3 % . The precipitate was removed by 
centrifugation at 25,000 X g for 20 min
utes in a refrigerated centrifuge. Amino 
acid composition of the supernate was 
determined using a Technicon amino acid 
analyzer.

R E S U L T S

Effect of feeding p-hydroxyphenylpyru- 
vic acid. Figure 1A shows that rats fed the 
5% tyrosine diet ad libitum lost weight. 
Also, they all developed external patho
logical lesions and one rat died during the 
experiment. Food intake of these rats was 
severely depressed and plasma tyrosine 
concentration was greatly elevated (table
1). However, despite the slow growth rate 
of rats fed the diet containing 5% of 
p-hydroxyphenylpyruvic acid (p-HPPA), 
none of the animals developed external 
pathological lesions and all survived and 
looked healthy. Their food intake was 
somewhat above that of rats fed the high 
tyrosine diet, and plasma tyrosine con
centration, although much lower than that 
of rats fed the high tyrosine diet, was 
greatly increased (table 1).

When the experiment was repeated for 
a 10-day feeding period, almost the same 
growth rates (fig. IB ) and food intake 
patterns were obtained (table 2 ) as in the 
previous experiment. Liver weight, as a 
percentage of body weight, was not af
fected by a high tyrosine intake, however, 
it was markedly decreased by a high in
take of p-HPPA.

Values for tyrosine transaminase activ
ity for rats fed the high tyrosine or high 
p-HPPA diets for 10 days were significantly 
higher than those for the control group. 
Values for p-HPP-hydroxylase activity for 
the 3 groups, expressed per 100 g of body 
weight, were not different; however, when 
expressed per gram of liver, the value for 
the rats fed the keto acid was significantly 
greater than those for the other 2 groups.

Plasma tyrosine concentration increased 
greatly in rats fed either the high tyrosine 
or the 5% p-HPPA diet for 10 days (table
3). The general decrease in plasma amino 
acids of rats fed the high tyrosine diet can
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F i g .  1 W e i g h t  g a i n  o f  y o u n g  r a t s  f e d  l o w  p r o t e i n  d ie t s  c o n t a i n i n g  5 %  p - h y d r o x y p h e n y l -  
p y r u v i c  a c i d  ( p - H P P A )  o r  5 %  t y r o s i n e .  ( A )  2  w e e k s ,  a n d  ( B )  1 0 -d a y  e x p e r i m e n t a l  p e r i o d  
w i t h  4  r a t s / g r o u p .

TABLE 1

E ffe c t  o f  fe ed in g  you n g  rats fo r  2  w eek s  d iets con ta in in g  5 %  o f  l -tyrosine  
or 5 %  o f  p -h yd roxyp h en y lp yru v ic  acid  (p-H P PA )

Diet
No.

showing 
signs of 
toxicity

Food
consumed W t gain 1 Plasma

Tyr

9 9 fim o le/ 1 0 0  m l
B asal 0 /4 13 5 .2 37 .8  ± 3 6 .0
B asal +  5 %  L-Tvr 4 /4 59 .5 — 7 .4  ±  1 2 0 7 .9
B a sa l+  5 %  p-HPPA 0 /4 79 .0 4 .5  ± 1 66 .6

1 Mean +  s e .

TABLE 2
E ffe c t  o f  fe ed in g  y o u n g  ra ts fo r  10 days d iets con ta in in g  5%  o f  p -h yd roxyp h en y lp yru v ic  acid

(p-H P P A ) or  5 %  o f  h -tyrosine

Food
intake W t gain 1 Liver w t1

Enzyme activity 2/g  liver Enzyme activity 2 /100 g 
body wt

T.T. P-HPPH T.T. P-HPPH

Control 
5 %  p -H PPA  
5 %  L-Tyr

g / 1 0  d a y s
88 .4  
52 .9
39 .4

g ¡ 1 0  d a ys  
2 2  ± 3  

5 ±  1 
— 9 ±  1

g ¡1 0 0  g  b o d y  w t  
5 .9  =t 0 .4  
3 .7  ± 0 . 2  
6 .0  ± 0 .1

25 .8  ± 2 . 9  
6 5 .7  ± 7 . 2  3
74 .9  ± 5 . 3  3

56 .3  ± 7 . 7  
76 .0  ± 4 . 4  
4 8 .4 ± 7 .3

1 5 2 ±  17  
2 48  ± 3 7  4 
4 4 7  ± 18 3

3 3 3  ± 3 5
2 8 7  ± 2 6  
2 8 9  ± 3 8

1 Mean ±  s e .
2 Tyrosine transaminase (T .T .) and p-hydroxyphenylpyruvate hydroxylase (p-HPPH) activities are expressed 

as /tmole p-hydroxyphenylpyruvic acid formed or consumed/hour, respectively.
3 Significantly different from control P <  0.01.
4 Significantly different from control P <  0.05.
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TABLE 3

E ffe c t  o f  fe ed in g  5%  p -h yd roxyp h en y lp yru v ic  
acid  (p-H P P A ) or  5%  L -T yr fo r  10 days 

on  p lasm a a m in o  acids

A m in o
a c id

P la s m a  a m in o  a c id  c o n c n  1

C o n tro l 5 %  L -T yr 5 %  p -H P P A

limole/100 ml limole/100 ml
S e r 3 5 .2 2 4 .0 3 9 .9
G lu 1 2 .0 8 .1 1 1 .5
G ly 1 8 .1 1 5 .0 2 1 .7
A l a 9 9 .8 5 3 .8 8 2 .9
V a l 1 6 .6 9 .9 1 0 .9
H e 7 .0 3 .9 5 .1
L e u 1 2 .5 7 .1 8 .4
T y r 8 .7 1 7 0 .0 1 1 3 .0
P h e 7 .9 3 .9 6 .5
L y s 5 6 .7 4 5 .9 6 4 .1
H is 1 2 .3 5 .7 1 3 .1
A r g 9 .6 8 .3 1 0 .0

1 P o o le d  p la s m a  f r o m  4  r a t s /g r o u p .

probably be attributed to their low food 
intake. Branched-chain amino acid con
centrations were low in plasma of rats fed 
the 5% p-HPPA diet but the concentra
tions of other amino acids were similar to 
the control values.

Effect of force-feeding 5% E-tyrosine 
diet. Figure 2 shows that while rats fed 
the high tyrosine diet ad libitum lost 
weight, the group force-fed this diet gained 
but not as much as the group force-fed 
the basal diet. No rats force-fed the basal 
diet died during the 8-day experimental 
period. Two of the seven force-fed the 
high tyrosine diet died but not after a pro
longed period of debilitation as observed 
with rats fed this diet ad libitum. They 
developed only mild signs of tyrosine tox
icity and died about 24 hours later. As 
they died several hours after being fed, 
their deaths cannot be attributed to food 
being forced into their lungs.

Force-feeding the high tyrosine diet 
caused a fourfold increase in tyrosine 
transaminase activity whether expressed 
per unit of liver weight or per unit of body 
weight (table 4 ). However, p-HPP-hy- 
droxylase activity was not significantly af
fected.

D I S C U S S I O N

Although growth rate and food intake 
of rats fed the low protein diet containing 
5% of p-hydroxyphenylpyruvic acid were 
depressed, the animals did not develop eye 
and paw lesions characteristic of tyrosine

F i g .  2  W e i g h t  g a i n  o f  r a t s  f o r c e - f e d  a  h i g h  
t y r o s i n e  d ie t .

toxicity (1, 2, 9 ). Lesions develop within 
a few days in rats fed ad libitum a diet 
containing 5% of L-tyrosine. It is, there
fore, unlikely that p-hydroxyphenylpyruvic 
acid or other intermediates on the main 
pathway of oxidation of tyrosine to carbon 
dioxide are responsible for the toxicity syn
drome that develops as a result of an ex
cessive intake of tyrosine.

Enzyme activities per 100 g of body 
weight are indicative of the total degrada- 
tive capacity of the animal and are there
fore considered to be the most meaningful 
basis for comparison in these studies. 
Comparison of the enzyme values per 
gram of liver with those per 100 g body 
weight indicates that the decrease in liver 
weight of rats fed the keto acid was ac
companied by preferential retention of p- 
HPP-hydroxylase. Zannoni and LaDu (9 )  
injected guinea pigs intraperitoneally with 
p-HPP and observed no change in p-HPP- 
hydroxylase activity 1 hour later.

The ready reversibility of the tyrosine 
transaminase reaction is evident from the 
increased plasma tyrosine concentration 
of rats fed p-HPPA. It is also evident that, 
despite its preferential retention, p-HPP-
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T A B L E  4

E ffe c t  o f  fo rce -feed in g  a  6 %  ca se in  d iet con ta in in g  5 %  z -tyrosin e  fo r  8 days

L iv e r  w t
E n z y m e  a c t iv ity  y  g  l iv e r E n z y m e  a c t iv ity  1/1 0 0  g  

b o d y  w t

T .T . p -H P P H T .T . p -H P P H

C o n t r o l  2
g ¡100 g body wt 

4 .3 9  rt 0 .1 2 0 .2  ±  2 .3 7 5 .7  ±  1 3 .9 8 8  ±  9 .3 3 3 2  ± 5 4

5 %  L - T y r 3 4 .7 1  ± 0 . 7 8 5 . 2 ±  1 5  4 6 0 .1  ±  7 .6 4 0 0  ± 6 7  4 2 8 1  ± 3 2

1 T y r o s in e  t ra n s a m in a s e  ( T .T . )  a n d  p -h y d r o x y p h e n y lp y r u v a te  h y d r o x y la s e  (p -H P P H ) a c t iv it ie s  a re  e x p r e s s e d  
as  /¿m o le  p -h y d r o x y p h e n y lp y r u v ic  a c id  f o r m e d  o r  c o n s u m e d /h o u r ,  re s p e c t iv e ly .

2 M e a n  +  s e  f o r  6 ra ts .
3 M e a n  +  s e  f o r  4  ra ts .
4 S ig n if ic a n t ly  d i f fe r e n t  f r o m  c o n t r o l  P <  0 .01 .

hydroxylase activity is not high enough to 
permit rapid degradation of the load of 
p-HPPA ingested by these animals. A high 
intake of tyrosine causes induction of ty
rosine transaminase (6 ) , and hence, pre
sumably, the high plasma tyrosine concen
tration is responsible for the elevated tyro
sine transaminase activity of rats fed an 
excessive amount of p-HPPA.

Rats force-fed the high tyrosine diet 
grew more rapidly than those fed this diet 
ad libitum but not as rapidly as those fed 
the basal diet; hence, growth failure of 
rats fed a high tyrosine diet ad libitum is 
not due solely to depressed voluntary food 
intake. Also, although rats that were force- 
fed the high tyrosine diet did not develop 
as severe lesions of tyrosine toxicity, they 
developed mild lesions and some died ear
lier than those fed ad libitum.

Development of the toxicity syndrome 
is associated with high tissue tyrosine con
centrations. In rats fed diets containing 
3% or 5% of L-tyrosine and showing signs 
of toxicity, plasma tyrosine concentrations 
are usually between 150 and 250 nmoles,/ 
100 ml of plasma (10). With diets contain
ing 3% of L-tyrosine, values of between 
100 and 150 umoles/100 ml are observed 
occasionally but with this dietary tyrosine 
content signs of toxicity usually occur in 
only half to two-thirds of the animals (2 ). 
Also in rats receiving high tyrosine diets 
containing supplements of threonine 
plasma tyrosine concentrations of 77 to 
110 umoles/100 ml are observed without 
signs of tyrosine toxicity developing. The 
values of 67 and 113 umoles/100 ml in the 
present study are in this latter range. This 
raises a question as to whether signs of 
tyrosine toxicity might be induced by feed

ing larger quantities of p-HPPA, particu
larly if blood tyrosine concentration were 
elevated somewhat more.

Whether tyrosine itself or some product 
other than products on the main pathway 
of tyrosine oxidation is the toxic agent has 
not been established. It is of interest in re
lation to this that administration of thyrox
ine, itself a product of tyrosine metabo
lism, increases the severity of the signs of 
tyrosine toxicity.3
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Distribution and Excretion of Nickel-63 
Administered Intravenously to Rats

J. C E C I L  S M I T H  and B E T T Y  H A C K L E Y

V etera n s A d m in istra tion  H osp ita l and th e D ep a rtm en t o f  B ioch em istry , 
G eorge W a sh in g ton  U n iversity  S chool o f  M ed ic in e, W a sh in g ton , D. C.

A B STR AC T  T h e  d i s t r i b u t i o n  a n d  e x c r e t i o n  o f  63N i  a d m i n i s t e r e d  i n t r a v e n o u s l y  w a s  
s t u d i e d  u s i n g  6 4  S p r a g u e - D a w le y  f e m a l e  r a t s .  S m a l l  q u a n t i t i e s  o f  t is s u e s  ( 5 0 - 7 5  m ? )  
w e r e  a c i d - d ig e s t e d  a n d  t h e  i s o t o p e  w a s  c o u n t e d  u s i n g  a  l i q u i d  s c i n t i l l a t i o n  s y s t e m . 
T h e  m a j o r  p o r t i o n  ( 6 1 %  )  o f  a  s in g l e  i n t r a v e n o u s  i n j e c t i o n  o f  C3N i  w a s  e x c r e t e d  v i a  
t h e  u r i n e  w i t h i n  7 2  h o u r s ,  w i t h  a  l e s s e r  a m o u n t  a p p e a r in g  i n  t h e  f e c e s  ( 5 . 9 % ) .  I n  
a d d i t i o n ,  t h e  63N i  a c t iv i t y  i n  t h e  w h o l e  b l o o d  a n d  p l a s m a  h a d  c o m p l e t e l y  d i s a p p e a r e d  
b y  4 8  h o u r s  w i t h  n o  a c c u m u l a t i o n  i n  t h e  r e d  b l o o d  c e l l s .  T h e  r e l a t i v e  d i s t r i b u t i o n  o f  
t h e  63N i  p e r  g r a m  o f  f r e s h  t is s u e  w a s  a s  f o l l o w s :  k i d n e y  >  a d r e n a l  >  o v a r y  >  l u n g  
>  h e a r t  >  e y e  >  t h y m u s  >  p a n c r e a s  >  s p l e e n  >  l i v e r  >  e p i d e r m is  >  g a s t r o in t e s 
t in a l  t r a c t  >  m u s c l e  >  i n c i s o r  >  f e m u r  =  b r a i n  >  a d ip o s e .  H o w e v e r ,  i n  a l l  t is s u e s  
a n a l y z e d  t h e  63N i  d e c r e a s e d  r a p i d ly ,  a n d  a f t e r  7 2  h o u r s  o n l y  t h e  k i d n e y  c o n t a i n e d  
s i g n i f i c a n t  a m o u n t s  o f  63N i .  T h e  63N i  d i s t r i b u t i o n  w a s  c o m p a r e d  w i t h  t h e  b l o o d  
v o l u m e  o f  s p e c i f i c  t is s u e s .  C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  0 .7 9 ,  0 .7 6 ,  0 .8 2  a n d  0 .6 8  f o r  
i n t e r v a l s  o f  1 5  m i n u t e s ,  2  h o u r s ,  6  h o u r s ,  a n d  1 6  h o u r s ,  r e s p e c t iv e l y ,  f o l l o w i n g  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  i s o t o p e .  T h e s e  c o r r e l a t i o n s  w e r e  s t a t i s t i c a l l y  s i g n i f i c a n t  a n d  
s u g g e s t  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  63N i  w a s  d i r e c t l y  d e p e n d e n t  u p o n  t h e  r e la t iv e  
b l o o d  v o l u m e  o f  t h e  s p e c i f i c  t i s s u e s  a n a ly z e d .

This laboratory has initiated a program 
to investigate the importance of various 
trace elements heretofore not shown to be 
essential to life. Nickel was one of the 
elements chosen to be studied first for the 
following reasons. It consistently occurs in 
plant and animal tissues including the 
newborn (1 ). It is reported to activate 
various enzyme systems including arginase 
(2 )  carboxylase (3 )  acetyl coenzyme A 
synthetase (4 )  and trypsin (5 ). Nickel is 
present in RNA from various sources (6 ) 
and may play a part in maintaining the 
configuration of the protein molecules of 
crystalline complexes of ribonucléase (7 ). 
Finally, this element is of clinical interest 
since it is reported to be greatly elevated in 
serums from patients with myocardial in
farction (8 )  and has been implicated as a 
pulmonary carcinogen in tobacco smoke
(9 ). However, few studies have dealt with 
the retention or excretion of nickel in man 
or animals. The only investigation found 
that used radioactive nickel ( 63N i) was 
that by Wase et al. (10 ) in 1954, who 
studied the distribution and excretion of 
63Ni using a high level, 102 ug 63Ni/mouse, 
administered intraperitoneally. The pur
pose of the present paper is to report the

distribution and excretion of 63Ni given 
intravenously to rats in trace amounts. A 
simple method for sample preparation and 
counting 63Ni in biological samples with 
the use of liquid scintillation is also de
scribed.

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

The sample preparation and counting 
procedure adapts the method described by 
Mahin and Lofbert (11 ) for counting tri
tium 14C and 35S in biological tissue. 
Briefly, the method uses acid digestion of 
small quantities of tissues at a low temper
ature. Up to 70 mg of fresh tissue or 200 
mg of blood or urine were digested directly 
in the scintillation counting vials using 
0.2 ml of 70% perchloric acid and 0.4 ml 
of 30% hydrogen peroxide. The vials were 
tightly capped and heated at 70° in a dry
ing oven until the solution cleared, in
dicating that oxidation was complete. 
After cooling, 6 ml of ethylene glycol mon
ethyl ether (Cellosolve) were added. In 
addition, 10 ml of the toluene * 1 phosphor 
solution containing 6 g of 2,5 diphenyloxa-

R e c e iv e d  f o r  p u b l ic a t io n  J a n u a ry  2 2 , 1968 .
i S p e c tr o q u a lity  r e a g e n t  g ra d e  to lu e n e . M a th e s o n  

C o le m a n  a n d  B e ll, E ast R u th e r fo r d , N e w  J ersey .

J. N u t r it io n , 95 : 541-546. 5 41
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zole (PPO)/liter of toluene were added. 
Before counting, the samples were allowed 
to equilibrate for 2 hours. For counting, a 
Beckman liquid scintillation counter was 
used with an adjustable iso-set module. 
The lower window was closed, with the 
upper window reading 3.5. The gain was 
adjusted to give an external standard 
counting ratio of 1.300 for the least 
quenched sample. A quenching curve was 
prepared using 1 uCi 63Ni treated in the 
same manner as described for the tissue, 
with the exception that increasing quanti
ties of bromcresol green indicator were 
added to the 2 vials after heating to give 
varying intensities of yellow color. The re
sulting quench curve (external standard 
ratio plotted against counting efficiency) 
was a straight line. Counting efficiency 
was 42% for the least quenched samples. 
All counts were adjusted to an external 
standard ratio of 1.300. Samples were 
counted to a 3% statistical counting error.

Radioactive nickel as 63NiCl2 2 i n  1 n  HC1 
was diluted with normal saline to give a 
stock solution of 10 uCi 63Ni/ml. Either 
0.25 ml or 0.5 ml of this stock solution was 
injected per animal, representing 2.5 uCi 
or 5 uCi of 63Ni. Since the specific activity 
of the nickel was 3.4 mCi/mg the doses 
were equivalent to 0.74 ug or 1.47 ug 63Ni.

Female rats of the Sprague-Dawley 
strain averaging 218 ±  26 g were used. 
They were fed laboratory ration 2 3 and tap 
water ad libitum.

For the excretion studies 5 rats were 
maintained in individual plastic metabo
lism cages.4 The animals were adapted to 
the cage for 3 days before injection of the 
isotope. Each animal received 5 uCi of 
63Ni intravenously via the saphenous vein 
after light anesthesia with ether. Total 
urinary and fecal output were collected at 
intervals of 2, 4, 6, 8, 24, 48 and 72 hours.

The distribution studies were divided 
into 2 experiments. Experiment 1 used 5 
animals per group which were intraven
ously injected with 2.5 uCi 63Ni. They 
were held in individual suspended wire 
cages and killed at intervals of 0.25, 1, 2, 
4, 8, 16, 24, 48 and 72 hours. After the 
proper interval the animals were exsangui
nated under ether anesthesia by heart 
puncture to remove as much blood as pos
sible from the tissues. Samples to be an

alyzed were excised, weighed, and frozen. 
Before analysis the tissues were minced 
and well-mixed so that a representative 
aliquot could be obtained. The samples for 
counting analyses in experiment 1 in
cluded whole blood, plasma, kidney, lung, 
spleen, liver and femur.

In experiment 2, four animals were used 
per group, injected similarly with 5.0 
uCi 63Ni. They were killed at 0.25, 2, 6, 16 
and 72 hours. In addition to those samples 
analyzed in experiment 1, the following 
specimens were studied for 63Ni distribu
tion: blood cells, adrenal, ovary, heart,
eye, thymus, pancreas, skin, brain, adi
pose, muscle, incisor and gastrointestinal 
tract. The carcasses of those animals 
killed at 72 hours were digested and an 
aliquot was counted for 63Ni activity. Be
fore the blood cells were counted, they 
were washed to remove plasma. This was 
accomplished by adding physiological 
saline (2  times the volume of cells) to the 
cells, mixing well, centrifuging at 2000 
rpm for 10 minutes and decanting the 
saline. This procedure was repeated 3 
times. Both the diet and drinking water 
were analyzed for nickel by atomic ab
sorption spectrophotometry.5 The diet was 
ashed by heating to 550° for 18 hours. 
Minimal quantities of concentrated hydro
chloric acid were added. The reference 
standards for the diet analysis contained 
hydrochloric acid as the diluent. The drink
ing water (tap) was analyzed after concen
trating 50-fold by boiling. Deionized water 
(nickel level non-detectable) was used as 
the solvent for the reference standards.

R E S U L T S

The accumulated excretion rate of 63Ni 
via the urine and feces is shown in figure 
1. Over 60% of the injected dose of 63Ni 
was excreted by the urine within 72 hours. 
In contrast, less than 6% was found in the 
feces for the same duration. The data are 
presented as hourly urinary (fig. 2 ) and 
fecal (fig. 3) excretion of 63Ni. The re
sults show that the excretion rate was 
highest for the urine 2 hours following in-

2 N e w  E n g la n d  N u c le a r  C o rp o ra t io n , B o sto n .
s L a b  B lo x , A ll ie d  M ills , I n c . ,  C h ica g o .
4 M o d e l  1 10 , M a r y la n d  P la s t ic s , I n c . ,  9 E a s t  3 7 th  

S treet, N e w  Y ork .
5 M o d e l  3 0 3 , P e rk in -E lm e r  C o rp o ra t io n , N o r w a lk . 

C o n n e c t icu t .
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F ig .  1 A c c u m u l a t e d  e x c r e t i o n  o f  63N i  v i a  t h e
u r i n e  a n d  f e c e s  f o l l o w i n g  a  s in g l e  i n t r a v e n o u s  F ig .  3  A v e r a g e  h o u r l y  f e c a l  e x c r e t i o n  o f  63N i  
d o s e .  f o l l o w i n g  a  s in g l e  i n t r a v e n o u s  d o s e .

F ig .  2  A v e r a g e  h o u r l y  u r i n a r y  e x c r e t i o n  o f  
63N i  f o l l o w i n g  a  s in g l e  i n t r a v e n o u s  d o s e .

jection. In contrast, fecal excretion did 
not peak until 8 hours.

The results of the distribution study of 
experiment 1 are presented in table 1. The 
amount of 83Ni retained per gram of tissue 
varied widely among the tissues analyzed. 
However, with the exception of the kidney, 
no significant amount of activity remained 
after 72 hours. In addition, by 48 hours 
all activity had disappeared from the whole 
blood and plasma (fig. 4 ).

The results of the more complete distri
bution study (exp. 2 ) are given in table
2. The greatest retention rate again oc
curred in the kidney. At 15 minutes after 
injection, the distribution of 63Ni was as 
follows : kidney >  adrenal >  ovary >  lung 
>  heart >  eye >  thymus >  pancreas >

TABLE 1
D istribu tion  o f  S3N i in  s e lec ted  tissu es a t tim ed  in terva ls a fter  sin g le  in tra ven ou s dose  1

T im e  a f te r  
d o se K id n e y L u n g S p le e n L iv e r F e m u r

hours % dose/g fresh  tissue
0 .2 5 6 .5 4  ± 0 . 5 0 0 .9 7  +  0 .0 6 0 .4 0  +  0 .3 0 0 .3 6  +  0 .0 3 0 .2 4  +  0 .0 2

1 5 .4 7  ±  0 .3 8 0 .6 6  +  0 .0 3 0 .2 2  +  0 .0 1 0 .2 4  +  0 .0 1 0 .1 6  +  0 .0 1
2 4 .4 6  +  0 .3 6 0 .4 2  +  0 .0 3 0 .1 4  +  0 .0 1 0 .1 4  +  0 .0 1 0 .0 8  +  0 .0 1
4 2 .3 6  +  0 ,1 6 0 . 3 2 ±  0 .0 1 0 .1 0  +  0 .0 0 0 .1 2  +  0 .0 1 0 .0 4  +  0 .0 0
8 1 .5 7  +  0 .1 6 0 .1 8  +  0 .0 1 0 .0 5  +  0 .0 0 0 .0 6  +  0 .0 1 0 .0 1  +  0 .0 0

1 6 0 .9 5  +  0 .0 6 0 .1 1  +  0 .0 1 0 .0 3  +  0 .0 0 0 .0 3  +  0 .0 0 n d  3
2 4 0 .9 2  +  0 .1 1  3 0 .1 1  +  0 .0 1  3 0 .0 7  +  0 .0 1  3 0 . 0 2 +  0 .0 0  3 n d  3
4 8 0 .5 2  +  0 .0 4 0 .0 3  +  0 .0 0 0 .0 1  +  0 .0 0 n d 0 .0 1  +  0 .0 0
7 2 0 .2 7  +  0 .0 2 0 .0 2  +  0 .0 0 0 .0 1  +  0 .0 0 n d 0 .0 1  +  0 .0 0

1 M e a n  ±  s e ,  5 a n im a ls /g r o u p .
2 N o n -d e te c ta b le .
3 F o u r  a n im a ls  u s e d  f o r  2 4 -h o u r  in te rv a l.



5 4 4 J. CECIL SMITH AND BETTY HACKLEY

F ig .  4  D i s a p p e a r a n c e  o f  63N i  f r o m  b l o o d  a n d  
p l a s m a  a f t e r  s in g l e  i n t r a v e n o u s  d o s e .

spleen >  liver >  epidermis >  gastrointes
tinal tract with contents >  muscle >  in
cisor >  femur = brain >  adipose. In all 
specimens the 63Ni decreased rapidly. As 
in experiment 1, 72 hours after injection 
only die kidney contained significant 
amounts of 63Ni. The disappearance of the 
isotope from whole blood and plasma 
agreed closely with the results of experi
ment 1 with no activity present after 72 
hours. In addition, no significant amount 
of 63Ni activity was found in the blood

cellular components when they were 
counted directly in this experiment.

D I S C U S S I O N

The literature has been contradictory 
concerning nickel excretion. For example 
Drinker et al. (12 ) reported in 1924 that 
in human subjects using nickel cooking 
utensils, the majority of ingested nickel 
was excreted in the feces with little in the 
urine. In contrast, Kent and McCance
(13 ) observed more nickel excreted in the 
urine than the feces, using 2 men. When 
intravenous nickel was given, the output 
of nickel increased in the urine but not in 
the feces. Using mice injected intraperi- 
toneally, Wase et al. (10 ) noted the great
est excretion of 63Ni in the feces. In a 
balance study on 4 dogs, Tedeschi and 
Sunderman (14 ) reported 90% of dietary 
ingested nickel excreted via the feces and 
6% in the urine. However, following in
halation of nickel carbonyl, there was a 
sharp increase in urinary nickel, with fecal 
nickel remaining constant. The latter 
study and the experiments of Kent and 
McCance (13 ) indicate clearly that the 
method of administration directly affects 
the route of excretion for nickel. That is, 
using the data of Tedeschi and Sunderman
(1 4 )  , no more than 10% of ingested

T A B L E  2

D istribu tion  o f  e3N i in  s e lec te d  tissu es at tim e-in terva ls a fter  s in g le  in tra ven ou s dose  1

H o u rs  a fte r  d ose

0 .2 5 2 6 16 72

K i c n e y 2 .4 9  ± 0 . 5 4 2 .5 7  ±  1 .2 4
% dose/g fresh tissue 

0 .5 9  ± 0 . 2 3 : 0 .2 0  ± 0 . 0 6 0 .1 1  ±  0 .0 6
A d r e n a l 0 .9 2  ± 0 . 1 4 0 .2 8  ± 0 . 0 3 0 . 1 5 ± 0 . 0 1 0 . 1 2 ± 0 . 0 2 0 .0 3  ± 0 . 0 1
O v a r y 0 . 9 0 ±  0 .3 3 0 .2 3  ± 0 . 0 6 0 .1 1  ± 0 . 0 2 0 .0 9  ± 0 . 0 1 n d  2
L u n g 0 .8 1  ± 0 . 0 4 0 .2 9  ± 0 . 0 4 0 . 1 4 ± 0 . 0 3 0 .0 9  ±  0 .0 1 0 .0 1  ± 0 . 0 0
H e a r t 0 .6 4  ± 0 . 0 4 0 .2 1  ± 0 . 0 2 0 . 1 1 ± 0 . 0 1 0 .0 7  ±  0 .0 1 n d
E y e 0 . 5 6 ± 0 . 0 6 0 .1 9  ± 0 . 0 3 0 .1 3  ± 0 . 0 4 0 .0 8  ± 0 . 0 3 0 .0 1  ± 0 . 0 0
T h y m u s 0 .5 5  ± 0 . 0 3 0 .1 5  ±  0 .0 2 0 . 1 2 ± 0 . 0 2 0 .0 4  ± 0 . 0 1 n d
P a n c r e a s 0 .5 4  ± 0 . 0 5 0 .1 6  ±  0 .0 3 0 .1 2  ±  0 .0 3 0 .0 8  ± 0 . 0 1 n d
S p le e n 0 .4 8  ± 0 . 0 3 0 .1 3  ± 0 . 0 1 0 . 1 1 ± 0 . 0 1 0 .0 9  ± 0 . 0 1 0 .0 1  ± 0 . 0 0
L i v e r 0 .4 0  ± 0 . 0 3 0 .1 3  ±  0 .0 2 0 .0 8  ± 0 . 0 1 0 .0 5  ± 0 . 0 1 n d
S k in 0 .3 8  ± 0 . 0 8 0 .2 0  ± 0 . 0 5 0 .0 7  ± 0 . 0 1 0 .0 4  ± 0 . 0 1 n d
G .I  t r a c t 0 .3 3  ± 0 . 0 4 0 .2 1  ± 0 . 0 4 0 .1 1  ± 0 . 0 3 0 . 1 0 ± 0 . 0 1 n d
M u s c l e 0 .2 9  ± 0 . 0 7 0 .1 1  ±  0 .0 5 0 .0 4  ±  0 .0 1 0 .0 3  ± 0 . 0 5 n d
T e e t h 0 .2 1  ± 0 . 0 4 0 .0 8  ± 0 . 0 2 0 .0 4  ± 0 . 0 1 0 .0 3  ±  0 .0 1 0 .0 1  ± 0 . 0 0
F e m u r 0 .1 5  ±  0 .0 2 0 .0 5  ± 0 . 0 1 0 .0 3  ± 0 . 0 1 0 .0 1  ± 0 . 0 0 n d
B r a in 0 .1 5  ±  0 .0 2 0 .0 4  ± 0 . 0 1 0 .0 4  ± 0 . 0 1 0 .0 5  ± 0 . 0 2 n d
A d ip o s e 0 .1 4  ± 0 . 0 4 0 .0 4  ± 0 . 0 1 0 .0 2  ± 0 . 0 0 0 .0 1  ± 0 . 0 1 n d
C a r c a s s — — — — n d

1 M e a n  +  se, f o u r  a n im a ls /g r o u p .
2 N o n -d e te c ta b le .
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nickel is absorbed. Therefore the majority 
of orally administered nickel would be ex
pected to appear in the feces. However, 
our data show that intravenous nickel is 
cleared quickly via the urine, with only 
small quantities occurring in the feces 
(figs. 1, 2 and 3). As a result of the 
role of the kidney in nickel clearance, the 
high radioactivity of 63Ni in this organ is 
probably due to urine retained within the 
organ.

In experiment 1, it appeared that all of 
the radioactivity of whole blood could be 
accounted for by the plasma fraction. 
That is, the activity of the plasma portion 
of one gram of blood was equal to the total 
activity for a similar quantity of whole 
blood. By counting the cellular fraction 
directly, it was confirmed in experiment 2 
that the blood cells did not contain signifi
cant 63Ni. Thus, these data are in disagree
ment with the studies of Wase et al. (10) 
who found that the red blood cells con
tained approximately one-half the activity 
of plasma in mice. However, during the 
duration of our experiment, 63Ni did not 
accumulate in the blood cells as has been 
reported for zinc (15 ), selenium (16 ) and 
chromium (17).

The relatively high activity of both the 
adrenal and ovary is of interest since these 
organs are controlled hormonally. How
ever, nickel was not actively retained. No 
previous studies were found in the litera

ture regarding normal concentration of 
nickel (radioactivity or non-radioactive) 
for these tissues.

In experiment 1, of the tissues analyzed, 
the lung had the second highest 63Ni per 
gram of tissue and in experiment 2, it 
ranked fourth, exceeded only by the kid
ney, adrenal, and ovary. In the study of 
Wase et al. (1 0 ), the lung had the greatest 
retention of 63Ni when compared with the 
other organs analyzed. The authors sug
gested a high complex constant for Ni+ + 
with lung protein. In addition, Schroeder 
et al. (1 )  reported that this element oc
curred more frequently in the lung of 
humans than in the kidney, heart, larynx, 
bone, trachea or aorta.

Since the isotope quickly disappeared 
from both the blood and organs, it was 
reasoned that the distribution of 63Ni in the 
various tissues studied may be directly re
lated to the blood volume of these tissues, 
i.e., blood volume as microliters per gram 
of tissue. Everett et al. (18 ) have reported 
the blood volume of various tissue and 
organs in female Sprague-Dawley rats of a 
weight range similar to that used in our 
study. Therefore, using the data of Everett 
et al. (18 ), the relative blood volume and 
distribution of 63Ni in various organs and 
tissue were compared (table 3). As shown, 
a high correlation existed between 63Ni dis
tribution and tissue blood volume at 15 
minutes, 2, 6, and 16 hours following a

T A B L E  3

C om parison  o f  63N i d istribu tion  w ith  tissu e b lood  vo lu m e

T iss u e  1
63N i d is t r ib u t io n  2

B lo o d  v o l  3
15  m in 2  h r 6  h r 16  h r

A d r e n a l 0 .9 2
% dose/g fresh tissue 

0 .2 8  0 .1 5 0 .1 2
filiters /  g 

2 6 8
O v a r y 0 .9 0 0 .2 3 0 .1 1 0 .0 9 2 6 8
L u n g 0 .8 1 0 .2 9 0 .1 4 0 .0 9 5 0 5
H e a r t 0 .6 4 0 .2 1 0 .1 1 0 .0 7 2 3 8
S p l e e n 0 .4 8 0 .1 3 0 .1 1 0 .0 9 1 3 4
L iv e r 0 .4 0 0 .1 3 0 .0 8 0 .0 5 2 6 5
S k in 0 .3 8 0 .2 0 0 .0 7 0 .0 4 1 8 .2
M u s c l e 0 .2 9 0 .1 1 0 .0 4 0 .0 3 2 2 .9
F e m u r 0 .1 5 0 .0 5 0 .0 3 0 .0 1 3 2 .8
B r a in 0 .1 5 0 .0 4 0 .0 4 0 .0 5 3 0 .1
C o r r e l a t i o n

c o e f f i c i e n t 0 .7 9
P  <  0 .0 1

0 .7 6
P  <  0 .0 5

0 .8 2
P  <  0 .0 1

0 .6 8
P  <  0 .0 5

1 K id n e y  w a s  o m it te d  d u e  to  r a d io a c t iv e  u r in e  w it h in  it.
2 N o  c o m p a r is o n  c o u ld  b e  m a d e  f o r  th e  7 2 -h o u r  in te r v a l  b e ca u s e  63N i w a s  n o n -d e te c ta b le  m  se v e ra l 

t is su es  (s e e  ta b le  2 ) .
3 B lo o d  v o lu m e  d a ta  f r o m  E v e re tt  et a l. ( 1 8 ) .
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single injection of 63Ni. These data 
strongly suggest that the distribution of 
63Ni was directly related to blood volume 
of the specific organ or tissue studied.

Because nickel has been reported to be 
present in ribonucleic acid (BNA) from 
various sources (6, 19), the level of 63Ni 
was compared with the concentration of 
RNA in selected tissues. The RNA concen
trations reported by Winick (2C) for rat 
lung, heart, liver and spleen showed no 
significant correlation with the distribution 
of 63Ni in these organs.

It is recognized that the animals in this 
experiment were not receiving a diet de
void of nickel. That is, analysis of the 
laboratory ration by atomic absorption 
spectrophotometry showed that the diet 
contained 3.3 ng of N i/g. In addition, 2 
ng of Ni/liter was found in the drinking 
(tap) water. Should a nickel-free diet be 
fed, it is conceivable that the excretion and 
distribution of injected 63Ni would be quite 
different than reported here. Specifically, 
the injected 63Ni of our experiments may 
be handled by the animal as excess nickel 
since an adequate quantity was being sup
plied by the diet. Current investigations to 
develop a nickel-deficient diet are in 
progress.
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Effect of Arginine upon the Toxicity of Excesses 
of Single Amino Acids in Chicks * 1

R . E . S M I T H 2

A n im a l R esea rch  In stitu te , C anada D ep a rtm en t o f  A gricu ltu re, 
O ttaw a, Canada

A B STR AC T  A  s e r ie s  o f  e x p e r im e n t s  w a s  c o n d u c t e d  t o  e l u c i d a t e  t h e  m e c h a n i s m  
t h r o u g h  w h i c h  a r g i n in e  r e l i e v e s  t h e  i m b a l a n c e  c a u s e d  b y  t h e  a d d i t i o n  o f  e x c e s s i v e  
l e v e l s  o f  a m i n o  a c i d s  i n  c h i c k  d ie t s .  E x c e s s  q u a n t i t i e s  o f  t h e  L - i s o m e r  a m i n o  a c i d s ,  
l y s i n e ,  t y r o s i n e ,  h i s t i d i n e ,  g l y c i n e ,  m e t h i o n i n e ,  c y s t i n e ,  v a l i n e ,  t h r e o n in e ,  i s o l e u c i n e ,  
p h e n y l a l a n i n e ,  t r y p t o p h a n ,  g l u t a m i c  a c i d  a n d  l e u c i n e  w e r e  a d d e d  s i n g l y  tc  a  b a l a n c e d  
l o w  p r o t e i n  c a s e i n  d i e t  a n d  f e d  t o  w e e k - o l d  c h i c k s  f o r  2  w e e k s ’  d u r a t i o n .  E a c h  o f  
t h e  a m i n o  a c i d s  f e d  a t  s u p e r - o p t io n a l  l e v e l s  r e s u l t e d  i n  s o m e  m a n i f e s t a t i o n  o f  i m b a l 
a n c e ,  i . e . ,  r e d u c t i o n  i n  g r o w t h  o r  f e e d  i n t a k e ,  o r  b o t h ,  o n  t h e  p a r t  o f  t h e  c h i c k s .  
A m o u n t s  o f  t h e s e  a m i n o  a c i d s  r e q u i r e d  t o  b r i n g  a b o u t  a n  i m b a l a n c e ,  r a n g e d  f r o m  
1 0 %  ( n - g l u t a m i c  a c i d )  t o  0 .4 %  ( L - l y s i n e - H C l ) .  T h e  a f o r e m e n t i o n e d  c o n d i t i o n s  o f  
i m b a l a n c e  w e r e ,  w i t h  t h e  e x c e p t i o n  o f  t h o s e  c a u s e d  b y  t r y p t o p h a n ,  l e u c i n e  a n d  
g l u t a m i c  a c i d ,  a l l  a l l e v i a t e d  t o  s o m e  e x t e n t  b y  t h e  a d d i t i o n  o f  a r g i n in e .  T h e  l e v e l  
o f  a r g i n in e  r e q u i r e d  t o  b r i n g  a b o u t  t h is  r e l i e f  r a n g e d  f r o m  0 .3 %  t o  2 .0 %  b u t  d i d  
n o t  a p p e a r  t o  b e  d e p e n d e n t  u p o n  t h e  s e v e r i t y  o f  t h e  i m b a l a n c e .  A t t e m p t s  t o  d e f in e  
t h e  u n i q u e  r o l e  c f  a r g i n in e  i n  t h e  d e t o x i f i c a t i o n  o f  a m i n o  a c i d  e x c e s s e s  w e r e  n o t  
s u c c e s s f u l .  I t  a p p e a r s  t h a t  s u p p l e m e n t a l  a r g i n in e  i n  i m b a l a n c e d  d ie t s  d o e s  n o t  e x e r t  
i t s  b e n e f i t  b e c a u s e  o f  a  d e f i c i e n c y  o f  t h i s  a m i n o  a c i d  d u e  t o  a  r e d u c e d  f e e d  i n t a k e ,  
d o e s  n o t  m e d ia t e  i t s  i n f l u e n c e  t h r o u g h  c o m p e t i t i v e  i n h i b i t i o n  a t  a b s o r p t i o n  o r  r e 
a b s o r p t i o n  s it e s ,  n o r  d o e s  i t  a p p e a r  t o  a c t  a s  a  c y c l e  i n t e r m e d ia t e  i n  a  p o s s i b l e  l a t e n t  
u r e a  c y c l e .

It is generally accepted that most amino 
acids, when offered in the diet greatly in 
excess of the requirement of an animal, 
will produce ill effects such as reduced 
feed intake and growth depression (1 ). 
It has also been shown that excess essen
tial amino acids in chick diets can increase 
the chicks’ requirement for certain other 
essential amino acids (2 -5 ) .

Among the most notable relationships 
demonstrated is the very much higher re
quirement for arginine of chicks fed a 
diet containing excess lysine. This rela
tionship has been interpreted by some (6— 
8) as a specific antagonism between argi
nine and lysine. Boorman and Fisher
(9 ) , however, concluded that the lysine- 
arginine interaction is a nonspecific mani
festation of a general phenomenon of 
amino acid detoxification.

Attempts to illustrate the effects of sin
gle amino acid excesses on chick perform
ance have been confounded by the use of 
DL- isomers of amino acids (10 ) and by 
use of intraperitoneal injection of amino 
acids in which case gastrointestinal ab
sorption is bypassed (1 1 ). Therefore, in

the present study diets containing excess 
L- amino acids were fed under conven
tional conditions until tcxic effects were 
noted. The effect of arginine on these tox- 
icities was then studied.

Three possible mechanisms are offered 
to explain the role of arginine in situations 
of amino acid imbalance; (a ) excess 
amino acids bring about a reduction in 
feed intake resulting in a deficiency of 
arginine for protein synthesis; (b )  argi
nine competes with the amino acid in ex
cess at the absorption site (gastrointesti
nal tract) so that excess quantities are not 
absorbed or at the reabsorption site (kid
neys) so that reabsorption of the excreted 
excess amino acids does not occur, or 
under both of these conditions. This hy
pothesis is based on the findings of Rosen
berg et al. (12 ) which indicate a mutual 
competitive inhibition between L-arginine, 
L-lysine and L-ornithine in the rat kidney; 
and ( c )  arginine acts at the metabolic

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  11 , 1968 .
1 C o n t r ib u t io n  n o . 2 8 1 , A n im a l  R e s e a r c h  In s titu te .
2 P re se n t  a d d re s s : T h e  Q u a k e r  O ats C o m p a n y , B a r 

r in g to n , I l lin o is .

J. Nutrition, 95: 5 4 7 -5 5 3 . 5 4 7
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level by increasing the efficiency of either 
or both the uric acid cycle or a latent urea 
cycle in the chicken by providing required 
cycle intermediates (5 ).

Within the framework of these hypothe
ses it is the purpose of this report to fur
ther demonstrate that a general detoxifica
tion mechanism involving arginine does 
exist for excess amino acids and to stimu
late interest in the elucidation of this 
mechanism.

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

The experiments described in this re
port all followed the same general plan. 
A basal diet containing casein to provide 
12% crude protein was supplemented 
with histidine, glycine, arginine and me
thionine as shown in table 1. At this level 
of casein protein the chicks’ requirement 
for arginine and methionine are just met 
by the supplementary levels indicated.3 As 
a consequence, voluntary feed intake is 
maximized. Additions of other amino

T A B L E  1

Basal d iet con ta in in g  12 .0%  cru de p ro tein  
from  ca sein  1

G l u c o s e  2
%

v a r

C a s e i n  3 1 4 .6 7 9
M i n e r a l s  4 5 .2 7 0

C o r n  o i l 1 .0 0 0
C h o l i n e  c h l o r i d e 0 .2 0 0

L -H is  t id in e  • H C 1  • H « 0 0 .0 4 0
G l y c i n e 2 .0 9 3
L - A r g i n i n e H C l 0 .4 0 8
D L -M e th io n in e 0 .3 8 4
V i t a m i n s  ( 2 . 0  g / k g )  4 +
P e n i c i l l i n  ( 1 1  m g / k g ) +

1 0 0 .0 0

1 A t  th is  le v e l  o f  c a s e in  p r o te in , th e  c h ic k s ' r e q u ir e 
m e n t  f o r  a r g in in e  a n d  m e th io n in e  is  ju s t  m e t  b y  th e  
s u p p le m e n ta ry  le v e ls  in d ic a te d  a n d  fe e d  in ta k e  is  
m a x im iz e d .

2 C ere lo se , th e  C a n a d a  S ta rch  C o m p a n y  L im ite d , 
C a r d in a l, O n ta r io .

3 C a se in  B -3-F , T h e  B o r d e n  C h e m ic a l  C o m p a n y  
( C a n a d a )  L im ite d , W e s t  H i l l ,  O n ta r io .

4 K la in  et a l. ( 1 5 ) .

3 U n p u b lis h e d  d a ta , U n iv e r s ity  o f  I l l in o is ,  1962 .

T A B L E  2

Ch'-ch p e r fo rm a n ce  w ith  d iets con ta in in g  a m in o  acid  e x c e s s e s  1

E x p .
n o .

A m in o  a c id  a d d e d  
to b a s a l d ie t  2 G a in  3 F e e d

c o n s u m p t io n

% % % o f basal % o f basal

i L y s A rg
1 0 0 »  ( 2 0 5  g )  4 1 0 0  ( 3 7 5  g )

0 .4 — 5 7 ' 7 8
0 .4 0 .1 8 0 b 8 7
0 .4 0 .2 9 1 ab 9 2
0 .4 0 .3 9 5 » 9 5
0 .4 0 .4 8 9 ab 9 5
0 .4 0 .5 9 6 » 9 2
0 .4 0 .6 9 2 ab 9 2

2 T y r A r g
1 0 0 » ( 1 6 3  g ) 1 0 0  ( 3 0 4  g )

3 .0 — 7 4 ' 8 4
3 .0 0 .3 8 4 bc 8 7
3 .0 0 .6 9 0 » b 8 8
3 .0 0 .9 9 5 » b 9 5
3 .0 1 .2 8 2 bc 9 0
3 .0 1 .5 8 5 bc 8 8
3 .0 1 .8 8 2 bc 8 9

3 H is A rg
1 0 0 » ( 1 9 5  g ) 1 0 0  ( 3 6 9  g )

1 .6 — 6 4 ' 7 3
1 .6 0 .3 8 2 » 8 6
1 .6 0 .6 8 4 » 8 3
1 .6 0 .9 9 0 » b 8 5
1 .6 1 .2 8 9 » b 8 6
1 .6 1 .5 8 8 » b 8 5
1 .6 1 .8 8 6 » 8 2
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TABLE 2  ( C o n t in u e d )

C h ick  p er fo rm a n ce  w ith  d iets con ta in in g  am in o  acid  e x c e s s e s  1

E x p .
n o .

A m in o  a c id  a d d e d  
to  b a s a l d ie t  2 G a in  3 F eed

c o n s u m p t io n

% % % % % o f basal % o f basal
4 G ly A r g

— — 1 0 0 » ( 1 8 8  g ) 1 0 0  ( 3 4 9  g )
3 .0 — 6 4 d 6 4
3 .0 0 .5 6 8 'd 6 4
3 .0 1.0 7 3 » 'd 6 9
3 .0 1 .5 7 8 bc 7 4
3 .0 2 .0 8 0 » 7 6
3 .0 2 .5 74bcd 7 2
3 .0 3 .0 7 9 » 7 6

5 M e t A rg
— — 1 0 0 » ( 1 9 4  g ) 1 0 0  ( 3 4 4  g )1.0 — 6 9 d 751.0 0 .3 7 8 » ' 8 0
1.0 0 .6 8 1 » 8 31.0 0 .9 7 6 bcd 7 5
1.0 1 .2 7 3 » 'd 7 61.0 1 .5 7 9 » ' 7 9
1.0 1 .8 7 2 cd 7 3

6 C ys A rg
— — 1 0 0 » ( 1 9 6  g ) 1 0 0  ( 3 2 8  g )1.0 — 7 7 ' 8 7
1.0 0 .3 0 8 8 » 8 7
1.0 0 .4 5 8 8 » 8 8
1.0 0 .6 0 8 6 » ' 8 6
1.0 0 .7 5 8 5 » ' 8 3
1.0 0 .9 0 8 7 » ' 8 5
1.0 1 .0 5 8 6 » ' 8 4

7 V a l T h r 11 A rg
— — — — 1 0 0 » »  ( 1 9 3  g ) 1 0 0  ( 3 6 3  g )
2 .0 — — — 8 7 » 9 3
— 2 .0 — — 6 9 ' 6 8
— — 2 .0 — 8 6 » 8 6
— — — 0 .6 1 0 3 » » 9 4
2 .0 — — 0 .6 1 0 6 » 9 7
— 2 .0 — 0 .6 9 2 » » 7 3
— — 2 .0 0 .6 9 9 » » 9 1

8 P h e T rp G lu A rg
— — — — 1 0 0 » ( 1 7 4  g ) 1 0 0  ( 3 1 5  g )
1.0 — — — 9 0 » » 9 0
— 1.0 — — 9 0 » » 8 9
— — 5 .0 — 1 0 0 » 9 5
— — 1 0 .0 — 7 5 » ' 7 6
1.0 — — 0 .6 1 0 2 » 9 2
— 1.0 — 0 .6 9 5 » » 9 1
— — 1 0 .0 0 .6 6 9 ' 7 2

9 L eu G lu L y s A rg
— — — — 1 0 0 » ( 2 0 3  g ) 1 0 0  ( 3 9 2  g )
6 .0 — — — 9 6 » 9 2
— 1 0 .0 — — 9 6 » 9 3
— — 0 .4 — 7 1 » 7 0
6 .0 — — 0 .6 9 4 » » 8 7
— 1 0 .0 — 0 .6 9 3= » 8 5
— 3 .0 0 .4 — 8 0 » » 8 6
— 6 .0 0 .4 — 7 9 »» 9 3

1 Seven- to twenty-one-day experimental assays.
2 All amino acids, except DL-methionine, fed as a percentage of the diet in the i-form . Levels of 

basic amino acids refer to mono-hydrochlorides (histidine-monohydrate).
3 Treatments bearing similar superscripts are not significantly different (P  >  0 .05).
4 Values in parentheses represent absolute grams gain and grams feed intake per chick.
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a c id s  w e r e  t h e n  m a d e  a t  t h e  e x p e n s e  of 
g lu c o s e  t o  c o m p l e t e  t h e  t e s t  d ie t s ,  a n d  

w i t h  t h e  e x c e p t i o n  of D L - m e t h i o n i n e ,  o n l y  

t h e  l -  f o r m  o f  a m i n o  a c i d  w a s  u s e d .

Procedures were similar in all experi
ments. Male chicks of the brciler meat 
type were reared under standard condi
tions until 7 days of age. At this time, 
they were fasted overnight, individually 
weighed and allotted to pens at random 
from within weight groups. Three repli
cates of 10 chicks were assigned to each 
treatment and diets were offered ad libi
tum for the period 7 to 21 days. Gain 
data were analyzed by analysis of variance 
and differences between treatment means 
subjected to Duncan’s multiple range test
(13).

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

Preliminary experiments to establish t h e  

level of each amino acid which would cre
ate a condition of “imbalance” have been 
omitted for the sake of brevity. Significant

TABLE 3

T h e ro le  o f  arg in in e in  th e d etox ifica tion  m ech a n ism  1

E x p .
n o .

A m in o  a c id  a d d e d  
to  b a s a l  d ie t  2 G a in  3 F eed

c o n s u m p t io n

% % % % % o f  basal % of basal

1 0 G lu G ly L eu A rg
1 .0 — — — 1 0 0 »  ( 1 9 0  g )  4 1 0 0  ( 3 5 1  g )
1 .0 1 .0 — — 1 0 3 “ 9 4
1 .0 — 1 .0 — 1 0 3 “ 9 7
1 .0 1 .0 1 .0 — 1 0 1 “ 9 4
1 .0 — . — 0 .5 1 1 1 “ 9 7
1 .0 1 .0 — 0 .5 1 0 5 “ 9 3
1 .0 — 1 .0 0 .5 1 0 4 “ 9 6
1 .0 1 .0 1 .0 0 .5 1 0 4 “ 9 4

11 H is A rg M et
— — — 1 0 0 “ ( 2 0 1  g ) 1 0 0  ( 3 7 0  g )
1 .6 — — 6 6 “ 7 9
1 6 0 .9 — 8 9 “b 8 2
I  6 1 .2 — 8 4 » 8 0
1 6 0 .9 0 .1 0 8 4 » 8 0
1 6 0 .9 0 .1 5 8 1 » 7 9
1 6 1 .2 0 .1 0 8 4 » 7 8
1 6 1 .2 0 .1 5 8 5 » 8 1

1 2  = T v r A rg M e t
— — •— 1 0 0 “ ( 2 0 9  g ) 1 0 0  ( 3 8 1  g )
3  0 — ■— 6 9 “ 8 2
3  0 0 .9 •— 8 0 » 8 6
3  0 1 .2 — 8 5 » 8 7
3  0 1 .5 — 8 4 » 8 5
3 .0 0 .9 0 .2 8 3 » 8 6
3 .0 1 .2 0 .2 8 1 » 8 5
3 .0 1 .5 0 .2 7 8 » “ 8 3

growth depressions were ultimately ob
tained with excess levels of lysine, tyro
sine, histidine, glycine, methionine, cys
tine, and threonine. Less marked growth 
depressions were observed with excess lev
els of valine, isoleucine, phenylalanine, 
tryptophan and leucine (table 2 ). Glu
tamic acid at 10% of the diet brought 
about a significant growth depression in 
experiment 8 but not in experiment 9. 
No explanation for this discrepancy is 
available at this time. Amounts of these 
amino acids required to bring about indica
tions of an imbalance ranged from as little 
as 0.4% of the diet (L-lysine-HCl) to as 
much as 6.0% (L-leucine), or even 10% 
(L-glutamic acid), with most in the range 
of 1.0 to 2.0% . Three classes of imbal
ance apparently occurred: (a )  those
which produced a greater percentage 
growth reduction than percentage feed in
take reduction (lysine, tyrosine, histidine, 
methionine, cystine, and possibly valine); 
(b ) those which brought about a propor-



ARGININE AND AMINO ACID EXCESSES 5 5 1

TABLE 3 ( Continued)

The role of arginine in the detoxification mechanism 1

Exp.
no.

Amino acid added 
to basal diet 2 Gain 3 Feed

consumption

% % % % o f basal % o f basal

13 Arg
~ 100“ (203 g ) 100 (379  g )
0.5 106“ 97
1.0 103“ 96
1.5 100“ 93
2.0 97“ 90
2.5 99“ 94
3.0 100“ 93
3.5 93“ 87

14 Arg Lys
— — 100“ (158 g ) 100 (332  g )
3.5 — 99“ 93
5.0 — 91“b 87
5.0 0.4 87»' 84
5.0 0.8 780d 79
5.0 1.2 75d 77
5.0 1.6 yycd 79
5.0 2.0 74“ 77

15 Lys His
— — 100“ (193 g ) 100 (347  g )
0.4 — 82» 90
0.4 0.1 7 J bed 82
0.4 0.3 76»' 85
0.4 0.5 66 'd 79
0.4 0.7 59d 76
0.4 0.9 56d 76
0.4 1.1 68»'d 78

16 Lys His Arg
— — — 100“ (202  g ) 100 (353 g )
0.4 — — 65» 76
0.4 1.2 — 53» 64
0.4 1.2 0.30 85“ 82
0.4 1.2 0.45 89“ 87
0.4 1.2 0.60 91“ 86
0.4 1.2 0.75 92“ 86
0.4 1.2 0.90 92“ 87

17 Lys Ora
— — 100“ (156 g) 100 (288 g )
0.4 — 67» 81
0.4 0.1 69» 81
0.4 0.2 65»' 79
0.4 0.3 4 9 ' 68
0.4 0.4 55»' 74
0.4 0.5 54»' 70
0.4 0.6 53»' 68

1 Seven- to twenty-one-day experimental assays. _ _
2 All amino acids, except DL-methionine, fed as a percentage of the diet in the n-form. Levels of 

basic amino acids refer to mono-hydrochlorides (histidine-monohydrate).
3 Treatments bearing similar superscripts are not significantly different (P >  0.05).
4 Values in parentheses represent absolute grams gain and grams feed intake per chick.
5 Seven- to twenty-day assay.
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tional decrease in feed intake and weight 
gain (glycine, threonine, isoleucine, phen
ylalanine, and tryptophan); and ( c )  those 
which produced a greater feed intake de
pression than weight gain depression (pos
sibly leucine and glutamic acid).

Superficially, at least, there appeared to 
be no common denominator underlying the 
degree of toxicity among amino acids, i.e., 
molar equivalents of various amino acids 
or of their nitrogenous groups did not re
sult in equivalent toxicities, nor was there 
any relationship when toxic levels were ex
pressed as a percentage of the chicks’ re
quirement. The relatively high levels of 
leucine fed without effecting an imbal
ance and the lack of response to arginine 
under these conditions could be a mani
festation of a particular role for leucine, 
the knowledge of which might explain its 
apparent antagonism with isoleucine and 
valine, as observed by Harper et al. (1 ) .

The aforementioned conditions of im
balance, excluding those of tryptophan, 
leucine and glutamic acid, were all cor
rected to some degree by the addition of 
arginine. The level of arginine required to 
bring about this improvement ranged from 
0.3% to 2.0% but did not appear to be 
dependent upon the severity of the imbal
ance. In imbalances defined previously as 
class (a ), the first level of extra arginine 
had a greater effect on growth than on 
feed consumption. This resulted in a res
toration of the proportional relationship 
between gain and feed intake.

The very fact that some conditions of 
imbalance required as high as 0.9% argi
nine to maximize growth response indi
cates that the role of arginine is not one 
of simply an arginine deficiency for pro
tein synthesis. Furthermore, if the cut
back in feed intake on the imbalanced 
rations did decrease arginine intake to be
low required levels it is likely that second
ary and tertiary deficiencies would quickly 
become obvious. To explore this possibil
ity experiment 10 was conducted to assure 
that arginine and certain other amino 
acids, i.e., those not demonstrating imbal
ance tendencies readily, were not limiting 
in the original basal diet. Since there was 
no response to these amino acids (table 
3 ), it was felt that only arginine and me
thionine had the potential of becoming

limiting if feed intake was reduced. Ex
periments 11 and 12 were then conducted 
and illustrated that methionine did not 
become limiting under the reduced intake 
of an imbalanced diet even after the argi
nine response had been effected. Thus the 
role of arginine cannot be explained as one 
of a simple reduction in arginine intake.

The hypothesis that arginine mediates 
its effects by transport inhibition at either 
the absorption or at the reabsorption site 
was studied in experiments 13, 14, and 15. 
In experiment 13, a level of at least 3.5% 
arginine was required to demonstrate a 
possible growth depression due to excess 
arginine. If arginine competes with ly
sine at either the absorption or reabsorp
tion sites the mechanism should operate 
in reverse. To test the hypothesis the 
level of excess arginine was raised to 5% 
and then graded levels of lysine were 
added. If there was, in fact, an arginine- 
induced imbalance present, lysine did not 
relieve this imbalance condition. In fact 
there was a reduction in growth with 
graded levels of additional lysine. Accord
ing to the classical concept of mechanisms 
for the transport of dibasic, dicarboxylic, 
neutral and imino and glycine amino acids
(1 4 ), arginine should only compete with 
the dibasic amino acids. In actual fact, 
however, it counteracted the toxic effects 
of all four groups of amino acids. Further
more, histidine, another basic amino acid, 
was not effective in counteracting a lysine 
toxicity (exp. 15). It is evident from the 
above that the competitive theory for the 
role of arginine is not supported by the 
data.

If the chick possesses a latent urea 
cycle it is possible that the imbalance con
dition might activate such a cycle and an 
increased need for urea cycle intermedi
ates would result. To test this final hy
pothesis, ornithine, an intermediate in the 
urea cycle, was added to a lysine imbal
anced diet (exp. 17). No benefit was se
cured from the additional ornithine and in 
fact higher levels of ornithine appeared 
detrimental. Thus the suggestion that ar
ginine plays a role in detoxification or ex
cretion of excess amino acids via increased 
urea cycle activity (5 )  is not necessarily 
supported. In addition, it is extremely 
difficult to understand from examination
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of the precursors of uric acid, the major 
protein degradation route in the chicken, 
why arginine should be more stimulating 
than any other amino acid for this cycle.

The only comment possible in the light 
of these findings is to suggest that an 
alternative disposal mechanism must be 
available to the chick which utilizes argi
nine or its metabolic by-products. This 
mechanism apparently can be saturated 
by excess amino acids and when this point 
is reached further additions of arginine 
are of no value. It is hoped that further 
investigation will elucidate the role of argi
nine in amino acid imbalance states.
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Vitamin B6 Requirement of the M ink1,2
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ABSTRACT The requirement and metabolism of vitamin Be were investigated with 
growing mink. Purified diets containing zero, 0.75, 1.5, 3.0 and 6.0 mg/kg of vitamin 
Be ( pyridoxine-HC1) were fed to 50 pastel mink kits. Mink receiving no vitamin Be 
showed deficiency symptoms (ataxia, acrodynia, convulsions, irritability and apathy) 
terminating in death unless relieved by supplementary vitamin Be. Groups receiving 
diets containing 0.75 mg/kg of vitamin Be showed growth comparable to those on 
higher levels lu t developed some abnormal symptoms. In a further study 75 pastel 
male mink kits were fed purified diets containing zero, 0.4, 0.8, 1.6, and 3.2 mg/kg  
of vitamin Be. Mink receiving the zero, 0.4 and 0.8 levels of vitamin Be showed de
ficiency symptoms. The group receiving 0.8 mg/kg showed growth comparable to the 
higher groups; however, only 9 animals out of 15 survived at 20 weeks of age. Forty 
male mink were used in two metabolism studies in which urinary xanthurenic acid, 
kynurenic acid and N ’-methj'lnicotinamide were measured. Urinary excretion of 
xanthurenic and kynurenic acids was sharply elevated following the ingestion of 2.5 
mmoles L-tryptophan during vitamin Be depletion. Supplementation with 0.8 mg/kg  
of vitamin B6 brought about a slight reduction in the urinary excretion of xanthurenic 
and kynurenic acids while the addition of 1.6 and 3.2 mg/kg brought about an im
mediate return to predepletion levels. Urinary excretion of N1-methylnicotinamide was 
slightly increased following the ingestion of tryptophan in all dietary treatments. The 
lowest dietary level of vitamin Be which promoted growth and prevented abnormal 
symptoms and abnormal tryptophan metabolism was 1.6 mg/kg.

Little information is available regarding 
the vitamin Bs requirement of the mink 
( Mustsla vison). The National Research 
Council’s recommended level (1 )  is based 
on the work of Tovs et al. (2 )  which indi
cated a diet containing 2 mg of pyridoxine 
per kilogram was satisfactory for growing 
mink kits.

The present experiments with mink were 
designed (a ) to obtain more information 
on the vitamin B6 requirement, (b )  to de
scribe the effect of vitamin Bs deficiency, 
and ( c )  to study tryptophan metabolism 
during B6 deficiency.

EXPERIMENTAL

Three experiments were conducted. The 
first two were growth trials in which the 
criteria included feed consumption, weight 
gains, deficiency symptoms, and patho
logical lesions. Five levels of vitamin B6 
were used, with the levels in experiment 
1 approximately double those in succeed
ing experiments. Experiment 3 was a me
tabolism study in which the urinary excre
tion of kynurenic acid, xanthurenic acid 
and N'-methylnicotin amide was measured.

Experiment 1. Twenty-five male and 
25 female pastel mink kits were randomly 
assigned to 5 experimental treatments bal
anced as to weight and sex. The purified 
diets (table 1) contained zero, 0.75, 1.5,
3.0 and 6.0 mg of vitamin B6 as pyridoxine 
hydrochloride per kilogram of diet and 
were designated B6 0, B6 0.75, B8 1.5, Be 3.0 
and Be 6.0, respectively. Mink were intro
duced to the purified diet by adding in
creasing amounts of it to the regular ranch 
diet over a 2-week transition period. By 10 
weeks of age they were receiving only the 
purified diet. The animals were housed in 
wire cages in a covered shed. Feed was 
offered in earthenware crocks every other 
day. Individual feed consumption and 
weekly weight records were kept and ani- * 1 2 3 4
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TABLE 1

Composition of purified diet

Ingredients

Vitamin-free casein 1
%

30.00
Dextrose 2 39.00
L-Arginine 1 0.50
DL-Methionine 1 0.25
L-Cystine 3 0.25
Powdered cellulose 3 5.00
Lard4 10.00
Cottonseed o il5 9.00
Minerals (Phillips and Hart, salts IV) 1 5.00
Vitamin mixture 8 1.00

1 General Biochemicals, Inc., Chagrin Falls, Ohio 
(2 7 ).2 Cerelose, Corn Products Company, New York.3 Solka Floe, Brown Company, Berlin, New Hamp
shire.

4 Tobin Packing Company, Rochester, New York.5 Wesson Oil, Hunt-Wesson Foods, Fullerton, Cali
fornia.

6 To provide per kg of diet: thiamine-HC1, 10 m g; 
pyridoxine• HC1, 0 -6 .0 , 0.75, 1.5, 3.0 or 6.0 m g; ribo
flavin, 20 m g; Ca D-pantothenate, 15 m g; niacin, 40 
m g; i-inositol, 250 m g; p-aminobenzoic acid, 500 mg; 
menadione, 25 m g; folic acid, 2 m g; vitamin Bi2, 40 
fig; biotin, 500 fig; vitmain E, 40 IU; vitamin D3, 
1200 IU ; vitamin A palmitate, 12000 IU ; L-ascorbic 
acid, 99 mg; choline di-hydrogen citrate, 6.6 g; and 
Santoquin, 187.5 mg.

mals that died during the experiment were 
autopsied as soon as possible after death.

The study was continued for 15 weeks. 
After 11 weeks, 3 of the males and 4 of 
the females originally assigned to the B6 0 
diet had died, and the survivors were 
changed to the B6 6.0 diet.

Experiment 2. Seventy-five male pas
tel mink kits were randomly assigned to 
5 experimental treatments from weight 
groups. The purified diets in this experi
ment contained zero, 0.4, 0.8, 1.6 and 3.2 
mg of vitamin Be as pyridoxine hydrochlor
ide per kilogram of diet and were des
ignated Be 0, Be 0.4, Be 0.8, Be 1.6 and 
Be 3.2, respectively. Feed consumption, 
body weight and autopsy records were kept 
in a manner similar to experiment 1. A 
2-week transition period was used to trans
fer the mink from the ranch diet to the 
purified diet and the mink were receiving 
only the purified diet at 8 weeks of age. 
Then, to reduce body storage of vitamin 
B«, the mink were fed the B6 0 diet for 2 
weeks and were introduced to their des
ignated diets at 10 weeks of age.

The experiment was terminated for the 
group receiving the B6 0 diet after 2 weeks 
(4  weeks on B6 0 diet) and after 6 weeks 
(8  weeks on experiment) for the Bs 0.4

groups due to high mortality and the 
occurrence of severe deficiency symptoms. 
The remaining groups were removed from 
the experiment after 10 weeks.

Experiment 3. Two metabolism trials 
were conducted, in each of which 20 male 
mink were randomly assigned to the 5 
diets used in experiment 2. Each trial was 
of 5 weeks’ duration. Trial 1 consisted of a
1-week preliminary period in which all the 
animals received the B6 3.2 diet, a 1-week 
depletion period in which all the animals 
received the Bc 0 diet, and a 3-week period 
in which the animals received the pre
viously assigned diet. Trial 2 consisted of 
a 1-week preliminary period, a depletion 
period lengthened to 2 weeks and a 2-week 
period in which the animals received the 
previously assigned diet.

Two consecutive 24-hour urine samples 
were collected from each mink at the end 
of each week. Following the first 24-hour 
collection a loading dose of T.-tryptophan 
was administered before the second 24- 
hour urine sample was obtained. L-Trypto- 
phan was mixed with the Be 0 diet at the 
rate of 2% and this diet was offered to 
each animal in an amount to provide 
about 2.5 mmoles L-tryptophan/kg body 
weight.

Urine was collected under toluene in 
amber polyethylene bottles and stored at 
—30°. The urinary excretion of xanthu
renic acid preceding and following the 
tryptophan load was measured each week 
using the procedure of Wachstein and 
Gudaitis (3 ). The Wachstein and Gudaitis 
method provides a rapid colorimetric meas
urement for urinary xanthurenic acid, but 
is not considered to be as precise as the 
more recent fluorometric method of Satoh 
and Price (4 ). The latter method, how
ever, is extremely tedious and time-con
suming, hut it does provide a measure
ment of kynurenic acid as well as xan
thurenic acid. The Wachstein and Gudaitis 
method therefore was used to provide a 
rapid assay of xanthurenic acid excretion 
and this was later verified by using the 
Satoh and Price method. Because of the 
time-consuming feature of the latter meth
od, a decision was made not to analyze 
all the samples but rather to analyze only 
the samples from each group after the 
dietary treatment had been imposed for 2
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weeks following depletion, and from the 
Be 3.2 group throughout the complete cycle 
of depletion and repletion. This provided a 
representative picture of the changes 
which occurred in urinary xanthurenic 
and kynurenic acid levels during depletion 
and repletion and demonstrated that these 
changes were reversible. The excretion of 
NMnethylnicotinamide was also meas
ured after 2 weeks of supplementation fol
lowing depletion using the method of 
Vivian et al. (5 ) .

Analyses of variance were carried out 
on the data and significant differences 
were calculated according to the procedure 
described by Duncan (6 ).

RESULTS AND DISCUSSION

Experiment 1. Deficiency symptoms 
appeared in the B„ 0 group in about 2 
weeks, These signs included reduced feed 
intake, reduced weight gain, diarrhea, 
brown exudate around the nose, excessive 
lacrimation and difficulty in opening the 
eyes, swelling and puffiness around the 
nose and facial region, apathy, muscular 
incoordination, convulsions and finally 
death unless relieved by supplementary 
vitamin B6. On postmortem examination 
a number of nonspecific pathological 
changes were observed including fatty 
livers, enlarged spleen, congested lungs 
and pale kidneys. Microscopically, the liver 
showed fatty degeneration with pyknotic 
nuclei scattered throughout, the spleen 
showed hemosiderosis and myeloid meta

plasia and the kidney showed fatty infil
tration of tubule cells.

Severe symptoms such as those de
scribed above were not observed in the 
other dietary groups. At least one male 
mink in the Be 0.75 group, however, be
came extremely irritable after 10 weeks 
on the diet. Another male in the Be 0.75 
group exhibited a severe convulsion at 15 
weeks.

Growth and feed consumption data are 
summarized in table 2. Both the males and 
females in the Be 0 group gained less 
weight (P <  0.05) and consumed less feed 
at week 5 than the other groups. There 
were no significant differences in feed 
consumption or weight gains among the 
other groups. The mean weights of the 
males in the Be 0, Be 0.75, and Be 1.5 
groups are shown in figure 2. The data 
from the Be 3.0 and Be 6.0 males were 
similar to those in the Be 1.5 group and 
were omitted from figure 1 for simplicity. 
The 2 males and 1 female remaining in 
the Bo 0 group after 11 weeks on experi
ment were transferred to the Be 6.0 diet. 
They exhibited a rapid and dramatic re
mission of symptoms and growth response 
so that after 15 weeks on experiment their 
body weights were comparable to those in 
the other groups (fig. 1 for the males).

The animals in experiment 1 had not 
been subjected to a vitamin Bo-depletion 
period. This would suggest that the symp
toms which were observed in 2 of the 
males in the Be 0.75 groups may have

TABLE 2
Summary of growth and feed data of mink receiving purified diets containing 

different levels of vitamin Be (exp. 1)

Vitamin
b 6

content 
of diet

Sex
Avg net gain Avg feed consumed

5 weeks 10 weeks 15 weeks 5 weeks 10 weeks 15 weeks

mg/kg 9 9 9 9 9 9

0 M 162.2 * 1 (5 )  2 2520*
F 5 0 .8 ' (5 ) 15 70 '

0.75 M 366.8 » (5 ) 620.2» (5 ) 690.4» (5 ) 3083 »b 6366» 9224»
F 350.0 d (5 ) 52 0 .2 ' (5 ) 61 9 .2 ' (5 ) 2222 “> 4595 ' 69 34 '

1.5 M 543.8 » (5 ) 827.4» (5 ) 957.2» (4 ) 3509» 7434 » 11094»
F 268.0 d (5 ) 35 8 .4 ' (5 ) 52 2 .6 ' (5 ) 2446 d 5 0 26 ' 75 94 '

3.0 M 478.5 » (4 ) 745.5» (4 ) 840.2» (4 ) 3192 »» 6714 » 10137»
F 311.8 4 (5 ) 45 1 .8 ' (5 ) 459.8 '  (5 ) 2645 d 5421 ' 80 68 '

6.0 M 564.6 b (5 ) 860.4» (5 ) 972.2» (5 ) 3314»» 6994» 10495 »
F 304.4 d (5 ) 4 4 4 .0 ' (5 ) 56 3 .4 ' (5 ) 2442 d 5016 ' 77 01 '

1 Numbers in the same column with a common superscript tire not statistically different (P <  0.05). 
a Parentheses indicate the numbers of animals included in this average.
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Fig. 1 Mean weights of male mink receiving 
purified diets containing different levels of vita
min Be (exp. 1). Figures in parentheses indicate 
numbers of animals weighed at the times indi
cated.

been delayed as a result of vitamin Be 
storage as described in the rat by Cerecedo 
and Foy (7 )  and by Morrison and Sarett
(8 ). Because of this and the somewhat 
erratic growth of males at this level, it 
seemed reasonable to conclude that 0.75 
mg of vitamin Be per kilogram of diet was 
marginal and that the levels of 1.5, 3.0 
and 6.0 m g/kg were adequate or in excess 
of that required for normal growth and 
health. It also suggested that in future 
studies an experimental period with grad
ed levels of vitamin Be should be preceded 
by a depletion period.

Experiment 2. The onset of deficiency 
symptoms in experiment 2 was quite rapid 
and they were primarily of the nervous 
type such as ataxia, convulsions and coma 
rather than the severe facial symptoms ob

served in experiment 1. The difference in 
syndromes was attributed to the younger 
age at which the animals were introduced 
to the purified diet, or to the depletion 
period which preceded the actual dietary 
treatments, or both. The postmortem 
lesions were similar to those observed in 
experiment 1. The mean weights of the 
dietary groups are shown in figure 2. At 
3 weeks, 7 of the original 15 males in the 
B« 0.4 group had died and the remainder 
were removed from the experiment. A 
summary of weight gains and feed con
sumption at weeks 4, 6 and 10 is shown in 
table 3. The Bb 0.4 group gained less 
weight (P <  0.05) and consumed less feed 
(P  <  0.05) than the other groups at week

iiiiftniii BrO

WEEKS ON EXPERIMENT
Fig. 2 Mean weights of male mink receiving 

purified diets containing different levels of vita
min B6 (exp. 2 ).

TABLE 3
Summary of growth and feed data of male mink receiving purified diets containing 

different levels of vitamin Be (exp. 2)

Vitamin Bg 
content 
of diet

Mean net gain Mean feed consumed
4 weeks 6 weeks 10 weeks 4 weeks 6 weeks 10 weeks

m g / k g

0
0.4
0.8

9 9 9 9 9 9

131.8 = 1 (1 2 )  s 
407 .7 » (1 5 ) 433 .8» (1 3 ) 544.6 = ( 9 )

1549 = 
1840» 2943 * 5349*

1.6 376 .4 » (1 4 ) 440.5 = (1 3 ) 519.6 = (1 1 ) 2155 c 3178 » 5851 *»
3.2 431 .6 » (1 4 ) 565.6* (1 4 ) 676.6= (1 3 ) 2386 = 3707» 6754»

» N u m b e rs  in  th e  sam e c o lu m n  w ith  a c o m m o n  s u p e rs c r ip t a re  n o t s ta t is t ic a l ly  d if fe re n t (P  <  0 .0 5 ). 
2 P arentheses in d ic a te  th e  n u m b e rs  o f  a n im a ls  in c lu  ded in  th is  m ean .
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4 . T h e  B, 0 .8  g ro u p  d id  n o t d if fe r  in  
w e ig h t g a in s  fro m  th e  o th e r  g ro u p s  a t 
w e e k s  4 , 6 a n d  10. T h e y  d id , h o w e v e r , 
c o n s u m e  le s s  fe e d  a t w e e k  4  th a n  th e  
o th e r  g ro u p s  ( P  <  3 .0 5 ) a n d  le s s  th a n  th e  
Be 3 .2  g ro u p  a t w e e k s  6  a n d  10 ( P  <  0 .0 5 ). 
W h e n  th e  e x p e r im e n t w a s  te rm in a te d  a t 
w e e k  10 th e  9 s u rv iv o rs  o f  th is  g ro u p  
(B6 0 .8 ) sh o w e d  s y m p to m s  s im ila r  to  
th o se  o b se rv e d  in  th e  Be 0 a n d  Be 0 .4  
g ro u p s . O n  th is  b a s is  i t  w a s  b e lie v e d  th a t  
th e  Be 0 .8  g ro u p , lik e  th e  Be 0 .7 5  g ro u p  in  
e x p e r im e n t 1, w a s  re c e iv in g  o n ly  m a rg in a l 
a m o u n ts  o f th e  v ita m in .

Ex p erim en t 3. W h e n  v ita m in  B  e-defi
c ie n t  m in k  w e re  a d m in is te re d  a  lo a d in g  
d o se  o f try p to p h a n  th e y  e x h ib ite d  a  s h a rp  
e le v a t io n  in  th e  e x c re t io n  o f x a n th u re n ic  
a c id . T a b le  4 in d ic a te s  th e  a v e ra g e  e x c re 
t io n  o f  x a n th u re n ic  a c id , a s  m e a s u re d  b y  
th e  p ro c e d u re  o f W a c h s te in  a n d  G u d a it is
( 3 )  in  t r ia ls  1 a n d  2 , re s p e c tiv e ly . In  
t r ia l  1, a ll g ro u p s  e x c e p t th e  B e 0 .8  g ro u p  
sh o w e d  th is  s h a rp  e le v a t io n  a f te r  1 w e e k  
o f  d e p le tio n . T h e  f ir s t  w e e k  o f d e p le tio n  
d id  n o t p ro d u c e  th e  e x p e c te d  e le v a t io n  in  
x a n th u re n ic  a c id  e x c re t io n  in  th e  B s 0 .8

g ro u p . T h is  c o u ld  b e  e x p la in e d  o n ly  b y  a  
s to ra g e  e ffe c t, s in c e  a ll  g ro u p s  h a d  r e 
c e iv e d  id e n t ic a l d ie ta r y  t re a tm e n t u p  to  
th is  t im e . T h is  g ro u p  w a s , th e re fo re , h e ld  
o n  th e  d e f ic ie n t  d ie t  fo r  a  se co n d  w e e k  
w h ic h  p ro m p te d  a  m a rk e d  r is e  in  u r in a r y  
x a n th u re n ic  a c id . In  th e  B 6 0 g ro u p  th e  
in it ia l  e le v a t io n  in c re a s e d  s o m e w h a t a n d  
le v e le d  o ff b e tw e e n  w e e k s  3 a n d  5 . R e p le 
t io n  w ith  0 .4  m g / k g  d id  n o t re d u c e  th e  
e x c re t io n  o f x a n th u re n ic  a c id  a t a ll. T h e  
m in k  in  b o th  g ro u p s  sh o w e d  n o  g ro ss  
s y m p to m s  o f  th e  v ita m in  d e f ic ie n c y  a n d  
th e ir  a p p e tite s  w e re  n o t im p a ire d  d u r in g  
th is  s h o rt p e r io d . F o llo w in g  s u p p le m e n ta 
t io n , th e  B s  0 .8  g ro u p  e x c re te d  s m a lle r  
a m o u n ts  o f x a n th u re n ic  a c id  ( P  <  0 .0 5 ) 
b u t  th is  e x c re t io n  d id  n o t r e tu r n  to  p re 
d e p le tio n  le v e ls . E x c re t io n  in  th e  B 8 1 .6  
a n d  Be 3 .2  g ro u p s  re tu rn e d  to  p re d e p le tio n  
le v e ls  w ith in  1 w e e k  a f te r  s u p p le m e n ta tio n .

In  t r ia l  2 , a ll  g ro u p s  w e re  fe d  th e  d e 
p le tio n  d ie t  ( B 6 0 )  fo r  2  w e e k s  fo llo w in g  
th e  p r e lim in a r y  w e e k . A ll  g ro u p s  e x c re te d  
la r g e r  a m o u n ts  ( P  <  0 .0 5 ) o f x a n th u re n ic  
a c id  a t th e  e n d  o f  th e  se co n d  d e p le t io n  
w e e k . T h e  B 6 0 a n d  B 6 0 .4  g ro u p s  th e n  lev-

TABLE 4
Mean 24-hour urinary excretion of xanthurenic acid following a tryptophan load 

(method of Wachstein and Gudaitis, 1952)

Week number
1 2 3 4 5

Dietary 
vitamin Bg Stage of nutrition

level
during

repletion
Preliminary 

(Be 3.2)
Depletion 

(B6 0)
Repletion 

(indicated diets)

mg/kg diet /imoles /imoles /imoles ¡imoles /imoles

Experiment 3, trial 1
0 3.0 *■ 134.1» 335.4 • 38 8 .0 ' 346 .4 '
0.4 2.8 a 214.6 »' 234.9 »' 291 .6 ' 201.7»
0.8 3.8 • 8.1 » (2 6 0 .9 ')  2 184.2 b 109.6»
1.6 3.0» 105.1 b 17.8» 1.5» 2.2*
3.2 3.6» 145.6 b 0 a 0.4 » 0.9»

Experiment 3, trial 2

Preliminary Depletion Repletion

0 0.3 » 1 84.6 »b 197.4'* 161.0 »' 262.0 d
0.4 0 a 109.6 b 194.1 b' 155.1»' 21 2 .9 '
0.8 0» 38.3 » 158.3 b 80.1 »» 48.1 »
1.6 0 a 75.4 »b 155.2» 1.5» 0 a
3.2 0 a 78.2 »b 126.4 b 0.2» 0 a

1 Means in the same row or column with a common superscript are not statistically different 
(P <  0.05).

2 This value was obtained following a second week of depletion and the group was thus repleted 
for only 2 weeks (see text).
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e le d  o ff o r  in c re a s e d  s lig h t ly  d u r in g  th e  
fo llo w in g  2  w e e k s . O n c e  a g a in , n o  g ro ss  
s y m p to m s  o f v ita m in  d e f ic ie n c y  w e re  ob 
s e rv e d  a n d  fe e d  c o n s u m p tio n  w a s  c o m 
p a ra b le  w ith  o th e r g ro u p s . T h e  x a n th u 
re n ic  a c id  e x c re t io n  o f th e  B« 0 .8  g ro u p  
d e c re a s e d  s lo w ly  fo llo w in g  s u p p le m e n ta 
t io n , w h e re a s  th a t  o f  th e  B 6 1 .6  a n d  B 6 3 .2  
g ro u p s  re tu rn e d  to  p re d e p le tio n  le v e ls  im 
m e d ia te ly  fo llo w in g  s u p p le m e n ta t io n .

T h e  m e a n  2 4 - h o u r e x c re t io n  o f  k yn u -  
r e n ic  a c id  a n d  x a n th u re n ic  a c id , a s  m e a s 
u re d  b y  th e  p ro c e d u re  o f  S a to h  a n d  P r ic e
( 4 ) ,  p re c e d in g  a n d  fo llo w in g  try p to p h a n  
lo a d in g  fo r  t r ia ls  1 a n d  2  a f te r  v ita m in  B 6 
d e p le tio n  a n d  2  w e e k s  o f s u p p le m e n ta t io n , 
is  s h o w n  in  ta b le  5. T h e  u r in a r y  e x c re t io n  
o f  b o th  k y n u re n ic  a c id  a n d  x a n th u re n ic  
a c id  w a s  e le v a te d  fo llo w in g  th e  try p to 
p h a n  lo a d  ( P  <  0 .0 5 ) in  th e  B 6 0 , B 0 0 .4  
a n d  B 6 0 .8  g ro u p s  b u t n o t in  th e  B 6 1 .6  o r 
Be 3 .2  g ro u p s . T h e  m e a n  e x c re t io n  o f b o th  
m e ta b o lite s , fo r  a ll d ie ta ry  g ro u p s  to g e th e r 
w a s  h ig h e r  ( P  <  0 .0 5 ) fo llo w in g  th e  in g e s 
t io n  o f  th e  try p to p h a n . T h e  m e a n  e x c re t io n  
o f 2 9 .5  m m o le s  o f x a n th u re n ic  a c id  b y  th e  
Be  0 g ro u p  b e fo re  th e  try p to p h a n  lo a d  
su g g e s ts  th a t , a t  th a t  p o in t, th is  g ro u p  w a s

n o t c a p a b le  o f m e ta b o liz in g  th e  try p to p h a n  
c o n ta in e d  in  th e  r e g u la r  d ie t.

T h e  p a tte rn  o f u r in a r y  x a n th u re n ic  a n d  
k y n u re n ic  a c id  e x c re t io n  fo r  th e  Be  3 .2  
g ro u p  in  t r ia ls  1 a n d  2  is  s h o w n  in  ta b le  6. 
T h e  e x c re t io n  o f b o th  m e ta b o lite s  w a s  e le 
v a te d  ( P  <  0 .0 5 ) fo llo w in g  th e  in g e s tio n  
o f  th e  try p to p h a n  a f te r  1 w e e k  o n  th e  
v ita m in  B 6- d e fic ie n t d ie t, b u t re tu rn e d  to  
le v e ls  n o t s ig n if ic a n t ly  g re a te r  th a n  p re 
lim in a r y  le v e ls  a f te r  s u p p le m e n ta t io n .

T a b le  7 sh o w s  th e  m e a n  2 4 - h o u r e x c re 
t io n  o f  N '- m e th y ln ic o t in a m id e  p re c e d in g  
a n d  fo llo w in g  th e  in g e s tio n  o f  t ry p to p h a n  
in  t r ia ls  1 a n d  2 . T h e s e  re s u lts  su g g e s t 
th a t  w h ile  th e  m in k  m a y  b e  c a p a b le  o f 
c o n v e r t in g  t ra c e  a m o u n ts  o f t ry p to p h a n  
to  n ia c in , th e  r a t  is  150  tim e s  m o re  e ffi
c ie n t  ( 9 ) .  S in c e  i t  h a s  b e e n  s h o w n  th a t  
m in k  re q u ire  a  d ie ta r y  s o u rc e  o f n ia c in
(1 0 ) ,  th e  c o n v e rs io n  o f d ie ta r y  try p to p h a n  
to  n ia c in  is  c le a r ly  in a d e q u a te  to  m e e t th e  
n ia c in  re q u ire m e n t o f  th is  sp e c ie s .

GENERAL DISCUSSION

T h e  a b s e n c e  o f  d e rm a tit is  in  b o th  
g ro w th  e x p e r im e n ts , to g e th e r w ith  th e  
f a c t  th a t  th e  d ie ts  c o n ta in e d  1 0 %  o f  la r d  
a n d  9 %  o f  c o tto n se e d  o il, is  in  a g re e m e n t

TABLE 5
Mean 24-hour urinary excretion of kynurenic and xanthurenic acids, preceding and follouring 

a tryptophan load1 (method of Satoh and Price, 1958)

Dietary 
vitamin Be Kynurenic acid Xanthurenic acid

level
during

repletion
Before

tryptophan
After

tryptophan
Before

tryptophan
After

tryptophan

mg/kg diet limóles limóles

Experiment 3, trial 1

limóles 1imoles

0 2.5 a2 57.3* 29.5 * 2 4 2 1 .6”
0.4 3.2* 105.0 4.6 * 325.0*
0.8 2.4* 38.1 ”* 0.8 * 138.9 d
1.6 4.5* 22.6 *•> 0.8 » 6.4 *
3.2 5.8* 22.3 *b 0.7* 6.6 »
Mean 3 .7 "  3 49.0 "

Experiment 3, trial 2

7.3 » 179.7 “

0 1.1 * 2 45.0 *■» 22.6 * 2 363.7 b
0.4 2.0 » 57.2 d 1.0 » 335.3 b
0.8 2.0* 30.1 b* 0.3 * 97.6*
1.6 4.1 * 14.6 *b 0.7 » 10.7*
3.2 3.2* 10.5 *b 0.6 * 3.1 »
Mean 2.4 m 3 31.9 " 3.4 " 155.8”

1 Mink depleted of vitamin Ba for 1 to 2 weeks and repleted as indicated for 2 weeks (see
2 Means for a' given metabolite in the same row or column with a common superscript are not 

statistically different (F <  0.05).
s m significantly less than n (P <  0.05) for each metabolite.
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TABLE 6
Pattern of 24-hour urinary excretion of kynurenic and xanthurenic acids preceding and 

following a tryptophan load, during vitamin Be depletion and repletion

Stage of 
nutrition

Dietary 
vitamin Bg 

level

Kynurenic acid Xanthurenic acid

Before After 
tryptophan tryptophan

Before
tryptophan

After
tryptophan

mg/kg fimoles fimoles fimoles fimoles

Experiment 3, trial 1
Preliminary 3.2 4.6 » 1 13.6 «» 0.9 al 3.2»
Depletion 0 1.1 » 4 1 .2 ' 0.2» 160.3 b
Treatment 

Week 1
3.2 3.9 » 15.7» 1.2» 5.1 »

Treatment 
Week 2

3.2 5.8 a 22.3 » 0.7* 6.6»

Treatment 
Week 3

3.2 6.4» 24.8» 2.1 » 7.2»

Means 2 4.4 “ 23 .5” 1 .0 “ 36 .5“

Experiment 2, trial 2
Preliminary 3.2 5.1 al 16.6» 1.0 »» 3.5»
Depletion 

Week 1
0 2.2» 54.5 » 0.5» 72.3»

Depletion 
Week 2

0 1.2 a 66.8 b 0.8» 219.2»

Treatment 
Week 1

3.2 2.6» 12.0* 0.4 » 2.8*

Treatment 
Week 2

3.2 3.2» 10.5 » 0.6» 3.1*

Means 2 2.8 “ 32 .9” 0 .7 “ 63 .2”

1 Means for the same metabolite in the same row or column with a common superscript are not 
statistically different (P <  0.05).

*m  significantly (P <  0.05) less than n for each metabolite.

TABLE 7
Mean 24-hour excretion of NI-methylnicotinamide preceding and following a tryptophan

load1 (exp. 3, trials 1 and 2)

Dietary 
vitamin Be 

level 
during 

repletion

Trial 1 Trial 2
Before

tryptophan
After

tryptophan
Before

tryptophan
After

tryptophan

mg/kg diet fimoles fimoles fimoles fimoles
0 1 .0 8 »2 2.27» 1.10 »' 2 1.52 »'
0.4 0.59 » 1.68 »' 0.64» 1.11 »»
0.8 1.00 » 1.3 »' 0.60 » 0.66»
1.6 0.86» 1.10*' 0.81 » 1.04 “»
3.2 0.76» 1.32 »' 0.62» 0.82»
Mean 3 0.86 “ 1 .54” 0.70 ” 0 .9 6”

t Mink depleted of vitamin Be for 1 to 2 weeks and repleted for 2 weeks as indicated (see 
table 4 for details).

2 Means in the same row or column within each trial with a common superscript are not 
statistically different (P <  0.05).

’ m is significantly less than n (P <  0.05) within each trial.

w ith  th e  f in d in g s  o f o th e r  w o rk e rs  (1 1 -  
1 3 ). T h e s e  w o rk e rs  su g g e s te d  th a t  th e  
d e rm a tit is  o fte n  o b s e rv e d  in  v ita m in  B 6 
d e fic ie n c y  w a s  r e la te d  to  f a t t y  a c id  s y n 
th e s is  w h ic h  w a s  in  so m e  m a n n e r  im -

p a ire d  b y  v ita m in  B 6 d e fic ie n c y . T h e  f a t t y  
l iv e r s  o b s e rv e d  in  p o s tm o rte m  e x a m in a 
t io n s  o f  v ita m in  B 6- d e fic ie n t m in k  a re  
c o n s is te n t w ith  th e  o b s e rv a tio n s  o f E n g e l 
( 1 4 )  w h o  c o n c lu d e d  th a t  p y r id o x in e  a s
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w e ll a s  c h o lin e  a n d  e s s e n t ia l f a t t y  a c id s  
w e re  n e c e s s a ry  to  p re v e n t f a t t y  l iv e r s  in  
th e  ra t .

T h e  c o n g e s tio n  o f th e  lu n g s  o b s e rv e d  in  
th e  p o s tm o rte m  e x a m in a t io n  o f  s e v e ra l 
m in k  su g g e s ts  th a t  v ita m in  B «  d e f ic ie n c y  
m a y  lo w e r  th e  re s is ta n c e  to  in fe c t io n . 
T h is  h a s  b e e n  su g g e s te d  b y  p re v io u s  in 
v e s t ig a to rs  (1 5 —1 8 ). T h is  w o u ld  in d ic a te  
th a t  so m e o f  th e  d e a th s  a n d  n o n s p e c if ic  
p o s tm o rte m  le s io n s  a ttr ib u te d  to  v ita m in  
B 6 d e f ic ie n c y  c o u ld  a c tu a lly  b e  d u e  to  g e n 
e r a l in fe c t io n  to  w h ic h  th e  a n im a l w a s  
re n d e re d  m o re  s u s c e p tib le  b y  th e  v ita m in  
d e fic ie n c y .

I t  h a s  b e e n  re p o rte d  (1 9 - 2 1 ) th a t  th e  
c a t  d o es  n o t e x c re te  k y n u re n ic  a c id  o r 
x a n th u re n ic  a c id . I t  h a s  a ls o  b e e n  re p o rte d
(2 2 )  th a t  th e  c a t  d o es  n o t c o n v e r t  t ry p to 
p h a n  to  n ia c in . T h e  in a b ilit y  o f  th e  m in k  
to  s u rv iv e  w ith o u t  a  d ie ta ry  s o u rc e  o f n ia 
c in  h a s , th e re fo re , le d  to  th e  a s s u m p tio n  
th a t  try p to p h a n  m e ta b o lis m  in  th e  m in k  
is  s im ila r  to  th a t  in  th e  c a t . T h e  h u m a n
(2 3 )  sh o w s  a n  e le v a t io n  o f b o th  th e se  
m e ta b o lite s  d u r in g  v ita m in  B s  d e f ic ie n c y  
b u t c a n  c o n v e r t  t ry p to p h a n  to  n ia c in  in  
c o n s id e ra b le  q u a n t it ie s . I t  h a s  b e e n  re 
p o rte d  th a t  th e  v ita m in  B s- d e fic ie n t d o g
(2 4 )  a n d  th e  v ita m in  B 6- d e fic ie n t p ig
(2 5 )  e x c re te  x a n th u re n ic  a c id  b u t n o t 
k y n u re n ic  a c id  in  la rg e  q u a n t it ie s  fo llo w 
in g  a  t ry p to p h a n  lo a d . B u t  th e se  s p e c ie s  
c a n  c o n v e r t  t ry p to p h a n  to  n ia c in  in  
a m o u n ts  s u ff ic ie n t  to  s u p p ly  a t le a s t  a  
p a r t  o f th e  m e ta b o lic  re q u ire m e n t. T h e  
v ita m in  B 6- d e fic ie n t m in k , h o w e v e r , sh o w s  
a  s h a rp ly  e le v a te d  u r in a r y  e x c re t io n  o f 
b o th  x a n th u re n ic  a n d  k y n u re n ic  a c id s  fo l
lo w in g  th e  in g e s t io n  o f  t ry p to p h a n  a n d  
c o n v e rts  o n ly  t r a c e  a m o u n ts , i f  a n y , t r y p 
to p h a n  to  n ia c in . T h e s e  o b s e rv a tio n s  
su g g e s t th a t  th e  try p to p h a n  m e ta b o lis m  
o f  th e  m in k  d o es n o : re s e m b le  th e  c a t , 
h u m a n , d o g  o r p ig . I f  w e  a c c e p t th e  h y 
p o th e s is  o f  Ik e d a  e t a l. ( 2 6 )  th a t  th e  
le v e l o f p ic o lin ic  c a rb o x y la s e  re g u la te s  th e  
ra te  o f c o n v e rs io n  o f  t ry p to p h a n  to  n ia c in , 
i t  is  p o s s ib le  th a t  th is  e n z y m e  is  lim it in g  
in  th e  m in k . A  m o re  c o m p le te  s tu d y  o f 
th is  m e ta b o lic  p a th w a y  in  th e  m in k  
w o u ld  se em  to  b e  in  o rd e r.

T h e  re s u lts  o f  e x p e r im e n t 2 , p a r t ic u 
la r ly  th e  o c c u rre n c e  o f  c o n v u ls io n s , a ta x ia  
a n d  c o m a  su g g e s t th a t  0 .8  m g  o f  v ita m in

Bs p e r  k ilo g ra m  o f d ie t  w a s  n o t a d e q u a te . 
T h e  f a c t  th a t  th e  e x c re t io n  o f  k y n u re n ic  
a c id  a n d  x a n th u re n ic  a c id s  w h e n  m e a s 
u re d  in  e x p e r im e n t 3 fa d e d  to  r e tu r n  to  
p re d e p le tio n  le v e ls , in  m in k  s u p p le m e n te d  
a t 0 .8  m g  v ita m in  B s / k g  o f d ie t, c o n firm s  
th is . W e  m ig h t c o n c lu d e  fro m  th e s e  e x 
p e r im e n ts , th e re fo re , th a t  th e  m in im u m  
re q u ire m e n t to  p ro m o te  g ro w th  a n d  to  
p re v e n t th e  a b n o rm a l m e ta b o lis m  o f t r y p 
to p h a n  in  th e  m in k  is  1 .6  m g  o f  v ita m in  
B s (a s  p y r id o x in e  h y d r o c h lo r id e ) p e r  k ilo 
g ra m  o f d ie t.
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Niacin Requirement of Growing Mink * 1
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ABSTRACT In studies investigating the niacin requirement and metabolism of 
growing mink over 180 mink kits receiving a purified diet have shown that the mink 
requires a dietary source of niacin. The requirement lies between 10 and 20 mg/kg 
of diet. Survival time on a deficient diet increases with age. Supplementation of a 
niacin-free diet with either 0.16 or 0.32% DL-tryptophan had no effect in alleviating 
the niacin deficiency. The mink apparently cannot convert sufficient tryptophan to 
meet its niacin requirement. Symptoms of niacin deficiency are nonspecific and 
include anorexia, loss of weight, weakness, coma and death. No discoloration of the 
buccal mucosa was observed.

T h is  s tu d y  w a s  d e s ig n e d  to  d e te rm in e  
th e  n ia c in  re q u ire m e n t o f g ro w in g  m in k  
(M u s te la  v iso n )  u s in g  th e  p u r if ie d  d ie t 
te c h n iq u e , a n d  to  d e te rm in e  i f  m in k  a re  
a b le  to  u t iliz e  try p to p h a n  a s  a  s o u rc e  o f 
n ia c in . T h e re  a re  n o  re p o rts  in  th e  lit e r a 
tu re  in  w h ic h  th is  v ita m in  h a s  b e e n  s tu d 
ie d  in  th e  m in k .

MATERIALS AND METHODS 

Ex p erim en t 1. A  p ilo t  s tu d y  w a s  c o n 
d u c te d  to  d e te rm in e  w h e th e r  g ro w in g  m in k  
re q u ire  n ia c in , a n d  to  d e te rm in e  th e  e f 
fe c ts  o f  n ia c in  s u p p le m e n ta t io n  a f te r  th e y  
h a d  re c e iv e d  a  d ie t d e fic ie n t  in  n ia c in . T e n  
fe m a le  m in k  k its  a v e ra g in g  10 w e e k s  o f 
ag e  w e re  fe d  a  p u r if ie d  d ie t c o n ta in in g  
n ia c in  a t a  le v e l o f 4 0  m g / k g . T e n  a d d i
t io n a l m in k  w e re  fe d  a  d ie t w ith  n o  su p 
p le m e n ta l n ia c in . A  2 -w eek  t r a n s it io n  
p e rio d  w a s  u se d  to  c h a n g e  fro m  th e  n o r 
m a l r a n c h  d ie t to  a  p u r if ie d  d ie t. D e ta ils  
o f th e  d ie ts  a re  in c lu d e d  in  ta b le s  1 a n d  2 . 
T h e  le v e ls  o f  v ita m in s  o th e r  th a n  n ia c in  
v a r ie d  b e tw e e n  e x p e r im e n ts  1, 2  a n d  3 , 4 . 
T h e  m o d ific a t io n  w a s  m a d e  to  in c o rp o ra te  
m o re  re c e n t in fo rm a t io n  a b o u t th e  v it a 
m in  re q u ire m e n ts  o f  th e  m in k  a n d  re 
la te d  s p e c ie s . M c C a r t h y 6 s h o w e d , h o w 
e v e r , th a t  th e se  a lte r a t io n s  m a d e  n o  d if 
fe re n c e  in  th e  g ro w th  o f m in k  k its . A f te r  
3 w e e k s , 3 o f th e  s u r v iv in g  m in k  w h ic h  
h a d  re c e iv e d  th e  d e fic ie n t  d ie t w e re  tr a n s 
fe r r e d  to  th e  d ie t c o n ta in in g  4 0  m g / k g  to  
d e te rm in e  th e  e ffe c t  o f n ia c in  s u p p le m e n 
ta t io n  th e ra p y .

Ex p erim en t 2. T h is  s tu d y  in v o lv e d  90 
m a le  d a rk  m in k  k its  s ta r t in g  a t  8  w e e k s  
o f  a g e . F iv e  t re a tm e n t g ro u p s  re c e iv e d  
e ith e r  a  n ia c in - d e fic ie n t d ie t, o r o n e  o f  
fo u r  le v e ls  o f n ia c in  (1 0 , 2 0 , 3 0 , 4 0  m g /  
k g ) .  T h e s e  d ie ts  w i l l  h e re a fte r  b e  r e 
fe r re d  to  a s  N O , N 1 0 , N 2 0 , e tc . T w e n ty  
k its  w e re  a ss ig n e d  a t ra n d o m  to  e a c h  o f 
th e  fo u r  d ie ts  c o n ta in in g  n ia c in  a n d  10 
m a le s  w e re  a s s ig n e d  to  th e  d e fic ie n t  d ie t 
(t a b le s  1 a n d  2 ) .  T h e  a n im a ls  w e re  
w e ig h e d  a t 8 , 11 , 1 6 , a n d  2 9  w e e k s  o f  a g e , 
a n d  d a ily  o b s e rv a tio n s  w e re  m a d e  a s  to  
th e ir  g e n e ra l w e lfa re . F c o d  w a s  o ffe re d  
a d  lib itu m . T h e  m in k  w e re  c h a n g e d  fro m  
th e  r e g u la r  r a n c h  r a t io n  to  th e  p u r if ie d  
d ie t u s in g  a  1-day t r a n s it io n  p e rio d .

Ex p erim en t 3. A n  e x p e r im e n t w a s  c o n 
d u c te d  w ith  2 9  s u c k lin g  m in k  k its  a n d  
th e ir  d a m s . W h e n  th e  k its  w e re  3 w e e k s  
o f  a g e , th e  m o th e rs  w e re  g ra d u a lly  s h ifte d  
fro m  th e  r e g u la r  r a n c h  d ie t  to  th e  
p u r if ie d  d ie t c o n ta in in g  a d e q u a te  n ia c in  
(N 4 0 ) .  T h e  t r a n s it io n  w a s  c o m p le te d  b y  
th e  t im e  th e  k its  w e re  6  w e e k s  o f  ag e  a t
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TABLE 1
Composition of purified diets fed to 

growing mink

Ingredient Exp.1-2 Exp. 3-4

Vitamin-free casein 30.00 30.00
L-Arginine HC1 0.50 0.50
DT.-Methionine 0.25 0.25
n-Cystine — 0.25
Di.-Tryptophan 1 — —
Sucrose 39.25 —
Cerelose — 39.00
Lard 10.00 10.00
Cottonseed oil 9.00 9.00
Corn cil 1.00 —
Powdered cellulose 2 5.00 5.00
Vitamin mixture 3 1.00 1.00
Mineral mixture 4 4.00 5.00
Total 100.00 100.00

Choline chloride
ml/kg diet 

2.0 5
g f  kg diet

Choline dihydrogen 
citrate — 6.6

mg/kg diet mg/kg diet
Ethoxyquin 6 125 125

1 Varied with experimental treatment (see text).
2 Solka Floe, BW40, Brown Company, Berlin, New 

Hampshire.
3 See table 2.
4 Phillips and Hart (7 )  obtained from General Bio

chemicals, Inc., Chagrin Falls, Ohio.
5 Potency 70% in acueous solution.
6 Santoquin, Monsanto Company, Saint Louis, Mo.

w h ic h  t im e  th e y  w e re  w e a n e d  a n d  ta k e n  
fro m  th e ir  m o th e rs . T h ir te e n  k its  w e re  
c o n tin u e d  o n  a  p u r if ie d  (N 4 0 )  d ie t a n d  
16 w e re  p la c e d  o n  a  d ie t d e fic ie n t  in  n ia 
c in  (N O ) .  K it s  w e re  w e ig h e d  a t  3-day 
in te r v a ls .

Ex p erim en t 4. F o rty - fiv e  p a s te l m a le  
m in k  k its  w e re  s ta rte d  o n  e x p e r im e n t 
w h e n  th e y  a v e ra g e d  11 w e e k s  o f  a g e . T h e  
t r a n s it io n  fro m  ra n c h  to  p u r if ie d  d ie t  w a s  
c o m p le te d  in  7  d a y s . F if t e e n  m in k  w e re  
a s s ig n e d  a t ra n d o m  to  e a c h  o f  th re e  d ie ts , 
n ia c in  d e fic ie n t  (NO), n ia c in  a d d e d  a t  40  
m g / k g  (N 4 0 )  a n d  n ia c in  d e fic ie n t  b u t 
c o n ta in in g  a d d e d  D L - try p to p h a n  a t  a  le v e l 
o f  1 .6  m g / k g  o f  d ie t (  — N  +  T ) .  A f t e r  5 
w e e k s  th e  n ia c in - s u p p le m e n te d  g ro u p  w a s  
fu r th e r  d iv id e d  in to  tw o  g ro u p s ; ( a )  n ia 
c in  a t  4 0  m g / k g , a n d  ( b )  n ia c in  d e fic ie n t  
p lu s  try p to p h a n  a t a  le v e l o f  3 .2  m g / k g  
( -  N +  T  (2  X ) ) .

RESULTS
Ex p erim en t 1. M in k  o n  th e  n ia c in - d e 

f ic ie n t  d ie t p ro m p tly  b e g a n  to  lo s e  w e ig h t 
(f ig . 1 ) .  T h e  re s u lts  o f s u p p le m e n ta t io n  
w e re  d ra m a tic  a s  s h o w n  b y  th e  ra p id  r e 
c o v e ry  o f th e  3  a n im a ls  t r a n s fe r re d  to  th e

TABLE 2
Vitamin mixture used in mink purified diet (table 1)

Vitamin mix Exp. 1 and 2 Exp. 3 and 4

Thiamine-HCl
9

0.2
mg/kg d ie t1 

2.0
9

1.0
mg/kg d ie t1 

10.0
Pyridoxine-HCl 0.2 2.0 0.32 3.2
Riboflavin 0.4 4.0 2.0 20.0
Ca D-pantothenate 1.5 15.0 1.5 15.0
Niacin 2
i-Inositol 25.0 250.0 25.0 250.0
p-Aminobenzoic acid 50.0 500.0 50.0 500.0
Menadione 0.5 5.0 2.5 25.0
L-Ascorbic acid — __ 9.9 99.0
Folic acid 0.10 1.0 0.2 2.0

Vitamin B i2 3 1.333
ßg/kg diet 

13.3 4.0
ßg/kg diet 

40.0
Biotin 0.025 250 0.05 500.0

Vitamin A palmitate (1,000,000 IU /g) 1.2
IV/kg diet 

12,000
IV/kg diet

(250,000 IU /g ) •--- .— 4.80 12,000
Vitamin D3 (l,0C 0IU /g ) 240.0 2,400 __ ___

(250,000 IU /g ) — — 0.48 1,200
Vitamin E (o-tocopheryl acetate) 4.0 40 __
dl-a-tocopheryl acetate-275 IU /g — — 18.18 50
Sucrose 675.317 ---- 880.07 —

1 When mixed in diet at level of 1%.
2 Varied with experimental treatment.
3 0.1% Triturate in mannitol.
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W E E K S  ON EXP ER IM E N T
Fig. 1 Body weights of mink fed a diet de

ficient in niacin (dotted line) or supplemented 
(40 mg/kg diet) with niacin (solid line). Num
bers in parentheses represent numbers of minks 
weighed at the times indicated. Five mink were 
sacrificed between weeks 2 and 5 for histological 
study. One mink died. (Exp. 1.)

niacin-supplemented diet after receiving 
the deficient diet for 3 weeks.

Experiment 2. Results are shown in 
table 3. Mink receiving the NO and N10 
diets were all dead by an average of 15 
and 24 days on experiment, respectively, 
Survival was also poorer than expected on 
the remaining treatments due to the abrupt 
transition from the meat and fish type 
diet to the purified diet. Symptoms of de

ficiency were nonspecific with loss of ap
petite and loss of weight evident. There 
was no change of color of the surfaces of 
the buccal cavity.

Experiment 3. The effects of lack of 
niacin were clearly evident on the re
cently weaned kits (fig. 2 ). Over 50% 
were dead within 6 days. Symptoms in
cluded loss of appetite, loss of weight, 
weak voice, general weakness and bloody 
stools. Terminally the animals lost con
trol of their hind legs. Whether this was 
due to the generalized weakness or was 
a specific symptom of niacin deficiency 
could not be determined.

Experiment 4. Both the mink receiving 
no niacin (NO), and the group receiving

DAYS POST WEANING
Fig. 2 Body weights of recently weaned mink 

kits fed a diet deficient in niacin (dotted line) 
or supplemented (40 mg/kg diet) with niacin 
(solid line). Numbers in parentheses represent 
numbers of mink weighed at the times indicated. 
Eight mink died on the deficient diet between 
days 3 and 6. (Exp. 3.)

TABLE 3
Weight gain of male mink kits receiving graded levels of niacin (exp. 2)

Diet No.
mink

No.
sacri
ficed

No.
died

No. to 
finish 
exp.

Avg wt 
at start

Avg wt 
29 wks 
of age

N -0  1 10 i 9 0 2
9

395
9

AH died
N -10 20 5 15 0 3 425 All died
N -20 20 1 7 4 12 455 1434
N -30 20 1 3 4 16 437 1273
N -40 20 1 6 4 13 445 1358

1 Milligrams of niacin per kilogram diet.
2 Mean survival time 10 days, 
a Mean survival time 43 days.
4 Died early during transition to purified diet (see text).
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no niacin but added tryptophan ( — N +  
T ), gained weight for about 2 weeks after 
which they lost weight rapidly (fig. 3 ). 
Half of the mink in both groups died in 
4 to 5 weeks.

After it became evident that the mink 
were not able to synthesize adequate nia
cin from tryptophan at a level of 1.6 g/kg 
of feed, 13 mink from the N40 groups 
were divided into two groups. One group 
continued to receive the N40 diet and the 
other received the NO diet to which tryp
tophan was added at double the previous 
level of 3.2 g/kg of diet ( — N +  T (2 X ) ) .  
The results shown in figure 4 indicate 
that the mink were not able to synthesize 
adequate niacin from tryptophan even 
when it was fed at this higher level. There 
were no specific gross deficiency symp
toms. The animals developed anorexia, 
lost weight and gradually grew weaker. 
Terminally, they became indifferent to

W EEKS ON EXPERIMENT
Fig. 3 Body weights of mink fed a diet (a )  

deficient in niacin, (b ) containing adequate nia
cin (40 mg/kg diet), or (c ) containing added 
DL-tryptophan (1.6 mg/kg diet). Numbers in 
parentheses represent the numbers of mink 
weighed at the times indicated. Reduction in the 
number of experimental animals with time re
sulted from deaths due to niacin deficiency. 
(Exp. 4.)

Fig. 4 Body weights of mink which had pre
viously received adequate niacin (40 mg/kg  
diet) (see fig. 3 ) but were: (a ) changed to a 
diet deficient in niacin but containing 3.2 g/kg  
of DL-tryptophan, or (h) maintained on the ade
quate diet. Numbers in parentheses represent 
the numbers of mink weighed at the times indi
cated. (Exp. 4.)

their surroundings, went into a coma and 
died. Figure 5 compares the appearance 
of an average mink from each of the lat
ter two groups.

DISCUSSION

The general health of the animals re
ceiving an adequate supplementation of 
niacin was good with the following excep
tions. Due to the unnatural composition 
and texture of the purified diets there was 
a certain percentage (about 20% ) of the 
animals in experiment 2 that refused to 
eat the diet, became emaciated and died 
soon after they were placed on the ex
periment. This was due to an attempt to 
use a 1-day transition period from the 
ranch to the purified diet. The differences 
between the treatments in this study, how
ever, were sufficiently large that these 
early deaths did not materially affect the 
results of the study. Unless the transition 
from the ranch diet to the purified diet is
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Fig. 5 Representative exam ples o f m in k  raised on a diet deficient in niacin but containing d l -  
tryptophan at a level o f 3 .2  g /k g  diet ( le f t )  and a diet adequate (4 0  m g /k g  d iet) in  n iacin  (r ig h t) . 
Pertinent w eight data are indicated. Note the thin condition of the deficient anim al. (E x p . 4 .)
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gradual a certain percentage of mink 
starve rather than adapt themselves to the 
unnatural diet.

In experiment 4 the time required for 
half the animals to expire on the deficient 
diet was between 4 and 5 weeks for the 
11-week-old kits. It took only 15 days for 
the 8-week-old kits to expire in experi
ment 2. Six-week-old weanling kits ex
pired in less than 6 days on the niacin- 
deficient diet. From these data it would 
appear that the survival time increases 
with age which may or may not be a re
flection of level of body stores.

In this study there is little doubt that 
there was adequate tryptophan available 
for niacin synthesis. The basal diet (NO) 
contained 30% casein or about 0.39% 
tryptophan (1 ). The added tryptophan 
(0 .16% ) was initially calculated to be 
equivalent to 40 mg of niacin assuming 
an equivalence of 33 to 40 mg of trypto
phan to 1 mg of niacin (2 ). It is con
ceivable that the poor performance with 
tryptophan could have been the result of 
an imbalanced amino acid pattern. This 
seems unlikely, however, since with ade
quate niacin the mink grows well on a 
diet containing (0.39% ) tryptophan.

More recent studies in this laboratory 
suggest that the mink is capable of con
verting some tryptophan to niacin. Bow
man et al. (3 ) determined the mean 24- 
hour urinary excretion of N’-methylnicotin- 
amide preceding and following the inges
tion of 2.5 mmoles of L-tryptophan per kil
ogram live weight. He found a very slight 
increase following ihe tryptophan load. It

is clear that the ability to convert trypto
phan to niacin is present but it is inade
quate to meet the requirement for niacin 
by this species. The failure to utilize tryp
tophan as an adequate precursor of niacin 
places the mink in the same category as 
the cat (4 ).

It is of interest that an analysis of mink 
milk (5 )  shows a niacin content of 16 
m g /100 g of milk which is approximately 
20 times that of the cow and twice that 
of the pig (6 ).

The essentiality of niacin for mink is 
clear and the requirement is indicated to 
be between 10 and 20 m g/kg of diet.
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Protein and Nucleic Acid Metabolism in the 
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ABSTRACT The levels and synthesis of protein, RNA, and DNA have been studied 
in the testes of weanling rats fed zinc-deficient diets during the 2 weeks immediately 
before attainment of sexual maturity. Control rats were fed zinc-sufficient diets ad 
libitum or were pair-fed to the deficient rats. Levels of testicular protein, DNA, and 
RNA were studied at 7 and 14 days after initiation of the zinc-free diets. On day 14 
of the experiment, the incorporation of 14C-leucine into testicular protein and 14C- 
adenine into DNA and RNA was also studied. Histological differences were evident 
in the testes of the zinc-deficient rats on day 14. The zinc content of the testes of 
rats fed the zinc-deficient diet was always lower than that of the control groups. No 
gross impairment of DNA synthesis in the testes was noted early in zinc deficiency.
The total protein and RNA content of the testes was reduced in zinc-deficient rats but 
the incorporation of 14C-leucine and 14C-adenine into protein and RNA, respectively, 
was unaltered. These data suggest that an increase in protein and RNA catabolism 
occurs in the zinc-deficient testes rather than a decrease in synthesis.

The consequences of dietary zinc defi
ciency in the albino rat have been well- 
delineated in the literature. These include 
growth retardation, reduced tissue levels 
of zinc, testicular atrophy, esophageal para
keratosis and a reduction in the activities 
of various enzymes (1 -3 ) . In general, 
firm biochemical reasons for these changes 
have not been established.

Recently several investigators have at
tempted to relate zinc to nucleic acid me
tabolism and protein synthesis. Thus, re
duced synthesis of RNA or protein has been 
noted in various microorganisms when 
grown on a zinc-low medium (4 -8 ) . Ani
mal studies attempting to show this rela
tion, however, are equivocal (9, 10) and 
a re-study of this area seemed desirable.

It occurred to us that studies of pro
tein and nucleic acid metabolism in zinc 
deficiency might be carried out most prof
itably in the testes of the rat. This organ 
is a particularly sensitive target in zinc 
deficiency. Its zinc content is significantly 
reduced, the seminiferous tubules are 
atrophied, and a marked reduction in the 
number of spermatozoa occurs (1, 2). 
Moreover, Davis and Shami4 have re
ported that microsomes in the testes show 
the greatest depression in zinc content dur
ing deficiency. Because these changes oc

cur relatively early in the deficiency, the 
problem of inanition assumes less impor
tance in the interpretation of results.

The experimental approach was built 
on the premise that the biochemical ef
fects of zinc deficiency in the testes might 
be most apparent in the final stages of 
sperm formation. The minimum dietary 
zinc requirement of the rat is about 2 ppm
(11) and the testes of the rat matures at 
approximately 45 days of age (12 ). Ac
cordingly, male weanling rats were fed a 
diet containing a low amount of zinc but 
sufficient to permit a normal rate of testicu
lar development until two weeks before 
day 45 of life. At this point they were di
vided into groups fed diets of various ade
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quacies with respect to zinc and subjected 
to radioisotope studies designed to evaluate 
the levels and synthesis of DNA, RNA, and 
protein.

MATERIALS AND METHODS 
Male weanling rats of the Sprague- 

Dawley strain (21 days of age) were 
housed individually in all-plastic cages in 
a temperature- and humidity-controlled 
room (24° and 50% relative humidity) 
and fed variations of the basic diet (table
1). This diet assayed approximately 0.5 
ppm zinc and is here referred to as the 
“zinc-deficient” diet. A “low zinc” diet 
was also used. This diet was prepared by 
using 10 parts of specially treated casein
(13) (zinc content 2.7 ppm) plus 10 parts 
of commercial casein 5 (zinc content 25.0 
ppm). Deionized water was offered ad 
libitum from plastic water bottles. Zinc 
was determined on aliquots of organ ho
mogenates by atomic absorption spectros
copy. The organ homogenates were pre
pared for analysis by a wet-ashing proce
dure.6 RNA and DNA were fractionated by 
the Schmidt-Thannhauser procedure (14 ) 
incorporating the modifications suggested 
by Hutchison et al. (15 ). The RNA anal
yses were carried out using the orcinol pro
cedure of Kerr and Seraidarian (16 ). DNA 
was measured by '.he diphenylamine pro
cedure of Schneider (17 ). Protein was de-

TABLE 1
Composition of zinc-low basal diet

Casein 1
g/100 g 
20.00

Cottonseed o il2 10.00
Vitamin-sucrose mix 3 5.00
Mineral mix 4 3.55
Choline chloride 0.15
Sucrose 61.30

1 Nutritional Biochemicals Corporation. This was 
rendered low in zinc by a procedure combining iso
electric precipitation and chelation with ethylene- 
diaminetetraacetic acid (EDTA).

2 Wesson Oil, Wesson Oil Sales Company, Fullerton, 
California. Vitamin A. 1000 IU (Aquasol A, U. S. 
Vitamin and Pharmaceutical Corp., New York); vita
min D2, 125 IU (Drisdol, Winthrop Laboratories, New 
York) and a-tocopheryl acetate, 60 mg (Nutritional 
Biochemicals Corp., Cleveland) were admixed with 
this oil.

3 Vitamin-sucrose mi> contained in mg/kg of mix: 
thiamine-HCl, 200; riboflavin, 120; pyridoxine-HCl, 
80; Ca pantothenate, 320; biotin, 4; nicotinic acid, 
300; folic acid, 10; vitamin Bi2, 0.4; menadione, 6.6; 
sucrose added to make 1000 g.

4 Each 3.55 g of mineral mix contained: (in grams) 
CaHP04, 2.58; KC1, 0343; Na2C03, 0.115; MgS04- 
7H20, 0.40; FeSO-a 7H20, 0.06; MnSOj-H.O, 0.031; 
CoCl2'6H20, 0.004; CuS04-5H20, 0.006; KI, 0.0004; 
NaF, 0.0008.

termined by a biuret method (18 ) using 
an albumin solution of known nitrogen 
content as the standard. Acid soluble 
amino acids were measured by the photo
metric ninhydrin procedure of Moore and 
Stein (19 ). In the isotopic incorporation 
studies, the proteins were precipitated 
from testes homogenates by adding an 
equal volume of 10% trichloracetic acid 
solution, followed by treatment of the pre
cipitate by the procedure of Rabinowitz et 
al. (20 ). For assay of radioactivity, dupli
cate 5-mg aliquots of each protein sample 
were dissolved in 1 ml of 1 m  Hyamine- 
10X 1 2 solution by warming at 60° followed 
by addition of 9 ml of a solution of 0.5 
diphenyloxazole in toluene. The samples 
were then counted in a Packard Tricarb 
liquid scintillation spectrometer. The 
counts were corrected for quenching by de
termining the recovery of an internal 
standard added to the sample.

The incorporation of adenine-8-14C into 
nucleic acid was determined in aliquots of 
RNA and DNA extracts by following the 
method of Traketellis and Axelrod (21 ). 
Aliquots of the nucleic acid extracts were 
evaporated to dryness at 90° and the resi
due taken up in 2 ml of 1 m  Hyamine-lOX 
solution. The suspension was allowed to 
stand for 2 hours at room temperature 
with frequent stirring, the salt separated 
by centrifugation, and 1-ml aliquots of the 
supernatant were removed. To these ali
quots, 9 ml of the 0.5% diphenyloxazole 
scintillation fluid was added and the solu
tion was assayed for radioactivity by the 
same procedure used in the protein assay.

For histological examination, the testes 
were placed in Helly’s solution for 3 hours, 
and a cross section (± 0 .5  mm3 4 3 *) was re
moved from the mid-portion and left in 
the fixative for 17 hours. These tissues 
were washed in tap water for 30 minutes, 
dehydrated in two changes of dioxane for 
3 hours, and cleared in acetone for 1 hour. 
They were embedded in paraffin,8 cut into 
5-u sections and stained with the periodic 
acid-Schiff procedure (22).

3 “Purified”  casein. Nutritional Biochemicals Cor
poration, Cleveland.

6 Analytical Methods for Atomic Absorption Spectro
photometer Manual no. 990-9461. Perkin-Elmer Cor
poration, Norwalk, Connecticut, 1964.

7 Hydroxide of Hyamine-lOX. Packard Instrument 
Company, Downers Grove. Illinois.

8 Paraplast, Fisher Scientific Company, New York.
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RESULTS

In the first experiment, 24 21-day-old, 
weanling Sprague-Dawley rats ( ± 5 5  g) 
were fed the “low zinc diet.” After 10 
days, the rats had attained a mean weight 
of 81 g. They were then divided into 6 
groups of 4 rats which consisted of dupli
cate zinc-deficient groups and correspond
ing pair-fed and ad libitum-fed control 
groups. The diet of both control groups 
(pair-fed and ad libitum) was supple
mented with an additional 30 ppm of zinc 
added as ZnS0r7H 20. One zinc-deficient 
group and its control groups were killed 
after one week and the remaining groups 
were killed after 2 weeks of feeding the 
diets. The testes were rapidly removed 
and portions taken for histopathologic 
studies and for zinc analyses. The remain

ders of the organs were quickly frozen 
before analyses for DNA, RNA, protein, 
free amino acids and nucleotides.

The rats fed the deficient diet for 7 
days weighed less than their controls, but 
had significantly heavier testes, 1588 mg 
vs. 1537 mg and 1517 mg, respectively 
(see table 2). At this time the testes of 
the deficient rats contained significantly 
less zinc and somewhat less protein than 
those of the pair-fed controls. Deficient 
rats killed on day 14 weighed considerably 
less and their testes were much smaller 
than those of their respective controls. 
The total zinc, RNA and protein content 
of the testes of deficient rats were signifi
cantly less but the total amounts of DNA 
in the testes of both groups were com
parable on both days 7 and 14.

TABLE 2
B ody and testes  w eigh ts , and total c o n ten t o f  z in c, DNA, RN A , and p rotein  n itrog en  in  the 

testes  o f  z in c-d eficien t and con tro l rats 1,2

Experimental
day

Zinc-
deficient

Pair-fed
Controls

Ad lib-fed 
controls

0
7

14
Difference 3

81.7 81.0
89.1»’»

92.7a.»
+  7.4 + 11 .7

Body wt, g
81.5 80.8 
99.8

126.1
+  18.3 + 45 .3

81.0 79.8 
108.1

144.2 
+  27.7 + 64 .4

7
14

Difference 3

1588 +  18».» 
1658 +  32».» 

+  70 (ns)

Testes, mg
1537 +  20 
2094 +  82 

+  557 (P <  0.01)

1517 +  33 
2145 +  35 

+  628 (P <  0.01)

7
14

Difference 3

27.7 +  0.96».» 
28.7+1.40»»  
+  1.0 (ns)

Zinc, ,ug
32.6 +  0.62 
48.2+1.61  

+  15.7 (P <  0.001)

32 .8+  7.2 
49 .7+12 .6  

+  16.9 (P <  0.001)

7
14

Difference 3

5.16 +  0.25 
6.42 +  0.21 

+  1.26(P <  0.05)

DNA, mg
5.26 +  0.24 
6.69 +  0.27 

4 1.43 (P <  0.05)

5.09 +  0.15 
7.81 +  0.31 

+  2.72 (P <  0.05)

7
14

Difference 3

8.15 +  0.25 
7.35 +  0.21».» 

- 0 .8 0  (ns)

RNA, mg
8.32+0.33  
8.87 +  0.32 
+  0.55 (ns)

8.64 +  0.28 
9.12 +  0.23 

+  0.48 (ns)

7
14

Difference 3

16.36 +  0.61» 
18.60+1.23».» 
+  2.24 (ns)

Protein N, mg
18.21 +  1.24 
24.91 +  1.18 

+  6.70 (P <  0.05)

18.75 +  0.60 
25.26 +  1.10 

+  6.51 (P <  0.05)

1 Each dietary group consisted of two sub-groups of 4 rats each. One sub-group from each group 
was killed after 7 days of feeding and the other after 14 days.

2 Values are means or means +  1 s e .
3 Day 7 minus day 0; or day 14 minus day 7 means. The statistical significance of the difference 

is indicated in parentheses; ns =  not significant.
a Different from mean of pair-fed control (P <  0.05). 
b Different from mean of ad lib-fed control (P <  0.05).
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TABLE 3
Concentrations of different constituents of the testes of zinc-deficient and control rats 1>z

Exp.
group Zinc DNA RNA Protein N

gg/g mg/g mg/g mg/g

Day 7
Zn-deficient 17.5 ± 0 .6 9  a 3.25 ±  0.18 5.14 ±  0.19 b 10.30 ± 0 .2 7
Pair-fed controls 21.2 ±  0.34 3.43 ± 0 .2 0 5.42 ±0 .2 9 11.83 ± 0 .6 9
Ad lib-fed controls 21.6 ±  0.50 3.36 ± 0 .2 7 5.69 ±  0.12 12.36 ±0 .3 3

Day 14
Zn-deficient 17.9 ±0 .3 8  a 3.89 ±  0.13 a 4.45 ±  0.14 11.23 ± 0 .5 4
Pair-fed controls 23.0 ± 0 .4 5 3 .1 9±0 .0 8 4.19 ±  0.08 11.84 ±  0.20
Ad lib-fed controls 23.2 ± 0 .3 9 3.64 ±  0.14 4.25 ± 0 .0 9 11.77 ±  0.39

1 Values are means ±  1 se.
2 Testes wet weight.
a Difference from mean of pair-fed controls is statistically significant (P <  0.05). 
b Difference from mean of ad lib-fed control is statistically significant (P <  0.05).

A comparison of data obtained within 
groups on the seventh and fourteenth days 
shows that the only significant change in 
the deficient group was an increase in 
DNA. In the case of the pair-fed control 
group, all constituents measured increased 
significantly except RNA.

When a comparison is made on the 
basis of concentrations per gram of wet 
weight (table 3 ), the testes from the de
ficient rats killed cn day 7 had zinc and 
protein concentrations that were signifi
cantly lower than those for both control 
groups. It will be remembered that at 
this time the testes from the deficient rats 
were actually larger than those from both 
control groups. This suggests accumula
tion of water had taken place. The appar
ent reduction in RNA concentration may 
also be explained similarly. Increase of 
another unmeasured tissue constituent 
might also be responsible but it appears 
unlikely. Lipid, the most obvious suspect, 
is present in small amounts in the testes 
and Rieri and Prival (23 ) have reported 
little change of this constituent in zinc- 
deficient rats.

On day 14, the testes of the deficient 
rats had significantly higher DNA concen
trations but similar RNA and protein con
centrations. This suggests that similar 
numbers of functioning cells are present 
but that protein synthesis has been re
duced. The decrease in protein concen
tration observed in the ad libitum controls 
(7  days vs. 14 days) has been reported

by others as a normal consequence of 
maturation (24 ).

When the concentrations of the various 
testicular constituents are compared using 
DNA as a base line (table 4 ), the zinc, 
RNA, and protein in the deficient testes 
were comparable on day 7, but signifi
cantly less than those of the pair-fed con
trols on day 14. Amino acid concentra
tions (expressed per mg protein nitrogen) 
were significantly elevated in the zinc-de
ficient animals on day 7, but the difference

TABLE 4
Zinc, RNA, protein nitrogen, TCA-soluble 

nucleotide concentrations and TCA-soluble amino
acid concentrations ’ 
and control rats

in the testes of zinc-deficient

Zinc f i g / m g  DNA
Zn-deficient 5.41 ± 0 .3 6  1 4.62 ± 0.09a'b
Pair-fed controls 6.24 ±0 .3 2 7.23 ± 0.12
Ad lib-fed controls 6.46 ±0 .2 8 6.39 ± 0.50

Protein N, mg/mg DNA
Zn-deficient 3.20 ±0 .21  » 2.89 ± 0.13a
Pair-fed controls 3.50 ±0 .3 3 3.72 ± 0.05
Ad lib-fed controls 3.70 ±  0.19 3.23 ± 0.07

RNA, mg/mg DNA
Zn-deficient 1.59 ±  0.16 1.14 ± 0.005 a
Pair-fed controls 1.59 ± 0 .0 9 1.31 ± 0.03
Ad lib-fed controls 1.70 ±  0.13 1.17 ± 0.02

Amino acids, mg protein N
Zn-deficient 2.66 ±  0.11a,b 2.33 ±20.08
Pair-fed controls 2.19 ±  0.10 2.11 0.07
Ad lib-fed controls 2.27 ± 0 .0 9 2.11 0.10

1 Values are means ±  1 se.
a Difference from mean of pair-fed controls is 

statistically significant (P <  0.05).
b Difference from mean of ad libitum-fed controls 

is statistically significant (P <  0.05).
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obtained on day 14 did not attain statisti
cal significance.

Cellular changes in the testes of the de
ficient and control groups were evident on 
day 14. On day 7, immature seminiferous 
tubules which were similar in morphology 
were present in the testes of both groups. 
Maturation of cells was observed in the 
testes examined on day 14. Many tubules 
in both groups were characterized by 
spermiogenesis and the presence of ma
ture sperm. The presence of numerous 
sperm in the epididymal ducts of the con
trol rats clearly indicated that maturation 
was attained. In the deficient testes, the 
tubules were smaller in diameter with 
spermatocytes and early spermatids pres
ent in some of the lumina. Immature, ger
minal epithelial cells were seen in the ducts 
of their epididymes as illustrated in figure 
1. On day 14, testes from the deficient rats 
(with one exception) showed a marked 
loss of cells from the seminiferous tubules 
to the epididymes as a morphological vari
ation from their controls.

In the second experiment, 22 weanling 
male rats were fed the low zinc diet (2.5 
ppm) for 10 days. They were then divided 
into 3 groups. Two groups (8  and 6 rats, 
respectively) were fed the deficient diet. 
The third group (8 rats) was pair-fed the 
control diet to the deficient group of 8 
rats. On day 13 of the study, all rats in 
the deficient group of six were repleted 
with 1 mg of zinc (ZnS04'7H20 )  by in- 
traperitoneal injection. This repletion reg
imen has been shown to initiate rapid 
regression of esophageal parakeratosis.9 
Twenty-four hours later, half of the ani
mals in each group were injected intra- 
peritoneally with L-leucine-U-14C 10 11 * and half 
were injected with adenine-8-uC.u The iso
topic dosage of both 14C-leucine and ade
nine 8-I4C was 5 uCi per 100 g body weight. 
All rats were killed 4 hours after injection. 
The testes and spleens were removed and 
subjected to various analyses.

The mean body weights of these groups 
when killed (14—15 days) were 101 g (de
ficient group), 131 g (pair-fed group) 
and 89 g (zinc-repleted group). For rea
sons which were not apparent, the group 
destined for zinc repletion developed a 
more severe deficiency during the 2-week 
trial. When the animals were killed, the

testes in this group were significantly 
smaller than those of the deficient, non- 
repleted animals. These and other data 
are shown in table 5. Testes weights and 
concentrations of dry material, zinc, pro
tein and RNA were lower in the deficient 
than in the pair-fed controls when ex
pressed on a wet-weight basis. When pro
tein and RNA concentrations were calcu
lated on a dry-weight basis, the mean 
protein concentration, but not the RNA 
concentration of the deficient testes, was 
significantly lower than that in the pair- 
fed controls. Zinc concentrations in the 
testes of the repleted animals attained 
levels comparable to those of the controls 
and had higher concentrations of protein, 
which suggested that increased protein syn
thesis was induced by zinc repletion. It 
appears unlikely that it is due simply to 
a greater degree of dehydration because 
the concentration of dry materials did not 
differ from that of the pair-fed controls.

Despite this apparent decrease in pro
tein concentration, the incorporation of 
radioactive leucine into proteins of testes 
from zinc-deficient rats did not differ sig
nificantly from that of the controls (table
6 ), nor did zinc repletion demonstrably 
effect the incorporation c f leucine. The 
specific activities of testicular RNA and 
DNA and the ratios of these activities 
were comparable in all the groups.

DISCUSSION

The biochemical data suggest that no 
gross impairment of the synthesis of 
DNA exists in the testes early in zinc defi
ciency. This is indicated by the comparable 
amounts and specific activities of DNA 
found following administration of ,4C- 
adenine. The reports of Pele (25 ) and 
Pele and Howard (26 ) imply that it would 
have been more appropriate to have meas
ured the specific activity of DNA 8 days 
after injection of the 14C-adenine but, at 
this time, the rats would have been se
verely deficient.

In the first experiment in the deficient 
group there were slight decreases in pro-

9 Unpublished results, G. H. Barney.
i,-Leucine-U-14C, New England Nuclear Corpora

tion, Boston; specific activity, 25.2 mCi/mmole. The 
solution injected was diluted with unlabeled leucine 
to give a specific activity of 25 jjlCi/mg.

11 Adenine-8-C14, New England Nuclear Corpora
tion, Boston; specific activity, 4.22 mCi/mmole.
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tein and RNA concentrations per milli
gram of DNA on day 14 of the experiment 
when compared with the pair-fed controls. 
Curiously, the latter group appeared to 
have an elevation of these values when 
compared with the ad libitum controls. 
Thus, on the basis of these data it does 
not seem appropriate to conclude that the 
synthesis of RNA and protein was de
pressed in the zinc-deficient rats. Rather, 
the inexplicable conclusion must be prof
fered that reduced feeding enhanced RNA 
and protein synthesis. In the second ex
periment, a similar trend was observed 
(data not presented), but since ad libi- 
tum-fed controls were not included, its 
significance is not clear.

TABLE 5
Concentrations of zinc, protein nitrogen, RNA, 

and DNA per gram wet weight of the testes of 
zinc-deficient, pair fed controls, and zinc-repleted 
deficient rats 1

Testes, wet wt Protein N
mg mg/g wet wt

Zn-deficient 1 8 79 ±4 7a'b 12.50 ± 0 .2 3 a'b
Pair-fed controls 2099 ± 5 4 13 .40±0 .12
Repleted 2 1638 ± 7 1  * 13.48 ± 0 .1 9

Dry wt, testes RNA,
mg/g wet wt mg/g wet wt

Zn-deficient 126 ±  2a'b 4.16 ±  0.05 a
Pair-fed controls 131 ± 1 4.34 ± 0 .0 3
Repleted 2 133 ± 2 4 .3 7 ± 0 .1 2

Zinc concn DNA,
[ig/g wet wt mg/g wet wt

Zn-deficient 17.0 ±  1.40*,b 3.77 ±  0.11
Pair-fed controls 24.5 ± 0 .9 4 3.87 ±  0.16
Repleted 2 23.2 ± 1 .5 4 3 .9 6±0 .1 5

1 Values are means +  1 se; data from 8 zinc- 
deficient, 8 pair-fed controls, and 6 deficient rats that 
were repleted with zinc; total experimental period 
14-15 days.

2 Each animal received 1 mg zinc (as ZnSOO intra- 
peritoneally 24 hours before killing.

a Difference from mean of pair-fed controls is 
statistically significant (P <  0.05).

b Difference from mean of repleted rats is statis
tically significant (P <  0.05).

Two other observations suggest that 
there was no reduction of RNA and pro
tein synthesis in the zinc-deficient rats. 
In the first place, the rates of incorpora
tion of leucine-U-14C and adenine 8-14C 
into protein and RNA, respectively, were 
not altered. Furthermore, although germi
nal cells progressively lose RNA during 
their differentiation into sperm (27, 28) 
and probably protein as well (2 9 ) normal 
differentiation into more mature cell types 
was apparently inhibited in the testes of 
zinc-deficient rats (fig. 1). Despite this, 
the percentage decrease in the RNA/DNA 
and protein/DNA ratios between days 7 
and 14 in the deficient rats was only 
slightly less than that of the ad libitum 
controls. This implies that certain semi
niferous tubules were affected and others 
were not, which is compatible with more 
comprehensive histological studies (30 ).

It is possible that these conflicting find
ings (i.e., protein and RNA reduced but 
leucine and adenine incorporation unal
tered) are the result of an increase in the 
catabolism of protein and RNA rather than 
a decrease in synthesis. In starvation, in
creased breakdown of proteins takes place 
and increased tissue amino acid concen
trations are observed (31 ). It is thus pos
sible that the increase in amino acids (per 
mg protein N ) observed initially in the 
testes may reflect increased breakdown of 
proteins even before manifest microscopic 
changes in the cells were seen. The re
port of Theuer and Hoekstra (10 ) who 
observed an increased rate of oxidation of 
intraperitoneally injected leucine-U-14C to 
respiratory I4C02 in zinc-deficient rats, is 
compatible with the viewpoint.

The testicular zinc levels recorded here 
are somewhat lower than those reported

TABLE 6
Incorporation of leucine-U-UC into proteins and of adenine-8-14C into RNA and DNA of the 

testes of zinc-deficient, pair-fed controls and zinc-repleted deficient rats 1

Exp. No. of 
animals Proteins DNA RNA

Specific
activity

group
RNA/DNA

Zn-deficient 4
cpm/mg
269 ± 1 7

cpm/mg
59 ± 1 4

cpm/mg
384 ± 1 1 8 6.23 ±0 .8 1

Pair-fed controls 4 225 ± 8 59 ± 9 394 ± 8 0 6.47 ± 0 .1 7
Repleted 2 3 258 ± 1 6

1 Values are means ±  1 se; animals received intraperitoneally, 5 /¿ci 10 0  g body weight of either 
leucine-U-14C or adenine-8-14C 4 hours before killing.

2 Each animal received, intraperitoneally, 1 mg zinc (as ZnSO-0 24 hours before killing.
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by Prasad et al. (3 )  and by Parizek et al. 
(32 ). This may be explicable, in part, by 
the feeding of a low zinc diet in these 
studies before feeding the experimental 
diets. Although zinc has been shown to be 
present in high concentration (2  m g/g 
dry weight) in sperm (3 3 ), the physiologi
cal significance of this high concentration 
is unknown. The metal apparently is 
more concentrated in the tail portion (34 ) 
and is firmly bound (3 5 ). Wetterdale
(3 6 ), in a serial examination of the incor
poration of radioactivity in the testes and 
epididymes following the intramuscular 
injection of 65Zn in the rat, concluded that 
zinc is “transported” with the sperm as 
they pass into the epididymes. According 
to the study of Gunn et al. (3 7 ), zinc in 
the supporting (non-tubular) structures of 
the testes is probably more exchangeable 
with the zinc of plasma.
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Linoleic Acid Requirement of the Hen for Reproduction

H. MENGE
Animal Husbandry Research Division, Agricultural Research Service, 
USDA, Beltsville, Maryland

ABSTRACT A study was designed to determine the linoleic acid (18 :2 ) require
ment of the hen for reproduction. Two hundred Leghorn pullets were reared and 
fed an essential fatty acid-deficient diet from 2 weeks of age through 22 weeks 
of age. At week 22, the depleted pullets were divided into 14 groups comprising 
duplicate pens of 7 different treatments, randomly arranged in a cage layer house. 
The groups were fed an 18:2 deficient diet supplemented with corn oil calculated 
on the basis of daily consumption to supply 0.0, 0.125, 0.25, 0.5, 1.0, 2.0, and 
4%  18:2, respectively. All diets were isocaloric and isonitrogenous, After a 20- 
week experimental period, the data showed that the hen required approximately 
2%  dietary 13:2 for egg production and maximum egg size, and 1% 18:2 for
hatchability of fertile eggs. The requirement for production of fertile eggs was 
less than 0.125% . Using the ratio of oleate to linoleate (18:1 to 18:2) in the 
plasma and liver as an estimation of dietary adequacy, the data illustrate that 
a ratio of 5.0 or less is indicative of an adequate intake of 18:2 for the hen. When 
18:2 was expressed as percentage of dietary calories, the data showed the require
ment for hatchability to be 3.14% and for egg production and maximum egg size, 
6.19% of dietary calories. There were no significant differences in nutrient intake 
and body weights between each experimental group. Thus, the reproductive re
sponses obtained were due to supplementary 18:2, and the requirement can be 
expressed as percentage of diet or as percentage of dietary calories.

Edwards (1 )  has suggested that the 
quantitative requirement of the hen for 
linoleic acid (1 8 :2 ) is approximately 
2.5% , but indicated that this estimate was 
based on results of experiments which 
were not primarily designed as requirement 
studies (2—5). Miller et al. (6 )  reported 
that a daily intake of 250 mg of polyun
saturated fatty acids was not adequate to 
meet the essential fatty acid requirement 
of the hen for maximal egg production. 
Later, Menge et al. (7 )  demonstrated that 
a daily intake of only 20 mg of 18:2 was 
sufficient for optimal fertility and embry
onic viability through day 7 of incubation.

Since there are no clearly defined stud
ies on the need of the hen for 18:2 for 
reproduction, the present study was de
signed to determine this requirement.

EXPERIMENTAL PROCEDURE

Two hundred White Leghorn pullets 
were fed a com-soy diet from hatch until 
2 weeks of age and then a linoleic acid- 
deficient grower diet (table 1) from 2 
weeks until 22 weeks of age. This period 
of depletion was found to be sufficient to 
deplete the pullets of 18:2 (7 ). Further

evidence of this depletion is seen in the 
response to supplemental 18:2. At week 
22 the pullets were divided into 14 groups 
of 14 birds each on the basis of body 
weight and placed into individual laying 
cages. The 14 groups comprising dupli
cate pens of 7 different treatments were 
randomly arranged in a cage layer house. 
The 7 groups were fed the linoleic acid- 
deficient (0.002% 18:2) layer diet (table 
1) supplemented with corn oil,* 1 calculated 
to supply 0.0, 0.125, 0.25, 0.5, 1.0, 2.0, 
and 4.0% 18:2, respectively. All diets 
were made isocaloric and isonitrogenous 
by adjustment of cellulose and carbohy
drate. Feed weighbacks were made every 
2 weeks, and the average individual daily 
consumption was calculated to determine 
the quantity of corn oil necessary to add 
to the diets of each group for the following 
2 weeks to give the required dietary level 
of 18:2. The actual average daily con
sumption of 18:2 per hen for the 20-week

Received for publication February 19, 1968.
1 Supplied by Procter and Gamble Company, Cincin

nati. The fatty acid composition of the crude com  
oil as determined by gas-liquid chromatography was 
as follows: (percentage of total fatty acids) 16:0, 
11.58; 16:1, 0.27; 18:0, 1.78; 18:1, 27.22; 18:2, 58.89; 
18:3, 0.27.

578 J .  N u t r i t i o n , 95: 578-582.
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TABLE 1
Composition of linoleic acid-deficient diet

Ingredient Grower
diet

Layer
diet

% %
Casein (vitamin-free) 1 18.00 —

Gelatin 11.00 __
Isolated soy protein 2 ----- - 19.00
Powdered cellulose 3 2.00 5.00
Hydrogenated coconut oil 4 2.00 1.00
Antioxidant 5 0.015 0.015
Vitamin mix 0.5 6 0.5 7
Mineral mix 7.5 8 11.4 9
Methionine hydroxy 

analogue 0.34 0.4
Choline (70%  ) 0.35 0.35
Glucose monohydrate 58.295 62.335

1 Nutritional Biochemicals Corporation, Cleveland.
2 Assay protein C-l, Skidmore Enterprises, Cincin

nati. This material was blended with powdered cellu
lose and extracted exhaustively with hot methanol.

3 Solka Floe, BW-40, Brown Company, Berlin, New 
Hampshire.

4 Supplied by the Procter and Gamble Company, 
Cincinnati.

5 l,2-Dihydro-6-ethoxy-2,2,4-trimethylquinolone. Monsanto Company, St. Louis.
6 Vitamin mix supplied the following: (m g/kg diet) 

thiamine-HCl, 100; riboflavin, 16; Ca D-pantothenate, 
25; pyridoxine■ HC1, 10; folacin, 4; Klotogen F, 15; 
niacin, 100; biotin, 0 .6 ; vitamin Bi2 ( 0 .1 % ), 20; 
vitamin A (500,000 USP/g), 36; vitamin D3 (200,000 
ICU /g), 7; d-a-tocopheryl acetate (1360 IU /g), 26; 
and glucose monohydrate to 0.5% of diet.

f  Vitamin mix supplied the following: (m g/kg diet) 
thiamine-HCl, 50; riboflavin, 16; Ca D-pantothenate, 
25; pyridoxine-HC1, 10; folacin, 5; Klotogen F, 15; 
niacin, 50; biotin, 0.5; vitamin Bi2 (0 .1% ), 15; dry 
vitamin A palmitate (500,000 USP/g), 36; D-activated 
sterol vitamin D3 (200,000 ICU /g), 8 ; d-a-tocopheryl 
acetate (1360 IU /g), 40; and glucose monohydrate to 
0.5% of diet.

8 Mineral mix supplied the following: ( in percent) 
CaC03, 2; CaHP04-2H20 , 1.6; KH2PO4, 1.4; NaCl 0.64- 
MgC03, 1.75; FeCfiIIr,07-5H;0, 0.06; MnS04-H20, 0.03; 
ZnC03, 0.01; KI, 0.0003; Cu(CH3COO)2-H20, 0.0032; 
H3B03, 0.001; CoS04 -7H20, 0.0002; Na2Mo04-2H20, 
0.0009; Na2Se04-10H2O, 0.00005; and glucose mono
hydrate to 7.5%.

9 Mineral mix supplied the following: (in percent) 
CaC03, 5.2; CaHP04-2H20, 4.1; KH2P04, 1.2; MgC03 
0.425; NaCl, 0.3; FeC6H50 7-5H20, 0.06; MnS04-H20, 
0.03; ZnC03, 0.0125; Cu(CH3C 0 0 )2-H20, 0.004; KI, 
0.00015; H3B03, 0.001; CoS04-7H20 , 0.0002; Na2Mo04- 
H20, 0.0006; Na2SeO4-10H2O, 0.000015; and glucose 
monohydrate to 11.4%.

experimental period was (in percent) 0.0, 
0.127, 0.25, 0.44, 0.99, 1.96, and 3.89, 
respectively. Although some groups did 
not receive exactly the prescribed amounts 
of 18:2, the discrepancies were minimal.

When the average egg weight from 
the groups supplemented with 1% 18:2 
reached 45 g, the pullets were artificially 
inseminated weekly with 0.05 ml pooled 
semen from Leghorn cocks. Individual 
body weights were recorded monthly, and 
egg production was tabulated daily. Eggs 
were stored at 13°, weighed collectively 
by pens at the end of each week and in
cubated. After 6 days of incubation, they 
were candled to determine fertility. Hatch- 
ability data were obtained at the end of 
the incubation period. The experiment 
was concluded after 20 weeks of collecting 
data on reproduction. The data were an
alyzed using least-squares procedures as 
described by Harvey (8 ). Duncan’s multi
ple range test was applied to the least- 
squares means (9 ).

Four individual samples of plasma and 
liver were taken from randomly selected 
pullets in each experimental group at the 
termination of the experiment. The prep
aration of the lipid for fatty acid analysis 
was described by Miller et al. (6 ) , and 
the fatty acid composition determined by 
the procedure outlined in a previous re
port (10 ).

RESULTS AND DISCUSSION

The data in table 2 illustrate the effect 
of different levels of 18:2 supplied by 
corn oil on the reproductive performance 
of essential fatty acid-depleted hens. The

TABLE 2
Effect of linoleic acid from corn oil on reproduction through a 20-weeh experimental period 1

Treatment Egg
production Egg wt Fertile

eggs
Viable 
germs 2

Hatch of 
fertile 
eggs

Linoleic acid, %
% 9 % % %

0.0 61.8 » 44.9 a 90.4 abc 84.2 a 1.8 a
0.125 69.1 » 48.2 a 91.0 abc 91.4» 49.0»
0.25 68.9 b 49.9 a 88.0 a 91.2» 73.1 '
0.5 72.0 bc 50.4 a 90.5 a»' 93.1 » 83.4 d
1.0 75.0 »' 52.4 b 9 3 .0 ' 93.5» 8 8 .2 '
2.0 76.7 cd 53.5 ' 90.1 ab 93.5» 89.0 '
4.0 81.9 d 52.5 b 92.1 b' 93.9» 89.4 '

1 Means with different superscripts are significantly different at the 1% level according to Duncan’ s 
multiple range test (9 ).

2 Percentage of total number of fertiles containing live embryos at day 7.
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addition of 18:2 to the diet stimulated 
increases in egg production, egg weight, 
embryonic viability, and hatchability of 
fertile eggs, but had no effect on fertility.

Dietary 18:2 stimulated egg production 
with each increase in daily intake. The 
18:2 requirement for egg production was 
not clearly defined in this study, but the 
data suggest that it is between 1 and 2% 
with this type of diet. This estimation of 
the 18:2 requirement for production agrees 
to some extent with the value of 2.5% 
reported from other laboratories (1, 5). 
According to the data in table 2, the 18.2 
requirement of the hen for maximal egg 
size is approximately 2% . This value 
agrees with the results of Shutze et al. 
(2 )  in which they reported maximal egg 
size with 2.5% dietary 18:2, with no fur
ther increase in egg size with levels up 
to and including 7.5% . In agreement with 
earlier studies in this laboratory (7, 12), 
only small quantities of 18:2 are neces
sary for the production of fertile eggs con
taining viable embryos through day 7 of 
incubation. The results of the present 
study show that 0.125% 18:2 was suffi
cient for this reproductive characteristic.

The percentage hatch of fertile eggs ap
pears to give the most sensitive response 
to 18:2. The lipid-containing materials in 
the diet must be exhaustively extracted 
to obtain zero hatchability (7, 11, 12). 
Small residues of 18:2 resulted in percent
age hatchability of 1.2% (13 ) and 1.8% 
in the present study.

The data in table 2 place the 18:2 re
quirement of the hen for hatchability of

fertile eggs at approximately 1% of the 
diet.

There was a gradual increase in the ef
ficiency of egg production (food consumed 
per dozen eggs produced) as the level of 
18:2 was increased (table 3 ). There were 
no significant differences in feed consump
tion and average body weights between 
experimental groups. A significant differ
ence in nutrient intake and average body 
weights was found in an earlier study
(13 ) in which a casein gelatin diet was 
used for an experimental period of 32 
weeks. The results obtained in the pres
ent work show that the extracted isolated 
soy protein diet is quite satisfactory. Bray
(14 ) has reported that controlled caloric 
intake could either negate or reduce the 
effect of dietary corn oil on egg weight 
depending upon the technique employed 
for controlling the intake. In the present 
study, the results show that increased 
levels of 18:2 (corn oil) in the diet of the 
hen stimulated an increase in egg size, 
even though there were no significant dif
ferences in consumption of the isocaloric, 
isonitrogenous diets or in body weights 
(tables 2 and 3 ). These results show that 
the increased egg weight was due to die
tary 18:2, in agreement with the data 
reported by Shutze and Jensen (4 ).

Holman (15 ) has shown that linoleate, 
expressed as percentage of total dietary 
calories, is related to the ratio of eico- 
satrienoic to arachidonic (20 :3  to 2 0 :4 ) 
in the tissues of rats, and has also shown 
that this ratio is indicative of the essen
tial fatty acid status of the animal. These

TABLE 3
E f f e c t  o f  l i n o l e i c  a c i d  ( c o r n  o i l )  o n  f e e d  c o n s u m p t i o n ,  f e e d  e f f i c i e n c y  a n d  b o d y  w e i g h t 1

Treatment Feed
consumption 2

Feed 
per dozen 

eggs
Body wt 3

Linoleic acid, %
9 hg 9

0.0 84.3 1.78» 1,550
0.125 92.9 1.78 b 1,590
0.25 93.3 1.81 » 1,640
0.5 89.5 1.63 ab 1,610
1.0 93.8 1.70 *1> 1,610
2.0 92.7 1.60 1,640
4.0 92.9 1.49 a 1,620

1 Means with different superscripts are significantly different at the 1% level according to 
Duncan’s multiple range test (9).

2 Average feed consumed per hen per day for 20-week experimental period, 
s Average body weight at end of experiment (42 weeks).
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criteria have been used by others to de
termine the 18:2 requirement of swine 
(1 6 -1 8 ), the guinea pig (1 9 ), and the 
chick (2 0 -2 2 ). The application of these 
techniques to the results of the present 
study shows that the 18:2 requirement, 
expressed as percentage of dietary calories, 
is 3.14% for hatchability, and 6.19% for 
egg production and maximum egg size 
(table 4 ). The similarity of caloric intake 
for all experimental groups indicates that 
caloric intake is not necessarily related to 
dietary 18:2. Thus, the 18:2 requirement 
of the hen may be expressed equally well 
as percentage of diet or as percentage of 
dietary calories.

The ratios of 20:3 :o 20:4  found in the 
plasma and liver lipids from the experi
mental groups are shown in table 4. These 
ratios decreased as the levels of dietary 
18:2 were increased. This decrease re
flected the change in the fatty acid pro
file from that of an essential fatty acid- 
depleted hen to a nondepleted hen. Al
though others have used this ratio to ad
vantage, we have been unable to obtain a 
numerical ratio in the groups receiving 
from 1% to 4% 1 8 :2 in  the present study. 
Since only trace amounts of 20:3 were de
tectable in these groups with our chro
matograph, it was impossible to assign a 
definite value. This would suggest that the 
20:3-to-20:4 ratio has only limited appli
cation and cannot be correlated with repro

ductive performance since no values could 
be assigned to correspond with hatchability 
at the 1% level, and egg production and 
maximum egg size at the 2% level of 18:2.

Reid et al. (19 ) have suggested that the 
ratio of oleate to linoleate (18 :1  to 18 :2 ) 
may be a more valid estimation of dietary 
18:2 adequacy than the 2 0 :3-to-20:4 ratio. 
The present study suggests an additional 
advantage of the 18:l-to-18:2 ratio. The 
data presented in table 4 show values of
1.0 or more for 18:l-to-18:2 ratios, in con
trast to values approaching zero for the 
2 0 :3-to-20:4 ratios in the experimental 
groups receiving 1% or more dietary 18:2. 
The 18: l-to-18:2 ratios exhibited the al
leviation of the deficiency of essential 
fatty acids by a gradual decrease as the 
percentage 18:1 declined and the 18:2 
increased in the tissues of hens receiving 
higher levels of 18:2. According to the 
data in table 4, an 18:l-to-18:2 ratio of
5.0 or less indicates an adequate intake 
of 18:2 for the hen for all reproductive 
functions.
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Effect of Positional Distribution on the Absorption 
of the Fatty Acids of Human Milk 
and Infant Formulas * 1
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ABSTRACT A  f a t  a b s o rp t io n  s tu d y  w a s  c o n d u c t e d  in  ra ts  to  d e te r m in e  i f  the  
u n u s u a lly  h ig h  p r o p o r t io n  o f  p a lm it ic  a c id  in  th e  2 -p o s it io n  o f  t r ig ly c e r id e s  c o u ld  be  
r e la te d  to  th e  s u p e r io r  a b s o rp t io n  o f  h u m a n  m ilk  fa t . D ig e s t io n  y ie ld s  f r e e  fa t t y  a c id s  
a n d  2 -m o n o g ly c e r id e s . T h e  m o n o g ly c e r id e s  o f  th e  sa tu ra te d  fa t t y  a c id s  are  m o re  
r e a d ily  a b s o rb e d  th a n  th e  fr e e  a c id s . T e s ts  r u n  o n  a  n u m b e r  o f  fa t s  c o m m o n ly  f e d  
to  in fa n t s , s h o w e d  th a t  th e  h ig h  a b s o rp t io n  o f  h u m a n  m ilk  fa t ,  9 4 .6  ( % ) ,  w a s  
e q u a le d  b y  a  f a t  b le n d  o f  a  s im ila r  fa t t y  a c id  c o m p o s it io n  w it h  a  h ig h  c o n t e n t  o f  
2 -p a lm ito y lt r ig ly c e r id e , 9 6 .3 , in  c o n t r a s t  to  o n e  w it h  lo w  c o n te n t , 8 9 .9 , A b s o r p t io n  
o f  b u t te r fa t  w a s  8 9 .5 , la r d  9 2 .4  a n d  o le o  7 9 .9 . I n d iv id u a l  fa t t y  a c id  a b s o rp t io n  w a s  
in f lu e n c e d  b y  to ta l f a t  a b s o rp t io n . A  l in e a r  r e la t io n s h ip  b e tw e e n  a b s o rp t io n  a n d  th e  
p r o p o r t io n  in  th e  2  p o s i t io n  w a s  d e m o n s tr a te d  f o r  p a lm it ic ,  a n d  to  a  le s s e r  e x te n t , 
f o r  m y r is t ic  a n d  o le ic ,  b u t  n e t  f o r  s te a r ic  a c id . E q u a t io n s  p r e d ic t in g  fa t  a b s o rp t io n  
r e q u ir e d  e m p h a s is  o f  th e  p r o d u c t  o f  s te a r ic  a c id  a n d  p a lm it ic  a c id  e s te r ifie d  in  th e  
p r im a r y  p o s it io n s .

The fat constituent of the milk formulas 
fed to most bottle-fed infants in this coun
try is butterfat, or mixtures of vegetable 
or vegetable and animal fats, often formu
lated to simulate the composition of hu
man milk fat. While these fats are well 
absorbed, most clinical studies have shown 
human milk fat to be better absorbed, par
ticularly in premature and newborn in
fants (1 -6 ) .

In a comprehensive study of fat absorp
tion in infants conducted over 30 years 
ago, Holt and his co-workers (1 )  con
cluded that the absorption of a fat could 
be predicted from its fatty acid composi
tion. Unsaturated or short-chain fatty 
acids favored absorption; long-chain satu
rated fatty acids impaired it. Thus, while 
the superior absorption of the fat of hu
man milk over that o f a cow’s milk for
mula can be explained by the higher 
degree of unsaturaticn of the fat, and to 
a lesser extent by the lower mineral con
tent (1 ) ,  this explanation does not hold 
for current commercial formulas of low 
mineral content and closely similar fatty 
acid composition.

Another possibility relates to an unusual 
feature of the glyceride structure of hu
man milk fat; a relatively high proportion

of the palmitic acid is in the 2 position 
of the triglyceride molecule (7 ). This po
sitional distribution may confer a nutri
tional advantage. Pancreatic lipase spe
cifically attacks the primary ester linkages
(8 )  with the result that a large proportion 
of the palmitic acid is present in the intes
tinal tract as a monoglyceride. The mono
glycerides of the less well-absorbed fatty 
acids are believed to be better absorbed 
than the free acids (9 ). Thus, the ab
sorption of palmitic acid may be greater 
from human milk fat than from any fat 
in which it is esterified predominantly in 
the 1,3 positions.

It was the purpose of the present study 
to examine the relationship between fat 
absorption in the rat and the composition 
and positional distribution of the fatty 
acids of the fats and oils commonly used 
in infant feeding.

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

Fat samples. Human milk fat was pre
pared by extracting a lyophilized composite 
sample of mature human milk with chlor
oform-methanol (2 :1 )  and removing the

Received for publication February 12, 1968.
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solvent by distillation. The butter, lard, 
oleo oil and vegetable oils used in the fol
lowing mixtures v/ere commercial sam
ples. The composition of these blends 
was: (in per cent) OSCC —  40 oleo oil, 
25 soybean oil, 12 corn oil and 23 coconut 
oil; OPPC —- 25 oleo oil, 20 peanut oil, 35 
palm oil and 20 coconut oil; LBC —  70 
lard, 20 butter fat and 10 coconut oil. The 
OPPC and the LBC mixtures were formu
lated to give a fatty acid composition very 
similar to that of human milk. The perti
nent difference between the two was that 
the LBC mixture, like human milk fat, had 
a high proportion of palmitic acid in the 
2 position while in the OPPC mixture pal
mitic was esterified predominantly in the
1,3 positions. The lard component of the 
LBC blend supplied the high content of 2- 
palmitoyltriglyceride (10 -11 ). The OSCC 
blend contained less palmitic and more 
linoleic acid than human milk fat. Lard 
and oleo were selected for comparison be
cause, although they were quite similar in 
content of palmitic and oleic acids, they 
differed markedly in the proportion of pal
mitic acid in the 2 position.

Positional distribution of the fatty acids. 
The proportion of each fatty acid in the 
2 position of the ~riglycerides was deter
mined by the procedure of Brockerhoff and 
Yurkowski (12 ). The fat samples were 
digested by pancreatic lipase to a pre
determined end point and the monoglycer
ide fraction was isolated by thin-layer 
chromatography on silica gel G plates de
veloped with 1.5% acetic acid in isopropyl 
ether. The fatty acid composition of the 
original triglyceride and of the 2 mono
glycerides was determined by gas-liquid 
chromatography.

Fat absorption procedure. Young rats 
of the Sprague-Dawley strain were fed a 
fat-free basal diet consisting of: (g /k g ) 
casein, 220; glucose, 738; salt mixture, 
40 (13 ); vitamin mixture, 1 (13 ); and cho
line chloride 1. Each rat received a daily 
supplement of 0.1 ml of com  oil except 
during a test and 3 days prior to it.

The rats were divided into groups with 
equal average weight, 6 rats/group. Each 
group was fed the test fat incorporated 
into the basal diet at the 15% level re
placing an equal amount of glucose. This 
diet was fed ad libitum for 3 days, fol

lowed by the fat-free diet for 3 more days. 
A preliminary study had shown that fat 
excretion returns to the endogenous level 
within this period. Feces were collected 
for the 6-day period and stored under etha
nol. In each experiment a group receiving 
only the fat-free diet for 6 days served 
as a control for the estimation of the en
dogenous fecal fat excretion for rats of 
this age and body weight. The total fatty 
acid content of the food and feces was 
determined by the method of van de 
Kamer (1 4 ), and an aliquot of the iso
lated fatty acid fractions was analyzed by 
gas-liquid chromatography. The absorp
tions of the total and individual fatty acids 
were calculated from the ratios of the 
amounts in the feces corrected for endoge
nous excretion to the amounts ingested.

Samples for gas-liquid chromatography 
were methylated by the procedure of Met
calfe et al. (15 ). The esters were sepa
rated on a 183 cm X 0.635 cm column 
packed with 10% ethylenesuccinate meth- 
ylsilicone and Gas Chrom P.2 The separa
tion of the various peaks conformed to the 
requirements recommended by the Ameri
can Oil Chemists Society (16 ).

E X P E R IM E N T A L  R E S U L T S

Positional distribution of fatty acids. 
The results of analysis of the fat samples 
for fatty acid composition and the propor
tions of each of the major fatty acids in 
the 2 position of the triglycerides are pre
sented in table 1. The proportions of the 
fatty acids found in the 2 position are in 
good agreement with published values for 
human milk fat, butter, lard and oleo oil 
(beef fat) (7, 17-19) and the values for 
the experimental mixtures are consistent 
with reported data on the constituent oils 
(20 ).

A comparison of the values for palmitic, 
stearic, and oleic acids shows that the 
LBC and OPPC mixtures duplicate the 
total fatty acid composition of human milk 
fat reasonably well, but only the LBC mix
ture resembles human milk fat in the 
high proportion of palmitic acid in the 
2 position (table 2 ). The proportion of
2-palmitic acid is high in lard, intermedi
ate in butter fat, and low in oleo, OPPC

2 Applied Science Laboratories, State College, Penn
sylvania.
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TABLE 1

Composition of fat samples and the proportion of fatty acids in the 2 position
Fatty
acids LBC i Human

milk OPPC 2 OSCC 3 Lard Oleo Butterfat

% * %/9 » % % p % % %/3 % %/3 % %/3 % % e
C 1 2 :0 5 .3 6 7 4 .7  3 6 1 0 .0  73 11 .4 74 — — — --- - 2 .9  51
C 1 4 :0 5 .1 6 2 7 .8  5 7 5 .0  3 4 5 .6 3 4 1.6 8 8 3 .6 6 7 1 2 .0  6 9
C 1 6 :0 2 5 .2 71 2 7 .3  6 8 2 5 .8  1 8 17 .1 13 2 8 .8 8 4 2 6 .3 18 3 0 .7  4 3
C 1 8 :0 11 .6 11 9 .7  5 7 .7  12 9.1 12 13 .0 10 18 .6 14 1 1 .6  11
C 1 8 :1 3 8 .9 7 3 4 .5  9 3 5 .6  3 5 2 7 .4 3 2 4 3 .3 8 4 3 .6 4 4 2 6 .0  16
C 1 8 :2 8 .7 12 9 .5  18 1 1 .4  51 2 3 .8 3 6 11 .2 10 2 .4 4 4 1 .8  18
C 1 8 :3 0 .8 — 1 .5  — 0 .7  — 3 .0 2 6 1.0 — — — 0 .9  —

1 LBC — lard, butter and coconut (see text fcr proportions).2 OPPC - -  oleo, palm, peanut and coconut.
3 OSCC- -  oleo, soybean,, com  and coconut.
4 By weight.
5 Percent in 2 position.

TABLE 2
Fatty acid composition of the feces

Dietary
fat LBC 3 Human

milk OPPC 3 OSCC 3 Lard Oleo
oil Butterfat Fat-

free
weight %

C 1 2 :0 1.3 1.3 3 .8 3 .6 — — 1.0 0 .2
C 1 4 :0 3 .7 4 .2 6.1 6 .2 0 .7 2 .0 7 .9 1.5
C 1 6 :0 2 9 .3 3 0 .2 5 2 .2 4 1 .9 2 3 .4 4 1 .8 5 0 .5 2 1 .0
C 1 8 :0 4 4 .1 3 7 .0 2 2 .3 3 0 .5 5 3 .3 4 1 .6 2 9 .3 16 .2
C 1 8 :1 14 .0 19 .6 10 .2 12 .5 17 .6 10 .8 7 .9 11 .4
C 1 8 :2 1.4 1.5 1.0 2 .4 1.5 0 .3 0 .2 2 .4
C 1 8 :3 0 .8 1 .7 — — 1.3 0 .3 — 7 .4
Others 5 .4 4 .5 4 .1 2 .9 3 .2 0 .2 3 .2 3 9 .9

1 Average values for 2—5 groups of rats, 6/group.
2 Uncorrected for endogenous excretion.
3 See footnote to table 1.

and OSCC. Stearic acid is predominantly 
present in the 1,3 position in all fats. The 
distribution of oleic acid varied from 7 to 
44% in the 2 position.

Fatty acid composition of the feces. 
The fatty acid composition of the feces of 
rats fed the various fats is presented in 
table 2. Stearic, palmitic, and oleic acids 
constituted 85 to 94% of the fatty acids 
of the feces from rats fed fats. In con
trast, 40% of the fecal fatty acids of rats 
fed the fat-free diet consisted of fatty acids 
other than the common food fatty acids. 
In addition to those listed in the table, 17 
other fatty acids were found; predominant 
among these were C 1 5 :0 (9 % ), C20: 
0 (3 % ) , C 20:4(3%  ), C 2 2 :0 (4 % ), C24: 
0 (8 % ) , and C 24 :l(3%  ). The nature of 
the “endogenous” fecal fat has been re
ported to be determined by the intestinal 
bacteria and not to vary with the type of 
fat in the diet, or the depot fat of the 
rats (2 1 ). In the current study it was

assumed that the endogenous fat excre
tion did not change when fat was ingested. 
Results consonant with this assumption 
were obtained in a preliminary experiment 
in which excretion was measured in 
groups of rats fed diets with the same fat 
varying in content from 5 to 30% of the 
diet. When the regression line of fecal 
fat to food fat was extrapolated to zero 
fat intake, the calculated value did not 
differ appreciably from that obtained with 
the feeding of a fat-free diet.

Fat absorption studies. The detailed 
data from a typical test are presented in 
table 3. Table 4 summarizes the results 
of all assays, with the absorbability of the 
various fats presented in decreasing order. 
Since the replicate determinations agreed 
closely, the values for each fat were com
bined for statistical analysis. With the ex
ception of the comparisons, OSCC versus 
lard and OPPC versus butter, each average
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TABLE 3
Data from a typical fat absorption experiment

Fat Intake E xcreted A bsorption  1

mmoles mmoles %
H u m a n 2 6 .2 5 1.21 9 2 .7

3 1 .0 5 1.91 9 4 .4
2 1 .4 0 1 .89 9 1 .2 9 4 .7  ± 0 . 9 0
2 7 .8 0 1 .3 2 9 6 .3
2 5 .8 0 1 .15 97 .1
2 7 .5 0 1 .33 9 6 .3

L B C 2 2 2 .1 5 0 .8 5 9 7 .5
2 6 .1 0 1 .38 9 5 .9
2 7 .7 5 1 .74 9 4 .8
3 2 .2 5 2 .3 1 9 3 .8 9 5 .9  ± 0 . 5 5
3 1 .0 0 1 .35 9 6 .7
2 7 .3 0 1 .3 2 9 6 .4

O le o  o i l 3 4 .1 0 7 .0 4 8 0 .5
2 9 .6 0 6 .9 7 77 .5
2 9 .3 5 6 .4 5 7 9 .0 7 8 .6  ± 0 . 4 9
2 8 .4 0 6 .6 4 7 7 .7
3 0 .3 5 7 .0 9 7 7 .6
2 6 .5 5 5 .8 4 79 .1

L a r d 2 7 .9 5 2 .7 7 9 1 .2
3 1 .0 5 2 .3 7 9 3 .3
2 9 .0 0 3 .0 0 9 0 .7 9 2 .5  ± 0 .6 6
1 9 .8 5 1 .99 9 1 .5
3 2 .2 5 2 .1 6 9 4 .2
2 8 .1 5 1 .89 9 4 .4

F a t-fr e e 0 .3 1
0 .3 2
0 .3 3
0 .2 8
0 .2 6
0 .3 2

0 .3 0  A v g .

1 Corrected fo r  endogenou s fa t  excretion .
JL B C  —  lard , butter and  cocon u t (see  text fo r  p rop ortion s).

TABLE 4
Total fatty acid absorption

Fat

A bsorption  determ inations

A vg  ±  SE1 2 3 4

% % % %
L B C  1 9 5 .9  ± 0 . 5 5 9 6 .6 ± 0 .7 0 — — 9 6 .3  ± 0 . 4 6
H u m a n  m ilk  fa t 9 4 .8  ± 0 . 3 5 9 4 .8  ± 0 . 8 3 9 5 .3  ± 0 . 3 0 9 4 .7  ± 0 . 9 0 9 4 .9  ± 0 . 1 4
O S C C  1 9 2 . 2 ±  0 .9 0 9 5 .7  ± 0 . 5 7 9 4 .4  ± 0 . 6 6 — 9 3 .4  ± 0 .4 1
L a rd 9 2 .3  ± 0 . 6 7 9 2 .5  ± 0 . 6 6 — — 9 2 .4  ± 0 . 4 5
O P P C  1 9 0 .6  ± 0 . 7 2 8 9 .1  ± 0 . 7 4 90 .1  ± 0 .2 8 — 8 9 .9 ±  0 .1 7
B u tte r fa t 9 0 .4 ±  1.3 8 8 .7  ± 0 .4 1 — — 8 9 .5  ± 0 . 8 5
O le o  o i l 8 1 . 2 ±  1.9 7 8 .6  ± 0 .4 9 — — 7 9 .9  ±  0 .9 3

i  See footn ote  to  tab le  1.

value was significantly different from all 
the others (t  test, P =  0.05 or less).

The LBC mixture, resembling human 
milk fat in total fatty acid composition 
but containing a slightly higher proportion

of 2-palmitic acid, was slightly better ab
sorbed than human milk fat. In contrast, 
the OPPC mixture also with a fatty acid 
composition simulating human milk but 
with a low proportion of 2-palmitic acid
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was definitely less well absorbed. Lard 
was more efficiently absorbed than oleo; 
however, superior absorption cannot be en
tirely attributed to the differences in con
tent of 2-palmitic acid. Although the two 
fats are reasonably alike in total fatty acid 
composition, lard contains less stearic and 
more linoleic acid than oleo, both factors 
favoring total absorption.

The absorptions of the individual fatty 
acids in each fat are presented in table 5. 
The ranking of the fatty acids was the 
same for all fats; linoleic acid was the 
best absorbed, followed in order by lauric 
or oleic, myristic, palmitic and stearic 
acids.

The data of figure 1 show that the ab
sorption of each fatty acid is in general 
directly related to the absorption of the

total fatty acids of the fat; i.e., in a less 
well absorbed fat, such as oleo, every fatty 
acid is less well absorbed than in the bet
ter absorbed fats. Figure 1 also shows that 
some fatty acids deviate from the general 
trend; in lard, palmitic acid is exception
ally well absorbed, but it is relatively 
poorly absorbed in OSCC and OPPC.

This influence of the total fatty acid 
composition on the absorption of the indi
vidual fatty acid tends to obscure correla
tions between positional distribution and 
the absorption of the fatty acid. In the 
data of figure 2 the effect of positional dis
tribution on absorption has been isolated 
from the numerous other variables by ex
pressing the absorption c f the fatty acid 
as the ratio of its absorption to the absorp
tion of the total fatty acids on the particu-

TABLE 5
Absorption of individual fatty acids

Fatty
acid LBC H um an

m ilk OSCC i L ard OPPC 1 B utterfat Oleo
o il

C 1 2 :0 9 9 .4 9 8 .7 9 7 .5
absorption, %

96 .1 9 6 .5
C 1 4 :0 97 .1 9 6 .8 9 1 .5 9 8 .0 8 7 .8 9 2 .7 8 9 .1
C 1 6 :0 95 .1 9 2 .5 8 4 .2 9 3 .4 7 8 .2 8 2 .5 6 7 .0
C18-.0 8 2 .3 7 4 .3 7 4 .2 6 8 .0 70 .4 73 .4 5 3 .4
C 1 8 :1 9 8 .6 97 .1 9 7 .7 96 .8 97 .1 9 6 .9 9 4 .1
C 1 8 :2 9 9 .5 9 9 .4 9 9 .4 9 9 .4 99 .1 9 9 .5 9 8 .3

T o ta l fa t t y  a c id s 9 3 .3 9 4 .9 9 3 .4 9 2 .4 8 9 .9 8 9 .5 7 9 .9

i See footnote to table 1.

F ig . 1 R e la t io n s h ip  o f  th e  a b s o rp t io n  o f  th e  in d iv id u a l  fa t ty  a c id s  to  to ta l fa t ty  a c id s .
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F ig . 2  R e la t iv e  fa t t y  a c id  a b s o r p t io n  a n d  th e  p r o p o r t io n  in  th e  /3 - (2 )  p o s it io n .

lar fat. The data of figure 2 clearly in
dicate that the relative absorption of 
palmitic acid was linearly related to the 
proportion in the 2 position of the trigly
ceride molecule. This relationship, with 
several exceptions, was also true for oleic 
acid and myristic acids. The positional 
distribution on the glyceride molecule did 
not appear to influence the absorption of 
lauric acid or stearic acid. In the case of 
stearic acid, however, this conclusion can 
only be tentative since, in the fat samples 
tested, stearic acid was predominantly in 
the 1,3 positions.

D IS C U S S IO N

The results of the present study assess
ing the influence of positional distribution 
of the fatty acids on fat absorption have 
offered an explanation for the superior ab
sorption of human milk fat by the infant 
that could not be explained by fatty acid 
composition alone. The importance of the 
positional distribution of the fatty acids 
of the common food fats applies particu
larly to palmitic acid since it is one of the 
major constituents and is relatively poorly 
absorbed. The unsaturated and the short- 
chain saturated fatty acids are well ab
sorbed regardless of positional distribution. 
Stearic acid, the most poorly absorbed of 
the common fatty acids, is generally pres
ent at concentrations only one-half to one-

third that of palmitic acid, and in all fats 
tested to date (7, 17-20) was predomi
nantly in the primary positions. In the 
present study the absorption of stearic acid 
could not be related to the proportion in 
the 2 position suggesting that the mono
glyceride of stearic acid is no better ab
sorbed than the free acid. As mentioned 
previously, however, the percent in the 2 
position varied only from 5 to 14% in the 
seven fats studied and the influence of 
other factors may have overridden that of 
positional distribution.

The present results, indicating a rela
tionship between the positional distribu
tion and the absorption of palmitic acid, 
are in accord with the results of the chick 
study conducted by Renner and Hill (22 ). 
These authors found that when lard is 
“randomized,” i.e., treated so that the pal
mitic and stearic acids are equally dis
tributed on the glyceride molecule, there 
was a significant loss in the absorption of 
palmitic acid consistent with the decrease 
in the proportion in the 2 position. Stearic 
acid absorption was found to increase 
slightly, but the increase was not statisti
cally significant. Under the adverse influ
ence of decreased palmitic absorption, 
however, a concomitant decrease in stearic 
absorption would be expected, so that the 
slight increase found was not inconsistent 
with an improvement in absorption result
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ing from an increase in the proportion of 
2 esterified stearic acid from 10 to 33%. 
The relationship of absorption and posi
tional distribution of stearic acid will re
quire further study.

In analyzing the data of the present 
study it appeared that, at least with the 
seven fats studied, the most important fac
tors adversely influencing total fat absorp
tion in the rat are the content of palmitic 
acid in the 1,3 positions, and the total 
stearic acid content. With the aid of a 
digital computer numerous equations as
sociating fat excretion with fatty acid com
position were examined and a high degree 
of correlation was found in all equations 
emphasizing the content of 1,3-palmitic 
and 1,3- or total stearic acid. An example 
of one of the simpler descriptions of the 
relationship was:

to ta l fa t ty  a c id  e x c r e t e d  =  0 .0 5  ( 1 ,3 -  
p a lm it ic  X  1 ,3 - s t e a r ic )  +  2 .5 ;  r2 =  
0 .9 1 ;  w ith  fa t t y  a c id  c o n c e n t r a t io n s  
e x p r e s s e d  as m o le  p e r c e n t .
In studies with the chick, Young and 

Garrett (23 ) also noted an interaction be
tween stearic and palmitic acids, which 
when fed together tended to decrease the 
absorption of each other.

No convincing evidence was found in 
the current study that either oleic or lino- 
leic acid specifically influenced the absorp
tion of palmitic or stearic acids. Common 
food fat mixtures of high unsaturation are 
necessarily low in long-chain saturated 
fatty acids, and the improvement in stearic 
or palmitic absorption can be explained as 
readily by the decreased product of the 
interaction between these two acids as by 
the increase in unsaturation. Experiments 
are now in progress with fat blends of a 
composition more appropriate for the 
study of the influence of unsaturated and 
short-chain fatty acids on palmitic and 
stearic acid absorption.
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ABSTRACT T lie  e f fe c t s  o f  d ie t  a n d  a n t ib io t ic s  o n  p y r u v a te  k in a s e , g lu c o s e  6 -p h o s 
p h a ta s e  a n d  ty ro s in e -a -k e to g lu ta r a te  t ra n s a m in a s e  a c t iv it ie s  w e r e  in v e s t ig a te d  in  m a le  
S p ra g u e -D a w le y  ra ts . F e e d in g  a  9 0 %  c a s e in  d ie t  to  a n im a ls  p r e - fe d  w it h  a  9 0 %  c a r 
b o h y d r a te  d ie t  f o r  4  d a y s  in c r e a s e d  th e  a c t iv it ie s  o f  a l l  3  e n z y m e s . F o r c e - fe e d in g  w it h  
c a s e in  h y d r o ly s a te  in c r e a s e d  g lu c o s e  6 -p h o s p h a ta s e , ty ro s in e -a -k e to g lu ta ra te  t ra n s 
a m in a s e  a n d  p y r u v a te  k in a s e  a c t iv ity , th o u g h  th e  la t te r  in c r e a s e  w a s  o b s e r v a b le  o n ly  
in  th e  a n im a ls  p r e - fe d  w it h  g lu c o s e . T h e  in c r e a s e  in  g lu c o s e  6 -p h o s p h a ta s e  a c t iv ity  
w a s  p a r t ia l ly  p re v e n te d  b y  a c t in o m y c in  D  a n d  a lm o s t  to ta lly  p re v e n te d  b y  c y c lo h e x i -  
m id e . T h e  in c r e a s e  in  p y r u v a te  k in a s e  a c t iv ity  ( i n  th e  a n im a ls  p re - fe d  w it h  g lu c o s e )  
w a s  n o t  a f fe c te d  b y  a c t in o m y c in  D , b u t  w a s  p re v e n te d  b y  c y c lo h e x im id e . B o th  a n ti
b io t ic s  in c r e a s e d  ty ro s in e -a -k e to g lu ta ra te  t ra n s a m in a s e  a c t iv ity  f a r  h e y o n d  th e  in c r e a s e  
c a u s e d  b y  f o r c e - fe e d in g  c a s e in  h y d r o ly s a te  a lo n e . 8 -A z a g u a n in e  d e c r e a s e d  th e  in d u c 
t io n  o f  g lu c o s e  6 -p h o s p h a ta s e  b y  f o r c e - fe e d in g  c a s e in  h y d r o ly s a te  w ith o u t  in d u c in g  
ty ro s in e -a -k e to g lu ta ra te  t ra n s a m in a s e  o r  d e c r e a s in g  th e  in d u c t io n  o f  th e  tra n s a m in a s e  
b y  a c t in o m y c in  D  o r  c y c lo h e x a m id e .  P y ru v a te  k in a s e  a c t iv ity  w a s  in d u c e d  b y  fo r c e -  
f e e d in g  c a r b o h y d r a te  to  ra ts  p r e - fe d  f o r  5  d a y s  w it h  a  9 0 %  c a s e in  d ie t. T h e s e  in 
c re a s e s  w e r e  p re v e n te d  b y  b o t h  a c t in o m y c in  D  a n d  c y c lo h e x im id e .  T y ro s in e -a -k e to g lu 
ta ra te  t ra n s a m in a s e  w a s  n o t  in d u c e d  b y  th e  a n t ib io t ic s  in  th e se  a n im a ls . G e n e ra lly , e n 
z y m e  a c t iv it ie s  w e r e  h ig h e r  in  th e  a n im a ls  p r e - fe d  w ith  f r u c t o s e , e v e n  a fte r  fo r c e -  
fe e d in g .  T h e  re su lts  a re  in  a g r e e m e n t  w ith  th o s e  f o r  a n  e a r lie r  p r o p o s e d  m e c h a n is m  o f  
c o n t r o l  f o r  th e  s y n th e s is  o f  p y r u v a te  k in a s e ; th a t  is , th e  s y n th e s is  o f  th is  e n z y m e  is  
c o n t r o l le d  a t  th e  t ra n s la t io n a l le v e l  w h e n  th e  d ie ta ry  c h a n g e  is  f r o m  a  p r o te in - fr e e  to  
a  h ig h  p r o te in  d ie t  a n d  at th e  t r a n s c r ip t io n a l  l e v e l  in  th e  c a s e  o f  th e  h ig h  p r o te in  to  

p r o te in - fr e e  d ie ta ry  c h a n g e

In previous reports (1 ,2) it was noted that 
pyruvate kinase activity can be increased 
by a high protein diet following pre-feeding 
a high carbohydrate diet or by feeding a 
high carbohydrate regimen to rats pre-fed 
a high protein diet (3 ). Since carbohy
drate has been shown to be a potent in
ducer of pyruvate kinase (4, 5 ), it was 
suggested (1, 2 ) that pyruvate kinase ac
tivity was increased by a high protein diet 
following the feeding of a protein-free, 
high carbohydrate regimen by relieving the 
inhibition of protein synthesis brought 
about by the absence of protein in the pre
fed diet. Furthermore, it was suggested 
(1, 2 ) that the transitory increase in pyru
vate kinase activity after the feeding of a 
high protein diet was due to increased syn
thesis of the enzyme regulated at the level 
of translation and, therefore, should be in
dependent of messenger RNA synthesis. 
However, the induction of pyruvate kinase 
by high carbohydrate diet following the

feeding of a high protein diet was postu
lated to involve increased synthesis of 
messenger RNA (1 -3 )  and should be de
pendent on messenger RNA synthesis. 
These experiments were undertaken to test 
the assumptions above, using diets and 
antibiotics.

Preliminary work showed that tyrosine- 
a-ketoglutarate transaminase activity was 
increased by actinomycin D and cyclohex
imide. Therefore, the relationship between 
dietary treatment, antibiotics and tyrosine- 
a-ketoglutarate transaminase activity was 
also investigated.

E X P E R IM E N T A L

Animals. Male rats of the Sprague- 
Dawley strain, weighing 160 to 190 g were 
used for all experiments. The animals

Received for publication February 5, 1968.
1 Supported in part by Public Health Service Re

search Grant no. AM-04732 from the National Insti
tute of Arthritis and Metabolic Diseases.

J. Nutrition, 95: 591-602. 591
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were housed individually in screen-bottom 
cages and were offered water ad libitum.

To establish a uniform dietary back
ground, the animals were fed for 3 to 5 
days a commercial laboratory ration im
mediately after receipt. Two basic experi
mental designs were used. The first ex
perimental design was the following: The 
animals were fed ad libitum for 4 days a 
diet consisting of 5% com  oil; 4% min
erals (6 ) ;  1% vitamins (7 ) ;  and 90% 
carbohydrate, either glucose, or fructose. 
The control animals were killed after 4 
days of being fed the 90% carbohydrate 
diet. The experimental animals were sub
jected to further dietary treatment: One 
group was force-fed twice with 4 ml/feed- 
ing of 50% casein hydrolysate (enzy
matically hydrolysed), first at 10 a m  and 
again at 10 p m , another group was fed the 
same amount of casein hydrolysate (4  g 
of powder without corn oil, minerals or 
vitamins) ad libitum and the third group 
was fed ad libitum the 90% casein diet con
taining corn oil, salt and vitamins in the 
same proportion as described above. The 
experimental animals were killed 24 hours 
after the first force-feeding or dietary 
change.

The second experimental design was the 
following: The animals were fed ad libi
tum for 5 days the 90% casein diet. In 
the control group, food was withdrawn 12 
hours before killing; in the experimental 
groups, food was withdrawn for the same 
length of time before the dietary change. 
The experimental animals were subjected 
to the following dietary treatments: One 
group was fed ad libitum a 90% carbohy
drate diet (glucose or fructose) for 1 or 2 
days before killing, and another group was 
force-fed 3 times (10 a m , 4 p m  and 10 
p m )  with 4 ml/feeding of 50% glucose or 
sucrose. The force-fed animals were killed 
24 hours after the first force-feeding.

Antibiotics were injected intraperitone- 
ally in 2 doses, one at 10 a m  and the sec
ond at 10 p m . The injections were admin
istered immediately after force-feeding. A 
single dose was administered in a volume 
of 1.5 ml of water. 8-Azaguanine was dis
solved by adjusting the pH of the solution 
to ten. Solutions containing actinomycin 
D 2 and 8-azaguanine were prepared by 
first dissolving actinomycin D in water and

then adding 8-azaguanine and adjusting to 
pH 10. When cycloheximide and 8-azagua
nine were both administered, they were 
injected separately in a total volume of 
1.75 ml.

Determinations. Animals were decapi
tated in the early morning. The livers were 
immediately removed, rinsed, blotted, 
weighed and chilled over ice. A 10% liver 
homogenate was prepared with ice-cold, 
0.14 m  KC1 (pH 7.4) using a Potter-Elveh- 
jem homogenizer. Total liver protein was 
determined in this crude homogenate by a 
modified biuret procedure (8 ) . Liver gly
cogen was determined by a turbidimetric 
method (9 ). The crude homogenate was 
centrifuged at zero to 4° for 30 minutes at
20,000 X g and the clear homogenate was 
used for the determination of soluble liver 
protein (8 ) , pyruvate kinase (10 ) and tyro- 
sine-a-ketoglutarate transaminase (11 ). 
The latter 2 enzymes were assayed at 25° 
using a Gilford Model 2000 multiple ab
sorbance recorder. Glucose 6-phosphatase 
activity was determined by measuring the 
amount of inorganic phosphate liberated in 
15 minutes at 37° using a 5% crude liver 
homogenate prepared with ice-cold, 0.1 M  
potassium citrate buffer (pH 6.5) (12 ). 
Enzyme activity was expressed as units 
per 100 g body weight and one unit of 
enzyme activity was defined as the amount 
of enzyme which can produce 1 nmole of 
product/minute under the conditions of 
the assay.

R E S U L T S

Effects of dietary treatment on body size, 
relative liver size and liver protein. Body 
size was decreased 14 to 18% by feeding 
the protein-free, high carbohydrate diets for 
4 days. The weight loss was about the 
same whether the carbohydrate fed was 
glucose or fructose. Body size was slightly 
increased by feeding the 90% casein diet 
for 5 days.

Relative liver size (RLS) 3 values were 
4.33 in the animals fed the commercial 
laboratory ration, 3.81 in the animals pre
fed with the 90% glucose diet, 5.09 in the 
animals pre-fed with the 90% fructose diet

2 Actinomycin D was a generous gift from the 
Merck, Sharp and Dohme Company.

s RLS =  (weight of liver) x 100/(body weight at 
time of killing).
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and 3.95 after feeding the 90% casein 
diet for 5 days (table 1). Since body size 
was decreased about equally by either of 
the 2 carbohydrate diets fed, the large val
ues of RLS observed in the animals fed 
fructose can be attributed to a better main
tenance of liver weight.

The effects of refeeding with the 90% 
casein diet after feeding the high carbo
hydrate diets for 4 days was dependent on 
the carbohydrate fed: thus, in the animals 
pre-fed with the 90% glucose diet, RLS 
was increased by protein feeding, though 
slightly, whereas in the fructose-fed ani
mals protein feeding caused a very sub
stantial decrease in RLS (table 1). How
ever, the feeding of casein hydrolysate, 
especially when force-fed, caused a sub
stantial reduction in RLS (tables 1, 2), even 
in the animals pre-fed with glucose. This 
may have been due to induced intestinal 
stress or inadequate absorption from the 
intestine. Diarrhea observed in rats force- 
fed with casein hydrolysate, especially 
when injected with antibiotics, indicated 
that force-feeding with casein hydrolysate 
and injection of antibiotics did produce a 
certain amount of intestinal trauma.

In the animals maintained with the com
mercial laboratory ration, total liver pro
tein values averaged 905 m g /100 g body 
weight. This value was decreased by feed

ing the 90% glucose diet to 716 (table 1). 
In contrast with this, the feeding of the 
90% fructose diet (table 1) caused no 
detectable decreases in liver protein values. 
It is significant that liver protein values 
remained high in fructose-fed animals even 
though the diet contained no protein, 
whereas this was not true if glucose were 
fed. The reasons for this difference are 
not clear.

The feeding of casein hydrolysate (force- 
fed or fed ad libitum) to rats pre-fed with 
the 90% glucose diet did not restore total 
liver protein (tables 1, 2). The 90% casein 
diet, however, increased total liver protein 
values to the levels found in animals main
tained on a commercial laboratory prepara
tion (table 1). In the animals pre-fed with 
fructose the feeding of casein hydrolysate 
or the 90% casein diet caused a slight de
crease in total protein. The 20% decrease 
in RLS values, observed in the fructose-fed 
rats after protein feedings, therefore, must 
have occurred mostly at the expense of 
liver components other than protein.

Changes in liver glycogen due to diet and 
antibiotics. Liver glycogen values are 
given as milligrams per 100 g body weight. 
From these values the glycogen content of 
liver in per cent can be calculated by divid
ing the milligrams/100 g body weight val
ues by 10 times the RLS.

TABLE 1
Liver constituents in rats fed ad libitum

D ietary
treatm ent

R elative 
liv e r  size 1 L iver g lycogen To~al liver  p rotein

L a b o r a to r y  r a t i o n 2 ( 8 )  3 4 .3 3  ± 0 . 1 2  4
mg/ 1 0 0  g body wt

1 6 8  ±  13
mg/ 1 0 0  g body wt 

9 0 5  ± 1 4

4  d a y s  9 0 %  g lu c o s e  ( 8 ) 3 .8 1  ± 0 . 1 7 19 1  ± 2 4 7 1 6 ± 2 1
+ 1  d a y  9 0 %  c a s e in  ( 8 ) 4 .0 9  ± 0 . 0 8 3 7 .8  ±  6 .1 9 2 8  ± 5 2
+ 1  d a y  c a s e in  h y d r o ly s a te  5 ( 8 ) 3 .4 8  ± 0 . 0 7 <  10 6 5 2  ± 2 1

4  d a y s  9 0 %  fr u c t o s e  ( 1 0 ) 5 .0 9 ± 0 .1 5 3 9 3  ± 3 3 9 3 6  ± 2 7
+ 1  d a y  9 0  %  c a s e in  ( 8 ) 4 .0 9  ± 0 .0 8 <  10 8 6 1  ± 3 4
+ 1  d a y  c a s e in  h y d r o ly s a te  5 ( 8 ) 3 .6 5  ± 0 . 0 7 <  10 6 8 4  ± 3 6

5  d a y s  9 0 %  c a s e in  6( 8 ) 3 . 9 5 ± 0 .0 9 3 9 .7  ±  3 .2 9 1 4  ± 4 5
+  1 d a y  9 0 %  g lu c o s e  6 ( 4 ) 4 . 1 8 ± 0 .1 9 2 6 9  ± 4 3 9 5 4  ± 1 0
+  2  d a y s  9 0 %  g lu c o s e  6 ( 2 ) 3 .8 7 161 5 8 5
+ 1  d a y  9 0 %  fr u c t o s e  6 ( 4 ) 4 .0 3  ± 0 . 1 7 1 4 7  ± 9 4 9 2 8  ± 8 9
-| -2  d a y s  9 0 %  fr u c t o s e  6 ( 2 ) 4 .4 8 2 0 0 74 8

1 (Weight of liver x 100)/body weight.
2 Pelleted Purina Rat Chow, Ralston Purina Company, St. Louis.
3 Number of animals used in experiment.
4 se of mean.
3 All the animals were offered 4 g of casein hydrolysate; some animals consumed less than this 

amount.
6 The 90% casein diet was withdrawn for 12 hours before killing or further dietary treatment.
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Liver glycogen values were (in m g/100 
g body wt and per cent, respectively) 168 
(3.88% ) in rats fed the commercial prep
aration, 191 (5.02% ) in glucose-fed rats, 
393 (7.73% ) in fructose-fed rats, and 39.7 
(1.05% ) in rats fed the 90% casein diet 
for 5 days (table 1). Force-feeding of 
casein hydrolysate or feeding an equal 
amount of casein hydrolysate ad libitum 
decreased liver glycogen to nonmeasurable 
levels (tables 1, 2 ). Feeding the 90% 
casein diet to these animals caused an al
most equal depletion (table 1). The sharp 
decrease in liver glycogen values were not 
caused by force-feeding, as when glucose 
or sucrose were force-fed to rats adapted 
to a 90% casein diet; the glycogen con
tent of liver was substantially increased 
(table 3). It appears then that increased 
glycogenolysis is an important part of the 
stress syndrome which is brought about 
by a sudden absence of carbohydrate from 
the diet and the subsequent influx of amino 
acids into the liver. The increase in gly
cogen deposition produced by force-feeding 
carbohydrate was reduced, but not elimi
nated, by antibiotics (table 3). This indi
cates that the antibiotics also cause a cer
tain amount of stress, but not nearly as

much as occurs due to the force-feeding of 
casein hydrolysate. The inhibitory effect 
of antibiotics on glycogen deposition after 
force-feeding carbohydrate is qualitatively 
similar to the partial inhibition of glycogen 
deposition by actinomycin D following the 
injection of glucocorticoids (13, 14).

Induction of glucose 6-phosphatase. 
The activity of glucose 6-phosphatase in 
animals fed the commercially prepared 
diet was found to be about 55 units/100 g 
body weight (table 4 ). This activity was 
not reduced by feeding the 90% glucose 
diet for 4 days (table 4 ). Casein hydro
lysate, force-fed or fed ad libitum, in
creased this value by about 100% (tables 
4, 5 ). Feeding the high protein diet to the 
animals pre-fed with glucose produced 
about the same amount of increase in glu
cose 6-phosphatase activity. Part of the 
induction produced by force-feeding ca
sein hydrolysate was inhibited by actino- 
mycin D and cycloheximide (table 5 ), 
the latter being more effective in prevent
ing the increase in the activity of this en
zyme. Previously, the induction of glucose
6-phosphatase by cortisol was shown to be 
prevented by actinomycin D (1 5 ), ethio- 
nine (16 ) and 8-azaguanine (17 ). The in-

TABLE 2
Liver constituents in rats force-fed with casein hydrolysate

Dietary
treatment Injections 1 Relative 

liver size 2 L iver glycogen Total liver protein

mg/100 g body wt mg/100 g body wt

P re - fe d  4  d a y s  w it h  9 0 %  g lu c o s e  d ie t
C o n tr o l  ( 8 )  3 n o n e 3 .8 1  ± 0 . 1 7  4 19 1  ± 2 4 7 1 6 ± 2 1
F o r c e - f e d 5 ( 4 ) P S P 6 3 .9 0  ± 0 . 1 6 <  2 0 6 5 3  ± 7 2
F o r c e - fe d  ( 5 ) 2  X 15  Mg A c D 3 .7 9 ± 0 .1 3 <  10 8 0 9  ±  6 0
F o r c e - fe d  ( 3 ) 2  X 2 5  Mg C H X 3 .1 3 ± 0 .0 8 <  10 5 7 7 ± 8 5

P r e - fe d  4  d a y s  w it h  9 0 %  fr u c t o s e  d ie t
C o n tr o l  ( 1 0 ) n o n e 5 .0 9  ± 0 . 1 5 3 9 3  ± 3 3 9 3 6  ± 2 7
F o r c e - fe d  5 ( 8 ) P S P 4 .1 2  ± 0 . 0 8 <  10 8 1 0  ± 6 1
F o r c e - fe d  ( 6 ) 2  X 7 .5  m g  8 A G 4 . 1 3 ± 0 .1 4 3 3 .4  ±  7 .5 7 5 9  +  3 9
F o r c e - fe d  ( 1 2 ) 2  X 15  ,ug A c D 4 .0 0  ± 0 .0 8 <  10 7 5 9  ± 4 3
F o r c e - fe d  ( 8 ) 2 X 2 5  ,ag C H X 3 . 8 9 ±  0 .1 3 <  10 7 0 7  ± 5 3
F o rc e -fe d  ( 1 1 ) 2 X  ( 1 5  Mg A c D  +

7 .5  m g  8 A G ) 3 .9 5  ± 0 . 0 4 <  10 8 3 3  ±  9 5
F o r c e - fe d  ( 1 1 ) 2 X  ( 2 5  Mg C H X -f-

7 .5  m g  8 A G ) 3 .9 5  ± 0 .1 8 <  10 7 3 8  ± 8 1

1 Injections were given after each, force-feeding.
2 (Liver weight x 100)/body weight.
3 Number of animals used in experiment.
4 s e  of mean.
5 Rats were force-fed at 10 am and 10 pm. Each rat was force-fed 4 ml of warm 50% casein hydrolysate per 

force-feedmg. The animals were killed 24 hours after the first force-feeding.
6 Abbreviations used: PSP =  physiological saline; AcD =  actinomycin Dj CHX =  cycloheximide and 8AG =  8- 

azaguanine.



PYRUVATE KINASE SYNTHESIS 5 9 5

TABLE 3
Liver constituents in rats force-fed with carbohydrates

Dietary
treatment Injections 1 Relative 

liver size 2 Liver glycogen Total liver 
protein

C o n t r o l3 ( 8 )  4 
F o r c e -fe d ,6 g lu c o s e  ( 1 0 )  
F o r c e -fe d , g lu c o s e  ( 1 0 )  
F o r c e -fe d , g lu c o s e  ( 1 0 )

n o n e  
P S P  7
2 X  15  /ig A c D  
2  X 2 5  f ig  C H X

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

mg/100 g body vit 
3 9 . 7 ±  3 .2  

13 0  ±  14 
58 .1  ±  16 
3 9 . 2 ±  14

mg/100 g body wt 
9 1 4 ± 4 5  
7 7 4  ± 3 3  
70 1  ± 2 4  
7 9 9  ± 3 5

F o r c e -fe d , s u c r o s e  ( 6 )  
F o r c e -fe d , s u c r o s e  ( 8 )  
F o r c e -fe d , s u c r o s e  ( 8 )

P SP
2 X  15  /ig A c D  
2  X 2 5  /¿g C H X

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

9 5 .5  ± 1 8  
8 1 .9  ±  15 
5 8 .4  ± 1 5

8 0 6  ± 1 0  
7 2 0  ± 2 3  
8 0 2  ± 2 6

1 Injections were given after force-feeding at 10 a m  and at 10 p m .
2 (Liver weight X  100)/body weight.
3 All the animals were fed for 5 days the 90% casein diet. Twelve hours before killing (control) or before 

fore e-fee dm g, the diet was withdrawn.
4 Number of animals used in experiment.
5 se of mean.
6 Rats were force-fed at 10 a m , 4 p m  and 10 p m . Each rat was force-fed 4 ml of warm 50% carbohydrate 

solution per force-feeding. The animals were killed 24 hours after the first force-feeding.
7 Abbreviations used: PSP =  physiological saline; AcD =  actinomycin D and CHX =  cycloheximide.

TABLE 4
Enzyme activities in rats fed ad libitum

Dietary
treatment

Glucose 6- 
phosphatase

Pyruvate
kinase

Tyrosine-a-
ketoglutarate
transaminase

L a b o r a to r y  r a t io n  1 ( 8 )  2 5 5 . 6 ±  3 .3  3
ß m o le s/ m in / 1 0 0  g body wt

80.4 ±  5.9 2.06 ±  0.21

4  d a y s  9 0 %  g lu c o s e  ( 8 )
+  1 d a y  9 0 %  c a s e in  ( 8 )
+ 1 d a y  c a s e in  h y d r o ly s a te  4 ( 8 )

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

8 9 .4  ±  5 .6  
1 3 4  ± 1 5  

9 6 .1  ±  6 .0

1 .4 9  ± 0 .2 8  
1 0 .6  ± 0 . 9 9  

3 .9 7  ± 0 .5 1

4  d a y s  9 0 %  fr u c t o s e  ( 1 0 )
+ 1 d a y  9 0 %  c a s e in  ( 8 )
+ 1 d a y  c a s e in  h y d r o ly s a te  4 ( 8 )

8 0 .4  ±  3 .9  
1 2 2 ±  5 .0  
121 ± 1 1

1 3 3  ±  3 .8  
171 ± 1 0  
12 5  ± 1 6

1 .91  ± 0 . 2 4  
1 0 .6  ± 2 . 1  

5 .4 9  ± 1 . 5

5  d a y s  9 0 %  c a s e in  5 ( 8 )
+ 1 d a y  9 0 %  g lu c o s e  5 ( 4 )  
+  2  d a y s  9 0 %  g lu c o s e  5 ( 2 )  
+ 1 d a y  9 0 %  fr u c t o s e  5 ( 4 )  
+  2  d a y s  9 0 %  fr u c t o s e  5 ( 2 )

6 4 .0  ±  3 .0  
5 3 .0 ±  12  

5 8 .3
8 1 .5  ±  4 .8  

8 7 .8

4 8 .4  ±  3 .0  
8 5 .9  ±  6 .8  

9 3 .2
1 1 1 ±  5 .4  

155

2 .8 7  ±  1.1
__ 6
__ 6
__ 6
__ 6

1 Pelleted Purina Rat Chow, Ralston Purina Company, St. Louis.
2 Number of animals used in experiment.
3 s e  o f  m e a n .
4 All animals were offered 4 g of casein hydrolysate; some animals consumed less than this amount.
5 The 90% casein diet was withdrawn 12 hours before killing or further dietary treatment.
6 Values not determined.

duction of this enzyme in response to 
feeding a high fructose diet was shown 
to be inhibited by ethionine (18 ).

Fructose-feeding (table 4) increased glu
cose 6-phosphatase activity by about 40% 
above values observed in animals fed the 
commercial laboratory ration. In the fruc
tose-fed animals casein hydrolysate or the 
90% casein diet produced a further in
duction (table 5 ). This induction, ob
served in rats force-fed with casein hy
drolysate, was partially inhibited by 
actinomycin D and cycloheximide and

completely inhibited by 8-azaguanine given 
alone or in combination with one of the 
other 2 antibiotics (table 5). The dosage 
of 8-azaguanine was far in excess of the 
amount of the other 2 antibiotics given, 
because actinomycin D and cycloheximide 
are very toxic, even at these concentra
tions, whereas the animals can tolerate 8- 
azaguanine in high concentrations for 
days.

Glucose 6-phosphatase was also in
creased by feeding 90% casein diet for 5 
days (table 4 ), though to a very small ex-



5 9 6 BELA SZEPESI AND RICHARD A. FREEDLAND

TABLE 5
E n z y m e  a c t iv i t ie s  in  ra ts  f o r c e - f e d  w i t h  c a s e in  h y d r o ly s a te

D ietary
treatm ent In jection s 4 G lucose 6- 

phosphatase
P yruvate

kinase
Tyrosine-a-

ketoglutarate
transam inase

limoles/m in/100 g body wt

P r e - fe d  4  d a y s  w it h  9 0 %  g lu c o s e  d ie t
C o n tr o l  ( 8 )  2 n o n e 5 6 .2  ±  2 .9  3 8 9 .4  ±  5 .6 1 .4 9  ± 0 . 2 8
F o r c e - fe d  4 ( 4 ) P S P 5 1 0 0 ±  5 .1 101 ±  5 .3 2 .8 6  ± 0 . 4 0
F o r c e - fe d  ( 5 ) 2  X 15  Mg A c D 8 0 .4  ±  5 .3 1 1 5 ±  14 9 .7 9 ± 3 .1
F o r c e - fe d  ( 3 ) 2 X 2 5  Mg C H X 7 3 .0 ±  9 .3 8 0 .0 ±  6 .7 1 1 .3  ± 0 .7 8

P re - fe d  4  d a y s  w it h  9 0 %  fr u c t o s e  d ie t
C o n tr o l  ( 1 0 ) n o n e 8 0 .4  ±  3 .9 13 3  ±  3 .8 1 .91  ± 0 . 2 4
F o r c e - f e d 4 ( 8 ) P S P 1 1 1 ±  6 .1 1 4 6  ±  5 .5 4 .3 9  ± 0 . 7 7
F o r c e - fe d  ( 6 ) 2 X 7 . 5  m g  8 A G 7 7 .9  ±  2 .0 19 0  ±  8 .0 4 .8 3  ± 0 . 6 7
F o r c e - fe d  ( 1 2 ) 2  X 15  Mg A c D 9 7 .3  ±  3 .4 14 9  ± 1 2 1 5 .2  ± 1 . 8
F o r c e - fe d  ( 8 ) 2 X 2 5  Mg C H X 9 5 .0  ±  5 .2 14 9  ± 1 4 1 2 .9  ± 0 . 4 0
F o r c e - fe d  ( 1 1 ) 2 X  ( 1 5  Mg A c D  +  7 .5  m g  8 A G ) 8 2 .7  ± 1 3 14 3  ±  5 .8 1 1 .2  ± 1 . 8
F o r c e - fe d  ( 1 1 ) 2  X ( 2 5  Mg C H X  +  7 .5  m g  8 A G ) 7 9 .0  ±  4 .2 13 6  ±  7 .6 14 .1  ± 2 . 1

1 Injections were given after each force-feeding.
2 Number of animals used in experiment.
3 se of mean.
4 Rats were force-fed at 10 a m  and 10 p m . Each rat was force-fed 4 ml of warm 50% casein hydrolysate 

solution per force-feeding. The animals were killed 24 hours after the first force-feeding.
5 Abbreviations used: PSP =  physiological saline; AcD =  actinomycin D; CHX =  cycloheximide and 

8AG =  8-azaguanine.

TABLE 6
E n z y m e  a c t iv i t ie s  in  ra ts  f o r c e - f e d  w i t h  c a r b o h y d r a te s

D ietary
treatm ent In jection s 1 G lucose 6- 

phosphatase
P yruvate

kinase
T yrosine-a-

ketoglutarate
transam inase

limole s/  min/100 g body wt
C o n t r o l2 ( 8 )  3 n o n e 6 4 .0  ±  3 .5  4 4 8 .4  ± 3 . 0 2 .8 7  ±  1.1

F o r c e -fe d ,5 g lu c o s e  ( 1 0 ) P S P 6 5 3 .0  ±  3 .5 7 0 .0  ± 1 . 1 1 .0 0 ±  0 .1 3
F o r c e - fe d , g lu c o s e  (  1C ) 2  X 15 Mg A c D 5 5 .6  ±  3 .0 5 4 .8  ± 3 . 6 1 .6 5 ± 0 .1 1
F o r c e - fe d , g lu c o s e  (1 C ) 2 X 2 5  Mg C H X 7 2 .7  ± 1 0 4 1 . 2 ± 3 . 0 1 .9 3 ± 0 .2 4

F o r c e -fe d , s u cr o s e  ( 6 ) P S P 6 1 .9  ±  4 .9 9 4 .9  ± 8 . 4 0 .9 6 ± 0 .0 7
F o r c e - fe d , s u c r o s e  ( 8 ) 2  X 15  Mg A c D 5 8 .1  ±  5 .6 6 9 .4  ± 3 . 5 1 .9 2 ±  0 .2 5
F o r c e - fe d , s u c r o s e  ( 8 ) 2 X 2 5  Mg C H X 6 7 .3  ±  5 .7 5 4 .2  ± 4 . 2 1 .8 3  ± 0 . 2 4

1 Injections were given after force-feeding at 10 am and 10 pm .
2 All the animals were fed for five days the 90% casein diet. Twelve hours before killing (control) or 

force-feeding, the diet was withdrawn.
3 Number of animals used in experiment.
4 se of mean.
3 Rats were force-fed at 10 am , 4 pm and 10 pm . Each rat was force-fed 4 ml of 50% warm carbohydrate solu

tion per force-feeding. The animals were killed 24 hours after the first force-feeding.
3 Abbreviations used : PSP =  physiological saline; AcD =  actinomycin D and CHX =  cycloheximide.

tent. This is in agreement with earlier 
reports that as the animals adapt to a 
high protein diet the activity of liver glu
cose 6-phosphatase begins to approach 
pre-induction levels (1, 2 ). Force-feeding 
with glucose (table 6 ) or feeding a 90% 
glucose diet ad libitum (table 4 ) decreased 
the activity of this enzyme to the level ob
served in the animals fed the commercial 
preparation. However, force-feeding of su
crose (table 6) did not produce such 
decreases, whereas ad libitum feeding of

the 90% fructose diet (table 4 ) increased 
glucose 6-phosphatase activity. Further
more, when force-feeding of carbohydrates 
was combined with the injection of anti
biotics (table 6 ) a slight, but noticeable 
increase in the activity of this enzyme 
was observed. Such increases, however, 
may have been due to the conversion of 
the enzyme to a more active form, rather 
than de novo synthesis (19).

Translational control of pyruvate kinase 
synthesis. It has been reported that py
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ruvate kinase activity can be increased by 
a 90% casein diet following the feeding 
of a 90% glucose die: for 4 days (1 ) . In 
another report, it was noted that pyruvate 
kinase activity was increased by a 90% 
glucose or fructose diet following pre-feed
ing for 5 days with a 90% casein diet (3 ). 
In all these cases the increase in pyruvate 
kinase activity was temporary, lasting for 
1, 2 or at most 3 days after the dietary 
change. Since dietary carbohydrate has 
been shown to induce pyruvate kinase (4 )  
and a high protein diet depresses the ac
tivity of this enzyme (5 ) , the induction of 
pyruvate kinase by a 90% casein diet 
after feeding a 90% glucose diet for 4 
days was unexpected. To reconcile this 
finding with the work of others, it was 
proposed that the high carbohydrate diet 
induces the synthesis of a messenger RNA 
specific for pyruvate kinase, but the syn
thesis of the enzyme is not increased be
cause of a general or specific inhibition of 
protein synthesis due to the lack of pro
tein in the diet. When the 90% casein 
diet is fed to these animals, the inhibition 
of synthesis is relieved, the rate of enzyme 
synthesis is increased and pyruvate kinase 
activity increases. This increase, however, 
is transitory, because the synthesis of spe
cific messenger RNA is reduced by the 
high protein diet and pyruvate kinase ac
tivity decreases as the specific messenger 
RNA decays. If the dietary shift is re
versed, pre-feeding with the 90% casein 
diet results in low pyruvate kinase activity, 
because of a reduced amount of specific 
messenger RNA. Feeding the high carbo
hydrate, protein-free diet to these animals 
will again increase pyruvate kinase activ
ity because of an increase in the synthesis 
of specific messenger RNA, and the in
crease in enzyme activity will persist until 
the reduction of synthesis at the transla
tional level is established due to the lack 
of protein in the diet.

To test the validity of this proposal, the 
following reasoning was used: 1. Pyruvate 
kinase activity should be inducible by the 
90% casein diet after feeding a 90% car
bohydrate diet for 4 days. 2. This induc
tion should occur whether the pre-fed 
carbohydrate was glucose of fructose, 
though the base level and the induced 
level should be higher in the animals pre

fed the fructose. 3. Pyruvate kinase should 
be inducible by force-feeding casein hydro
lysate to animals pre-fed with a 90% car
bohydrate diet. 4. The induction should 
be inhibited by cyclohexhnide, but not by 
actinomycin D, since de novo synthesis of 
messenger RNA is not required. 5. Pyru
vate kinase should be inducible by feed
ing a high carbohydrate diet to rats 
pre-fed for 5 days with a high protein, 
carbohydrate-free diet. 6. Pyruvate kinase 
activity in these animals should also be in
duced by force-feeding carbohydrate. 7. 
The induction produced by force-feeding 
carbohydrate should be inhibited by cyclo- 
heximide and actinomycin D since this in
duction was proposed tc involve an in
creased synthesis of protein and messen
ger RNA.

Most of the results are in agreement 
with the proposed mechanism of regula
tion of pyruvate kinase synthesis: 1. The 
activity of pyruvate kinase was induced by 
feeding a 90% casein diet to rats pre-fed 
with a 90% glucose diet for 4 days (table
4 ). 2. This induction also occurred in rats 
pre-fed with fructose and the pre-induction 
and induced levels of pyruvate kinase ac
tivity were both higher than the corre
sponding values in the animals pre-fed 
with glucose (table 4 ). 3. Pyruvate kinase 
activity was induced by force-feeding ca
sein hydrolysate to rats pre-fed with glu
cose but not in rats pre-fed with fructose 
(table 5). 4. The induction of pyruvate 
kinase in the animals pre-fed with glucose 
was inhibited by cycloheximide, but not 
by actinomycin D (table 5). 5. Pyruvate 
kinase activity was low following the feed
ing of 90% casein diet for 5 days and was 
increased by feeding the 90% carbohy
drate diets ad libitum (table 4 ). 6. Pyru
vate kinase activity was increased by force- 
feeding carbohydrates (table 6 ). 7. The 
increase in pyruvate kinase activity pro
duced by force-feeding carbohydrates was 
inhibited by actinomycin D and cyclohexi
mide (table 6). It appears then that pyru
vate kinase synthesis can be regulated both 
at the transcriptional and translational 
levels. The only piece of evidence which 
did not support this hypothesis was the 
failure of casein hydrolysate to increase 
pyruvate kinase activity in the animals 
pre-fed with fructose. However, pyruvate
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kinase activity was already high in the 
fructose-fed animals and the activity of 
this enzyme was increased by feeding the 
90% casein diet. The failure of casein 
hydrolysate to increase pyruvate kinase ac
tivity in these animals, then, may have 
simply been due tc the fact that the ani
mals were fed only 4 g of casein hydroly
sate as compared with the 10 to 14 g of 
casein diet eaten by the animals fed ad 
libitum.

Superinduction and control of tyrosine- 
a-ketoglutarate transaminase synthesis. 
Tyrosine-a-ketoglutarate transaminase ac
tivity has been reported to be inducible by 
glucocorticoids (2C, 21), pancreatic hor
mones (2 2 -2 4 ), force-feeding with casein 
hydrolysate (2 1 ), dietary protein (1 , 2, 
25), actinomycin D (26, 27), and cyclo- 
heximide (28 ). The activity of the en
zyme is believed to be regulated by a 
repressor system, diat is, tyrosine-a-keto
glutarate transaminase synthesis is nor
mally repressed (29 ).

Evidence for a repressor system of tyro
sine-a-ketoglutarate transaminase synthesis 
was first found by Garren and co-workers
(2 6 )  . Their findings were recently con
firmed (27 ). According to these authors 
(26, 27), the induction of tyrosine-a-keto
glutarate transaminase proceeds up to 4 
hours when the production of a repressor 
is induced. Injection of actinomycin D 
before the onset of repressor induction 
will prolong the increase in tyrosine-a- 
ketoglutarate transaminase activity (which 
normally returns to pre-induction levels 7 
hours after induction); if the antibiotic is 
injected after the repressor is induced, the 
decline in tyrosine-a-ketoglutarate trans
aminase activity is not prevented (27 ). 
The reported induction of tyrosine-a-keto- 
glutarate transaminase by puromycin
(2 7 )  , cycloheximide (2 8 ), and a contra
diction of the cycloheximide findings
(3 0 ), have caused considerable contro
versy regarding the induction of tyrosine- 
a-ketoglutarate transaminase.

In these experiments tyrosine-a-ketoglu- 
tarate transaminase activity was found to 
be dependent on diet and the nature of 
antibiotic used. The activity of the trans
aminase in the animals maintained with 
the commercially prepared laboratory ra
tion, the glucose-fed animals and the fruc

tose-fed animals (table 4 ) varied between 
1.49 and 2.06 amoles/min/100 g body 
weight. Casein hydrolysate (fed ad libi
tum or force-fed) produced a twofold in
crease in the animals pre-fed with glucose 
and a somewhat higher increase in the 
animals pre-fed with fructose (tables 4, 5). 
Tyrosine-a-ketoglutarate transaminase ac
tivity was increased about fivefold by feed
ing the high protein diet irrespective of the 
carbohydrate used in pre-feeding (table
4 ). Enzyme activity varied considerably 
within each group of animals and it was 
necessary to run separate controls each 
time the experiment was repeated in order 
to obtain a reliable baseline of activity.

Actinomycin D and cycloheximide in
creased tyrosine-a-ketoglutarate transami
nase activity above the level obtained by 
force-feeding alone. This trend was ob
served in the animals pre-fed with glucose 
and also in the animals which were pre
fed with fructose (table 5). In addition, 
the effect of 8-azaguanine was also tested, 
but only in the animals pre-fed with fruc
tose. This antibiotic did not induce tyro
sine-a-ketoglutarate transaminase when 
given alone, nor did it prevent the induc
tion produced by actinomycin D or cyclo
heximide (table 5).

It is significant that tyrosine-a-ketoglu- 
tarate transaminase was induced by acti
nomycin D or cycloheximide while the in
duction of glucose 6-phosphatase was 
blocked partially or totally; the induction 
of the transaminase, therefore, can not be 
ascribed to a mere irritation of the ani
mals. Also, both antibiotics produced the 
expected results with respect to glucose 6- 
phosphatase activity, indicating that these 
antibiotics were acting as inhibitors of 
messenger RNA synthesis (actinomycin 
D ) and protein synthesis (cycloheximide). 
Yet 8-azaguanine, which inhibited the in
duction of glucose 6-phosphatase after 
force-feeding casein hydrolysate, failed to 
induce tyrosine-a-ketoglutarate transami
nase activity or to inhibit the superinduc- 
tion of the transaminase by the other two 
antibiotics.

Finally, tyrosine-a-ketoglutarate trans
aminase was not induced substantially by 
either actinomycin D or cycloheximide in 
the animals force-fed with carbohydrate 
(table 6). A previous report indicates that
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the induction of tyrosine-a-ketoglutarate 
transaminase by glucocorticoids can be 
greatly reduced by force-feeding carbohy
drate (2 1 ). This probably accounts for 
the failure of the antibiotics to induce 
tyrosine-a-ketoglutarate transaminase in 
these experiments. The possibility that 
tyrosine-a-ketoglutarate transaminase in
duction was blocked by a lack of dietary 
protein or amino acids can be ruled out, 
because pyruvate kinase was induced, in
dicating that sufficient amounts of amino 
acids were present in the liver to allow for 
increased protein synthesis. Also, since 
the rise in pyruvate kinase activity after 
force-feeding carbohydrate was blocked by 
the antibiotics, this indicates that both ac- 
tinomycin D and cycloheximide were re
tained by the body at least long enough 
to cause an inhibition of enzyme syn
thesis.

D IS C U S S IO N

The induction of glucose 6-phosphatase 
by fructose, or a high protein regimen is 
believed to be at least partly independent 
of the release of cortisol (3 1 ), and associ
ated with increased gluconeogenesis. The 
induction of this enzyme by a dietary stim
ulus then may be an indication of in
creased gluconeogenesis.

It is much more difficult, however, to 
explain why pyruvate kinase activity 
should be increased, even temporarily, 
after feeding a high protein regimen to 
animals pre-fed with a high carbohydrate, 
protein-free diet, when the demand under 
gluconeogenic conditions is for an in
crease rater than a decrease in phospho- 
enolpyruvate production. It is possible 
that a protein-free diet containing glucose 
can initiate a mechanism to conserve 
amino acids by reducing protein synthesis 
even if messenger RNA production is con
tinued or increased. Refeeding protein to 
such animals may increase enzyme activ
ity in general by relieving the inhibition of 
protein synthesis. Such regulation of pro
tein synthesis may be advantageous for 
conserving nitrogen and amino acids, but 
may be disadvantageous by partially re
versing gluconeogenesis. However, liver 
protein is maintained at a high level by 
dietary fructose, despite the absence of

protein in the diet. It appears, then, that 
in vivo maintenance of homeostasis, may 
involve other factors in addition to an in
crease or decrease in the concentration of 
enzymes.

Another important point concerning the 
induction of glucose 6-phosphatase and 
pyruvate kinase is that when these induc
tions are inhibited by antibiotics a base
line of enzyme activity is still maintained. 
This suggests that glucose 6-phosphatase 
and pyruvate kinase both have an “enzyme 
reserve” which is relatively inert to dietary 
or other stimuli and another enzyme pool 
which is affected much more readily. For 
example, it has been shown that 2 iso
zymes of pyruvate kinase (one subject to 
dietary variation and another which is 
not) are present in the liver (32 ).

The increase in tyrosine-a-ketoglutarate 
transaminase activity caused by actinomy- 
cin D and cycloheximide to levels above 
and beyond those observed after force- 
feeding casein hydrolysate is very difficult 
to explain. Part of the difficulty is that 
this superinduction occurs while the in
duction of glucose 6-phosphatase is inhib
ited by both antibiotics. That is, if tyro
sine-a-ketoglutarate transaminase activity 
were increased by actinomycin D only, 
this could be easily explained by assuming 
that the production of a messenger RNA 
specific for the repressor of tyrosine-a-keto- 
glutarate transaminase synthesis is inhib
ited, the repressor is not produced and 
transaminase activity, therefore, rises. 
But tyrosine-a-ketoglutarate transaminase 
is also induced by cycloheximide, which 
inhibits the induction of glucose 6-phos
phatase to an even greater extent than 
actinomycin D. Since cycloheximide is 
thought to inhibit protein synthesis at the 
translation level, it would be expected to 
inhibit the synthesis of tyrosine-a-ketoglu- 
tarate transaminase rather than increase it.

There is a possibility that the transla
tional step of protein synthesis is affected 
by antibiotics to a different extent for each 
enzyme, but there is no direct proof of 
this. And actinomycin D and cyclohexi
mide induce tyrosine-a-ketoglutarate trans
aminase while inhibiting the induction of 
glucose 6-phosphatase and pyruvate kinase 
which raises the possibility that tyrosine-a- 
ketoglutarate transaminase induction with
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these antibiotics is a result of diverting 
some portion of the amino acid pool of 
the liver from the synthesis of some en
zymes to the synthesis of tyrosine-cc-keto- 
glutarate transaminase. The inhibitory ef
fect of actinomycin D on messenger RNA 
synthesis would not interfere with the in
duction of tyrosine-a-ketoglutarate trans
aminase if the messenger RNA specific for 
tyrosine-a-ketoglutarate transaminase was 
relatively long-lived. That cycloheximide 
also produces this induction, while inhibit
ing the induction c f  other enzymes, may 
be explained by assuming that cyclohexi
mide at low concentrations does not pre
vent incorporation of amino acids into 
tyrosine-a-ketoglutarate transaminase, but 
does prevent tyrosine-a-ketoglutarate trans
aminase synthesis at higher doses (30 ). 
In these experiments the effect of such 
high doses over a 24-hour period is not 
known, because the animals injected even 
with 1 mg of cycloheximide died within 
12 hours after injection.

An alternative possibility is that cyclo
heximide interferes with polysome forma
tion. This again could lead to an increase 
in the synthesis of tyrosine-a-ketoglutarate 
transaminase by diverting the amino acid 
pool of liver to the synthesis of this en
zyme. If this latter mechanism of tyro
sine-a-ketoglutarate transaminase induc
tion by antibiotics is correct, it would mean 
that tyrosine-a-ketoglutarate transaminase 
synthesis can be increased without in
creased polysome formation or that poly
somes specific for tyrosine-a-ketoglutarate 
transaminase synthesis can be formed in 
the presence of antibiotics. In fact, some 
enzymes, such as serine dehydrase, re
quire tryptophan in an amino acid mix
ture for induction (3 3 ); this suggests that 
the induction of serine dehydrase requires 
polysome formation, a process which is 
inhibited by the absence of tryptophan in 
the diet (34 ). This mechanism may not 
require the presence of a repressor as sug
gested by Garren et al. (2 6 ), though does 
not rule it out. The difficulty involved in 
ascertaining the mechanism of tyrosine-a- 
ketoglutarate transaminase induction is 
that the results seem to vary with the dose 
of actinomycin D given and also among 
investigators.

Another difficulty involves the diverse 
effects so far attributed to these antibiotics. 
For example, it has been reported that ac- 
tinomycin D increases alkaline phospha
tase activity in nine day old mice (35 ) 
and in the intestines of chick embryo 
(3 6 ), and cholesterol synthesis in rat 
liver (37 ). Also, actinomycin D reduces 
the absorption of amino acids in the in
testine (3 8 ) and is believed to cause a 
defect in cardiac ribosomes (3 9 ). Yet it 
has been shown that actinomycin D re
duces RNA and protein synthesis (3 9 ), 
especially the DNA-dependent synthesis 
of RNA (40, 41) by complexing with DNA 
and inhibiting RNA-polymerase (41 ). Cy
cloheximide inhibits protein synthesis in 
rat liver (4 2 ), in mammalian cell cultures
(4 3 )  , in cultured human lymphocytes
(4 4 )  , in yeast (45 ) and in a growing num
ber of other tissues. But cycloheximide 
appears to have some side effects as well. 
For example, cycloheximide inhibits the 
synthesis of ribosomal RNA in cultured hu
man lymphocytes (4 4 ), in yeast (46, 47) 
and Neuros-pora crassa (4 8 ), but not in 
mammalian cell cultures (43, 49). In addi
tion, cycloheximide has been reported to 
stimulate incorporation of amino acids by 
isolated rat liver ribosomes (5 0 ) prepared 
for normal rats, but not from adrenalec- 
tomized rats.

It is necessary, therefore, to exercise 
caution in interpreting the results obtained 
by using actinomycin D and cyclohexi
mide. This is necessary because it is pos
sible that these antibiotics induce tyrosine- 
a-ketoglutarate transaminase by acting at 
an extra-hepatic site such as the adrenals, 
the pancreas, the pituitary or some other 
site.

Presently it may be said that the induc
tion of tyrosine-a-ketoglutarate transami
nase is affected differently by antibiotics 
than the induction of glucose 6-phospha- 
tase and pyruvate kinase. The reasons for 
this are not clear and a great deal more 
work is required to ascertain the mech
anism o f induction of tyrosine-a-ketoglu
tarate transaminase as well as the second
ary effects of antibiotics and the interac
tion of these with the regulatory systems 
of enzyme synthesis.
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Tissue Levels of Acetylcholine and 
Acetylcholinesterase in Weanling 
Germfree Rats Subjected to 
Acute Choline Deficiency * 1

A R N O L D  L . N A G L E R ,2-3 4 W O L F -D . D E T T B A R N  4 a n d  
S T A N L E Y  M . L E V E N S O N  2

ABSTRACT S m a ll  in te s t in e  a n d  k id n e y  a c e t y lc h o l in e  le v e ls  w e r e  a ss a y e d  in  
c h o l in e -d e f ic ie n t  a n d  n o r m a l  w e a n l in g  F is c h e r  g e r m fr e e  ( G F )  a n d  o p e n -a n im a l-r o o m  
( O A R )  ra ts  to  in v e s t ig a te  o u r  th e s is  th a t  c h o l in e  d e f ic ie n c y  re su lts  in  d e c r e a s e s  in  
k id n e y  a c e t y lc h o l in e  m a k in g  th e  r e n a l  v a s c u la tu r e  h y p e r re a c t iv e  to  v a s o p r e s s o r  
a m in e s , r e s u lt in g  in  v a s o s p a s m , is c h e m ia , v a s c u la r  ru p tu re , a n d  tu b u la r  n e c r o s is .  W e  
p r e v io u s ly  f o u n d  th a t  O A R  ra ts  d e v e lo p  m u c h  m o r e  se v e re  n e p h r o p a th y  th a n  G F  
ra ts  w h e n  e a c h  a re  f e d  c h o l in e -d e f ic ie n t  d ie ts , d u e  p r in c ip a l ly ,  w e  b e l ie v e , to  d i f fe r 
e n c e s  in  c h o l in e  m e ta b o l is m  a n d  e n e r g y  p r o d u c t io n . A c c o r d in g ly ,  w e  p o s tu la te d  th a t  
r e n a l  a c e t y lc h o l in e  le v e ls  s h o u ld  d ro p  fa s te r  in  c h o l in e -d e f ic ie n t  O A R  ra ts  th a n  in  
G F  ra ts . W e  f o u n d  th a t  5  d a y s  o f  d ie ta r y  c h o l in e  d e f ic ie n c y  ( a  t im e  b e fo r e  th e re  are  
s ig n s  o f  n e p h r o p a th y  h is to lo g ic a l ly  o r  b y  b lo o d  u r e a  c o n c e n t r a t io n )  r e s u lte d  in  
d e c r e a s e d  c o n c e n t r a t io n s  o f  a c e t y lc h o l in e  in  th e  s m a ll  in te s t in e  ( 3 2 %  )  a n d  k id n e y s  
( 4 0 %  )  o f  O A R  ra ts . T h e r e  w a s  n o  f a l l  in  k id n e y  a c e t y lc h o l in e  le v e ls  in  th e  G F  
ra ts  w h e re a s  th e  s m a ll  g u t  a c e t y lc h o l in e  le v e l  d e c r e a s e d  2 4  % .  S m a ll  in te s t in e  a c e ty l
c h o l in e s te r a s e  le v e ls  o f  G F  a n d  O A R  ra ts  w e r e  s im ila r  a n d  n o t  a f fe c te d  b y  c h o l in e  
d e f ic ie n c y . T h e s e  d a ta  are  c o n s is t e n t  w ith  th e  a b o v e  s ta te d  th e s is  r e g a r d in g  th e  
p a th o g e n e s is  o f  th e  n e p h r o p a th y  o f  c h o l in e  d e f ic ie n c y .

Hemorrhagic nephropathy is a major 
characteristic of acute choline deficiency 
of weanling rats (1—3). We postulated 
a vascular mechanism as central to the 
pathogenesis of the nephropathy based on 
the histologic findings and our finding a 
decrease in kidney acetylcholine levels of 
such rats. We believe the latter leads to 
an imbalance of vasoactive substances re
sulting in vasospasm and ischemia. We 
also reported that germfree rats placed on 
a choline-deficient diet developed much 
less renal injury as judged functionally 
and morphologically than open-animal- 
room rats (3 ) . We therefore set out to 
determine if differences exist between the 
levels of acetylcholine in certain tissues of 
normal germfree and open-animal-room 
rats and how these levels changed in such 
rats subjected to dietary choline deficiency.

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

The diet used for the production of 
acute choline deficiency is detailed else
where (3 ) ;  the Salmon and Newbeme
(5 )  diet was modified by the addition of 
5 g cholesterol and 0.4 g cystine/100 g

diet, certain B vitamins, menadione, and 
inositol. The diet was steam autoclaved 
at 127° for 25 minutes.

Male rats of the Fischer strain,5 2 0 - 
22 days old, were used for all experiments; 
housing, microbiologic testing, feeding 
regimens, handling, killing routine, tissue 
morphologic studies and acetylcholine and 
acetylcholinesterase analyses have been 
described elsewhere (3, 4 ). Acetylcholine 
levels were measured in the kidney and 
small intestine. The open-animal-room 
rats and the “germfree” 6 rats were divided
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each into 2 groups (by weight and litter) 
on the day of arrival, the day after wean
ing. They ate the choline-deficient diet ad 
libitum. Half the animals were given tap 
water to drink while the other half were 
given tap water containing 1.5 m g/m l 
choline chloride. The rats were weighed 
on arrival, 2 days later, and when killed 
on the morning of day 5.

Statistical comparisons of the data were 
made using the Student t test.

RESULTS

The kidney acetylcholine levels of the 
choline-supplemented germfree and open- 
animal-room rats were similar. When they 
were on choline-deficient diets for 5 days, 
the level of acetylcholine in the kidneys of 
the open-animal-room rats fell significantly 
(40% ), but not at all in the germfree 
rats (table 1). The body weights, gross 
appearance and weights of the kidneys, 
blood urea nitrogen concentrations, hema
tocrits, and plasma total solid concentra
tions were similar in all rats. Microscopic 
examination of the kidneys of 3 of the 10 
germfree choline-deficient and 4 of the 
12 open-animal-room choline-deficient rats 
selected at random for examination showed 
no abnormalities (table 2).

The levels of small intestine acetylcho
line of open-animal-room and germfree 
choline-supplemented rats were similar. 
In both germfree and open-animal-room 
rats fed the choline-deficient diet, the small 
intestine acetylcholine levels fell, 32% in 
open-animal-room rats and 24% in the 
germfree rats (table 1).

The levels of small intestine acetylcho
linesterase were similar in all rats, choline 
supplemented or not.

DISCUSSION

Although germfree rats are substan
tially more resistant than open-animal- 
room rats to acute dietary choline defi
ciency, they are not completely resistant 
to choline deficiency as indicated by the 
increase in liver fat in germfree choline- 
deficient rats (3 )  and the decrease in in
testinal acetylcholine levels which we have 
now observed. The small intestine acetyl
choline concentrations are similar in both 
germfree and open-animal-room rats, both 
choline supplemented and choline defi-
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TABLE 2
Body weight, kidney weight and blood urea nitrogen, hematocrit, and plasma total solids of 

open-animal-room (OAR) and germfree (GF) choline-deficient rats 1-i

Status
B ody  w t

K idney wt B lood  urea 
n itrogen H em atocrit P lasm a 

tota l solidsStart E nd

9 9 9 mg/100 ml % g 1100 g
O A R  w a te r  ( 8 )  2 3 2  ±  1 3 8  ±  1 0 .5 0  ± 0 .0 1 2 3  ± 2 4 3  ±  1 6 .3  ±  0 .4
O A R  c h o l in e  ( 8  )  3 3 2  ± 1 4 0  ± 2 0 .5 2 ± 0 .0 2 2 1  ± 1 4 3  ±  1 6 .7  ± 0 . 4
G F  w a te r  (  7 ) 2 7  ±  1 3 5  ±  1 0 .5 0  ± 0 . 0 2 2 7  ±  12 4 0  ±  1 6 .3 -+ -0 .4
G F  c h o l in e  ( 7 ) 2 7  ±  1 3 8  ±  1 0 .5 4  ± 0 .0 1 1 5 ±  1 3 9  ±  1 6 .9  ± 0 . 3

1 Open-animal-room (OAR) and germfree (GF) male rats of the Fischer strain, 20-22 days old at the start 
of the experiment; rats were killed after 5 days.

2 Numbers in parentheses =  numbers of rats.
3 Choline chloride, 1.5 m g/m l drinking water.
4 The data are presented as the mean ±  s e . None of the differences in body weight, kidney weight, BUN, 

hematocrit or total solids were statistically significant.

cient, and the lower levels in the latter 
groups are not dependent on changes in 
acetylcholinesterase. We have no explana
tion for the lower levels of small intestine 
acetylcholine of the open-animal-room 
rats in our present experiments as com
pared with our previous experiments (4 ).

We postulated in a previous publication 
(4 )  that the nephropathy of acute choline 
deficiency was mediated via a decrease in 
kidney acetylcholine resulting in an im
balance of vasoactive neurohumoral sub
stances, leading to renal ischemia, tubular 
necrosis and hemorrhage. This view is 
supported by observations of Nagler, Lev- 
enson and Baez 7 of the circulation of the 
mesoappendix of choline-deficient rats. We 
further theorized that one of the reasons 
that germfree rats develop less nephrop
athy than open-animal-room or conven
tionalized 8 rats under the conditions of 
nutritional choline deficiency might be due 
to differences in their responsiveness to 
vasoactive materials. In this regard, Baez 
and Gordon (6 )  found the microcircula
tion of the mesoappendix of germfree rats 
hyporesponsive to epinephrine when com
pared with that of open-animal-room rats. 
In addition, as explanations for dramati
cally less nephropathy in the germfree rats 
fed choline-deficient diets we had offered 
the following: (a ) absent conversion of 
choline to trimethylamine in the germfree, 
a reaction which is brought about in the 
rat solely by intestinal bacteria (7 ) ,  (b ) 
absent utilization of methionine by intes
tinal bacteria in the germfree,9 ( c )  lower 
metabolic rate in the germfree (8 ) , and 
(d )  possibly increased endogenous hepatic

synthesis of choline by germfree rats (since 
demonstrated by Kwong, Fiala, Barnes, 
Kan and Levenson 10 for germfree rats on 
choline-deficient but not on choline-supple
mented diets). All of these dimmish the 
requirement of germfree rats for dietary 
choline.

In our present experiments, we have 
shown that the rapid decrease in kidney 
acetylcholine, which is characteristically 
found in the open-animal-room weanling 
rat after 5 days on the choline-deficient 
diet and which we believe to be fundamen
tal to the development of the acute choline 
deficiency nephropathy, does not occur in 
germfree rats at this time. This is con
sistent with our view that the nephropathy 
is mediated via a neurohumoral vascular 
mechanism.
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Aspects of Lipid Metabolism in Ethanol- 
induced Fatty Liver
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ABSTRACT T h e  e f fe c t s  o f  in g e s t io n  b y  th e  ra t  o f  a  s in g le  la r g e  d o s e  o f  e th a n o l  o n  
l iv e r  l ip id  c o m p o s it io n , o n  l ip o g e n e s is  in  v it r o , o n  s e ru m  lip o p r o te in s , a n d  o n  l iv e r  
c o n t e n t  o f  A T P  a n d  b io t in  w e re  s tu d ie d . T h e  e f f e c t  o f  A T P  a n d  a d e n in e  a d m in is tra 
t io n  in  th o s e  ra ts  g iv e n  e th a n o l  w a s  a ls o  in v e s t ig a te d . F u r th e r m o r e , th e  e f f e c t  o f  
e th a n o l  in  b io t in -d e fic ie n t  ra ts  w a s  s tu d ie d . I n  th e  l iv e r  o f  e th a n o l-tre a te d  ra ts  n e u tr a l 
fa t  in c r e a s e d , w h ile  th e  in c o r p o r a t io n  in  v it r o  o f  a c e t a te - l -14C in to  to ta l l ip id s  a n d  th e  
l iv e r  c o n t e n t  o f  A T P  d e c r e a s e d , w h e n  c o m p a r e d  w it h  th e  c o n t r o l  ra ts  r e c e iv in g  g lu c o s e  
in  is o c a lo r ic  a m o u n ts . N o  s ig n if ic a n t  d i f fe r e n c e  w a s  o b s e r v e d  in  s e r u m  a- a n d  /3-lipo
p r o t e in  le v e ls  a n d  in  l iv e r  b io t in . T h e  a d m in is t ra t io n  o f  1 5 0  m g  o f  A T P  in  e th a n o l-  
tre a te d  ra ts  d id  n o t  p re v e n t  fa t t y  l iv e r ,  w h e r e a s  th e  l ip o g e n e s is  a n d  c e l lu la r  le v e ls  o f  
A T P  w e r e  n o r m a liz e d . T h e  a d m in is t r a t io n  o f  a d e n in e  to  e th a n o l-tre a te d  ra ts  c a u s e d  
a  s ig n if ic a n t  d e c r e a s e  o f  l ip id  c o n t e n t  as  c o m p a r e d  w it h  ra ts  r e c e iv in g  o n ly  e th a n o l. 
L a s t ly , i t  w a s  f o u n d  th a t  th e  a d m in is t ra t io n  o f  e th a n o l  a lso  in  b io t in -d e fic ie n t  ra ts  
c a u s e d  th e  d e v e lo p m e n t  o f  l iv e r  s te a to s is . T h e  r e la t io n s h ip s  b e tw e e n  A T P  a n d  e th a n o l 
fa t t y  l iv e r  a re  d is cu s s e d  in  r e la t io n  to  p o s s ib le  m e c h a n is m s  in v o lv e d  in  th e  d e v e lo p m e n t  
o f  s te a to s is .

Ethanol ingestion by the rat is known to 
induce a fatty infiltration in the liver. The 
triglycerides that accumulate in the liver 
appear to be derived in large part from 
peripheral fat depots (1 ). In addition, 
either increased hepatic lipogenesis (2 )  
or decreased fatty acid oxidation (3 ) , 
might contribute to the increase of liver 
triglycerides.

In the present paper the effects of a 
single large dose of ethanol on lipid com
position of rat liver, on incorporation of 
acetate-l-14C into liver lipids in vitro, on 
serum lipoprotein levels, and on liver con
tent of ATP and of protein-bound biotin 
are reported. The effects of the adminis
tration of ATP or adenine together with 
ethanol were also investigated. In fact, it 
had been previously observed that ethanol- 
induced fatty liver might be associated 
with a decrease of liver ATP and that in
jections of ATP may prevent fat accumu
lation (4 ) . Furthermore, the effect of 
ethanol on lipid composition and on lipo
genesis in the liver of biotin-deficient rats 
was studied since relationships between 
biotin and fatty liver were again noted in 
those animals treated with orotic acid
(5 ) ,  or with ethionine (6 ).

E X P E R IM E N T A L

Female weanling albino rats of the 
Wistar strain, weighing 40-45 g, were 
housed in cages with wire bottoms and fed 
ad libitum a basal diet. The composition 

the diet was: (in percent) vitamin- 
-csein, 20; sucrose, 59; autoclaved 

t &0 white, 11; groundnut oil, 5; salt mix
ture IV XX, 4; and vitamin mixture XX, 1. 
After 60 days the animals were divided 
into 5 groups and subjected to an 8-hour 
fast. The rats in group 1 were given glu
cose 65.5% (w /v ) by stomach tube, 2 m l/ 
100 g body wt (equal isocalorically with 
the dose of ethanol). Hats of group 2 
were treated with ethanol 47% , 2 ml 
(equal 0.75 g) per 100 g body wt; rats in 
groups 3 and 4 received the same dose of 
ethanol plus 1 ml neutralized aqueous 
solution of ATP, subcutaneously, contain
ing 50 m g/m l or 100 m g/m l, respectively, 
3 times during the experiment. The rats 
in group 5 received the same dose of etha
nol plus 1 ml neutralized aqueous solu
tion of adenine sulfate (40 m g/m l), 
subcutaneously, 3 times during the experi
ment. Sixteen hours after the ethanol 
treatment venous blood from the rats in

Received for publication February 26, 1968.
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the 5 groups was collected. Then the 
rats were killed and the livers saved for 
the determinations referred to above.

Blood was allowed to clot at 37° for 30 
minutes and serum was separated after 
centrifuging at 3C00 rpm for 15 minutes. 
Paper electrophoresis of serum proteins 
was carried out in veronal buffer, pH 8.6 
and I 0.1 (7 ).

Total lipids were measured gravimetri- 
cally after extraction by a method de
scribed previously (8 ) ;  cholesterol was 
estimated by the method of Sperry and 
Webb (9 )  and phospholipids by phos
phorous analysis in total lipids (10 ).

Protein-bound biotin was assayed micro- 
biologically with Lactobacillus arabinosus 
17/5 ATCC 8014 on samples of liver ho
mogenate autoclaved with 6 n  H2S04 at 
121° for 60 minutes.

To determine the hepatic content of 
ATP the livers were quickly removed, 
frozen at — 70° (acetone-solid C02 mix
ture), homogenized with 4 volumes of 
perchloric acid, and centrifuged at 5,000 
X  g for 15 minutes. The supernatants 
were neutralized to pH 6.5 with 0.5 n  
KOH and the precipitated KClCh was re
moved. Aliquots of extracts were placed 
in 1 cm glass cuvettes with 250 Mmoles of 
triethanolamine buffer, pH 7.6, 10 nmoles 
of MgSOi, 20 nmoles of 3-phosphoglycer- 
ate, and 0.6 nmole of NADH. The decrease 
in optical density at 340 mn was meas
ured 8 minutes after the addition to the 
reaction mixture of a 0.03 ml suspension 
containing glyceraldehyde-3-phosphate de
hydrogenase (4  mg protein/ml) and phos- 
phoglycerate kinase (1 mg protein/ml).

Liver slices (500 to 600 m g) were pre
pared with a Stadie-Riggs slicer and in
cubated in 25 ml Erlenmeyer flasks con
taining 5 ml of calcium-free Krebs-Ringer 
phosphate medium, pH 7.4, 5 nmoles of 
a-ketoglutarate, and 0.5 nmole of sodium 
acetate-l-14C 1 (specific activity 10.5 m Ci/ 
mmole). The flasks were shaken at 37° 
for 1 hour in air and the reaction was 
stopped by placing the flasks on ice. After 
removal of the medium the slices were 
rinsed 3 times with ice-cold buffer and ho
mogenized in 20 volumes of methanol- 
chloroform (3 :1  v /v ) . The extract was

1 Obtained from the Radiochemical Center, Amer- 
sham, Bucks, England.
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TABLE 2
Effect of acute ethanol ingestion and ATP or adenine administration on the hepatic levels 

of protein-bound biotin and of ATP in rat liver

G roup i A nim als in  
experim ent

L iver protein- 
bou n d  b iotin L iver A TP

i G lu co s e -tr e a te d
1 1 9 / 9  wet tissue 

1 .4 0  ± 0 . 0 4  2
mßmoles/g wet tissue 

1 ,6 1 3  ± 9 2
2 E th a n o l-tr e a te d 1 .4 9  ± 0 . 0 8 9 4 8  ± 7 2
3 E th a n o l-tr e a te d  p lu s  A T P , 1 5 0  m g 1 .5 6 ± 0 .0 9 1 ,5 6 1  ± 9 9
4 E th a n o l-tr e a te d  p lu s  A T P , 3 0 0  m g 1 .7 3  ± 0 . 1 2 2 ,0 3 5  ± 1 5 3
5 E th a n o l-tr e a te d  p lu s  a d e n in e , 1 2 0  m g 1 .6 5 ± 0 .1 1 2 ,0 7 4  ±  188

i S ix  rats p er  group.
* A verages ±  se  o f  m ean.

washed with 0.2 its volume of salt solution 
(0.02% CaCl2, 0.017% MgCk, and 0.29% 
NaCl), and the resulting mixture sepa
rated into two phases. The lower phase, 
containing total lipid, was washed 3 times 
with a solvent mixture (chloroform, meth
anol and water (3 :4 8 :4 7  v /v ) ) .  The 
washed extract was evaporated to dryness 
and the residue was dissolved, first in pe
troleum ether (bp 40 to 60°) and then in 
chloroform. Samples of this solution were 
taken for radioactivity measurements in a 
windowless gas-flow counter.

In a second experiment to determine the 
effect of biotin deficiency on ethanol-in
duced fatty liver, female weanling albino 
rats of the Wistar strain were fed for 60 
days on a biotin-deficient diet with the 
same composition as described above, but 
the autoclaved egg white was replaced by 
raw dried egg white and the vitamin sup
plement was biotin-free.

At the end of the test period the rats 
were divided into 2 groups. A group of 
deficient rats (group 6 ) was treated with 
glucose while another group (group 7) 
was treated with ethanol.

The animals were killed after 16 hours 
and the livers used for the determination 
of lipid composition and for the acetate- 
1-14C incorporation in vitro into total lipids.

All data were analyzed by statistical 
procedures.

R E S U L T S

Paper electrophoresis of serum lipopro
teins showed no significant differences of 
a- and ^-lipoproteins levels in those rats 
treated with ethanol (group 1), or with 
ethanol plus ATP (groups 3 and 4 ), or 
with adenine (group 5 ), as compared with

the rats receiving glucose in isocaloric 
amounts (group 2 ).

From table 1 it appears that total lipid 
content was significantly increased (P <  
0.001) in ethanol-treated rats when com
pared with the glucose-treated ones. This 
increase was due entirely to the neutral 
lipid fraction, whereas no significant dif
ferences (P <  0.001) were found in phos
pholipid and cholesterol fractions.

A remarkable increase of fat content of 
liver also was observed in ethanol-treated 
rats and in those injected with 150 mg 
of ATP (group 3 ) ( P <  0.001).

The fat content of livers of rats treated 
both with ethanol and 300 mg of ATP 
showed a slight but significant decrease 
(P <0.05) as compared with ethanol- 
treated rats (group 2). A notable decrease 
(P <  0.01) was observed in rats receiving 
both ethanol and adenine (group 5).

The data, concerning the lipid synthesis 
in vitro, showed that the rate of incorpora
tion of acetate- 1-14C into total lipids of liver 
slices from ethanol-treated rats was lower 
than that of rats of group 1 (P <  0.001).

No significant difference of acetate-1- 
14C incorporation was noted between those 
animals treated either with ATP (groups 
3 and 4 ) or adenine (group 5 ), and the 
control rats (group 1).

No significant changes in the liver con
tent of protein-bound biotin were observed 
among glucose-treated rats, ethanol-treated 
rats, and ethanol-treated rats injected with 
ATP or adenine (table 2 ). The cellular 
content of ATP decreased in the liver of 
rats receiving ethanol when compared with 
control rats (P <  0.001); no differences 
were noted in the rats treated with both 
ethanol and ATP, or with ethanol and 
adenine.
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It appears from the data in table 3 that 
the acute ethanol ingestion also caused a 
marked increase of liver lipid content in 
biotin-deficient rats (group 6 ) when com
pared with the biotin-deficient rats which 
did not receive ethanol (group 7 ) (P <  
0.001). The increase was due entirely to 
neutral fat. The incorporation of acetate- 
1-MC into liver total lipids of biotin-defi
cient rats was significantly decreased (P 
< 0 .0 0 1 ) by acute ethanol ingestion.

D IS C U S S IO N

The neutral fat increase in the liver of 
ethanol-treated animals has been ascribed 
either to increased fatty acid synthesis 
(2 ) ,  or to decreased fat secretion from the 
liver (1 1 ), or to increased fatty acid mo
bilization from peripheral fat depots to the 
fiver (1 ) . According to the data of Hom
ing et al. (12 ) and of Scheig and Issel- 
bacher (1 ) ,  our preliminary experiments 
showed that the most probable cause of 
fatty fiver formation seemed to be the 
stimulation of fatty acid mobilization from 
extrahepatic stores to the fiver (13 ). In 
fact, the percentage fatty acid composition 
of total fiver lipids in ethanol-treated rats 
strongly resembles that of adipose tissue. 
Moreover, the actual amount of linoleate 
of the fiver was increased, which could in
dicate that mobilization from peripheral 
fat depots had occurred.

The present data, however, appear to 
exclude the hypothesis that the develop
ment of ethanol fatty fiver may result 
from an increase of lipogenesis. In fact, 
the incorporation of acetate-1-14C into total 
lipids of fiver slices from ethanol-treated 
rats was decreased. Moreover, in biotin-de
ficient rats ethanol ingestion produced a 
fatty liver although a notable decrease in 
the content of biotin enzymes, and in par
ticular of acetyl-CoA-carboxylase, was ob
served (14 ). Actually it has been suggested 
that the development of some types of 
fiver infiltration (i.e., orotic acid-fatty 
fiver), which are associated with a stimu
lation of lipid synthesis (1 5 ) is inhibited 
by biotin deficiency (5 ).

Also, decreased conversion of triglycer
ides to phospholipids does not appear to 
have any association with the development 
of the steatosis. In fact, the concentra
tion of phospholipids in the fiver was
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unchanged by ethanol treatment. More
over, the addition of cytidine diphosphate 
(CDP) to the homogenates from ethanol- 
treated rats stimulated phospholipid for
mation (1 ) , suggesting that the phospho
lipid synthesizing system was reasonably 
intact. Furthermore, there is no evidence 
that the ethanol-induced fatty liver is de
termined by impaired secretion of lipids 
from liver, since the concentration of 
serum lipoproteins was unchanged by eth
anol treatment, as also observed by Seakins 
and Robinson (16 ). It has been suggested 
that this type of fatty liver might result 
from impaired secretion of lipids from the 
liver as a consequence of decreased lipo
protein synthesis, induced by acute ATP 
deficiency (4, 11). Actually the relation
ships between ethanol-induced fatty liver 
and ATP have not yet been completely elu
cidated. Ethanol ingestion produced a de
crease of liver ATP. The administration 
of 150 mg of ATP, however, normalized 
the hepatic content of ATP but did not pre
vent the development of fatty liver. Only 
the administration of adenine, or to a 
lesser extent of 300 mg of ATP, partially 
prevented the steatosis.

From these data it appears that the 
mechanisms of protection afforded only 
by very large doses of ATP or adenine 
still remain uncertain. The possibility can
not be excluded that the protective action 
of ATP may be mediated through pharma
cological mechanisms (shock, hypother
mia) rather than through biochemical 
mechanisms (4, 17).
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ABSTRACT T w o  e x p e r im e n ts  h a v e  b e e n  c o n d u c t e d  w it h  c h ic k s  to  d e te r m in e  th e  
e f fe c t s  o f  h ig h  le v e ls  o f  d ie ta ry  n ic k e l  o n  g r o w th  a n d  n u tr ie n t  u t il iz a t io n . D ie ta ry  
n ic k e l  w a s  s u p p lie d  as e ith e r  th e  a ce ta te  o r  s u lfa te  sa lt  at le v e ls  u p  to  1 3 0 0  p p m  in  
a  b a s a l d ie t  c a lc u la t e d  to  b e  a d e q u a te  in  a ll  k n o w n  n u tr ie n ts . G ro w th  o f  c h ic k s  to 
4  w e e k s  o f  a g e  w a s  s ig n if ic a n t ly  d e p r e sse d  a t  7 0 0  p p m  n ic k e l  a n d  a b o v e .

M e ta b o liz a b le  e n e r g y  d e te r m in a t io n s  o n  th e  r e s p e c t iv e  e x p e r im e n ta l  d ie ts  su g g e s te d  
a n  im p a ir m e n t  in  e n e r g y  m e ta b o l is m  at th e  h ig h e r  le v e ls  o f  d ie ta ry  n ic k e l .  F a t  
r e te n t io n s  w e r e  n o t  a f fe c te d  b y  n ic k e l ,  b u t  a  m a r k e d  r e d u c t io n  in  n it r o g e n  re te n t io n  
w a s  o b ta in e d  w it h  th e  h ig h e r  d ie ta ry  le v e ls  o f  n ic k e l .

I n  a  s e c o n d  e x p e r im e n t , 1 1 0 0  p p m  n ic k e l  w e r e  in c o r p o r a t e d  in to  a  b a s a l  d ie t  a n d  
c o n t r o l  d ie ts  p a ir - fe d  to  d e lin e a te  th e  e f fe c t s  a s s o c ia te d  w it h  f e e d  c o n s u m p t io n  a n d  
n ic k e l  t o x ic it y  p e r  se . N o  s ig n if ic a n t  d i f fe r e n c e s  in  g r o w th  ra te  w e re  o b ta in e d  w ith  
e ith e r  1 1 0 0  p p m  n ic k e l  as th e  s u lfa te  o r  a c e ta te  in  c o m p a r is o n  w it h  th e  p a ir - fe d  
c o n t r o ls .  N itr o g e n  r e te n t io n  v a lu e s  w e r e  d e p re s s e d  in  b ir d s  f e d  1 1 0 0  p p m  n ic k e l .

The effects of nickel have been clearly 
defined in rats, guinea pigs and mice. In 
a study with rats, it was found that levels 
of 250, 500 and 1000 ppm of nickel in 
three different forms did not significantly 
affect growth rate or reproduction (1 ). 
Approximately 71 to 91% of ingested Ni 
was found in the feces. Appreciable quan
tities were also retained in the tissues. In 
a further study, young rats fed on a diet 
containing 250 ppm of added Ni for 16 
months grew normally (2 ) . They found 
that maximum Ni levels occurred after 8 
months and gradually decreased there
after, probably because of decreased 
absorption of the nickel together with con
tinued excretion. Low molar concentra
tions of nickel given to white mice by 
means of intraperitoneal injection were 
found to be lethal (3 ). Nickel given to 
guinea pigs by subcutaneous injections 
over a period of 120 days showed that the 
nickel was present in all organs investi
gated, and was eliminated primarily by 
the kidneys (4 ) . Studies on the effect of 
Ni on various physiological systems have 
shown that Ni does activate arginase (5 ), 
carboxylase (6 )  and trypsin (7 ). Acid 
phosphatase under certain conditions was 
inhibited (8 ).

In view of the lack of information re
lating to the toxicity of nickel in poultry 
and the difficulties of extrapolating data

from studies with rats and mice to chick
ens, the present study was initiated to 
evaluate the effects of high levels of this 
element on growth and the utilization of 
protein, fat and energy in the chick.

E X P E R IM E N T A L

Two studies were carried out with Hub
bard broiler chicks grown to 4 weeks of 
age in batteries with raised wire floors. 
In the first experiment, nickel sulfate or 
nickel acetate was fed in amounts to sup
ply zero, 100, 300, 500, 700, 900, 1100 
and 1300 ppm added nickel to the basal 
diet. These experimental diets were sup
plied ad libitum.

In a second study, the 1100 ppm level 
of nickel was fed as the sulfate or acetate, 
and the basal diet was pair-fed with these 
diets to evaluate the separate effects of 
nickel on feed consumption and protein 
utilization. An additional treatment em
ployed the basal diet fed ad libitum.

In each of the experiments, three repli
cate groups of 8 chicks each (4  males and 
4 females) were fed each of the experi
mental diets. The basal diet (table 1) 
used in these studies was calculated to be 
adequate in all essential nutrients.

In addition to body weight gain and 
feed consumption data, feces samples
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TABLE 1
Diet of nickel sulfate and acetate used in 

chick growth study

Ingred ien t

F is h  m e a l
%  of diet 

5 .0 0
A l fa l f a  m e a l  ( 1 7 %  p r o t e in ) 2 .0 0
W h e y , d r ie d 1 .0 0
C o rn , d ie t , d r ie d  so l. 1 .0 0
A n im a l  fa t 5 .0 0
G r o u n d  y e l lo w  c o r n 4 9 .5 0
S o y b e a n  m e a l  ( 4 4 %  p r o t e in ) 3 1 .1 5
D ic a lc iu m  p h o s p h a te 1 .0 0
C a lc iu m  c a r b o n a te 0 .7 5
Salt 0 .2 0
M a n g a n e s e  d io x id e 0 .0 2
D L -M eth ion in e 0 .1 0
V ita m in  m ix  1 2 .5 0
C h r o m iu m  o x id e 0 .2 0

T o ta l 1 0 0 .0 0

1 Supplied the following per kilogram of diet: (in 
mg) ascorbic acid, 12.5; thiamine*HC1, 12.5; niacin, 
100.0; riboflavin, 20.0; pyricoxine-HCl, 12.5; d-biotin, 
1.25; Ca D-pantothenate, 75.0; vitamin B12 (0 .1% ), 
10.0; folic acid, 4.00; d-a-tocopheryl acetate, 200.0; 
menadione (2-methyl-naphthoquinone), 1.25; ethoxy- 
quin, 500.0; ¿-inositol, 500.0; p-aminobenzoic acid, 
25.0; oxytetracycline, 25.0; (in IU) vitamin A palmi- 
tate (stabilized), 14,000; and vitamin D3, 1,500.

were collected during the fourth week of 
each experiment to determine the effects 
of the nickel on nitrogen, calcium, phos
phorus and fat retentions and on dietary 
metabolizable energy values.

A 0.20% level of chromium oxide 
(Cr20 3) was mixed into the experimental 
rations as an inert marker and the ratio 
of this material to the analysis values ob
tained for the nutrients listed above was 
used to calculate retentions according to 
the formula:

% retention of “X” =
(Cr20 3 feed “X” feces)

100 -  100 ----------------- X -------------
(Cr20 3 feces “X” feed) 

Chromium oxide was determined on 
feed and feces samples by HN03 — HC104 
digestion as outlined by Edwards and Gil- 
lis (9 ). The perchloric acid digest from 
the above determination was used for the 
determination of calcium by flame pho
tometry employing a phosphorus correc
tion (10 ) and for the determination of 
total phosphorus (11 ). The A.O.A.C. 
Kjeldahl method was used for nitrogen 
determinations while combustible energy 
values were determined with the Parr oxy
gen bomb calorimeter.

All data, where applicable, were sub
jected to statistical analysis by analysis 
of variance and the means separated by 
Duncan’s multiple range test (12 ).

R E S U L T S  A N D  D IS C U S S IO N

No significant differences were obtained 
in the growth of chicks fed the two forms 
of nickel (tables 2 and 3). The birds fed 
nickel sulfate showed no significant differ
ences in body weights up to the 300 ppm 
level, but the feeding of 500 to 700 ppm 
Ni significantly depressed weight gains in 
comparison with the control birds (table
2). A further progressive growth reduc
tion occurred at the 900 to 1300 ppm 
levels of nickel. Feed conversion was not 
altered up to the 900 ppm level, at which 
point it was increased with each increasing 
level of nickel.

Nickel acetate gave results similar to 
those of nickel sulfate (table 3). No sig
nificant differences in body weights oc
curred up to the 500 ppm level but body 
weights were reduced at the 900 ppm level 
of nickel. Thus, nickel caused a progres
sive growth depression when fed as either 
the acetate or sulfate salts. Feed conver
sions were apparently not affected up to 
the 900 ppm nickel level but were de
pressed at both the 1300 ppm levels. Cal
culated amounts of nickel consumed per 
bird were quite similar for the two sources 
(tables 2 and 3). The 500 to 700 ppm 
levels appeared to be in a plateau region 
of intake. These results suggested that the 
amount of nickel ingested controlled the 
level of feed consumption. The amount of 
nickel ingested per bird, calculated as mil
ligrams consumed per gram of gain, gave 
opposing data (tables 2 and 3 ). These 
data showed that as the birds ingested in
creasing amounts of nickel, body weight 
decreased in a direct relationship and that 
the effect of nickel was in addition to re
duced feed intake. This problem was fur
ther examined in studying the metabolism 
of feed nutrients.

The effects of nickel on the utilization 
of dietary nutrients was investigated by 
means of Cr20 3 marker techniques. No 
great differences were found in metaboliza
ble energy values or percent fat absorption 
with birds fed nickel sulfate (table 4). 
Metabolizable energy values were unal-
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TABLE 2
Effect of dietary nickel sulfate on body weights, feed utilization 

and levels of nickel ingested in chicks

Nickel 
added as 

nickel 
sulfate

Body wt, 
4 weeks

Feed
conversion

Calculated 
nickel 

ingested 
to gain

Calculated 
nickel 

consumed 
per bird

ppm 9 mg/g mg
0 565 a 1 1.78 T  2 T

100 534 a 1.73 151 87
300 568 * 1.68 453 269
500 467 “b 1.69 687 406
700 376 b 1.97 794 412
900 2 4 7 ' 2.11 837 396

1100 180 ' 2.38 889 373
1300 179 ' 2.82 1,347 478

* Means having different superscripts are statistically different at the 0.05 level of probability.
2 T =  trace.

TABLE 3
E ffe c ts  o f  d ietary n ick e l a ceta te  on  bod y w eig h ts , fe e d  u tiliza tion

and levels o f  n ick e l in g es ted  in  ch ick s

Nickel Calculated Calculated
added as Body wt, Feed nickel nickel

nickel 4 weeks conversion ingested consumed
acetate to gain per bird

ppm 9 mg/g mg
0 565 a 1 1.78 X  2 T

100 514 a 1.79 152 85
300 559* 1.66 429 259
500 484 *b 1.71 656 383
700 390 b 1.79 795 444
900 259 ' 2.13 870 409

1100 2 5 6 ' 2.04 1009 483
1300 173 ' 2.54 1155 454

i Means having different superscripts are !statistically different at the 0.05 level o f probability.
2 T =  trace.

TABLE 4
E ffe c t  o f  n ick e l su lfa te  on  the m eta b o lism  o f  som e dietary  nu trien ts

Nickel Gross Metabolizable Fat Nitrogen Protein
added retention energy retention retained ratio
ppm % kcal/g feed % %

0 64.83 2.72 69.46 41.16 2.44
100 63.96 2.68 67.06 41.64 2.51
300 65.66 2.76 69.58 41.58 2.59
500 62.29 2.61 64.80 33.00 2.57
700 56.37 2.37 68.33 19.57 2.21
900 58.03 2.44 72.50 16.17 2.06

1100 56.06 2.35 75.75 12.50 1.83
1300 52.05 2.19 71.79 11.27 1.54

tered up to the 500 ppm level of nickel 
sulfate but appeared to be decreasing at 
levels above 500 ppm. Percent nitrogen 
retentions showed a decrease between the 
300 to 500 ppm nickel levels. Nitrogen 
retentions dropped from 41% at the 300

ppm level to 33% at the 500 ppm level. 
It was further observed that as the level 
of nickel increased, the amount of nitro
gen retained decreased. Protein efficiency 
ratios were found to decrease with higher 
levels of nickel sulfate. Above the 500
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p p m  le v e l  o f  th e  d ie t  a  d e c r e a s e  o c c u r r e d  
in  th e  P E R  w ith  e a c h  in c r e a s in g  a m o u n t  
o f  n ic k e l  f e d  a b o v e  th is  le v e l .

N ic k e l  a c e ta te , w h e n  c o m p a r e d  w ith  
n ic k e l  s u lfa t e , s h o w e d  n o  s ig n i f ic a n t  a lte r 
a t io n s  in  e ith e r  th e  g r o s s  e n e r g y  o r  fa t  
r e ta in e d  ( t a b le  5 ) .  T h e  m e t a b o liz a b le  
e n e r g y  w a s  u n a f fe c t e d  b y  n ic k e l  a c e ta te  
u p  to  th e  1 1 0 0  p p m  N i  le v e l . T h e  fe e d in g  
o f  1 3 0 0  p p m  N i  d id  n o t  fu r t h e r  lo w e r  th e  
m e t a b o liz a b le  e n e r g y  fig u r e s . P e r c e n t  n i 
t r o g e n  r e ta in e d  w a s  d e c r e a s e d  b y  n ic k e l  
a c e ta te  f e e d in g  b u t  n o  d i f fe r e n c e s  o c c u r r e d  
u n t il  a  9 0 0  p p m  N i  le v e l  w a s  f e d ,  a n d  f o r  
e a c h  in c r e m e n t  a d d e d  th e r e a fte r , a  fu r 
th e r  r e d u c t io n  o c c u r r e d . T h e  P E R  v a lu e s  
o f  n ic k e l  a c e ta te  w e r e  f o u n d  to  b e  s lig h t ly  
d if fe r e n t  f r o m  th o s e  o f  n ic k e l  s u lfa t e  in  
th a t  a  d e c r e a s e  d id  n o t  o c c u r  u n t il  th e  
9 0 0  p p m  N i  le v e l  w a s  f e d .  A  fu r t h e r  r e 
d u c t io n  in  P E R  v a lu e s  o c c u r r e d  w ith  
h ig h e r  le v e ls  o f  n ic k e l  a c e ta te  ( t a b le  5 ) .

T h e s e  r e s u lts  d o  n o t  a g re e  w ith  th e  in  
v it r o  w o r k  o f  S u g a i ( 7 '  w h o  f o u n d  a n  
in c r e a s e  in  tr y p s in  a c t iv ity  w ith  n ic k e l . 
O u r  e x p e r im e n ta l  d a ta  w o u ld  s u g g e s t  a 
r e d u c t io n  o f  p r o te o ly t ic  e n z y m e  a c t iv ity  o r  
in c r e a s e d  p r o te in  c a ta b o l is m . T h e  q u e s 
t io n  o f  w h e th e r  th e  a v a ila b ility  o f  n ic k e l  
f r o m  th e  tw o  s o u r c e s  w a s  a  fa c t o r  in  th e  
d if fe r e n c e s  n o t e d  b e t w e e n  th e  s u lfa t e  a n d  
a c e ta te  sa lts  o r  w h e th e r  th e  s u lfa t e  io n s  
w e r e  r e s p o n s ib le  f o r  th e  d i f fe r e n c e s  in  r e 
su lts  n o t e d  c a n n o t  b e  r e s o lv e d  a t th is  
p o in t .

In  v ie w  o f  th e  a p p a r e n t  e f fe c t s  o f  d ie ta r y  
n ic k e l  o n  b o th  f e e d  c o n s u m p t io n  a n d  n i 
t r o g e n  u t il iz a t io n , a n  a d d it io n a l  e x p e r i 
m e n t  in v o lv in g  th e  f e e d in g  o f  1 1 0 0  p p m  
n ic k e l  w a s  c o n d u c t e d . I n  th is  s tu d y , c o n 
tr o l g r o u p s  w e r e  p a ir - fe d  a t a  le v e l  e q u iv a 
le n t  to  th e  f e e d  c o n s u m p t io n  o f  b ir d s  o n  
th e  n ic k e l - c o n t a in in g  d ie ts . W h e n  f e e d  in 
ta k e  w a s  e q u a liz e d , th e re  w a s  n o  s ig n ifi-

TABLE 5
Effect of nickel acetate on the metabolism of some dietary nutrients

Nickel
added

Gross
energy

retention
Metabolizable

energy
Fat

retention
Nitrogen
retained

Protein
efficiency

ratio
ppm % kcal/g feed % %

0 64.83 2.72 69.46 41.16 2.44
100 63.43 2.66 69.78 33.96 2.43
300 63.89 2.68 64.97 36.99 2.62
500 65.80 2.76 71.79 36.67 2.54
700 64.56 2.71 72.49 36.11 2.43
900 62.56 2.63 79.06 28.28 2.04

1100 58.33 2.45 73.03 20.34 2.08
1300 58.48 2.46 75.26 15.82 1.71

TABLE
Effect of dietary nickel

6
on pair-fed chicks

Dietary
treatment

Avg body wt 
4 weeks

Feed
consumed 
per bird

Feed
conversion

Nitrogen
retention

1. Basal diet ad libitum
9

570 al
9

905 1.74
%

54.4

2 . 1100 ppm Ni as nickel 
acetate ad libitum 304» 538 2.12 44.9

3. Basal diet pair-fed 
with treatment 2 292 b 501 2.07 58.1

4. 1100 ppm Ni as nickel 
sulfate ad libitum 262» 490 2.31 46.5

5. Basal diet pair-fed 
with treatment 4 259 b 451 2.16 63.4

i  M e an s  h a v in g  d if fe re n t su p e rsc rip ts  a re  s ta t is t ic a l ly  d if fe re n t a t th e  0.05 le v e l o f  p ro b a b ili ty .
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c a n t  e f f e c t  o f  d ie ta r y  n ic k e l  o n  th e  g r o w th  
ra te  o f  c h ic k s  to  4  w e e k s  o f  a g e  ( t a b le  6 ) .  
N o  s ig n i f ic a n t  d i f fe r e n c e s  w e r e  n o t e d  b e 
tw e e n  th e  a c e ta te  a n d  s u lfa t e  sa lts . F e e d  
c o n v e r s io n s  w e r e  s lig h t ly  b e t te r  in  th e  
p a ir - fe d  g r o u p s  n o t  r e c e iv in g  n ic k e l . N it r o 
g e n  r e te n t io n s  w e r e  d e c r e a s e d  w ith  th e  
f e e d in g  o f  1 1 0 0  p p m  n ic k e l ,  a s e ith e r  th e  
a c e ta te  o r  s u lfa t e , in  c o m p a r is o n  w ith  th e  
p a ir - fe d  c o n t r o l  g r o u p s  ( t a b le  6 ) .

T h e s e  d a ta , a lo n g  w ith  th e  r e s u lts  o b 
ta in e d  in  th e  p r e v io u s  s tu d y , s u g g e s t  th a t 
n ic k e l , in  a d d it io n  to  h a v in g  a n  e f f e c t  o n  
f e e d  in ta k e , w a s  d e tr im e n ta l to  n it r o g e n  
r e te n t io n . A  s tr ik in g  d i f fe r e n c e  in  n it r o 
g e n  r e te n t io n  v a lu e s  w a s  o b t a in e d  w ith  
n ic k e l  s u p p le m e n ta t io n  b e tw e e n  th e  tw o  
e x p e r im e n ts . T h e  b ir d s  in  th e  s e c o n d  s tu d y  
s h o w e d  m u c h  h ig h e r  n it r o g e n  r e te n t io n  
v a lu e s  a t 1 1 0 0  p p m  n ic k e l  th a n  in  th e  first 
e x p e r im e n t . T h e s e  d i f fe r e n c e s  a re  e x 
p la in e d .

LITERATURE CITED
1. Phatak, S. S., and V. N. Patwardhan 1950 

Toxicity of nickel. J. Sci. Ind. Res., 9b: 70.
2. Phatak, S. S., and V. N. Patwardhan 1952 

Toxicity of nickel; accumulation of nickel

in rats on nickel-containing diets and its 
elimination. J. Sci. Ind. Res., l ib :  172.

3. Franz, R. D. 1962 Toxicity of some trace 
elements. Arch. Exp. Pathol. Pharmakol.,
244: 17.

4. Ceresa, C. 1947 Poisoning from nickel. 
Med. Lavoro, 38: 225.

5. Hellerman, L., and M. E. Perkins 1935 
Activation of enzymes. III. The role of metal 
ions in the activation of arginase. The hy
drolysis of arginine induced by certain metal 
ions with urease. J. Biol. Chem., 112: 775.

6 . Speck, J. F. 1949 The effect of cations on 
the dicarboxylation of oxalacetic acid. J. 
Biol. Chem., 178: 315.

7. Sugai, K. 1944 Studies on proteane. VI. 
The effect of the addition of various salts 
on the tryptic activity. J. Biochem., Tokyo, 
36: 91.

8 . Ohlmeyer, P. 1946 Phosphatase. Z. Na- 
turforsch., 1: 18.

9. Edwards, H. M., and M. B. Gillis 1959 A 
chromic oxide balance method for determin
ing phosphate availability. Poultry Sci., 38: 
569.

10. Coleman Model 21 Flame Photometer 1958 
Bulletin D-248B. Maywood, Illinois.

11. Koenig, G. A., and C. R. Johnson 1942 
Calorimetric determination of phosphorus in 
biological materials. Ind. Eng. Chem. Anal. 
Ed., 14: 155.

12. Duncan, D. B. 1955 Multiple range and 
multiple F tests. Biometrics, 11: 1.



Influence of Ascorbic Acid on the 
Absorption of Copper by Rats

DARRELL VAN CAMPEN and  EARL GROSS
V. S. Plant, Soil and Nutrition Laboratory, Agricultural Research Service, 
U. S. Department of Agriculture, Ithaca, New York

ABSTRACT Experiments were conducted to determine the effects of high levels of 
ascorbic acid on rats and to determine which step or steps in the utilization of copper 
are influenced by these high levels of ascorbic acid. The effects of high levels of 
dietary ascorbic acid on rats are much less severe than those reported for chicks and 
rabbits. Ascorbic acid significantly depressed the absorption of 64Cu when the acid 
was put into a ligated intestinal segment along with the radiocopper. A smaller, non
significant, depression in 64Cu resulted when ascorbic acid was given intraperitoneally 
and 64Cu was put into the ligated segment. In other experiments, the whole-body re
tention of a single dose of 64Cu was determined. Rats fed a diet containing 1% 
ascorbic acid retained less of an orally administered dose of 64Cu than did the con
trols; however, when 64Cu was given intraperitoneally, retention was not significantly 
affected by 1 % dietary ascorbic acid. Thus, the results of both ligated segment studies 
and whole-body retention experiments indicate that, in rats, ascorbic acid depresses 
the intestinal absorption of copper, but has little or no effect on copper excretion.

T h e  c o p p e r  s ta tu s  o f  a n  a n im a l is  in 
f lu e n c e d  b y  a  n u m b e r  o f  d ie t a r y  fa c t o r s  
o th e r  th a n  th e  le v e l  o f  c o p p e r  in  th e  d ie t . 
T h e s e  fa c t o r s  in c lu d e  z in c  ( 1 - 8 ) ,  c a d 
m iu m  ( 8 , 9 ) ,  m e r c u r y  a n d  s ilv e r  ( 1 0 ) ,  
m o ly b d e n u m  a n d  s u lfa t e  ( 1 1 - 1 3 ) ,  a n d  
p h y ta te  ( 1 4 ) .  R e c e n t ly , a s c o r b ic  a c id  w a s  
a d d e d  to  th is  l is t  w h e n  it  w a s  f o u n d  th a t  
its  in c lu s io n  in  th e  d ie ts  o f  c h ic k s  ( 1 5 ,
1 6 )  o r  r a b b it s  ( 1 7 )  in c r e a s e d  th e  s e v e r ity  
o f  c o p p e r  d e f ic ie n c y .

A t  le a s t  th re e  p o s s ib le  e x p la n a t io n s  f o r  
th e  e f f e c t  o f  a s c o r b ic  a c id  o n  c o p p e r  d e 
f i c ie n c y  a re  im m e d ia te ly  e v id e n t :  1 )  in 
te r fe r e n c e  w ith  th e  a b s o r p t io n  o f  c o p p e r  
f r o m  th e  in te s t in e ; 2 )  in t e r fe r e n c e  w ith  
t r a n s p o r t  a n d  fu n c t io n  o f  c o p p e r  a t th e  
c e l lu la r  le v e l ;  o r  3 )  in c r e a s e d  c o p p e r  e x 
c r e t io n . T h e  o b je c t iv e s  o f  th e  s tu d y  r e 
p o r te d  h e r e  w e r e : 1 )  to  d e te r m in e  i f  h ig h  
d ie ta r y  le v e ls  o f  a s c o r b ic  a c id  in c r e a s e  th e  
s e v e r ity  o f  c o p p e r  d e f i c ie n c y  in  r a ts  as th e y  
d o  in  c h ic k s ,  a n d  2 )  to  d e te r m in e  w h ic h  
s te p  o r  s te p s  in  c o p p e r  u t il iz a t io n  a re  
a f f e c t e d  b y  a s c o r b ic  a c id .

MATERIALS AND METHODS

E xp erim en ts  w ith  ligated intestinal seg 
m en ts. M a le  r a ts  o f  th e  S p r a g u e -D a w le y  
s tra in  th a t  h a d  b e e n  h o u s e d  in  s ta in le ss  
s te e l c a g e s  a n d  f e d  a  c o m m e r c ia l  d i e t * 1

w e r e  u s e d  in  th e s e  e x p e r im e n ts . R a ts  
w e ig h in g  f r o m  2 5 0  to  3 5 0  g  w e r e  u s e d  
a n d  w e r e  a s s ig n e d  to  r e p lic a te s  in  a  r a n 
d o m iz e d  b lo c k  d e s ig n  a c c o r d in g  to  b o d y  
w e ig h t .

R a d io c o p p e r ,  r e c e iv e d  as C u ( N 0 3)2, w a s  
d ilu te d  to  a  c o p p e r  c o n c e n t r a t io n  o f  2  u g /  
m l  w ith  e ith e r  d is t il le d  w a t e r  o r  a  0 .5 %  
s o lu t io n  o f  a s c o r b ic  a c id . E a c h  r a t  r e c e iv e d
1 .0  ug o f  c o p p e r  a n d  e ith e r  z e r o  o r  2 .5  m g  
o f  a s c o r b ic  a c id .

R a ts  w e r e  g iv e n  64C u  e ith e r  in t r a d u o -  
d e n a lly  v ia  a  l ig a te d  lo o p  te c h n iq u e  ( 7 ,  
1 8 ) ,  o r  b y  in t r a p e r ito n e a l  ( I P )  in je c t io n . 
F o u r  tr e a tm e n t  c o m b in a t io n s  w e r e  u s e d  
w ith  th o s e  r a ts  th a t  r e c e iv e d  64C u  v ia  th e  
l ig a te d  l o o p :  1 )  c o n t r o l  ( n o  a s c o r b ic  a c id ) ;
2 )  64C u  a n d  a s c o r b ic  a c id  w e r e  b o t h  g iv e n  
in t r a d u o d e n a lly ; 3 )  a s c o r b ic  a c id  w a s  
g iv e n  in tr a p e r ito n e a lly  a t th e  s a m e  t im e  
th e  64C u  w a s  a d m in is te r e d  in tr a d u o d e -  
n a l ly ;  a n d  4 )  a s c o r b ic  a c id  w a s  g iv e n  in - 
t r a p e r ito n e a lly  2  h o u r s  b e fo r e  in tr a d u o -  
d e n a l a d m in is tr a t io n  o f  64C u . I n  a d d it io n  
to  th e s e  f o u r  t r e a tm e n ts  in  w h ic h  th e  64C u  
w a s  g iv e n  in tr a d u o d e n a lly , t w o  tr e a tm e n ts  
in v o lv in g  in tr a p e r ito n e a l  a d m in is tr a t io n  o f

Received for publication February 9, 1968.
1 Big Red Dog Chow, Agway, Inc., Syracuse, New 

York. Trade names and company names are included 
for the benefit of the reader and do not imply any 
endorsement or preferential treatment of the product 
listed by the U. S. Department of Agriculture.
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64C u  w e r e  in c lu d e d :  1 )  c o n t r o l  ( n o  a s c o r 
b ic  a c i d ) ;  a n d  2 )  64C u  a n d  a s c o r b ic  
a c id  w e r e  g iv e n  in tr a p e r ito n e a lly  s im u l
ta n e o u s ly .

T h r e e  h o u r s  a ft e r  a d m in is tr a t io n  o f  
64C u , a b lo o d  s a m p le  w a s  ta k e n , th e  ra ts  
w e re  a n e s th e t iz e d  w ith  e th e r  a n d  d e c a p 
ita te d . T h e  64C u  c o n c e n t r a t io n s  in  th e  
b lo o d , h e a r t , k id n e y s , a n d  l iv e r  w e r e  d e 
te r m in e d  a n d  th e  l ig a te d  s e g m e n t  a n d  its  
c o n te n ts  w e r e  s e p a r a te d  a n d  c o u n t e d . A ll  
c o u n t in g  w a s  d o n e  in  a  w e ll- ty p e  s c in t i l
la t io n  c o u n t e r . T h e  r e s u lts  o f  th e  l ig a te d  
lo o p  s tu d ie s  w e r e  s u b je c t e d  to  a n  a n a ly s is  
o f  v a r ia n c e  a n d  m e a n s  w e r e  c o m p a r e d  
u s in g  a  m u lt ip le  r a n g e  te s t  ( 1 9 ) .  S ta te 
m e n ts  o f  s ig n i f ic a n c e  a re  b a s e d  o n  o d d s  
o f  a t le a s t  1 9  to  1.

Purified diet exp erim en ts. M a le  r a ts  o f  
th e  S p r a g u e -D a w le y  s tr a in  a ls o  w e r e  u s e d  
in  th e se  e x p e r im e n ts . I n  tr ia ls  1 , 2 , a n d  3 , 
m a t e d  fe m a le  ra ts  w e r e  m a in t a in e d  o n  th e  
s to c k  d ie t  u n t i l  ju s t  b e fo r e  p a r tu r it io n . A t  
th a t  t im e , th e y  w e r e  p u t  in to  in d iv id u a l 
c a g e s  a n d  h a d  a c c e s s  to  b o th  th e  s to c k  
d ie t  a n d  a  c o p p e r -d e f ic ie n t  p u r if ie d  d ie t  
( t a b le  1 ) .  W h e n  th e  litte rs  w e r e  2  w e e k s  
o ld , th e  s to c k  d ie t  w a s  r e m o v e d  a n d  o n ly  
th e  p u r if ie d  d ie t  a n d  d is t il le d  w a t e r  w e r e  
a v a ila b le . In  tr ia l 4 , e s s e n t ia lly  th e  s a m e  
p r o c e d u r e  w a s  u s e d , e x c e p t  th a t  th e  p u r i
fie d  d ie t  w a s  in t r o d u c e d  at th e  s a m e  t im e  
th a t  th e  m a le  r a ts  w e r e  p u t  in  w it h  th e  
fe m a le s  f o r  b r e e d in g . T h e  m a le  r a ts  w e r e  
le f t  f o r  8  d a y s  a n d , d u r in g  th is  p e r io d , 
b o th  th e  s to c k  d ie t  a n d  th e  p u r if ie d  d ie t  
w e r e  a v a ila b le . W h e n  th e  m a le s  w e r e  
ta k e n  o u t , th e  s to c k  d ie t  w a s  a ls o  r e m o v e d . 
F r o m  th e n  u n t il  w e a n in g , o n ly  th e  c o p p e r -

fABLE 1
Composition of the copper-deficient diet

%
Dried skim milk 60.0
Sucrose 27.3
Corn oil 10.0
Methionine 0.5
Choline chloride 0.15
Vitamins 1 1.0
Minerals 2 * 1.0

1 Supplies: (per 100 g of diet) Vitamin A, 500 IU; 
vitamin D3, 98 ICU; a-tocopherol, 60 mg; vitamin K 
(klotogen F), 0.15 mg; thiamine, 1 mg; riboflavin, 
1 mg; pyridoxine-HCl, 0.45 mg; niacin, 5 mg; Ca 
pantothenate, 2 mg; and B12, 2 ng.

2 Supplies: (per 100 g of diet) FeS04'7H20, 12.5 mg; 
MnS04 H20, 15.4 mg; and KI, 50 n%.

d e fic ie n t  d ie t  a n d  d is t il le d  w a t e r  w e r e  
a v a ila b le .

Y o u n g  m a le  r a ts  w e r e  w e a n e d  w h e n  2 1  
d a y s  o ld  a n d  w e r e  a s s ig n e d  to  tr e a tm e n ts  
in  a  r a n d o m iz e d  b lo c k  d e s ig n . R e p l ic a t io n s  
w e r e  o n  th e  b a s is  o f  litte rs  a n d  b o d y  
w e ig h t . T h e  f o u r  d ie ts  th a t  w e r e  u s e d  
w e r e :  1 )  th e  c o p p e r -d e f ic ie n t  b a s a l  d ie t ;
2 )  b a s a l  d ie t  +  1 %  a s c o r b ic  a c id ;  3 )  a 
c o p p e r -a d e q u a te  c o n t r o l  d ie t , a n d ; 4 )  c o n 
tr o l d ie t  +  1 %  a s c o r b ic  a c id . A ll  d ie ts  w e r e  
s to r e d  in  a  c o ld  r o o m  at 2  to  4 ° .  T h e  ra ts  
w e r e  f e d  th e se  d ie ts  f o r  9  w e e k s  a n d  w e r e  
w e ig h e d  a t w e e k ly  in te rv a ls .

S u rv iv o rs  f r o m  tr ia ls  1 a n d  2  w e r e  s a c 
r i f ic e d  a t th e  e n d  o f  th e  e x p e r im e n t  a n d  
l iv e r  c o p p e r  c o n c e n t r a t io n s  w e r e  d e te r 
m in e d . S u r v iv o r s  f r o m  tr ia ls  3 a n d  4  w e r e  
d o s e d  w ith  64C u , a n d  r e te n t io n  o f  b o th  
in tr a p e r ito n e a l  a n d  o r a lly  a d m in is te r e d  
r a d io c o p p e r  w a s  d e te r m in e d  b y  w h o le -b o d y  
c o u n t in g . T h e  p r o c e d u r e  f o r  ra ts  f r o m  
tr ia ls  3  a n d  4  w a s  as f o l l o w s :  A t  th e  e n d  
o f  w e e k  8  o f  th e  e x p e r im e n t , a ll s u r v iv o r s  
r e c e iv e d  a  s in g le  in t r a p e r ito n e a l  in je c t io n  
o f  10  ug o f  c o p p e r  la b e le d  w ith  64C u  a n d  
w e r e  s u b s e q u e n t ly  c o u n t e d  p e r io d ic a l ly  in  
th e  w h o le -b o d y  c o u n t e r .2 O n e  w e e k  la te r , 
a ft e r  th is  in it ia l d o s e  o f  “4C u  ( h a l f - l i f e  =
1 2 .8  h o u r s )  h a d  d e c a y e d  to  b a c k g r o u n d  
le v e ls , th e  ra ts  w e r e  g iv e n  a  s e c o n d  d o s e  
o f  64C u  b y  s t o m a c h  tu b e . In  a ll c a s e s , ra ts  
w e r e  c o u n t e d  im m e d ia te ly  a ft e r  r e c e iv in g  
r a d io c o p p e r  a n d  w e r e  r e c o u n t e d  a t p e r i
o d ic  in te r v a ls . T h e  firs t  c o u n t  f o r  e a c h  r a t  
w a s  a rb itra r ily  s e t  a t 1 0 0 % ,  a n d  s u b s e 
q u e n t  c o u n t s  w e r e  e x p r e s s e d  as a  p e r c e n t 
a g e  o f  th e  in it ia l c o u n t . R e s u lts  o f  e a c h  
c o u n t  w e r e  s u b je c t e d  to  a n  a n a ly s is  o f  
v a r ia n c e  a n d  in d iv id u a l m e a n s  w e r e  c o m 
p a r e d  b y  a  m u lt ip le  r a n g e  te s t  ( 1 9 ) .  S ta te 
m e n ts  o f  s ig n i f ic a n c e  a re  b a s e d  o n  o d d s  o f  
a t le a s t  19  to  1.

T h e  ra ts  a s s ig n e d  to  th e  c o n t r o l  d ie ts  in  
tr ia l 3 w e r e  in a d v e r te n t ly  f e d  th e  w r o n g  
d ie t , t h e r e fo r e  n o  d a ta  w e r e  o b t a in e d  f o r  
c o p p e r -a d e q u a te  ra ts  f r o m  th is  tr ia l. I n  
tr ia l 4 , a ll th e  ra ts  f e d  c o p p e r -d e f ic ie n t  
d ie ts  d ie d  d u r in g  th e  firs t  5  w e e k s  o f  th e  
e x p e r im e n t , a n d  in  th is  tr ia l, 64C u  r e te n 
t io n  w a s  m e a s u r e d  o n ly  in  c o p p e r -a d e q u a te  
ra ts .

2 The whole-body counter consisted of a Nuclear-
Chicago Tobor detector connected to a Nuclear-Chicago
Model 8725 single-channel analyzer.
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A t th e  e n d  o f  e a c h  tr ia l, s u r v iv o r s  w e r e  
k il le d  b y  d e c a p it a t io n  a n d  l iv e r  s a m p le s  
w e r e  ta k e n . L iv e r s  w e r e  a ls o  ta k e n  f r o m  
th o s e  r a ts  th a t  d ie d  d u r in g  th e  e x p e r im e n t . 
L iv e r  t issu e  w a s  w e t  d ig e s te d  w ith  n itr ic  
a n d  s u l fu r ic  a c id s , a n d  th e  r e s u lta n t  d ig e s t  
w a s  a n a ly z e d  f o r  c o p p e r  b y  a t o m ic  a b s o r p 
t io n  s p e c tr o p h o to m e t r y .

RESULTS

T h e  r e s u lts  o f  th o s e  e x p e r im e n ts  in  
w h ic h  64C u  a n d  a s c o r b ic  a c id  w e r e  g iv e n  
to  ra ts  in  v a r io u s  c o m b in a t io n s  o f  in tra - 
d u o d e n a l  a n d  in tr a p e r ito n e a l  a d m in is tr a 
t io n  a re  p r e s e n te d  in  ta b le  2 . T h e  to ta l 
u p ta k e  o f  64C u  b y  s e v e r a l t is su e s  (b l o o d ,  
h e a r t , k id n e y s , a n d  l i v e r ) ,  a n d  th e  d is 
a p p e a r a n c e  o f  84C u  f r o m  th e  l ig a te d  d u o 
d e n a l s e g m e n t , w e r e  u s e d  as in d e x e s  o f  
64C u  a b s o r p t io n . B y  e ith e r  c r it e r io n , 64C u  
a b s o r p t io n  w a s  d e p r e s s e d  w h e n  a s c o r b ic  
a c id  w a s  p u t  in t o  th e  is o la te d  s e g m e n t  
a lo n g  w ith  th e  64C u . W h e n  b o t h  04C u  a n d  
a s c o r b ic  a c id  w e r e  a d m in is te r e d  in tr a p e r i-  
t o n e a lly , a s c o r b ic  a c id  d id  n o t  d e p r e s s  u p 
ta k e  o f  64C u  b y  th e  s a m p le d  tissu e s . W h e n  
th e  64C u  w a s  g iv e n  in tr a d u o d e n a lly  a n d  
a s c o r b ic  a c id  w a s  g iv e n  in tr a p e r ito n e a lly , 
v a lu e s  w e r e  o b ta in e d  th a t  d id  n o t  d if fe r  
s ig n i f ic a n t ly  f r o m  e ith e r  th o s e  o f  th e  c o n 
tro ls  o r  th o s e  o f  th e  ra ts  th a t  r e c e iv e d  b o th  
m a te r ia ls  in t r a d u o d e n a lly . T h u s , a s c o r b ic  
a c id  s ig n i f ic a n t ly  d e p r e s s e d  84C u  a b s o r p 
t io n  o n ly  w h e n  it  w a s  a d m in is te r e d  in tr a 
d u o d e n a l ly , a lo n g  w ith  th e  64C u .

TABLE 2
Effect of ascorbic acid on the absorption of S4Cn 

from ligated duodenal segments

Method of 
administration 4

“ Cu “ c

®4Cu
uptake by 
sampled 

tissues 2*3,4

Disappearance 
of 64Cu from 

segment

% of dose % of dose
ID — 17.44 a 46.92 »
ID ID-0 11.01 » 26.70 »
ID IP-0 15.54 ab 29.34 ab
ID IP-2 14.48 ab 33.15 ab

IP __ 23.88 ■
IP IP-0 26.88 »

1 ID =  intraduodenal; IP =  intraperitoneal; 0 and 2 
indicate that ascorbic acid was administered simul
taneously with, or 2 hours before, 64Cu, respectively.

2 Each entry is the mean of 8 observations.
s Sampled tissues were blood, heart, kidney, and 

liver.
4 Entries in any column that are not followed by 

the same letter are significantly different (P — 0.05).

T h e  e f f e c t s  o f  c o p p e r  a n d  a s c o r b ic  a c id  
le v e ls  o n  w e ig h t  g a in s , l iv e r  c o p p e r  le v e ls  
a n d  m o r t a lit y  a re  in d ic a t e d  in  ta b le  3 
w h ic h  is  a  s u m m a r y  o f  r e s u lts  f r o m  fo u r  
s e p a r a te  tr ia ls . D ie ta r y  c o p p e r  le v e l  w a s  
th e  o n ly  tr e a tm e n t  th a t  h a d  a  s ig n i f ic a n t  
e f fe c t . L iv e r  c o p p e r  le v e l  a n d  w e ig h t  g a in s  
w e r e  n o t  a f fe c te d  b y  f e e d in g  1 %  a s c o r b ic  
a c id , ir r e s p e c t iv e  o f  th e  c o p p e r  s ta tu s  o f  
th e  ra ts . I n  e a c h  o f  th e  firs t  th re e  tr ia ls , 
m o r t a lit y  w a s  h ig h e r  a m o n g  th e  r a ts  f e d  
th e  c o p p e r -d e f ic ie n t  d ie t  +  1 %  a s c o r b ic  
a c id  th a n  a m o n g  th e  r a ts  f e d  th e  c o p p e r -  
d e f ic ie n t  d ie t . I n  th e  f o u r t h  tr ia l, a ll th e  
c o p p e r -d e f ic ie n t  ra ts  d ie d  r e g a r d le s s  o f  
w h e th e r  o r  n o t  th e y  w e r e  f e d  a s c o r b ic  a c id , 
s o  n o  s u c h  c o m p a r is o n  w a s  p o s s ib le . A n  
e f f e c t  o f  a s c o r b ic  a c id  o n  m o r t a lit y  w a s  
a p p a r e n t  o n ly  in  ra ts  th a t  w e r e  m a r g in a l  
c a s e s  in s o fa r  as  s u r v iv a l w a s  c o n c e r n e d . 
I f  th e  c o p p e r  d e f ic ie n c y  w a s  m i ld , a s c o r b ic  
a c id  h a d  n o  e f f e c t  o n  m o r ta lity . I f  th e  
c o p p e r  d e f ic ie n c y  w a s  t o o  s e v e r e , as in  th e  
fo u r t h  tr ia l, a ll o f  th e  c o p p e r -d e f ic ie n t  ra ts  
d ie d , r e g a r d le s s  o f  w h e th e r  a s c o r b ic  a c id  
w a s  f e d .

T h e  r e s u lts  o f  th e  e x p e r im e n t s  th a t  
m e a s u r e d  th e  e f f e c t  o f  d ie ta r y  a s c o r b ic  
a c id  o n  64C u  r e te n t io n  b y  c o p p e r -d e f ic ie n t  
ra ts  f r o m  th e  th ird  tr ia l are p r e s e n te d  in  
fig u r e  1. W h e n  th e  64C u  w a s  a d m in is te r e d  
to  th e  r a ts  b y  s t o m a c h  tu b e , th e  ra ts  th a t 
w e r e  f e d  a s c o r b ic  a c id  r e ta in e d  le s s  o f  th e  
r a d io c o p p e r  th a n  d id  th o s e  f e d  th e  b a s a l 
c o p p e r -d e f ic ie n t  d ie t  ( a t  a ll p o in ts  b e y o n d  
3 5  h o u r s , P  ^  0 .0 6 ) .  W h e n  64C u  w a s  
a d m in is te r e d  in tr a p e r ito n e a lly , h o w e v e r , 
th e re  w a s  n o  d i f fe r e n c e  b e t w e e n  th e  tw o

TABLE 3
Effect of dietary levels of copper and ascorbic acid 

on liver copper, weight gains, and mortality

Supplement Liver 
copper 1

8 week 
weight 
gain 2

Survivors 3

ppm 9 %
None 2.29 4 233 61
Ascorbic acid, 1% 2.64 231 48
Cu, 10 ppm 15.69 277 100
Cu, 10 ppm
Ascorbic acid, 1% 15.68 279 100

1 Dry weight basis.
2 Weight gained in the 8 weeks immediately follow

ing weaning.
3 Percent of rats surviving th.3 8-week period im

mediately following weaning.
4 Each entry is the mean of 33 observations.
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H O U R S  A F T E R  A D M I N I S T R A T I O N  O F  C U - 6 4
Fig. 1 Effect of dietary ascorbic acid on whole-body retention of 64Cu by copper-deficient 

rats. (Each point is the mean of 9 observations.)

H O U R S  A F T E R  A D M I N I S T R A T I O N  O F  C U - 6 4
Fig. 2 Effect of dietary ascorbic acid on whole-body retention of 64Cu by copper-adequate 

rats. (Each point is the mean of 12 observations.)

g r o u p s  in  th e ir  r e te n t io n  o f  th e  r a d io 
c o p p e r .

T h e  r e s u lts  o f  a  s im ila r  e x p e r im e n t  w ith  
th e  c o p p e r -a d e q u a te  r a ts  o f  tr ia l 4  a re  
p r e s e n te d  in  fig u r e  2 . T h e s e  r e s u lts  a re  
q u a lita t iv e ly  s im ila r  to  th o s e  o b ta in e d  
w ith  c o p p e r -d e f ic ie n t  ra ts , i .e . ,  th e  ra ts  f e d  
a s c o r b ic  a c id  r e ta in e d  le s s  o f  a n  o r a l  d o s e  
o f  r a d io c o p p e r .  T h e  d i f fe r e n c e s  b e tw e e n  
th e  r a ts  f e d  a s c o r b ic  a c id  a n d  th e  c o n tr o ls

w e r e  n o t  s ta t is t ic a lly  s ig n i f ic a n t ; h o w e v e r ,  
th e  a v e r a g e  r e te n t io n  f o r  th e  r a ts  f e d  a s c o r 
b i c  a c id  w a s  b e lo w  th a t  o f  th e  c o n t r o ls  
t h r o u g h o u t  th e  e x p e r im e n t . A g a in , w h e n  
th e  64C u  w a s  a d m in is te r e d  in tr a p e r ito n e -  
a lly , r e te n t io n  w a s  as h ig h  in  th e  r a ts  f e d  
a s c o r b ic  a c id  as in  th e  c o n tr o ls .

DISCUSSION
R e la t iv e ly  s m a ll q u a n t it ie s  o f  a s c o r b ic  

a c id  a c c e n tu a te  c o p p e r  d e f i c ie n c y  in
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c h ic k s . H ill  a n d  S ta r c h e r  ( 1 5 )  w e r e  a b le  
to  d e p r e s s  w e ig h t  g a in s , a o r t ic  e la s t in , a n d  
s u r v iv a l o f  c h ic k s  b y  f e e d in g  c h ic k s  a s c o r 
b ic  a c id  a t th e  r a te  o f  0 .1 %  in  a  c o p 
p e r -d e f ic ie n t  d ie t . C a r lto n  a n d  H e n d e r s o n
( 1 6 )  o b s e r v e d  r e d u c e d  g r o w t h , lo w e r e d  
h e m o g lo b in  a n d  h e m a t o c r i t  le v e ls , a n d  in 
c r e a s e d  m o r t a lit y  w h e n  a s c o r b ic  a c id  w a s  
a d d e d  to  a  s e m ip u r i f ie d  d ie t  a t r a te s  o f  
1 to  5  g / k g  o f  fe e d . I n  c o n tr a s t , th e  ra ts  
in  th e  e x p e r im e n ts  r e p o r te d  h e r e  w e r e  n o t  
s ig n i f ic a n t ly  a f fe c t e d  b y  a d d it io n s  o f  1 %  
a s c o r b ic  a c id  to  a  c o p p e r -d e f ic ie n t , p u r if ie d  
d ie t  c o n t a in in g  le s s  th a n  1 p p m  o f  c o p p e r . 
W e ig h t  g a in s  a n d  l iv e r  c o p p e r  le v e ls  w e r e  
n o t  d e p r e s s e d  b y  th e  a d d e d  a s c o r b ic  a c id , 
a n d  m o r t a lit y  a p p e a r e d  to  b e  in c r e a s e d  
o n ly  in  m a r g in a l  c a s e s , i .e . ,  it  s e e m s  th a t  
f o r  th o s e  ra ts  th a t  w e r e  b o r d e r lin e  c a s e s  
in s o fa r  as  s u r v iv a l w a s  c o n c e r n e d , th e  
a s c o r b ic  a c id  d id  in c r e a s e  m o r ta lity . T h e s e  
r e s u lts  a re  c o n s is t e n t  w ith  th o s e  o f  M o r r is  
e t  a l. ,3 a n d  w o u ld  in d ic a t e  th a t  ra ts  are  
le s s  s u s c e p t ib le  to  h ig h  le v e ls  o f  a s c o r b ic  
a c id  th a n  e ith e r  c h ic k s  ( 1 5 , 1 6 )  o r  r a b 
b its  ( 1 7 ) .

I n  th e  e x p e r im e n ts  u s in g  l ig a te d  s e g 
m e n ts  o f  in te s t in e , a s c o r b ic  a c id  d e p r e s s e d  
th e  a b s o r p t io n  o f  64C u  w h e n  b o th  th e  a c id  
a n d  th e  r a d io c o p p e r  w e r e  g iv e n  in tr a d u o -  
d e n a lly . I f  b o t h  w e r e  a d m in is te r e d  in tra - 
p e r it o n e a l ly , th e  a s c o r b ic  a c id  d id  n o t  
a f f e c t  th e  u p ta k e  o f  64C u  b y  a n y  o f  th e  
tis su e s  th a t  w e r e  s a m p le d . I f  th e  64C u  w a s  
g iv e n  in tr a d u o d e n a lly  a n d  th e  a s c o r b ic  
a c id  in tr a p e r ito n e a lly , a b s o r p t io n  w a s  in 
te r m e d ia te  b e t w e e n  th a t  o f  th e  c o n tr o ls  
a n d  th a t  o f  th e  r a ts  th a t  r e c e iv e d  in tra - 
d u o d e n a l  a s c o r b ic  a c id . T h e s e  r e s u lts  in 
d ic a t e  th a t  a s c o r b ic  a c id  c a n  d e p r e s s  th e  
in te s t in a l  a b s o r p t io n  o f  c o p p e r  i f  th e  tw o  
m a te r ia ls  a re  a d m in is te r e d  to g e th e r . T h is  
is  c o n s is t e n t  w ith  th e  r e p o r t  b y  H u n t  a n d  
C a r lto n  ( 1 7 )  th a t  th e  a d m in is tr a t io n  o f  
a s c o r b ic  a c id  b y  in t r a m u s c u la r  in je c t io n  
d o e s  n o t  in c r e a s e  th e  s e v e r ity  o f  c o p p e r  
d e f ic ie n c y  in  c h ic k s .

T h e  r e s u lts  w ith  l ig a te d  s e g m e n ts  a n d  
th o s e  o f  H u n t  a n d  C a r lto n  ( 1 7 )  a re  a lso  
c o n s is t e n t  w ith  th e  d a ta  f r o m  th e  s tu d ie s  
in  w h ic h  w h o le -b o d y  r e te n t io n  o f  r a d io 
c o p p e r  w a s  m e a s u r e d . I n  th e s e  e x p e r i
m e n ts , a s c o r b ic  a c id  a p p a r e n t ly  d e p r e s s e d  
th e  r e te n t io n  o f  a n  o r a l  d o s e  o f  64C u , b u t  
d id  n o t  d e p r e s s  r e te n t io n  o f  a n  in tr a p e r i

t o n e a l  d o s e . I f  c o p p e r  e x c r e t io n  w e r e  in 
c r e a s e d  b y  a s c o r b ic  a c id , r e te n t io n  o f  b o th  
o r a l a n d  in tr a p e r ito n e a l  d o s e s  o f  64C u  
s h o u ld  b e  d e p r e s s e d  w h e n  a s c o r b ic  a c id  
is  f e d .  H o w e v e r , i f  a b s o r p t io n  r a th e r  th a n  
e x c r e t io n  is  a lte re d , th e  r e te n t io n  o f  th e  
in t r a p e r ito n e a lly  a d m in is te r e d  64C u  s h o u ld  
n o t  b e  a f fe c te d . T h is  a p p e a r e d  to  b e  th e  
c a s e  in  th e s e  s tu d ie s . T h e  r e te n t io n  e x p e r i
m e n ts  in d ic a t e d  th a t  d ie ta r y  a s c o r b ic  a c id  
h a d  lit t le  o r  n o  e f f e c t  o n  e x c r e t io n  o f  64C u  
a n d  b o th  ty p e s  o f  s tu d ie s , l ig a t e d  s e g m e n t  
a n d  r e te n t io n , d e m o n s tr a te d  th a t  a s c o r b ic  
a c id  c a n  d e p r e s s  th e  in te s t in a l a b s o r p t io n  
o f  c o p p e r .
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Cellular Recovery in Rat Tissues after a  Brief 
Period of Neonatal Malnutrition * 1

MYRON WINICK, IRVING FISH a n d  PEDRO ROSSO 
Department of Pediatrics, Cornell University Medical College, 
New York, New York

ABSTRACT The purpose of these studies was to determine whether the known 
retardation in the rate of cell division in the organs of malnourished neonatal rats 
was reversible if adequate feeding was reinstituted during the period of active cell 
division. Animals undernourished for the first 9 days of life by being nursed in 
groups of 18 subsequently were nursed in groups of 3. The reduction in the number 
of cells within the organs of these animals at 9 days disappears by weaning. These 
data demonstrate that the cellular changes produced by neonatal undernutrition can 
be reversed if adequate feeding is initiated early enough.

D u r in g  th e  n e o n a t a l  p e r io d , th e  ra te  o f  
c e l l  d iv is io n  in  th e  o r g a n s  o f  th e  r a t  c a n  
b e  in f lu e n c e d  b y  th e  s ta te  o f  n u tr it io n . D e 
c r e a s e d  c a lo r ic  in ta k e  cu r ta ils  c e l l  d iv is io n , 
a n d  th e  v a r io u s  o r g a n s  c o n t a in  fe w e r  c e lls  
a t w e a n in g  ( 1 ) .  In  c o n tr a s t , in c r e a s e d  
c a lo r ic  in ta k e  a c c e le r a t e s  c e l l  d iv is io n  a n d  
th e  o r g a n s  c o n t a in  m e r e  c e l ls  a t w e a n in g  
( 2 ) .  T h e s e  e x p e r im e n ts  w e r e  u n d e r ta k e n  
to  d e te r m in e  w h e th e r  b y  in c r e a s in g  c a lo r ic  
in ta k e  to  a  m a x im u m  a ft e r  a  p e r io d  o f  
c a lo r ic  r e s t r ic t io n , th e  r a te  o f  c e l l  d iv is io n  
c a n  b e  a c c e le r a t e d  s u ff ic ie n t ly  to  re s to re  
th e  n u m b e r  o f  c e l ls  to  n o r m a l.

MATERIALS AND METHODS

R a ts  o f  th e  S p r a g u e -D a w le y  s tra in  w e r e  
ra is e d  in  litte rs  o f  18  f r o m  b ir th  th r o u g h  9 
d a y s . O n  d a y  1 0  a ll th e  p u p s  w e r e  tra n s 
fe r r e d  to  fo s t e r  m o t h e r s  a n d  s u b s e q u e n t ly  
n u r s e d  in  g r o u p s  o f  3 . C o n tr o l a n im a ls  
w e r e  n u r s e d  in  g r o u p s  o f  1 0  f o r  th e  e n 
tire  p e r io d . E x p e r im e n ta l  a n d  c o n t r o l  a n i
m a ls  w e r e  k il le d  a t d a y  9  a n d  at w e a n in g . 
O r g a n s  w e r e  im m e d ia te ly  r e m o v e d  a n d  
w e ig h e d . D e o x y r ib o n u c le ic  a c id  ( D N A ) ,  
r ib o n u c le ic  a c id  ( R N A )  a n d  p r o te in  w e r e  
d e te r m in e d  b y  m e t h o d s  p r e v io u s ly  d e 
s c r ib e d  ( 3 ,  4 ) .

RESULTS

1. N in e days (table 1). A t  9  d a y s , 
w e ig h t , p r o te in , R N A , a n d  D N A  c o n te n t  
o f  a ll o r g a n s  a re  r e d u c e d . T h e  lo w e r e d  
D N A  c o n t e n t  in d ic a t e s  th a t  fe w e r  c e lls  
are  p r e s e n t ; h o w e v e r , th e  “ a v e r a g e ”  p r o 

te in  c o n t e n t  o f  in d iv id u a l c e l ls  (p r o t e in , /  
D N A )  r e m a in s  u n c h a n g e d . T h e  R N A /  
D N A  r a t io  is  n o t  a f fe c t e d  in  h e a r t , k id n e y , 
th y m u s , o r  b r a in , a n d  a c tu a lly  in c r e a s e s  
in  lu n g , l iv e r , a n d  sp le e n . A lth o u g h  b r a in  
c e l l  n u m b e r  is  r e d u c e d  to  8 9 %  o f  n o r m a l, 
m o s t  o f  th e  r e d u c t io n  o c c u r s  w ith in  th e  
c e r e b e llu m . C e r e b e lla r  D N A  is  r e d u c e d  b y  
0 .1 0 1  m g  ( 7 2 %  o f  n o r m a l ) ,  w h e r e a s  th e  
r e d u c t io n  in  D N A  c o n t e n t  in  th e  re s t  o f  
th e  b r a in  is  o n ly  0 .0 2 9  m g  ( 9 7 %  o f  
n o r m a l ) .

2 . W ea n in g  (table 2 ). A t  w e a n in g , 
w e ig h t , p r o te in , R N A , a n d  D N A  c o n t e n t  
h a v e  r e a c h e d  o r  e x c e e d  n o r m a l  v a lu e s  in  
a ll o r g a n s  e x c e p t  th y m u s . In  lu n g , h e a r t , 
liv e r , a n d  k id n e y  th e re  is  a c tu a lly  a  s ig 
n if ic a n t  in c r e a s e  in  th e  n u m b e r  o f  c e lls  
w h e n  c o m p a r e d  to  a n im a ls  n u r s e d  in  lit 
ters  o f  10 . C e ll s iz e  ( w e ig h t /D N A  o r  p r o -  
t e i n /D N A )  is  a ls o  n o r m a l  in  a ll o r g a n s  at 
w e a n in g , a s  is  th e  R N A /D N A  ra t io . T h e  
o n ly  e x c e p t io n  to  th is  r e c o v e r y  is  th y m u s , 
w h ic h  d o e s  n o t  c o m p le t e ly  m a k e  u p  th e  
in it ia l c e l lu la r  d e fic it .

I f  c e r e b e llu m  is  a g a in  e x a m in e d  s e p a 
r a te ly , w e  se e  th a t  th e  in it ia l c e l lu la r  d e fi
c it  is  a lm o s t  c o m p le t e ly  r e v e r s e d  b y  th e  
t im e  o f  w e a n in g  ( 9 2 %  o f  n o r m a l ) .

DISCUSSION

C e ll d iv is io n  in  th e  o r g a n s  o f  th e  ra t  
c e a s e s  p r io r  to  th e  te r m in a t io n  o f  g r o w th .

Received for publication March 2, 1968.
1 Supported by National Foundation Grant no. 1270, 

Nutrition Foundation Grant no. 357, and New York 
City Health Research Council Contract no. U1769.
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TABLE 1
Weight, protein, RNA and DNA content of various organs at day 9

Organ Weight RNA DNA Protein

Whole animal 
Control 
Exp.

1 9 .2 i0 .7 5 1
10 .0+ 1 .7

Heart
Control
Exp.

0.1113±0.024  
0.0500 ±0 .019

0 .5 1±0 .1 6
0 .32±0 .13

0 .38±0 .15  
0 .2 2 ±  0.12

17.1 ± 5 .2  
7.8 ± 2 .6

Lungs
Control
Exp.

0.4940 ± 0 .3  
0.2129 ± 0 .0 5

2.94 ± 0 .5 5  
2.0 ± 0 .7 5

4 .2 ±  0.7 
1.5±0 .15

85.0 ± 2 7 .8
32.0 ± 3 .9 5

Liver
Control
Exp.

0.5190 ±0 .0 3  
0.3114 ± 0 .0 7

8.4 ± 1 .8
3.5 ± 1 .2

4.0 ± 0 .1
1.1 ± 0 .2

249.1 ± 9 8 .9  
72.0 ± 1 1 .6

Kidney
Control
Exp.

0.2452 ± 0 .0 2  
0.1433 ± 0 .0 2

1 .6 ±0 .17  
1.03 ± 0 .2 7

1.7 ± 0 .0 5  
1.1 ± 0 .0 2

35.1 ± 1 4 .6  
2 1 .0 ±  1.2

Spleen
Control
Exp.

0.0956 ±0 .0003  
0.0259 ± 0 .0 05

1.2 ± 0 .2 4  
0.34 ± 0 .0 9

1 .6 ±0 .25  
0.26 ± 0 .0 7

3 0 .0 ±  1.6 
7.2 ± 2 .1

Thymus
Control
Exp.

0.0603 ± 0 .006  
0.0203 ±0 .005

1 .0 ± 0 .8  
0.27 ± 0 .0 9

0 .9 9±0 .1 7  
0.31 ±0 .0 4

33.0 ± 3 .2 0  
6.3 ± 1 .9 5

Brain (total) 
Control 
Exp.

0.746 ± 0 .0 3  
0.591 ± 0 .0 5

3 .4 0±0 .1 5  
2.72 ± 0 .0 5

1.29 ± 0 .0 6  
1.16±0 .09

62.5 ± 4 .1
54.5 ± 2 .6

Cerebellum
Control
Exp.

0.0587 ±0 .008  
0.0365 ± 0 .0 05

0.368 ±0 .0 7  
0.245 ± 0 .0 2

0.361 ± 0 .0 3  
0.260 ± 0 .0 3

10 .2±0 .8  
7 .5 ±  1.7

i Each value represents average of 5 separate animals; ±  indicates s e .

P r e v io u s  e x p e r im e n ts  h a v e  d e m o n s tr a te d  
th a t  d u r in g  th e  p e r io d  o f  h y p e r p la s ia , th e  
ra te  o f  c e l l  d iv is io n  c a n  b e  a lte re d  b y  th e  
sta te  o f  n u t r it io n  ( 1 ,  2 ) .  T h is  s tu d y  d e m 
o n s tra te s  th a t th e  c e l lu la r  e f fe c t s  p r o d u c e d  
b y  u n d e r n u tr it io n  a re  re v e rs ib le  i f  a d e 
q u a te  fe e d in g  is  in s t itu te d  w h ile  c e l l  d iv i
s io n  is  s till o c c u r r in g . T h u s , th e  r e d u c e d  
n u m b e r  o f  c e l ls  p r e s e n t  in  a ll o r g a n s  a fte r  
9  d a y s  o f  c a lo r ic  r e s t r ic t io n  d is a p p e a r s  b y  
w e a n in g  i f  th e  f o c d  d e p r iv a t io n  is  s to p p e d  
a n d  th e  a n im a ls  a re  im m e d ia te ly  “ o v e r 
f e d . ”  T h e  e x p e r im e n ta l  w e a n l in g  ra t 
w e ig h s  as m u c h  a n d  h is  o r g a n s  c o n ta in  
th e  s a m e  n u m b e r  o f  c e lls  as w e a n lin g s  
f r o m  c o n t r o l  g ro u p s .

E v e n  i f  o r g a n s  f r o m  e x p e r im e n ta l  a n i
m a ls  a t w e a n in g  are c o m p a r e d  w ith  c o n 
tro ls  ra is e d  in  g r o u p s  o f  3 f r o m  b ir th  ( 2 ) ,  
c o n s id e r a b le  “ c a t c h  u p ”  h a s  o c c u r r e d . In  
a n im a ls  r a is e d  in  g r o u p s  o f  3 , th e  to ta l 
D N A  c o n te n t  in  b r a in  a t w e a n in g  w a s

2 .5 4  m g  ( 2 ) ,  in  a n im a ls  ra is e d  in  g r o u p s  
o f  10  it  w a s  2 .4 5  m g , a n d  in  th e  r e h a b il i
ta te d  a n im a ls  in  th is  s tu d y  it  w a s  2 .4 1  
m g . T h e  1 1 %  r e d u c t io n  in  D N A  a ft e r  9 
d a y s  o f  c a lo r ic  r e s t r ic t io n , t h e r e fo r e , is 
le ss  th a n  5 %  a t w e a n in g , e v e n  w h e n  c o m 
p a r e d  to  a n im a ls  n u r s e d  in  g r o u p s  o f  3 
( 2 ) .

A  p r e v io u s  s tu d y  s h o w e d  th a t r e fe e d in g  
a d  l ib itu m  b e g in n in g  a ft e r  w e a n in g  w o u ld  
n o t  re s to r e  th e  c e l lu la r  d e f ic it  p r o d u c e d  b y  
n e o n a t a l  u n d e r n u tr it io n  ( 1 ) .  It w o u ld  a p 
p e a r , th e r e fo r e , th a t  th e  p r e w e a n in g  p e r io d  
in  th e  ra t  is  a c r it ic a l  p e r io d  n o t  o n ly  f r o m  
th e  s ta n d p o in t  o f  th e  c e l lu la r  e f fe c t s  p r o 
d u c e d  b y  u n d e r n u tr it io n  b u t  a lso  f r o m  th e  
s ta n d p o in t  o f  th e  p o s s ib ility  f o r  th o s e  e f 
fe c t s  to  b e  r e v e rse d .

T h e  r e a s o n  f o r  th e  in c r e a s e  in  th e  
R N A /D N A  r a t io  s e e n  in  c e r ta in  o r g a n s  
a ft e r  9 d a y s  o f  f o o d  d e p r iv a t io n  is  n o t  
c le a r . T h is  in c r e a s e , h o w e v e r ,  h a s  b e e n
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TABLE 2
Weight, 'protein, RNA and DNA content of various organs at weaning

Organ Weight RNA DNA Protein

Whole animal 
Control 
Exp.

46.9 ± 3 .1  1 
54.8 ± 2 .9

Heart
Control
Exp.

0.2915 ± 0 .0 4  
0.2770 ± 0 .0 3

1.44 ± 0 .7  
1 .906±0 .2

0.992 ± 0 .1 5  
1 .2 ±  0.15

47.8 ± 5 .8  
45.5 ± 0 .4

Lungs
Control
Exp.

0.4258 ±  0.04 
0.5187 ± 0 .0 4

3.88 ± 0 .7  
4.7 ± 0 .8

6.28 ± 0 .9 5  
8.5 ± 1 .3

144.6 ± 4 9 .9  
165.0±  16.5

Liver
Control
Exp.

2 .0815±0 .2
2 .167±0 .18

24.0 ± 2 .0
26.0 ± 1 .4

9 .8 ± 3 .1 5  
10 .0±  0.55

511 .0±  114.5 
530.6 ± 2 0 .5

Kidney
Control
Exp.

0.6208 ± 0 .0 4  
0.6227 ± 0 .0 3

2 .7 5 ±  1.5 
2.25 ± 0 .6 5

2.25 ± 0 .5  
3.45 ± 0 .2

135.0 ± 3 8 .3  
175.3 ± 1 2 .0

Spleen
Control
Exp.

0.1814 ± 0 .0 2  
0.1941 ± 0 .0 5

2.4 ± 0 .0 5  
2.73 ± 0 .1 5

3 .0 ± 0 .3  
3.3 ± 0 .3 5

42.5 ± 8 .3 5
48.5 ± 8 .7

Thymus
Control
Exp.

0.2495 ± 0 .0 3  
0.2360 ± 0 .0 04

2.55 ± 0 .2 5  
2.3 ± 0 .1

7.3 ± 1 .5
6.4 ± 0 .9

72.6 ± 2 7 .5  
45.8 ± 8 .9

Brain (total) 
Control 
Exp.

1.38 ± 0 .0 4  
1.33 ± 0 .0 3

4.95 ±0 .3 1  
4.49 ± 0 .1 4

2.45 ± 0 .1 3  
2.41 ± 0 .0 8

266.0 ± 1 3 .6
228.0 ± 4 0 .7

Cerebellum
Control
Exp.

0.188 ± 0 .0 3  
0.184 ± 0 .0 05

0.736 ± 0 .0 9  
0.681 ± 0 .0 3

1.27 ± 0 .1  
1.18 ± 0 .0 4

2 7 ± 2 .1  
26 ± 2 .6

1 Each value represents average of 5 separate animals; ±  indicates s e .

se e n  u n d e r  c e r ta in  o th e r  c ir c u m s t a n c e s  
w h e r e  th e  t is su e  h a s  b e e n  e x p o s e d  to  v a r i
o u s  s t im u li . It h a s  b e e n  d e s c r ib e d  in  h e a r t  
t is su e  d u r in g  e x p e r im e n ta l  c a r d ia c  h y p e r 
t r o p h y  ( 5 ) ,  in  h u m a n  p la c e n t a  d u r in g  
“ p la c e n t a l  in s u f f i c ie n c y ”  ( 6 ) ,  a n d  in  o th e r  
s itu a t io n s  ( 7 ,  8 ) .  T h is  e f f e c t  o f  c a lo r ic  r e 
s tr ic t io n  s e e m s  to  b e  a n  e a r ly  o n e  s in c e  it 
is  n o t  p r e s e n t  in  r e s t r ic te d  a n im a ls  at 
w e a n in g  ( 1 ) .

T h e  r e s p o n s e  in  b r a in  d u r in g  th e s e  e x 
p e r im e n ts  m a y  b e  p a r t ic u la r ly  s ig n i f ic a n t  
b e c a u s e  9  d a y s  o f  f o o d  d e p r iv a t io n  b e g in 
n in g  a t b ir th  h a s  r e s u lte d  n o t  o n ly  in  a 
r e d u c e d  n u m b e r  o f  c e l ls  b u t  a ls o  in  a b 
n o r m a lit ie s  in  l ip id  m e t a b o lis m  ( 9 )  a s  w e ll  
a s  fu n c t io n a l  im p a ir m e n t .2

A n im a ls  s o  d e p r iv e d  e x h ib it  a  d e c r e a s e  
in  e x p lo r a to r y  b e h a v io r  w h e n  c o m p a r e d  to  
n o r m a lly  n o u r is h e d  l i t te r m a te s .2 M o r e o v e r , 
in  m a n  it  w o u ld  a p p e a r  th a t  f o o d  d e p r iv a 
t io n  in  th e  n e o n a t a l  p e r io d  m a y  re s u lt  in

r e ta r d e d  d e v e lo p m e n t  ( 1 0 ) .  It is  n o t  
k n o w n  w h e th e r  a t le a s t  p a r t  o f  th is  r e 
ta r d a t io n  c a n  b e  r e v e r s e d  b y  e a r ly  r a p id  
in s t itu t io n  o f  o p t im a l fe e d in g . R e c e n t  d a ta  
w o u ld  in d ic a t e  th a t  c e l l  d iv is io n  in  h u m a n  
b r a in  c e a s e s  a t a b o u t  5  m o n t h s  a ft e r  b ir th
( 1 1 ) .  T h u s , r e v e r s a l o f  th e  c e l lu la r  e f fe c t s  
o f  m a ln u tr it io n  m ig h t  b e  p o s s ib le  i f  o p t i
m a l  fe e d in g  is  b e g u n  b e fo r e  th a t  t im e .

B ra in  i t s e l f  is  c o m p o s e d  o f  a  n u m b e r  o f  
r e g io n s , a n d  th e re  a re  d a ta  d e m o n s tr a t in g  
th a t  th e  ra te  o f  c e l l  d iv is io n  a n d  th e  tim e  
a t w h ic h  c e l l  d iv is io n  s to p s  v a r y  f r o m  o n e  
r e g io n  to  a n o th e r .3 M o r e o v e r , m a ln u tr it io n  
a p p e a r s  to  a f f e c t  th e s e  r e g io n s  d if fe r e n t ly .4 
A ft e r  9  d a y s  o f  c a lo r ic  r e s t r ic t io n  in  th e

2 Barnes and Frankova 1968, personal communica
tion.

3 Fish, I., and M. Winick 1S68 Normal regional 
growth. Presented at a meeting of the American 
Academy of Neurology (manuscript in preparation).

4 Fish, I., and M. Winick 1S68 Regional growth 
of brain during malnutrition. Society for Pediatric 
Research, Atlantic City, New Jersey, May 1 (abstract).
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n e w b o r n  r a t  th e  m a jo r  e f f e c t  is  o n  c e r e 
b e llu m . T h e s e  c h a n g e s ,  h o w e v e r , c a n  still 
b e  re v e r s e d  i f  “ o p t im a l”  f e e d in g  is  in it ia te d  
im m e d ia te ly . T h is  s tu d y  w h e n  c o u p le d  
w ith  p r e v io u s  s tu d ie s  ( 1 )  d e m o n s tr a te s  
n o t  o n ly  th a t  th e  q u a lity  a n d  q u a n t ity  o f  
th e  f o o d  a re  im p o r ta n t  in  r e c o v e r y  f r o m  
m a ln u tr it io n  b u t  th a t  th e  t im e  d u r in g  
w h ic h  re h a b il ita t iv e  e f fo r t s  a re  u n d e r ta k e n  
m a y  b e  e q u a lly  im p o r ta n t . R e tu r n  to  o p 
t im a l fe e d in g  w i l l  c o r r e c t  th e  c e l lu la r  d e fi
c it s  im p o s e d  b y  m a ln u tr it io n  o n ly  i f  th e  
r e fe e d in g  is  b e g u n  d u r in g  th e  p e r io d  o f  
a c t iv e  c e l l  d iv is io n  w ith in  th e  v a r io u s  
o r g a n s .
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Effects of a  Dietary Potassium Deficiency on 
Protein Synthesis in the Young C hick1,2

K. E. RINEHART,3 W. R. FEATHERSTON a n d  J. C. ROGLER
Department of Animal Sciences, Purdue University, Lafayette, Indiana

ABSTRACT The influence of the dietary level of potassium on protein synthesis 
was investigated with young chicks. Incorporation of intraperitoneally injected 
L-leucine-l-14C into TCA-precipitable material 4 hours postinjection was used as an 
index of rate of protein synthesis. The results indicated that chicks fed a semipurified 
diet deficient in potassium incorporated significantly less L-leucine-l-14C into skeletal 
muscle protein than chicks receiving an adequate level of potassium. Conversely, the 
incorporation of L-leucine-l-14C into plasma protein was significantly greater in potas
sium-deficient chicks than in chicks receiving adequate potassium. Radioactivity in 
the nonprotein fraction of plasma, presumably in the form of the free amino acid, 
was also higher in potassium-deficient chicks as compared with control chicks. Dietary 
potassium was without effect on incorporation of c-leucine-1-14C into liver proteins. 
It was demonstrated, by pair-feeding experiments, that the effects on incorporation of 
the labeled leucine into skeletal muscle protein were due to a potassium deficiency 
per se rather than to reduced feed intake.

P o ta s s iu m  h a s  b e e n  s h o w n  to  b e  r e 
q u ir e d  f o r  p r o t e in  s y n th e s is  in  c e l l - fr e e  
s y s te m s  o f  m a m m a lia n  l iv e r  (  1 )  a n d  
E sch erich ia  coli ( 2 , 3 ) .  In  b o t h  c a s e s , a m 
m o n iu m  io n s  w e r e  as  e f fe c t iv e  o r  m o r e  
e f fe c t iv e  th a n  p o ta s s iu m  io n s . H o w e v e r , 
w ith  in t a c t  E . coli c e lls , a m m o n iu m  io n s  
w e r e  in e f fe c t iv e  in  s t im u la t in g  p r o te in  s y n 
th e s is , a n d  th e  in t r a c e l lu la r  a m m o n iu m  
io n  c o n c e n t r a t io n  w a s  f o u n d  to  b e  m u c h  
lo w e r  th a n  th a t  n e e d e d  f o r  s t im u la t io n  o f  
p r o te in  s y n th e s is  in  a c e l l - fr e e  sy s te m  
( 2 , 3 ) .  I n  e ith e r  c e l l - fr e e  o r  in t a c t  c e l l  sy s 
te m s , s o d iu m  a n d  l i th iu m  io n s  h a v e  n o t  
e n h a n c e d  p r o t e in  s y n th e s is  a n d , in  f a c t ,  
h a v e  b e e n  s h o w n  to  b e  in h ib ito r y  ( 2 ) .  
T h u s , it  h a s  b e e n  c o n c lu d e d  th a t  p o ta s 
s iu m  is  th e  m o n o v a le n t  c a t io n  w h ic h  r e g u 
la te s  p r o te in  s y n th e s is  in  th e  c e l l ,  a n d  th a t  
r e la t iv e ly  s m a ll d e c r e a s e s  in  in t r a c e l lu la r  
p o ta s s iu m  re s u lt  in  a  r e d u c t io n  in  p r o te in  
s y n th e s is  ( 2 , 3 ) .  It h a s  b e e n  p r o p o s e d  th a t  
th e  p r im a r y  m e c h a n is m  b y  w h ic h  p o ta s 
s iu m  in f lu e n c e s  p r o te in  s y n th e s is  d o e s  n o t  
in v o lv e  R N A  s y n th e s is  o r  th e  fo r m a t io n  o f  
a m in o a c y l -s -R N A , b u t  r a th e r  is  r e q u ir e d  
f o r  th e  f o r m a t io n  o f  a  c o m p le x  o f  a m in o 
a c y l-s -R N A , r i b o s o m e ( s )  a n d  m e s s e n g e r  
R N A  ( 3 , 4 ) .

T h e  p o s s ib i l i ty  th a t  p o ta s s iu m  m a y  a lso  
a f fe c t  a m in o  a c id  t r a n s p o r t  h a s  r e c e n t ly  
b e e n  in v e s t ig a te d  ( 5 ) .  H o w e v e r , it  w a s  
f o u n d  th a t  in c r e a s in g  th e  e x t r a c e l lu la r  p o 
ta s s iu m  io n  c o n c e n t r a t io n  d e c r e a s e d  a m i

n o  a c id  in f lu x  a n d  in c r e a s e d  a m in o  a c id  
e ff lu x , w h e r e a s  in c r e a s in g  th e  s o d iu m  io n  
c o n c e n t r a t io n  in c r e a s e d  in f lu x  a n d  d e 
c r e a s e d  e ff lu x . T h e r e fo r e ,  it w a s  c o n c lu d e d  
th a t  e x tr a c e l lu la r  c o n c e n t r a t io n s  o f  b o th  
s o d iu m  a n d  p o ta s s iu m  in f lu e n c e  a m in o  
a c id  tr a n s p o r t , b u t  th a t  it  is  th e  h ig h  e x tr a 
c e l lu la r  c o n c e n t r a t io n  o f  s o d iu m  w h ic h  is  
c o n d u c iv e  to  a m in o  a c id  tra n s p o r t .

F u r th e r  e v id e n c e  f o r  a  r o le  o f  p o ta s s iu m  
in  p r o te in  s y n th e s is  h a s  b e e n  a f fo r d e d  b y  
th e  o b s e r v a t io n s  o n  th e  h ig h  r e q u ir e m e n ts  
f o r  p o ta s s iu m  f o r  p r o te in  r e p le t io n  in  p r o 
te in -d e p le te d  ra ts  ( 6 , 7 ) ,  a n d  th e  in c r e a s e d  
r e q u ir e m e n t  f o r  p o ta s s iu m  w ith  h ig h  p r o 
te in  d ie ts  ( 8 ) .

T h e  p r e s e n t  in v e s t ig a t io n  w a s  c o n d u c t e d  
to  d e te r m in e  th e  e f f e c t  o f  a  p o ta s s iu m  d e 
f i c ie n c y  o n  p r o te in  s y n th e s is  in  v iv o  a n d  
to  s tu d y  p o s s ib le  t is su e  d if fe r e n c e s  in  r e 
s p o n s e  to  th e  d e f ic ie n c y .

EXPERIMENTAL

W h ite  M o u n t a in  c o c k e r e ls  w e r e  m a in 
ta in e d  in  e le c t r ic a lly  h e a te d  b a tte r y  b r o o d -  * 1 2

Received for publication December 18, 1967.
1 Journal Paper no. 3256, Purdue Agricultural Ex

periment Station, Lafayette, Indiana. This investiga
tion was supported in part by Public Health Service 
Research Grant no. AM-04740 from the National Insti
tute of Arthritis and Metabolic Diseases and by a 
NDEA Title IV fellowship to the senior author.

2 Presented in part at the annual meeting of the 
American Institute of Nutrition, Atlantic City, New  
Jersey, 1966. Federation Proc., 2 5 : 610 (abstract).

s Present address: Ralston Purina Company, St.
Louis.

Nutrition, 95: 627-632. 627
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e rs  in  a  te m p e r a t u r e -c o n t r o lle d  la b o r a to r y . 
D i f fe r in g  le v e ls  o f  d ie ta ry  p o ta s s iu m  w e r e  
o b ta in e d  b y  a d d in g  p o ta s s iu m  c a r b o n a te  at 
th e  e x p e n s e  o f  g lu c o s e  m o n o h y d r a t e  to  th e  
b a s a l d ie t  ( t a b le  1 ) .  F e e d  w a s  o f fe r e d  a d  
l ib itu m  in  a ll e x p e r im e n ts  e x c e p t  w h e r e  
p a ir - fe d  c o n tr o ls  w e r e  u s e d . I n  th e s e  in 
s ta n c e s , th e  p a ir - fe d  c h ic k s  r e c e iv e d  a n  
a m o u n t  o f  fe e d  e q u a l to  th a t  c o n s u m e d  o n  
th e  p r e c e d in g  d a y  b y  b ir d s  f e d  th e  p o ta s 
s iu m -d e fic ie n t  d ie t . D e io n iz e d  w a te r  w a s  
s u p p lie d  a d  lib itu m  th r o u g h o u t  th e  e x p e r i
m e n t a l  p e r io d s .

C h ic k s  u s e d  f o r  L - le u c in e - l -14C  in c o r p o 
r a t io n  s tu d ie s  w e r e  e ith e r  7  o r  1 7  d a y s  o f  
a g e . T h e  7 -d a y -o ld  c h ic k s  h a d  r e c e iv e d  th e  
e x p e r im e n ta l  r a t io n s  f r o m  1 d a y  o f  a g e , 
w h e r e a s  th e  1 7 -d a y -o ld  c h ic k s  w e r e  ra is e d  
to  1 0  d a y s  o f  a g e  w ith  a  r a t io n  a d e q u a te  
in  p o ta s s iu m  (2 8 0 0  p p m )  a n d  th e n  fe d  
th e  d if fe r e n t  e x p e r im e n t a l  d ie ts  f o r  7  d a y s .

B ird s  th a t  h a d  r e c e iv e d  d ie ts  d i f fe r in g  
in  p o ta s s iu m  c o n t e n t  w e r e  w e ig h e d  a n d  in 
je c t e d  in tr a p e r ito n e a lly  w ith  a  s o lu t io n  o f  
L - le u c in e - l - I4C  ( 2 3 .3  m C i /m m o l e )  4 in  is o 
to n ic  s a lin e . T h e  a m o u n t  o f  is o t o p e  u s e d  
in  a  g iv e n  e x p e r im e n t  w a s  c o n s t a n t  b u t  
th is  a m o u n t  v a r ie d  f r o m  2  to  6  uC i a m o n g  
e x p e r im e n ts  d e p e n d in g  o n  th e  a g e  o f  th e  
b ir d s . A ll  is o to p e  in je c t io n s  o c c u r r e d  w ith 
in  a  2 -h o u r  p e r io d  in  th e  m o r n in g  in  a ll

TABLE 1
B a s a l  d i e t  c o m p o s i t i o n

Isolated soybean protein 1
%

30.00
Glucose monohydrate 54.22
Soybean oil 5.00
Cellulose 3.00
DL-Methionine 0.50
Glycine 0.30
Butylated hydroxy toluene (25%  ) 0.05
CaC03 1.70
CaH4(P04)2-H20 3.26
NaCl 0.50
Vitamin mix 2 1.20
Trace mineral mix 1 2 3 0.27

1 Assay Protein C -l, Skidmore Enterprises, Cin
cinnati.

2 The vitamin premix provided the following units 
of vitam ins/kg of diet: vitamin A palmitate, 25,000  
USP units; vitamin D 3, 1200 ICU; vitamin E (d-alpha 
tocopheryl acetate), 17.6 IU ; and (in  milligrams) 
riboflavin, 9; thiamine-HCl, 6; Ca D-pantothenate, 20; 
niacin, 50; pyridoxine • HC1, 8; folic acid, 2; biotin, 
0.3; menadione sodium bisulfite, 2 ; inositol, 1000; 
choline chloride (70%  ) , 2000; and vitamin B 12,
20 fig.

3 The trace mineral premix provided the following 
reagent minerals in m g 'k g  of diet: FeS04-7H20 , 400; 
ZnC 03, 160; CuS04-5H20 , 20; (M g C 03)4-M g (0 H )2- 
4H20 , 1600; Nal, 2.2; M nS04 H20 , 500: CoCl2-6H20 ,  
2.5; and Na2Mo04-2H2C, 1.0.

e x p e r im e n ts . A ft e r  4  h o u r s , b lo o d  f o r  h e m 
a to c r it  d e te r m in a t io n s  w a s  d r a w n  f r o m  th e  
w in g  v e in , a  b lo o d  s a m p le  o b ta in e d  b y  
h e a r t  p u n c t u r e  u s in g  a  h e p a r in iz e d  n e e d le  
a n d  s y r in g e  a n d  th e  b ird s  w e r e  th e n  k il le d  
b y  s e v e r in g  th e  n e c k  v e r te b r a . T is s u e  s a m 
p le s  w e r e  r e m o v e d  a n d  f r o z e n  im m e d ia te ly  
b y  p la c in g  th e m  in  g la s s  v ia ls  o n  d r y  ic e .

A p p r o x im a t e ly  4 0 0  m g  o f  t is su e  w e r e  
w e ig h e d  a n d  p la c e d  in  5 0 -m l s ta in le ss  s te e l 
c e n t r i fu g e  tu b e s . F iv e  m illi l ite r s  o f  d is t ille d  
w a t e r  w e r e  a d d e d  to  e a c h  tu b e  a n d  th e  
c o n te n ts  h o m o g e n iz e d  in  a  t issu e  h o m o g -  
e n i z e r 5 f o r  1 m in u te . T h e  s a m p le s  w e r e  
th e n  w a s h e d  q u a n t ita t iv e ly  in t o  5 0 -m l 
g la s s  c e n t r i fu g e  tu b e s  a n d  a n  e q u a l v o l 
u m e  o f  2 0 %  t r ic h lo r o a c e t ic  a c id  ( T C A )  
w a s  a d d e d . A f t e r  c e n t r i fu g a t io n  at 1 4 0 0  
X g  f o r  1 5  m in u te s , th e  su p e r n a ta n ts  
w e r e  d e c a n te d  a n d  th e  p r o te in  p r e c ip ita te s  
w a s h e d  tw ic e  w ith  1 0  m l  o f  5 %  T C A . T h e  
s u p e r n a ta n t  a n d  w a s h in g s  w e r e  p o o le d  in  
2  s tu d ie s  a n d  a n  a liq u o t  w a s  c o u n t e d  f o r  
14C  a c tiv ity . T h e  p r o te in  p r e c ip ita te s  w e r e  
d ig e s te d  b y  a d d in g  3 m l  o f  a  3 :1  m ix tu r e  
o f  h y d r o x id e  o f  H y a m in e  ( 1  m  in  m e t h 
a n o l )  6 a n d  3 0 %  p o ta s s iu m  h y d r o x id e  to  
e a c h  tu b e . T h e  s a m p le s  w e r e  a llo w e d  to  
s ta n d  f o r  4  h o u r s , s t ir re d  o n  a  te s t  tu b e  
s h a k e r , a n d  h e a te d  in  a  w a te r  b a th  f o r  4 5  
m in u te s  a t 6 0 ° .  T h e  s a m p le s  w e r e  th e n  
c o o le d  a n d  5  d r o p s  o f  3 0 %  h y d r o g e n  p e r 
o x id e  a d d e d , d r o p w is e , a s a  d e c o lo r iz in g  
a g e n t. S a m p le s  w e r e  th e n  r e h e a te d  f o r  3 0  
m in u te s , c o o le d  a n d  1 m l  o f  g la c ia l  a c e t ic  
a c id  a d d e d  to  e a c h . T h e  c o n te n ts  o f  th e  
c e n t r i fu g e  tu b e s  w e r e  th e n  w a s h e d  in to  
c o u n t in g  v ia ls  w ith  th re e  5 -m l w a s h in g s  o f  
s c in t i l la t io n  f lu id .7

B lo o d  s a m p le s  w e r e  c e n t r i fu g e d  at 4 0 0 0  
X g f o r  10 m in u te s  a n d  1 -m l s a m p le s  o f  
p la s m a  a n a ly z e d  f o r  14C  a c tiv ity . T h e  p r o 
te in s  in  th e  p la s m a  s a m p le s  w e r e  p r e c ip i 
ta te d  w ith  1 m l  o f  2 0 %  T C A  a n d  w a s h e d  
tw ic e  w ith  2  m l  o f  5 %  T C A  as d is c u s s e d  
p r e v io u s ly  f o r  t is su e  p r o te in . T h e  s u p e r 
n a ta n ts  c o l le c t e d  a fte r  e a c h  c e n t r i fu g a t io n  
w e r e  p o o le d  in  c o u n t in g  v ia ls  a n d  1 5  m l  o f

4 New England Nuclear Corporation, Boston.
5 Servali Omni-mixer, Ivan Sorvall, Inc., Norwalk, 

Connecticut.
6 Packard Instrument Company, Inc., Donners 

Grove, Illinois.
7XDC scintillation solution: p-xylene, 1 part;

p-dioxane, 3 parts; 2-ethoxyethanol, 3 parts; naphtha
lene, 8 .0 % ; 2,5-diphenyloxazole, 1 .0 % ; 1,4 b is-2-
( 5-phenyloxazolyl)-benzene, 0 .05% .
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scintillation solution 3 added. The protein 
precipitate was digested with 2 ml of hy
droxide of Hyamine: potassium hydroxide 
solution and prepared as previously de
scribed.

The “ C  activity of all samples was mea
sured in a liquid scintillation counter.* 9 * 
Quenching in the digested protein samples 
was corrected by adding an internal stan
dard to each counting vial and recounting 
the sample.

A ll  d a ta  w e r e  s u b je c te d  to  s ta t is t ica l 
a n a ly s is  u s in g  a n  a n a ly s is  o f  v a r ia n c e  as 
o u t l in e d  b y  S tee l a n d  T o r r ie  ( 9 ) .  T h e  
S tu d e n t N e w m a n -K e u l ’s te s t  ( 9 )  w a s  u s e d  
as  a  m e a n  s e p a r a t io n  p r o c e d u r e  w h e r e  a p 
p r o p r ia te .

RESULTS AND DISCUSSION

A s  r e p o r te d  e ls e w h e r e  ( 1 0 ) ,  g r o w t h  ra te  
w a s  d e p r e s s e d  s e v e r e ly  b y  a  p o ta s s iu m  d e 
f ic ie n c y . In  th e se  s tu d ie s , c h ic k s  f e d  th e  
p o ta s s iu m -d e fic ie n t  d ie t  f o r  th e  7 -d a y  e x 
p e r im e n t a l  p e r io d  s ta r t in g  a t o n e -d a y  o ld  
a n d  10  d a y s  o ld  g a in e d  at ra te s  o f  a p p r o x 
im a te ly  10  a n d  5 C % , r e s p e c t iv e ly , o f  
c h ic k s  f e d  a n  a d e q u a te  le v e l  o f  p o ta s s iu m .

T w o  e x p e r im e n ts  w e r e  c o n d u c t e d  o n  
p r o te in  s y n th e s is  in  s k e le ta l m u s c le  o f
7 -d a y -o ld  b ir d s  th a t  h a d  b e e n  f e d  d ie ts  
c o n t a in in g  e ith e r  8 0 0 , 1 6 0 0  o r  4 0 0 0  p p m  
o f  p o ta s s iu m  s in c e  o n e  d a y  o f  a g e . T h e  in 
c o r p o r a t io n  o f  L - le u c in e - l -14C  in to  sk e le ta l 
m u s c le  p r o t e in  w a s  s tu d ie d  at 4  h o u r s  
p o s t in je c t io n  in  th e s e  e x p e r im e n ts  s in c e  
s tu d ie s  a t h o u r ly  in te r v a ls  f r o m  3  to  6  
h o u r s  p o s t in je c t io n  in d ic a t e d  th a t  th e  
a m o u n t  o f  a c t iv ity  p r e s e n t  in  th e  T C A

p r e c ip ita te  w a s  a p p r o x im a t e ly  th e  s a m e  
at 3  h o u r s  c o m p a r e d  w ith  6  h o u r s , a n d  th e  
e f f e c t s  o f  a  p o ta s s iu m  d e f ic ie n c y  o n  in c o r 
p o r a t io n  w e r e  s im ila r  r e g a r d le s s  o f  t im e  
in te r v a l . I n  th e  firs t  e x p e r im e n t , s ig n ifi
c a n t ly  m o r e  ( P  <  0 .0 1 )  L - le u c in e - l -14C  w a s  
in c o r p o r a t e d  in to  s k e le ta l m u s c le  p r o te in  
o f  c h ic k s  f e d  th e  4 0 0 0 -p p m  le v e l  o f  p o t a s 
s iu m  th a n  o b s e r v e d  in  c h ic k s  f e d  d ie ts  c o n 
ta in in g  th e  lo w e r  le v e ls  o f  p o ta s s iu m  ( e x p .  
1, ta b le  2 ) .  S ta tis t ica l d i f fe r e n c e s  ( P  >  
0 .0 5 )  w e r e  n o t  o b s e r v e d  b e t w e e n  c h ic k s  
f e d  th e  8 0 0 -  a n d  1 6 0 0 -p p m  le v e ls  o f  p o t a s 
s iu m . In  th e  s e c o n d  e x p e r im e n t , s ig n ifi
c a n t ly  g r e a te r  ( P  <  0 .0 1 )  r a d io a c t iv e  le u 
c in e  in c o r p o r a t io n  w a s  o b s e r v e d  w ith  e a c h  
in c r e a s e  in  d ie ta r y  p o ta s s iu m  ( e x p .  2 , 
ta b le  2 ) .  A  d ie ta r y  p o ta s s iu m  le v e l  o f  1 6 0 0  
p p m  w a s  in a d e q u a te  f o r  m a x im a l  in c o r p o 
r a t io n  o f  14C -le u c in e  in to  s k e le ta l m u s c le  
p r o te in  o f  c h ic k s  in  b o th  e x p e r im e n ts .

T h r e e  e x p e r im e n ts  w e r e  a lso  c o n d u c t e d  
o n  th e  in c o r p o r a t io n  o f  14C -le u c in e  in to  
s k e le ta l m u s c le  o f  1 7 -d a y -o ld  c h ic k s  th a t 
h a d  r e c e iv e d  th e  e x p e r im e n t a l  d ie ts  f o r  7 
d a y s . I n  e x p e r im e n ts  3  a n d  4  ( t a b le  2 ) ,  
s ig n i f ic a n t ly  le s s  ( P < 0 . 0 1 )  14C  a c t iv ity  
w a s  f o u n d  in  th e  p r o te in  o f  s k e le ta l m u s 
c le  f r o m  c h ic k s  f e d  p o ta s s iu m -d e fic ie n t  
d ie ts  ( 4 5 0  o r  8 0 0  p p m )  as c o m p a r e d  w ith  
c h ic k s  f e d  d ie ts  a d e q u a te  in  p o ta s s iu m  
(2 8 0 0  o r  4 0 0 0  p p m ) .  N o  s ig n i f ic a n t  d i f 
fe r e n c e s  ( P  >  0 .0 5 )  w e r e  o b s e r v e d  in  th e  
14C  a c t iv ity  o f  s k e le ta l m u s c le  p r o te in  f r o m

s See footnote 7.
9 Model 314EX (Tri-Carb) Packard Instrument Com

pany, Inc., Donners Grove, Illinois.

TABLE 2

Influence of dietary potassium on 14C radioactivity in skeletal muscle 1

7-day-old chicks 17-day-old chicks

Exp.
no.

Protein fraction 2 Supernatant fraction 3
Dietary potassium., PPm

800 1600 4000 450 800 2800 4000 4000 4 450 4000 40004

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

720*
667*

989 * 
1013 b

1926»
1669°

—  4457 * 7113» 
1546* —  —  

954 * —  —

7151 » 
2569» 
1981 » 2142 b

680 » 485 b —  
425* 3 8 0 »  397»

1 Mean radioactivity values for the number of chicks indicated in parentheses for ea-ch treatment. Means in 
a horizontal row within each fraction with different superscripts are significantly different (P <  0.01).

2 Radioactivity expressed as cpm /100 m g fresh muscle x chick weight (g ) /1 0 0 .
3 Radioactivity expressed as cpm in the TCA supernatant from 100 mg fresh muscle x chick weight (g ) /1 0 0 .
4 Pair-fed an amount of diet equal to that consumed by chicks fed the deficient diet (450 ppm ) on the 

preceding day.
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b ir d s  f e d  th e  2 8 0 0  a n d  4 0 0 0  p p m  le v e ls  o f  
p o ta s s iu m  in  e x p e r im e n t  3 .

A  f i f th  e x p e r im e n t  w a s  c o n d u c t e d  to  d e 
te r m in e  w h e th e r  th e  d e c r e a s e d  14C -le u c in e  
in c o r p o r a t io n  r e s u lte d  f r o m  a  g e n e r a l r e 
d u c t io n  in  f e e d  c o n s u m p t io n  r a th e r  th a n  
f r o m  a  s p e c if ic  e f f e c t  d u e  to  a  p o ta s s iu m  
d e f ic ie n c y . O n e  g r o u p  o f  c h ic k s  w a s  f e d  
th e  sa m e  a m o u n t  o f  a  d ie t  c o n t a in in g  
4 0 0 0  p p m  o f  p o ta s s iu m  as w a s  c o n s u m e d  
b y  th e  d e f ic ie n t  c h ic k s  th e  p r e v io u s  d a y . 
C h ic k s  f e d  th e  4 0 3 0 -p p m  d ie t  e ith e r  ad  
l ib itu m  o r  p a ir - fe d  in c o r p o r a t e d  s ig n ifi
c a n t ly  m o r e  ( P < 0 . 0 1 )  14C -le u c in e  th a n  
th e  p o ta s s iu m -d e fic ie n t  c h ic k s  ( e x p .  5 , 
ta b le  2 ) .  N o  s ig n i f ic a n t  d i f fe r e n c e s  ( P  >  
0 .0 5 )  w e r e  o b s e r v e d  b e t w e e n  c h ic k s  fe d  
th e  p o ta s s iu m -a d e q u a te  d ie t  a d  l ib itu m  or  
p a ir - fe d  w ith  th e  d e f ic ie n t  d ie t . T h e s e  o b 
s e r v a t io n s  in d ic a t e d  th a t  th e  r e d u c e d  14C - 
le u c in e  in c o r p o r a t io n  r e s u lte d  f r o m  a  p o 
ta s s iu m  d e f ic ie n c y  r a th e r  th a n  f r o m  a  g e n 
e r a l r e d u c t io n  in  f o o d  c o n s u m p t io n .

T h e  r a d io a c t iv it y  p r e s e n t  in  th e  s u p e r 
n a ta n t  f r o m  th e  T C A  p r e c ip ita t io n  o f  s k e le 
ta l m u s c le  p r o te in  w a s  a lso  d e te r m in e d  in  
th e  la t te r  2  e x p e r im e n ts . S ig n if ic a n t ly  
m o r e  ( P  <  0 .0 5 )  r a d io a c t iv it y  w a s  p r e s e n t  
in  th e  s u p e r n a ta n t  f r o m  p o ta s s iu m -d e fi
c ie n t  c h ic k s  th a n  f r o m  c h ic k s  f e d  a n  a d e 
q u a te  le v e l  o f  p o ta s s iu m . T h e  in c r e a s e d  
r a d io a c t iv it y  in  th e  s u p e r n a ta n t  f r o m  p o 
ta s s iu m -d e fic ie n t  c h ic k s  p r o b a b ly  w a s  a 
r e f le c t io n  o f  th e  d e c r e a s e d  in c o r p o r a t io n  o f  
14C -le u c in e  in to  sk e le ta l m u s c le  p r o te in .

In  c o n tr a s t  w ith  th e  d e c r e a s e d  14C - 
le u c in e  in c o r p o r a t io n  in to  s k e le ta l m u s c le  
p r o te in , s tu d ie s  or. th e  in c o r p o r a t io n  o f  
L - le u c in e - l - I4C  in to  p la s m a  p r o te in s  o f  17-

d a y -o ld  c h ic k s  s h o w e d  in c r e a s e d  a m o u n ts  
o f  r a d io a c t iv it y  p r e s e n t  in  th e  T C A  p r e c ip i 
ta te  f r o m  th e  p o ta s s iu m -d e fic ie n t  c h ic k s  as 
c o m p a r e d  w ith  c h ic k s  f e d  a d e q u a te  le v e ls  
o f  p o ta s s iu m  ( t a b le  3 ) .  P la s m a  v a lu e s  f o r  
e x p e r im e n ts  3 a n d  4  re p r e s e n t  b lo o d  s a m 
p le s  ta k e n  f r o m  th e  s a m e  b ir d s  u s e d  in  th e  
s tu d ie s  o n  I4C  in c o r p o r a t io n  in to  s k e le ta l 
m u s c le  p r o te in . T h e  in c r e a s e d  14C -le u c in e  
in c o r p o r a t io n  in to  th e  p la s m a  p r o te in s  o f  
p o ta s s iu m -d e fic ie n t  c h ic k s  as  c o m p a r e d  
w ith  c h ic k s  f e d  a d e q u a te  p o t a s s iu m  w a s  
s ta t is t ic a lly  s ig n i f ic a n t  ( P < 0 . 0 1 )  in  a ll 
e x p e r im e n ts .

S tu d ie s  c o n d u c t e d  o n  th e  s u p e r n a ta n t  
f r a c t io n  o f  p la s m a  s h o w e d  in c r e a s e d  r a d io 
a c t iv ity  p r e s e n t  in  th e  s u p e r n a ta n t  f r o m  
d e fic ie n t  c h ic k s  as c o m p a r e d  w ith  c h ic k s  
f e d  th e  4 0 0 0 -p p m  le v e l  o f  p o ta s s iu m . S im i
la r  re su lts  w e r e  o b s e r v e d  in  th e  s u p e r n a 
ta n t  f r o m  s k e le ta l m u s c le  p r o te in  p r e c ip i 
ta t io n .

T w o  e x p e r im e n ts  e a c h  w ith  7- a n d  17 - 
d a y -o ld  c h ic k s  w e r e  c o n d u c t e d  to  s tu d y  th e  
in f lu e n c e  o f  d ie ta r y  p o ta s s iu m  o n  L -leu - 
c i n e - l - I4C  in c o r p o r a t io n  in to  l iv e r  p r o te in s . 
C h ic k s  w e r e  f e d  d ie ts  c o n t a in in g  e ith e r  
8 0 0 , 1 6 0 0  o r  4 0 0 0  p p m  o f  p o ta s s iu m . S ig 
n if i c a n t ly  le s s  ( P  <  0 .0 5 )  14C -le u c in e  w a s  
in c o r p o r a t e d  in to  l iv e r  p r o te in  o f  7 -d a y -o ld  
c h ic k s  f e d  e a c h  d e c r e a s in g  le v e l  o f  p o ta s 
s iu m  in  o n e  s tu d y  ( e x p .  6 , ta b le  4 ) ,  w h e r e 
as n o  s ta t is t ic a lly  s ig n i f ic a n t  d if fe r e n c e s  
( P  >  0 .0 5 )  w e r e  o b s e r v e d  in  th e  o th e r  e x 
p e r im e n t  ( e x p .  7 ) ,  a lth o u g h  th e  sa m e  
tre n d  w a s  a p p a re n t . N o  s ig n if ic a n t  d if fe r 
e n c e s  ( P  >  0 .0 5 )  in  14C -le u c in e  in c o r p o r a 
t io n  in to  liv e r  p r o te in  o f  1 7 -d a y -o ld  c h ic k s  
w e r e  o b s e r v e d . B ird s  f e d  th e  d e f ic ie n t  le v e ls

TABLE 3
Influence of dietary potassium on 14C  radioactivity in plasma of 17-day-old chicks1

Exp.
no.

Protein fraction 2 Supernatant fraction 3
Dietary potassium, ppm

450 550 800 2800 4000 450 550 4000

3 (12)
4 (15)

10 (14)
11 (10)

33972 * 
41251 “

—  23001 a 12564b 

101477 a —  —

11530b 
27484 b 
31524 » 
81385b

5478 a 
5670 a

2363 a

4540 b 
4670 b 
1698 b

1 Mean radioactivity values for the number of chicks indicated in parentheses for each treatment. 
Means in a horizontal row within each fraction with different superscripts are significantly different 
( P  <  0.01 in all cases except P <  0.05 for experiment 4 supernatant values).

2 Radioactivity expressed as cpm in plasma protein from 1 m l whole blood corrected for hemato
crit x chick weight (g ) /1 0 0 .

3 Radioactivity expressed as cpm in TCA supernatant from plasma protein in 1 ml whole blood 
corrected for hematocrit x chick weight (g ) /1 0 0 .
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T A B L E  4

Influence of dietary potassium on 14C radioactivity in liver protein 1

Exp.
no.

7-day-old chicks 17-day-old chicks
Dietary potassium, ppm

800 1600 4000 800 1600 4000

6 (8 ) 1632 a 2025 b 2479 c .__ __ __
7 (8 ) 2059 a 2184 a 2346 a — — —
8 ( 7 ) — — — 15591 * 13347 a 11945 a
9 (7 ) — — --- - 15588 a 15833 a 13739 a

1 Radioactivity values are expressed as cpm /100 m g fresh liver x chick wt ( g ) /1 0 0  and represent 
the mean for the number of chicks shown in parentheses for each treatment. Means in a horizontal 
row with different superscripts are significantly different (P <  0.05).

o f  p o t a s s iu m  a p p e a r e d  to  h a v e  s lig h t ly  
h ig h e r  a m o u n ts  o f  r a d io a c t iv it y  in  th e  liv e r  
p r o te in  th a n  b ir d s  f e d  th e  d ie t  c o n t a in in g  
4 0 0 0  p p m  p o ta s s iu m . P r e v io u s  s tu d ie s  b y  
R in e h a r t  e t  a l. ( 1 0 )  h a v e  s h o w n  th a t  th e  
d a y -o ld  c h ic k  b e c o m e s  m o r e  se v e re ly  d e 
p le te d  o f  p o ta s s iu m  a ft e r  b e in g  f e d  th e  d e 
f ic ie n t  d ie t  f o r  7 d a y s  th a n  th e  1 0 -d a y -o ld  
c h ic k . T h e s e  s a m e  s tu d ie s  a ls o  in d ic a t e  
th a t  th e  liv e r  re s is ts  d e p le t io n  o f  its  p o ta s 
s iu m  c o n t e n t  to  a  m u c h  g r e a te r  e x te n t  
th a n  m u s c le  o r  p la s m a . T h e  a ff in ity  o f  th e  
l iv e r  f o r  p o ta s s iu m  as c o m p a r e d  w ith  m u s 
c le  a n d  p la s m a  m a y  a c c o u n t  f o r  th e  le s s  
p r o n o u n c e d  e f fe c t s  o b s e r v e d  o n  14C -le u c in e  
in c o r p o r a t io n  in  th is  t is su e . A ls o , th e  d i f 
f e r e n c e s  in  p o ta s s iu m  d e p le t io n  o f  th e  tw o  
a g e  g r o u p s  o f  c h ic k s  m a y  e x p la in  th e  d is 
p a r ity  in  th e  r a d io a c t iv it y  v a lu e s  o b s e r v e d  
in  th e  l iv e r  o f  th e se  2  g r o u p s  o f  c h ic k s .

T h e  r e a s o n s  f o r  th e  o p p o s in g  e f f e c t s  o f  
a  p o t a s s iu m  d e f ic ie n c y  o n  14C -le u c in e  in 
c o r p o r a t io n  in t o  s k e le ta l m u s c le  a n d  p la s 
m a  p r o te in s  as  c o m p a r e d  w ith  th a t  o b 
s e r v e d  in  c h ic k s  f e d  a d e q u a te  le v e ls  o f  
p o ta s s iu m  a re  n o t  im m e d ia te ly  o b v io u s . It 
h a s  b e e n  s h o w n  ( 1 0 )  th a t  p la s m a  p o t a s 
s iu m  d e c r e a s e s  r a p id ly  in  a  p o ta s s iu m  d e 
f i c ie n c y ,  f o l lo w e d  b y  a  r e d u c t io n  in  th e  
p o ta s s iu m  c o n c e n t r a t io n  in  s k e le ta l m u s 
c le , w h e r e a s  l iv e r  is  q u ite  re s is ta n t  to  p o 
ta s s iu m  d e p le t io n . S k e le ta l m u s c le  p r o te in  
w o u ld  c o m p r is e  th e  m a jo r  site  o f  a m in o  
a c id  u t il iz a t io n  b y  v ir tu e  o f  th e  la r g e  
a m o u n t  o f  s k e le ta l m u s c le  in  th e  c h ic k ’s 
b o d y . A  s m a ll  d e c r e a s e  in  14C -le u c in e  in 
c o r p o r a t io n  in to  s k e le ta l m u s c le  p r o te in  
c o u ld  re s u lt  in  a  m a r k e d  in c r e a s e  in  th e  
s p e c if ic  a c t iv ity  o f  th e  la b e le d  a m in o  a c id  
in  th e  p la s m a  a n d  a n  in c r e a s e d  in c o r p o r a 
t io n  o f  r a d io a c t iv it y  in to  p la s m a  p r o te in s .

It h a s  b e e n  s h o w n  e x p e r im e n ta l ly  th a t  p o 
ta s s iu m -d e fic ie n t  a n d  c o n t r o l  c h ic k s  e x h ib 
ite d  s p e c if ic  a c t iv it ie s  o f  2 3 3  a n d  1 1 9  c p m /  
ug le u c in e ,  r e s p e c t iv e ly . A lt h o u g h  p la s m a  
p o ta s s iu m  d e c r e a s e s  in  th e  d e f ic ie n t  c h ic k ,  
s y n th e s is  o f  p la s m a  p r o te in s  in  th e  liv e r  
m a y  o c c u r  a t a  n e a r -n o r m a l ra te  s in c e  
liv e r  p o ta s s iu m  re s is ts  d e p le t io n . A s  a  r e 
su lt  o f  th e  h ig h e r  s p e c if ic  a c t iv ity  in  th e  
d e f ic ie n t  b ir d s  d u e  to  r e d u c e d  s y n th e s is  o f  
m u s c le  p r o te in , in c r e a s e d  a m o u n ts  o f  r a 
d io a c t iv it y  w o u ld  b e  o b s e r v e d  in  p la s m a  
p r o te in s  w ith o u t  a n  in c r e a s e  in  p r o te in  
sy n th e s is . H o w e v e r , p r e v io u s  s tu d ie s  b y  
R in e h a r t  e t  a l. ( 1 0 )  h a v e  s h o w n  th a t to ta l 
p la s m a  p r o te in s  a re  a ls o  s ig n i f ic a n t ly  in 
c r e a s e d  in  p o ta s s iu m -d e fic ie n t  c h ic k s . T h e  
a p p a r e n t  in c r e a s e  in  in c o r p o r a t io n  o f  l - 
l e u c i n e - l - 14C  in to  p la s m a  p r o te in  m a y , 
th e r e fo r e , b e  th e  re s u lt  o f  b o th  a n  in c r e a s e  
in  p la s m a  p r o te in  s y n th e s is  a n d  a n  in 
c r e a s e  in  s p e c if ic  a c t iv ity  o f  th e  la b e le d  
a m in o  a c id .
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Dietary Carbohydrate and Serum 
Cholesterol in Rats 1

HERBERT W . STAUB and REINHARDT THIESSEN, JR. 
General Foods Technical Center, Tarrytown, New York 2

ABSTRACT The influence of various dietary carbohydrates on serum cholesterol 
in rats was studied with hypercholesterolemic diets containing a variety of carbo
hydrates. Experiments with sucrose, pregelatinized potato starch, glucose and fruc
tose confirmed that animals fed sucrose had higher serum cholesterol levels than 
those fed starch and that animals fed glucose did not vary significantly from those 
fed starch. In experiments with carbohydrates of various chain lengths including 3 
pregelatinized starches, 3 disaccharides and 2 monosaccharides, the shorter the chain 
length the higher the serum cholesterol level. Monosaccharides are an exception. The 
monosaccharide exception may be glucose alone, with only carbohydrates containing 
other than glucose units being hypercholesterolemic. With several different mixtures 
of starch and sucrose as the dietary carbohydrate, regression analysis of serum choles
terol showed a -inear relation of significant slope. The larger the proportion of 
dietary sucrose, the higher the serum cholesterol.

D ie ta r y  c a r b o h y d r a te  r e p o r te d ly  h a s  a 
r o le  in  r e g u la t in g  s e r u m  c h o le s te r o l . P o rt- 
m a n  e t al. ( 1 ) ,  s tu d y in g  ra ts  f e d  d ie ts  
c o n t a in in g  c h o le s t e r o l  a n d  c h o l i c  a c id , o b 
s e r v e d  th a t  a n im a ls  w ith  s u c r o s e  in  th e ir  
d ie ts  h a d  h ig h e r  c h o le s t e r o l  le v e ls  th a n  a n i
m a ls  f e d  s ta r c h . W h e n  th e y  c o m p a r e d  
s u c r o s e , g lu c o s e  a n d  f r u c t o s e ,  th e  h y p e r 
c h o le s t e r o le m ic  e f fe c t s  w e r e  e q u a l, a l
t h o u g h  g lu c o s e  c a u s e d  s o m e w h a t  lo w e r  
c h o le s t e r o l  le v e ls  th a n  th e  o th e r  su g a rs . 
G u g g e n h e im  a n d  c o -w o r k e r s  ( 2 ) ,  w ith  
m o r e  m o d e r a t e  c h o le s t e r o l -c h o l i c  a c id -  
c o n t a in in g  d ie ts , r e p o r te d  n o  d i f fe r e n c e s  
b e tw e e n  th e  s e r u m  c h o le s t e r o l  le v e ls  o f  
a n im a ls  f e d  c o r n s t a r c h  o r  s u c r o s e , b u t  
a n im a ls  f e d  g lu c o s e  h a d  lo w e r  le v e ls . 
L o w e r  c h o le s t e r o l  le v e ls  a lso  w e r e  o b s e r v e d  
in  c o n v e n t io n a l ly  r e a r e d  c h ic k e n s  ( 3 - 5 ) ,  
a n d  r a b b it s  ( 4 ) ,  e a t in g  d ie ts  c o n t a in in g  
g lu c o s e  as c o m p a r e d  w ith  th o s e  e a t in g  
d ie ts  c o n t a in in g  s u c r o s e . N a t h  e t al. ( 6 )  
o b s e r v e d  th a t  s u b s t itu t in g  w h e a t  f lo u r  o r  
g r o u n d  w h e a t  f o r  s u c r o s e  in  a  h ig h  c a r b o 
h y d r a te  d ie t  c a u s e d  a  r e d u c t io n  in  s e r u m  
c h o le s t e r o l ,  d e x tr in  c a u s e d  n o  s ig n if ic a n t  
e f f e c t  a n d  la c t o s e  c a u s e d  a n  in c r e a s e . 
W e lls  a n d  A n d e r s o n  ( 7 )  o b s e r v e d  th a t  
f e e d in g  la c t o s e  as c o m p a r e d  w ith  s u c r o s e  
r e s u lte d  in  h ig h e r  s e r u m  c h o le s t e r o l  c o n 
c e n tr a t io n s  in  r a b b its . In  m a n  th e  e f fe c t s  
o f  d ie ta r y  c a r b o h y d r a te s  o n  s e r u m  c h o le s 
te ro l h a v e  b e e n  r e v ie w e d  r e c e n t ly  ( 8 - 1 0 ) .  
T h e  r e p la c e m e n t  o f  d ie ta r y  s u c r o s e  b y

s ta r c h  u s u a lly  c a u s e d  a  d e c r e a s e  in  s e r u m  
c h o le s te r o l .

O u r  e x p e r im e n ts  w e r e  u n d e r t a k e n  to  
s tu d y  th e  e f fe c t s  o f  s im p le  s u g a r s  as  c o m 
p a r e d  w ith  s ta r c h e s  o n  s e r u m  c h o le s te r o l  
in  e x p e r im e n ta l  h y p e r c h o le s t e r o le m ic  d ie ts  
r e la t iv e ly  h ig h  in  c a r b o h y d r a te . T h e  p r o 
p o r t io n  o f  c a r b o h y d r a te , f a t  a n d  p r o te in  
c o n t a in e d  in  th e  e x p e r im e n t a l  d ie ts  w a s  
b a s e d  o n  th e  a m o u n ts  o f  th e s e  n u tr ie n ts  
a v a ila b le  p e r  c a p it a  p e r  d a y  in  th e  U n ite d  
S ta tes  ( 1 1 ) .

EXPERIMENTAL

T h e  e x p e r im e n ta l  d ie ts  c o n s is t e d  o f  th e  
f o l l o w in g :  ( i n  p e r c e n t )  c a s e in ,3 1 6 ; h y 
d r o g e n a te d  v e g e ta b le  o i l ,4 2 4 ;  c a r b o h y 
d r a te , 5 4 .2 5 ;  U .S .P . sa lt  m ix  X IV , 4 ;  a d e 
q u a te  v it a m in s , l is te d  b e lo w ; c h o le s te r o l ,  
1 ; a n d  c h o l i c  a c id , 0 .5 . I n  e x p e r im e n t  1, 
c h o le s t e r o l  a n d  c h o l i c  a c id  w e r e  o m it te d  
in  4  d ie ts  as n o te d  in  th e  t e x t ; o th e r w is e  
th e  d ie ts  w e r e  id e n t ic a l  in  a ll r e s p e c ts  e x 
c e p t  f o r  th e  ty p e  o f  c a r b o h y d r a te . T h e  
c a r b o h y d r a te s  u s e d  w e r e  o b ta in e d  f r o m  
v a r io u s  c o m m e r c ia l  s o u r c e s .

Received for publication November 20, 1967.
t Presented in part at the Annual Meeting of the 

American Institute of Nutrition. Chicago, 1967.
2 Mailing Address: General Foods Technical Center, 

White Plains, New York 10602.
2 A.N.R.C. Casein, Sheffield Chemical Company, 

Norwich, New York.
4 Primex B and C, Procter and Gamble Company, 

Cincinnati.

J. Nutrition, 95: 633-638. 633
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T h e  v it a m in  m ix tu r e  c o n s is t e d  o f  th e  
f o l l o w in g  ( i n  m ill ig r a m s  p e r  1 0 0  g r a m s  o f  
d i e t ) :  p -a m in o b e n z o ic  a c id , 3 0 ;  b io t in , 
0 .0 3 ;  D -ca lc iu m  p a n to th e n a te , 5 .0 ;  f o l i c  
a c id , 0 .0 9 ;  i - in o s ito l , 2 0 ;  m e n a d io n e , 0 .2 ; 
n ic o t in ic  a c id , 9 ; p y r id o x in e  h y d r o c h lo r id e , 
2 ;  r ib o f la v in , 5 ; th ia m in e  h y d r o c h lo r id e , 
1 .2 ; v it a m in  A  a c e ta te  (3 2 5 ,0 0 0  U S P  u n its  
p e r  g r a m )  w ith  v it a m in  D 2 (3 2 ,5 0 0  U S P  
u n its  p e r  g r a m ) ,  1 .2 3 ; v it a m in  E  a ce ta te , 
1 0 ; c y a n o c o b a la m in , 0 .0 1 ;  c h o l in e  c h lo r id e  
1 0 0 . T h e  m ix tu r e  w a s  m a d e  u p  to  2 5 0  
m ill ig r a m s  w ith  c o r n  s ta rch .

M a le  a lb in o  ra ts  5 r a n g in g  f r o m  2 1 0  to  
2 7 5  g  in  in it ia l w e ig h t  w e r e  u se d . T h e y  
w e r e  a s s ig n e d  a t r a n d o m  1 5  p e r  d ie t  f r o m  
b lo c k s  o f  a n im a ls  h a v in g  s im ila r  in it ia l 
b o d y  w e ig h ts . T h e y  w e r e  h o u s e d  in  in d i
v id u a l w ir e -m e s h -b o t to m , g a lv a n iz e d  c a g e s  
in  a ir  c o n d it io n e d  q u a r te rs  k e p t  as  c lo s e  
as p o s s ib le  to  2 4 °  a n d  5 0 %  re la t iv e  h u 
m id ity . T h e  a n im a ls  w e r e  a llo w e d  f o o d  
a n d  w a t e r  a d  l ib itu m . A ft e r  2 8  d a y s  th e  
a n im a ls  w e r e  e x s a n g u in a te d  in  a  r a n d o m  
o r d e r  f o l l o w in g  a n  o v e r n ig h t  fa s t  o f  16  
to  2 3  h o u r s . T h e  k il l in g  o f  a n im a ls  to o k  
p la c e  o v e r  a  1 2 -d a y  p e r io d ;  th e  a v e ra g e  
tim e  a n  e x p e r im e n ta l  d ie t  w a s  f e d  w a s  
3 4  d a y s .

W e ig h t  g a in  a n d  f o o d  c o n s u m p t io n  w e r e  
m e a s u r e d  d u r in g  th e  firs t  2 8  d a y s  o f  th e  
e x p e r im e n ts  b e fo r e  k il l in g  w a s  s ta rted . 
D u r in g  th e  k il l in g  p e r io d  f o o d  w a s  a l
lo w e d  a d  l ib itu m  b u t  n e ith e r  f o o d  c o n 
s u m p t io n  n o r  w e ig h t  g a in  w a s  m e a s u r e d  
a fte r  d a y  2 8 .

S e r u m  c h o le s t e r o l  w a s  d e te r m in e d  b y  
th e  m e t h o d  o f  M a n n  ( 1 2 ) .  T h e  d a t a  w e r e  
te s te d  f o r  s ig n i f ic a n c e  b y  m e a n s  o f  a n a l
y s is  o f  v a r ia n c e . In  a ll c a s e s  w h e r e  s ig n ifi
c a n t  r e su lts  a re  d is c u s s e d , P  — 0 .0 5 . T h e  
s ta n d a r d  d e v ia t io n s  o f  th e  c h o le s t e r o l  
v a lu e s  v a r ie d  d ir e c t ly  as  th e  m e a n s , th e r e 
f o r e  f o r  s ta t is t ic a l a n a ly s is , th e  c h o le s t e r o l  
v a lu e s  w e r e  t r a n s fo r m e d  to  lo g a r ith m s . 
T h e  v a lu e s  p r e s e n te d  w e r e  o b ta in e d  b y  
r e c o n v e r t in g  th e  d a ta  to  th e ir  a n t ilo g s . 
T h e  a s y m m e tr ic  d is t r ib u t io n  o f  th e  s ta n 
d a r d  e r ro rs  a r o u n d  th e ir  m e a n s  r e su lts  
f r o m  th e  r e c o n v e r s io n .

RESULTS

T a b le  1 p r e s e n ts  s e r u m  c h o le s t e r o l  d a ta  
f r o m  a n im a ls  f e d  s u c r o s e , f r u c t o s e ,  g lu 
c o s e ,  a n d  p r e g e la t in iz e d  p o t a t o  s ta r c h  
( e x p .  1 ) .  T h e  r e su lts  c o n f ir m  th a t  s u c r o s e  
w a s  h y p e r c h o le s t e r o le m ic  c o m p a r e d  to  
s ta rch . T h e  s e r u m  c h o le s te r o l  o f  a n im a ls  
f e d  g lu c o s e  d id  n o t  v a r y  s ig n i f ic a n t ly  f r o m  
th o s e  f e d  s ta r c h . F r u c to s e  e a t in g  a n im a ls  
h a d  c h o le s te r o l  le v e ls  w h ic h  w e r e  s im ila r  
to  th o s e  e a t in g  s u c r o s e . T a b le  1 a lso  s h o w s  
th a t  w ith o u t  th e  a d d it io n  o f  c h o le s t e r o l  a n d  
c h o l i c  a c id  to  th e  d ie t , th e  c h o le s t e r o l  le v e ls  
w e r e  e s s e n t ia lly  id e n t ic a l.

T a b le  2  c o n t a in s  d a ta  f r o m  a  la r g e r  
s tu d y  ( e x p .  2 ) ,  u s in g  a  w id e r  v a r ie ty  
o f  c a r b o h y d r a te s . T h r e e  p r e g e la t in iz e d  
s ta r c h e s , th re e  c o m m e r c ia l  d e x tr in s , th re e  
d is a c c h a r id e s , a n d  tw o  m o n o s a c c h a r id e s  
w e r e  u se d . A n a ly s is  o f  v a r ia n c e  o f  th e  
s e r u m  c h o le s t e r o l  le v e ls  f o l lo w e d  b y  p a ir e d

5 CFE Strain, Carworth Farms, New City, New York.

TABLE 1
Effect of dietary carbohydrate on serum cholesterol (exp. 1)

Carbohydrate
Serum cholesterol

With cholesterol 
and cholic acid

Without cholesterol 
or cholic acid

Sucrose
m g/100 ml 

348 2

m g/100 ml 

97 +  g '  (25)

Fructose 3 5 8 + ^ a (15) 9 9 / ® '  (15)

Glucose 2 9 6 + ^  ” (15) 93 +  ̂ ' ( 1 5 )

Pregelatinized potato starch 236 +  | | b (13) 9 l / g ' ( 2 5 )

SE’ Means without a common letter in their superscripts are significantly differentat r  — 0.05.
2 Number of rats/group.
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TABLE 2
Effect of dietary carbohydrates on serum, 

cholesterol (exp. 2)

Carbohydrate Serum cholesterol

Potato starch

mg/100 ml

Wheat starch 1 9 6 - T o *

Cornstarch

Starch mean 2 1 1 + 15 ^ - 1 4

Dextrin 15 3 2 3 5 ^ " ^  3 ^  - 3 3

Dextrin 24 2 3 2  3 ^ - 2 4

Dextrin 42 ™ í i r

Dextrin mean 2 4 5 Í -

Sucrose 30 3^ 33  1

Lactose 3 - í f s ”

Maltose 2 B 3 i r

Disaccharide mean 321”̂ ^  4 d 1 - 2 0

Fructose 1 8 0 + ^ 9 “

Glucose 236 +  J**

Monosaccharide mean
206í  16

1 Mean and s e . Means without a common letter in 
their superscripts are significantly different.

2 Fifteen rats/group.
3 Number following dextrin is the percent reducine sugar.
4 Disaccharide mean is significantly higher than 

means of the other carbohydrate classes.

c o m p a r is o n s  o f  th e  m e a n s  o f  e a c h  c a r b o 
h y d r a te  c la s s  s h o w e d  th a t  th e  m e a n  s e r u m  
c h o le s t e r o l  le v e l  o f  a n im a ls  f e d  th e  d i
s a c c h a r id e  c la s s  w a s  s ig n i f ic a n t ly  h ig h e r  
th a n  th a t  o f  th e  o th e r  g r o u p s . W h e n  th e  
m e a n  o f  e a c h  o f  th e  c a r b o h y d r a te  c la s s e s  
is  p lo t te d  g r a p h ic a l ly  ( f ig .  1 ) ,  th e  s h o r te r  
th e  c h a in  le n g th  o f  th e  d ie ta ry  c a r b o h y 
d ra te  g r o u p  te s te d  in  th is  s tu d y , th e  h ig h e r  
th e  c h o le s t e r o l  le v e l . A n im a ls  f e d  m o n o 
s a c c h a r id e  d ie ts  a re  a n  e x c e p t io n . T h e ir  
m e a n  c h o le s t e r o l  le v e l  is  s im ila r  to  th e  
m e a n  o f  th e  s ta r c h  g r o u p .

B e c a u s e  th e  a n im a ls  f e d  fr u c t o s e  in  th e  
s e c o n d  e x p e r im e n t  wre re  l o w  in  s e r u m

c h o le s t e r o l  c o m p a r e d  w ith  s u c r o s e - fe d  
a n im a ls  w h e r e a s  in  e x p e r im e n t  1 a n im a ls  
e a t in g  f r u c t o s e  a n d  a n im a ls  e a t in g  s u c r o s e  
h a d  s im ila r  le v e ls  o f  s e r u m  c h o le s te r o l ,  
a n o th e r  e x p e r im e n t  w a s  c a r r ie d  o u t  in 
c lu d in g  fr u c t o s e . I n  th is  th ird  s tu d y  ( t a b le
3 )  r a ts  f e d  s u c r o s e  h a d  s ig n i f ic a n t ly  h ig h e r  
c h o le s t e r o l  v a lu e s  th a n  a n im a ls  e a t in g  
e ith e r  p r e g e la t in iz e d  p o t a t o  s ta r c h  o r  
fr u c t o s e .

I n  e x p e r im e n t  4  ( t a b le  4 )  w e  s tu d ie d  
th e  e f fe c t s  o f  m ix tu r e s  o f  c a r b o h y d r a te s  
in  th e  d ie t  o n  s e r u m  c h o le s te r o l .  M ix tu r e s  
o f  p r e g e la t in iz e d  p o ta to  s ta r c h  a n d  s u c r o s e  
w e r e  u s e d  as  th e  d ie ta r y  c a r b o h y d r a te  in  
5  d ie ts . T h e  d a ta  s h o w e d  th e  u s u a l h ig h e r  
s e r u m  c h o le s te r o l  le v e ls  in  a n im a ls  f e d

Fig. 1 Effect of the class of dietary carbohy
drate on serum cholesterol. The thin vertical bars 
represent the se of the mean.

TABLE 3

Effect of carbohydrates on serum cholesterol 
(exp. 3)

Carbohydrate Serum cholesterol
mg/100 ml

Potato starch +  23*'-*  
- 2 2

Sucrose 3 8 6 /3 6  b

Fructose » » i r
1 Mean and s e . Means without a common letter in 

their superscripts are significantly different.
2 Fifteen rats/group.
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s u c r o s e  c o m p a r e d  w ith  th o s e  e a t in g  s ta rch  
( 8 ) .  R e g r e s s io n  a n a ly s is  o f  th e  d a ta  
s h o w e d  a  l in e a r  r e la t io n  o f  s ig n i f ic a n t  s lo p e  
( f ig .  2 ) .  T h e r e  is  a  p o s it iv e  c o r r e la t io n  
b e tw e e n  th e  s e r u m  c h o le s t e r o l  le v e l  a n d  
d ie ta ry  s u c r o s e  a n d  a n e g a t iv e  c o r r e la t io n  
b e tw e e n  s e r u m  c h o le s t e r o l  a n d  d ie ta r y  
s ta rch .

T h e  m e a n s  o f  th e  w e ig h t  g a in  a n d  f o o d  
c o n s u m p t io n  f o r  e a c h  g r o u p  in  e a c h  e x -

TABLE 4
E ffe c t  o f  d ie ta ry  ca rb o h y d ra te  o n  s e r u m  

c h o le s t e r o l  ( e x p .  4 )

Carbohydrate 1 Serum cholesterol
Starch Sucrose

% %

100

mg/100 ml

426 +  26 a 2 ( I 3 ) '

25 75 414 +  ̂ g a (14)

50 50 333 +  3 3 ” (14)

75 25 319 +  g4 ” (14)

100 — 31.3 +  2 3 b (14)

1 Percent of sucrose and starch contained in the 
carbohydrate portion of the diet.

2 Mean and se. Means without a common letter in 
their superscripts are significantly different.

3 Number of rats/group.

”= LOG SERUM CHOLESTEROL 
X* PERCENT STARCH IN CARBOHYDRATE

Fig. 2 Effect of several dietary combinations 
of sucrose and pregelatinized potato starch on 
serum cholesterol. The scale at the right and the 
regression equation are in logarithms. The thin 
vertical bars represent the se o f  the mean.

p e r im e n t  a re  s h o w n  in  ta b le  5 . W e  fin d  
w h e n  c o m p a r in g  a n im a ls  f e d  p r e g e la t i
n iz e d  p o ta to  s ta r c h  w ith  a n im a ls  f e d  
s u c r o s e  th a t  a lth o u g h  s u c r o s e - fe d  a n im a ls  
a te  s lig h t ly  le s s  a n d  th e r e fo r e  h a d  a  s lig h t ly  
lo w e r  in ta k e  o f  d ie ta ry  c h o le s te r o l ,  th e ir  
s e r u m  c h o le s te r o l  le v e ls  a re  c o n s is t e n t ly  
h ig h e r .

DISCUSSION

T h e  r e s u lts  o f  fe e d in g  s u c r o s e , s ta r c h  
a n d  d e x tr o s e  a g re e  w ith  th o s e  r e p o r te d  b y  
P o r tm a n  et. a l ( 1 )  u s in g  ra ts  f e d  h y p e r -  
c h o le s t e r o le m ic  d ie ts , b u t  f e e d in g  fr u c t o s e  
c a u s e d  v a r ia b le  r e su lts  in  o u r  e x p e r im e n ts . 
T h e  c h o le s t e r o l  le v e ls  o f  a n im a ls  f e d  f r u c 
to se  w e r e  s im ila r  to  th o s e  f e d  s u c r o s e  o r  
s ta r c h  d e p e n d in g  o n  th e  e x p e r im e n t . O u r  
d a ta  a lso  a g re e  w th  e x p e r im e n ts  u s in g  
r a b b its  a n d  c h ic k e n s  f e d  h y p e r c h o le s te r -  
o le m ic  d ie ts  c o n t a in in g  d e x tr o s e , s u c r o s e  
a n d  s ta r c h  ( 3 - 5 ) .  T h e  o b s e r v a t io n s  o f  
G u g g e n h e im  e t al. ( 2 )  w ith  d ie ts  c o n t a in 
in g  c h o le s te r o l  a n d  c h o l i c  a c id  d is a g r e e  
in  p a r t  w ith  th e  r e s u lts  r e p o r te d  h e re . 
O u r  d a ta  c o n s is t e n t ly  s h o w e d  th a t  a n i
m a ls  e a t in g  d ie ts  c o n t a in in g  p r e g e la t in iz e d  
s ta r c h e s  h a d  lo w e r  s e r u m  c h o le s t e r o l  le v e ls  
th a n  th o se  e a t in g  d ie ts  c o n t a in in g  s u c r o s e . 
T h e ir  a n im a ls  e a t in g  s u c r o s e  o r  s ta r c h  
h a d  s im ila r  s e r u m  c h o le s t e r o l  le v e ls , 
w h e r e a s  o n ly  th o s e  e a t in g  d e x tr o s e  h a d  
lo w e r  le v e ls . T h e  lo w e r in g  o f  s e ru m  c h o le s 
te r o l b y  a  w h e a t  f lo u r  d ie t  w a s  c r e d it e d  
b y  N a th  e t a l. ( 6 )  to  its  g lu te n  c o n t e n t , 
b u t  o u r  e x p e r im e n t  s h o w e d  th a t  th e  lo w e r 
in g  c a n  ta k e  p la c e  w ith  e a c h  o f  th e  p r e 
g e la t in iz e d  s ta r c h e s  w h ic h  a re  n e a r ly  
p r o te in - fr e e . F il l io s  e t  a l. ( 1 3 )  c o n f ir m e d  
th e  h y p o c h o le s t e r o le m ic  e f f e c t  o f  s ta r c h  
f o r  a  sh o r t  p e r io d  b u t  r e p o r te d  th e  d is 
a p p e a r a n c e  o f  th e  e f f e c t  a ft e r  1 2  to  17  
w e e k s . O u r  e x p e r im e n ts  d o  n o t  c o n t r a d ic t  
th is  s in c e  o u r  a v e r a g e  test p e r io d  w a s  5 
w e e k s . I n  a r e c e n t  e x p e r im e n t , h o w e v e r , 
d i f fe r e n c e s  in  r e s p o n s e  to  d ie ta r y  c a r b o 
h y d r a te  in  b o th  liv e r  a n d  s e r u m  c h o le s te r o l  
le v e ls  p e rs is te d  f o r  lo n g  p e r io d s  u n d e r  
s o m e  e x p e r im e n ta l  c o n d it io n s  ( 1 4 ) .

O u r  r e su lts  s u p p o r t  th e  h y p o th e s is  th a t 
d ie ta r y  c a r b o h y d r a te  h a s  a n  in f lu e n c e  o n  
s e r u m  c h o le s te r o l . In  th e  ty p e  o f  d ie t  u s e d  
in  th e se  e x p e r im e n ts , d is a c c h a r id e s  are  
h y p e r c h o le s t e r o le m ic . T h e ir  in f lu e n c e  as 
il lu s tr a te d  b y  s u c r o s e  is  p r o p o r t io n a l  to
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TABLE 5

W e ig h t  g a in  a n d  f o o d  c o n s u m p t io n  d u r in g  2 8 -d a y  e x p e r im e n ta l  p e r io d

Exp.
no.

Dietary
carbohydrate Wt gain Food

consumed

9 9
1 (with cholesterol and cholic acid) Sucrose 117 485

Fructose 85 569
Glucose 111 531
Potato starch 113 571

1 (no additives) Sucrose 121 492
Fructose 94 591
Glucose 155 422
Potato starch 104 564

2 Potato starch 86 407
Wheat starch 79 460
Cornstarch 111 428
Dextrin 15 1 80 366
Dextrin 24 99 381
Dextrin 42 101 447
Maltose 99 441
Sucrose 102 396
Lactose 37 333
Glucose 91 377
Fructose 85 388

3 Sucrose 103 453
Potato starch 122 509
Fructose 91 523

4 100% sucrose 2 87 545
75% sucrose+  25% starch 97 653
50% sucrose +  50% starch 91 610
25% sucrose+  75% starch 82 639

100% starch 88 706

1 Number following dextrin is the percent reducing sugar.
2 Percent of sucrose and starch contained in the carbohydrate portion of the diet.

th e ir  c o n c e n t r a t io n  in  th e  d ie t , a n d  th e  
c o n v e r s e  is  tru e  o f  g e la t in iz e d  s ta rch . 
C h a in  le n g t h  m a y  b e  a  f a c t o r  in  th e  in 
f lu e n c e  o f  c a r b o h y d r a te s . T h e  s h o r te r  th e  
c h a in  le n g t h  o f  th e  d ie ta r y  c a r b o h y d r a te  
th e  h ig h e r  th e  s e r u m  c h o le s t e r o l ,  b u t  
m o n o s a c c h a r id e s  c a u s e d  e f fe c t s  s im ila r  to  
th o s e  o f  s ta r c h . T h e  m o n o s a c c h a r id e  e x 
c e p t io n  to  th e  c h a in  le n g t h  o b s e r v a t io n  
m a y  b e  o n ly  g lu c o s e ,  w ith  c a r b o h y d r a te s  
c o n t a in in g  o th e r  th a n  g lu c o s e  u n its  b e in g  
h y p e r c h o le s t e r o le m ic . T h e  h ig h e s t  s e ru m  
c h o le s te r o l  le v e ls  in  th e s e  e x p e r im e n ts  a re  
o b s e r v e d  in  a n im a ls  f e d  s u c r o s e  o r  la c t o s e  
d ie ts  a n d  in  o n e  f e e d in g  tr ia l, w ith  a 
fr u c t o s e  d ie t . I f  th e  s e r u m  c h o le s te r o l  
le v e ls  o f  a n im a ls  e a t in g  d ie ts  c o n t a in in g  
f r u c t o s e  w e r e  c o n s is t e n t ly  s im ila r  to  th o s e  
e a t in g  s u c r o s e , a  h y p o th e s is  th a t  s e r u m  
c h o le s te r o l  is  e le v a te d  b y  c a r b o h y d r a te s  
c o n t a in in g  o th e r  th a n  g lu c o s e  c o u ld  b e  
s u p p o r te d .

A lth o u g h  th e  f r u c t o s e  d a ta  a re  in c o n 
s is te n t , e v e r y  p r e c a u t io n  w a s  e x e r c is e d  in  
c o n t r o l l in g  th e  p o s s ib ly  s ig n i f ic a n t  v a r i
a b le s . T h e  f r u c t o s e  u s e d  w a s  f r o m  o n e  
b a t c h  o f  f o o d  g r a d e  fr u c t o s e .  A l l  a n im a l 
g r o u p s  w e r e  f e d  th e ir  e x p e r im e n ta l  d ie ts  
s im u lta n e o u s ly . A l l  w e r e  f e d  a n d  w e ig h e d  
o n  th e  s a m e  d a y s . B lo o d  w a s  c o l le c t e d  
f r o m  a n  e q u a l n u m b e r  in  e a c h  g r o u p  o n  
e v e r y  d a y  o f  k il l in g . C h o le s te r o l a n a ly s e s  
a ls o  w e r e  p e r fo r m e d  o n  s e r u m s  f r o m  a n  
e q u a l n u m b e r  o f  a n im a ls  f r o m  e a c h  g r o u p  
f o r  e a c h  se t o f  a n a ly se s . T h e  m e a n  b o d y  
w e ig h t  o f  e a c h  g r o u p  w a s  n e a r ly  e q u a l 
in it ia l ly . T h e  d is t r ib u t io n  o f  a n im a ls  in  
th e  c a g e s  in  th e  c o n d it io n e d  a n im a l r o o m s  
w a s  s u c h  th a t  ra ts  f r o m  e a c h  g r o u p  w e r e  
s c a t te r e d  t h r o u g h o u t  th e  r o o m  a n d  in  
v a r y in g  p o s it io n s  in  e a c h  c a g e  tr u c k  a c 
c o r d in g  to  a s ta n d a r d  p a tte rn . W h e n  th e  
d is c r e p a n c y  in  s e r u m  c h o le s te r o l  le v e l  o f  
a n im a ls  f e d  f r u c t o s e  w a s  o b s e r v e d  b e t w e e n
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e x p e r im e n ts  1 a n d  2 , s a m p le s  o f  th e  d ie ts  
w e r e  r e a n a ly z e d  to  b e  c e r ta in  th a t  th e  
a n im a ls  in  b o th  e x p e r im e n ts  w e r e  f e d  
fr u c t o s e ,  a n d  th is  w a s  v e r if ie d . E x tr e m e  
c a u t io n  o n  th is  p o in t  w a s  e x e r c is e d  w h e n  
th e  d ie ts  w e r e  p r e p a r e d  f o r  th e  th ird  e x 
p e r im e n t . F u r th e r  e x p e r im e n ts  w ith  f r u c 
to se  a re  in d ic a t e d  to  in v e s t ig a te  th e  in 
c o n s is t e n c y , p a r t ic u la r ly  s in c e  th e re  is  
s o m e  b e l ie f  th a t  fr u c t o s e  m a y  c a u s e  th e  
c h a n g e  in  s e r u m  c h o le s te r o l  a n d  o th e r  
s e r u m  lip id s  o b s e r v e d  w h e n  s u c r o s e  is 
f e d  ( 1 5 ) .

T h e  h y p e r c h o le s t e r o le m ic  d ie t  p la y s  a 
r o le  w h e n  c o n s id e r in g  th e  e f f e c t  o f  d ie ta ry  
c a r b o h y d r a te  o n  s e r u m  c h o le s te r o l . T h e  
d a ta  in d ic a t e  th a t  w ith o u t  th e  a d d it io n  o f  
c h o le s te r o l  a n d  c h o l i c  a c id  to  th e  d ie t  th e  
c a r b o h y d r a te s  h a v e  s im ila r  e f fe c t s  o n  
s e r u m  c h o le s te r o l . T h is  c o n f ir m s  th e  r e 
su lts  o f  P o r tm a n  e t al. ( 1 )  a n d  G u g g e n 
h e im  e t al. ( 2 )  w h e n  fe e d in g  d ie ts  w ith o u t  
th e se  a d d itiv e s .
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Effects of Hormones Supplied in the Diet on Chick 
Growth and Bone Mineralization * 1

L. C. NORRIS a n d  F. H. KRATZER
Department of Poultry Husbandry, University of California, 
Davis, California

ABSTRACT Studies were conducted on the effects of hormones, supplied in a pun 
fied diet moderately deficient in calcium, on growth and bone mineralization of chicks 
Hydrocortisone at all levels, fed to chicks, was found in general to increase the pcs 
centage of bone mineral, calcium and phosphorus. Growth at the higher hormone 
levels, however, was markedly retarded. Cortisone was much less effective than hydro 
cortisone, and gonadal hormones in the amounts used failed to influence bone min
eralization. Even when growth at the lower levels of hydrocortisone was approximately 
normal and bone tissue per unit body weight was unchanged, a slight increase in 
percentage bone mineral occurred. The percentage mineral was also increased in 
chicks retarded in growth by hydrocortisone in comparison with normal younger 
chicks of approximately the same size, but bone tissue per unit weight was decreased. 
The chicks receiving hydrocortisone thus had smaller but better mineralized bones. 
The favorable effect of hydrocortisone on the mineralization of developing bone was 
finally demonstrated by showing that chicks supplied the hormone had a greater 
percentage of bone mineral, calcium and phosphorus than chicks of the same weight 
and age retarded by low calorie intake. The effect of hydrocortisone on the mineraliza
tion of bone was observed only when the diet was deficient in calcium. Under these 
conditions a low level of the hormone appeared to compensate for the calcium 
deficiency.

S tu d ie s  w it h  c h ic k s  h a v e  b e e n  c o n d u c t e d  
to  a s c e r ta in  th e  e f fe c t s  o f  th e  d ie ta r y  a d d i
t io n s  o f  h o r m o n e s ,  p a r t ic u la r ly  c o r t is o n e  
a n d  h y d r o c o r t is o n e , c n  g r o w th  a n d  b o n e  
m in e r a l iz a t io n . P r e v io u s ly  K a m o fs k y  e t 
a l. ( 1 ) ,  S a m e s  a n d  L e a th e rn  ( 2 )  a n d  
E v a n s  ( 3 )  o b s e r v e d  th a t  c o r t is o n e  e x e r te d  
a n  in h ib ito r y  e f f e c t  o n  th e  g r o w th  o f  c h ic k  
e m b r y o s . E x p e r im e n ts  in  v it r o  b y  B u n o  
a n d  G o y e n a  ( 4 )  s h o w e d  th a t  c o r t is o n e  
a n d  h y d r o c o r t is o n e  r e ta r d e d  th e  g r o w th  o f  
c h ic k  e m b r y o  l im b  b u d s . M o n t g o m e r y  ( 5 )  
f o u n d  th a t  th e  g r o w t h  o f  c h ic k s ,  g iv e n  
d a ily  s u b c u ta n e o u s  in je c t io n s  o f  5 .0  m g  
o f  c o r t is o n e  f r o m  tim e  o f  h a t c h in g  to  18 
d a y s  o f  a g e , w a s  m a r k e d ly  d e c r e a s e d . In  
c o n tr a s t , D u lin  ( 6 )  r e p o r te d  th a t  d a ily  
s u b c u ta n e o u s  in je c t io n s  o f  c o r t is o n e  f r o m  
1 9  to  4 0  d a y s  o f  a g e , in  a m o u n ts  g r a d e d  
u p  to  1 .0  m g ,  fa i le d  to  r e ta r d  th e  g r o w th  
o f  c o c k e r e ls  b u t  s ig n i f ic a n t ly  s lo w e d  u p  th e  
g r o w th  o f  c a p o n s . T h e s e  o b s e r v a t io n s  
h a v e  b e e n  c o n f ir m e d  b y  C h i ( 7 ) .  H u b le  
( 8 )  p r e s e n te d  e v id e n c e  th a t  c h o n d r o g e n e -  
sis  in  th e  p r o l i fe r a t io n  z o n e s  o f  th e  p r o x i 
m a l  a n d  d is ta l e n d s  o f  th e  le g  b o n e s  o f  
c o c k e r e ls  w a s  g r e a t ly  in h ib ite d  b y  a  d a ily

d o s e  o f  5 .0  m g  o f  c o r t is o n e  a ce ta te  f o r  7 
d a y s , e n d in g  at 2 6  d a y s  o f  a g e . A  d o s e  o f
1 .4  m g  o f  c o r t is o n e  a ce ta te  d a ily  f o r  5 
d a y s , e n d in g  at 2 5  d a y s  o f  a g e , h o w e v e r , 
w a s  le s s  g r o w th  re ta r d in g . T h e  r e s u lts  o f  
th e  s tu d ie s  p r e s e n te d  in  th is  r e p o r t  c o n 
fir m  a n d  e x te n d  to  s o m e  e x te n t  th e  f in d 
in g s  ju s t  r e v ie w e d  a n d  p r o v id e  n e w  e v i
d e n c e  o f  th e  e f fe c t s  o f  c o r t is o n e  a n d  
h y d r o c o r t is o n e  o n  g r o w th  a n d  b o n e  m in 
e r a liz a t io n  o f  c h ic k s . In  c o n n e c t io n  w ith  
th e  r e s e a r c h  o n  c o r t ic o id a l  h o r m o n e s  a 
f e w  re la te d  e x p e r im e n ts  o n  g o n a d a l h o r 
m o n e s  h a v e  a ls o  b e e n  c o n d u c t e d , b u t , 
s in c e  th e  re su lts  w e r e  n o t  s tr ik in g , th e y  
a re  n o t  p r e s e n te d  in  d e ta il in  th is  re p o r t .

EXPERIMENTAL

T h e  s tu d ie s  w e r e  c o n d u c t e d  w ith  A r b o r  
A c r e  m a le  c h ic k s .2 T h e  c h ic k s  w e r e  p la c e d  
o n  e x p e r im e n t  a p p r o x im a t e ly  2 4  h o u r s  
a ft e r  h a tc h in g . T h e  d u r a t io n  o f  a ll e x 
p e r im e n t s  w a s  4  w e e k s . T h e  h o r m o n e s  
g iv e n  th e  c h ic k s  w e r e  c o r t is o n e , h y d r o c o r -

Received for publication February 19, 1968.
1 Supported in part by National Aeronautics and 

Space Administration Grant no. NGR 05-004-014.
2 Obtained from the West Coast Division of Arbor 

Acre Farm, Inc., Nipomo, California.
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t is o n e , d ie n e s tr o l a n d  te s to s te r o n e . C o rti
s o n e  a n d  h y d r o c o r t is o n e  w e r e  s u p p lie d  as 
th e  a ce ta te s  in  a m o u n ts  to  p r o v id e  e q u iv a 
le n t  q u a n t it ie s  o f  th e  r e s p e c t iv e  h o r m o n e s . 
D ie n e s tr o l w a s  fu r n is h e d  as th e  d ia ce ta te  
a n d  te s to s te r o n e  as th e  p r o p io n a te . T h e  e x 
p e r im e n t a l  d ie ts  c o n t a in in g  th e  h o r m o n e s  
w e r e  s u p p lie d  a d  l ib it u m  e x c e p t  f o r  th o se  
in  e x p e r im e n t  8  a n d  ta p  w a t e r  w a s  g iv e n  
f o r  d r in k . T h e  c o m p o s i t io n  o f  th e  b a s a l  
d ie t  is  g iv e n  in  ta b le  1 . T h e  c h ic k s  w e r e  
w e ig h e d  in d iv id u a l ly  a t th e  s ta rt o f  e a c h  
e x p e r im e n t  a n d  w e e k ly  th e r e a fte r . A  r e c 
o r d  o f  fe e d  c o n s u m p t io n  w a s  a ls o  m a d e  
w e e k ly . A ll  tr e a tm e n ts  w e r e  d u p l ic a t e d , 
e a c h  lo t  c o n t a in in g  1 0  c h ic k s . T h e  cr i-

TABLE 1
Composition of basal diet1

Cornstarch
parts
55.7

Soybean protein 1 2 28.0
Methionine 0.65
Glycine 0.35
Soybean oil 4.00
Soybean lecithin 1.00
Cellulose 3 3.00
Ca(H2P04)2-H20 0.759
CaC03 1.198
Mineral mixture 4 5 2.21
Vitamin mixture s-6 3.15

Total 100.017

1 This diet was fed in experiments 5, 6 and 7 but 
is identical with the one fed in the previous experi
ments except that the vitamin Bi2, choline, iron and 
magnesium content was increased so as to provide 
quantities of these nutrients in excess of the chick 
requirements given in National Academy of Sciences 
— National Research Council publ. 1345, 1966.

2 Experiments 1-4 inch, C-l Assay Protein, Skid
more Enterprises, Cincinnati; experiments 5-8 inch, 
RP-100 Assay Protein, Ralston Purina Company, St. 
Louis.s Solka-Floc, Brown Company, Berlin, New Hamp
shire.

4 When included in the diet at a level of 2.21%,
the mineral mixture contributed the following min
eral compounds: (g /k g ) K2HPO4, 12.0; MgS04-7H20, 
6.0; NaCl, 5.0; NaHCOs, 1.44; FeS04-7H20, 0.5; 
MnS04-H20 , 0.308; Al2 :S04)3-18H20, 0.25; ZnO, 0.07; 
CuS04-5H20, 0.024; Co(C2H30 2)-4H20, 0.005; KI,
0.005; NaF, 0.005; Na2Mo04-2H20, 0.005; NaSi03- 
5H20, 0.004; and NaSeD3-5H20, 0.00035.

5 When included in the diet at a level of 3.15%, the 
vitamin mixture contributed the following vitamins: 
(m g/kg) thiamine'HC1, 10.0; riboflavin, 10.0; pyri- 
doxine*HCl, 10.0; Ca pantothenate, 30.0; niacin, 100.0; 
folic acid, 5.0; biotin, 0.2; vitamin B12 (3 m g /g ), 6.67; 
2-methy 1-1,4-naphthoquinone, 10.0; vitamin A (10,000 
IU /g), 1000.0; vitamin D3 (1500 IU /g), 1000.0; vita
min E (44 IU /g), 2000.3; and choline chloride (44% ), 
3410.0. The vitamins were mixed with glucose to 
make up the required percentage.

6 The vitamin A and D3 preparations were made by 
Hoffmann-La Roche, Nutley, N. J., the vitamin E by 
Distillation Products Industries, Rochester, New York 
and the vitamin Bi2 by Chas. Pfizer & Company, New 
York, New York. Vitamin A was supplied as vitamin 
A palmitate, vitamin D3 as D-activated animal sterol 
and vitamin E as d-a-tocopheryl acetate.

te r ia  w e r e  ra te  o f  g r o w t h , w e ig h t  o f  fa t -  
f r e e  d r y  t ib ia e  a n d  q u a n t ity  o f  a s h , c a lc iu m  
a n d  p h o s p h o r u s  in  fa t - fr e e  d ry  t ib ia e . 
D u r in g  th e  g r o w t h  p h a s e  o f  c h ic k e n s  th e  
fa t - fr e e  d ry  t ib ia e  r e p r e s e n t  a  c lo s e  a p 
p r o x im a t io n  o f  th e  to ta l a m o u n t  o f  c a lc i -  
f ia b le  a n d  c a lc i f ie d  b o n e  t is su e  in  th e  
t ib ia e . I t  is  c o m p o s e d  f o r  th e  m o s t  p a r t  
o f  b o n e  m a t r ix , c o n s is t in g  e s s e n t ia lly  o f  
c o l la g e n , m u c o p r o t e in  a n d  m u c o p o ly s a c 
c h a r id e s , a n d  o f  b o n e  m in e r a l , m a d e  u p  
la r g e ly  o f  c a lc iu m  p h o s p h a t e  sa lts . B y  su b 
t r a c t in g  th e  a m o u n t  o f  b o n e  m in e r a l  f r o m  
th e  w e ig h t  o f  th e  fa t - fr e e  d ry  t ib ia e  a n  e s 
t im a t io n  o f  b o n e  m a t r ix  is  o b ta in e d . O n ly  
d a ta  o n  f in a l  a v e r a g e  w e ig h t , m il l ig r a m s  o f  
fa t - fr e e  d ry  t ib ia e  ( b o n e  t is s u e )  p e r  g r a m  
c h ic k  w e ig h t , a n d  p e r c e n t a g e  a sh  (b o n e  
m in e r a l ) ,  c a lc iu m  a n d  p h o s p h o r u s  a re  
p r e s e n te d  in  th is  r e p o r t , s in c e  b o n e  m a t r ix  
a n d  a n y  o th e r  v a lu e s  n e e d e d  in  in te r p r e t 
in g  th e  f in d in g s  o b ta in e d  in  th e  in v e s t ig a 
t io n  c a n  b e  r e a d ily  d e r iv e d  f r o m  th e m . E x 
p r e s s in g  th e  a m o u n t  o f  b o n e  t issu e  in  
te rm s  o f  u n it  b o d y  w e ig h t  is  d o n e  to  g iv e  
in fo r m a t io n  o n  r e la t iv e  b o n e  a n d  b o d y  d e 
v e lo p m e n t .

A t  th e  e n d  o f  e v e r y  e x p e r im e n t  6  c h ic k s  
( 3 / l o t )  f r o m  e a c h  tr e a tm e n t  g r o u p  w e r e  
k il le d  a n d  th e  l e f t  t ib ia  d is s e c te d . T h e  
a v e r a g e  w e ig h t  o f  th e s e  c h ic k s  w a s  a p 
p r o x im a t e ly  th e  s a m e  as  th a t  o f  a ll c h ic k s  
o f  th e  g r o u p . A ft e r  r e m o v a l  o f  th e  m u s 
c u la r  t is su e  f r o m  th e  t ib ia e , t h e y  w e r e  
e x tr a c te d  firs t  w ith  a lc o h o l  f o r  a p p r o x i
m a t e ly  2 4  h o u r s , a n d  th e n  w ith  e th e r  f o r  
2 4  h o u r s , to  r e m o v e  w a t e r  a n d  fa t  a n d  r e 
la te d  s u b s ta n c e s . A s h in g  o f  th e  fa t - fr e e  
d r y  b o n e s  w a s  c a r r ie d  o u t  in  a  m u ffle  
fu r n a c e  a t 6 0 0 °  f o r  2 4  h o u r s  o r  u n t il  n o  
fu r th e r  lo s s  o f  w e ig h t  o c c u r r e d . T h e  c a l 
c iu m  c o n t e n t  o f  th e  b o n e  m in e r a l  w a s  
d e te r m in e d  b y  th e  a to m ic  a b s o r p t io n  p r o 
c e d u r e  a n d  th e  p h o s p h o r u s  c o n t e n t  b y  
th e  m e t h o d  o f  K its o n  a n d  M e llo n  ( 9 ) .

P r e c e d in g  th e  w o r k  w ith  h o r m o n e s ,  r e 
s e a r c h  w a s  c a r r ie d  o u t  to  d e te r m in e  th e  
m o s t  s u ita b le  s u b m a r g in a l  d ie ta r y  le v e ls  
o f  c a lc iu m  a n d  p h o s p h o r u s  to  b e  s u p 
p lie d  th e  c h ic k s  ( e x p .  1 ) .  T h e  r e s u lts  o f  
th is  p o r t io n  o f  th e  w o r k  s h o w e d  th a t  s o m e 
w h a t  b e lo w  n o r m a l  g r o w th  a n d  s lig h t ly  
s u b n o r m a l b o n e  m in e r a l iz a t io n  u n d e r  th e  
e x p e r im e n ta l  c o n d it io n s  w e r e  o b ta in e d  
w h e n  th e  d ie t  c o n t a in e d  0 .6 %  c a lc iu m  a n d
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0 .4 %  p h o s p h o r u s . T h e r e fo r e ,  u n le s s  in 
d ic a t e d  o th e r w is e , th e se  le v e ls  o f  c a lc iu m  
a n d  p h o s p h o r u s  w e r e  s u p p lie d  in  th e  s u b 
s e q u e n t  w o r k  in  a n  e f f o r t  t o  g e t  a  m o r e  
a d e q u a te  c o n c e p t io n  o f  th e  e f f e c t  o f  h o r 
m o n e s  o n  g r o w th  a n d  b o n e  m in e r a l iz a t io n .

RESULTS AND DISCUSSION

In  th e  firs t  e x p e r im e n t s  w ith  h o r m o n e s  
(e x p s .  2  a n d  3 ) ,  th e  r e su lts  s h o w e d  th a t 
d ie n e s tr o l a t 5 0  to  2 5 0  m g / k g  d ie t  fa i le d  
to  in f lu e n c e  g r o w t h  o r  b o n e  m in e r a l iz a t io n  
b u t  te s to s te r o n e  a p p e a r e d  to  re ta rd  g r o w th  
s lig h t ly  a t 2 5  m g / k g  a n d  g re a t ly  a t 2 5 0  
m g . N o  c o n s is t e n t  e f f e c t  o n  b o n e  m in e r a l 
iz a t io n , h o w e v e r , w a s  o b s e r v e d . In  s u b s e 
q u e n t  e x p e r im e n ts  th e  le v e ls  o f  e s tr o g e n  
a n d  a n d r o g e n  u s e d  w e r e  5 0  m g / k g  a n d  
2 5  m g / k g ,  r e s p e c t iv e ly .

T h e  w o r k  w it h  c o r t is o n e  s h o w e d  th a t 
2 5  to  1 2 5  m g / k g  d ie t  h a d  n o  d e tr im e n ta l 
e f f e c t  o n  e ith e r  g r o w th  o r  b o n e  m in e r a l iz a 
t io n . C o r t is o n e  a t 3 5 0  m g / k g ,  h o w e v e r , 
a p p e a r e d  to  r e ta r d  g r o w t h  s o m e w h a t  
( 8 . 1 %  ) ,  b u t  th e  a m o u n t  o f  b o n e  tissu e  
p e r  u n it  w e ig h t  a n d  th e  p e r c e n t a g e  o f  m in 
e ra l a n d  c a lc iu m  in  th e  t ib ia e  w e r e  in 
c r e a s e d  s lig h t ly  ( t a b le  2 , e x p . 3 ) .  W h e n  
h y d r o c o r t is o n e  w a s  f e d  a t 3 5 0  m g / k g  d ie t 
in  p la c e  o f  c o r t is o n e , g r o w th  w a s  se v e re ly  
r e ta r d e d  a n d  o n ly  6  o f  th e  c h ic k s  su r 
v iv e d . T h e  p e r c e n t a g e  o f  m in e r a l , c a l 
c iu m  a n d  p h o s p h o r u s  in  th e  t ib ia e , h o w 
e v e r , w a s  in c r e a s e d  s lig h t ly , b u t  m ill ig r a m s  
o f  b o n e  t is su e  p e r  g r a m  o f  f in a l c h ic k  
w e ig h t  w e r e  g re a t ly  r e d u c e d . O n  c o m p a r 
in g  th e se  v a lu e s  w ith  th o s e  o f  7 -d a y -o ld  
c h ic k s  o f  o n ly  s lig h t ly  g r e a te r  p h y s io lo g i 
c a l  s iz e , it  a p p e a r e d  th a t  h y d r o c o r t is o n e  
p r o m o t e d  a  d e c r e a s e  in  p e r c e n t a g e  b o n e  
m a t r ix  a n d  a n  in c r e a s e  in  p e r c e n ta g e  b o n e

m in e r a l . T h is  is  b e lie v e d  to  b e  a n  in d ic a 
t io n  th a t  h y d r o c o r t is o n e  e x e r ts  2  a p p a r 
e n t ly  o p p o s ite  e f f e c t s ;  1 )  th e  w e l l-k n o w n  
d e te r r e n t  e f f e c t  o n  p r o t e in  sy n th e s is , in 
c lu d in g  s y n th e s is  o f  b o n e  t is su e  p r o te in , 
a n d  2 )  a n  e f f e c t ,  e ith e r  d ir e c t  o r  in d ir e c t , 
fa v o r in g  b o n e  m in e r a l iz a t io n  ( t a b le  2 , 
e x p . 3 v s  e x p . 2 ) .  A ll  c h ic k s  f e d  h y d r o 
c o r t is o n e  in  c o m b in a t io n  w ith  e ith e r  e s tr o 
g e n  o r  a n d r o g e n , o r  b o th , d ie d  d u r in g  th e  
c o u r s e  o f  th e  e x p e r im e n t .

W h e n  th e  p e r c e n t a g e  b o n e  m a t r ix  a n d  
p e r c e n t a g e  b o n e  m in e r a l  in  th e  b o n e  tis 
su e  p e r  g r a m  w e ig h t  o f  th e  7 -d a y -o ld  n o r 
m a l  c h ic k s  a n d  th e  2 8 -d a y -o ld  c h ic k s  r e 
ta rd e d  b y  h y d r o c o r t is o n e  w a s  c a lc u la t e d , 
th e  a m o u n t  o f  b o n e  m in e r a l  p e r  g r a m  
w e ig h t  o f  th e  la t te r  w a s  o n ly  3 .0 %  le ss  
th a n  th e  f o r m e r , b u t  th e  a m o u n t  o f  b o n e  
m a t r ix  p e r  g r a m  w e ig h t  w a s  2 3 .1 %  le ss . 
T h u s , th e  c h ic k s  r e ta r d e d  in  g r o w t h  b y  
h y d r o c o r t is o n e  h a d  m u c h  s m a lle r  b o n e s  
th a n  th e  7 -d a y -o ld  n o r m a l c h ic k s  b u t  th e  
d i f fe r e n c e  w a s  d u e  la r g e ly  to  lo w e r  m a t r ix  
c o n te n t .

W h e n  h y d r o c o r t is o n e  le v e ls  o f  2 0  to  1 0 0  
m g / k g  d ie t  in  v a r ia t io n s  o f  2 0  m g  w e r e  
f e d  w ith , a n d  w ith o u t , e s t r o g e n  a n d  a n 
d r o g e n  a t le v e ls  o f  5 0  m g  a n d  2 5  m g / k g  
d ie t , r e s p e c t iv e ly , a ll q u a n t it ie s  o f  h y d r o 
c o r t is o n e  m a r k e d ly  r e ta r d e d  g r o w t h  ( t a b le  
3 , e x p . 4 ) .  B e c a u s e  o f  th e  m a r k e d  e f f e c t  
o f  2 0  m g  o f  h y d r o c o r t is o n e  p e r  k ilo g r a m  
d ie t  o n  g r o w th , th e  a n a ly t ic a l w o r k  o n  th e  
t ib ia e  o f  th e  c h ic k s  g iv e n  th e  h ig h e r  le v e ls  
o f  h y d r o c o r t is o n e  w a s  o m it te d . T h e  p e r 
c e n t a g e  m in e r a l , c a lc iu m  a n d  p h o s p h o r u s  
in  th e  b o n e  t issu e  o f  th e  t ib ia e  w a s  f o u n d  
to  b e  s o m e w h a t  g re a te r  w h e n  h y d r o c o r t i 
s o n e  w a s  s u p p lie d  b u t  th e  b o n e  t is su e  p e r  
g r a m  o f  f in a l  c h ic k  w e ig h t  w a s  c o n s id e r -

TABLE 2
Effect of corticoidal hormones on growth and bone development1 (exps. 2 and 3)

Experiment
no.

Age,
days

Avg 
body wt

Bone
tissue

Amount in bone tissue of tibiae 
Minerals Calcium Phosphorus

9 m g/g -wt % % %
2 No hormones 7 81 2.53 34.3 13.8 6.67
2 No hormones 28 425 3.51 39.0 14.0 7.70
3 No hormones 28 434 3.32 38.7 11.6 6.47
3 Cortisone 2 28 399 3.47 39.4 12.4 5.95
3 Hydrocortisone 3 28 69 2.12 39.7 15.4 6.83

1 Diet contained 0.6% calcium and 0.4% phosphorus.
2 Cortisone, 350 mg/kg diet.
3 Hydrocortisone, 350 mg/kg diet.



6 4 2 L. C. NORRIS AND F. H. KRATZER

TABLE 3
Effect of hydrocortisone, testosterone plus dienestrol and all hormones combined on growth

and bone development1 (exp. 4)

Treatment Avg 28- Bone Amount in bone tissue of tibiae
day wt tissue Minerals Calcium Phosphorus

9 m g/g wt % % %
1 No hoimones 459 3.56 37.4 13.3 6.23
2 Hydrocortisone2 211 2.81 39.4 16.3 7.56
3 Gonadal hormones 3 452 3.66 37.3 14.0 6.35
4 Hydrocortisone +

gonadal hormones 210 3.02 39.6 15.3 6.95

Avg 1 and 3 455 3.61 37.4 13.7 6.29
Avg 2 and 4 211 2.91 39.5 15.8 7.26

1 Diet contained C.6% -calcium and 0.4% phosphorus.
2 Hydrocortisone, 20 mg/kg diet.
s Gonadal hormones, 25 mg testosterone/kg diet; 50 mg dienestrol/kg.

TABLE 4
Results of supplying graded amounts of hydrocortisone on growth and bone development1J

(exp. 5)

Hydro
cortisone

Avg 28- 
day wt

Bone
tissue

Amount
Minerals

in bone tissue of tibiae 
Calcium Phosphorus

mg/kg diet 9 mg/g -wt % % %
0.0 451 3.69 38.5 14.0 6.80
1.25 440 3.32 39.4 14.3 7.06
2.50 446 3.60 39.7 14.4 7.12
5.00 427 3.52 40.2 14.6 7.21

10.00 336 3.37 40.9 14.8 6.92
20.00 221 2.75 41.7 15.5 7.56

1 Diet contained 0.6% calcium and 0.4% phosphorus.
2 Data are averages of groups with and without testosterone 25 mg/kg diet; dienestrol, 50 mg/kg.

a b ly  r e d u c e d . T h e  fa v o r a b le  e f f e c t  o f  h y 
d r o c o r t is o n e  o n  b o n e  m in e r a l iz a t io n , h o w 
e v e r , is  in  a g r e e m e n t  w ith  th e  r e su lts  o f  
e x p e r im e n t  3 . G r o w th  a n d  b o n e  m in e r a l 
iz a t io n  w e r e  n o t  in f lu e n c e d , e ith e r  f a v o r 
a b ly  o r  u n fa v o r a b ly , b y  s u p p ly in g  g o n a d a l 
h o r m o n e s  a lo n e , o r  w ith  h y d r o c o r t is o n e .

In  fu r t h e r  w o rk , b e c a u s e  o f  th e  m a r k e d  
g r o w th -r e ta r d in g  e f f e c t  o f  2 0  m g  h y d r o -  
c o r t i s o n e /k g  o f  d ie t , le v e ls  o f  1 .2 5 , 2 .5 ,
5 .0 , 1 0 .0  a n d  2 0 .0  m g  o f  th e  h o r m o n e  p e r  
k ilo g r a m  d ie t  w e r e  f e d  w ith , a n d  w ith o u t , 
5 0  a n d  2 5  m g  o f  e s tr o g e n  a n d  a n d r o g e n  
p e r  k ilo g r a m , r e s p e c t iv e ly  ( t a b le  4 , e x p .
5 ) .  W h e n  1 .2 5 , 2 .5  a n d  5 .0  m g  h y d r o c o r 
t i s o n e /k g  d ie t  w e r e  s u p p lie d , g r o w t h  w a s  
a lm o s t  n o r m a l  b u t  a  m a r k e d  r e d u c t io n  
w a s  o b ta in e d  at 1 0  a n d  2 0  m g /k g .  T h e  
c o m b in a t io n  o f  h y d r o c o r t is o n e  w ith  g o 
n a d a l  h o r m o n e s  m a y  h a v e  r e ta r d e d  g r o w th  
to  a  s lig h t ly  fu r t h e r  e x te n t  b u t  th is  e f f e c t  
w a s  n o t  c o n s is t e n t .

T h e  p e r c e n t a g e  m in e r a l , c a lc iu m  a n d  
p h o s p h o r u s  in  th e  b o n e  t is su e  o f  th e

t ib ia e  w a s  p r o g r e s s iv e ly  in c r e a s e d  a n d  p e r 
c e n ta g e  b o n e  m a t r ix  d e c r e a s e d  w ith  in 
c r e a s e d  in ta k e  o f  h y d r o c o r t is o n e  w h ile  
m ill ig r a m s  o f  b o n e  t issu e  p e r  g r a m  w e ig h t  
w e r e  u n c h a n g e d  e x c e p t  a t 2 0  m g / k g  d ie t , 
w h e r e  th e y  w e r e  m a r k e d ly  d e c r e a s e d . T h e  
in c r e a s e d  b o n e  m in e r a l  a t 1 .2 5 , 2 .5  a n d  5 .0  
m g  h y d r o c o r t i s o n e /k g  d ie t  is  in d ic a t iv e  o f  
a n  e f f e c t  o f  h y d r o c o r t is o n e  fa v o r in g  b o n e  
m in e r a l iz a t io n , s in c e  m ill ig r a m s  o f  b o n e  
t issu e  p e r  g r a m  f in a l w e ig h t  w e r e  n o t  d e 
c r e a s e d . A t  th e se  le v e ls  o f  h y d r o c o r t is o n e  
th e  in c r e a s e d  m in e r a l iz a t io n  o f  b o n e s  o f  
a p p r o x im a t e ly  th e  s a m e  s iz e , as in d ic a t e d  
b y  b o n e  t is su e  p e r  g r a m  w e ig h t , is  b e lie v e d  
to  b e  e v id e n c e  th a t  th e  c h ic k s  in  th e se  
g r o u p s  h a d  s tr o n g e r  b o n e s . T h e  d e c r e a s e d  
b o n e  t issu e  p e r  g r a m  w e ig h t  a t 2 0  m g  o f  
h y d r o c o r t is o n e  a n d  th e  in c r e a s e d  b o n e  
m in e r a l iz a t io n  a re  in  a g r e e m e n t  w ith  th e  
r e s u lts  o b ta in e d  in  th e  p r e v io u s  e x p e r i 
m e n t  ( t a b le  3 , e x p . 4 ) .

T h e  r e su lts  o f  e x p e r im e n t  5 , s h o w in g  
th a t  s m a ll a m o u n ts  o f  h y d r o c o r t is o n e  im 
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p r o v e d  b o n e  m in e r a l iz a t io n , a re  c o n tr a r y  
to  th e  g e n e r a lly  a c c e p t e d  h y p o th e s is  th a t 
th e  h o r m o n e  p r o m o t e s  b o n e  d e m in e r a l iz a 
t io n . E v id e n c e  in  c o n f ir m a t io n  o f  th e  h y 
p o th e s is  h a s  r e c e n t ly  b e e n  r e p o r te d  b y  
E is e n b e r g  e t a l . ( 1 0 ) .  T h e y  f o u n d  th a t  a  r e l
a t iv e ly  g r e a te r  th a n  n o r m a l  u r in a r y  lo s s  o f  
c a lc iu m  o c c u r r e d  o n  d ir e c t  a d m in is tr a t io n  
o f  1 7 -h y d r o x y c o r t ic o s t e r o id s . In  c o n tr a s t , 
th e  w o r k  o f  P a c e  e t  a l. ( 1 1 ) ,  P u g h  ( 1 2 )  
a n d  S im p s o n  ( 1 3 )  p o in t s  to  th e  p o s s ib ility  
th a t in  p r o lo n g e d  m u s c u la r  w o r k  a n d  o th e r  
s tress  c o n d it io n s  th e  in c r e a s e d  p r o d u c t io n  
o f  1 7 -h y d r o x y c o r t ic o s t e r o id s  b y  h e a lth y  h u 
m a n  b e in g s  m a y  b e  b e n e f ic ia l  r a th e r  th a n  
h a r m fu l .  T h e s e  r e s e a r c h  w o r k e r s  d id  n o t  
s tu d y  th e  e f f e c t  o f  th e  in c r e a s e d  1 7 -h y - 
d r o x y c o r t ic o s t e r o id  p r o d u c t io n  o n  b o n e  in 
te g r ity  b u t , s in c e  th is  in c r e a s e  a p p e a rs  
to  b e  n o r m a l  u n d e r  in c r e a s e d  m u s c u la r  
s tre ss , it  is  p o s s ib le  th a t  th e  d if fe r e n c e  
b e tw e e n  th e  e f f e c t s  o f  d ir e c t ly  a d m in is 
te re d  h o r m o n e s  a n d  th e  in c r e a s e d  h o r m o n e  
p r o d u c t io n  d u e  to  p r o lo n g e d  p h y s ic a l  a c 
t iv ity  is  a  q u a n t ita t iv e  o n e . T h u s , th e  e f 
fe c t s  o b ta in e d  in  c h ic k s  w ith  s m a ll q u a n 
titie s  o f  h y d r o c o r t is o n e , a n d  th e  e f fe c t s  
o b ta in e d  in  h u m a n  b e in g s  u n d e r  s tress  
c o n d it io n s ,  m a y  b e  s im ila r .

F o l lo w in g  th e  r e s e a r c h  w ith  r e d u c e d  
a m o u n ts  o f  h y d r o c o r t is o n e , g r a d e d  le v e ls  
o f  c a lc iu m  w e r e  s u p p lie d  w ith , a n d  w it h 
o u t  h o r m o n e s ,  in  a  fu r t h e r  a tte m p t  to  s h o w  
th a t h y d r o c o r t is o n e  e x e r ts  a  fa v o r a b le  e f 
f e c t  o n  b o n e  m in e r a l iz a t io n  d u r in g  g r o w th  
( t a b le  5 , e x p . 6 ) .  T h e  le v e l  o f  h y d r o c o r 

t is o n e  p r o v id e d  w a s  5  m g / k g  d ie t . T h is  
le v e l  o f  h y d r o c o r t is o n e  d id  n o t  s ig n ifi
c a n t ly  d e p re s s  g r o w t h  in  th e  p r e v io u s  e x 
p e r im e n t . In  th is  e x p e r im e n t  im p r o v e 
m e n ts  w e r e  a lso  m a d e  in  th e  v it a m in  a n d  
m in e r a l  m ix tu r e s  in c lu d e d  in  th e  d ie t . T h e  
d ie ta r y  c h a n g e s  w e r e  f o u n d  to  in c r e a s e  
g r o w t h  m a r k e d ly , w h e r e a s  c o n tr a r y  to  e x 
p e c ta t io n , th e  le v e l  o f  5  m g  h y d r o c o r t i -  
s o n e /k g  d ie t  g re a t ly  d e p r e s s e d  g r o w th . 
D e s p ite  th is , h y d r o c o r t is o n e  in c r e a s e d  b o n e  
m in e r a l  a t th e  0 .4 %  le v e l  o f  c a lc iu m  to  
s u c h  a n  e x te n t  th a t  it  w a s  e q u a l to  th a t  
o b ta in e d  at 0 .6 %  c a lc iu m  w ith o u t  a d d i
t io n  o f  th e  h o r m o n e . A t  th e  a d e q u a te  
le v e ls  o f  c a lc iu m , 0 .8  a n d  1 .0 %  , th e  a d d e d  
h y d r o c o r t is o n e  fa i le d  to  im p r o v e  b o n e  m in 
e r a liz a t io n , th u s  in d ic a t in g  a  c a lc iu m  sp a r 
in g  e f f e c t  a t th e  d e f ic ie n t  c a lc iu m  le v e ls . 
T h is  is  b e lie v e d  to  b e  fu r t h e r  e v id e n c e  th a t  
h y d r o c o r t is o n e  h a s  a  fa v o r a b le  e f f e c t  o n  
b o n e  m in e r a l iz a t io n  b u t  o n ly  w h e n  c a l 
c iu m  is  d e fic ie n t . B o n e  t issu e  p e r  g r a m  
w e ig h t  in  th e  p r e s e n c e  o f  h y d r o c o r t is o n e  
w a s  r e d u c e d  at a ll le v e ls  o f  c a lc iu m , b u t 
q u a n t ity  o f  b o n e  m a t r ix  w a s  a f fe c t e d  to  a 
g r e a te r  e x te n t  th a n  a m o u n t  o f  b o n e  m in 
e r a l a t th e  tw o  lo w e r  c a lc iu m  le v e ls . T h e  
re s u lts  o f  th is  e x p e r im e n t , t h e r e fo r e , s u p 
p o r t  th o s e  o b ta in e d  in  th e  p r e v io u s  e x 
p e r im e n t  w h ic h  in d ic a t e d  th a t  le v e ls  o f  
h y d r o c o r t is o n e  th a t  d o  n o t  r e ta r d  g r o w th  
a p p e a r  to  c o m p e n s a t e  f o r  th e  s tre ss  o f  
p a r t ia l c a lc iu m  d e fic ie n c y .

In  th e  n e x t  e x p e r im e n t  le v e ls  o f  h y d r o 
c o r t is o n e  o f  1 .2 5 , 2 .5 0 ,  5 .0 0  a n d  1 0 .0 0

TABLE 5
Results of supplying graded amounts of calcium without and with hormones on growth

and bone development (exp. 6)

Calcium Avg 28- 
day wt

Bone
tissue

Amount in bone tissue of tibiae

Minerals Calcium Phosphorus

% 9 m g/g wt % % %

No hormones
0.4 460 3.43 31.8 10.4 5.47
0.6 559 3.64 37.1 11.8 5.44
0.8 622 4.01 40.3 13.0 6.93
1.0 608 4.18 39.3 12.2 6.64

Hydrocortisone and hydrocortisone plus gonadal hormones 1
0.4 342 2.99 37.0 12.5 6.39
0.6 376 3.17 39.1 13.1 6.73
0.8 385 3.38 38.9 13.0 6.70
1.0 396 3.58 40.4 13.6 7.00

1 Hydrocortisone, 5 mg/kg diet; gonadal hormones, 25 mg testosterone/kg; and 50 mg dienestrol/kg.
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TABLE 6
Comparison of effect of retarded growth due to hydrocortisone with normal chicks of same

size but younger age1 (exp. 7)

Hydro
cortisone

Age,
days

Avg
body wt

Bone
tissue

Amount in bone tissue of tibiae 
Minerals Calcium Phosphorus

mg/kg diet g mg/g wt % % %
0.0 i 39 2.32 28.5 10.5 5.10
0.0 17 256 3.12 34.5 12.0 6.38
0.0 21 326 3.47 34.0 12.9 5.95
0.0 24 422 3.60 32.5 11.6 5.97
0.0 28 536 3.67 34.2 13.0 6.15
1.25 28 515 3.53 34.6 13.6 6.22
2.50 28 474 3.45 36.5 14.1 6.62
5.00 28 376 3.43 38.4 14.2 6.69

10.00 28 285 2.79 39.8 15.4 7.19

1 Diet contained 0.6% calcium and 0.4% phosphorus.

TABLE 7
Comparison of effects on bone development of retarded growth due to hydrocortisone and 

comparable retarded growth due to low calorie intake 1 (exp. 8)

Treatment Avg 28- 
day wt

Bone
tissue

Amount in bone tissue of tibiae
Minerals Calcium Phosphorus

9 mg/g wt % % %
5 mg HC 2/kg diet 426 3.39 38.5 14.4 6.48
LCI 3 equiv 5 mg HC 424 3.40 36.8 14.1 6.75
10 mg HC/kg diet 293 3.10 39.1 16.0 6.99
LCI equiv 10 mg HC 294 3.25 35.9 14.0 6.08

1 Diet contained 0.6% calcium and 0.4% phosphorus.
2 HC =  Hydrocortisone.
a LCI =  Low calorie intake.

m g / k g  d ie t  w e r e  s u p p lie d  ( t a b le  6 , e x p .
7 ) .  T h e  c h ic k s  in  th e  b a s a l g r o u p  w e r e  
w e ig h e d  a n d  s a m p le d  f o r  b o n e  d e v e l
o p m e n t  a n d  b o n e  m in e r a l iz a t io n  tw ic e  
w e e k ly . T h is  w a s  m a d e  p o s s ib le  b y  in 
c r e a s in g  th e  n u m b e r  o f  c h ic k s  in  th is  
g r o u p  at th e  s ta rt c f  th e  e x p e r im e n t . T h e  
p u r p o s e  w a s  to  c o m p a r e  th e  c h ic k s  r e 
ta rd e d  in  g r o w th  b y  h y d r o c o r t is o n e  w ith  
c h ic k s  o f  th e  sa m e  w e ig h t  b u t  y o u n g e r  in  
a g e , to  f in d  o u t  i f  th e  r e ta r d e d  c h ic k s  h a d  
a  g re a te r  d e g r e e  c f  b o n e  m in e r a l iz a t io n  
th a n  th e  n o r m a l c h ic k s . T h e  re su lts  
s h o w e d  th a t  th e  c h ic k s  r e ta r d e d  in  g r o w th  
b y  h y d r o c o r t is o n e  h a d  a  g re a te r  p e r c e n t 
a g e  o f  b o n e  m in e r a l , c a lc iu m  a n d  p h o s 
p h o r u s  in  th e ir  t ib ia e , w ith  th e  e x c e p t io n  
o f  th e  c h ic k s  g iv e n  1 .2 5  m g  o f  th e  h o r 
m o n e  p e r  k ilo g r a m  d ie t , th a n  n o r m a l 
c h ic k s  o f  a p p r o x im a t e ly  th e  s a m e  p h y s io 
lo g i c a l  s ize . B o n e  t issu e  p e r  g r a m  b o d y  
w e ig h t  in  c o n tr a s t  w a s  d e c r e a s e d , b u t  w a s  
m a r k e d  o n ly  a t th e  h ig h e s t  h o r m o n e  le v e l. 
R e la t iv e ly , t h e r e fo r e , th e  c h ic k s  r e ta rd e d  
in  g r o w th  w ith  h y d r o c o r t is o n e  h a d  s m a lle r

b o n e s  th a n  c h ic k s  o f  th e  s a m e  s iz e  b u t 
y o u n g e r  in  a g e . T h e  p e r c e n ta g e  b o n e  m in 
e r a l, c a lc iu m  a n d  p h o s p h o r u s  w a s  a lso  
g r e a te r  in  th e  g r o u p s  g iv e n  h y d r o c o r t is o n e , 
w ith  th e  e x c e p t io n  o f  th e  lo w e s t  le v e l  o f  
th e  h o r m o n e , th a n  in  n o r m a l  c h ic k s  o f  th e  
sa m e  a g e , b u t  b o n e  t issu e  p e r  g r a m  w e ig h t  
w a s  c o n s id e r a b ly  s m a lle r . T h e s e  re su lts  
p r o v id e  e v id e n c e  o f  a  fa v o r a b le  e f f e c t  o f  
h y d r o c o r t is o n e  o n  b o n e  m in e r a l iz a t io n  
w h e n  th e  c a lc iu m  c o n t e n t  o f  th e  d ie t is  
d e fic ie n t . In  w o r k  w ith  ra ts , Y e a g e r  a n d  
W in te r s  ( 1 4 )  o b s e r v e d  th a t  th e  p e r c e n t 
a g e  a sh  a n d  c a lc iu m  in  th e  b o n e s  o f  ra ts , 
s tu n te d  b y  c a lo r ie , p r o te in  o r  ly s in e  d e fi
c ie n c y ,  w a s  g re a te r  th a n  in  n o r m a l a n i
m a ls  o f  th e  s a m e  w e ig h t  b u t le s s  th a n  th e se  
q u a n t it ie s  in  ra ts  o f  th e  s a m e  a g e .

T o  p r o v id e  f in a l d e m o n s tr a t io n  th a t  h y 
d r o c o r t is o n e  im p r o v e d  m in e r a l iz a t io n  in  
d e v e lo p in g  b o n e  o f  c h ic k s  fe d  d ie ts  d e fi
c ie n t  in  c a lc iu m , a  p a ir e d -g r o w th  e x p e r i 
m e n t  w a s  u n d e r ta k e n  ( t a b le  7 , e x p . 8 ) .  In  
th is  e x p e r im e n t  g r o u p s  o f  c h ic k s  f e d  th e  
b a s a l d ie t  w e r e  re s tr ic te d  in  c a lo r ic  in ta k e
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to  s u c h  a n  e x te n t  as to  m a k e  th e m  g r o w  
a t th e  s a m e  ra te  as g r o u p s  o f  c h ic k s  s u p 
p lie d  5  a n d  10  m g  h y d r o c o r t i s o n e /k g  d ie t . 
T h e  re su lts  s h o w e d  th a t  a t b o th  le v e ls  o f  
h y d r o c o r t is o n e , p e r c e n t a g e  o f  b o n e  m in 
e ra l a n d  c a lc iu m  w e r e  g r e a te r  th a n  th e  
q u a n t it ie s  f o u n d  in  th e  c h ic k s  f e d  th e  
b a s a l d ie t  o n ly . H ig h e r  p e r c e n ta g e  p h o s 
p h o r u s , h o w e v e r ,  w a s  f o u n d  o n ly  in  th e  
p a ir  r e c e iv in g  10  m g  h y d r o c o r t i s o n e /k g  
d ie t . A t  5  m g  h y d r o c o r t i s o n e /k g  d ie t  th e  
d if fe r e n c e  in  p e r c e n ta g e  o f  b o n e  m in e r a l  
w a s  o n ly  4 .6 2 %  b u t  a t 1 0  m g  h y d r o c o r t i 
s o n e /k g ,  a m o r e  m a r k e d  d i f fe r e n c e  in  b o n e  
a sh  o f  8 .9 1 %  w a s  o b s e r v e d . B o n e  t issu e  
p e r  m ill ig r a m  c h ic k  w e ig h t , h o w e v e r , w a s  
a p p r o x im a t e ly  th e  sa m e  in  e a c h  p a ir  o f  
c h ic k s . T h e  p e r c e n t a g e  o f  b o n e  m a t r ix  in  
th e  t ib ia e  w a s  r e d u c e d , t h e r e fo r e , in  th e  
g r o u p s  o f  c h ic k s  r e c e iv in g  h y d r o c o r t is o n e . 
T h is  a g a in  p r o v id e d  e v id e n c e  o f  th e  d e 
te r re n t  e f f e c t  o f  h y d r o c o r t is o n e  o n  s y n 
th e s is  o f  b o n e  p r o te in  a n d  th e  fa v o r a b le  
e f f e c t  o n  b o n e  m in e r a l iz a t io n .

T h e  r e s u lts  o f  th e  e x p e r im e n ts  p r e 
s e n te d  in  th is  r e p o r t  in d ic a t e d  th a t  a  c o r 
r e la t io n  e x is t e d  b e t w e e n  p e r c e n t a g e  o f  
b o n e  m in e r a l  a n d  q u a n t ity  o f  h y d r o c o r t i 
s o n e  in  th e  d ie t . T h is  w a s  c le a r ly  r e v e a le d  
b y  p lo t t in g  th e  r e g r e s s io n  o f  th e  p e r c e n t 
a g e s  o f  b o n e  m in e r a l  o n  th e  lo g a r ith m s  
o f  th e  q u a n t it ie s  o f  h y d r o c o r t is o n e  p e r  
k i lo g r a m  d ie t . A  l in e a r  c u r v e  w a s  th u s  
o b ta in e d . O n  c a lc u la t in g  th e  c o r r e la t io n  
c o e f f ic ie n t  o f  th e  p e r c e n ta g e s  o f  b o n e  m in 
e ra l a n d  q u a n t it ie s  o f  h y d r o c o r t is o n e , th e  
c o r r e la t io n  b e tw e e n  th e s e  v a lu e s  w a s  f o u n d  
to  b e  v e r y  g o o d  ( r  =  0 .8 2 1 ) .  It w a s  a ls o  
f o u n d ,  o n  a p p ly in g  a n a ly s is  o f  v a r ia n c e  
to  th e  re s u lts , th a t h ig h ly  s ig n i f ic a n t  d i f 
f e r e n c e s  ( P C 0 . 0 1 )  e x is te d  in  th e  in 
c r e a s e s  in  p e r c e n t a g e  o f  b o n e  m in e r a l .

S im ila r  c a lc u la t io n s  w e r e  lik e w is e  m a d e  
o f  th e  e f fe c t s  o f  q u a n t ity  o f  h y d r o c o r t is o n e  
o n  f in a l  a v e r a g e  c h ic k  w e ig h t . T h e  r e ta r d 
in g  e f f e c t  o f  h y d r o c o r t is o n e  o n  g r o w th  w a s  
h ig h ly  s ig n i f ic a n t  ( P  <  0 . 0 1 ) ,  a n d  th e  in 
v e r s e  c o r r e la t io n  b e t w e e n  th e  f in a l  a v e ra g e  
c h ic k s ’ w e ig h ts  a n d  th e  q u a n t it ie s  o f  h y 
d r o c o r t is o n e  p e r  k ilo g r a m  d ie t  w a s  e x c e l 
le n t  ( r  =  0 .9 3 9 ) .

T h e  in c r e a s e  in  th e  p e r c e n ta g e  o f  b o n e  
m in e r a l  o n  a d d it io n  o f  s m a ll  a m o u n ts  o f  
h y d r o c o r t is o n e  to  th e  d ie t  ( e x p .  5 , ta b le
4 )  w a s  n o t  c a u s e d  b y  in c r e a s e d  c o n s u m p 

t io n  o f  fe e d , th e r e b y  in c r e a s in g  c a lc iu m  in 
ta k e  a n d  r e m e d y in g  th e  m o d e r a te  d e fi
c ie n c y  o f  c a lc iu m  in  th e  d ie t . I n  th is  
e x p e r im e n t  th e  fe e d  p e r  g a in  o f  th e  g r o u p  
s u p p lie d  n o  h y d r o c o r t is o n e  w a s  1 .6 8  g  in  
c o m p a r is o n  w ith  1 .6 6  g  f o r  th e  g r o u p  th a t 
r e c e iv e d  1 .2 5  m g  h o r m o n e /k g  d ie t  a n d  
1 .6 5  g  f o r  th e  g r o u p  th a t  r e c e iv e d  2 .5 0  
m g  h o r m o n e /k g .  F o r  th e  s m a lle r  q u a n t ity  
o f  h y d r o c o r t is o n e  th e  in c r e a s e s  in  th e  
a m o u n ts  o f  b o n e  m in e r a l , c a lc iu m  a n d  
p h o s p h o r u s  w e r e , r e s p e c t iv e ly , 2 .3 4 ,  2 .1 4  
a n d  3 .8 2 %  a n d  f o r  th e  h ig h e r  q u a n t ity  
o f  th e  h o r m o n e  th e se  v a lu e s  w e r e  3 .1 2 , 
2 .8 6  a n d  4 .7 0 %  . T h e  f in a l a v e r a g e  w e ig h ts  
o f  th e  g r o u p s  r e c e iv in g  th e se  s m a ll 
a m o u n ts  o f  h y d r o c o r t is o n e  w e r e  a lm o s t  
e q u a l to  th e  g r o u p  r e c e iv in g  n o  h o r m o n e , 
a n d  b o n e  t issu e  p e r  g r a m  f in a l c h ic k  
w e ig h t  w a s  a p p r o x im a t e ly  th e  s a m e .

A t th e  h ig h e r  le v e ls  o f  h y d r o c o r t is o n e  
f e d  in  e x p e r im e n t  5 , h o w e v e r ,  w h e r e  
g r o w th  w a s  m a r k e d ly  r e ta r d e d , f e e d  in ta k e  
p e r  g r a m  g a in  w a s  g re a t ly  in c r e a s e d . T h is  
is  e x p la in e d  b y  th e  in c r e a s e d  r e q u ir e m e n t  
o f  e n e r g y  f o r  m a in t e n a n c e  r e la t iv e  to  th e 
g r o w t h  r e q u ir e m e n t . I n  e x p e r im e n t  5 , 
w h e n  2 0  m g  h y d r o c o r t i s o n e /k g  d ie t  w e r e  
s u p p lie d , th e  f e e d  p e r  g r a m  g a in  w a s  2 .5 2  
g  as c o m p a r e d  w ith  1 .6 8  g  f o r  th e  g ro u p  
r e c e iv in g  n o  h o r m o n e . A t  th is  h ig h  le v e l 
o f  th e  h o r m o n e , g re a te r  in c r e a s e s  in  th e  
a m o u n t  o f  b o n e  m in e r a l , c a lc iu m  a n d  
p h o s p h o r u s  w e r e  o b ta in e d  th a n  a t th e  
l o w  le v e ls . T h e s e  w e r e , r e s p e c t iv e ly , 8 .3 1 , 
1 0 .7 1  a n d  9 . 3 3 % .  In  v ie w  o f  th e  re su lts  
o b ta in e d  in  e x p e r im e n t  5 a t 1 .2 5  m g  a n d
2 .5  m g  h y d r o c o r t i s o n e /k g  d ie t  it  s e e m s  
h ig h ly  im p r o b a b le  th a t  th e  in c r e a s e s  in  
b o n e  m in e r a l , c a lc iu m  a n d  p h o s p h o r u s  
w e r e  c a u s e d  b y  in c r e a s e d  c a lc iu m  in ta k e .
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Activity, Concentration, and Lumen-Blood 
Electrochemical Potential Difference 
of Calcium in the Intestine of 
the Laying Hen * 1

S. HURWITZ A N D  A. BAR
The Volcani Institute of Agricultural Research, 
Department of Animal Science, Rehovot, Israel

ABSTRACT The driving forces for the intestinal absorption of calcium, consisting 
of the chemical and electrical gradients between the intestinal lumen and circulation, 
were evaluated in the laying hen. Those forces were related to the in vivo calcium 
absorption. The concentration and activity of calcium in ultrafiltrates made from 
the intestinal contents, were found to be dependent on dietary calcium level and 
source. Of the calcium sources tested, calcium sulfate supported the highest concen
tration and activity of calcium in the various intestinal segments. Only part of the 
variation in those parameters could be explained on the basis of corresponding varia
tions in intralumenal pH. Comparison of the fraction of active calcium (activity/ 
concentration) in the ultrafiltrates, with the theoretical activity coefficient, suggested 
that most of the ultrafilterable calcium in blood plasma was ionic, but that a con
siderable portion of the ultrafilterable calcium in the intestine was in a complexed 
form. The transmural electrical potential (PD) in the laying fowl was similar to 
that of other animals; it was lowest in the lower jejunum and highest in the colon. 
The electrochemical potential difference (ECPD) of calcium was calculated from the 
PD and the activities of blood plasma and intestinal contents. Due to a lower activity 
of calcium and a high PD in the lower ileum and colon, the ECPD was unfavorable 
for absorption of calcium in those segments as compared with the duodenum and 
jejunum. This coincided with an absence of any net calcium absorption in those 
posterior segments. The differences in the ECPD, could only partially account for 
the difference among the segments in the in vivo calcium absorption. The possibility 
of absorption of complexed calcium is discussed.

Previous studies (1, 2 ) have shown that 
the greater part of the intestinal absorption 
of calcium in the laying fowl occurs in 
the duodenum and jejunum, rather than 
in the ileum. At least 3 possibilities should 
be considered in any attempt to explain 
why the rate of absorption per unit length 
is greater in the duodenum and jejunum 
than in the ileum; (a ) that the electro
chemical potential difference of calcium 
is less favorable for its absorption in the 
ileum, (b )  that the permeability of the 
ileal mucosa is lower than in the duodenum 
and jejunum and (c )  that active transport 
of calcium is more pronounced in the 
upper segments, as shown in the rat, using 
in vitro techniques (3 ).

The electrochemical potential difference 
is a function of the mucosa-blood electrical 
potential difference and the activity of 
calcium in the intestinal lumen and blood 
plasma.

The transmural electrical potential dif
ference (PD) has been studied in a num
ber of animals (4, 5 ). The serosa was 
always positive with respect to the mucosa, 
hence opposing cation absorption. The 
PD has not been studied in the intestine 
of the laying hen and to our knowledge 
no information is available on the activity 
of calcium in the intestinal lumen. There 
are some data on the concentration of 
ultrafilterable calcium in the intestinal 
lumen of the chick (6 ) , dog (7 )  and sheep 
(8, 9). The latter values were used to 
estimate the electrochemical potential dif
ference of calcium in sheep (1 0 ), disre
garding the possibility of a difference in
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activity coefficient of calcium between the 
intestinal contents and blood plasma.

It was, therefore, the purpose of this 
study to evaluate the activity of calcium 
in the intestinal lumen, and the transmural 
electrical potential difference in the laying 
fowl in vivo, in an effort to correlate the 
electrochemical potential difference of cal
cium with its absorption at the various 
levels of the intestine.

METHODS

A n im als . White Leghorn laying hens, 
8 to 15 months old, were used in all ex
periments. They were kept in individual 
laying cages and were maintained before 
the experiments with a layer diet (table 1). 
In trials 1 and 2, the hens were continued 
with the same diet. In trial 3, the respective 
diets (table 1) were fed 3 to 5 days before 
the measurements were taken.

For the experiment, the birds were killed 
by an overdose of sodium pentobarbital. 
Ligatures were placed to separate the 
various intestinal segments, and the in
testine was immediately removed. The 
duodenum could be identified as the seg
ment enclosing the pancreas, and the lower 
ileum, by the attached ceca. Meckel’s 
diverticulum was taken as the point of 
demarcation between the jejunum and 
the ileum.

Prep ara tio n  o f u ltra filtra tes . A length 
of dialysis tubing (Visking tubing 24 /32) 
was washed in distilled water and the 
excess water was removed on filter paper. 
Sections of about 20 cm of this tubing 
were inserted into 5-ml plastic syringe 
barrels and inflated. The test material was

introduced into the dialysis bag, and the 
upper portion of the bag was tied to the 
lip of the barrel to prevent any down
ward sliding of the bag. The syringe with 
the filled dialysis bag was placed in a
17-mm test tube, gassed with a 95% 
N2- 5 %  C02 mixture, and sealed with a 
double layer of Parafilm. The tube was 
centrifuged at 2000 rpm for 15 minutes 
and the resulting small quantity of ultra
filtrate was discarded. The sample was 
then re-gassed, sealed, centrifuged again 
for one hour at the same speed, and the 
ultrafiltrate was taken for analysis.

Ultrafiltrates were made from blood 
plasma and intestinal contents. The latter 
was directly transferred from the intestine 
into the dialysis bag.

C h em ica l procedures. Calcium was de
termined in the ultrafiltrates and blood 
plasma by a direct EDTA titration with 
Calcein as an indicator, under ultra violet 
light. Total intestinal calcium was deter
mined by EDTA titration following oxalate 
precipitation as previously described (12 ).

For determination of phosphate, an 
aliquot of the ultrafiltrate was ashed in 
sulfuric acid and hydrogen peroxide. 
Phosphorus was then determined by the 
micromethod of Chen et al. (13).

M easurem ent o f ca lc iu m  activ ity . Cal
cium activity was measured with an Orion 
calcium electrode. A saturated KCl-agar 
bridge connected through a saturated KC1 
solution to a calomel electrode was used 
as the reference electrode. The potential 
difference was measured with a Philips 
millivoltmeter or Metrohm compensator 
in trial 2 and with a Keithley Electrometer

TABLE 1
Composition of experimental diets

Trials 
1 and 2 Diet 1

Trial 3
Diet 2 Diet 3

% of diet % of diet % of diet % of diet
Constant ingredients 1 62.55 62.55 62.55 62.55
Limestone 8.00 2.11 ----- : —

Dicalcium phosphate 2 1.30 1.30 4.30 1.30
Calcium sulfate 3 — — — 3.46
Milo 28.15 34.04 33.15 32.69

Ca content, analyzed, % 3.56 1.31 1.30 1.33

1 Soybean oil meal (45% protein), 20.00; yellow corn, 30.00; fish meal, 3.00; wheat bran, 5.00; 
soybean oil, refined, 1.00; alfalfa meal, dehydrated, 3.00; vitamin mixture, 0.25; salt and trace 
minerals, 0.30. For composition of vitamin and mineral mixtures, see Hurwitz and Bornstein (11).

2 Feed grade, Chemicals and Phosphates, Haifa, Israel.
3 CaS0 4 ’2H2 0 , precipitated; E. Merck AG, Darmstadt, Germany.
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model 610B in trial 3. With either instru
ment, the electrode was calibrated against 
standard CaCl2 solutions. For this stan
dardization, the activity of the solutions 
was calculated using the activity coeffi
cients given in the literature (14 ). In most 
cases, the function of the potential reading 
against the log of calcium activity followed 
Nernstian behavior. In trial 2 the results 
obtained with the Philips and the Metrohm 
instruments were identical.

The electrode was also calibrated in 
solutions containing sodium and potassium 
in concentrations similar to those deter
mined in the test materials.

For activity measurements in plasma, 
blood samples were withdrawn in hepa
rinized plastic syringes and transferred 
into a closed compartment containing the 
calcium electrode and the reference agar 
bridge. A stable reading was then recorded 
and the EMF was converted into calcium 
activity in millimoles/liter from the stan
dard curve. The calcium activities were 
then averaged.

For measurements in intestinal ultra
filtrates, samples of about 0.2 ml were 
placed in a plastic dish (provided by the 
manufacturer), and the electrode and 
reference were dipped into it. Care was 
taken to avoid any capture of air at the 
tip of the electrode. The EMF readings 
were again converted into concentration 
units and averaged.

M easurem ent o f pH . Measurements 
were made with a Radiometer pH meter

with an expanded scale. In trial 1, the 
2 electrodes —  glass and calomel —  were 
used, but in trial 3 a combined micro
electrode was used. An incision was made 
at the left side of the abdomen of birds 
anesthetized with sodium pentobarbital and 
the electrode was inserted into the re
spective intestinal segment through a small 
puncture in its wall. The pH recorded 
was the average of 3 separate readings 
taken at different positions along the in
testinal segment.

E le c tr ic a l po ten tia l d ifference (P D ) m ea
surem ents. The birds were anesthetized 
and their abdominal cavity was exposed as 
above. A KCl-agar bridge was inserted into 
the brachial vein and secured by a ligature. 
A small puncture was then made in the 
wall of the respective intestinal segment, 
avoiding major blood vessels, and a second 
KCl-agar bridge was inserted 5 to 7 cm in
to the intestine, and held in place by a 
clamp. The intestinal segment was then 
returned into the abdominal cavity and the 
skin was clamped above the incision. The 
agar bridges were connected to the Philips 
millivoltmeter through saturated KC1 so
lutions and matched calomel electrodes. 
The electrical potential was recorded for 
10 minutes. The potential between 2 and 
10 minutes was usually stable.

RESULTS

T r ia l 1. This trial had been conducted 
before the calcium electrode became avail
able and was designed to study the con-

T A B L E  2
The pH, electrical potential difference and ultrafilterable calcium in the 

intestine of the laying fowl
Intestinal
segment pH 1 PD 2 Ultrafilterable Ca

Duodenum 6 .9 0 ±  0.15 4
mV

11.6 ± 3 .0
m g/100 ml 
71.0±25 .1

% of total Ca 3 
21.1 7 ±  13.51

Jejunum, upper 
Jejunum, lower

6.91 ± 0 .1 3  
6.95 ± 0 .3 9

9.2 ± 2 .4  
6 .0 ±  1.8

61.4 ±  17.1 
72.2 ±27 .5

6.00 ±  3.43 
5.33 ±  0.23

Ileum, upper 
Ileum, lower

7.80 ± 0 .2 3  
8.01 ± 0 .2 0

8 .2 ±  1.7 
11 .6±4 .3

31.1 ± 1 0 .8  
24.0 ±11 .3

1.58 ±  0.52 
0.92 ±  0.10

Colon 7.40 ±  0.20 1 8 .7 ± 4 .2 44.9 ± 3 2 .4 2.01 ±  1.09

1 In vivo pH, measured by inserting microelectrodes in the intestinal lumen.
2 In vivo potential measured between KC1 bridges inserted in the brachial vein and the intestinal 

lumen, respectively. The positive sign indicates that the blood was positive with respect to the 
intestinal lumen.

3 Ultrafilterable Ca as a percentage of total calcium was calculated by multiplying the concentra
tion of ultrafilterable calcium by the total moisture content and 100, and dividing by the total 
calcium of the sample.

4 Average from 5 to 7 hens ±  sd.
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centration of calcium in ultrafiltrates from 
intestinal digesta, and the fraction of the 
ultrafiltrable calcium in the total calcium 
of the intestine. This trial also included 
measurements of the in vivo pH and the 
transmural PD; its results are given in 
table 2.

The pH was slightly acid in the duode
num and jejunum but became consider
ably basic in the ileum. Although the pH 
decreased somewhat in the colon, it still 
remained slightly on the basic side.

The concentrations of ultrafilterable cal
cium were equally high in the 3 anterior 
segments of the intestine but lower at the 
posterior segments. The percentage of 
ultrafilterable calcium was calculated by 
multiplying the ultrafilterable calcium con
centration by the total moisture and 100 
and dividing by the total calcium of the 
gut segment. In the intestine, the non- 
ultrafilterable calcium appeared to be 
mostly in insoluble salts and the percent
age of ultrafilterable calcium would, there
fore, be close to the percentage of solu
bility. The percentage of ultrafilterable 
calcium was very high in the duodenum 
and progressively decreased with the dis
tance from the pylorus; a small increase 
was noted from the lower ileum to the 
colon.

The PD decreased from about 12 mV in 
the duodenum to about 6 mV in the lower 
jejunum. It then progressively increased 
and reached about 19 mV in the colon.

Trial 2. In this trial the relationship 
between the calcium activity and concen
tration in the ultrafiltrates was studied in

the blood plasma and intestinal contents. 
Laying hens fed the high-calcium diet 
(diet 1, table 1) were taken for the mea
surements. The results are presented in 
tables 3 and 4.

In general, the concentration of ultra
filterable calcium was similar to that in 
trial 1 except that it was higher in the 
upper ileum and lower in the colon. No 
explanation can be offered for this differ
ence in the upper ileum. In the colon, how
ever, a considerable quantity of urates was 
observed in the contents collected in trial 1. 
In the second trial, only the upper two- 
thirds of the colon was taken and no urates 
were observed. This suggests a leak of 
urine into the lower colon. Since the urine 
is considerably acid and contains large 
amounts of calcium (1 5 ), the leak ac
counts for the ultrafilterable calcium of 
the colon measuring higher in the first 
trial and lower in the second.

The activity of calcium (table 3) was 
highest in the lower jejunum and then de
creased in the ileum and colon.

The fraction of active calcium (table 3) 
is defined as the ratio of calcium activity 
to ultrafilterable calcium; it was lower in 
all intestinal segments than the theoretical 
activity coefficient of 0.58 calculated on 
the basis of the ionic strength of the ultra
filtrates. The fraction of active calcium 
was highest in the duodenum and the 
upper jejunum. It then significantly de
creased (P < 0 .0 5 )  and reached the low
est value in the colon.

The total plasma calcium (table 4 ) was 
higher in the laying hen than that re-

TABLE 3
Partition of ultrafilterable calcium in the intestinal contents of laying hens

Intestinal
segment

Ultrafilterable
Cal Ca activity 2 Active 

fraction 3

Duodenum
mmoles/liter 
15.9 ±  6.6 4

mmoles/liter
4.48 ± 2 .1 3 0.291 ± 0 .1 00

Jejunum, upper 12.3 ±  6.8 3 .7 9±2 .1 8 0.289 ±0 .159
Jejunum, lower 25.6 ± 1 2 .4 6.69 ± 3 .4 7 0.252 ± 0 .0 55

Ileum, upper 17.6 ±  9.2 3.55 ± 2 .3 8 0.202 ± 0 .0 56
Ileum, lower 8.9 ±  3.4 1.59 ± 0 .7 1 0.179 ± 0 .0 57

Colon 8.2 ±  3.9 1.17 ± 0 .4 9 0 .172±0.100

1 Ultrafiltrates were obtained from intestinal contents by centrifugal force.
2 Calcium activity was measured with an Orion calcium electrode.
3 Active fraction =  aca/Cca, where aca is the calcium activity, and Cca is the concentration of 

ultrafilterable calcium.
4 Average from 10 to 12 hens ±  sd. Differences among segments were highly significant 

(P <  0.01) for ultrafilterable Ca and Ca activity, and significant (P <  0.05) for the active fraction.
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TABLE 4
Calcium concentration in the blood plasma 

of the laying fowl

Calcium fraction Concentration

Total calcium
mmoles /liter 

5.5 ± 0 .9  1
Ultrafilterable calcium 2.1 ± 0 .5
Calcium activity 2 1.1 ± 0 .1

Active fraction of total calcium 3 0.200
Active fraction of ultrafilterable Ca 0.525

1 Average from 6 hens ±  SD.
2 Calcium activity was measured with an Orion 

calcium electrode.
3 Active fraction =  aca/Cca. where aca is the calcium 

activity, and Cca is the concentration of ultrafilterable 
calcium.

ported for mammal species and was mostly 
not diffusible, in agreement with Urist et 
al. (16 ). It is of interest that the fraction 
of active calcium in the plasma is close to 
the theoretical activity coefficient of 0.56, 
which indicates that most of the ultra- 
filterable calcium in this fluid is in ionic 
form.

Trial 3. This trial was designed to eval
uate the effect of dietary calcium source, 
in a low calcium diet, on the activity and 
ultrafilterable concentration of calcium in 
the intestinal digesta. In addition to those 
measurements, the response of the ultra

filterable phosphate and intraluminal pH 
to the dietary treatments was evaluated.

To a basal diet containing 1.30% dical
cium phosphate, calcium was added from 
3 sources: limestone (calcium carbonate), 
dicalcium phosphate and calcium sulfate 
(table 1). The concentration of calcium 
was maintained at about 1.3% in all diets.

Calcium activity and ultrafilterable cal
cium were similar in the duodenum and 
the jejunum except for the birds fed cal
cium sulfate, in which ultrafilterable cal
cium increased from the duodenum to the 
jejunum; they then markedly dropped in 
the ileum (fig. 1). Except for the duode
num, where no significant difference be
tween the diets was found, the calcium 
activity was higher in the hens fed cal
cium sulfate than in the others (P <  0.05). 
There was no significant difference (P >  
0.05) between the birds fed calcium car
bonate and those fed dicalcium phosphate. 
In all intestinal segments the ultrafilter
able calcium was significantly higher in 
the birds fed calcium sulfate (P <  0.01), 
with no such difference between the cal
cium carbonate and the dicalcium phos
phate treatments.

Fig. 1 Effect of dietary limestone (O ) , dicalcium phosphate ( A ) ,  and calcium sulfate 
( # )  on the calcium activity and concentration and phosphate concentration in intestinal 
ultrafiltrates, and on intraluminal pH. The average coefficient of variation was 36 .1% , 
51.3% , 38.1% and 3 .9 % , for calcium activity, calcium concentration, phosphate concentra
tion and pH, respectively.
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Table  5

Effect of various calcium supplements on the 
fraction of active calcium in the intestinal 

contents of laying hens 1

In te s t in a l
seg m en t

C a lc iu m  su p p lem en t

L im e 
ston e

D ic a lc iu m
p h o sp h a te

C a lc iu m
s u lfa te

D u o d e n u m 0 .3 1 5 0 .2 6 4 0 .1 7 5
J e ju n u m 0 .3 0 3 0 .3 4 2 0 .1 3 6
I le u m , u p p e r 0 .3 3 9 0 .3 9 1 0 .1 4 3
I le u m , lo w e r 0 .2 9 3 0 .3 8 9 0 .1 4 6

1 F ra c tio n  o f  a c tiv e  c a lc iu m  =  c a lc iu m  a c tiv ity /  
u ltra filte r a b le  c a lc iu m  c o n c e n tra tio n . T h e  a v e ra g e  
co effic ien t o f v a r ia tio n  'v a s  2 7 .3 % .

Neither ultrafilterable phosphate nor 
intraluminal pH was significantly (P > 
0.05) influenced by the dietary treatments 
(fig. 1). However, ultrafilterable phos
phate tended to be somewhat higher in the 
birds fed dicalcium phosphate, and lower 
in those fed calcium sulfate than in those 
fed calcium carbonate. The highest con
centration of ultrafilterable phosphate ap
peared in the duodenum with a rapid de
crease in concentration with the distance 
from the pylorus.

No consistent changes were noted in the 
fraction of active calcium along the intes
tine, with any of the dietary treatments 
(table 5). This fraction was significantly 
lower for the birds fed calcium sulfate 
(P <  0.01), but there was no significant 
difference between those fed calcium car
bonate or dicalcium phosphate (P >  0.05).

DISCUSSION

Both ultrafilterable calcium and cal
cium activity were found to be consider
ably higher in the intestinal digesta than in 
blood plasma in laying hens under normal 
dietary conditions. This finding is in agree
ment with observations of Cramer (7 )  on 
the solubility of calcium in the intestine of 
the dog. As has been suggested for sheep 
intestine (8, 9) the solubility of calcium 
appears to be related to the intraluminal 
pH. This is apparent from the decrease in 
the ultrafilterable calcium in the ileum cor
responding to an increase in the pH (table 
2 ). It is of interest that except for the duo
denum, only a small fraction of the total 
intestinal calcium was ultrafilterable.

In addition to the pH, the concentration 
and activity of calcium in the digesta ap
pear to be markedly influenced by the di

etary calcium level and source. Compari
son of the observations on hens fed the 
high calcium diet (table 3) with those of 
others fed the low calcium diet with cal
cium carbonate, (fig. 1) shows that both 
calcium activity and ultrafilterable cal
cium were higher for the birds fed high 
calcium. Calcium sulfate, as compared 
with the other calcium supplements, pro
moted a higher concentration and activity 
of calcium in the ultrafiltrates. This effect 
is apparently not due to any change in in
testinal pH. There was little difference 
in the solubility of calcium from the cal
cium carbonate and the dicalcium phos
phate, although it tended to be somewhat 
lower in the latter as may be expected 
from the known reciprocal relationships be
tween calcium and phosphorus solubilities.

The fraction of active calcium in the 
blood plasma was close to the theoreti
cal activity coefficient based on the ionic 
strength, which indicates that the major 
portion of the ultrafilterable calcium in 
plasma is in ionic form. However, the frac
tion of active calcium in the intestinal 
ultrafiltrates was only about one-half of the 
theoretical activity coefficient, probably due 
to the presence of low molecular weight 
complexing agents which can pass through 
the dialysis membrane. The fraction of ac
tive calcium in birds fed the high calcium 
diet (table 3) decreased with the distance 
from the pylorus, most markedly from the 
jejunum to the ileum. Since the main de
crease in the fraction of active calcium 
was associated with a decrease in both 
concentration and activity of calcium, it is 
possible that due to the increase in pH 
(table 2 ), less of the ionic calcium could 
stay in solution, thus increasing the rela
tive portion of the complexed calcium.

The change in dietary calcium level did 
not markedly alter the fraction of active 
calcium (tables 3 and 5). In the posterior 
segments only, this fraction appears to be 
somewhat higher for the birds fed low cal
cium. However, the anionic counterpart of 
the calcium supplement modified this frac
tion considerably, as shown by the low 
values obtained with the birds fed calcium 
sulfate. This may be due to an excess of 
sulfate ions in the solution which lowers 
the activity of calcium, i.e., a high concen
tration of undissociated calcium sulfate.
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It is tempting to explain the solubility 
of calcium in the intestinal contents on the 
basis of solubility products of the various 
calcium salts, since only a small fraction 
of the total intestinal calcium is in solu
tion (table 2 ). However, due to the com
plexity of the system which includes sev
eral calcium salts as well as many other 
electrolytes and nonelectrolytes, it would 
be useless to speculate on this point.

The transmural PD is similar in sign 
and of the same order of magnitude as 
values reported for other species. Schof- 
feniels (5 )  and Clarkson (4 )  have com
pared the potential across the small and 
the large intestine in several animals. The 
colon always had a large potential, of the 
order of 20 to 40 mV, as compared with 
the small intestine, which was generally 
less than 10 mV. The present data on the 
laying fowl correspond well with this pat
tern. A single point of difference is that, 
in the rat, the lowest potential is observed 
in the lower ileum (4 )  whereas it occurs 
between the jejunum and ileum in the 
fowl. However, the observations with the 
rat were made on a preparation in vitro.

The electrochemical potential difference 
of calcium was calculated from the equa
tion:

'*■' RT a
flm — Mb — — -  In —— +  Z ( )  

f  F  ab

where, a» and ab are the activities of cal
cium in the intestinal lumen and blood

T A B L E  6
Relationship between absorption and the electrochemical potential difference of calcium 

across the intestine of the laying fo w l1

Intestinal
segment

Ca/Y ratio
Ca absorption ECPD 2

Avg A
mg/cpm x 10~4 fimoles/hr fimoles/hr/cm mV

Duodenum 10.3 6.0 1532 61.3 14.7
Jejunum, upper 7.0 2.4 612 27.9 15.0
Jejunum, lower 5.3 1.1 280 12.7 36.7
Ileum, upper 4.8 0.5 127 4.9 15.2
Ileum, lower 4.2 0.0 0 0.0 -1 3 .3

Colon 4.7 0.0 0 0.0 - 3 5 .8

1 T h e  e le c tr o c h e m ic a l p o te n tia l d iffe re n c e  w a s  c a lc u la te d  fr o m  th e  eq u a tio n

/‘n ~ w> =  In —  +  Z (<Pm - M  F F ai>
w h e re , a m a n d  a t  are  th e  io n  a c tiv it ie s  in  th e  in te s t in a l lu m e n  a n d  b loo d  p la s m a , re sp e c tiv e ly ; 
('Pm ~ iK )  is  th e  m u co sa-b loo d  P D ; T  is  th e  a b so lu te  te m p e ra tu re ; R , F  a n d  Z  are  th e  ga s  co n sta n t, 
F a r a d a y  n u m b e r  a n d  v a le n c y , re s p e c tiv e ly . T h e  ra te  o f  c a lc iu m  ab so rp tio n  w a s  c a lc u la te d  fro m  
p re v io u s  re s u lts  ( I  ) ; fo r  e x p la n a tio n , see text.

2 E C P D  =  e le c tro c h e m ic a l p o te n tia l d iffe re n c e .

plasma, respectively; (\];m — \pb)  is the elec
trical potential difference (PD ), T is the 
absolute temperature; R, F  and Z are the 
gas constant, Faraday number and va
lence, respectively.

The rate of calcium absorption in the 
various intestinal segments was calculated 
from results of a previous study (1 ) ,  in 
which yttrium-91 was mixed into the diet 
as a reference substance. From those re
sults, the data from the hens fed a 3.56% 
calcium diet during egg shell formation 
were used. The rate of calcium absorption 
can be expressed as:

Caabs =  91Yi„take ACa/9IY

where calcium absorption is expressed in 
umoles/hour, 31Yi„«ke in cpm/hour, and 
ACa/91Y is the change in the C a /9IY ratio 
along the segment, obtained graphically 
from the plot of C a/91Y ratio compared 
with the length of the intestine.

Comparison of the electrochemical po
tential difference and the absorption of 
calcium along the intestine is shown in 
table 6. The electrochemical potential dif
ference was positive in the duodenum, 
jejunum and upper ileum, but negative in 
the lower ileum and colon. It is apparent 
that net absorption occurred in those seg
ments where the potential difference of cal
cium was positive. On a qualitative basis, 
it thus appears that absorption occurs only 
under a favorable electrochemical poten
tial difference for it. However, there is no
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correlation between the rate of calcium 
absorption and the magnitude of the elec
trochemical potential difference. Factors 
such as permeability of the mucosa and 
possibly active transport may also be re
sponsible for part of the differences among 
the intestinal segments in their rate of 
calcium absorption. Such differences have 
been reported for the rat intestine in 
vitro (3 ).

The driving forces shown in table 6 re
fer only to the ionic calcium. It was con
cluded earlier in this discussion that a 
significant portion of the soluble calcium 
in the gut contents was in the form of 
small ultrafilterable complexes. There is no 
evidence on hand that indicates the chem
ical nature of the complexing substance, 
but one report (1 7 ), based on studies with 
the rat, implicated phosphate. Preliminary 
results in our laboratory with in vitro prep
arations suggest that absorption of com- 
plexed calcium may occur.2 Until the 
chemistry and physiology of the complex- 
ing agents in the gut contents of the laying 
fowl are better understood, it is fruitless 
to speculate on the nature of the driv
ing forces operating on the calcium com
plexes.
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Effect of Various Energy Sources upon 
Plasma Free Amino Acids in Sheep * 1
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ABSTRACT Intra-arterial infusion of energy sources were made in view of the 
possibility that energy might induce short-term changes in the plasma free amino 
acid (PFAA) concentration which would in turn reflect the limiting amino acid in 
ruminants. Changes in the PFAA concentrations after energy infusions are expressed 
as plasma amino acid indexes (PAAI) and are defined as the (PFAA concentration 
after energy infusion divided by the PFAA concentration pre-energy infusion) x  100.
In the first of three 4 x 4  Latin-square design experiments intra-arterial infusion of 
glucose depressed the PFAA below the PFAA concentration after saline (control) 
infusions at both 24 and 6 hours post-feeding. Furthermore, depressions in the essen
tial amino acids after glucose infusions were greater than the decreases in the non- 
essential amino acids at both times. In the second experiment isocaloric infusions of 
glucose, propionate, acetate and butyrate resulted in average plasma essential amino 
acid indices of 53, 66, 90 and 85, respectively. In the last experiment the energy 
infusions were glucose, acetate, half glucose plus half acetate isocaloric with the first 
treatments and half glucose plus half acetate at twice the caloric level of the other treat
ments. All infusions in experiments 2 and 3 were at 24 hours post-feeding. Correla
tions of the essential amino acid reduction patterns observed after infusion of glucose 
24 hours post-feeding with the relative essential amino acid composition of lamb for 
the 3 experiments were 0.89, 0.72 and 0.94, respectively. The plasma amino acid 
indexes indicated isoleucine as the limiting amino acid (lowest index) after the fol
lowing infusions: glucose 24 hours post-feeding (all experiments), propionate, and 
both half glucose-half acetate treatments in experiment 3.

In a previous paper from this laboratory 
( 1 ) the use of modified plasma amino acid 
ratios was suggested as a possible way by 
which the limiting amino acid in rumi
nants could be determined. In that study 
both a high energy diet and a starch-glu
cose mixture infused into the rumen re
sulted in depressions in the plasma free 
amino acid concentrations below the pre- 
feeding or pre-energy infusion levels, re
spectively. Since the ruminant normally 
uses short-chain volatile fatty acids as well 
as limited amounts of glucose, the experi
ments reported here were designed to moni
tor the effects of various intra-arterial 
energy infusions upon the plasma free 
amino acid concentrations in sheep and 
at the same time to further evaluate the 
use of the modified ratios in delineating 
the limiting amino acids in ruminant ani
mals.

METHODS

The treatments used in three 4 X 4  
Latin-square design experiments are shown 
in table 1. The sheep used in all 3 experi
ments were 2.5-year-old wethers and were 
fed once a day at 6% , 7% and 6% of the

metabolic body (BW 0,75) for the 3 experi
ments, respectively. The ration was iden
tical in composition to ration B previously 
reported (1 ).

An initial 21-day-ration adjustment 
period was followed by treatments (infu
sion of energy into carotid artery) every 
seventh day. The energy infusions, which 
took approximately 1.5 minutes to com
plete, were neutralized with NaOH, and 
prepared such that all treatments to one 
sheep were of equal volume as well as iso
caloric with the glucose treatment except 
for the glucose plus acetate treatment (exp.
3) which was double the caloric level of 
the other treatments. The amount of glu
cose infused was 0.05% of BW075. In ex
periment 1, two of the infusions, and in 
experiments 2 and 3, all the energy infu
sions were made 24 hours after the last 
feeding. The other 2 infusions in experi-
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TABLE 1
E x p e r i m e n t a l  d e s i g n  a n d  a n i m a i  d a t a

Treatment1
Exp. 1 3 Exp. 2 3 Exp. 3 3

a. Glucose 24 hr post-feeding a. Glucose a. Glucose
b. Saline 24 hr post-feeding b. Propionate b. Acetate
c. Glucose 6 hr post-feeding c. Butyrate c. V2 (glucose-facétate)
d. Saline 6 hr post-feeding d. Acetate d. Glucose +  acetate 4

Animal data
Sheep BW0-75 Calories infused 5>6 Exp. no.

hg heal
10 17.5 32.7 1 ,2 ,3
11 19.0 35.5 1 ,2
12 17.0 31.7 1
13 18.5 34.5 1 ,2 ,3
17 20.5 38.3 3
18 20.0 37.4 2
19 21.3 39.8 3

1 Treatments were at 24-hours post-feeding unless otherwise indicated.
2 Samples were collected at zero, 1, 3 and 5.5 hours after energy infusion, 
a Samples were collected at zero and 1 hour after energy infusion.
4 This treatment was twice the caloric level of the other treatments.
s Treatments were isocaloric with the glucose treatment which was infused by weight at 0.05% of 

the metabolic body weight (BW°-7S).
« Infusions were over a period of 90 seconds and the volume depended upon body weight (volumes 

ranged between 25 to 35 cm3 per infusion).

ment 1 were made 6 hours after feeding. 
Blood samples were collected immediately 
before the energy infusions, as well as one 
hour after the infusions in all 3 experi
ments. Additional post-treatment blood 
samples were taken in experiment 1; these 
were at 3 and 5.5 hours post-infusion. The 
blood samples were prepared and analyzed 
as previously described (1 )  with the ex
ception that sulfosalicylic acid filtrates 
were used for plasma free amino acid de
terminations. Norleucme was used as an 
internal standard.

The ratios developed by dividing post
treatment plasma amino acid concentra
tions by pre-treatment plasma amino acid 
concentrations X 100 are referred to as 
plasma amino acid indexes (PAAI). Since 
PAAI’s facilitate interpretation of the data 
and allow comparisons to be made between 
amino acids, the PAAI’s and not the post
treatment plasma amino acid concentra
tions appear in tables 2, 3, and 4. Signifi
cant differences found after covariance 
analysis of the post-treatment plasma 
amino acid concentrations with respect to 
the pre-treatment plasma amino acid con
centrations are indicated by an asterisk 
after the amino acid. Furthermore differ
ences between treatment means separated

according to Duncan’s multiple range test
(3 )  are indicated by like or unlike letters 
after the indexes (like letters indicate like 
means). The PAAI’s were statistically ana
lyzed by analysis of variance; although 
there were slight differences between the 
two methods of analysis the differences in
dicated in this paper are based only on the 
covariance analysis.

RESULTS

Shown in table 2 are the pre-treatment 
plasma essential amino acid concentrations 
and the PAAI’s derived from the pre-infu
sion and one-hour post-infusion plasma 
amino acid concentrations, for experiment 
1. Significant differences (P <  0.05) be
tween treatments were shown for valine 
and leucine. Thus glucose infusion 24 
hours post-feeding resulted in depressions 
in the plasma concentration of both valine 
and leucine below the concentration after 
saline infusion 24 hours post-feeding. This 
is reflected by the PAAI’s, for example, the 
values for valine were 73 and 95 after the 
glucose and saline infusions, respectively. 
Even though the mean index for isoleucine 
one hour after the 24-hour post-feeding 
glucose infusion was less than that for leu
cine and valine, the plasma amino acid
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depression was not significant and variabil
ity arising from one animal apparently 
accounted for this nonsignificance. How
ever, the depression of the plasma isoleu
cine 3 hours after the infusion was signi
ficant.

In general, comparison of the glucose 
and saline treatments shows larger depres
sions in the plasma essential amino acid 
indexes after glucose treatment at both in
fusion times. After the 24-hour post-feed
ing infusion of glucose, the average plasma 
essential amino acid index was 78, where
as it was 90 after the infusion of saline. 
At 6 hours post-feeding the average plasma 
essential amino acid index was 87 after 
glucose infusion and 101 after saline in
fusion. These differences between the glu
cose and saline treatments were not appar
ent for the nonessential plasma free amino 
acid indexes.

Both the average essential and nonessen
tial PAAI for all 3 post-infusion sampling 
times for experiment 1 are shown in figure 
1. In general, the trends noted at the one-

Fig. 1 Average essential and non-essential 
plasma amino acid indexes 1, 3 and 5.5 hours 
after glucose and saline infusions 24 and 6 hours 
post-feeding.
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hour post-infusion time for both 24-hour 
post-feeding and 6-hour post-feeding were 
also present at the two later collection 
times.

The mean pre-infusion plasma essential 
amino acid concentrations and the essen
tial PAAFs for the treatments of experi
ment 2 are shown in table 3. Significant 
differences between treatments are indi
cated as described for experiment 1. The 
following essential amino acids showed sig
nificant differences due to treatments: 
valine, methionine, isoleucine, leucine, 
tyrosine, and phenylalanine. For all the 
essential amino acids, the PAAI’s obtained 
after both glucose and propionate treat
ments were similar to each other as well 
as lower than the indexes after acetate 
treatment. This is reflected by the aver
age essential amino acid indexes (EAAI’s) 
after glucose and propionate of 59 and 66, 
respectively, whereas the average index 
after acetate treatment was 90. Further
more, acetate was the only treatment which 
did not depress the average essential amino 
acid index below the average nonessential 
amino acid index (NEAAI).

The mean pre-infusion plasma essential 
amino acid concentrations and the indexes 
for the treatments in experiment 3 are 
shown in table 4. No significant differ
ences between treatments were found with 
covariance analysis. However, all 3 treat
ments in which acetate was infused agree 
with the acetate treatment in experiment 
2 in that the average essential amino acid 
indexes were not depressed below the aver
age nonessential amino acid indexes.

The relative reduction in each of the 
plasma essential amino acids, expressed as 
a percentage of the total plasma essential 
amino acid reduction following the energy 
infusions in all three experiments are 
shown in table 5. Comparisons of these 
plasma essential amino acid depression 
patterns after each treatment with the es
sential amino acid composition of lamb or 
mutton were made and these correlations 
as well as the percentage distribution of 
the essential amino acid composition of 
lamb or mutton also appear in table 5. 
Glucose infusion 24 hours post-feeding re
sulted in depression patterns which con
sistently gave high correlations with the 
composition of lama or mutton, 0.89, 0.72
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and 0.94 for the 3 experiments, respec
tively.

DISCUSSION

Munro and Thompson (4 ) , Crofford et 
al. (5 )  and Swendseid et al. (6 )  have re
ported decreases in the concentration of 
the essential amino acids after ingestion 
of glucose in human subjects. Further
more, they suggested that protein synthesis 
was taking place because the decrease in 
the essential amino acids closely reflected 
either the amino acid requirements of man 
or the amino acid composition of mammal
ian tissue. Recently Rao and McLaughlan 
(7 )  reported data which support these 
findings. The results of experiment 1, 
namely the depression in the plasma es
sential amino acids by glucose infusion be
low the level observed after saline infusion 
and in addition the high correlations ob
tained between the plasma essential amino 
acid composition of lamb, agree with these 
results and also support previous results 
indicating that the addition of readily avail
able energy to the rumen will decrease the 
plasma free amino acid concentrations in 
ruminants (1 ).

Even though either cellular uptake of 
amino acids or protein synthesis or both 
is suggested by the present work, it is real
ized that other interpretations for depres
sions in the plasma free amino acid con
centrations can be made since numerous 
factors affecting plasma amino acid con
centrations are well-documented (8, 9). 
In fact an effect of feeding is shown by 
the present data for the lower correlation 
(0.57) between the depression pattern and 
mutton composition after the glucose infu
sion 6 hours post-feeding may have been 
due to the additional supply of essential 
amino acids available for absorption from 
the gut. In effect, this may provide quan
tities of amino acids for replenishing the 
plasma pool at the time of the 6-hour post
feeding energy infusion, and presumably 
the composition of this amino acid supply 
would not be the same as the depression 
pattern resulting from the glucose infu
sion; hence the lower correlation value. 
The effect of feeding can also be observed 
by comparison of the indexes after saline 
infusion 24 hours post-feeding with the 
indexes after saline infusion 6 hours post

feeding; as shown in figure 1, the values 
are shifted upward. Likewise, these same 
differences exist between the indexes after 
the infusion of glucose 24 and 6 hours 
post-feeding. These differences are con
sidered to be related to factors influencing 
plasma amino acid concentrations such as 
passage to the lower gut, digestion, amino 
acid absorption and energy supply.

In two studies Swendseid et al. (10, 11) 
showed reductions in the ratio of plasma 
essential to nonessential amino acids (EN 
ratio) with reductions in the level of die
tary protein. The decreased EN ratios were 
a net result of a decrease in essential 
amino acids and in most cases an increase 
in the nonessential amino acids, which was 
thought to be due to continued synthesis 
of nonessential amino acids despite re
stricted protein synthesis. In each of the 
present experiments, glucose caused 
greater average reductions in the essential 
amino acids than in the nonessential 
amino acids and this may also be attribut
able to synthesis of nonessential amino 
acids.

Experiment 2 was conducted to determine 
whether the various energy sources availa
ble to the ruminant have different effects 
upon the plasma free amino acids. The re
sults indicate that both the relative degree 
of depression and the depression pattern of 
the essential amino acids are dependent 
upon the energy source infused. Thus the 
average treatment essential amino acid 
indexes (table 3) and the correlations of 
plasma depression patterns with the essen
tial amino acid composition of mutton 
(table 5) varied markedly between energy 
treatments. Correlations after glucose and 
propionate infusions were high, 0.72 and 
0.90, respectively, whereas correlations 
after butyrate and acetate infusions were 
only 0.33 and 0.29, respectively. These 
correlation values suggest that more short
term protein synthesis or cellular uptake 
of amino acids resulted from either glu
cose or propionate infusions than from 
butyrate or acetate infusions. Relatively 
little protein synthesis following acetate 
infusion is also suggested by the fact that 
the average EAAI’s were not depressed be
low the average NEAAI’s since this sug
gests that amino acids were not removed 
in quantity from the plasma pool. These
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results may be explained in part by the 
results of Mayfield et al. (12 ) who showed 
that the decreasing order in the relative 
rate of 14C02 production from acetate-l-“ C 
by ruminant tissues was adipose, kidney, 
muscle, heart, lung, brain and liver. Thus 
it is conceivable that glucose and acetate 
were metabolized predominantly by differ
ent tissue and that cellular uptake or pro
tein synthesis per unit of energy in these 
tissues was not equal.

The above reasoning may also explain 
the discrepancy between the correlation 
values obtained after the acetate infusions 
(0.33 and 0.69) for the dietary level in ex
periments 2 and 3 was 7% and 6% BW0,7S, 
respectively, and this may have influenced 
the tissues metabolizing the major portion 
of the energy infused.

The validity of the plasma amino acid 
index method for the prediction of the 
limiting amino acid depends upon whether 
or not the composition of the amino acids 
removed from the plasma by either cellular 
uptake or protein synthesis following 
energy infusion is proportional to the aver
age daily amino acid requirement of the 
animal. When protein synthesis occurs, 
the essential amino acid index which is 
lowest would indicate the limiting essen
tial amino acid since this value represents 
the greatest relative decrease with respect 
to the preinfusion concentration of each 
essential amino acid.

The limiting essential amino acids, that 
is, the essential amino acid showing the 
lowest index for each treatment, are desig
nated in tables 2, 3, and 4 by the italicized 
index. The PAAI method was consistent 
since glucose infusions in all three experi
ments showed isolsucine as the limiting 
essential amino acid.

While the validity of this method in its 
ability to determine the limiting essential 
amino acid is far from being proven, it is 
considered that this is potentially the sim
plest and least ccmplicated method for 
determining the limiting amino acid in 
ruminants. In part, the principle of the 
technique is similar to that of McLaughlan
(13 ), Longenecker and Hause (14 ) and 
Smith and Scott (1 5 ), for it is based upon 
the use of reference concentrations of 
amino acids, in this case the pre-infusion 
concentrations. It seems necessary to em

phasize this relationship because in most 
instances a simple plasma free amino acid 
concentration is of little value for nutri
tional interpretation purposes.
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A m e r i c a n  I n s t i t u t e  o f  N u t r i t i o n  A w a r d s

Nominations are requested for the 1969 
annual awards administered by the Ameri
can Institute of Nutrition to be presented 
at the next annual meeting. Nominations 
may be made by anyone, including mem
bers of the Nominating Committees and 
non-members of the Institute.

The following information must be sub
mitted: (1 )  Name of the award for which 
the candidate is proposed. (2 )  A brief con
vincing statement setting forth the basis 
for the nomination and, where appropriate, 
a selected bibliography which supports the 
nomination. Seconding or supporting let
ters are not to be submitted. (3 )  Five 
copies of the nominating letter must be 
sent to the chairman of the appropriate 
nominating committee before October 1, 
1968, to be considered for the 1969 awards.

General regulations for A.I.N. awards. 
Membership in the American Institute of 
Nutrition is not a requirement for eligibility 
for an award and there is no limitation as 
to age except as specified for the Mead 
Johnson Award. An individual who has 
received one Institute award is ineligible to 
receive another Institute award unless it is 
for outstanding research subsequent to or 
not covered by the first award. A Jury of 
Award composed of A.I.N. members, which 
makes final selection and remains anony
mous, may recommend that an award be 
omitted in any given year if in its opinion 
the work of the candidates nominated does 
not warrant the award. An award is usu
ally given to one person, but, if circum
stances and justice so dictate, a Jury of 
Award may recommend that any particu
lar award be divided between two or more 
collaborators in a given research.

Presentation of awards will be made 
during the banquet at the annual meeting.

1969 Borden Award in Nutrition
The Borden Award in Nutrition, con

sisting of $1000 and a gold medal, is made 
available by the Borden Company Founda
tion, Inc. The award is given in recogni

tion of distinctive research by investigators 
in the United States and Canada which 
has emphasized the nutritive significance 
of milk or its components. The award will 
be made primarily for the publication of 
specific papers during the previous cal
endar year, but the Jury of Award may 
recommend that it be given for important 
contributions made over a more extended 
period of time not necessarily including 
the previous calendar year. Employees of 
the Borden Company are not eligible for 
this award nor are individuals who have 
received a Borden Award from another 
administering association unless the new 
award be for outstanding research on a 
different subject or for specific accom
plishment subsequent to the first award.

Former recipients of this award are:
1944-  E. V. McCollum
1945-  H. H. Mitchell
1946 -  P. C. Jeans and

Genevieve Steams
1947 -  L. A. Maynard
1948 -  C. A. Cary
1949 -  H. J. Deuel, Jr.
1950 -  H. C. Sherman
1951 -  P. Gy orgy
1952 -M . Kleiber
1953 -  H. H. Williams
1954 -  A. F. Morgan and

A. H. Smith
1955 -  A. G. Hogan

1956 -  F. M. Strong
1957 -  no award
1958 -L . D. Wright
1959 -  H. Steenbock
1960 -  R. G. Hansen
1961 -  K. Schwarz
1962 -  H. A. Barker
1963 -  Arthur L. Black
1964 -  G. K. Davis
1965 -  A. E. Harper 
1966-R .  T. Holman
1967 -  R. H. Barnes
1968 — C. L. Cornar

N o m i n a t i n g  C o m m i t t e e :
K. E. H a r s h e a r g e r , Chairman 
R. T. H o l m a n  
R. G. H a n s e n

Send nominations to:
K , E. H a k s h b a h g e r  
Department of Dairy Science 
University of Illinois 
Urbana, Illinois 61801

1969 Osborne and Mendel Award 
The Osborne and Mendel Award of 

$1000 and an inscribed scroll has been 
established by the Nutrition Foundation, 
Inc., for the recognition of outstanding re
cent basic research accomplishments in 
the general field of exploratory research 
in the science of nutrition. It shall be 
given to the investigator who, in the 
opinion of a Jury of Award, has made the

J . N u t r i t i o n , 95: 665-668. 665
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most significant published contribution in 
approximately the calendar year preceding 
the annual meeting of the Institute, or 
who has published recently a series of 
papers of outstanding significance. Nor
mally preference will be given to research 
workers in the United States and Canada, 
but investigators in other countries, espe
cially those sojourning in the United States 
or Canada for a period of time, are not ex
cluded from consideration.

Former recipients of this award are:
1949 -  W . C. R ose
1950 -  C. A . E lv e h je m
1 9 5 1  -  E . E . SneU
195 2  -  Ic ie  M a cy  H oobler
19 5 3  -  V . d u  V ig n e a u d
195 4  -  L. A . M a y n a rd
19 5 5  -  E . V . M c C o llu m
19 5 6  -  A . G . H og an
19 5 7  -  G. R . C o w g ill
1958  -  P . G y o rg y

19 5 9  -  G ra c e  A . G o ld sm ith
1960 -  N . S. S c r im sh a w
19 6 1  -  M a x  K. H o rw itt
1962 -  W illia m  J. D a rb y
196 3 -  J a m es B . A lliso n
196 4  -  L . E m m ett H olt, Jr. 
1 9 6 5 - D . M .  H egsted
1966 -  H. H. M itc h e ll
19 6 7  -  S a m u e l L e p k o v sk y
1968 -  C. H. H ill

N om in atin g  Co m m it t e e :
L. 3 . Holt , Jr ., Chairman
M. K. Horw itt
E. L. R. Stokstad

Send nominations to:
L. E. Holt , Jr .
Professor of Pediatrics 
New York University School 

of Medicine 
55C First Avenue 
New York, N. Y. 10016

1969 Mead Johnson Award for 
Research in Nutrition

The Mead Johnson Award of $1000 and 
an inscribed scroll is made available by 
Mead Johnson and Company to an investi
gator who has not reached his 46th birth
day during the calendar year in which the 
Award is given. Selection by the Jury of 
Award will be based primarily on a single 
outstanding piece cf research in nutrition 
published in the year preceding the annual 
meeting or on a series of papers on the 
same subject published within not more 
than the three years preceding the annual 
meeting.

Former recipients of this award are:
1939 -  C . A . E lv e h je m
1940 -  W . H. S eb re ll, Jr.

J. C. K e re sz te sy
J. R . S teven s 
S. A . H a rris  
E. T . S tille r
K. F o lk e rs

19 4 1  -  R . J. W illia m s
1942 -  G. R. C o w g ill
1943 -  V . d u  V ig n e a u d
1944 -  A. G . H o g a n
1945 -  D. W . W o o lley
1 9 4 6 - E . E .  S n ell 
19 4 7  -  W . J. D a rb y

P . L . D a y
E . L . R. S tok stad

1948 -  F. L ip m a n n
1949 -  M a ry  S. Sh orb

K. F o lk ers
1950 -  W . B. C a stle
19 5 1  -  no  a w a r d
195 2 -  H. E. S ä u b e rlic h
1964 -  J. S. D in n in g
19 6 5  -  J. G. B ie ri
1966 -  M . D a n ie l L a n e
196 7 -  W . N . P e a rso n
1968 -  H. F. D e L u c a

N om in atin g  Co m m it t e e :
L. M. Henderson, Chairman 
H. E. Säuberlich  
H. P. Broquist

Send nominations to:
L. M. Henderson 
Department of Biochemistry 
University of Minnesota 
St. Paul, Minnesota 55101

1969 Conrad A. Elvehjem Award for 
Public Service in Nutrition

The Conrad A. Elvehjem Award for 
Public Service in Nutrition, consisting of 
$1000 and an inscribed scroll, is made 
available by the Wisconsin Alumni Re
search Foundation. The award is bestowed 
in recognition of distinguished service to 
the public through the science of nutrition. 
Such service, primarily, would be through 
distinctive activities in the public interest 
in governmental, industrial, private, or in
ternational institutions but would not ex
clude, necessarily, contributions of an in
vestigative character.

Former recipients of this award are:
1966 -  C. G len  K in g
19 6 7  -  J. B . Y o u m a n s
1968 -  W . H. S eb re ll, Jr.

N om in atin g  Co m m it t e e :
R. E. Sh an k , Chairman 
Olaf Mickelsen  
O. C. Johnson

Send nominations to:
R . E . S h a n k

Department of Preventive Medicine 
Washington University School 

of Medicine 
4550 Scott Avenue 
St. Louis, Missouri 63110
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A m e r i c a n  I n s t i t u t e  o f  N u t r i t i o n  F e l l o w s

The Fellows Committee of the American Institute of Nutrition in
vites nominations for Fellows in the Society. Eligible candidates are 
active or retired members of the Society who have passed their sixty- 
fifth birthday (by the time of the annual meeting) and who have had 
distinguished careers in nutrition. Up to three Fellows may be chosen 
each year.

Nominations may be made to the Chairman of the Fellows Com
mittee by any member of the Society, including members of the Com
mittee.

Nominations (in 5 copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection will be made by the Fellows Committee and a suit
able citation will be presented at the Annual Dinner in April.

Fellows Committee:
R ic h a r d  M . F o r b e s , Chairman 
T. H. Ju k e s  
L. A . M a y n a r d  
A . E. M o r r is o n

Send nominations to:
R ic h a r d  M . F o r b e s  
124 Animal Sciences Laboratory 
University of Illinois 
Urbana, Illinois 61801

The following persons have been elected previously as Fellows 
of the Society:

Georgian Adams (1967) 
Herman J. Almquist (1968) 
J. B. Brown (1964)
Thome M. Carpenter (1958) 
George R. Cowgill (1958 ) 
Earle W. Crampton (1967) 
Henrik Dam (1964 )
Eugene F. DuBois (1958)
R. Adams Dutcher (1961) 
Ernest B. Forbes (1958) 
Casimir Funk (1958 ) 
Wendell H. Griffith (1963) 
Paul Gyorgy (1965)
Albert G. Hogan (1959)
L. Emmett Holt, Jr. (1967) 
Icie Macy Hoobler (1960) 
Paul E. Howe (1960)
J. S. Hughes (1962)
C. Glen King (1963)
Max Kleiber (1966)

Samuel Lepkovsky (1966) 
Leonard A. Maynard (1960) 
Elmer V. McCollum (1958) 
Harold H. Mitchell (1958) 
Agnes Fay Morgan (1959) 
John R. Murlin (1958)
Leo C. Norris (1963 )
Helen T. Parsons (1961) 
Paul H. Phillips (1968) 
Lydia J. Roberts (1962) 
William C. Rose (1959)
W. D. Salmon (1962)
W. H. Sebrell, Jr. (1968) 
Arthur H. Smith (1961) 
Genevieve Steams (1965) 
Harry Steenbock (1958) 
Hazel K. Stiebeling (1964) 
Raymond W. Swift (1965) 
Robert R. Williams (1958) 
John B. Youmans (1966)
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N o m i n a t i o n s  f o r  H o n o r a r y  M e m b e r s h i p  i n  t h e

A m e r i c a n  I n s t i t u t e  o f  N u t r i t i o n

T h e  C c m m itte e  o n  H o n o ra ry  M e m b e rs h ip s  o f  th e  A m e r ic a n  
In s t itu t e  o f  N u t r it io n  in v ite s  n o m in a t io n s  fo r  H o n o ra ry  M e m b e rs .

D is t in g u is h e d  in d iv id u a ls  o f  a n y  c o u n tr y  w h o  a re  n o t m e m b e rs  
o f th e  A m e r ic a n  In s t itu t e  o f  N u t r it io n  a n d  w h o  h a v e  c o n tr ib u te d  to  
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