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T h e  ro le  o f  d ie ta r y  fa c to r s  i n  r e g u la t in g  
p la s m a  c h o le s te r o l h a s  re c e iv e d  c o n s id e r ­
a b le  a t te n t io n .  L o w - p r o te in  d ie ts  h a v e  
b e e n  s h o w n  to  e le v a te  p la s m a  c h o le s te r o l 
le v e ls  i n  th e  r a t  ( M o y e r  e t  a l. ,  ’5 6 )  a n d  
c h ic k  ( K o k a t n u r  e t  a h , ’5 8 ;  N is h id a  e t  a h , 
’5 8 ;  L e v e i l le  a n d  F is h e r ,  ’5 8 ;  L e v e i l le  e t 
a h , ’6 0 , ’6 1 ) ,  w h e re a s  in c re a s e d  d ie ta r y  
p r o te in  le v e ls  lo w e re d  p la s m a  c h o le s te ro l.  
T h e  m e c h a n is m ( s )  b y  w h ic h  p r o te in  e x ­
e r ts  th is  e f fe c t  r e m a in s  o b s c u re , a lth o u g h  
s e v e ra l h y p o th e s e s  h a v e  b e e n  p ro p o s e d  ( f o r  
r e v ie w  see P o r tm a n  a n d  S ta re ,  ’5 9 ) .

S e v e ra l r e p o r ts  s u p p o r t  th e  h y p o th e s is  
t h a t  m e th io n in e  e x e r ts  a  s p e c if ic  h y p o c h o ­
le s té ro lé m ie  e f fe c t ,  p a r t i c u la r l y  i n  lo w -  
p r o te in  d ie ts ,  ( M a n n ,  ’6 0 ;  N is h id a  e t  a h , 
’5 8 ;  S e id e l e t a l. ,  ’6 0 ;  J o h n s o n  e t  a l. ,  ’ 5 8 )  
w h ic h  m ig h t  a c c o u n t  f o r  th e  c h o le s te r o l 
d e p re s s io n  n o te d  f o r  h ig h - p r o te in  d ie ts .  
H o w e v e r ,  th e  d a ta  o f  N is h id a  e t  ah  ( ’5 8 )  
in d ic a te  t h a t  m e th io n in e  c a n n o t  a c c o u n t  
c o m p le te ly  f o r  th e  c h o le s te r o l lo w e r in g  
e f fe c t  o f  p r o te in .

T h e  p re s e n t  in v e s t ig a t io n  w a s  in i t ia t e d  
to  s tu d y  f u r t h e r  th e  in f lu e n c e  o f  m e th io ­
n in e ,  ly s in e ,  t r y p to p h a n  a n d  a r g in in e  o n  
th e  p la s m a  c h o le s te r o l le v e l  o f  g r o w in g  
c h ic k s  fe d  h ig h -  a n d  lo w - p r o te in  d ie ts .

EXPERIMENTAL

M a le  H y - l in e  c h ic k s  w e re  fe d  a  c o m ­
m e r c ia l  fe e d  f o r  o n e  w e e k . A t  th e  e n d  o f  
t h is  p e r io d ,  th e  c h ic k s  w e re  d is t r ib u te d  i n ­
to  e x p e r im e n ta l  g ro u p s  i n  s u c h  a  m a n n e r  
as to  h a v e  e s s e n t ia l ly  id e n t ic a l  m e a n  i n i ­
t i a l  w e ig h ts  f o r  a l l  g ro u p s .  T h e  c h ic k s  
w e re  th e n  fe d  th e  e x p e r im e n ta l  d ie ts  f o r  
a  th re e -w e e k  p e r io d .

C h ic k s  w e re  h o u s e d  i n  h e a te d  c a g e s  
w i t h  ra is e d  w i r e  f lo o rs .  F e e d  a n d  w a te r  
w e re  s u p p l ie d  a d  l i b i t u m  a n d  b o d y  w e ig h t  
a n d  fo o d  c o n s u m p t io n  w e re  d e te r m in e d  a t  
w e e k ly  in te r v a ls .

T h e  c o m p o s it io n  o f  th e  b a s a l d ie t  u se d  
w a s  as fo l lo w s  i n  g m /1 0 0  g m  o f  d ie t :  s a lt  
m ix , 1 4 .0 0 ;  v i t a m in  m ix , 1 0 .4 0 ;  c h o l in e  C l,  
0 .2 0 ;  c o r n  o i l ,  5 .0 0 ;  g lu c o s e  to  1 0 0 . S o y ­
b e a n  o i l  m e a l ( 4 8 %  p r o te in ,  N  X 6 .2 5 )  
o r  s e s a m e  o i l  m e a l  ( 4 6 .8 %  p r o te in ,  N  X
6 .2 5 )  w e re  a d d e d  to  th e  b a s a l d ie t  a t  th e  
e x p e n s e  o f  g lu c o s e  to  s u p p ly  10  o r  2 5 %  
p r o te in  as in d ic a te d  i n  th e  ta b le  o f  re s u lts .  
A m in o  a c id s  a n d  c h o le s te ro l,  as in d ic a te d  
in  th e  ta b le s  o f  r e s u lts ,  w e re  a d d e d  a t  th e  
e x p e n s e  o f  g lu c o s e .

A t  th e  e n d  o f  th e  th re e -w e e k  e x p e r i ­
m e n ta l  p e r io d ,  th e  c h ic k s  w e re  b le d  b y  
c a r d ia c  p u n c tu r e  w i t h  a  h e p a r in iz e d  s y r ­
in g e .  T h e  p la s m a  w a s  s e p a ra te d  b y  c e n ­
t r i f u g a t io n  a n d  a n a ly z e d  f o r  t o t a l  c h o le s ­
te r o l  b y  a  m o d i f ic a t io n  o f  th e  m e th o d  o f  
S e a rc y  a n d  B e r g q u is t  ( ’6 0 ) .  T w o - te n th s  
o f  a m i l l i l i t e r  o f  p la s m a  w e re  a d d e d  to  a 
g ra d u a te d  c e n t r i f u g e  tu b e  c o n ta in in g  4  m l  
o f  c h lo r o fo r m :m e t h a n o l  ( 2 : 1 ) ,  b la n k  a n d  
s ta n d a r d  tu b e s  w e re  in c lu d e d ;  to  th e  b la n k  
tu b e  0 .2  m l  o f  c h lo r o fo r m  w a s  a d d e d  a n d  
to  th e  s ta n d a rd  tu b e  0 .2  m l  o f  a s ta n d a rd  
c h o le s te r o l s o lu t io n  ( 1  m g  p e r  m l ) .  T h e  
tu b e s  w e r e  h e a te d  ( 5 0  to  5 5 ° C )  f o r  15  
m in u te s ;  m e th a n o l  w a s  a d d e d  to  th e  5 -m l 
m a r k  a n d  th e  tu b e s  w e re  c e n t r i f u g e d  a f t e r  
m ix in g .  O n e  m i l l i l i t e r  o f  th e  c le a r  s u p e r ­
n a t a n t  w a s  t r a n s fe r r e d  to  c o lo r im e te r  
tu b e s  a n d  th e  r e m a in d e r  o f  th e  p ro c e d u re  
c a r r ie d  o u t  as o r ig in a l l y  d e s c r ib e d  (S e a rc y  
a n d  B e r g q u is t ,  ’6 0 ) .  2

R e c e i v e d  f o r  p u b l i c a t i o n  O c t o b e r  2 0 ,  1 9 6 1 .

1 C o m p o s i t i o n  o f  s a l t  m i x ,  g m / 1 0 0  g m  o f  m i x :  
C a C O s ,  5 . 6 S ;  C a 3 ( P 0 4 ) 2 , 5 2 . 7 7 ;  K 2 H P O „ ,  1 6 . 9 6 ;  M g S 0 4 , 
2 . 3 6 ;  F e  g l u c o n a t e ,  4 . 2 3 ;  Z n S 0 4 - 7 H 2 0 ,  0 . 0 8 3 ;  K I ,  0 . 0 7 5 ;  
C u S 0 4 , 0 . 0 3 8 ;  H 3B O 3 ,  0 . 0 1 7 ;  C o S 0 4 - 7 H 2 0 ,  0 . 0 0 2 ;
M n S 0 4 - H 2 0 ,  1 . 2 2 5 ;  N a C l ,  1 6 . 5 8 .

2 C o m p o s i t i o n  o f  v i t a m i n  p r e m i x ,  m g / 1 0 0  g m  o f  
m i x :  t h i a m i n e * H C 1 ,  6 2 5 ;  r i b o f l a v i n ,  4 0 0 ;  C a  p a n t o t h ­
e n a t e ,  5 0 0 ;  p y r i d o x i n e • H C 1 ,  1 5 0 ;  b i o t i n ,  1 5 ;  f o l i c  a c i d ,  
1 0 0 ;  p - a m i n o b e n z o i c  a c i d ,  5 0 ;  2 - m e t h y l - l , 4  n a p h t h o ­
q u i n o n e ,  1 2 5 ;  v i t a m i n  B ; 2 , 0 . 5 0 ;  a n d  ( i n  g m )  a- 
t o c o p h e r y l  a c e t a t e ,  2 . 5 0 ;  i n o s i t o l ,  2 . 5 0 ;  a s c o r b i c  a c i d ,  
6 . 2 5 ;  n i a c i n ,  3 . 7 5 ;  a n d  ( i n  I U )  v i t a m i n  A  a c e t a t e ,  
2 5 0 , 0 0 0 ;  v i t a m i n  D 3 , 2 3 , 0 0 0 .
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T h e  s ta t is t ic a l  s ig n i f ic a n c e  o f  m e a n  d i f ­
fe re n c e s  b e tw e e n  t r e a tm e n ts  w a s  a s c e r­
ta in e d  b y  t te s t.

RESULTS

T h e  in f lu e n c e  o f  s u p p le m e n ta l  m e th io ­
n in e  o n  p la s m a  c h o le s te r o l a n d  g a in  o f  
c h ic k s  fe d  tw o  le v e ls  o f  s o y b e a n  o i l  m e a l 
is  d e m o n s t ra te d  b y  th e  re s u lts  p re s e n te d  i n  
ta b le  1. A t  a l l  le v e ls  o f  m e th io n in e  s u p p le ­
m e n ta t io n ,  c h ic k s  fe d  th e  2 5 %  p r o te in  
d ie ts  s h o w e d  g re a te r  g a in s  ( P  <  0 .0 0 1 )  
a n d  lo w e r  p la s m a  c h o le s te r o l le v e ls  ( P  <  
0 .0 0 5 )  t h a n  th o s e  fe d  1 0 %  o f  p r o te in .  
S u p p le m e n ta t io n  o f  th e  lo w - p r o te in  d ie t  
w i t h  m e th io n in e  r e s u lte d  i n  a  h ig h ly  s ig ­
n i f i c a n t  in c re a s e  i n  w e ig h t  g a in  ( P  <  
0 .0 0 1 )  a n d  a  d e c re a s e  i n  p la s m a  c h o le s ­
te r o l  ( P < 0 . 0 1 )  e x c e p t  f o r  th e  a n im a ls  
fe d  th e  1 .5 %  le v e l  o f  m e th io n in e  ( P  <  
0 .1 0 ) .  T h e  g ro u p  fe d  th e  1 .5 %  m e th io ­
n in e  le v e l  s t i l l  d e m o n s t ra te d  a  1 4 %  d e ­
c re a s e  i n  p la s m a  c h o le s te r o l w h e n  c o m ­
p a re d  w i t h  th e  u n s u p p le m e n te d  c o n t r o l  
g ro u p . M e th io n in e  s u p p le m e n ta t io n  o f  th e  
2 5 %  p r o te in  d ie t  d id  n o t  s t im u la te  g r o w th ,  
b u t  d id  d e p re s s  p la s m a  c h o le s te r o l le v e ls  
s ig n i f ic a n t ly  a t  th e  1 .0  a n d  3 .0 %  le v e ls  o f  
s u p p le m e n ta t io n  ( P  <  0 .0 0 1 )  ( t a b le  1 ) .  
A t  th e  1 .5  a n d  2 .0 %  le v e ls  o f  s u p p le ­
m e n ta t io n ,  th e  p la s m a  c h o le s te r o l le v e ls  
w e re  10  a n d  9 %  lo w e r  t h a n  th e  u n s u p p le ­
m e n te d  c o n t r o l ,  r e s p e c t iv e ly ;  h o w e v e r ,  b e ­
c a u s e  o f  th e  g re a te r  s ta n d a r d  d e v ia t io n s

TABLE 1
Influence o f  m eth ion in e supplem entation  on  

w eig h t gain and plasm a cholesterol o f  
chicks fe d  tw o levels o f  soybean  

oil m eal protein

Dietary
protein

level
Added

DL-methio-
nine

Body
weight

gain
Plasma
choles­

terol

% o f diet % of 
protein gm mg/100 ml

10 — 3 2 ± 1 8 1 272 ± 3 6 »
10 1.0 98 ± 3 8 2 1 8 ± 4 3
10 1.5 1 0 6 ± 4 2 233 ±  53
10 2.0 135 ± 2 3 208 ± 2 7
10 3.0 138 ± 3 3 221 ± 3 6
10 5.0 1 2 7 ± 3 4 208 ±  28
25 — 248 ±  28 184 ± 1 5
25 1.0 262 ± 2 7 159 ± 1 0
25 1.5 261 ± 2 3 165 ± 3 4
25 2.0 2 7 4 ±  31 167 ± 2 4
25 3.0 282 ±  33 1 5 6 ±  15
25 4.0 257 ± 1 3 177 ± 2 3
1 Mean of 10 animals ±  standard deviation.

TABLE 2
In flu en ce o f  m eth ion in e su pplem en ta tion  on  

w eig h t gain and plasm a cholesterol o f  
chicks fed  cholesterol and tw o levels  

o f soybea n  oil m ea l protein1

Dietary
protein

level
Added

DL-methio-
nine

Body
weight

gain
Plasma
choles­

terol

% of diet % o f 
protein gm mg/100 ml

10 — 3 6 ± 2 0 2 1 1 4 8 ± 2 7 4 2
10 2.0 130 ± 3 3 489 ± 1 7 2
10 3.0 129 ±  33 570 ± 1 8 3
25 — 227 ±  25 529 ± 1 0 1
25 2.0 278 ± 2 1 455 ± 9 8
25 3.0 245 ± 2 9 430 ± 1 3 0

1 2 . 0  a n d  0 . 3 %  o f  c h o l e s t e r o l  a d d e d  t o  t h e  1 0  a n d  
2 5 %  p r o t e i n  c o n t a i n i n g  d i e t s ,  r e s p e c t i v e l y .

2 M e a n  o f  1 0  a n i m a l s  ±  s t a n d a r d  d e v i a t i o n .

i n  th e s e  g ro u p s ,  a  r e la t iv e ly  lo w  d e g re e  o f  
s ig n if ic a n c e  w a s  o b s e rv e d  ( P  < 0 . 1 0 ) .  T h e  
p la s m a  c h o le s te r o l le v e l  o f  c h ic k s  fe d  4 %  
o f  th e  p r o te in  as  s u p p le m e n ta l m e th io n in e  
w a s  n o t  s ig n i f ic a n t ly  d i f f e r e n t  f r o m  th e  
u n s u p p le m e n te d  c o n t r o l .  T h e  r e s u l ts  p r e ­
s e n te d  i n  ta b le  1 d e m o n s t ra te  a  m e th io ­
n in e  d e f ic ie n c y  i n  th e  u n s u p p le m e n te d  
1 0 %  p r o te in  d ie t ,  s in c e  th e  a d d i t io n  o f  
t h is  a m in o  a c id  s t im u la te d  g r o w th  s ig ­
n i f i c a n t l y ;  f u r t h e r ,  th e  g r o w th  im p r o v e ­
m e n t  o b ta in e d  b y  m e th io n in e  s u p p le ­
m e n ta t io n  o f  th e  2 5 %  p r o te in  d ie t ,  a l ­
th o u g h  n o t  s ig n i f ic a n t ,  d oe s  in d ic a te  t h a t  
m e th io n in e  w a s  m a r g in a l  i n  t h is  d ie t .

T h e  r e s u l ts  p re s e n te d  i n  ta b le  2  d e m ­
o n s t ra te  th e  in f lu e n c e  o f  m e th io n in e  s u p ­
p le m e n ta t io n  o n  th e  g a in  a n d  p la s m a  c h o ­
le s te r o l le v e ls  o f  c h ic k s  fe d  tw o  le v e ls  o f  
p r o te in  a n d  c h o le s te ro l.  T h e s e  d a ta  i n d i ­
c a te  t h a t  s u p p le m e n ta l m e th io n in e  a t  
e i t h e r  le v e l fe d ,  s ig n i f ic a n t ly  in c r e a s e d  
g a in  ( P  <  0 .0 0 1 )  a n d  d e p re s s e d  p la s m a  
c h o le s te r o l le v e ls  ( P  <  0 .0 0 1 )  o f  c h ic k s  
fe d  1 0 %  p r o te in .  A t  th e  2 5 %  p r o te in  
le v e l,  th e  lo w e r  le v e l o f  m e th io n in e  s t im u ­
la te d  g r o w th  b u t  n o t  th e  h ig h e r  le v e l  f e d ;  
b o th  le v e ls  o f  m e th io n in e  d e p re s s e d  p la s m a  
c h o le s te r o l;  h o w e v e r ,  th e  d if fe r e n c e  w a s  
n o t  la r g e  e n o u g h  to  b e  s ta t is t ic a l ly  s ig n i f i ­
c a n t  ( P  <  0 .1 0 ) .

I n  ta b le  3  a re  p re s e n te d  th e  r e s u l ts  o f  
a n  e x p e r im e n t  d e s ig n e d  to  s tu d y  th e  i n ­
f lu e n c e  o f  ly s in e  s u p p le m e n ta t io n  o n  th e  
p la s m a  c h o le s te r o l le v e l o f  c h ic k s  fe d  a 
ly s in e - d e f ic ie n t  p r o te in .  T h e  in f lu e n c e  o n  
p la s m a  c h o le s te r o l o f  t r y p to p h a n ,  a r g in in e  
a n d  m e th io n in e  a d d e d  to  d ie ts  c o n t a in in g
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TABLE 3
In flu en ce  o f  ly s in e, m eth ion in e , tryp top h a n  and a rg in in e su p p lem en ta tion  o n  w eig h t gain  

an d  p la sm a  ch o les tero l o f  ch ick s  fe d  tw o  leve ls  o f  s esa m e oil m ea l p ro te in

Dietary protein level
Amino acid 
supplement

10% 25%
Weight

gain
Plasma

cholesterol
Weight

gain
Plasma

cholesterol

% o f protein gm mg/100 ml gm mg/100 ml
None 3 ± 4 ' 271 ± 4 5 ! 39 ± 8 ' 225 ±40*
L-Lysine, 2.5 5 0 ± 2 1 278 ±  54 246 ± 2 4 171 ± 1 1
L-Lysine, 3.5 71 ± 2 1 241 ± 3 0 260 ± 2 8 161 ± 1 4
L-Lysine, 4.5 70 ± 2 2 232 ± 3 2 257 ± 2 6 1 7 0 ±  13
L-Lysine, 4.5 +

DL-methionine, 2.0 70 ± 2 3 263 ±  50 262 ± 1 8 164 ±  13
L-Lysine, 4.5 +

DL-tryptophan, 1.0 70 ± 2 1 243 ± 3 7 244 ± 2 3 1 6 3 ±  15
L-Lysine, 4.5 +

L-arginine, 2.0 67 ± 3 0 236 ± 2 5 255 ± 2 8 181 ± 1 4
1 Mean of 10 chicks ±  standard deviation.

adequate amounts of these amino acids 
for growth was also studied. These results 
demonstrate that chicks receiving 25% 
rather than 10% of protein and the same 
amino acid supplements had significantly 
higher weight gains and lower plasma 
cholesterol levels (P < 0.001). At both 
levels of protein fed, lysine supplementa­
tion significantly improved growth (P < 
0.001); however, methionine, tryptophan 
and arginine did not influence weight gain. 
At the 10% level of protein, the groups 
receiving the 3.5 or 4.5% levels of added 
lysine had lower plasma cholesterol levels 
than did the control animals or those fed 
the 2.5% level of lysine. Arginine, trypto­
phan and methionine did not significantly 
influence the plasma cholesterol level of 
chicks fed 10% protein. However, there 
is an indication that methionine caused 
an elevation in plasma cholesterol at the 
25% protein level, the addition of lysine 
significantly depressed the plasma choles­
terol level (P <  0.005), but methionine, 
tryptophan and arginine were without ef­
fect (table 3).

DISCUSSION

The results of the present study dem­
onstrate a cholesterol depressing effect in 
the growing chick for methionine, in diets 
supplying marginal amounts of this amino 
acid, and for dietary protein. The plasma 
cholesterol depressing effect of methio­
nine has been demonstrated to be inde­
pendent of growth (tables 1 and 2), since

methionine supplementation of 25% pro­
tein diets depressed cholesterol but did not 
stimulate growth. These observations are 
in accord with previous reports for both 
the rat and chick (Seidel et al., ’60; John­
son et al., ’58; Nishida et al., ’58). The 
present report further demonstrates that 
methionine depresses plasma cholesterol 
in chicks only when the dietary level of 
methionine is marginal, since the depres­
sion of plasma cholesterol noted was not 
related to the level of supplementary meth­
ionine (tables 1 and 2). Furthermore, the 
addition of methionine to an otherwise 
complete diet did not significantly alter 
the plasma cholesterol level of growing 
chicks (table 3).

Chicks fed high-protein diets had lower 
plasma cholesterol levels than chicks fed 
low-protein diets with supplemental meth­
ionine to bring the methionine level up to 
that of the high-protein diets (table 1). 
This observation demonstrates rather con­
clusively that protein has an effect in 
addition and unrelated to that of methio­
nine. This demonstration is in accord 
with the conclusions of Nishida et al. ( ’58, 
’60a).

Lysine, in the present studies, depressed 
plasma cholesterol only when growth was 
stimulated, indicating that its effect was 
probably through the increased availability 
of protein resulting from lysine supple­
mentation. No evidence of a specific 
plasma cholesterol depressing effect was 
noted for lysine, tryptophan or arginine.
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The work of Nishida et al. ( ’60a, b) in­
dicates that the cholesterol depression ob­
served in chicks fed a high-protein diet is 
the result of (1 ) depressed hepatic cho­
lesterol synthesis, and (2 ) increased cata­
bolism of cholesterol to bile acids. Al­
though these mechanisms do not exclude 
the possibility that others are also in ef­
fect, they present a plausible explanation 
for the hypocholesterolemic action of pro­
tein and methionine.

SUMMARY

Data were presented which demonstrate 
a hypocholesterolemic effect for methio­
nine, unrelated to growth, in growing 
chicks fed diets containing marginal 
levels of this amino acid. Furthermore, 
the data show a specific plasma choles­
terol depressing effect for dietary protein, 
unrelated to the methionine effect.

Lysine depressed cholesterol levels and 
stimulated growth only when added to 
diets deficient in this amino acid. No 
specific hypocholesterolemic effect was 
evident for lysine.

The addition of methionine to diets ade­
quate in this amino acid did not alter the 
plasma cholesterol or gain of growing 
chicks, demonstrating that the methionine 
effect is only evident in chicks fed diets 
containing marginal levels of this amino 
acid.

Arginine and tryptophan had no effect 
on the plasma cholesterol of growing 
chicks.
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Effect of Vitamin A Intake on Some Biochemical and 
Physiological Changes in Swine* 1'2
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Early investigations on the effect of 
vitamin A deficiency in swine have re­
vealed that incoordination, emaciation, 
loss of weight, paralysis and blindness 
may result (Hart et al., ’16). A change 
in guttural tone, xerophthalmia and a ruf­
fling of the hair on the forehead was 
observed by Frape et al. ( ’59) in 5-week- 
old pigs that had been fed a vitamin A- 
deficient diet for 4 weeks. Hentges et al. 
( ’52a) suggested that appetite and growth 
rate were not affected until paralysis and 
weakness prevented the pigs from obtain­
ing feed or water. Although these visible 
signs may be significant they are highly 
variable depending upon the degree of the 
deficiency, and the possibility of compli­
cation with other nutritional deficiencies 
cannot be ignored.

In 1940, Moore and Sykes confirmed 
the theory that increased cerebrospinal 
fluid pressure occurred in vitamin A-defi- 
cient calves. Since that time increased 
cerebrospinal fluid pressure has been ob­
served in vitamin A-deficient sheep (Eve- 
leth et al., ’49), pigs (Hentges et al., ’52a, 
b; Sorensen et al., ’54; Frape et al., ’59), 
rabbits (Millen and Dickson, ’57) and 
chicks (Woollam and Millen, ’55, ’56). 
These investigators also noted that after 
plasma vitamin A decreased, an increase 
in cerebrospinal fluid pressure was the 
first measurable change to occur in vita­
min A deficiency.

The mechanism by which vitamin A 
influences cerebrospinal fluid pressure has 
not been elucidated. Woollam and Millen 
( ’56) suggested that over-production of 
the fluid might be the cause. Millen and 
Dickson ( ’57) proposed that overactivity 
of the choroid plexus was responsible.

Another possibility is that if an increase 
in cerebrospinal fluid protein occurs, 
the protein molecules could accumulate 
against the semipermeable membrane of 
the arachnoid villa, thus preventing reab­
sorption (Gardner et al., ’54). These in­
vestigators demonstrated that increased 
protein concentrations induced experimen­
tally in the cerebrospinal fluid of dogs, 
resulted in elevated cerebrospinal fluid 
pressure. During vitamin A deficiency in 
cattle, changes in protein concentration 
have been observed in blood plasma (Mad­
sen and Earle, ’47) in serum (Erwin et al., 
’57, ’59) and in serum, cerebrospinal fluid 
and aqueous humor.4 Also, an unequal 
ion concentration on opposite sides of the 
semipermeable membrane may be respon­
sible. A slight decrease in blood serum 
calcium and inorganic phosphorus in vita­
min A-deficient beef cattle was reported 
by Madsen and Earle ( ’47). Although 
Dehority et al.5 reported no change in 
osmotic pressure of blood serum, cerebro­
spinal fluid and aqueous humor, in a later 
study (Dehority et al., ’60) some changes 
were observed in the osmotic pressure of 
aqueous humor and in some constituents 
of cerebrospinal fluid and aqueous humor 
of dairy calves as carotene intake was 
reduced.
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1 Approved for publication as Journal Article no. 
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the American Society of Animal Production, Chicago, 
1960. See J. Animal Sci., 19: 1278 (abstract no. 163).

3 Department of Veterinary Science.
4 Dehority, B. A., H. D. Eaton, D. G. Hazzard, A. P. 
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and physiological changes in bovine hypovitaminosis 
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5 See footnote 4.
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One of the objectives of the present 
experiment was to determine whether any 
changes occurred in the ion and protein 
concentration of blood serum, cerebro­
spinal fluid and aqueous humor of pigs 
maintained with different levels of vitamin 
A, and if so, whether these changes were 
related to the cerebrospinal fluid pressure 
or to the vitamin A status of the animal, 
or both. A second objective was to estab­
lish more nearly the vitamin A require­
ment of the pig on the basis of micrograms 
of vitamin A per pound of live weight per 
day.

EXPERIMENTAL

Thirteen purebred Yorkshire pigs (5 bar- 
rows and 8 gilts) 17 to 24 days of age 
were weaned and placed on concrete in 
individual feeding stalls measuring ap­
proximately 30 by 60 inches. Stalls were 
cleaned daily but no bedding was used. 
Prior to the experiment the pigs had been 
with their dams on pasture. The pigs re­
ceived a vitamin A depletion basal diet6 
(table 1) and water ad libitum. Particular 
care was taken to exceed the National 
Research Council’s ( ’59) minimum re­
quirements for minerals and all vitamins, 
except vitamin A.

Vitamins were premixed in quantities 
that would be fed within two weeks and 
were stored in a refrigerator prior to be­
ing incorporated into the basal diet. The 
basal diet was mixed in a horizontal ribbon 
mixer in 200- to 500-pound quantities. All 
dry ingredients were added and allowed 
to mix completely before the corn oil was 
added.

Each pig was fed the basal diet until 
blood plasma vitamin A was determined 
to be less than 7 ug/100 ml. Shortly there­
after, cerebrospinal fluid (CSF) pressure 
was measured with a saline manometer. 
The pigs were anesthetized and placed on 
their sides; a puncture of the subarach­
noid space was then made by passing 
through the dorsal opening of the atlanto- 
occipital articulation with a 4-inch 18- 
gauge spinal needle. For larger pigs a 
lumbar puncture was made. After deple­
tion and the initial CSF pressure determi­
nation the pigs were randomly assigned 
within sex to one of 4 levels of vitamin A 
intake: 2, 4, 8 or 16 Mg per pound of live

TABLE 1
C om p osition  o f  basal diets

Age of pigs 3-6
Weeks

6-20
Weeks

% %
Dried skim milk 35.00 20.00
Soy protein1 5.50 8.65
Starch 51.00 61.85
Cellulose2 2.00 2.00
Corn oil3 2.00 2.00
Vitamin m ixture4 2.00 2.00
Mineral m ixture5 1.00 1.00
D icalcium  phosphate 1.25 2.20
Calcium  carbonate 0.25 0.30

100.00 100.00

1 ADM C-l Assay Protein, Archer-Daniels-Midland 
Company, Minneapolis.

2 Solka-Floc, Brown Company, Berlin, New Hamp­
shire.

3 Mazola Com Oil, Com Products Company, Argo, 
Ulinois.

4 Vitamin additions per 100 pound of feed were: 
vitamin D (as calciferol), 50,000 IU; thiamine• HC1, 
200 mg; riboflavin, 150 mg; niacin, 1.5 gm; Ca pan­
tothenate, 500 mg; pyridoxine-HCl, 150 mg; choline 
chloride, 40 gm; cyanocobalamin, 2 mg; a-tocopheryl 
acetate, 300 mg; menadione, 25 mg; folic acid, 25 mg; 
ascorbic acid, 1 gm; p-aminobenzoic acid, 500 mg; 
inositol, 1 gm; Aurofac D, 0.5 pound (containing 5 
gm chlortetracycline per pound); soy protein as car­
rier, 1.4 pound.

5 Mineral additions per 100 pound of feed were: 
trace-mineralized salt, 0.5 pound (contained 99% 
NaCl, 0.2% Mn; 0.16% Fe; 0.033% Cu; 0.007% I; 
0.01% Co; 0.005% Zn ); FeS04 H20, 20.0 gm; MgC03, 
50 gm; ZnC03, 0.5 gm; CuS04-5H20, 1.0 gm; MnS04, 
1.0 gm; C0CI2, 0.3 gm; soy protein as carrier, 0.35 
pound.

weight per day. The 2- and 4-pg levels 
were chosen to supply what was considered 
a subminimal level and the 8- and 16-ug 
levels to supply an adequate amount of 
vitamin A based on previous data reported 
by Frape et al. ( ’59) and Myers et al. 
( ’59). Vitamin A palmitate7 stabilized in 
a gelatin beadlet was used. The product 
was analyzed according to the spectro- 
photometric method described in the U. S. 
Pharmacopoeia ( ’55). The mean and 
standard deviation of the mean for the 
concentration of vitamin A was 104,777 
±  1,460 ag per gm. The basal diet was 
fed at the rate of 4.0% of each pig’s body 
weight per day and was increased 0.3 
pound per pig at the end of each 7-day 
period (Myers et al., ’59). As each pig 
was being fed a different quantity of vita­
min A per day the vitamin A supplement 
was mixed with a portion of the basal diet 
at the rate of 500 or 2,000 Mg per pound

6 Aurofac D was provided by Mr. J. J. Drain, Amer­
ican Cyanamid Company, Princeton, New Jersey.

7 Rovimix A-325 kindly supplied by Dr. H. H. Bun­
nell, Hoffman-LaRoche, Inc., Nutley, New Jersey.
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of basal mix. These two concentrations 
allowed the vitamin A supplement mix­
ture to vary from 0.1 to 1.0 pound per 
pig per day. To insure consumption, the 
vitamin A mixture was fed first each morn­
ing in an individual feeder. After the vita­
min A mixture was completely consumed, 
the remaining basal allowance was fed. 
Each pig was weighed to the nearest 0.5 
pound every 14 days and the amount of 
vitamin A mixture to be fed was adjusted 
to meet the expected growth rate as pre­
dicted on the basis of the previous two 
weeks’ growth.

At two-week intervals venous blood sam­
ples were drawn into oxalated vials, cooled 
at 4°C for one hour, centrifuged, and the 
plasma collected. Blood plasma vitamin A 
was determined by the method of Kimble 
( ’39). If the vitamin A concentrations 
were not determined immediately, the 
plasma samples were frozen and stored 
at -  20°C.

After 78 ±  1 days at one of the assigned 
vitamin A levels, terminal CSF pressures 
were measured and blood samples were 
taken for terminal vitamin A analysis. Ap­
proximately 5 days after terminal CSF 
pressure determinations the animals were 
anesthetized with C02, CSF sampled, blood 
collected and the animals killed. The eyes 
were immediately removed and the aque­
ous humor collected. The livers were re­
moved, frozen at — 20°C, weighed, ho­
mogenized and vitamin A and carotene 
determined by a modification of the 
method of Gallup and Hoefer (Bunnell 
et al., ’54). Moisture was determined by 
drying a sample of the liver homogenate 
at 100°C.

Blood serum and cerebrospinal fluid 
were analyzed for total protein by the 
biuret method according to Gornall et al. 
( ’49) and inorganic phosphorus by the 
method of Fiske and Subbarow ( ’25). 
Sodium, potassium and calcium analyses 
were carried out with a Beckman DU 
flame photometer. Sodium and potassium 
concentrations were also determined in the 
aqueous humor.

The eyes and parotid salivary glands 
and ducts were collected from each ani­
mal. Eyes were examined for papillary 
edema and the parotid salivary glands 
and ducts for squamous cell metaplasia.

Two sections were taken from each gland. 
In addition, several sections showing inter­
lobular ducts and three areas from each 
main parotid duct were taken, one from 
the proximal end as it emerges from the 
gland, one midway in the duct and one 
at the distal end close to the external 
papillae.

Additional tissues were collected from 
several animals and examined for changes 
associated with vitamin A deficiency. 
These included the ileocecal valve, trachea, 
aorta, intercostal lymph node at aortic 
arch, esophagus, auricle, ventricle, kid­
neys, liver, hepatic lymph node, gall blad­
der, mesenteric lymph node, spleen, ad­
renal glands, skin, pancreas, pancreatic 
lymph node, duodenum, urinary bladder, 
cerebellum, medulla, cerebrum, pituitary 
gland, ileum, tongue, spinal cord, thymus, 
eyelid, thyroid, psoas muscle and uterus.

All tissues were fixed in 10% neutral 
formalin, embedded in paraffin, sectioned 
at 5 u and stained with hematoxylin-eosin. 
Special stains were used where needed.

RESULTS

Animal performance. The average 
weight of the 13 pigs was 12.0 pounds 
(6.5 to 19.5) at the beginning and 44.6 
pounds (18.5 to 63.0) at the end of the 
depletion period. Average depletion time 
was 40 days ranging from 34 to 47 days. 
The average feed consumption was 1.75 
pounds per pig per day and the pigs made 
an average daily gain of 0.82 pound per 
pig per day.

The pigs were fed at one of 4 levels of 
vitamin A for 78 days ( ± 1 ) .  Perform­
ance data are included in table 2. Pigs 
fed the 2 ag intake level made the most 
rapid gain and had the highest feed con­
version, whereas the 16 ag group required 
the greatest amount of feed per unit of 
gain. This may have been a result of re­
stricted feed intake and was probably not 
related to the vitamin A levels fed.

Although blood plasma vitamin A values 
in some instances decreased to less than 
2 ag/100 ml, at no time during the de­
pletion or repletion periods could any vis­
ible changes be noticed in the appearance, 
general condition, or behavior of the ani­
mals. There was a 15-day period of inter­
mittent diarrhea near the fourth and fifth
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TABLE 2
E ffe c t  o f  v itam in  A in ta ke on  grow th  ra te  and fe e d  con v ers io n  fo llow in g  d ep letion

Vitamin A intake
2i 4 8 16 X2

fig/pound live weight !  day
Av. initial weight 44.6 45.2 39.7 49.0 44.6 ± 1 1 .8
Av. final weight 135.4 134.2 117.7 135.5 131.0 ± 2 2 .4
Av. daily gain 1.17 1.13 1.05 1.11 1 .1 2 ±  0.14
Av. daily feed3 3.48 3.52 3.38 3.74 3.53 ±  0.54
F eed /pound gain 3.00 3.11 3.20 3.44 3 .17±  0.44

1 Three pigs/treatment except at 2-jig level which contained 4 pigs.
2 Mean and standard deviation of the mean of 13 pigs.
3 Daily allowance of feed was predetermined by each pig’s initial weight as described in experi­

mental section in text.

TABLE 3
E ffe c t  o f  v itam in  A in ta ke on  cereb rosp in a l fluid  p ressu re, p lasm a v itam in  A  and liver v itam in  A

co n cen tra tion  a fter  d ep letion

Vitamin Pig Plasma vitamin A Liver 
vitamin A

Cerebrospinal 
fluid pressure

A intake no. Initial Terminal Terminal Initial Terminal
jig/pound 
live wt/ 

day
fig/100 ml Hd/gm dry 

tissue mm of saline

2 1 2.05 8.27 2.05 __l 118
2 2.29 11.80 1.81 300 107
3 4.24 8.43 1.35 199 144
4 3.88 6.32 1.10 158 218

Average 3.12 8.71 1.58 219 147

4 5 5.32 12.44 6.78 158 50
6 5.42 14.03 6.57 280 120
7 3.71 11.49 7.41 145 138

Average 4.82 12.65 6.92 194 103

8 8 3.39 11.31 9.11 62 137
9 3.55 15.71 21.48 180 95

10 5.90 15.27 12.65 190 124
Average 4.28 14.10 14.41 144 119

16 11 6.65 18.24 58.18 278 50
12 5.57 20.95 78.71 170 70
13 2.76 16.31 59.46 __ 1 77

Average 4.99 18.50 65.45 224 66
1 Initial value not obtained.

week of repletion. Antibiotics and a kaolin- 
pectin mixture8 were used to treat the 
condition. The cause of the scouring was 
not determined but at no time could the 
occurrence or severity be correlated to the 
vitamin A status of the animals. After 
alleviation of this condition all animals 
appeared to be in good health until 
slaughter.

Vitamin A concentration in blood 
plasma and liver. The blood plasma and 
liver vitamin A concentrations are shown 
in table 3. Initial plasma vitamin A repre­
sents the end of depletion just prior to

allotment to one of 4 levels of vitamin A. 
Based on blood plasma vitamin A con­
centration, the pigs were depleted of vita­
min A at a fairly constant rate. Terminal 
plasma vitamin A concentrations increased 
in a linear manner (P < 0 .0 1 ) with an 
increase in the logarithm of vitamin A 
intake. Liver vitamin A concentrations 
are reported as micrograms of vitamin A 
per gram of dry tissue. There was very 
little or no vitamin A storage at the 2 ug 
level. The logarithm of liver vitamin A

8 Kaopectate, The Upjohn Company, Kalamazoo, 
Michigan.
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concentration increased in a linear man­
ner (P C 0 .01 ) with an increase in the 
logarithm of vitamin A intake. No carote­
noids were noted in the liver from any 
animal.

Cerebrospinal fluid pressure. The ini­
tial and terminal cerebrospinal fluid (CSF) 
pressures are shown in table 3. Initial 
CSF pressures at the end of the depletion 
period were much higher than the values 
after 78 ±  1 days when supplying any of 
the 4 levels of vitamin A. The 16 ug group, 
however, had decreased to an average of 
66 mm of saline as compared with 147 
mm of saline for the 2 pg group. The 
relationship between CSF pressure and 
plasma vitamin A concentration is illus­
trated in figure 1. As plasma vitamin A 
concentration increased there was a de­
crease in CSF pressure and at the lower 
plasma vitamin A values the CSF pressure 
was much more variable. The effect of 
vitamin A intake on CSF pressure is illus­
trated in figure 2 and shows that CSF 
pressure decreased as vitamin A intake 
increased.

Constituents of blood serum, cerebro­
spinal fluid and aqueous humor. Levels 
of the 5 serum constituents measured are 
shown in table 4. No consistent changes

Fig. 1 The relationship between cerebrospinal 
fluid pressure and plasm a vitam in A concentra­
tion in  the pig.

LOGARITHM OF VITAMIN A INTAKE
|jg/POUND LIVE WEIGHT/DAY

Fig. 2 The effect o f vitamin A intake on 
cerebrospinal fluid pressure in  the pjg.

or trends were noticeable when compared 
to vitamin A intake except in the case of 
serum potassium which increased in a 
linear manner with an increase in vitamin 
A intake (P <  0.05). But this linear change 
was erratic and, thus cannot be considered 
with any degree of certainty to be related 
to the levels of vitamin A fed.

The mean values of the constituents 
measured in cerebrospinal fluid and aque­
ous humor are also shown in table 4. Con­
centration differences in constituents 
measured were not significant among the 
levels of vitamin A intake fed.

Histopathology. Histological examina­
tion of the various tissues showed no con­
sistent changes relative to vitamin A 
intake. In sections of the parotid salivary 
gland, its main duct, many interlobular 
and intralobular ducts and the accessory 
parotid glands only one histological change 
was observed, but this did not appear to 
be related to vitamin A. In one pig on the 
8 ug level, a focus of squamous meta­
plasia was seen similar to that described 
in other papers on vitamin A deficiency 
(Jungherr et al., ’50; Madsen et al., ’42; 
Wolbach and Bessey, ’42).

The ocular changes usually associated 
with vitamin A deficiency were not seen 
either grossly or microscopically in any of 
the pigs in this study, nor were there any 
changes in the other tissues examined.
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TABLE 4
M ean concentration o f constituents in blood serum , cerebrospinal fluid and aqueous humor

Vitamin A intake (/¿g/pound live wt/day)
2 4 8 16 Mean1

mg/100 ml mg/100 ml mg/100 ml
Serum

Total protein 8120 7330 7410 7560 7650 ± 2 2 9
Inorganic phosphorus 14.4 15.8 13.7 13.8 1 4 .4 ± 0.8
Calcium 13.8 13.7 13.7 13.5 13.7 ± 0.1
Sodium 354 356 351 353 353 ± 5
Potassium 29.5 24.0 35.9 24.1 __2

Cerebrospinal fluid
Total protein 73.1 64.2 58.9 56.0 64.3 ± 10.6
Inorganic phosphorus 1.7 1.6 2.0 1.7 1.7 ± 0.1
Calcium 6.8 6.3 6.8 6.6 6.6 ± 0.1
Sodium 330 328 348 329 336 ± 4
Potassium 14.0 13.4 14.4 13.5 13.8 ± 0.3

Aqueous hum or
Sodium 380 383 379 380 380 ± 1
Potassium 25.5 23.9 29.9 26.3 26.5 ± 1.2

1 Mean and standard deviation of the mean for 13 pigs.
2 Significantly affected by vitamin A intake (P <  0.05).

DISCUSSION

Based on the results obtained in this 
study it appears that an uncomplicated 
vitamin A deficiency of the pig was pro­
duced as evidenced by low plasma and 
liver vitamin A concentration and in­
creased CSF pressure. The complete ab­
sence of the classical signs of night- 
blindness, incoordination, emaciation and 
death, so long associated with vitamin A 
deficiency in the pig (Hart et al., T6), 
suggests the possibility that previous 
workers were dealing with complicated 
vitamin A deficiencies. One cannot over­
look the possibility, however, that sub­
jecting the animal to a prolonged period 
of deficiency might result in the eventual 
appearance of these physical changes.

In the present study vitamin A was 
stored in the livers of all pigs, with the 
2 Mg group showing only a trace. Frape 
et al. ( ’59) reported that no liver storage 
was evident when 7 IU (2.1 ug) of vita­
min A per pound of live weight per day 
were fed and suggested that liver storage 
was a very precise criterion in establish­
ing vitamin A adequacy. Hentges et al. 
( ’52b) noted that 25 ug of purified caro­
tene per kg of body weight per day was 
the minimal amount required for restora­
tion of plasma vitamin A levels and some 
liver storage in pigs that had previously

been vitamin A-deficient. In studying the 
relative values of vitamin A and carotene 
in pigs, Myers et al. ( ’59) fed 8, 16, 24 
and 32 ag of vitamin A per pound of live 
weight per day. Even though the 8 ag 
level was the lowest fed, there was suffi­
cient liver storage to indicate the level was 
adequate (316 ag vitamin A per gm of 
fresh liver).

The cerebrospinal fluid pressures of the 
4- and 8-ag lots were in the range reported 
for apparently normal pigs by Sorensen 
et al. ( ’54) (80 to 145 mm), Hentges et al. 
( ’52a) (88 to 121 mm) and Frape et al. 
( ’59) (83 to 122 mm of saline). CSF 
pressures recorded for the 16 ug group 
were considerably below these reported 
normal values. Repletion for 11 weeks 
would seem to be sufficient time to return 
previously high CSF pressures to normal 
if the quantity of vitamin A fed was suffi­
cient to overcome the deficiency. It might, 
therefore, be concluded that if the 16-ug 
group had low but normal CSF pressures, 
they were repleted to the extent that no 
evidence of vitamin A deficiency was ap­
parent. It would then follow that the 2,- 
4- and 8-ag groups were still showing signs 
of vitamin A deficiency as evidenced by 
their higher CSF pressures, although some 
vitamin A was present in all livers ana­
lyzed. The critical amount of vitamin A
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required by the pigs in this study to result 
in normal plasma vitamin A, some liver 
storage, and low CSF pressure would there­
fore appear to be between 8 and 16 |ig 
per pound of live weight per day.

Similar results with respect to CSF pres­
sure were reported by Dehority et al. (’60) 
in which 16, 24, 32 and 40 ug of carotene 
was fed per pound of live weight per day 
to 16 male Holstein calves that had been 
depleted of their vitamin A stores. Al­
though vitamin A and carotene were de­
posited in the livers of all 4 groups, the 
terminal CSF pressures were 172, 175, 
131 and 44 mm of saline, respectively, 
thus indicating, that liver storage alone 
may not be an adequate criterion in estab­
lishing the vitamin A adequacy of a diet. 
These results and those of the present 
study also indicate a need to further es­
tablish a range of minimal intakes of vita­
min A or precursors of vitamin A needed 
to produce normal CSF pressures.

A lack of consistent trends was noted 
in the concentration of the several con­
stituents measured in blood serum, cere­
brospinal fluid (CSF) and aqueous humor. 
Serum potassium concentrations in the 
pigs increased slightly in a linear manner 
with increases in vitamin A intake. De­
hority et al. ( ’60) observed a slight de­
crease in CSF potassium and an increase 
in aqueous humor potassium in a linear 
manner with increased carotene intake in 
calves. These observations may not be 
analogous, but in both species potassium 
concentration seemed to be affected.

The general absence of consistent 
changes in the constituents analyzed in 
the three body fluids are not in agreement 
with previous findings. Madsen et al. (’47) 
observed a slight decrease in serum cal­
cium and phosphorus in a study of vita­
min A deficiency in cattle. Dehority et al. 
( ’60) reported that the changes in serum 
protein concentrations observed in a vita­
min A experiment involving two pairs of 
Guernsey and two pairs of Holstein calves 
may have been due to inanition and breed 
difference. The possibility was not ruled 
out, however, that a balance between these 
constituents might be altered in a more 
severe deficiency.

There were no consistent lesions in the 
limited number of animals included in 
this study which could be considered pa­
thognomonic for vitamin A deficiency such 
as those reported by Helmboldt et al. ( ’53) 
for cattle. This may have been owing to 
a relatively short depletion period, to the
11-week repletion period, or to the possi­
bility that pigs do not develop the same 
lesions as those seen in other species.

SUMMARY
Thirteen purebred Yorkshire pigs were 

weaned at three weeks of age and fed a 
purified vitamin A-deficient diet ad libitum 
until blood plasma vitamin A concentra­
tions were less than 7 ug/100 ml. Cere­
brospinal fluid pressures were then meas­
ured and the pigs were assigned to either 
2, 4, 8 or 16 ag of vitamin A per pound 
of live weight per day. The basal diet was 
then fed at the rate of 4.0% of each pigs 
body weight and increased 0.3 pound per 
pig at the end of each week. At the end 
of 11 weeks, terminal cerebrospinal fluid 
pressures and plasma vitamin A concen­
trations were measured, the animals were 
killed and the concentrations of some con­
stituents of blood serum, cerebrospinal 
fluid and aqueous humor determined. In 
addition, a histological examination was 
made of various tissues including the eye 
and the parotid salivary gland and duct.

Growth rate was not affected adversely 
by vitamin A intake. Cerebrospinal fluid 
pressure increased with decreased blood 
plasma vitamin A concentration and vita­
min A intake. Blood plasma vitamin A, 
liver vitamin A and serum potassium in­
creased with vitamin A intake. Histological 
examinations indicated there were no con­
sistent changes relative to vitamin A in­
take. The minimal vitamin A requirement 
for the pigs under the experimental con­
ditions of this study necessary to produce 
normal plasma vitamin A, some liver stor­
age and low CSF pressure appeared to be 
between 8 and 16 ¡ig of vitamin A per 
pound of live weight per day.
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Nutrition of the Pale Western Cutworm, A g iotis  
oith ogon ia  Morr. (Lepidoptera:Noctuidae)
V. UTILIZATION OF PROTEIN LABELED W ITH  CARBON-14 1,2

a . j .  m c g in n is  a n d  r . h a s t i n g
Canada Agriculture Research Station, Lethbridge, Alberta

Proteolytic enzymes have been found in 
the gut of most insects that have been 
studied (Day and Waterhouse, ’53; Gil- 
mour, ’61). Recently, however, Hocking 
and Depner ( ’61) reported that neither 
third-instar nor mature larvae of the 
pale western cutworm, Agrotis orthogonia 
Morr., possessed proteolytic enzymes in 
the gut, and concluded that they utilized 
nitrogen only in the free amino acid form. 
When newly hatched larvae of the pale 
western cutworm were fed different tissues 
of the wheat plant, striking differences in 
growth and development were observed 
(Kasting and McGinnis, ’61). In view of 
the report by Hocking and Depner ( ’61) 
it appeared that the inability of the larvae 
to utilize dietary protein might account, 
at least in part, for differences in nutri­
tional value of the tissues. No informa­
tion was available, however, concerning 
the ability of the very small newly hatched 
larvae to utilize dietary protein. Moreover, 
as pointed out by Day and Waterhouse 
( ’53) “. . . conclusions drawn from enzyme 
studies alone are open to question, since 
the enzymes may be endoenzymes and play 
no part in digestion.” It was desirable 
therefore, to study proteolysis in the newly 
hatched larvae with a sensitive in vivo 
method. The digestive processes of mam­
mals have been investigated with carbon- 
14 labeled substrates (Nasset and Ju, ’61; 
Conrad et al., ’58). Protein utilization 
would be demonstrated if C'Mabeled amino 
acids were present in tissues from larvae 
that were fed C14-labeled protein. Such a 
technique offers a sensitive means to study 
proteolysis, in vivo, in both very small and 
large insects. The results of a study in 
which C14-labeled algal protein was fed to 
both first- and fifth-instar larvae of the 
pale western cutworm are presented.

MATERIALS AND METHODS

Diet. Carbon-14-labeled algal protein3 
was incorporated into a diet prepared from
10-day-old leaves of Thatcher wheat that 
had been lyophilized, ground, and made 
up to 66.7% moisture content (McGinnis 
and Kasting, ’60). Algal protein-U-C14 
(0.93 mg) containing 100 ac of C14 was 
suspended in a small volume of water and 
ground thoroughly in a mortar. Appro­
priate quantities of leaf meal and water 
were added gradually with continuous 
grinding until 25 gm of diet were pre­
pared. The diet was divided into about 1- 
gm portions and each was wrapped sepa­
rately in aluminum foil. The packets were 
sterilized in an autoclave at 15 pounds 
steam pressure for 17 minutes and were 
then stored at —30°C until used.

Rearing procedure. The insects used 
in this study were from a laboratory- 
reared population. The first-instar larvae 
were supplied with C14-labeled food imme­
diately upon hatching, whereas the fifth- 
instar larvae were reared through the first 
4 instars with fresh-frozen Thatcher wheat 
sprouts. Newly hatched larvae were reared 
in groups of 5 and the fifth-instar larvae 
individually fed in 60-mm petri dishes. 
Each day the larvae were transferred to 
clean dishes and supplied with fresh por­
tions of the C14-labeled food. The food 
remnants and the excreta passed during 
the previous 24 hours were collected sepa­
rately and stored in 80% ethanol. Moist 
blotting paper was placed in the top of 
each petri dish to decrease moisture loss 
from the food but did not interfere with

Received for publication October 31, 1961.
1 Contribution from Entomology Section and Chem­

istry Section.
2 A preliminary report of some of this work was 

presented at the Fifth International Congress on 
Nutrition, Washington, D. C., September, 1960.

3 Purchased from Atomic Energy of Canada Limited.
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the quantitative recovery of either food 
remnants or excreta.

When the larvae were fed the radio­
active food the petri dishes were kept in 
a closed container equipped to collect the 
respired CO2. Every 24 hours, just before 
the larvae were transferred to clean dishes, 
the air in the container was drawn through 
an absorption train, consisting of 1 .0  m  
BaCl2 and 0.5 m  KOH solutions. Each day 
the solutions in the absorption train were 
combined and made to volume; aliquots 
were assayed for radioactivity.

In the first experiment 15 newly molted 
fifth-instar larvae were fed the C14-labeled 
food throughout the instar. Each larva 
was starved for 24 hours after it molted 
into sixth instar and was then removed 
from the test. Before the larvae in subse­
quent experiments were removed from test 
they were provided with nonlabeled basal 
medium for at least 48 hours. The larvae 
were rinsed thoroughly with distilled water 
and either stored at — 30°C or processed 
immediately.

Preparation of samples for C14 measure­
ments. The quantity of radioactivity in 
the diet was determined after hydrolyzing 
0.813 gm of the sterile medium with 12 
ml 6  n  HC1 under reflux for 24 hours. The 
HC1 was removed in vacuo at about 50°C 
and the soluble components were dissolved 
in water and made to volume after removal 
of the insoluble “humin.” The radioactiv­
ity was measured in aliquots of the hy­
drolysate. In addition, aliquots of the 
hydrolysate were chromatographed in two 
dimensions and autoradiograms were pre­
pared.

To determine whether free amino acids 
in the sterile diet contained radioactivity 
it was extracted with 80% ethanol. Two 
samples were each extracted 4 times and 
filtrates from each sample were combined. 
Aliquots of each of the two final solutions 
were assayed for radioactivity. An aliquot 
of one of the ethanol extracts was treated 
on a Dowex-50 column in the H+ form 
as described by Plaisted ( ’58) and both 
the effluent and eluate were assayed for 
radioactivity. Subsequently aliquots of the 
ethanol extract, column effluent, and col­
umn eluate were chromatographed in two

dimensions and autoradiograms were pre­
pared.

The larvae from the first experiment 
were extracted three times with boiling 
80% ethanol in a glass homogenizer. The 
extracts were combined, reduced in vol­
ume, and passed through a Dowex-50 
column (Plaisted, ’58). The eluate, which 
contained the amino acids, was fraction­
ated on a second Dowex-50 column by 
gradient elution with HC1 (Kasting and 
McGinnis, ’60). Aliquots of the eluate 
from the first column and from every 
fifth fraction from the second column 
were assayed for radioactivity; chroma­
tograms and autoradiograms were also 
prepared.

The larval tissues, insoluble in 80% 
ethanol, were hydrolyzed with 6 n  HC1. 
The larvae from subsequent experiments 
were hydrolyzed in 6 n  HC1 without prior 
ethanol extraction. All hydrolysates were 
treated as described above and two dimen­
sional chromatograms and autoradiograms 
were prepared.

The excreta produced by the 15 larvae 
in the first experiment were combined 
daily yielding 6 samples. The residual 
food was similarly collected and combined. 
Each sample of excreta and of residual 
food was extracted 4 times with 80% 
ethanol in a glass homogenizer. The ex­
tracts from each sample were combined 
and aliquots were assayed for radioactiv­
ity. Chromatograms and autoradiograms 
were also prepared.

Paper chromatography and autoradiog­
raphy. All extracts and hydrolysates were 
chromatographed in two dimensions on 
Whatman no. 1 filter paper first with n- 
butanol: acetic acid ¡water (4 :1 :5 ) and 
then with water-saturated phenol, pH12 
(Kasting and McGinnis, ’62). Fractions 
removed from the second Dowex-50 col­
umn were chromatographed in one di­
mension with ?z-butanol:acetic acid:water 
(4 :1 :5 ). Autoradiograms were prepared 
by exposing Kodak-No-Screen x-ray film 
to the chromatograms.

Radioactivity counting procedures. Ra­
dioactivity in all extracts, hydrolysates, and 
column fractions was measured in aliquots 
dried on copper planchéis under an infra­
red lamp. Aliquots of solutions used to
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absorb C02 were similarly plated and cor­
rections for self absorption (Calvin et al., 
’49) were applied. All measurements of 
radioactivity were made with a window­
less gas-flow counter (Tracerlab Incorpo­
rated) using a 99% helium-1 % isobutane 
gas mixture.

Preparation of gut homogenates. Guts 
dissected from laboratory-reared fifth-in- 
star larvae were opened and washed free 
of their contents. The guts were ground 
in a glass homogenizer with either 0.1 m  
Sorenson’s phosphate buffer, pH7.6, or 
0.5% NaHCO.! depending upon the assay 
method (Charney and Tomarelli, ’47;

, Kunitz, ’47).

RESULTS AND DISCUSSION

It was essential that the C14 added to 
the basal medium be in the protein form 
because appreciable quantities of radio­
activity in free amino acids would invali­
date the method. Almost one-half of the 
radioactivity in the diet was extracted with 
ethanol (table 1) and nearly half of the 
ethanol-soluble radioactivity was retained 
on a Dowex-50 column, which suggested 
that the free amino acids did contain radio­
activity (Plaisted, ’58). However, the amino 
acids which were eluted from the column 
with NH-iOH luere not radioactive (com­
pare the chromatogram, figure 1A, with the 
autoradiogram, figure IB), whereas the 
diet after acid hydrolysis, contained radio­
active amino acids (compare the chroma­
togram, figure 1C, with the autoradiogram, 
figure ID). Thus the radioactivity in the 
eluate was not associated with free amino 
acids in the diet but was in other ethanol- 
soluble compounds. Autoradiograms of 
this eluate before and after hydrolysis

TABLE 1
D i s t r i b u t i o n  o f  r a d i o a c t i v i t y  i n  d i e t  c o n t a i n i n g  

a l g a l  p r o t e i n - U - C 14

count/min/mg %dry matter
Ethanol extract1 7.9 X 103 48

Column effluent 3.9 X 103 23
Column eluate 3.4 X 103 20
Left on column 0,6 X 103 5

Residue 8.7 X 103 52

Total 16.6 X 103 100

demonstrated that most of the radioactiv­
ity was present in compounds that yielded 
amino acids.

The remaining one-fourth of the radio­
activity in the diet was in the effluent from 
the Dowex-50 column (table 1). Amino 
acids were not evident in autoradiograms 
of the effluent, but radioactivity appeared 
in components at the front. When the 
effluent was acid-hydrolyzed, autoradio­
grams showed a pattern of radioactive 
amino acids. The results indicate that 
most of the radioactivity added to the diet 
was present in protein or at least in com­
pounds that upon acid hydrolysis yielded 
C14-labeled amino acids.

The quantities of radioactivity present 
in the ethanol extract and the acid-hydro­
lyzed residue from the 15 larvae in the first 
experiment were 1.84 X 10“ and 3.21 X 10“ 
count/min, respectively. It was possible 
that food in the guts of the larvae may 
have been a source of radioactivity. How­
ever, for all the radioactivity in the hydro­
lyzed residue to have come from food in 
the gut, about 80 mg would have had to 
be present in each gut. Since the larval 
gut of the cutworm is evacuated before a 
molt and because the test insects, aver­
aging 200 mg in weight, were not fed after 
molting, this quantity of food would not 
be present. Therefore, it is apparent that 
radioactivity was incorporated into the 
larval tissues.

Autoradiograms of ethanol extracts of 
the diet and the larvae showed that the 
free amino acids from the latter were 
radioactive whereas those from the former 
were not. Thus, whether the C14-labeled 
amino acids in the ethanol extract of the 
larvae were derived from the tissues or 
from the lumen of the gut, they were the 
result of enzymatic hydrolysis. Although 
these data do not indicate quantitatively 
the importance of protein for this insect, 
they do show that protein is utilized.

Larvae of the pale western cutworm can 
synthesize alanine, aspartic acid, glutamic 
acid, proline, and serine from glucose-U- 
C14 but not phenylalanine, arginine, lysine, 
histidine, the leucines, and tyrosine (Kast- 
ing and McGinnis, ’62). In the present 
study, therefore, the presence of C14 in 
amino acids of the former group might1 Ethanol extract of second sample of diet con­

tained 8.0 X 103 count/min/mg of dry matter.
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Fig. 2 Distribution of radioactivity in fractions from Dowex-50 columns after gradient elution. 
A, hydrolysate of pale western cutworms injected with glucose-U-C14; B, ethanol extract of pale 
western cutworms fed diet supplemented with algal protein-U-C14.

merely indicate synthesis from C14-labeled 
nonprotein material rather than protein 
utilization. However, the presence of radio­
activity in amino acids that cannot be 
synthesized would almost certainly indi­
cate ultization of the labeled protein. The 
elution curves (figs. 2A and 2B) show that 
amino acids not synthesized from glucose- 
U-C14 were labeled when larvae were fed 
protein-U-C14, which demonstrates utiliza­
tion of the labeled protein.

The larvae were fed sterile C14-labeled 
diet and reared in sterile petri dishes. Since 
the larvae were not reared aseptically it 
was possible that some C14-labeled amino 
acids could have been released from the 
algal protein by microorganisms. Com­
parison of the specific activity (quantity 
of ethanol extractable radioactivity per 
milligram of dry matter) of the sterile diet

Fig. 1 A, Chromatogram of amino acids ex­
tracted with 80% ethanol from C14-labeled diet; 
B, autoradiogram of A; C, chromatogram of hy­
drolysate of C14-labeled diet; D, autoradiogram 
of C.

(table 1) with that of the food after ex­
posure to the larvae for 24 hours (table 2) 
indicates no increase in the ethanol extrac­
table C14-labeled components. In contrast, 
the specific activity of excreta was con­
sistently higher than that of the residual 
food on a daily basis (table 2). Moreover, 
the differences shown are minimal because 
a certain amount of mixing of excreta and 
residual food was unavoidable. These data

TABLE 2
R a d i o a c t i v i t y  i n  8 0 %  e t h a n o l  e x t r a c t s  o f  r e s i d u a l  

f o o d  a n d  e x c r e t a

Day Residual
food Excreta

count/min/mg count/min/mg
dry matter dry matter

1 8.4 X 103 11.9 X 103
2 6.4 X 103 14.1 X 103
3 8.5 X 103 12.1 X 103
4 7.5 X 103 11.9 X 103
5 6.8 X 103 10.6 X 103
6 — 12.5 X 103

Mean 7.5 X 103 12.2 X 103
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indicate that the protein was not hydro­
lyzed by microorganisms prior to consump­
tion by the larvae, a circumstance that 
might lead to misinterpretation of the re­
sults. The higher specific activity in ex­
creta than in residual food (table 2) pre­
sumably resulted from concentration of 
ethanol-soluble labeled protein by removal 
of nonprotein substances and enzymatic 
release of ethanol-soluble radioactive com­
ponents from the diet. Metabolism of C14- 
labeled components in the diet is also in­
dicated by the fact that about 2,000 count 
per min per insect per day were recovered 
in expired C02.

The evidence for protein utilization by 
fifth-instar larvae of the pale western cut­
worm is qualitative. Weak proteolytic ac­
tivity would yield positive results by the 
radioactivity method yet the enzymes 
might have little importance in the overall 
nitrogen economy of the larvae. Conse­
quently quantitative data were obtained 
with 6 newly molted fifth-instar larvae 
fed C14-labeled diet for three days. Because 
one molted on the fourth day it was hydro­
lyzed separately. The remaining 5 were 
fed nonlabeled medium until they molted 
to sixth instar (two days) and were then 
hydrolyzed. Measurements were made of 
the amount of C14-labeled diet consumed 
by the larvae and the quantities of ex­
creta passed before and after the non­
labeled medium was supplied.

Fifty per cent of the radioactivity re­
covered was in the larval bodies and the 
remainder was in the excreta (table 3). 
Only about two-thirds of the radioactivity 
that was consumed was recovered. None­
theless, these data indicate that about one- 
half of the protein carbon was retained in 
the insect tissue, a proportion that agrees 
well with the nitrogen retention recorded

TABLE 3
Distribution of radioactivity from algal protein- 

U-C14 consumed by fifth-instar larvae of 
the pale western cutworm

countf min %
Insect hydrolysate 2.00 X 106 50
Excreta I hydrolysate1 1.25 X 106 31
Excreta II hydrolysate2 0.77 X 106 19
C02 0.02 X 106 —

1 Excreted while larvae were fed C14-labeled diet.
2 Excreted after larvae were returned to nonradio- 

active diet.

earlier (Kasting and McGinnis, ’59). More 
than one-third of the radioactivity recov­
ered in the excreta was eliminated from 
the insect bodies after the larvae were re­
turned to the unlabeled medium. This 
radioactivity originated as either residual 
C14-labeled food from the digestive tracts 
or CI4-labeled tissues of the insects. When 
the rapid growth of the fifth-instar cut­
worm is considered (McGinnis and Kast­
ing, ’59), it is unlikely that the food left 
in the gut was equivalent to one-third of 
that consumed during the preceding three 
days. Thus it is probable that at least some 
of the radioactivity excreted during the 
final two days on test was in products of 
tissue metabolism. The recovery of radio­
activity in the larval tissues and in excreta 
indicate that the utilization of dietary pro­
tein was quantitatively significant and in 
excess of 50%.

The qualitative results obtained by the 
in vivo radioactivity procedure were con­
firmed using gut homogenates by two 
classical enzyme methods (Charney and 
Tomarelli, ’47; Kunitz, ’47). Protein hy­
drolysis was clearly demonstrated despite 
differences in method and insect popula­
tion. The proteolytic activity per larval 
gut was in the order of 2 X 10~3 Kunitz 
trypsin units.

Because the experiment with fifth-in­
star larvae established the validity of the 
radioactivity method the procedure was 
extended to newly hatched larvae. The 
small size of the larvae made it desirable to 
hydrolyze the insects without prior ethanol 
extraction but it was necessary that the 
larval guts be entirely free of C14-labeled 
food. Ninety-nine larvae were reared 
through two instars; during the first instar, 
they were supplied with the radioactive 
diet, and throughout the second instar 
they were fed the unlabeled medium. Thus 
an average of 4 days and two molts were 
allowed to clear the radioactive food from 
the gut. Crowell ( ’43) showed with fifth- 
and sixth-instar larvae of the southern 
army worm, Prodenia eridania Cramer, 
that food was completely eliminated from 
the alimentary tract within 8 hours of be­
ing consumed. At this laboratory,4 it was 
shown that the period between consump­

4 Jacobson, L. A., unpublished data.
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tion and excretion is shorter for the pale 
western cutworm. In the present experi­
ment, therefore, it was assumed that there 
was sufficient time to permit complete elim­
ination of radioactive food from the gut. 
The chromatograms and autoradiograms 
of the hydrolysate of these small insects 
showed that both essential and nonessen­
tial amino acids were radioactive. Thus it 
is concluded that the first-instar larvae 
were able to utilize dietary protein. Quan­
titative utilization of CI4-labeled protein 
was estimated from earlier consumption 
data (Kasting and McGinnis, ’59). More 
than one-fifth of the radioactivity con­
sumed by the larvae (106 count per min) 
was recovered in the hydrolysate (2 X 105 
count per min) and the respired C02 (5 X 
104 count per min). During the second 
instar, no C14-labeled diet was provided 
and, based on results with fifth-instar 
larvae, one might expect that radioactive 
products of tissue metabolism were ex­
creted. It appears, therefore, that first- 
instar larvae utilized more than 20% of 
the protein consumed.

The studies reported herein show that 
protein is utilized by both first- and fifth- 
instar larvae of the pale western cutworm 
and that it is quantitatively significant in 
their nitrogen economy. Results from the 
in vivo experiments cannot be considered 
artifacts of enzyme extraction because the 
radioactive protein was fed to and metab­
olized by living larvae. The radioactivity 
method has not conclusively established 
the presence of proteolytic enzymes in the 
gut. This conclusion seems justified, how­
ever, because of the general occurrence of 
proteolytic enzymes in the gut or gut con­
tents of the majority of insects that have 
been studied (Day and Waterhouse, ’53; 
Gilmour, ’61) and our results with classi­
cal methods. The larvae used in the pres­
ent studies were not reared aseptically and 
it is possible that microorganisms in the 
gut were responsible for proteolysis. It is 
also possible that intact proteins were 
transferred across the epithelial lining of 
the gut as with young mammals (Roy, ’59; 
Walker, ’59) and that proteolysis occurred 
elsewhere. Despite these possibilities there 
is no doubt that the larvae utilized protein. 
This is in direct contrast with the conclu­

sions of Hocking and Depner ( ’61) who 
reported that proteolytic enzymes were ab­
sent in gut extracts of larvae of the pale 
western cutworm. The conflicting results 
are difficult to reconcile but it may be that 
the methods used by them lacked sensi­
tivity.

SUMMARY

A diet containing algal protein-U-C14 pro­
vided a convenient means of studying in 
vivo protein utilization by larvae of the 
pale western cutworm Agrotis orthogonia 
Morr. Utilization of dietary protein in both 
first- and fifth-instar larvae was found to 
be quantitatively significant. This tech­
nique avoids the difficulty of enzyme ex­
traction artifacts and has particular appli­
cation to organisms that are too small to 
permit investigation by classical methods.
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Changes in Tissue Lipids in Response to Diet
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Recent emphasis on the role of the 
unsaturated fatty acids in the prevention 
of atherosclerotic lesions makes it desir­
able to find out more about the extent to 
which a reserve supply of these acids may 
be built up in adipose tissue, and the rates 
at which they change in response to 
changes in the dietary fat.

Hirsch et al. ( ’60) have developed a 
technique for aspiration of biopsy samples 
of fat from human subjects. Their data 
indicate a rather constant percentage of 
linoleate (about 11% ) in this adipose 
tissue which was not much altered by 
high levels of corn oil fed for 10 weeks. 
This was in sharp contrast with the in­
creases in serum linoleate in the same 
subjects. Tove and Smith ( ’59, ’60) stud­
ied the kinetics of depletion of linoleic 
acid from carcass lipids of mice. They 
believe that linoleic acid is depleted rap­
idly until a critical level is reached, after 
which depletion proceeds more slowly. 
Their data might be explained either by 
Hirsch’s postulation of an easily altered 
and a stable fraction in adipose tissue or 
by a homeostatic regulation of essential 
fatty acid concentration. An equally pos­
sible explanation of the data from both 
investigations might be that changes in 
fatty acid composition occur at different 
rates in different types of adipose tissue 
and that the biopsy samples were not 
adequately representative.

In a study of the effects of feeding saf­
flower oil on the plasma cholesterol ester 
in man, it was found that the cholesterol 
values remained low, and the esterified 
linoleic acid high, for at least a month 
after feeding of the linoleate-rich fat was

discontinued (Okey et al., ’60). This 
raised the question of possible selective 
retention of linoleate in some fat depot 
from which plasma linoleic acid moieties 
might be replenished. The present paper 
reports a study of the changes in the 
fatty acids of three types of adipose tissue 
in rats —  subcutaneous, mesenteric and 
interscapular fat —  following changes in 
composition of the dietary fat. Data for 
liver and plasma composition in the same 
animals are reported in another paper 
(Okey et al., ’62).

METHODS
Diets. The semisynthetic diet formula, 

containing 10% of fat and 1% of choles­
terol, has been described previously (Lis 
and Okey, ’61). Safflower oil, furnishing 
approximately 75% of linoleate and 12% 
of oleate, and coconut oil furnishing about 
50% of laurate, 18% of myristate and a 
little less than 3% of linoleate, were 
chosen as fats of widely different fatty 
acid composition. Neither was fed at a 
level excessively high for the rat, and the 
coconut oil diet was not deficient in es­
sential fatty acid. The cholesterol was 
added to secure a high enough concentra­
tion of liver cholesterol ester to permit 
measurement of small changes in its fatty 
acid components.

Experimental plan. Weanling rats of 
the Long-Evans strain were caged individ­
ually and given the coconut oil diet (CN) 
ad libitum. After three weeks, about two- 
thirds were transferred to the safflower

Received for publication October 30, 1961.
1 Supported in part by U. S. Public Health Service 

Grant H-2152.
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Weaned Weeks on diet

Note: Arrows indicate time of autopsies. Numbers indicate numbers of animals used for each 
autopsy. There were equal numbers of each sex.

Fig. 1 Design o f experiment.

oil diet (Saff). Part of the latter were 
transferred back to the CN diet after an­
other three weeks. The experimental plan, 
with the numbers of animals killed at 
each interval, is shown in figure 1. For a 
few of the animals fed the diet for the 
longer periods (namely, the CN 9- and
12-week groups), times of autopsy varied 
from the averages indicated by one to 
4 days.

Food cups were removed 12 to 15 hours 
before autopsy. Rats were anesthetized 
with sodium pentothal and bled from the 
heart. Plasma and liver samples were 
prepared for analysis as previously de­
scribed (Lis and Okey, ’61). Great care 
was taken to secure adipose tissue sam­
ples that were uniform in amount and 
position of origin. Subcutaneous fat was 
taken from the insides of the thigh and 
foreleg. Mesenteric fat was taken from 
the region in which the large and small 
intestines join. Interscapular fat was ex­
cised as quantitatively as possible. All 
visible connective tissue was eliminated.2

Adipose tissue was extracted as fol­
lows: 300 to 400 mg of interscapular fat 
or 600 to 800 mg of mesenteric or sub­
cutaneous fat were weighed into 75 ml 
of 1:1 95% ethanol-acetone. After stand­
ing overnight at room temperature, the

hardened samples were disintegrated with 
a glass rod. The solution was decanted 
through glass wool, and the procedure 
was repeated with another 75 ml of sol­
vent. The extracted tissue and the glass 
wool were washed and stored for the nitro­
gen analysis performed later by a semi­
micro-Kjeldahl procedure (McKibben, ’49). 
The combined fat extracts were partially 
evaporated, and the volume was adjusted 
to 100 ml with ethanol-acetone. Aliquots 
were used for analyses.

Total lipids were determined by oxida­
tion (Bloor, ’28). Preliminary tests indi­
cated that the lipid of the adipose tissue 
was very nearly all triglyceride. Samples 
were therefore not fractionated on silicic 
acid columns. Aliquots of the original ex­
tract were saponified with KOH in ethanol. 
The nonsaponifiable material was ex­
tracted from alkaline solution, and the 
free fatty acids after acidification, both 
with petroleum ether. Methyl esters of the 
fatty acids were prepared and analyzed by 
gas-liquid phase chromatography as previ­
ously described (Lis and Okey, ’61). The 
content of total nitrogen and of fatty acid

2 We did not attempt to study epididymal fat pads 
or those adjacent to the kidney, partly because we 
wished to compare fat retention in males and females, 
and partly because, in the younger animals, pads in 
the renal area were not sufficiently developed for 
good sampling.
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could be calculated for interscapular fat 
only, because it was not feasible to deter­
mine total amounts of subcutaneous and 
mesenteric fats.3 Moisture content of the 
adipose tissue was estimated roughly on 
the basis of the difference between the 
total wet weight and the sum of the total 
lipids and protein of the tissue.4 Deter­
mination by drying seemed inadvisable be­
cause of the differences in probable oxida­
tion of fats containing different propor­
tions of polyunsaturated fatty acids.

RESULTS
E ffe c ts  o f  a ge an d  g ro w th  must be con­

sidered in interpretation of the data, since 
the animals were growing during the pe­
riod of the experiment. Food intakes and 
weight gains closely resembled those de­
scribed by Lis and Okey ( ’61) for rats fed 
ad libitum similar diets containing cotton­
seed or coconut oils. Alterations in food 
intake and rate of growth due to the 
change from one diet to the other were 
not statistically significant, although mean 
growth rates were slightly higher for ani­
mals fed safflower oil than for those fed 
coconut oil throughout the period of the 
experiment.

G ross co m p o s it io n  o f  th e  d iffe ren t ty p es  
o f  a d ip ose  tissu e  varied considerably. Ni­
trogen content of interscapular fat varied 
from 0.25 to 0.40% wet weight (0.75 to 
1.35 mg per rat), and that of mesenteric 
and subcutaneous fats varied between 0.10 
and 0.15% wet weight. Rough estimates 
indicated that water content varied with 
that of protein (as indicated by nitrogen 
content). Total fatty acid content, on the 
other hand, varied inversely with protein 
(fig. 2). Total fatty acid content of mes­
enteric and subcutaneous adipose tissues 
of the rats fed coconut oil and those fed 
coconut-safflower-coconut oils tended to 
decrease after the animals were about 12 
weeks old (9 weeks on diet). The decrease 
was much more pronounced in females 
than in males. Unfortunately, it was im­
possible to tell whether the safflower-fed 
animals had high values after being fed 
the diet for 9 weeks, since none of them 
were killed at that time.

C h a n ges  in  in d iv id u a l fa tty  acid s o f  adi­
p o se  tissu e. The linoleate content of all 
three types of adipose tissue of the coco­

nut-fed rats remained at a fairly constant 
level, slightly higher than that of the coco­
nut oil itself. This occurred despite the 
fact that the diets furnished only about 
22% of their calories as fat, and some of 
the adipose tissue fatty acid was probably 
derived from carbohydrate. When saf­
flower oil was fed, the percentage of lino- 
leate in the fat of the adipose tissue in­
creased rapidly during the first week, and 
more slowly thereafter (fig. 3a). The zero- 
week points were obtained by projection of 
the curves for the coconut-fed controls.

Expressed as milligrams of fatty acid 
per milligram of nitrogen (fig. 3b), values 
for interscapular fat were much lower 
than for mesenteric and subcutaneous fat. 
This was due to the higher nitrogen con­
tent of interscapular fat.

The rats transferred back to coconut oil 
after safflower oil showed some indication 
that, in subcutaneous fat, the rate of de­
pletion of linoleate was slower than its 
rate of entrance (fig. 3b). (The first meas­
urements on the safflower groups were 
made one week after the change from CN 
to Saff diet.) The subcutaneous fat of fe­
males even showed an increase in lino­
leate content during the first week after 
withdrawal of safflower oil. This was asso­
ciated with an increase in total fatty acid 
content (fig. 2), which is probably influ­
enced by age. Equilibration of the com­
position of adipose tissue in response to a 
change of fat in the diet was reached most 
rapidly in the interscapular fat, followed 
by mesenteric and finally, by subcutane­
ous. This is in keeping with the concept 
that interscapular fat is not strictly a de­
pot fat. Six weeks after the rats were re­
turned to the coconut oil diet, the linoleate 
content of the subcutaneous fat of the rats 
that had been fed safflower oil was still

3 Areas under the curves were measured either with 
a compensating planimeter or a mechanical integrator. 
Since the thermal conductivity cell o f the Aerograph 
has different sensitivities for the methyl esters of 
different fatty acids, appropriate mixtures of known 
amounts of standard fatty acid methyl esters were 
analyzed each day. From these relative sensitivity 
factors were computed for each fatty acid. Results 
were calculated both as percentages of the total 
fatty acid and as milligrams of fatty acid per milli­
gram of nitrogen in the tissues. For example:
mg total lipids % each fatty acid _ mg fatty acid < 

mg \ X “ .- """  tOQ ' ~ mg N
4 Glycogen was not determined because previous 

work has shown that its concentration in these adi­
pose tissues is very small, less than 0.1% (Lepkovsky 
and Ostwald, unpublished results).
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MALES FEMALES

A......CN- O-----CN-3, Soft- a-----CN-3, Saff-3, CN-
D Interscapular Fat M = Mesenteric S= Subcutaneous

Fig. 2 Total nitrogen and total fatty acid content o f adipose tissues. The diet groups 
are indicated throughout as follow s: CN-: animals fed coconut oil as only source o f  fat; 
CN-3, Saif-: animals fed  safflower oil only, follow ing three weeks o f  coconut oil; CN-3, 
Saff-3, CN -: animals fed  coconut oil for three weeks follow ed by safflower oil for  three 
weeks and then returned to coconut oil. Each point represents the m ean value for the 
group. Vertical bars through the points represent standard errors. Standard errors less 
than 0.01 or smaller than the symbols used have been omitted throughout. The num ber of 
animals in each group is indicated on figure 1.
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MALES FEMALES

T9MeaniSE *---- CN- o----- CN-3, Saff- o----CN-3, Saff-3, CN-
1 = Interscoputar Fat M = Mesenteric S = Subcutaneous

Fig. 3 Linoleic acid content o f adipose tissues. The graphs for the three adipose tissues 
are superimposed on this and the follow ing figures. In the interest o f clarity there is a 
slight shift in  respect to time for each tissue. The portions o f the curves between three and 
four weeks are extrapolations. The points represent amounts o f the fatty acid in  question 
in  the given adipose tissue. Values are expressed as per cent o f total fatty acids present 
or as m illigram s of fatty acid per m illigram  o f nitrogen (footnote 3 in text). For explana­
tion o f symbols see legend to figure 2.
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MALES FEMALES

¿Meon-i-SE * .....  CN' °----- CN-3, Saff- □-----CN-3, Saff-3, CN-a. - I - Interscapular Fat M = Mesenteric S = Subcutaneous
Fig. 4 Laurie acid content o f  adipose tissues. Data are arranged as in figure 2.

5 to 7 times higher than that of the ani­
mals fed coconut oil for the entire period. 
The linoleate content of their mesenteric 
fat was also appreciably higher than that 
of the CN controls, and even interscapular 
fat retained some extra linoleate.

Percentages of monoenoic acids as well 
as of palmitate were always higher than 
those in either of the dietary fats. Palmi­
tate in interscapular fat reached 25% in 
contrast with about 7% in either safflower 
or coconut oil. Monoenoic acids reached
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concentrations of over 50% in interscapu­
lar fat, whereas safflower oil contained 
13% and coconut oil 5%. In contrast, 
there was no evidence of synthesis of lau- 
rate in these adipose tissues (fig. 4). Even 
after coconut oil containing 53% of lau- 
rate was fed for 12 weeks, the laurate con­
centration in mesenteric fat reached only 
25%. Conversely, its concentration in the 
same fat dropped from 15 to 5% after 
safflower oil, which contains no measur­
able amount of lauric acid, was fed for 
three weeks.5

Age, sex and growth evidently have 
some influence on the composition of adi­
pose tissues. The fatty acid concentration 
in adipose tissues of females fed coconut 
oil reached a peak for all fatty acids (ex­
cept linoleic) at 9 weeks on diet (fig. 5). 
The corresponding curves for the subcu­
taneous fat of males show a similar, 
though less pronounced decrease after the 
diet was fed for 6 weeks. This phenome­
non is associated with parallel changes of 
the total fatty acid content of these tissues 
(fig. 2).

DISCUSSION

The rat does not store arachidonic acid 
in any quantity in adipose tissue. Because 
of the very high percentage of this acid in 
circulating cholesterol ester and phospho­
lipid, the storage and turnover rates of its 
known precursor, linoleic acid, become 
especially important. Tove and Smith 
( ’59) calculated rates of depletion of lino­
leic acid in the total body fat of mice. 
Their animals were returned to an “almost 
fat-free basal diet” (which, however, con­
tained cornstarch known to furnish essen­
tial fatty acids) after three-week feeding 
periods with diets containing 15%, re­
spectively, of safflower, corn and peanut 
oils. They estimated dienoic and trienoic 
acids by alkali isomerization. On the basis 
of the assumption that depletion of linoleic 
acid in body fat was a first-order reaction, 
they estimated that it had a half-life of 
about 11 days until a concentration of 
about 12% of the body fat was reached. 
After that, their data more nearly fitted 
the slope characteristic of a half-life of 
25 days. (Their animals were changed 
from a diet that furnished about 28.4% 
of its calories as fat to one essentially

fat-free.) Wagner et al. ( ’58, ’61) reported 
determination of the rate of depletion of 
linoleic and linolenic acids from a great 
number of tissues of mature male rats. 
They returned the animals to an “almost 
fat-free diet” after a given period (55 days) 
of feeding 10% of sunflower oil as a source 
of linoleic acid and of linseed oil as a 
source of linolenic acid, respectively. Their 
data indicate depletion half-times of 77 
and 65 days, respectively, for linoleic acid 
in subcutaneous and mesenteric fat. These 
half-times are considerably longer than our 
data indicate, but they also show that the 
rate of depletion is slower in subcutaneous 
than in mesenteric fat. Our data, in con­
trast, represent not depletion of a given 
fat when feeding a “fat-free” diet but, 
rather, depletion of linoleic acid during 
a period of change from a linoleate-rich 
to a linoleate-poor diet with total fat fed 
at the same level.

On the basis of Tove and Smith’s ( ’59) 
assumption, our data for the first three 
weeks after transfer from safflower to coco­
nut oil indicate the following half-time 
values (days) for the depletion of linoleic 
acid (fig. 6 ): interscapular fat —  males 
15, females 11; mesenteric fat —  males 
23, females 19; subcutaneous fat —  males 
51, females 43.

Our data indicate, as do Tove and 
Smith’s, that the depletion slope tends to 
be steep immediately after a diet transfer 
and then to flatten. In neither case were 
data obtained at sufficiently frequent inter­
vals to permit an exact calculation of the 
kinetics of the process. It is important to 
keep in mind that our experiment, as well 
as those of Tove and Smith ( ’59) and of 
Hirsch et al. ( ’60), furnishes data about 
the rates at which linoleic acid in depot 
fat is replaced by another fatty acid. Stet- 
ten and Grail ( ’43) measured the rate of 
disappearance of deuterium from the de­
pot fat of mice, and calculated its half- 
life to be 5 to 6 days. Thompson and Bal­
lou ( ’56) measured the retention time of 
organically bound tritium in rat tissue and 
calculated the “biological half-life” of peri­
renal and genital fat to be 70 days for 
70% and 17 days for 30% of these tissues. 5

5 Detailed data on compositon of the adipose tissue 
have been omitted. They are available on request.



348 RO SE M A R IE  O ST W A L D , RU TH  OKEY, AN GELA SH ANNON AND JOAN TINOCO

A-..... CN- O----  CN-3, Soff- a---- CN-3, Saff-3, CN-
1= Interscapular fat M = Mesenteric S= Subcutaneous

Fig. 5 Saturated and m onoenoic fatty acids o f adipose tissues. Data are arranged as in figure 2.

Pihl et al. ( ’50) measured the rise of the 
C14 content of eviscerated-carcass fatty 
acids of rats, and calculated the half-lives 
to be 16 to 20 days, based on the rate of 
synthesis. The rate of replacement of one 
fatty acid by others in a given tissue is

comparable with the rate of turnover of 
that tissue only if certain assumptions are 
made, the most important of which is that 
the average rate of replacement of all fatty 
acids is the same as that of the fatty acid 
under consideration. We have no direct
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Fig. 6 Depletion o f  linoleic acid from  adipose tissues. This graph represents the decline 
o f  the concentration o f  linoleic acid in  the adipose tissues o f animals w hich had been re­
turned to a coconut oil diet after an intermediate period o f being fed safflower oil (CN-3, 
Saff-3, C N -). Each point was calculated from  the m ean per cent content o f  linoleic acid 
o f  a group o f  animals at a given time after the change o f  diet, divided by the m ean per 
cent found at zero time, e.g., the time just before the change o f diet:

lint
l o g ----- =

lino
per cent o f  linoleic acid at time t 
per cent o f linoleic acid at time zero] X 100, plotted on  semilog paper.

Numbers at the right o f the curves are the “ half-tim es o f depletion”  o f  linoleic acid in 
the given tissues, e.g., the times at w hich the concentration o f linoleic acid had fallen  to 
half o f the value observed at zero time.

evidence that this assumption is valid. 
Nevertheless, the data furnished by the 
disparate experiments mentioned here are 
of the same order of magnitude.

Interscapular fat does not constitute a 
large proportion of body mass, and possi­
bly should be considered an active tissue 
rather than a storage depot. It is therefore 
not strange that the rate of depletion of 
linoleic acid in subcutaneous and mesen­
teric fats should be slower than in inter­

scapular fat if a supply of linoleic acid is 
selectively conserved in the fat depots. 
Scrutiny of the variations in the propor­
tions of the fatty acids in terms of “relative 
percentages” tempts the conclusion that 
the animal does not tend to maintain con­
stant ratios of saturated to unsaturated 
fatty acids. This is shown by the fact that 
the percentage of oleic acid relative to 
linoleic increased with an increasing per­
centage of linoleic acid, whereas the “rela-
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%LIN0U1C ACID
a CN oCN-SAFF a CO - 5 AFF - CN

Fig. 7 Relative per cent o f fatty acids in subcutaneous fat. “Relative per cent”  o f a fatty acid

in  respect to linoleic acid is —  Per cent fatty acid— The points represent values com puted from
100 — per cent linoleic acid

the means o f  each group. The m ale and fem ale groups are identified by the symbols cf and 2 , re­
spectively. The shape o f  the symbols represents the diet groups as indicated on the figure (see 
legend to figure 2 ) .  The slopes o f the regression lines calculated according to Snedecor ( ’ 57 ) 
had the follow ing values: palm itoleic acid b = —0.0298; myristic acid b = —0.0730; oleic acid 
b =  + 0 .212 ; lauric acid b =  —0.262. The corresponding data for interscapular and mesenteric fats 
were similar to those shown here.

tive percentages” of the short-chain satu­
rated fatty acids, lauric and myristic, were 
decreasing (fig. 7). The ratios of the sums 
of unsaturated to those of saturated fatty 
acids are shown in table 1. These ranged

from 0.74 in the mesenteric fat of males 
fed coconut oil to 4.17 in the same tissue 
of males fed safflower oil for 9 weeks. This 
is in contrast with the nearly constant 
ratio observed in plasma lipids. Adipose

TABLE 1
Ratio of the sum of unsaturated to the sum o f saturated fatty acids

Diet1

Male rats Female rats
Fats Fats

Subcu­
taneous

Mesen­
teric

Inter­
scapular

Subcu­
taneous

Mesen­
teric

Inter­
scapular

CN-12 ( i 7  y 0.89 0.76 1.24 1.21 0.99 1.19
CN-3, Saff-9 (1 6 ) 3.79 4.17 2.54 3.22 3.39 2.22
CN-3, Saff-3, CN-6 (1 6 ) 1.09 0.74 1.27 1.37 0.98 1.16

1 CN-12: Groups of animals fed coconut oil for 12 weeks. CN-3, Saif-9: Groups of animals fed 
coconut oil for three weeks followed by safflower oil for 9 weeks. CN-3, Saff-3, CN-6: Groups of 
animals fed coconut oil for three weeks followed by safflower oil for three weeks and returned to 
coconut oil for 6 weeks.

2 Numbers in parentheses indicate number of animals in the group.
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tissue appears to maintain its physical 
characteristics by other mechanisms.

The data in the present experiment in­
dicate that the rat has the capacity for 
rather prompt adipose tissue storage of 
linoleic acid. It is probable that after a 
certain critical level of essential fatty acids 
is reached preferential storage may cease. 
Conversely, rate of depletion may decrease 
after another, lower critical level is 
reached. More probably, two regulatory 
mechanisms function at first, and one is 
displaced as the depletion progresses.

From previous observations, it was to be 
expected that there might be sex differ­
ences in the metabolic activity of adipose 
tissue. McKerns ( ’61), for instance, noted 
greater fatty acid synthesis in fat pads 
from female rats than in those from male 
rats. Tove and Smith ( ’59) reported a 
faster depletion of linoleate from female 
than from male adipose tissue, and larger 
regression coefficients for some of the 
other fatty acids in the female tissues than 
for those in the corresponding male tis­
sues. Our data show shorter half-times 
of replacement of linoleate for adipose 
tissues from females than for those from 
males. Generally, the data indicate a faster 
equilibration of fatty acids in adipose tis­
sue of females than in that of males in 
response to changes in the diet. The dis­
continuity of the curves for the concen­
tration of fatty acids of coconut oil-fed 
females (fig. 4) is largely unexplained. 
As mentioned previously, it cannot be de­
cided whether the animals fed safflower 
oil showed a similar break. Due to in­
sufficient numbers of experimental points, 
the exact location of this break is un­
known. The change occurred in females 
that had been fed the diet between 7 and 
11 weeks, that is those between 10 and 
14 weeks old. A possible explanation of 
the phenomenon might be a change of 
hormonal balance associated with cessa­
tion of rapid growth.

SUMMARY

Changes in the fatty acid composition 
of three selected adipose tissues (subcuta­
neous, mesenteric and interscapular fat) 
of rats in response to changes of the die­
tary fat were determined. Safflower oil,

containing about 75% of linoleic acid, and 
coconut oil, furnishing some 68% of lau- 
ric and myristic and less than 3% of lino­
leic acids, were fed as 10% of adequate 
semisynthetic diets. Three groups of rats 
were compared: those fed coconut oil 
from weaning age, those fed safflower oil 
after an initial three-week period of coco­
nut oil, and those changed back to coconut 
oil after a period of safflower oil feeding. 
Groups of animals were killed, and the 
tissues were analyzed at intervals of one, 
three, 6 and 9 weeks after change of diet.

Changes in the dietary fat produced 
changes in the composition of the adi­
pose tissue within one week or less. Most 
changes observed were in the direction that 
might have been predicted from the com­
position of the dietary fat. Some varia­
tions from this pattern were evidently due 
to variations in age, sex and growth rate 
of the experimental animals.

Generally, the changes were qualita­
tively similar in all three tissues observed. 
The interscapular fat had higher levels of 
nitrogen and lower levels of fatty acids 
than did the other two tissues, and its fat 
content varied less.

Equilibration of the composition of the 
adipose tissue with that of the dietary fat 
occurred earlier in female rats than in 
males. Of the three tissue fats, the inter­
scapular reached an equilibrium level 
earliest, followed by mesenteric and finally 
by subcutaneous fat. The half-time of re­
placement for linoleic acid ranged from 
11 to 53 days, depending on the sex of 
the animals and the tissue in question. 
Laurie and myristic acids had shorter half­
times of replacement and were accumu­
lated in lower proportions in relation to 
their intake.

The most striking difference between 
male and female rats was a decrease in 
the total fatty acid content, which oc­
curred only in females at 10 to 14 weeks 
of age. The decrease was accompanied 
by an increase in water content.

Since the observed ratio of unsaturated 
to saturated fatty acids was not constant, 
it is possible that the animal tends instead 
to maintain adipose tissue of constant 
physical properties.
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The data support the hypothesis that the 
rat can store dietary linoleic acid in its 
adipose tissue during a period of high in­
take for slow release when the dietary 
supply is low.
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Changes in Tissue Lipids in Response to Diet
II. FATTY ACID COMPOSITION OF LIVER AND P LASM A  LIPIDS 
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The concept that adipose tissue con­
stituents serve as relatively inert stores 
of nutrients, that those of the liver are 
the ready supplies for immediate use, and 
that blood serves only as a carrier, has 
been greatly modified as a result of the 
demonstration of rapid turnover of some 
of those constituents (Jeanrenaud, ’61). 
Too little is known, however, of the effect 
of diet on the equilibriums between stored 
and circulating lipids. This is evident from 
recent sweeping conclusions concerning 
lipid metabolism drawn from serum lipid 
data without regard to accompanying 
changes in tissue lipids. It seemed desir­
able, therefore, to study the changes in 
composition of the different lipid fractions 
of liver and plasma in relation to changes 
in fatty acid content of the adipose tis­
sue of animals at different intervals after 
changes in the composition of dietary fat.

The adipose tissue data are reported in 
the preceding paper (Ostwald et al., ’62). 
When young rats were shifted from a lino- 
leate-poor to a linoleate-rich diet, and later 
back to the linoleate-poor diet, there was 
some evidence of preferential storage of 
linoleic acid in mesenteric and subcutane­
ous fats. Laurie and myristic acids (from 
dietary coconut oil) had shorter half-times 
of replacement than did linoleic, and were 
stored in smaller proportions in relation 
to intake. Arachidonic acid was noted only 
in trace amounts in adipose tissues.

METHODS

Details of the experimental plan are 
given in the preceding paper (Ostwald et 
al., ’62). All diets contained 10% of fat and 
1% of cholesterol. Coconut oil (CN) was 
fed to all animals for the first three weeks

after weaning, and the first groups were 
killed one week after part of them had 
been transferred to the safflower oil diet 
(Saif), i.e., the 4-week groups were fed 
coconut oil for three weeks then safflower 
oil (CN-Saff 3-1, table 1) for one week, 
as contrasted with those fed coconut oil 
(CN-4) for 4 weeks.

All rats were killed 15 to 18 hours after 
removal of food cups from the cages. Liver 
and plasma lipid extracts were prepared, 
fractionated on silicic acid columns, and 
analyzed by methods described in previous 
papers (Lis et al., ’61; Lis and Okey, ’61; 
and Okey et al., ’61 ).2

RESULTS

Changes in body and liver weights and 
in liver and plasma lipids are summarized 
in table 1. Comparisons should be made 
between animals of the same ages. Choles­
terol ester levels of both liver and plasma 
differed with sex. Males fed the CN diet 
had plasma levels of cholesterol ester 
which averaged approximately 10 mg per 
100 ml higher than those of the males 
fed the Saff diet. This was not true of 
females. Indeed, a large proportion of the 
females that continued to receive the Saff 
diet for 9 weeks had very high (mean 129 
±  26 mg per 100 ml) plasma cholesterol 
ester values. Both males and females of

Received for publication October 30, 1961.
1 Supported in part by U.S.P.H.S. Grant H-2152.
2 When the size of the fraction permitted, determi­

nations of cholesterol, of total fatty acid, and of lipid 
phosphorus were made in addition to the gas liquid 
chromatography of the methylated fatty acids. Data 
were used to compute percentages of the individual 
fatty acids to “ absolute” values, i.e., milligrams per 
gram of tissue. An internal standard (a saturated 
C17 fatty acid) was used for the same purpose for 
some of the later analyses (Tinoco et al., unpublished 
data). See footnote on chromatographic measure­
ments in previous paper (Ostwald et al., ’62).
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the CN-Saff groups had higher liver cho­
lesterol ester values than those for the 
groups continuing to receive coconut oil. 
Females, however, tended to have lower 
liver cholesterol ester values than males 
of the same age and diet groups. Sex 
differences in percentage of liver esters 
were statistically significant for the follow­
ing groups only: CN 6 weeks and CN-Saff
3-3 weeks (P  < 0.02); CN 12 weeks and 
CN-Saff 3-9 weeks (P < 0.05). The livers 
of females were not as large as those of 
males; hence the total amounts of choles­
terol ester were much smaller.

In general, variations in total cholesterol 
values for both liver and plasma were ac­
counted for by variations in the esterified 
fraction. There was, however, a tendency 
toward slightly higher values for “free” 
cholesterol in the plasma of the CN-fed 
than in the plasma of the Saff-fed rats.

Glyceride fatty acids of liver, in males 
only, showed a transient increase following 
return to the CN diet after safflower oil 
feeding. Otherwise, liver glyceride fatty 
acid values for the CN-Saff rats tended to 
be higher than for the CN and CN-Saff-CN 
groups. Samples were too small to permit 
determination of total glyceride fatty acids 
in most of the plasma extracts.

Phospholipid phosphorus values for liver 
extracts varied within rather narrow 
ranges (table 1). For reasons given later, 
the total phospholipid values for plasma 
are not reported.

F a tty  acid  m o ie tie s  o f  th e  p la sm a  and  
liver  lipids. Esterified cholesterol ac­
counted for about four-fifths of the total 
plasma cholesterol in the rats that had 
values within normal ranges, and for a 
much higher percentage in the CN-Saff 
3-9 week females with the very high 
plasma cholesterol values. With choles­
terol in the diet, at least nine-tenths of the 
liver cholesterol was esterified. Changes 
in the ester fatty acids in relation to con­
centration of cholesterol in liver and 
plasma are, therefore, interesting in rela­
tion to possible function in transport and 
storage of cholesterol.

A ra ch id on ic  a cid  (fig. 1) made up a sub­
stantial percentage of the ester fatty acid 
in plasma, a smaller one in liver in all 
rats. In neither was the percentage as

high as that observed in rats fed no cho­
lesterol (Okey et al., ’61). Females tended 
to have higher plasma arachidonic acid 
values than males when fed the coconut 
oil diet, and responded to the return to 
coconut oil after safflower feeding with a 
larger and longer sustained increase in 
plasma arachidonic acid. Percentages of 
plasma ester arachidonic acid were main­
tained and amounts increased in the ani­
mals that responded to continued feeding 
of safflower oil with high plasma choles­
terol values. Percentages of ester arachi­
donic acid in the livers of both sexes were 
so small as to make for considerable ana­
lytical error. Liver storage of arachidonic 
acid was usually increased in males at the 
time that females responded to the change 
from safflower oil to coconut oil by an in­
crease in proportion and amount of plasma 
ester arachidonic acid.

L in o le ic  acid  (fig. 1) of plasma choles­
terol ester, expressed as weight percentage 
of the ester fatty acid, was two to three 
times as high one week after change to 
safflower oil as it was in the controls con­
tinuing to be fed coconut oil. Percentages 
and amounts of linoleic acid in plasma 
cholesterol ester continued to increase in 
females continuing to be fed safflower oil. 
In males the increase (expressed as mg 
per 100 ml) was less marked because of 
the lower cholesterol ester values for the 
animals fed safflower oil. The decrease 
in ester linoleic acid following return to 
coconut oil was less abrupt in males than 
in females. Linoleic acid of liver choles­
terol ester reflected changes in diet even 
more quickly than did that of plasma ester 
(fig. 2). P ercen ta g es  of ester linoleic acid 
in livers of rats returned to the coconut oil 
diet after safflower oil feeding did not quite 
reach those of control levels in 6 weeks. 
A m o u n ts  more nearly approached control 
level because of the decrease in total 
amount of cholesterol ester following re­
turn to the CN diet. In males only, there 
were some indications that linoleic acid 
was being selectively retained in the liver 
during the first week after withdrawal of 
the safflower oil diet.

Percentages of e s te r  m o n o e n o ic  acid  
(figs. 1, 2) tended to increase in plasma 
and liver as the percentages of more highly



3 5 6  RU TH  OKEY, R O SEM ARIE O ST W A L D , ANGELA SHANNON AND JOAN TINOCO

Weeks on diet Weeks on diet
Fig. 1 Fatty acids of plasma cholesterol esters. “Weight percentages” represent the corrected chro­

matographic data (footnote 3) for the specified fatty acids expressed as percentages of the total 
fatty acid in the cholesterol ester fraction separated by the silicic acid column. The “mg per 
100 ml” shown in the right hand columns were computed by applying these percentages to the 
total cholesterol ester fatty acid figures obtained by chemical analysis. All animals were fed the 
coconut oil diet for the first three weeks after weaning. First autopsies took place one week there­
after. The CN-Saff data represent the means for rats fed the coconut oil diet for three weeks, and 
the safflower oil diet thereafter; the CN-Saff-CN data represent means for rats fed the coconut oil 
diet for three weeks, then the safflower oil diet for three weeks, and the coconut oil diet there­
after. Standard errors of means are shown by vertical lines when they exceed the size of the diet 
symbols.

unsaturated acids decreased. Amounts of 
monoenoic acid were high in the plasma 
of female rats with high cholesterol values. 
In the livers of males transferred from saf­
flower to coconut oil there was a transient, 
but very large, increase in the amount of

ester monoenoic acid, which reflected an 
increase in liver weight rather than an in­
crease in percentage of oleic and palmito- 
leic acids.

S atu rated  acid s o f  c h o le s te ro l e s te r  
showed the same general trends of varia-
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Fig. 2 Fatty acids of liver cholesterol esters. Data are arranged as in figure 1.

tion with diet as did the monoenoic. Dif­
ferences were due primarily to changes in 
palmitic and stearic acid. There was never 
more than 1% of myristic or lauric acid 
in plasma ester fatty acid, or about 5% 
in the liver ester fatty acid.

Triglyceride fatty acids (figs. 3, 4). 
Concentration of total triglyceride fatty 
acids was higher in the livers of male rats 
than in those of female rats of all groups. 
Because of the small size of the plasma 
samples obtainable from the 4- and 6-week 
groups, the entire samples were used for 
gas liquid chromatography, and accurate 
data for total plasma triglyceride fatty 
acids were not obtained. Variations in the 
proportions of the different triglyceride 
fatty acids were rapid during the early 
period following a change in the compo­
sition of the dietary fat, and became in­
creasingly slower thereafter. Proportions 
of arachidonic acid in liver and plasma 
triglycerides were higher than the trace

amounts observed in adipose tissue. In 
males, the highest values were observed 
in animals fed safflower oil (7 to 15% in 
plasma triglycerides and 2 to 4% in liver 
triglyceride). In females the highest val­
ues were observed three weeks after return 
to the coconut oil diet, following the feed­
ing of safflower oil (12% for plasma and 
8% for liver). Although determination of 
small proportions of the acid by gas liquid 
chromatography is not accurate enough to 
justify statistical analysis, the data at least 
suggest differences in function between 
adipose tissue and liver triglycerides.

Liver triglyceride linoleic acid variations 
with diet closely resembled those observed 
in linoleic acid of cholesterol ester. Pro­
portions of lauric and myristic acids 
reached 5% of the plasma triglyceride 
fatty acid and 9% of the liver triglyceride 
fatty acid of the rats fed coconut oil. 
These percentages were, however, never 
more than a third as high as in the adipose
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Fig. 3 Fatty acids of plasma triglycerides. Samples were too small to permit chemical analyses 

of the total triglyceride fatty acids; therefore only the chromatographic data are given.

tissues of the same rats. The effect of 
feeding coconut oil was still evident three 
weeks after the change to the safflower 
oil diet. The transient increases in the 
total amounts of liver triglyceride fatty 
acid (fig. 4) shown when male rats were 
transferred back to coconut oil after saf­
flower oil were largely accounted for as 
monoenoic and saturated acid.

Fatty acids of fraction III (mono- and 
diglycerides, free fatty acids). This frac­
tion was very small, proportionately, both 
in plasma and in liver. Absolute amounts 
were not determined in plasma. In liver, 
the fatty acids of this fraction constituted 
about 1 to 2 mg per gm wet weight of the 
liver. Distribution of the fatty acids follow­

ing changes in dietary fat showed much 
the same pattern as in the triglyceride 
fraction. Saturated acids, including my- 
ristic and stearic, were present in some­
what greater proportion than in the tri­
glyceride fraction, and oleic and linoleic 
acids were in smaller proportions. Arach- 
idonic acid also was present in slightly 
higher percentages than in the triglyc­
erides.

Phospholipid fatty acids (table 2). 
Changes in the liver and plasma phos­
pholipids differed markedly from those of 
the other lipid fractions. This might pos­
sibly have been expected from the differ­
ences in the proportions of certain fatty 
acids in all phospholipids. Although the
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Fig. 4 Fatty acids of liver triglycerides. Data are arranged as in figure 1.

alcohol-ether-soluble phosphorus of liver 
was 95% soluble in petroleum ether, solu­
bility of the plasma extracts varied greatly. 
The insoluble fraction was largest in the 
plasma extracts of rats fed safflower oil. 
Fatty acids of this insoluble fraction were 
largely saturated and monoenoic. Evidence 
indicated that the proportion of petroleum 
ether-insoluble phospholipid might vary 
with small changes in the opportunity for 
oxidation of polyunsaturated fatty acids 
which might occur inadvertently during 
extraction and transfer of the lipid ex­

tracts, thus making these data of doubtful 
significance. Plasma phospholipid fatty 
acids are therefore reported for the petro­
leum ether-soluble fraction only. Data for 
liver, in contrast, represent nearly all the 
phospholipid originally extracted.

Phospholipid of liver was present in the 
largest amounts in the animals killed 
9 weeks after weaning, namely, when 
values for triglyceride and cholesterol ester 
tended to decrease (Okey and Lyman, 
’56). Proportions of arachidonic acid were 
about 10% higher in the liver phospho-
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lipids than in the plasma phospholipids 
of males; differences were smaller for fe­
males, other than the 12-week CN con­
trols. (Ranges: 21 to 31% for plasma, 
and 34 to 38% for livers of males; 30 to 
36 % for plasma and 35 to 41% for livers 
of females.)

Thirty-five to 50% of the phospholipid 
fatty acid was saturated, both in plasma 
and in liver. The older animals showed 
a sex difference in the chain length of the 
saturated acids; stearic was present in the 
larger proportion in the phospholipids of 
females, and palmitic in males. For liver 
phospholipids, some of the differences in 
stearic were great enough to be signifi­
cant: CN diet, 9 weeks (P C 0 .0 1 ) ; CN- 
Saff-CN 3-3 -1  weeks and CN-Saff-CN 
3 -3 -6  weeks (P <  0.02). Differences in 
proportions of plasma phospholipid fatty 
acids were smaller, but variations were in 
the same direction. It is possible that these 
differences indicate different proportions 
of individual phospholipids. Marcus et al. 
('61) recently reported higher percentages 
of stearic and arachidonic acids in the 
phosphatidyl serine and ethanolamine 
fractions of human platelets, together with 
higher palmitic and oleic values for the 
lecithin and sphingomyelin fractions. Getz 
et al. ( ’61) showed similar observations 
for rat livers.

Phospholipid linoleic acid percentages 
were increased and those of oleic acid 
decreased by feeding of safflower oil, but 
both changes were smaller than those for 
the other lipid fractions, in liver as well 
as in plasma. Apart from these changes 
in proportions of linoleic and oleic acids 
with diet, it seems quite probable that the 
other changes noted for phospholipid fatty 
acids may be attributed to the effects of 
age, sex, and rate of growth of the experi­
mental animals.

DISCUSSION

The outstanding difference between 
plasma and adipose tissue lipids was that, 
whereas the latter consisted chiefly of tri­
glyceride and free fatty acid, a high pro­
portion of the plasma lipid was made up 
of cholesterol ester and phospholipid. Al­
though the high proportions of cholesterol 
ester in the livers were to be attributed to

cholesterol feeding (Okey et al., ’61), the 
extent to which the feeding of linoleate 
increased liver cholesterol ester levels was 
worthy of note. Liver phospholipid was 
maintained within a range of 3.5 to 4.4% 
regardless of diet, but there was some 
indication that the higher percentages of 
liver phospholipid were to be expected at 
the times when liver cholesterol ester per­
centages were decreasing. This was true 
whether the drop in cholesterol ester was 
to be attributed to age of the animal or to 
change in diet.

The proportions of unsaturated fatty 
acid in the phospholipid and cholesterol 
ester of liver and plasma were high, and 
seemed to be altered somewhat less readily 
by changes in the composition of the die­
tary fat than was the case with adipose 
tissue triglycerides. Moreover, there was 
less tendency for the “unusual” short-chain 
fatty acids, such as lauric and myristic. 
to accumulate in plasma and liver lipids 
than in adipose tissue, even when the 
amounts of these acids supplied by the 
diet were as great as for the coconut oil- 
fed rats. This observation may be taken 
to indicate that liver lipid represents a 
selected store of constituents, ready for 
circulation in plasma. That the liver may 
also serve to remove excess cholesterol 
from the bloodstream is indicated by the 
large increases in liver cholesterol ester 
incidental to cholesterol feeding. This ef­
fect was found to be augmented by feeding 
linoleate and was concomitant with in­
creases in the linoleic acid content of the 
liver lipids as well as with the accumula­
tion of linoleate in adipose tissue.

The sex differences in accumulation of 
cholesterol and other lipids in liver might 
be linked with the greater capacity for 
liver enlargement manifested by the cho­
lesterol-fed male. However, the possibility 
that the high plasma cholesterol values of 
the female Saff-fed rats was due to a 
direct effect of ovarian hormones was sug­
gested by a previous experiment in which 
estradiol dosage had resulted in increases 
in the circulating cholesterol of male cas­
trate rats (Okey and Lyman, ’56).

Sex differences in the distribution of 
fatty acids in liver and plasma lipids were 
observed in the present experiment. Mean
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percentages of stearic acid were greater in 
the plasma cholesterol ester of the female 
rats, whereas palmitic acid percentages 
were greater in the ester of males. Phos­
pholipid fatty acids likewise varied with 
sex of the rats as noted earlier.

A sex difference in the facility with 
which arachidonic acid was synthesized 
from linoleic acid was also suggested by 
the data. Males maintained stationary or 
only slightly increased proportions of 
plasma ester arachidonic acid with pro­
longed feeding of safflower oil. At the 
same time, their plasma cholesterol levels 
were not elevated. But females responded 
to prolonged feeding of safflower oil with 
decreased proportions of plasma ester 
arachidonic acid, although with such high 
levels of plasma cholesterol ester that the 
actual amount of ester arachidonic acid 
was increased (fig. 2 ). The immediate 
response of the female rats transferred 
back from the safflower to the coconut oil 
diet was a very sharp rise both in propor­
tion and amount of plasma ester arachid­
onic acid. This coincided in time with 
sexual maturity, with a decrease in liver 
cholesterol and triglyceride, and with a 
decrease in the proportion of linoleic acid 
in the adipose tissue stores which was 
considerably steeper in females than in 
males.

The data as a whole suggest that, when 
the supply of dietary linoleic acid is lim­
ited, the female rat has a greater facility 
for maintenance of plasma ester arachid­
onic acid supply than the male. But, under 
the double stress imposed by a diet high 
in cholesterol and rich in a fat that facili­
tated cholesterol absorption, dietary lin- 
oleate failed to prevent an increase in 
plasma cholesterol in females as it did 
in males.

Numerous tests were tried for correla­
tion between times of change in the com­
position of the dietary fat and changes 
in the fatty acid constituents of plasma, 
liver, and adipose tissue. None of them 
gave entirely satisfactory results, but the 
following deserve mention.

Tove’s postulation (Tove and Smith, 
’59), that when linoleic acid intake is cut 
off its content in tissue decreases rapidly 
until a critical level is reached, after which

it is conserved, was tested. It was found 
to be more nearly in agreement with our 
data for adipose tissue than with those 
for liver and plasma lipids. One reason, 
apparently, was the sharp rise in plasma 
arachidonic acid of females during the 
first week following the change from the 
Saff to the CN diet. If, instead of sub­
tracting the percentages of linoleic acid 
from the total cholesterol ester fatty acids, 
we subtracted percentages of arachidonic 
acid and then carried through Tove’s plot­
ting of plasma cholesterol ester linoleic 
acid against the total minus arachidonic, 
the distribution of the resulting data in­
dicated some positive correlation between 
percentage of linoleic acid and of the 
total minus arachidonic acid for the males 
of the CN-Saff-CN 3 -3 -6  and the CN-Saff 
3-9  week groups. Data for females of 
the same groups suggested negative cor­
relations between changes in arachidonic 
acid and relative percentages of linoleic 
acid. Scatter of the data for the remain­
ing groups made calculation of regression 
slopes of doubtful significance. Means for 
each of the groups were, however, treated 
individually and slopes of regression lines 
were calculated as noted above. Values 
were + 0 .7 5  for males and — 0.97 for 
females. Although it is doubtful whether 
such a test constitutes valid evidence of 
differences in the kinetics of fatty acid 
metabolism, results suggest that rats have 
a characteristic sex difference in the use 
of linoleic and arachidonic acids for the 
esterification of plasma cholesterol.

Differences occurred in the time pattern 
of change of composition and amounts of 
the lipids other than cholesterol ester. The 
large but transient increase in liver tri­
glycerides of males, after their removal 
from the safflower oil diet, took place 
when the total liver triglyceride concentra­
tion in the livers of females was decreas­
ing. The concomitant decrease in the lin­
oleic acid of liver triglyceride was steeper 
in males than in females, as was the 
decrease in adipose tissue linoleate. Even 
in the triglyceride fraction, however, the 
changes in fatty acid composition follow­
ing changes in dietary fat tended to be 
slower in liver than in adipose tissue.
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If unesterified fatty acids of liver and 
plasma can be taken to represent those 
in transit or in the process of being sup­
plied to tissue, the lower proportions of 
oleic and linoleic acids, and the higher 
percentages of saturated and arachidonic 
acids in fraction III, as compared with the 
triglyceride fractions of the same tissue 
samples, may be of metabolic importance. 
The small size of the fraction containing 
the free fatty acid unfortunately makes 
accurate analysis difficult. The differences 
described were observed consistently, and 
are in agreement with the evidence that 
the rat tissues use arachidonic acid in 
preference to linoleic.

The maintenance of a relatively high 
proportion of arachidonic acid in the phos­
pholipid fractions, as well as the fact that 
this proportion was higher in liver than 
in plasma, suggests that these compounds 
represent important sources of essential 
fatty acids, and that phospholipids may 
even be the functional compounds of these 
acids.

That the low percentages of lauric and 
myristic acids in the liver and plasma 
lipids may reflect a specific effect of short- 
chain fatty acids is possible. Rats fed 
coconut oil had comparatively low liver 
cholesterol concentrations and rather high 
adipose tissue reserves of lauric and myr­
istic acids. Fluck and Pritham ( ’61) re­
cently reported inhibition of cholesterol 
synthesis by liver slices when saturated 
fatty acids of chain lengths under 16 car­
bons were added to the reacting medium. 
But rats fed cholesterol, such as those in 
the present experiment, might be expected 
to derive a large percentage of their liver 
and plasma cholesterol from their diets.

Changes in the plasma and tissue lipids 
in response to changes in the composition 
of the dietary fat apparently follow dif­
ferent patterns in different species of ani­
mals. A recent report by Dhopeshwarkar 
and Mead ( ’61) gives tissue data for 
guinea pigs of one age group. Wissler 
et al.3 made a preliminary report of an 
extensive study with Cebus monkeys, and 
Dam and Engle ( ’58) reported isomeriza­
tion data for liver and adipose tissue fatty 
acids of female rats given fat-free rations 
with supplements of varying amounts of

peanut oil. Both guinea pigs and monkeys 
incorporated lauric and myristic acids into 
cholesterol ester to a greater extent than 
did our rats. Neither species had the 
high percentages of cholesterol ester arach­
idonic acid characteristic of the rat, 
regardless of diet. The latter may be 
important, metabolically, because of the 
postulation of Swell et al. ( ’60) to the 
effect that the arachidonic acid content 
of cholesterol ester may be taken as an 
index of the resistance of a given animal 
to the development of atherosclerosis. The 
data in the present paper suggest that, 
in the rat at least, the liver has a selective 
function in the maintenance of a supply 
of essential fatty acid. Although the male 
rat evidently uses linoleic acid readily in 
the esterification of liver and plasma cho­
lesterol, the female tends to retain higher 
levels of ester arachidonic acid when the 
supply of dietary linoleic acid is limited. 
The female also is more likely to have 
high plasma cholesterol values when ex­
cess linoleic acid is fed with cholesterol.

SUMMARY

Liver and plasma data were reported 
for young rats at intervals following 
change from a diet containing 10% of a 
largely saturated fat (coconut oil) to one 
containing the same amount of a linole- 
ate-rich oil (safflower oil) and return to 
the saturated fat. Diets were semisyn­
thetic, adequate to support normal growth, 
and identical except for the kind of fat. 
All contained I % of cholesterol. The lipid 
extracts from liver and plasma were frac­
tionated on silicic acid columns, and the 
methylated fatty acids of each fraction 
were analyzed by gas liquid chromatog­
raphy. Fatty acid composition of mesen­
teric, subcutaneous and interscapular fat 
of the same animals are reported in the 
preceding paper.

In contrast to adipose tissues, which 
contained largely triglycerides, the liver 
and plasma lipids of all groups contained 
relatively large proportions of cholesterol 
esters and phospholipids, and appreciable 
amounts of the fraction containing mono-

3 W i s s l e r ,  R .  W . ,  R .  H .  H u g h e s ,  L .  E .  F r a z i e r  a n d  
R .  A .  R a s m u s s e n  1 9 6 1  S e r u m  l i p i d s  a n d  f a t t y  
a o r t i c  i n t i m a l  l e s i o n s  i n  Cebus m o n k e y s .  F e d e r a t i o n  
P r o c . ,  20: 9 4  ( a b s t r a c t ) .
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and diglycerides and free fatty acids as 
well as free cholesterol.

The lipids of liver and plasma contained 
little lauric or myristic acid, regardless of 
diet, whereas the adipose tissue of the 
animals fed coconut oil sometimes con­
tained as much as 30% of lauric and 
myristic acids. But there was always con­
siderable arachidonic acid in liver and 
plasma lipids and little or none in adipose 
tissue.

Although the linoleic acid content of 
liver and plasma lipids was increased by 
feeding safflower oil and decreased by feed­
ing coconut oil, there seemed to be some 
tendency toward retention of linoleic acid 
in liver lipids, following change of the 
rats back to the coconut oil diet. If phos­
pholipid fatty acids were included, how­
ever, the variations of the liver lipid fatty 
acids with diet stayed within narrower 
ranges than those of the adipose tissue.

Characteristic sex differences were ob­
served both in the concentration of the 
different liver and plasma lipids, and in 
their fatty acid patterns. Plasma choles­
terol levels for males fed coconut oil aver­
aged about 10 mg per 100 ml higher than 
those for males fed safflower oil. Females 
did not show this difference. For the 
females fed safflower oil for 9 weeks, the 
plasma cholesterol values of most doubled 
during the period of safflower oil feeding. 
Females fed coconut oil had higher cho­
lesterol ester arachidonic acid values than 
males. Also, when females were changed 
back from the safflower oil diet to coconut 
oil, they responded with greater increases 
in percentages of plasma ester arachid- 
onate than the males. But the males fed 
safflower oil showed more liver enlarge­
ment and more liver storage of both cho­
lesterol ester and linoleic acid. In neither 
sex did the proportion of linoleic acid in 
the glyceride fraction of liver and plasma 
return to its original level within 6 weeks 
after return to the coconut oil diet follow­
ing three weeks of safflower feeding.
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Actuarial studies have uniformly shown 
that obesity is associated with shortened 
life expectancy and increased incidence 
of cardiovascular and renal disease, par­
ticularly when comparisons are made 
between overweight and underweight popu­
lations (Gubner, ’57). Controlled under­
feeding of nutritionally adequate diets to 
rats has been shown to increase life span 
and decrease the incidence of several 
chronic diseases (McCay et al., ’43; Berg 
and Simms, ’60, ’61). But some investiga­
tors (Rodbard et al., ’51; Goldner et al., 
’54) have reported an enhancement of 
atherosclerosis when cholesterol feeding 
and undernutrition were combined. In a 
careful study of the role of undemutrition 
upon cholesterol-induced atherosclerosis in 
rabbits, McMillan et al. ( ’54) observed 
that food restriction favored hypercholes­
terolemia but did not change the incidence 
of aortic atherosclerosis.

The experiment reported here was per­
formed to determine the effects of under­
feeding a human diet on common param­
eters of lipid metabolism and vascular 
pathology of swine. This species was 
selected because obesity develops early in 
life; vascular lesions occur spontaneously 
(Gottlieb and Lalich, ’54); and blood lipo­
protein components are said to closely re­
semble those of man (Havel et al., ’55) 
and to vary depending upon relative body 
leanness (Lewis and Page, ’56).

MATERIALS AND METHODS

Ten “miniature,” vasectomized, male 
swine were purchased from the Hormel 
Institute at 12 weeks of age. Upon receipt, 
the animals were fed a normal pig-grow­
ing ration for a two-week standardization 
period, during which initial blood samples 
were obtained. Two groups were then 
designated on the basis of body weight,

serum lipid characteristics, and hemato­
logic findings.

One group was permitted to eat ad 
libitum during the next 44 weeks of study. 
The second group was restricted in food 
intake to limit body weight gain to 50% 
of that of paired ad libitum-fed pigs. The 
basal diet for both groups was a blended 
military combat ration. This C ration dif­
fers from a typical American diet in that 
it is lower in dairy products and eggs and 
that all foods are processed. Salt content is 
rather high, 2.56% of dry solids (see table 
1). The protein quality of the ration is ap­
proximately equal to casein. Methionine, 
at 0.37% of dry solids (plus 0.11% of cys­
tine), constitutes the only limiting amino 
acid. To this basal ration were added 
sufficient calcium phosphate and vitamin 
D (10 IU per 100 gm) to permit adequate 
bone growth in young animals. The diet 
of the restricted group was fortified with 
the full complement of B vitamins in ex­
cess of requirement and with 2% of corn 
oil, in order to double the linoleic acid 
content of the diet. To maintain equiva­
lent caloric distribution, 2% of hydro­
genated vegetable fat6 was added to the 
diet fed ad libitum. Thus, the diets pro­
vided 236 Cal. per 100 gm, 40% of which * 1 2 3 4 5 6
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TABLE 1
Composition of ration, individual, combat 

diet as fed

Moisture
gm/100 gm 

52.30
Protein 8.37
Crude fat 10.641
Ash 1.99
Carbohydrate (by difference) 26.70
Sodium chloride 1.22
Calcium 0.382
Phosphorus 0.282
Potassium 0.36
Magnesium 0.039

Iron
m g/100 gm 

2.2
Zinc 0.6

1 Of this fat, 8.64 gm was derived from  the basal 
diet o f C ration; the remainder was added fat as noted 
in  the text.

2 W ith added calcium  phosphate. The unsupple­
mented diet contained 0.058% of calcium  and 0.12% 
of phosphorus.

were derived from fat, 14% from protein, 
and 46% from carbohydrate.

For the first 24 weeks, the swine were 
housed in dog metabolism cages in a con­
trolled environment (2 6 °± 2 °C ). At this 
time the dimensions of the group fed ad 
libitum approximately equaled those of 
the cages. The animals were moved to an 
unheated basement, individually penned, 
and bedded on 2 to 3 inches of wood 
shavings over concrete. Temperature 
fluctuated between 10° and 20°C, and 
strict control of rate of gain became dif­
ficult.

The animals were weighed weekly and 
thickness of back fat was measured inter­
mittently by a lean meter (Andrews and 
Whaley, ’54).7 Fasting blood samples (30 
ml) were taken from the anterior vena 
cava at 2- or 4-week intervals throughout 
the test. Serum lipid components and elec­
trophoretic patterns were determined on 
all samples. Total serum cholesterol was 
measured by the classical Liebermann- 
Burchard reaction, as modified by Sperry 
and Webb ( ’50). Serum lipid phospho­
rus was determined, with p-semidine hy­
drochloride as the color reagent (Dryer et 
al., ’57). For the determination of lipopro­
tein lipid, electrophoresis was performed 
with a hanging strip paper electrophoretic 
apparatus. After a 16-hour migration 
period with pH 8.6 veronal buffer, of ionic 
strength 0.05, the paper was dried and

stained with oil red O. Density measur- 
ments were made and lipid content was 
estimated by comparison to a standard 
lipid run simultaneously and treated in 
an identical manner as serum. Serum 
protein electrophoresis was performed in 
the same way, with bromphenol blue as 
the dye.

Other determinations designed to evalu­
ate nutritional status and functional in­
tegrity of important organ systems were 
made from time to time. These included 
hematocrit, hemoglobin, and blood-formed 
elements (conventional clinical methods); 
serum total protein (Cohn and Wolfson, 
’48) and nonprotein nitrogen (Koch and 
McMeekin, ’24); activities of serum gluta- 
mic-oxalacetic and glutamic-pyruvic trans­
aminases8 and of alkaline and acid phos­
phatases;9 * serum bilirubin (Malloy and 
Evelyn, ’37); protein-bound iodine (Thomp­
son et al., ’56); blood sugar (Nelson, ’44) 
and ketones (Greenberg and Lester, ’44).

After terminal blood samples were 
drawn, the swine were anaesthetized with 
sodium pentobarbital and exsanguinated. 
At necropsy, tissues were removed for 
histopathologic examination by Drs. Paul
B. Szanto and Leo Williams of the Hektoen 
Institute for Medical Research. Quick- 
frozen samples of liver and adrenal tissues 
were reserved for measurement of hepatic 
glucose-6-phosphatase activity (Swanson, 
’55) and activity of adenosine triphospha­
tase (DuBois and Potter, ’43) and 5'-nu- 
cleotidase (Cochran et al., ’51).

RESULTS

As indicated in figure 1, very little gain 
was achieved in the restricted group from 
the thirtieth week to the end of the test but 
the goal of half-gain was reasonably well 
met. The back-fat layer of the group fed 
ad libitum was 1.3 in. at 6 months and 
rose to a terminal average of 1.9 in. The 
final range was 1.10 to 2.82 in. The re-

7 Andrews, F. N „  and R. M. W haley 1954 A 
method for the measurement o f subcutaneous fat and 
muscular tissues in the live animal. Presented at the 
Annual Meeting o f the American Society o f Anim al 
Production, Chicago.

8 Sigma Chemical Company 1958 A simplified 
method for the clinical determination o f serum glu- 
tamic-oxalacetic transaminase and serum glutamic- 
pyruvic transaminase. Tech. bull. no. 505.

9 Sigma Chemical Company 1958a Determination 
o f serum acid and alkaline phosphatase and “ pro-
static”  acid phosphatase using Sigma 104 phosphatase 
substrate. Tech. bull. no. 104.
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Fig. 1 Growth of swine fed C ration ad libitum or restricted to allow 50% gain (shaded 

area) numbers indicate back-fat thickness.

stricted group varied from 0.25 to 0.42 in. 
in back-fat, averaging 0.3 in. (see table 2).

Variations in body type were noticeable 
among the group fed ad libitum. One ani­
mal (no. 14) was of placid disposition and 
tended to gain weight more efficiently than 
the others. A second pig (no. 16), al­
though weighing very nearly the same 
amount (120 and 116 kg, respectively), 
had only half the thickness of back-fat. 
Pig no. 12 was the leanest of the group

fed ad libitum and was an apprehensive 
type that reacted to routine blood sam­
pling by a marked drop in caloric efficiency 
for a few days.

The caloric intake of the two groups is 
shown in figure 2. Food consumption of 
the group fed ad libitum increased steadily 
from 2,400 to 8,000 Cal. daily during the 
first 20 weeks of study and remained es­
sentially constant thereafter. The re­
stricted group was fed one-fourth to one-

TABLE 2
B o d y  w e i g h t ,  f a t  t h i c k n e s s ,  a n d  s e r u m  c h o l e s t e r o l

Pig
no.

Litter
no.

Body weight Back-fat thickness
Serum
total

choles­
terol

44-week
average

Initial 6
months

10
months

6
months

10
months

kg kg kg inches inches mg/100 ml
Ad libitum  group

i l 519 9.2 72.6 106.2 1.79 2.28 88
12 523 10.9 62.2 82.9 0.75 1.10 105
14 523 11.8 76.5 120.2 1.72 2.82 90
15 516 13.3 72.8 98.5 1.05 1.80 123
16 514 16.4 83.6 116.4 1.38 1.45 103

Restricted group
21 515 9.3 40.6 56.3 0.58 0.25 133
22 519 11.4 37.6 46.7 0.35 0.25 113
24 522 12.8 44.6 52.2 0.55 0.42 97
25 516 13.5 45.6 53.4 0.55 0.38 115
26 517 14.3 49.4 53.4 0.55 0.30 121
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12000-

WEEKS

Fig. 2 Mean daily caloric intake of swine fed C ration ad libitum or restricted to allow 
50% weight gain. Upper solid line indicates ad libitum intake; shaded area 50% caloric 
intake; lower solid line, intake of restricted group.

third as much; their caloric intake was a 
little less than half that of the ad libitum 
animals, on a body weight basis. During 
the first 36 weeks, the percentage weight 
gain of the restricted group was about 
65% of that of the ad libitum group and 
was achieved with 45% of their caloric 
intake.

The change in serum total cholesterol 
during the experimental period is illus­
trated in figure 3. An immediate eleva­
tion from the pre-experiment level was 
observed in both groups of animals, the 
restricted animals showing a greater in­
crease. During the early phases of the ex­
perimental period, the level remained 
elevated. At the eighth week, serum cho­
lesterol content of the ad libitum animals 
had returned to initial values and re­
mained at this level for the remainder of 
the experiment. But serum cholesterol in 
the restricted animals remained slightly 
elevated throughout most of the experi­
mental period, returning to initial values 
by the end of the thirtieth week. From 
the thirtieth week until the end of the 
experiment, there was no indication of 
any difference between the two groups. 
No correlation between serum cholesterol

and body weight or fat thickness within 
groups was found (see table 2).

A similar pattern was seen when the 
serum phospholipid was examined (see 
fig. 3). An immediate marked increase 
was obtained in all animals, with a peak 
reached by the fourth week. In the ad 
libitum animals, phospholipid levels re­
turned to initial value 8 weeks after the 
start of the experiment and remained be­
low that level from the twelfth week on­
ward. With the restricted animals, a more 
gradual decrease from the peak value was 
observed. By the twenty-fourth week, 
phospholipid content had returned to the 
initial values and remained in this range 
for the rest of the experiment. The re­
stricted animals showed consistently 
higher serum phospholipid content when 
compared with their ad libitum-fed pair 
mates.

Cholesterol/phospholipid (C /P ) ratios 
were calculated as another possible indi­
cation of lipid metabolic derangement. As 
noted in figure 3, an initial decrease in 
both groups was observed with values re­
turning to pre-experimental levels by the 
twelfth week. The ratios of ad libitum ani­
mals showed an additional increase be-
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Fig. 3 Serum total cholesterol and phospho­
lipid content and the ratios of these in swine fed 
ad libitum or restricted to allow 50% weight 
gain.

yond the twelfth week and remained 
higher than the restricted animals for the 
remainder of the experimental period.

In table 3 are shown the results of elec­
trophoretic separations of lipoprotein 
components. Three distinct peaks were ob­
tained by electrophoresis under the condi­
tions employed. A nonmigrating staining 
area was usually distinct from the a-lipo- 
protein peak. These nonmigrating lipids 
were termed “origin” as listed in the table. 
Total lipoprotein lipid showed, as with 
cholesterol and phospholipid, an increase 
in both groups with a peak reached on the 
fourth week. Thereafter, a general de­
crease was noted with a return to initial 
values near termination of the experi­
ment. On both the thirty-ninth and forty- 
fourth week of experimentation, the lipo­
protein lipid content of the sera of the 
restricted animals was below the initial 
values. The [3-lipoprotein levels remained 
relatively constant, with the restricted 
group showing a greater decrease after 
the twenty-fourth week. The most marked 
differences were in the a-(high density) 
lipoproteins. Concerning this component, 
the restricted animals showed a higher 
content throughout most of the experi­
mental period than the animals fed ad 
libitum. This also accounts for the higher 
a/g lipoprotein ratios in the restricted ani­
mals. The nonmigrating lipids appeared 
to be higher in the ad libitum-fed animals.

Serum protein electrophoresis and anal­
ysis of albumin and globulin components 
showed no differences between experi­
mental groups (table 4). Both serum 
total protein and nonprotein nitrogen levels

TABLE 3
Serum  lipoproteins

Time
Ad libitum A lpha/

beta
ratio

Restricted
Lipoprotein A lph a/

beta
ratioAlpha

Lipoprotein 
Beta Origin Total Alpha Beta Origin Total

mg/ mg/ mg/ mg/ mg/ mg/
weeks 100 ml 100 m l 100 ml 100 ml 100 m l 100 ml 100 ml 100 ml

0 99 191 46 336 0 .5 2 118 209 56 383 0.56
2 159 187 100 446 0 .8 5 158 168 93 419 0.94
4 272 271 162 705 1.00 409 252 83 744 1.62
8 236 216 95 547 1 .09 251 136 59 446 1.85

16 249 216 71 536 1 .15 343 255 71 669 1.35
24 142 169 85 396 0 .84 236 143 62 441 1.65
29 150 159 71 380 0 .9 4 284 155 39 478 1.83
35 131 128 68 327 1 .0 2 244 112 57 413 2.18
39 134 150 35 319 0 .8 9 160 66 15 231 2.42
44 134 137 75 346 0 .9 8 169 83 45 297 2.04



370 DORIS H OW ES C A L L O W A Y , R U SSE L L  H IL F  AND A. H. M U N SO N

TABLE 4

Enzyme activities and tissue components of metabolic interest

Ad libitum Restricted

Serum
Glutamic-oxalacetic transaminase activity1 44 132 34 4
Glutamic-pyruvic transaminase activity1 23 4 24 2+2 3
Alkaline phosphatase activity3 2.28 0.70 1.97 2+2 0.22
Acid phosphatase activity3 1.32 ± 0.18 0.85 2+2 0.164
Protein-bound iodine, pg/100 ml 2.3 2+2 0.3 2.3 0.3
Protein, gm/100 ml 7.4 2+2 0.6 7.3 0.4

Albumin, % 49.5 Hh 1.5 51.5 1.9
Alpha globulin, % 20.0 ± 2.9 18.2 2+2 2.2
Beta globulin, % 16.0 2+2 1.4 17.1 2+2 1.0
Gamma globulin, % 14.5 3.6 13.2 2+2 1.5

Nonprotein nitrogen, m g /100 ml 33.0 ± 2.0 31.2 2+2 4.7
Bilirubin, ¿ig/100 ml 49 2+223 62 ± 1 3

Whole blood
Sugar, m g/100 ml 58.1 8.7 68.0 2+2 6.5
Ketones, m g/100 ml 0.96 0.07 1.19 2+2 0.154

Liver
Adenosine triphosphatase activity5 11.3 5.3 5.5 ± 2.6
5'-Nucleotidase activity5 2.0 2+2 0.6 3.5 2+2 0.74
Glucose-6-phosphatase activity5 6.3 1.5 4.8 ± 1.2

Adrenal
Cholesterol, m g/gm 5.79 -f- 1.06 5.99 2.24
Adenosine triphosphatase activity5 3.4 1.1 3.1 2+2 0.8
5'-Nucleotidase activity5 12.3 — 4.2 15.8 ■±2 8.3

1 Sigma units per milliliter.
2 Mean and standard deviation.
3 Sigma units per liter.
i  Differs significantly from  ad libitum group, P <  0.05.
3 Micrograms o f phosphorus released per milligram o f tissue.

were also uniform, suggesting normal pro­
tein synthesis and renal clearance mech­
anisms.

Few of the other components listed in 
table 4 differentiated the two groups. Se­
rum transaminase and alkaline phospha­
tase activities were comparable and acid 
phosphatase activity only slightly reduced 
in the restricted group. Equivalent pro­
tein-bound iodine levels indicate that ca­
loric insufficiency did not alter thyroid 
function. Normal serum bilirubin levels 
also attested to the adequacy of liver func­
tion. Fasting blood ketone content was 
slightly higher in the restricted group.

Hematologic measurements, shown in 
table 5, did not reveal any major differ­
ences between the two groups. Total 
leukocyte counts wTere high initially and 
showed a steady decline during the period 
of study. This transition was noticeable 
after 4 weeks in the group fed ad libitum 
but only after 24 weeks in the restricted 
group. Differential counts revealed the

same proportions of each of the cell forms 
in both groups.

Although some differences in mean tis­
sue enzyme activities existed, the range 
was large (table 4). Only one enzyme of 
the high-energy phosphate system was 
significantly affected, the S'-nucleotidase 
activity of liver, which was increased in 
the restricted animals. Each of the meas­
ures given in tables 3-5 was evaluated for 
correlation with body fatness within 
groups, and none was related significantly.

Measurements made at necropsy re­
vealed that skeletal growth was not sig­
nificantly retarded by caloric restriction 
(table 6). Whereas the difference in body 
weight between groups was 50 %, the dif­
ference in femur length was only 2%. 
Kidney and spleen weight were reduced 
to the same extent as body mass, and thy­
roid weight depression was proportionate 
to the calculated decrease in body surface 
area. Heart and liver weights were 25% 
lower in the restricted group than in those
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TABLE 5
Formed elements of the blood

Initial 4 weeks 12 weeks 24 weeks 44 weeks

Hemoglobin, gm /100 ml
Ad libitum 16.0 17.7 19.9 20.2
Restricted 15.8 17.9 19.8 17.9

Hematocrit, %
Ad libitum 50.8 47.8 53.3 54.2
Restricted 49.0 46.3 50.6 49.9

Red cells, million per mm3
Ad libitum 8.29 7.76 8.71 9.26 8.84
Restricted 8.22 7.54 8.90 9.12 7.70

White cells , per mm3
Ad libitum 21718 16710 16585 15512 13944
Restricted 21945 20030 21558 16400 15570

TABLE 6
Organ weights of swine

Ad libitum Restricted
Mean Range Mean Range

Body weight, kg 104.8 82.9 -  120.2 52.4 46.7 -  56.3
%
50

Surface area, m21 1.84 1.59- 2.01 1.19 1.11- 1.21 36
Femur length, cm 19.9 18.5 -  21.5 19.5 18.4 -  20.5 2
Heart, gm 246 209 -  271 190 170 -  222 23
Liver, gm 1540 1355 -1740 1159 1090 -1241 25
Kidneys, gm 327 291 -  363 188 164 -  225 42
Spleen, gm 137 102 -  158 76 49 -  85 46
Brain, gm 103.3 93.6 -  107.5 98.7 92.0 -  105.1 4
Testes, gm 264 198 -  290 241 206 -  267 9
Adrenals, gm 3.35 2 .88 - 3.84 2.98 2 .42 - 3.63 11
Pituitary, gm 0.32 0 .22- 0.41 0.26 0 .20- 0.29 16
Thyroid, gm 12.88 9 .08- 17.03 8.11 5 .64- 11.57 37

1 Calculated from the formula: Surface area, m2 = 0.097 X BW, kg0-633 (Brody et al., ’28).

fed ad libitum. Brain, testes, pituitary, 
and adrenal glands did not differ signifi­
cantly on a total wet weight basis. Ob­
viously, if organ weights are adjusted to 
an equivalent body weight basis, the ratios 
will be found to be much greater in the re­
stricted group.

Only one observation of major clinical 
significance was made during the course 
of the experiment. Soon after receipt of 
pig no. 26, assigned to the restricted group, 
it was found to have a small wart-like 
growth on the right shoulder. After 5 
months, this lesion had grown to 7 X 5 X 
2 cm and became quite irritated. The 
growth was removed under ether anes­
thesia and identified as a benign mel­
anoma. Careful examination of the herd 
revealed a progressive increase in size

and number of similar melanotic lesions 
in this animal, in no. 25 and, later to a 
limited extent, in no. 16.

Grossly, pathologic changes were ob­
served in the ascending portion of the arch 
of the aorta in most of the animals. The 
lesions were small ( 1 X 1  to 2 X 4  mm) 
white or yellowish areas of nodular thick­
ening, with slight or no induration, of the 
intimal surface. The number of lesions 
grossly observable varied from zero to 20, 
with most showing one to three lesions 
(see table 7). Four animals (one in the 
ad libitum group and three restricted) had 
minimal longitudinal wrinkling of the in­
timal surface of the ascending aorta, and 
7 animals (three fed ad libitum, 4 re­
stricted) had a pinkish-yellow discolora­
tion spread diffusely over the intima. Two



37 2 DORIS H OW ES C A L L O W A Y , R U SSE L L  H IL F  AND A. H . M U N SO N

pigs fed ad libitum had small nodules pres­
ent in the abdominal aorta while all others 
were located about the orifices of the 
brachiocephalic and bicarotid arteries. 
None of the lesions significantly narrowed 
the lumen of the vessel involved. Histo­
logically, these nodular lesions resembled 
those described by Gottlieb and Lalich 
( ’54), consisting of proliferative changes 
with hyalinization, fibrosis and calcifica­
tion. No stainable lipid was seen.

A moderate but progressive develop­
ment of arteriosclerosis was recorded and 
the frequency of calcified lesions was 
greater in the group fed ad libitum than 
among restricted animals. Focal loss or 
depletion of the elastic fibrils of the media 
of the aorta was also noted. These

changes were more marked in the ad 
libitum group, but independent of any 
arteriosclerotic lesions which might oc­
cur in the same animal.

Neither gross nor microscopic examina­
tion revealed pathologic changes in coro­
nary, cerebral, renal or retinal vessels.

In addition to the vascular alterations, 
a number of general pathologic processes 
were observed, most of which were judged 
to be unrelated to the dietary manage­
ment. They are listed in table 7. The 
lesions in the genital organs and contigu­
ous structures were concluded to be seque­
lae of the bilateral vasectomies performed 
by the breeder. Three of the cases of 
lymph adenopathy were melanin deposits 
associated with the development of multi-

TABLE 7

Pathologic observations

Ad libitum Restricted
11 12 14 15 16 21 22 24 25 26

Gross, general
Melanotic tumors 
Cutaneous abscess

?
X

X X

Lymphadenopathy 
Subserosal petechia, lung 
Submucosal petechia,

X X
X

X X X X X

gallbladder X
Adhesions, inguinal ring 
Hypertrophy, seminal vesicle 
Granulomatous lesions,

X
X

epididymitis 
Atrophy, olfactory lobe

X X X X X X X X

of brain 
Fibrosis, kidney X

X

Bursitis, carpus X

Microscopic, general
Melanomata X X X
Melanin deposit lymph node 
Chronic lymphadenitis X X

X
X X

X X

Interstitial fibrosis of kidney 
Dilatation of tubules of

X

epididymis X X X X X X X X X X
Gross, vascular

Pinkish yellow streaking of 
intima of aorta 

Wrinkling of intimal surface
X X X X X X X

of aorta X X X X
No. of intimal nodules I 1 0 20 2 0 1 1 2 0

Microscopic, vascular
Maximal stage of development

of arteriosclerotic lesion1 4 4 3 4 0 0 4 1 4 1
1 The pathologic changes were graded as follow s:

Stage 1 Proliferative changes in  the intima, all o f m ild to moderate degree. 
Stage 2 Proliferative changes with hyalinization.
Stage 3 Proliferative changes with hyalinization and fibrosis.
Stage 4 Calcification in  addition to the above changes.
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pie primary melanomas, and the remainder 
were chronic lymphadenitis. The neo­
plasms will be discussed in detail else­
where.10 Renal fibrosis and bursitis of the 
carpus were observed in one member of 
the ad libitum group. Histologic examina­
tion of all other major organs, including 
both exocrine and endocrine glands, pro­
duced negative findings.

DISCUSSION

Our data agree with observations cited 
earlier, in that controlled underfeeding 
was accompanied by slightly elevated se­
rum cholesterol levels. The lack of posi­
tive correspondence within groups between 
relative body fatness and cholesterol levels 
is at variance with the observation of Lewis 
and Page (’56) in this same strain of swine 
and with some human studies (Walker, 
’53; Keys et al., ’55; Olson, ’59). Other 
workers have, however, failed to detect a 
relationship between body fatness and se­
rum cholesterol levels in man (Keys, ’55; 
Hawthorne et al., ’56).

The pathologic findings in the vascula­
ture support the concept of retarded aging 
in the restricted group. The delayed fall 
from high juvenile leukocyte counts to 
typically lower adult levels also shows this 
trend. In only one respect do our data con­
flict with observations of comparably re­
stricted rats: spontaneous tumorous proc­
esses occurred earlier, more frequently, 
and more severely in the underfed group. 
The tumors appearing spontaneously in 
the present experiment were melanomas, 
a type not found in the species used by 
other investigators.

SUMMARY

Male swine were fed a mixed human 
diet ad libitum for 44 weeks. Paired ani­
mals were given the diet in amounts that 
allowed only 50% of the weight gain of 
the fully fed group. The back-fat thick­
ness of the ad libitum group averaged 1.9 
in. terminally and that of the restricted 
animals was 0.3 in. The restricted group 
showed slightly elevated levels of serum 
cholesterol, phospholipid and ketones and 
of hepatic S'-nucleotidase activity. Vas­
cular pathology was indicative of delayed 
aging in the underfed group but tumori- 
genesis was enhanced. There was no posi­

tive correlation within groups between rel­
ative fatness and any other measured 
characteristic.
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A Reinvestigation of Methylglyoxal Accumulation 
in Thiamine Deficiency* 1

J. V A N  EYS,2 M. A. JUDGE, J. JUDD, W. HILL, R. C. BOZIAN 
a n d  S. ABRAHAMS
Department of Biochemistry, Vanderbilt University School of Medicine, 
Nashville, Tennessee

One of the most recurrent reports in 
the older literature is that of the accumu­
lation of methylglyoxal in thiamine de­
ficiency. The latest experimental evidence 
was reported by Salem ( ’54, ’55). The 
accumulation of methylglyoxal has been 
attributed to a decrease in glyoxalase ac­
tivity, but the evidence is conflicting. 
Most authors agree that there is some de­
crease in enzyme activity, but this is, at 
least in some tissues, due to a decrease in 
glutathione (Drummond, ’61). Such a 
decrease in glutathione is not uniform in 
all tissues (Hsu and Chow, ’61).

The biochemical lesion in thiamine de­
ficiency is less clear now than it was 
thought to be after Peter’s classical work 
on pyruvic oxidase (Kinnersley and Peters, 
’30). The work of Jones and d’Angeli 
( ’60) raises serious questions whether a 
functional decrease in pyruvic acid oxi­
dase is present in the intact deficient ani­
mal. A derangement in a specific tissue 
is not excluded, but the overall symptoms 
of thiamine deficiency cannot be attributed 
to a decrease in thiamine pyrophosphate. 
Furthermore, erythrocyte transketolase is 
nonfunctional at an early stage in the de­
ficiency (Brin et al., ’58), long before 
gross symptoms appear. This suggests 
that the animal can survive for prolonged 
periods without transketolase.

Recently it was observed that a-glycerol- 
phosphate dehydrogenase is very sensi­
tive to thiamine deficiency (van Eys, ’61a). 
Lactic dehydrogenase was somewhat less 
sensitive to a deficiency provoked by die­
tary means or by pyrithiamine, but very 
sensitive to oxythiamine-induced defi­
ciency. These observations suggest the 
possibility of deranged glycolysis. A de­
rangement of any type in this area of 
metabolism might result in the accumu­

lation of methylglyoxal in thiamine de­
ficiency. Although the results are not con­
clusive, they do indicate that it may 
accumulate in thiamine deficiency and 
that methylglyoxal could be further meta­
bolized to pyruvate through D-lactic acid.

There is at present only one enzymatic 
synthesis of methylglyoxal known in the 
animal organism: the degradation of
threonine through aminoacetone to meth­
ylglyoxal (Elliot, ’60), although this is 
not the major pathway of threonine de­
gradation.

EXPERIMENTAL

Growth and maintenance of animals. 
Wistar rats3 were fed a commercial thia­
mine-deficient diet and were treated with 
oxythiamine and pyrithiamine as de­
scribed previously (van Eys, ’61a). Some 
tissues were obtained from the rats de­
scribed in the previous report; others were 
taken from a new series of animals. In 
studies on some 70 rats it was confirmed 
that oxythiamine does not provoke neuro­
logical lesions in rats. Pyrithiamine at all 
dose levels induces neurological signs in 
all animals treated for a sufficient time. 
All pyrithiamine-treated rats were main­
tained until neurological symptoms ap­
peared. Dietary-deficient rats or oxythia- 
mine-treated rats were maintained until 
the weight was at least 5 gm below the 
starting weight. Urine collections were 
made daily and the urine was frozen 
until the analysis could be made.
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Enzyme preparations. Glyoxalase I and 
II were prepared as described by Racker 
( ’55). Triose-phosphate isomerase was 
prepared by the method of Meyerhof and 
Beck ( ’44). A D-Iactic acid specific lactic 
dehydrogenase was prepared from Leuco- 
nostoc mesenteroid.es.4

The organism was grown at 30 °C in a 
medium consisting of: KfLPO,, 2 gm; 
Difco Bactopeptone, 5 gm; dextrose, 10 
gm; Difco yeast extract, 2 gm; and the 
supernatant, obtained by centrifugation 
of tomato juice, 100 ml per liter of culture 
medium. The inclusion of tomato juice 
increased the yield of organisms by as 
much as 100%.

After a 24-hour growth period the cells 
were collected by centrifuging, and washed 
with saline. Usually a two-liter batch was 
worked up at a time. The cells were sus­
pended in a buffer 0 .0 1  m  pyrophosphate, 
containing 500 mg per liter of versene at 
pH 6.7 and disrupted in a Mickle disinte­
grator for one-half hour, the debris and 
glass beads separated by centrifuging and 
the supernatant brought to 75% satura­
tion with a saturated ammonium sulfate 
solution. This and subsequent precipitates 
were collected after centrifugation for 1 0  
minutes at 10,000 rpm. All centrifuga­
tions and manipulations were carried out 
at 4°C. The precipitate was subfraction­
ated and the fraction precipitating be­
tween 35 and 75% saturation was re­
tained, redissolved in water and an equal 
volume of a 1% protamine sulfate solu­
tion added. The resultant precipitate was 
discarded, the supernatant again sub­
fractionated with ammonium sulfate solu­
tion and the fraction between 55 and 65% 
saturation retained. This fraction was

poured over a 20 X 1 cm column of 
Sephadex G-50 to desalt and remove pro­
tamine. The enzyme so obtained was 
stable to freezing and thawing for several 
weeks. The results of a typical purifica­
tion are shown in table 1.

The enzyme so obtained showed a pref­
erence for the DPN analogue: acetyl- 
pyridine-*DPN. When assayed in a me­
dium containing 0 .1  m  pyrophosphate 
buffer, pH 9.3, and 3.3 X 10“3 m  D-lactic 
acid, the analogues of DPN had the fol­
lowing relative activity (in per cent of 
DPN): DPN MOO, acetylpyridine-*DPN: 
135; pyridinealdehyde-*DPN: 40; TPN: 
inactive. The Michaelis constants were as 
follows: for acetylpyridine-*DPN at 3.3 X
10-3 m  lactic acid: 5.6 X 10-4. For lactic 
acid at an acetylpyridine-*DPN concen­
tration of 4.4 X 10~4:2.4 X 10"2.

The preparation showed no DPNH oxi­
dase activity and was inactive toward 
L-lactic acid, oxalic acid, glycolic acid, 
ethanol, glycerol, glycerol phosphate, glu­
tamic acid, glucuronic acid, glucose, 1,2- 
propanediol, acetaldehyde, mercaptoeth- 
anol, 3-phosphoglyceraldehyde, sorbitol, 
and a-hydroxybutyric acid. It showed a 
small activity with glyoxylic acid, appar­
ently due to the same enzyme. With DPN, 
but not with acetylpyridine-*DPN, glu­
cose 6-phosphate was slowly oxidized due 
to a contaminating protein.

Determinations. The methods used 
were as follows: total lactic acid by the 
method of Barker and Summerson ( ’41); 
pyruvate as the 2,4-dinitrophenylhydra-

4 The strain used was an organism classified as Beta- 
coccus arabinosaceus in the Orla Jensen collection. 
It was kindly supplied by Dr. A. H. Harrison, Jr.,
from  the Department o f Biology at Vanderbilt Uni­
versity.

TABLE 1
Purification of d-lactic dehydrogenase from L. mesenteroides1

Fraction,
Volume

Protein Units Specific
activity% saturated 

(N H 4) 2S04 m g/m l Total
mg /m l Total

C rude extract
ml

19.0 3.2 60.0 6.1 X 104 1.35 X 10s 22 .5
0 -7 5 10.0 4.5 44 .6 1.8 X 105 1.8 X 106 41 .3

3 5 -7 5 10.0 1.6 15.6 1.3 X 105 1.3 X 106 82.7
5 5 -6 5 5.0 0.62 3.1 1.1 X  105 0.5 X 106 171.0

1 One unit is that amount o f  enzyme which caused a change in optical density o f 0.001/m inute 
when assayed in the follow ing system: DPNH: 0.4 /¿moles; phosphate buffer, pH 7.6: 50 /¿moles; 
pyruvate: 10 /¿moles; and enzyme, in a final volume o f 3.0 ml. Specific activity is defined as units 
per milligram o f protein.
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Fig. 1 The color response of various carbohydrate derivatives in the Dische test. Methyl- 
glyoxal was tested at 10 ¿ig/ml, all other compounds at 400 ^g/ml.

zone (Friedemann, ’57); D-a-hydroxy acids 
microbiologically using the D-lactic acid- 
requiring mutant of Lactobacillus casei 
280-16 (Camien and Dunn, ’53; Judge 
and van Eys, ’62); protein in tissues by 
the biuret test (Weichselbaum, ’46); and 
methylglyoxal by the method of Dische 
and Robbins ( ’34). Although the latter 
method is not absolutely specific, the sen­
sitivity for methylglyoxal is such that a 
reliable estimate can be obtained (fig. 1). 
Furthermore, a barium-zinc filtrate elim-

inates interference of phosphorylated com­
pounds.

D-Lactic acid was estimated enzymati­
cally by allowing the enzyme to act on an 
unknown sample in the presence of ace- 
tylpyridine-*DPN. This estimation was 
made on urine freed of pyruvate as fol­
lows: one milliliter of urine was treated 
with Lloyd’s reagent and centrifuged. To 
the supernatant was added 0.02 ml of 
30 % hydrogen peroxide and the urine was 
allowed to stand for one hour. Then 50 ug
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of crystalline catalase were added and 
again the urine was allowed to stand one 
hour. Recovery experiments indicated 
that all pyruvate was destroyed and that 
no lactate was lost during these manipu­
lations.

The treated urine was then diluted with 
0.1 m  pyrophosphate buffer, pH 9.3 to a 
volume of 2.8 ml. Two-tenths of a milli­
liter of a solution containing 10 mg per 
ml of acetylpyridine-*DPN and enzyme 
were added, and the reaction was allowed 
to proceed to completion as judged by the 
optical density at 365 mu. From the molar 
extinction coefficient of 9.1 X 103 (Siegel 
et al., ’59), the lactic acid concentration 
could be calculated.

RESULTS AND DISCUSSION

Attempted, identification of methylgly- 
oxal in urine. Methylglyoxal is both 
chemically unstable and volatile. Ordi­
nary collection of urine did not allow re­
covery of methylglyoxal added initially 
unless the urine was quick-frozen with dry 
ice during collection. Even then, how­
ever, the identification of methylglyoxal 
posed serious problems. Deionization of 
the urine over ion exchange columns ap­
parently destroyed methylglyoxal. Con­
centration of urine, even at room tempera­
ture, volatilized the compound. Untreated 
urine had such a large amount of inter­
fering materials for both the chemical as­
say or the assay with glyoxalase I and II 
that a direct determination was excluded. 
These results indicated that a quantitative 
estimation of methylglyoxal is very diffi­
cult. Nevertheless, methyglyoxal was not 
noted in the quantities indicated by Salem 
( ’54), in agreement with the recent ob­
servations by Drummond ( ’61).

“Enzymatic” formation of methylgly­
oxal. Because of the failure of the direct 
demonstration of methylglyoxal in urine 
(or blood) a different approach was taken. 
For efficient pyruvate formation, if this 
formation is not coupled to reduction to 
lactic acid, some means of removal of 
glycolytically reduced DPN must operate. 
In brain the a-glycerophosphate cycle, 
postulated by Estabrook and Sacktor ( ’58) 
and by Zebe et al. ( ’59), probably is the 
means by which such DPNH is removed. A 
lowering of both lactic dehydrogenase and

TABLE 2
Methylglyoxal formation in thiamine- 

deficient brains1

Group No.
animals M ethylglyoxal2

m/imoles/mg
brain

Controls (7 ) 16.3 ± 6 .7 8
Oxythiamine (8 ) 36.0 ±  7.673
Pyrithiamine ( 6 ) 3 6 .3 ± 4 .6 8 3

1 Each Warburg flask contained 20 /¿moles o f fru c­
tose-diphosphate as substrate and 50 mg o f brain 
homogenate. The flasks were fortified with 15 units 
o f hexokinase, 30 /¿moles o f 2-deoxyglucose, 1.5 /¿moles 
o f DPN, 3.0 /¿moles o f ATP, 50 /¿moles o f phosphate 
buffer, pH 7.5, 20 /¿moles o f MgCl2, 120 /¿moles o f 
nicotinam ide and 0.03 /¿moles o f cytochrom e c. KOH 
was added to the centerwell. The gas phase was air, 
incubation time 40 minutes. M ethylglyoxal was as­
sayed by the method o f Dische and Robbins ( ’34) on 
a barium-zinc filtrate.

2 All figures are given with their standard devia­
tion.

3 Significantly higher than control group (P  = 0.01).

glycerolphosphate dehydrogenase would 
result in a blocking of glycolysis and an 
accumulation of triose-phosphates, which 
could result in production of methylgly­
oxal. In liver other means, such as an 
enzyme analogous to cytochrome c re­
ductase (van Eys, ’61b), may exist to 
remove glycolytically generated DPNH. 
Thus the glycerophosphate cycle is rela­
tively less important.

Therefore, to find methylglyoxal forma­
tion, tissues were incubated in a Warburg 
respirometer with a complete medium for 
glycolysis patterned after one published 
previously (van Eys and Warnock, ’59). 
The details are given in the legend of 
table 2. When so examined, the homog­
enates of brains of thiamine-deficient 
rats form more methylglyoxal than nor­
mal tissues do. Representative data are 
shown in table 2. In liver, however, meth­
ylglyoxal accumulation was only evident 
after blocking the glycolysis with fluoride 
ion (table 3). Under those conditions a 
glycerophosphate cycle must operate to 
further oxidize trioses.

The question whether the formation of 
methylglyoxal is an artifact or an enzy­
matic function is open. Chemically dihy- 
droxyacetone-phosphate is more stable 
than is glyceraldehyde 3-phosphate. The 
enzymatic equilibrium, as achieved by 
triose-phosphate isomerase between the 
two trioses, is far in favor of dihydroxy- 
acetone-phosphate (Meyerhof and Beck, 
’44). Thus the methylglyoxal accumula-
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TABLE 3
Methylglyoxal accumulation in liver homogenates1

Group No. M ethylglyoxal2
animals - F + F

fimoles/mg protein/20 minutes
C ontrol 8 6.33 ± 1 .3 4 5 .3 7 ± 0 .9 4
R estricted3 9 5.29 ± 1 .7 4 7.87 ±  1.64
D eficient 9 6 .7 2 ±  0.76 11.78 ± 2 .2 4 “

1 Rat liver homogenates, prepared in isotonic KC1, were incubated with 12 /¿moles o f  fructose- 
diphosphate for 20 minutes. W hen fluoride was present, a level o f 0.01 m  was used. The samples 
were deproteinized with barium /zinc and analyzed for methylglyoxal by the method o f Dische 
and Robbins ( ’ 34).

2 All figures are given with their standard deviation.
3 Pair Ted with the deficeint animals.
4 Statistically significantly higher than controls at P <  0.05.

tion should be low if it was nonenzymatic 
(compare with table 4). But unknown 
factors in a homogenate may play a non­
enzymatic catalytic role.

Formation of D-lactic acid. Assays for 
glyoxalase indicated that the enzyme was 
somewhat, but not drastically, decreased 
in tissues from deficient rats, in agreement 
with the observations of Drummond ( ’61). 
Thus, although in homogenates glyoxalase 
would be inactive, since no glutathione 
was added, in the whole animal one might 
expect that D-lactic acid would be formed 
when tissues, which are blocked in gly­
colysis, accumulate methylglyoxal. There­
fore an effort to detect D-lactic acid was 
made. Initially only the lactic acid-re­
quiring mutant of L. casei was used. Con­
siderable quantities of “D-lactic acid” were 
excreted by rats. However, other D-a-hy- 
droxy acids may substitute as a growth 
factor for this organism (Camien and 
Dunn, ’53), and it became evident that 
more than lactic acid was being meas-

TABLE 4
Spontaneous formation of methylglyoxal from 

triosephosphates1

Additions Methylglyoxal
form ed

mfimoles
DL-Glyceraldehyde-3-P 290
DL-Glyceraldehyde-3-P 4-

triosephosph ate  isom erase 165
D ihyd roxyacetone-P 0
D ihydroxyacetone-P  +

triosephosph ate  isom erase 47

1 Five microm oles o f DL-glyceraldehyde 3-phosphate 
or dihydroxyacetone phosphate were incubated at 
37°C for 30 minutes in  3 m l 0.05 m  glycylglycine, pH 
6.5. W hen added, 1,200 units o f triosephosphate 
isomerase were used. After incubation the samples 
were analyzed for  methylglyoxal by the method o f 
Dische and Robbins ( ’ 34).

ured.5 That D-lactic acid was one compo­
nent of the urine was indicated by the fact 
that lactic acids isolated through counter- 
current distribution (Camien et al., ’59) 
had growth promoting activity (compare 
with Judge and van Eys, ’62). D-Alanine 
also has a feeble growth promoting activ­
ity for the L. casei mutant (Camien and 
Dunn, ’53). Pyrithiamine-treated rats 
have a generalized aminoaciduria, as in­
dicated by the analysis of their urine. 
(An automatic amino acid analyzer was 
used.) However, the increase in alanine, 
or even total amino acids, could not ac­
count for more than a very small fraction 
of the growth stimulation.

To get a more specific measure of d - 
lactic acid an enzymatic assay was used. 
This method is not quantitative since re­
coveries from urine of known amounts of 
D-lactic acid were poor, largely because 
of inhibition of the enzyme by the urine. 
Thus the rate of acetylpyridine-*DPN re­
duction by urine was only one-third that 
of an equivalent amount of D-lactic acid 
in pure solution. An approximation was 
gained, however, which was probably an 
underestimate. The results indicated that 
both deficient and normal animals ex­
creted D-lactic acid and that the deficient 
animals did not excrete a great deal more. 
But since the total lactic acid excretion 
dropped markedly, the percentage of D-

5 The rats that received pyrithiamine treatment 
showed a sudden increase in m icrobiological D-lactic 
acid excretion not paralleled by the enzymatic assay; 
this increase was not shared by the oxythiamine- 
treated rats. This precipitous increase coincided with 
the sudden onset o f neurological symptoms about 24 
hours before death. The conclusion is inescapable 
that some compound (or  com pounds) is excreted by 
pyrithiamine-treated rats, other than D-lactic 4 acid. 
The nature o f this growth-promoting factor w ill be 
investigated.
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lactic acid out of the total increased to­
ward the end of the deficiency period, 
especially in animals treated with pyri- 
thiamine (table 5).

Pyruvate levels in thiamine deficiency. 
If D-lactic acid resulted chemically or en­
zymatically from methylglyoxal, accumu­
lation of methylglyoxal would result in 
accumulation of D-lactic acid unless this 
compound could be further metabolized.

Recent reports (Tubbs and Greville, 
’59) re-emphasized the occurrence of a 
nonpyridine nucleotide dependent enzyme 
that oxidizes D-lactic acid to pyruvic acid 
(Kaplan et al., ’51; Mahler et al., ’53). 
Thiamine-deficient animals do not appear 
to be deficient in this enzyme (table 6), 
although the data show wide scatter.

It has long been known that in thia­
mine deficiency the pyruvate/lactate ratio 
increases (Stolz and Bessey, ’42). Pyru­
vate excretion apparently increases and 
lactate excretion decreases. But the in­
crease in pyruvate may be only a paired- 
feeding artifact. Pair-fed animals lose 
weight, but not as rapidly as their deficient 
mates. Considerable quantities of body 
material are metabolized during weight

loss. This involves considerable amount 
of cellular material. When, as a rough 
measure of total metabolism, the grams 
of food consumed are corrected for a 
change in body weight, the pyruvate ex­
cretion remains about the same (fig. 2). 
Thus the animal can handle the bulk of 
the pyruvate produced and a small per­
centage spills over in the urine. Thia­
mine-deficient rats produce more pyru­
vate due to tissue catabolism and hence 
excrete more than their pair-fed mates.

However, the ratio pyruvate/lactate in­
creases toward the end of the deficiency, 
even when compared with pair-fed con­
trols (table 7). Starvation tends to lower 
the L-lactic acid excretion, making the 
difference less marked, but still significant 
when the animals are pair-fed. The re­
sults obtained in a group of pyrithiamine- 
treated rats are shown in figure 3.

Under our conditions of study the re­
ported accumulation of methylglyoxal is 
apparently not of the order of magnitude 
that has been claimed. The accumulation 
in brain homogenates is, however, signifi­
cantly elevated in thiamine deficiency. 
Under the latter circumstances methyl-

DAYS
Fig. 2 Average daily pyruvate excretion by thiamine-deficient rats. The control ani­

mals were not pair-fed. The dose of antimetabolites administered was 50 ¡xg/m l of drinking 
water for oxythiamine and 5 /xg/ml of drinking water for pyrithiamine. The rats were 
weighed daily and their change in body weight subtracted from their food intake to gain 
an approximate measure of their amount of metabolic load. The figures are the average of 
5 controls and 10 rats in each deficient group.
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TABLE 7
Lactate and pyruvate excretion in thiamine-deficient rats1

Weeks
fed
diet

Lactate Pyruvate Pyruvate/lactate
ratio

Control Deficient Control Deficient Control Deficient

fimoles/24 hours j.imoles/24 hours
3 55.5 ±  14.8 99.3 ±  6 .192 2.71 ±  0.35 20.23 ± 4 .4 7 2 0.05 0.20
4 33.0 ±  9.91 163.5 ±  60 .102 2.74 ± 2 .1 7 5.28 ±  1.133 0.08 0.03
5 28 .3  ±  5.23 8 9 .2 ± 3 9 .5 2 2.11 ± 0 .9 3 6.02 ± 0 .9 3 0.08 0.07
6 19.5 ±  7.62 47 .9  ±  19.843 3 .1 0 ±  0.90 1 4 .3 1 ± 3 .7 1 2 0.16 0.30

1 Controls were pair-fed with the deficient animals. Six rats were used per group. The urines were pooled 
per rat for  each week. All figures are given with their standard deviation.

2 Deficient group significantly higher than control group (P  <  0.05).
3 No statistically significant difference.

glyoxal is derived from fructose-diphos­
phate, and therefore probably from triose- 
phosphates. The evidence cited favors the 
view that this is an enzymatic conversion. 
Even if this transformation is nonenzy- 
matic, it is possible that such a transfor­
mation occurs in vivo. The excretion of 
traces of D-lactic acid argues in favor of 
such an in vivo formation of methylgly- 
oxal.

The decrease in L-lactic acid in thia­
mine deficiency is probably partially the 
result of inactivity of the rats. But if this

were the only explanation, a parallel de­
crease in pyruvate should occur (Stolz 
and Bessey, ’42). The data (fig. 2) show 
that such a parallel decrease does not 
occur.

Tissue pyruvate/lactate ratio is an in­
dication of the DPN/DPNH ratio in the 
tissues (Bucher and Klingenberg, ’58).6 
Urinary levels of pyruvic and lactic acid 
also would tend to reflect changes in such

6 This is not a thermodynamic equilibrium since 
most nucleotide is bound to dehydrogenase; thus, a 
DPNH/DPN ratio o f one corresponds to a lactate/ 
pyruvate ratio o f  approximately 20.

Fig. 3 The a v e ra g e  d a ily  e x c r e t io n  o f  to ta l la c ta te , p y r u v a te  a n d  D -la ctic  a c id  m e a s u r e d  
b o th  m ic r o b io lo g ic a l ly  a n d  e n z y m a t ic a l ly  o n  10 ra ts  r e c e iv in g  5 /tg  o f  p y r i t h ia m in e /m l  of 
d r in k in g  w a te r .
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a ratio in the animal. If all pyruvate re­
sulted from glycolysis, then the increase 
in this ratio could result only from a rapid 
removal of DPNH other than by L-lactate 
formation. However, the glycerophosphate 
cycle is blocked, and the overall catabolism 
of the animals would be expected to gen­
erate reduced nucleotides rather than oxi­
dized DPN and TPN. Thus a source of 
pyruvate other than glycolysis must 
operate. This could be the result of exten­
sive amino acid degradation,7 but is quite 
likely that at least part is derived from 
D-lactic acid. If that is the case, the 
known enzymes would effect the transfor­
mation methylglyoxal —> D-lactic acid —» 
pyruvate. This sequence is not in con­
tradiction to the low oxidized pyridine 
nucleotide levels since the latter enzyme is 
nonpyridine nucleotide-dependent.

Whether the methylglyoxal and D-lactic 
acid are derived in vivo from threonine or 
from carbohydrate (as was the case in 
homogenates) cannot be settled. Experi­
ments are in progress to elucidate this 
point.

A bypass through methylglyoxal would 
result in the loss of generation of glycolytic 
ATP.8 This could be a serious metabolic 
defect. In fact, in thiamine deficiency the 
shunt is blocked at the transketolase 
stage, pyruvic acid oxidation may become 
impaired, glycolysis is indirectly blocked; 
thus no avenue of carbohydrate metabo­
lism is open.

A corollary is that the high pyruvate/ 
lactate ratio would not allow gluconeo- 
genesis through reversal of the glycolytic 
pathway because of the very low DPNH 
and TPNH levels. Thus the low glycogen 
content of thiamine-deficient tissues is 
again a natural consequence of the syn­
drome.

Of the three pathways mentioned the 
Krebs cycle is probably the least im­
paired. This is especially indicated by the 
fact that a thiamine-deficient animal may 
survive for prolonged periods of time when 
fed a pure lipid diet.

SUMMARY

Thiamine-deficient animals did not ex­
crete large quantities of methylglyoxal, 
but their tissues accumulated the inter­

mediate when incubated with fructose- 
diphosphate.

D-Lactic acid was excreted by both nor­
mal and thiamine-deficient rats, but the 
ratio of D/L-lactic acid was significantly 
greater in deficient animals. The pyru- 
vate/lactate ratio increased in deficient 
animals, especially the pyruvate/L-lactate 
ratio.

Since glyoxalase and D-lactate oxidase 
were present in normal and deficient rats 
in significant amounts, it was proposed 
that most formed methylglyoxal was fur­
ther metabolized to pyruvate and that this 
pathway is at least partially responsible 
for increased pyruvate/lactate ratios.
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Calcium, Phosphorus and Citrate Interactions in 
Oxalate Urolithiasis Produced with a Low- 
Phosphorus Diet in Rats* 1'2

S. P. COBURN AND L. V. PACKETT, JR. 
Biochemistry Department, Purdue University, 
Lafayette, Indiana

Despite the large number of studies on 
urolithiasis, the etiology of calculi in man 
and domestic animals has not been eluci­
dated. Since albino rats rarely produce 
calculi under normal conditions, some 
method of inducing calculogenesis is nec­
essary before urolithiasis can be studied. 
Schneider and Steenbock ( ’40) and Morris 
and Steenbock ( ’51), using a low-phos­
phorus diet containing egg whites, pro­
duced calcium citrate calculi in weanling 
rats. Sager and Spargo ( ’55) produced 
citrate stones in mature rats, using a low- 
phosphorus diet having a high calcium: 
phosphorus ratio. Sager and Spargo felt 
that the low-phosphorus level allowed ex­
cessive calcium absorption from the gut 
resulting in a high level of nonprotein 
bound calcium in the blood (calcium cit­
rate complex). The amount of calcium 
citrate complex in the blood was felt to be 
further increased by hypoproteinemia. 
They concluded that the resulting large 
excretion of calcium and citrate in the 
urine caused the formation of calcium 
citrate calculi. Van Reen et al. ( ’59a, 
’59b), however, using a diet containing 
0.18% of phosphorus instead of the 0.03% 
levels in the diets mentioned above, pub­
lished data indicating that a constant cal­
cium : phosphorus ratio that results in 
calculi formation with a low-phosphorus 
level will not necessarily produce calculi 
with a higher phosphorus level.

In all of these studies, calcium citrate 
stones were formed. Since calcium citrate 
stones and extremely low dietary phospho­
rus levels are rare in both man and live­
stock, the existing means of inducing uro­
lithiasis do not appear to depict urolithiasis 
as it commonly occurs in man and live­
stock. This paper describes a moderately

low phosphorus diet which will produce 
a high incidence of calcium oxalate stones 
in weanling rats. The effect of the die­
tary phosphorus level, calcium: phosphorus 
ratio, vitamin D, age and mineral metabo­
lism on calculogenesis is also described.

EXPERIMENTAL

One-hundred-and-twenty weanling, male 
Wistar rats were divided into 5 groups 
which received either the basal diet A, 
shown in table l,3 or a modification of 
diet A as to calcium, phosphorus and vita­
min D levels as shown in table 2. In 
groups D and E the extra phosphorus was 
added as Na2HP04. The ratio between cal­
cium carbonate and calcium lactate in­
dicated in table 1 was maintained in all 
the diets. Twenty-eight mature rats aver­
aging 20 weeks of age and 380 gm in 
weight were distributed equally into groups 
receiving diet A (calculogenic) or diet D 
(noncalculogenic) to determine whether 
age had an effect on susceptibility to uro­
lithiasis. All animals were kept in an 
air-conditioned room and received feed 
and tap water ad libitum. Water con­
sumption was measured and the mineral 
content was included in all metabolism 
data. Preliminary experiments with 100 
weanling rats showed no differences in 
incidence of calculi between tap and dis­
tilled water.

To follow any histological and metabolic 
changes that might occur during the de­
velopment of urolithiasis, one to three rats 
were sacrificed from each group at

Received for  publication October 30, 1961.
1 Journal Paper no. 1826 o f the Purdue University 

Agricultural Experiment Station.
2 S. P. C. is grateful for a National Science 

Foundation Fellowship.
3 Vitamins A and D were supplied by the Nopco 

Chemical Company, Harrison, New Jersey.
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TABLE 1 
Basal diet A

Casein
gm/kg o f diet 

180
Glucose1 527
Com starch2 200
Cotton seed oil3 50
Salt mix4 40
Vitamin mix5 3

1 Cerelose, Com  Products Company, Argo, Illinois.
2 Argo Cornstarch, Com  Products Company, Argo,
3 Wesson Oil, The Wesson Oil Company, New 

Orleans, Louisiana.
4 Salt m ix (g m ): NaCl, 105; KC1, 290; CaC0 3 , 210;

M gS04, 90; Ca lactate, 236; ferric citrate, 16.15; 
K2AI2 ( SO4 ) 4 • 12H20 , 0.09; CuS04-5H20 , 0.39; NaF,
0.57; KI, 0.05.

5 To supply the given number o f m g per kg o f  d iet: 
thiamine HC1, 5; riboflavin, 10; pyridoxine, 5; niacin, 
100; p-aminobenzoic acid, 200; inositol, 1,000; folic 
acid, 0.2; biotin, 0.06; ascorbic acid, 400; Ca pantoth­
enate, 20; choline chloride, 500; menadione 1, a- 
tocopherol, 50; vitamin A, 20,000 USP units; vitamin 
D, 5,000 USP units.

TABLE 2
Experimental outline showing treatment variables

Dietary composition No. rats
Group

P1 Cai Ca/P
Vita­
min
D2

Wean­
ling3

Ma­
ture4

A
%

0.16
%

0.56 3.52 5 35 14
B 0.16 0.26 1.66 5 21 —
C 0.16 0.55 3.48 10 10 —
D 0.33 0.55 1.64 5 22 14
E 0.35 1.36 3.92 5 22 —
1 By chem ical analysis.
2 Thousands o f  USP units/kg o f diet.
3 W eanling (about 28 days old ).
4 Mature (about 20 weeks o ld ).

10 weeks and at two-week intervals to 
40 weeks. The right femur was saved 
for bone ash determinations. Blood and 
urine samples were taken for mineral 
analysis and the kidneys and bladders 
were examined with a 20 X microscope 
for calculi. One-half of each kidney was 
fixed in alcoholic formalin and one-half 
saved for mineral analysis. Prior to sac­
rifice, 7-day mineral metabolism trials 
were conducted on at least 10 rats from 
each group during the 9- to 40-week inter­
val. The exact number are shown in the 
tabular data. Since the only changes in 
mineral metabolism were those expected 
with the normal growth process and these 
changes were parallel in all groups, the 
data are presented as averages for each 
group treatment.

Serum inorganic phosphorus, and total 
urine, kidney and fecal phosphorus were 
determined by appropriate adaptations of 
Fiske and Subbarow ( ’25). Serum and 
urine magnesium were determined accord­
ing to Kunkel et al. ( ’47). Oxalic acid, 
citric acid and urea were determined 
according to Powers and Levatin ( ’44), 
Taylor ( ’53) and Conway ( ’57), respec­
tively. The petroleum ether used in the 
citric acid determination was purified ac­
cording to Weil-Malherbe and Bone ( ’49). 
Serum calcium was determined by the 
method of Ferro and Ham ( ’57). Urinary 
calcium was determined with a Coleman 
model 21 flame photometer after adjust­
ing samples and standards to the same 
sodium level. Calcium and magnesium 
in the kidney and feces digests were de­
termined according to Michaels et al. (’49) 
except that the calcium oxalate precipitate 
was dissolved in sulfuric acid and titrated 
with potassium permanganate. The pH 
of the urine was determined on fresh 
samples using a Beckman model G pH 
meter with a one-drop electrode.

The bladder calculi were analyzed by 
the infrared method of Weissman et al. 
( ’59). Confirmatory chemical analyses for 
calcium, magnesium, phosphorus, oxalate 
and citrate were made using the methods 
of Ferro and Ham ( ’57), Kunkel et al. 
( ’47), Hirata and Appleman ( ’59), Powers 
and Levatin ( ’44) and Taylor ( ’53), re­
spectively. An x-ray diffraction pattern 
was made and the d values checked with 
those reported by Prien and Frondel ( ’47).

The fixed kidneys were imbedded in 
paraffin and stained with the von Kossa 
silver nitrate stain for calcium and the 
periodic acid-Schiff (PAS) stain for muco­
polysaccharides. We found, as Moffat did 
( ’58), that an aqueous periodic acid solu­
tion removed the silver deposits. Although 
Moffat remedied this by gold toning, we 
found that changing to an alcoholic peri­
odic acid solution as suggested by Baker 
and Sison ( ’54) also corrected this diffi­
culty. A ferric mannitol stain (Lillie, ’54) 
for acid mucopolysaccharides and the fer­
rous iron replacement stain for calcium 
as given by Casselman ( ’59) were each 
used in a few instances to gain some 
insight into the nature of the PAS-positive
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m a te r ia l  a n d  th e  c a lc iu m  d e p o s its .  D a ta  
w e re  a n a ly z e d  s ta t is t ic a l ly  b y  th e  u se  o f  
a n a ly s is  o f  v a r ia n c e  (S n e d e c o r ,  ’6 1 ) .

RESULTS

Incidence and composition of calculi. 
R e n a l u r o l i t h ia s is  w a s  m a n i fe s te d  i n  th re e  
w a y s :  p r o d u c t io n  o f  s to n e s , f o r m a t io n  o f  
s m a l l  w h i t e  f la k e s  d e te c ta b le  w i t h  th e  d is ­
s e c t in g  m ic ro s c o p e ,  a n d  c a lc i f ic a t io n  i n  th e  
r e n a l  tu b u le s  a n d  i n  th e  r e n a l  t is s u e .  O n ly  
w e a n l in g  g ro u p  A  h a d  a s ig n i f ic a n t  a m o u n t  
o f  a c tu a l  s to n e  f o r m a t io n  ( t a b le  3 ) .  U r o ­
l i t h ia s is  w a s  e v id e n t  a t  th e  e n d  o f  9 w e e k s , 
th e  t im e  o f  e a r l ie s t  o b s e r v a t io n ;  h e n c e  th e  
i n i t i a l  o c c u r re n c e  is  n o t  k n o w n .  T h e  se­
v e r i t y  o f  u r o l i t h ia s is  in c r e a s e d  w i t h  t im e .  
B la d d e r  s to n e s  w e re  n o t  n o te d  u n t i l  14  
w e e k s . T h e  c a lc u l i  w e re  b r o w n is h  y e l lo w ,  
h a r d ,  c r y s ta l l in e  a g g re g a te s  v e r y  s im i la r  
to  th e  c a lc iu m  o x a la te  c r y s ta ls  f r o m  u r in e  
s e d im e n t  p ic t u r e d  b y  H a w k  e t  a l.  ( ’5 4 ) .  
T h e  r e n a l  s to n e s  w e re  r e a d i ly  v is ib le  i n  th e  
p e lv is  w i t h  th e  d is s e c t in g  m ic ro s c o p e ,  b u t  
w e re  n o t  la r g e  e n o u g h  to  is o la te  a n d  a n a ­
ly z e  c h e m ic a l ly .  T h e  s to n e s  d id  n o t  a p p e a r  
to  in t e r f e r e  w i t h  r e n a l  f u n c t io n  as i n d i ­
c a te d  b y  u r e a  c le a ra n c e  te s ts . T h re e  o f  th e  
1 6  r a ts  i n  g r o u p  A  w i t h  r e n a l  s to n e s  a ls o  
h a d  la r g e r  b la d d e r  s to n e s , w h ic h  in f r a r e d  
a n a ly s is  s h o w e d  to  b e  p r e d o m in a n t ly  c a l ­
c iu m  o x a la te .  T h e  c u rv e s  f o r  c a lc iu m  
o x a la te ,  c a lc iu m  c i t r a t e 4 a n d  o n e  o f  th e s e  
c a lc u l i  k n o w n  f r o m  c h e m ic a l  a n d  x - r a y

TABLE 3
Effect of treatment on incidence of renal calculi 

in weanling rats

Group No.
rats Norm1 HisU FI3 SH

A 35 7 2 10 16
B 21 13 7 0 1
C 10 5 0 5 0
D 22 19 3 0 0
E 22 13 6 2 1

1 Norm indicates normal animals with no gross or 
histological symptoms of urolithiasis.

2 Hist indicates rats showing only histological evi­
dence of nephrocalcinosis.

3 FI indicates rats having white flakes but no stones 
in the kidneys.

4 St indicates rats showing actual stone formation 
detectable with a 20 x dissecting microscope.

a n a ly s is  to  c o n ta in  9 0 %  o f  c a lc iu m  o x a ­
la te  d ih y d r a te  a n d  1 0 %  o f  c a lc iu m  c i t r a te  
a re  s h o w n  i n  f ig u r e  1. T h e  1 0 %  c i t r a t e  
c a lc u lu s  w a s  th e  o n ly  c a lc u lu s  t h a t  s h o w e d  
th e  s m a l l  p e a k  a t  7  a, in d ic a t in g  t h a t  th e  
o th e r  tw o  c o n ta in e d  e v e n  le s s  c i t r a te .  T h e  
m a g n e s iu m  a n d  p h o s p h o ru s  c o n te n t  w a s  
n e g l ig ib le .

N o n e  o f  th e  r a ts  t h a t  w e re  m a tu r e  a t  th e  
s ta r t  o f  th e  e x p e r im e n t  d e v e lo p e d  c a lc u l i ;  
h e n c e  th e  d a ta  i n  th e  ta b le s  in c lu d e  o n ly  
th o s e  f o r  th e  w e a n l in g  ra ts .

T h e  s to n e s  f r o m  th e  o n ly  r a t  i n  g ro u p  
B  t h a t  d e v e lo p e d  g ro s s  s ig n s  o f  u r o l i ­
t h ia s is  p ro v e d  to  b e  u r i c  a c id .  S in c e  th e  
c o n d i t io n  w a s  a c c o m p a n ie d  b y  r e s p ir a to r y

4 Calcium citrate was supplied by Chas. Pfizer and 
Company, Brooklyn, New York.

W AV E  L E N G T H  IN M IC R O N S
Fig. 1 Infrared curves: A, calcium oxalate; B, calculus containing 90% of calcium 

oxalate dihydrate and 10% of calcium citrate; C, calcium citrate.
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TABLE 4

Effect of dietary treatment on calcium metabolism

Group No.
rats

Serum
Ca

Ca
intake1

Urinary
Ca

Fecal
Ca

Apparent
Ca

absorption
Ca

retention

mg/100 ml mg/day mg/day mg/day mg/day mg/day
A 22 9.32 92.0 13.2 56.0 36.0 22.8
B 15 8.45** 45.3 1.78 24.0 21.3** 19.5
C 10 9.56 78.3 14.9 35.0 43.3 28.4
D 16 8.94 99.2 0.936 75.8 23.4* 22.5
E 17 9.10 225 5.94 182 42.8 37.0**

1 Includes calcium  in  both feed and water.
* Significant difference (P  <  0.05) from  group A.

** Highly significant difference (P  <  0.01) from  group A.

t r o u b le  r e s u l t in g  i n  d e a th ,  i t  w a s  c o n c lu d e d  
t h a t  f a c to r s  o th e r  th a n  d ie ta r y  t r e a tm e n t  
w e re  in v o lv e d .  T h e  s in g le  r a t  i n  g ro u p  
E  t h a t  w a s  in d ic a te d  i n  ta b le  3  as h a v in g  
s to n e s  h a d  a  s in g le  s m a l l  s to n e .

T h is  is  th e  f i r s t  r e p o r t  o f  th e  p r o d u c t io n  
o f  o x a la te  s to n e s  b y  a  lo w -p h o s p h o r u s  d ie t .  
T h e  p r e v io u s ly  m e n t io n e d  e x p la n a t io n  b y  
S a g e r a n d  S p a rg o  ( ’5 5 )  m a y  a d e q u a te ly  
e x p la in  th e  f o r m a t io n  o f  c a lc iu m  c i t r a te  
s to n e s  w i t h  e x t r e m e ly  p h o s p h o ru s -d e f ic ie n t  
d ie ts .  V a n  R e e n  e t  a l.  ( ’5 9 a ) ,  h o w e v e r ,  
p ro d u c e d  c a lc iu m  c i t r a t e  s to n e s  w i t h  a  d ie t  
c o n ta in in g  a  h ig h e r  le v e l o f  p h o s p h o ru s  
w h ic h  w a s  c o m p a r a b le  to  th e  c a lc iu m  a n d  
p h o s p h o ru s  le v e ls  o f  b a s a l d ie t  A .  S e ru m  
c a lc iu m  w a s  n o r m a l  i n  a l l  r a ts  ( t a b le  4 ) ,  
in d ic a t in g  : h a t  la r g e  in c re a s e s  i n  th e  c a l­
c iu m  c i t r a t e  c o m p le x  i n  th e  b lo o d  d id  n o t  
o c c u r  w i t h  th e s e  d ie ts .  T h a t  V a n  R e e n  
e t  a l.  ( ’5 9 b )  re p o r te d  a  u r in a r y  c a lc iu m  
e x c r e t io n  o f  a b o u t  6  m g  p e r  1 0 0  g m  o f  
b o d y  w e ig h t  p e r  d a y ,  w h ic h  w a s  s im i la r  
to  th e  e x c r e t io n  o b ta in e d  i n  g ro u p  C  ( ta b le
5 ) ,  in d ic a te s  t h a t  t h e i r  s e r u m  le v e ls  w e re  
p r o b a b ly  s im i la r  to  o u rs .  B u t  th e y  r e ­
p o r te d  a  c i t r a t e  e x c r e t io n  o f  a b o u t  10  m g  
p e r  1 0 0  g m  o f  b o d y  w e ig h t  p e r  d a y ,  w h ic h  
w a s  tw ic e  as g re a t  as w a s  o b s e rv e d  in  
g ro u p  C  ( ta b le  6 ) .  V a n  R e e n  e t  a l.  ( ’5 9 b )  
d id  n o t  g iv e  a n y  d a ta  o n  u r in a r y  p H ,  b u t  
s in c e  a l l  o f  th e  c a lc iu m  a n d  m o s t  o f  th e  
m a g n e s iu m  w a s  s u p p l ie d  as th e  c a rb o n a te ,  
i t  s e e m s  q u ite  l i k e ly  t h a t  t h e i r  d ie t  w a s  
m o re  a lk a l in e  th a n  o u rs .  T h is  p ro b a b ly  
c a u s e d  b o th  th e  in c re a s e  i n  u r in a r y  c i t r a te  
e x c r e t io n  a n d  a n  a lk a l in e  u r in a r y  p H ,  
w h ic h  to g e th e r  m a y  e x p la in  th e  f o r m a t io n  
o f  c a lc iu m  c i t r a t e  s to n e s  i n  t h e i r  e x p e r i ­
m e n ts .

A n o th e r  m a n i f e s ta t io n  o f  u r o l i t h ia s is  
w a s  th e  o c c u r re n c e  o f  s m a l l  w h i t e  f la k e s  
i n  th e  p e lv is  o f  th e  k id n e y s .  T h e s e  w h i t e  
f la k e s  w e re  d is t in g u is h e d  f r o m  th e  s to n e s  
b e c a u s e  th e y  d id  n o t  h a v e  th e  c o lo r ,  c r y ­
s ta l l in e  a p p e a ra n c e  o r  h a rd n e s s  o f  th e  
s to n e s . P re s u m a b ly ,  th e s e  f la k e s  r e p r e ­
s e n te d  a n  e a r ly  s ta g e  o f  s to n e  f o r m a t io n  
s in c e  th e y  w e re  s e e n  i n  th e  g re a te s t  
a m o u n ts  i n  w e a n l in g  g ro u p  A  a n d  s o m e ­
t im e s  o c c u r re d  a lo n g  w i t h  th e  s to n e s . 
O n ly  t ra c e - to -m o d e ra te  a m o u n ts  o f  f la k e s  
w e re  n o te d  i n  5  o f  th e  10  r a ts  i n  g ro u p

TABLE 5
Urinary calcium concentration and excretion

Group Concentration Daily
excretion

mg/100 ml mg/100 gm  
body weight

A (3 4 )1 108 4.23
B (20) 18.3** 0.558**
C (10) 242** 6.84*
D (22) 8.88** 0.237**
E (22) 56.0** 2.29**

1 Numbers in  parentheses indicate number o f  ani­
mals included in  the averages.

* Significant difference (P  <  0.05) from  group A. 
** Highly significant difference (P  <  0.01) from  

group A.

TABLE 6
Urinary citric acid

Group No.
rats Concentration Daily

excretion

mg/100 ml mg/100 gm  
body weight

A 34 46.6 1.92
B 19 14.5* 0.45**
C 10 151** 4.38*
D 21 34.3 0.89
E 21 102** 3.83*

* Significant difference (P  <  0.05) from  group A. 
** Highly significant difference (P  <  0.01) from  

group A.
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C , a n d  s l ig h t  a m o u n ts  i n  tw o  o f  th e  2 2  
r a ts  i n  g ro u p  E . S a m p le s  w e re  n o t  s u f f i ­
c ie n t  f o r  c o m p o s i t io n  a n a ly s is .

U r o l i t h ia s is  a ls o  w a s  m a n i fe s te d  b y  c a l­
c iu m  d e p o s it io n  i n  th e  lu m e n  o f  r e n a l  
tu b u le s  o r  i n  th e  r e n a l  t is s u e ,  o r  b o th .  I n  
w e a n l in g  g ro u p  A  th e s e  d e p o s its  s o m e ­
t im e s  o c c u r re d  i n  th e  f o r m  o f  p la q u e s  b e ­
n e a th  th e  e p i t h e h u m  o f  th e  m in o r  c a ly c e s  
o r  j u s t  b e lo w  th e  s u r fa c e  o f  th e  p a p i l la .  
I n  o n e  in s ta n c e  th e  p la q u e  h a d  b ro k e n  
t h r o u g h  th e  s u r fa c e  o f  th e  e p i th e h u m .  W e  
f o u n d  n o  e v id e n c e ,  h o w e v e r ,  t h a t  th e s e  
p la q u e s  w e re  s e r v in g  as  th e  p o in t  o f  d e ­
v e lo p m e n t  o f  f r e e  s to n e s  as s u g g e s te d  b y  
R a n d a l l  a n d  M e lv in  ( ’3 7 )  a n d  R a n d a l l  
( ’4 0 ) .  O c c a s io n a l ly ,  th e s e  p la q u e s  w e re  
a s s o c ia te d  w i t h  P A S -p o s it iv e  m a te r ia l .  
S in c e  th e  p la q u e s  s ta in e d  w i t h  b o th  th e  
s i lv e r  a n d  f e r r o u s  i r o n  s u b s t i t u t io n  te c h ­
n iq u e s ,  i t  w a s  c o n c lu d e d  t h a t  th e  p la q u e s  
c o n ta in e d  s o m e  f o r m  o f  c a lc iu m  o th e r  
t h a n  o r  i n  a d d i t io n  to  th e  o x a la te .

R e n a l p a p i l la r y  c a lc i f ic a t io n  w a s  see n  
f r e q u e n t ly  o n ly  i n  th e  w e a n l in g  r a t s  o f  
g ro u p  A . S ix te e n  o f  th e s e  r a ts  h a d  e ith e r  
p la q u e s  o r  t u b u la r  c a lc i f ic a t io n  i n  th e  
p a p i l la e .  O n ly  o n e  r a t  i n  g ro u p  B , tw o  in  
g ro u p  C  a n d  o n e  i n  g ro u p  D  h a d  s l ig h t  
c a lc i f ic a t io n  i n  th e  p a p i l la e .  S e v e ra l la r g e  
d e p o s its  w e re  o b s e rv e d  i n  a  r e n a l  p a p i l la  
o f  a  r a t  w h ic h  h a d  b e e n  fe d  d ie t  E  f o r  
3 6  w e e k s . T h is  w a s  n o t  th e  s a m e  r a t  t h a t  
w a s  re p o r te d  to  h a v e  a  s in g le  r e n a l  s to n e .

O n ly  s m a l l  d e p o s its ,  u s u a l ly  i n  o n e  o r  
tw o  c o l le c t in g  tu b u le s  i n  th e  m e d u l la ,  w e re  
n o te d  i n  th e  o th e r  w e a n l in g  r a ts  o f  g ro u p s  
B , C , D  a n d  E . S u c h  d e p o s its  w e re  a ls o  
see n  in  m a tu r e  ra ts .  S o m e t im e s  th e  c a lc i ­
f i c a t io n  a p p e a re d  to  be  i n  th e  b a s e m e n t 
m e m b r a n e  o f  th e  tu b u le .

P A S -p o s it iv e  c a s ts , s o m e t im e s  p a r t ia l l y  
c a lc i f ie d ,  w e re  o b s e rv e d  i n  th e  r e n a l  tu b u le s  
o f  a l l  g ro u p s .  T h e r e  w a s  a  te n d e n c y  f o r  
t h e m  to  b e  la r g e r  a n d  m o re  n u m e r o u s  in  
th e  y o u n g  r a ts  o f  g ro u p  A ,  a lth o u g h  e v e n  
h e re  c a s ts  w e re  n o t  o b s e rv e d  i n  e v e ry  k id ­
n e y . O f  c o u rs e ,  o u r  s tu d ie s  w e re  l im i t e d  
to  a  f e w  lo n g i t u d in a l  s e c t io n s  o f  th e  k id ­
n e y . O u r  o b s e r v a t io n s  t h a t  s o m e  c a s ts  
w e re  p a r t ia l l y  c a lc i f ie d  a n d  t h a t  s o m e  
p la q u e s  w e re  a s s o c ia te d  w i t h  P A S -p o s it iv e  
m a te r ia l  in d ic a te  t h a t  t h is  P A S -p o s it iv e  
m a te r ia l  m a y  b e  in v o lv e d  i n  c a lc u lo -

g e n e s is . W h e th e r  P A S -p o s it iv e  m a te r ia l  
w a s  c o n ta in e d  i n  th e  f la k e s  o r  s to n e s  is  
n o t  k n o w n .  R e s u lts  o f  th e  f e r r i c  m a n n i t o l  
s ta in  s h o w e d  t h a t  th e  c a s ts  p o s s ib ly  c o n ­
ta in e d  a c id  m u c o p o ly s a c c h a r id e s .

U rine v o lu m e  an d  pH . D a ta  o n  u r in a r y  
p H  ( t a b le  7 ) ,  w a te r  c o n s u m p t io n ,  v o lu m e  
a n d  s p e c if ic  g r a v i t y  o f  u r in e  in d ic a te d  t h a t  
n e i t h e r  lo w  w a te r  in ta k e ,  lo w  u r in e  v o l ­
u m e ,  c o n c e n tr a te d  u r in e  n o r  a lk a l in e  u r in e  
w a s  th e  c a u s e  o f  u r o l i t h ia s is  i n  g ro u p  A . 
I n  f a c t  th e  a v e ra g e  w a te r  c o n s u m p t io n  a n d  
u r in e  v o lu m e  w e re  h ig h e r  a n d  th e  a v e ra g e  
s p e c if ic  g r a v i t y  o f  u r in e  w a s  lo w e r  t h a n  in  
a n y  o th e r  g ro u p .

M in era l m eta b o lism . M a g n e s iu m  m e ­
ta b o l is m  w a s  s tu d ie d  b e c a u s e  m a g n e s iu m  
is  f r e q u e n t ly  a n  im p o r t a n t  s to n e  c o m p o ­
n e n t  a n d  b e c a u s e  W a tc h o r n  ( ’3 2 ) ,  H a m -  
m a r s te n  as q u o te d  b y  J e g h e rs  a n d  M u r p h y  
( ’4 5 )  a n d  V e r m e u le n  e t  a l.  ( ’5 1 )  h a v e  
s o m e  e v id e n c e  t h a t  m a g n e s iu m  c a n  i n f l u ­
e n c e  s to n e  f o r m a t io n .  B u t ,  o th e r  t h a n  a 
s l ig h t  d e c re a s e  i n  a b s o r p t io n  a n d  u r in a r y  
e x c r e t io n  o f  m a g n e s iu m  i n  g ro u p s  D  a n d  
E  w i t h  a d d e d  p h o s p h o ru s ,  n o  d if fe re n c e s  in  
m a g n e s iu m  m e ta b o l is m  w e re  n o te d .  C o n ­
s id e r in g  t h is  a n d  t h a t  m a g n e s iu m  w a s  n o t  
a  s ig n i f ic a n t  s to n e  c o m p o n e n t ,  w e  f e l t  a s ­
s u re d  t h a t  u n d e r  th e  c o n d i t io n s  o f  o u r  
e x p e r im e n ts  m a g n e s iu m  w a s  n o t  p la y in g  a 
m a jo r  r o le  i n  c a lc u lo g e n e s is .

I t  h a s  b e e n  p o s tu la te d  t h a t  th e  in c re a s e d  
c a lc iu m  a b s o r p t io n  a n d  e x c r e t io n  i n  th e  
u r in e  r e s u l t in g  f r o m  a h ig h  c a lc iu m : p h o s ­
p h o r u s  r a t io  w i t h  lo w -p h o s p h o r u s  d ie ts  is  
th e  c a u s e  o f  u r o l i t h ia s is .  I n  o u r  s tu d ie s  
g ro u p  C  s h o w e d  a  h ig h e r  c o n c e n t r a t io n  
a n d  e x c r e t io n  o f  c a lc iu m  in  th e  u r in e  th a n  
g ro u p  A  a n d  y e t  d id  n o t  p ro d u c e  s to n e s  
( ta b le s  4  a n d  5 ) .

TABLE 7
Effect of dietary treatment on daily gains 

and urinary pH

Group Gain* PH

A
gm/day 

1.99 (3 5 )2 6.58 (35)
B 3.23 (2 1 )** 6.15 (2 0 )**
C 1.58 (10) 6.23 (10)
D 4.85 (1 8 )** 6.79 (22)
E 3.52 (2 2 )** 7.44 (2 2 )**

1 For first 5 weeks of the experiment.
2 Numbers in  parentheses indicate number o f ani­

mals included in  the averages.
** Highly significant difference (P  <  0.1) from  

group A.
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S in c e  o x a la te  s to n e s  w e re  u n e x p e c te d ,  
a  f e w  u r in a r y  o x a la te  d e te r m in a t io n s  w e re  
m a d e  b u t  s h o w e d  n o  d if fe re n c e s ,  th e  a v e r ­
a g e  e x c r e t io n  ( m g  p e r  d a y )  b e in g  1 .1 2  
( 1 0  r a t s ) ,  1 .0 3  ( 5  r a t s ) ,  1 .0 0  ( 3  r a t s ) ,  
1 .2 1  ( 6  r a t s )  a n d  1 .1 8  ( 4  r a t s )  f o r  g ro u p s  
A ,  B , C , D  a n d  E , re s p e c t iv e ly .  T h e r e fo r e ,  
i t  w a s  a p p a r e n t  t h a t  th e  in c re a s e d  in c i ­
d e n c e  a n d  s e v e r i ty  o f  u r o l i t h ia s is  i n  g ro u p  
A  w a s  n o t  d u e  to  a  d if fe r e n c e  i n  u r in a r y  
o x a la te  e x c re t io n .

T h e r e  is  a  g re a t  d e a l o f  c o n t ro v e rs y  o v e r  
th e  im p o r ta n c e  o f  u r in a r y  c i t r i c  a c id  in  
p r e v e n t in g  s to n e  f o r m a t io n  b y  f o r m in g  
s o lu b le  c o m p le x e s  w i t h  c a lc iu m .  A s  s h o w n  
i n  ta b le  6 , d o u b l in g  th e  v i t a m in  D  c o n te n t  
o f  th e  d ie t  ( g r o u p  C )  s ig n i f ic a n t ly  i n ­
c re a s e d  th e  c i t r i c  a c id  c o n c e n t r a t io n  a n d  
e x c re t io n .  B u t  th e  in c re a s e  i n  c i t r i c  a c id  
e x c r e t io n  w a s  a c c o m p a n ie d  b y  a  g re a te r  
in c re a s e  in  c a lc iu m  e x c re t io n .  C o n s id e r ­
in g  t h a t  th e  m o s t  c a lc iu m  t h a t  c a n  be  
c o m p le x e d  is  le s s  th a n  2 0 %  o f  th e  w e ig h t  
o f  c i t r i c  a c id ,  th e  in c re a s e  i n  c i t r i c  a c id  
e x c r e t io n  i n  g ro u p  C  w a s  n o t  s u f f ic ie n t  to  
c o m p le x  th e  a d d i t io n a l  a m o u n t  o f  u r in a r y  
c a lc iu m .  I n  f a c t ,  th e  a m o u n t  o f  c a lc iu m  
i n  e xc e ss  o f  t h a t  w h ic h  c o u ld  c o m b in e  w i t h  
c i t r a t e  w a s  h ig h e r  i n  g ro u p  C  th a n  i n  g ro u p  
A . T h e r e fo r e ,  th e  la c k  o f  s to n e  f o r m a t io n  
i n  g ro u p  C c a n n o t  be  e x p la in e d  b y  th e  
in c re a s e  i n  u r in a r y  c i t r i c  a c id  e x c re t io n .

S in c e  c a lc u lo g e n e s is  i n  g ro u p  A  c a n n o t  
b e  e x p la in e d  b y  c h a n g e s  i n  th e  c a lc iu m ,  
c i t r a te  o r  o x a la te  c o m p o s i t io n  o f  th e  u r in e ,  
s o m e  o f  th e  m o re  s u b t le  c h a n g e s  in d ic a te d  
b y  th e  d a ta  w e re  e x a m in e d .  F i r s t  o f  a l l ,  
g ro u p  B , w i t h  a lo w e r  c a lc iu m  le v e l (a ls o  
re d u c e d  C a :P  r a t i o )  t h a n  g ro u p  A ,  h a d  
s ig n i f ic a n t ly  in c r e a s e d  g r o w th  ( P  <  0 .0 1 )  
( t a b le  7 ) ,  b u t  n o  s ig n i f ic a n t  c h a n g e s  in  
c a lc iu m  ( ta b le  4 )  o r  p h o s p h o ru s  r e te n t io n

( ta b le  8 ) .  G ro u p  C , w i t h  a d d e d  v i t a m in  
D ,  h a d  th e  p o o re s t  g r o w th  o f  a l l  th e  
g ro u p s ,  y e t  h a d  th e  s a m e  p h o s p h o ru s  r e ­
t e n t io n  as g ro u p  D , w h ic h  h a d  th e  b e s t 
g r o w th ,  a n d  s l ig h t ly  g re a te r  c a lc iu m  r e ­
t e n t io n  t h a n  g ro u p  D . S c h n e id e r  a n d  S te e n - 
b o c k  ( ’3 9 )  a n d  C ra m e r  a n d  S te e n b o c k  
( ’5 6 )  h a v e  p o s tu la te d  t h a t  th e  d e c re a s e  in  
g r o w th  c a u s e d  b y  a d d in g  v i t a m in  D  to  lo w -  
p h o s p h o ru s  d ie ts  is  d u e  to  a  d i f f e r e n t ia l  
s h u n t in g  o f  p h o s p h o ru s  f r o m  th e  m e ta ­
b o l ic  p o o l to  b o n e  in s te a d  o f  to  s o f t  t i s ­
sues . I n  o u r  e x p e r im e n t ,  h o w e v e r ,  th re e  
b o n e  a s h  a ss a ys  f r o m  e a c h  g ro u p  a t  18  
w e e k s  s h o w e d  t h a t  g ro u p  C  h a d  th e  lo w ­
e s t a v e ra g e  b o n e  a s h  ( 5 6 % ) .  T h is  w a s  
s ig n i f ic a n t ly  lo w e r  ( P  <  0 .0 1 )  th a n  g ro u p  
D  ( 6 0 %  )  a lth o u g h  n o t  s ig n i f ic a n t ly  lo w e r  
t h a n  w e a n l in g  g ro u p  A  ( 5 8 %  ) .  B o n e  a s h  
a ssa ys  a t  10  w e e k s  s h o w e d  th e  s a m e  d i f f e r ­
e n c e s  b u t  a  lo w e r  p e rc e n ta g e  o f  a sh . I n  
a d d i t io n ,  th e  p h o s p h o ru s  c o n te n t  o f  th e  
k id n e y s  o f  th e  v a r io u s  g ro u p s  w a s  e x ­
t r e m e ly  c o n s ta n t ,  v a r y in g  f r o m  0 .2 8  to  
0 .2 9 % .  G ro u p  E  h a d  a  lo w e r  g r o w th  r a te  
t h a n  g ro u p  D  a lth o u g h  p h o s p h o ru s  r e te n ­
t io n  w a s  o n ly  s l ig h t ly  lo w e r  t h a n  t h a t  o f  
g ro u p  D  a n d  c a lc iu m  r e te n t io n  w a s  i n ­
c re a s e d . T h e s e  d if fe re n c e s  i n  g r o w th  i n ­
d ic a te  t h a t  th e  lo w  g r o w th  r a te  i n  g ro u p  
A  w a s  d u e  a t  le a s t  p a r t i a l l y  to  o th e r  f a c to r s  
th a n  a  g ro s s  d ie ta r y  p h o s p h o ru s  d e f ic ie n c y .  
T h is  c o n c lu s io n  w a s  f u r t h e r  s u p p o r te d  b y  
th e  f a c t  t h a t  th e  s e r u m  in o r g a n ic  p h o s ­
p h o ru s  le v e ls  ( t a b le  8 ) ,  w h i le  t e n d in g  to  
b e  lo w  i n  g ro u p  A ,  w e re  n o t  o u ts id e  th e  
n o r m a l  ra n g e .

DISCUSSION

T h e  b a s a l lo w -p h o s p h o r u s  c a lc u lo g e n ic  
d ie t  u s e d  i n  t h is  e x p e r im e n t  h a s  s e v e ra l 
a d v a n ta g e s  o v e r  th e  e x t r e m e ly  lo w -p h o s -

Table 8
Phosphorus metabolism

Group No.
rats

Serum 
inorganic P

P
intake

Urine
P

Feces
P

Apparent P 
absorption

P
retention

m g/100 ml mg/day mg/day mg/day mg/day mg/day
A 22 7.50 24.3 0.229 15.2 9.05 8.82
B 15 8.66* 24.4 1.96 12.7 11.7 9.70
C 10 7.31 21.0 0.174 7.46 13.5* 13.3*
D 16 7.90 57.2 10.6 33.0 24.2** 13.6*
E 17 7.64 56.0 0.640 43.0 13.0* 12.4

* Significant difference (P  <  0.05) from  group A.
** Highly significant difference (P  <  0.01) from  group A.
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p h o ru s  d ie ts  t h a t  in c lu d e  e g g  w h i t e  r a th e r  
t h a n  c a s e in  as th e  p r o te in  s o u rc e . (1 )  T h e  
p h o s p h o ru s  le v e l  is  h ig h  e n o u g h  to  p e r m i t  
re a s o n a b ly  g o o d  g r o w th  a n d  to  p r e v e n t  a n y  
g ro s s  p h o s p h o ru s  d e f ic ie n c y  s y m p to m s ;  (2 )  
i t  p ro d u c e s  a  m i ld  f o r m  o f  c a lc u l i ,  w h ic h  
a v o id s  in te r fe r e n c e  f r o m  a n u r ia  o r  u r e m ia  
i n  th e  p h y s io lo g ic a l  m e a s u r e m e n ts ;  a n d
( 3 )  i t  p ro d u c e s  c a lc iu m  o x a la te  s to n e s , 
w h ic h  a re  c l i n ic a l l y  m u c h  m o re  p r e v a le n t  
t h a n  c i t r a t e  s to n e s . T h e  u r o l i t h ia s is  p r o ­
d u c e d  b y  o u r  lo w -p h o s p h o r u s  d ie t  d if fe r s ,  
h o w e v e r ,  f r o m  th a t  se e n  i n  h u m a n s  in  t h a t  
i t  is  n o t  r e a d i ly  p ro d u c e d  i n  m a tu r e  r a t s ;  
w h e re a s  i n  h u m a n  u r o l i t h ia s is  is  n o w  
m a in ly  a  d is e a s e  o f  m id d le  a ge . A n  e x c e p ­
t io n  to  t h is  o c c u rs  i n  u n d e rd e v e lo p e d  c o u n ­
t r ie s  w h e re  m a ln u t r i t i o n  re s u lts  i n  u r o l i ­
t h ia s is  a t  r a t h e r  h ig h  ra te s  i n  in f a n t s .

V i t a m in  A  d e f ic ie n c ie s  a n d  in f e c t io n  c a n  
b e  e l im in a te d  as c a u s e s  o f  u r o l i t h ia s is  
u n d e r  th e  c o n d i t io n s  o f  th e  e x p e r im e n t .  
A l l  o f  th e  d ie ts  w e re  m a d e  w i t h  th e  s a m e  
v i t a m in  m ix ,  w h ic h  c o n ta in e d  a d e q u a te  
le v e ls .  T h e  a n im a ls  w e re  k e p t  i n  a d ja c e n t  
c a g e s  so  t h a t  in f e c t io n  c e r ta in ly  w o u ld  
n o t  h a v e  b e e n  l im i t e d  to  o n e  g ro u p .

A p p a r e n t ly  f r o m  th e  la c k  o f  s to n e  f o r ­
m a t io n  i n  g ro u p s  C  a n d  E , f a c to r s  i n  a d d i­
t io n  to  in c re a s e d  c a lc iu m  a b s o r p t io n  a re  
in v o lv e d  i n  th e  p r o d u c t io n  o f  u r o l i t h ia s is  
w i t h  lo w -p h o s p h o r u s  d ie ts .  A ls o ,  u n d e r  
th e  c o n d i t io n s  o f  t h is  e x p e r im e n t  b o th  th e  
lo w  p h o s p h o ru s  le v e l  a n d  th e  h ig h  c a l ­
c iu m  : p h o s p h o ru s  r a t io  a re  r e q u ir e d  f o r  
s to n e  f o r m a t io n .

I n  re c e n t  y e a rs  c o n s id e ra b le  w o r k  h a s  
b e e n  c a r r ie d  o u t  to  e lu c id a te  th e  p o s s ib le  
ro le  o f  a n  o r g a n ic  m a t r i x  m a te r ia l  i n  
u r o l i t h ia s is  (B o y c e  a n d  S u lk in ,  ’5 6 ;  S u lk in  
a n d  B o y c e , ’5 6 ) .  C o n s id e r in g  o u r  h is to ­
lo g ic a l  o b s e r v a t io n s  o f  P A S -p o s it iv e  c a s ts  
a n d  th e  la c k  o f  a n y  c h a n g e s  i n  m in e r a l  
m e ta b o l is m  w h ic h  c a n  a d e q u a te ly  e x p la in  
th e  o c c u r re n c e  o f  s e v e re  u r o l i t h ia s is  o n ly  
i n  g ro u p  A , i t  s e e m s  p o s s ib le  t h a t  th e  lo w  
p h o s p h o ru s  le v e l a n d  h ig h  c a lc iu m : p h o s ­
p h o ru s  r a t io  m a y  b e  a  p r e r e q u is i te  f o r  th e  
f o r m a t io n  o f  a n  o r g a n ic  m a t r i x  m a te r ia l  i n  
o u r  e x p e r im e n ts .

O u r  d a ta  a re  n o t  c o m p lic a te d  b y  c h a n g e s  
i n  p r o te in  le v e l o f  th e  d ie t  a n d ,  s in c e  th e y  
in c lu d e  th e  fe c a l  as w e l l  as u r in a r y  e x ­
c r e t io n  o f  c a lc iu m  a n d  p h o s p h o ru s ,  m a y

g iv e  f u r t h e r  in s ig h t  in t o  th e  re s u lts  o f  
V a n  R e e n  e t  a l.  ( ’5 9 a ,b ) .  F o r  e x a m p le ,  
th e s e  w o r k e r s  p ro d u c e d  c a lc u l i  w i t h  a 
1 5 %  c a s e in  d ie t ,  c o n ta in in g  0 .1 9 %  o f  
p h o s p h o ru s  a n d  0 .4 3 %  o f  c a lc iu m ,  b u t  
n o t  w i t h  a  3 0 %  c a s e in  d ie t  c o n ta in in g  
0 .3 7 %  o f  p h o s p h o ru s  a n d  0 .8 6 %  o f  
c a lc iu m .  S in c e  th e  la t t e r  d ie t  h a d  th e  
s a m e  c a lc iu m :p h o s p h o r u s  r a t io  as th e  
f i r s t  a n d  tw ic e  th e  m in e r a l  c o n te n t ,  th e y  
c o n c lu d e d  t h a t  th e  p r o te in  le v e l m a y  h a v e  
b e e n  a  f a c t o r  i n  c a lc u lo g e n e s is .  W e  o b ­
ta in e d  s im i la r  re s u lts  i n  g ro u p s  A  ( 0 .1 6 %  
o f  P , 0 .5 6 %  o f  C a ) a n d  E  (0 .3 5 %  o f  P  a n d  
1 .3 6 %  o f  C a )  w i t h o u t  c h a n g in g  th e  p r o ­
t e in  le v e l.  T h e r e fo r e ,  a p p a r e n t ly  a n  a d e ­
q u a te  p h o s p h o ru s  le v e l  w a s  m o re  im p o r ­
t a n t  i n  p r e v e n t in g  u r o l i t h ia s is  th a n  th e  
in c r e a s e d  p r o te in  le v e l.  O u r  d a ta  a n d  t h a t  
o f  V a n  R e e n  e t  a l.  ( ’5 9 a )  in d ic a te  th a t ,  a t  
le a s t  i n  g r o w in g  ra ts ,  th e  c a lc iu m : p h o s ­
p h o r u s  r a t io  m a y  b e  v e r y  c r i t i c a l  i n  u r o ­
l i t h ia s is  p r o d u c t io n  as w e l l  as g ro w th .  
N o n e  o f  th e  ra t io s  u s e d  w e re  v e r y  h ig h  a n d  
r e la t iv e ly  s m a l l  c h a n g e s  m a d e  th e  d i f f e r ­
e n c e  b e tw e e n  p r o d u c in g  a n d  n o t  p r o d u c ­
in g  u r o l i t h ia s is .

SUMMARY
A  lo w -p h o s p h o r u s  ( 0 . 1 6 % ) ,  n o r m a l  

c a lc iu m  ( 0 .5 6 %  )  d ie t  c o n t a in in g  c a s e in  
w h ic h  p ro d u c e d  a  h ig h  in c id e n c e  ( 8 0 %  )  
o f  m i ld  u r o l i t h ia s is  i n  w e a n l in g  m a le  r a ts  
w a s  d e s c r ib e d .  T h is  is  th e  f i r s t  e x p e r i ­
m e n ta l  lo w -p h o s p h o r u s  d ie t  t h a t  h a s  b e e n  
r e p o r te d  to  p ro d u c e  c a lc iu m  o x a la te  r a t h e r  
t h a n  c a lc iu m  c i t r a t e  s to n e s . C a lc u l i  w e re  
p ro d u c e d  i n  y o u n g  r a ts  b y  9  w e e k s . M a ­
tu r e  r a ts ,  r e c e iv in g  th e  d ie ts  f o r  a  4 0 -w e e k  
p e r io d ,  d id  n o t  d e v e lo p  s to n e s . B o th  th e  
lo w  p h o s p h o ru s  le v e l a n d  th e  h ig h  c a l­
c iu m  : p h o s p h o ru s  r a t io  w e re  e s s e n t ia l f o r  
s to n e  f o r m a t io n  i n  w e a n l in g  ra ts .

M in e r a l  m e ta b o l is m  a n d  u r in e  c o m p o ­
s i t io n  d a ta  in d ic a te d  t h a t  u r o l i t h ia s is  w a s  
n o t  a  d ir e c t  r e s u l t  o f  in c r e a s e d  u r in a r y  
c a lc iu m  o r  o x a la te  e x c re t io n .  T h is ,  c o m ­
b in e d  w i t h  th e  f r e q u e n t  o c c u r re n c e  o f  la rg e  
P A S -p o s it iv e  c a s ts , le d  to  th e  p o s tu la t io n  
t h a t  th e  lo w  p h o s p h o ru s  le v e l a n d  h ig h  
c a l c iu m : p h o s p h o ru s  r a t io  i n  th e  b a s a l d ie t  
c a u s e d  a n  in c re a s e  i n  th e  p r o d u c t io n  o f  
a n  o r g a n ic  m a t r i x  m a te r ia l ,  w h ic h ,  c o m ­
b in e d  w i t h  th e  h ig h  u r in e  c a lc iu m  le v e l,  
r e s u lte d  i n  s e v e re  u r o l i t h ia s is .  D o u b l in g
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th e  v i t a m in  D  le v e l  o f  th e  b a s a l d ie t  r e ­
d u c e d  th e  in c id e n c e  a n d  s e v e r i ty  o f  u r o l i ­
th ia s is .  T h is  e f fe c t  w a s  n o t  th e  d ir e c t  r e ­
s u l t  o f  in c r e a s e d  u r in e  c i t r a t e  e x c re t io n .
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T h e  S u b c o m m i s s u r a l  O r g a n  o f  t h e  V i t a m i n  B ,2- 

D e f i c i e n t  R a t * 1
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Department of Animal Science, Auburn University, Auburn, Alabama

R ic h a r d s o n  a n d  H o g a n  ( ’4 6 )  o b s e rv e d  
h y d ro c e p h a lu s  i n  a  s ig n i f ic a n t  n u m b e r  o f  
th e  o f f s p r in g  f r o m  in a d e q u a te ly  n o u r is h e d  
fe m a le  ra ts .  S u b s e q u e n t in v e s t ig a t io n s  i n  
a n u m b e r  o f  la b o r a to r ie s  h a v e  c o n f i r m e d  
th e s e  o b s e rv a t io n s  ( G ir o u d  a n d  B o is s e lo t ,  
’5 1 ;  N e ls o n ,  ’ 5 7 ) .  I t  w a s  d e te r m in e d  t h a t  
th e  d ie t  o f  R ic h a r d s o n  a n d  H o g a n  w a s  d e ­
f ic ie n t  i n  b o th  f o l i c  a c id  a n d  v i t a m in  B ,2 
( O ’D e l l  e t  a l. ,  ’4 8 ) .  L a te r  w o r k  ( O ’D e l l  e t 
a l. ,  ’5 1 )  s h o w e d  t h a t  a  d e f ic ie n c y  o f  v i t a ­
m in  B 12 a lo n e  i n  th e  m a te r n a l  d ie t  re s u lte d  
i n  a  m u c h  h ig h e r  in c id e n c e  o f  h y d ro c e p h a ­
lu s  i n  i n f a n t  r a ts  th a n  th e  d ie t  d e f ic ie n t  
i n  b o th  f o l i c  a c id  a n d  v i t a m in  Biz.

H is to lo g ic a l  s tu d ie s  (O v e r h o ls e r  e t  a l. ,  
’5 4 ;  N e w b e rn e  a n d  O ’D e l l ,  ’ 5 8 )  h a v e  b e e n  
m a d e  o f  b r a in s  f r o m  o f f s p r in g  l i t t e r e d  b y  
fe m a le  r a t s  m a in ta in e d  w i t h  d ie ts  s u c h  
as th o s e  d e s c r ib e d  a b o ve . O v e rh o ls e r  e t a l.  
( ’5 4 )  c o n c lu d e d  t h a t  th e  h y d ro c e p h a lu s  
i n  r a ts  l i t t e r e d  b y  f o l i c  a c id - d e f ic ie n t  o r  
v i t a m in  B iz -d e f ic ie n t  d a m s  w a s  a  r e s u l t  o f  
o c c lu s io n  o f  th e  c e r e b ra l a q u e d u c t  w h ic h  
o c c u r re d  b e tw e e n  th e  s ix te e n th  a n d  e ig h ­
te e n th  d a y  o f  g e s ta t io n .  T h e s e  in v e s t ig a ­
to rs  a t t r ib u te d  th e  o c c lu s io n  o f  th e  c e r e b ra l 
a q u e d u c t  to  a b s e n c e  o f  a  s p e c ia l iz e d  g ro u p  
o f  “ c o lu m n a r  e p e n d y m a l c e lls ”  i n  th e  r o o f  
o f  th e  a q u e d u c t  a n d  p o s te r io r  p a r t  o f  th e  
t h i r d  v e n t r ic le .  I t  w a s  p o s tu la te d  t h a t  
th e s e  c e lls  s e c re te  f l u id  in t o  th e  v e n t r ic u la r  
s y s te m  d u r in g  e m b r y o n ic  d e v e lo p m e n t  b e ­
fo r e  th e  c h o r o id  b e c o m e s  f u l l y  d e v e lo p e d . 
T h e  s e c re t io n  a t  t h is  t im e  w a s  c o n s id e re d  
to  b e  o f  s u f f ic ie n t  q u a n t i t y  to  p r e v e n t  c o l­
la p s e  a n d  c lo s u re  o f  th e  a q u e d u c t  w h ic h  is  
th e  n a r r o w e s t  p a r t  o f  th e  v e n t r ic u la r  s ys ­
te m . N e w b e rn e  a n d  O ’D e l l  ( ’5 8 )  o b s e rv e d  
m is s in g  a n d  d e ta c h e d  e p e n d y m a l c e lls ,  
f r a g m e n ta t io n  o f  c h o r o id  e p i th e l iu m ,  a n d  
l i p i d  i n  c h o r o id  a n d  e p e n d y m a l c e lls .

N e w b e rn e  a n d  O ’D e l l  ( ’5 9 )  e x te n d e d  th e  
s tu d ie s  a n d  o b s e rv e d  t h a t  h y d ro c e p h a lu s

i n  v i t a m in  B i2-d e f ic ie n t  e m b r y o n ic  r a ts  w a s  
a s s o c ia te d  w i t h  a l t e r a t io n s  i n  m ito s is  o f  
e p e n d y m a l c e lls .  T h e  a v a i la b le  e v id e n c e  
in d ic a te d  t h a t  a n  a b n o r m a l h is to lo g ic a l  
p a t t e r n  d e v e lo p e d  s o m e t im e  b e tw e e n  th e  
f o u r t e e n th  a n d  s ix te e n th  d a y  o f  g e s ta t io n  
i n  th e  d e f ic ie n t  b r a in .  I t  h a d  b e e n  re p o r te d  
p r e v io u s ly  (N e w b e r n e  a n d  O ’D e l l ,  ’5 8 )  
t h a t  th e  “ t a l l  c o lu m n a r  c e l ls ”  i n  th e  r o o f  
o f  th e  a q u e d u c t  a n d  t h i r d  v e n t r ic le  w e re  
i r r e g u la r l y  p re s e n t  i n  th e  h y d ro c e p h a lu s  o f  
v i t a m in  B i2 d e f ic ie n c y .  T h e s e  c e lls ,  w h ic h  
a re  i n  f a c t  th o s e  c o m p o s in g  th e  s u b c o m ­
m is s u r a l  o rg a n ,  w e re  p re s e n t  i n  s o m e  o f  th e  
b r a in s  w i t h  s e v e re  h y d ro c e p h a lu s .  T h is  o b ­
s e r v a t io n  in d ic a te d  t h a t  th e s e  c e lls  s e rv e d  
s o m e  p u rp o s e  d u r in g  e m b ry o g e n e s is  n o t  
n e c e s s a r i ly  r e la te d  to  e la b o r a t io n  o f  f lu id  
s u f f ic ie n t  s im p ly  b y  fo r c e  o f  v o lu m e  to  
m a in t a in  p a te n c y  o f  th e  a q u e d u c t .

T h e  s u b c o m m is s u r a l o r g a n  ( f ig .  1 )  is  
c o m p r is e d  o f  a  s p e c ia l iz e d  a re a  o f  e p e n ­
d y m a  lo c a te d  o n  th e  a n t e r o in f e r io r  s u r fa c e  
o f  th e  p o s te r io r  c o m m is s u r e  o f  th e  m id ­
b r a in  w h e re  th e  t h i r d  v e n t r ic le  c o n t in u e s  
in t o  th e  c e r e b ra l a q u e d u c t  ( W is lo c k i  a n d  
L e d u c ,  ’5 2 ) .  T h e  c e lls  o f  t h is  a re a  a re  t a l l  
c o lu m n a r  e p i t h e l ia l  c e l ls  a n d  a p p e a r  to  be  
s e c re to ry  i n  n a tu r e .  T h e  o r g a n  e la b o ra te s  
a  s u b s ta n c e  t h a t  re a c ts  p o s i t iv e ly  w i t h  
c h r o m e  a lu m - h e m a to x y l in ,  a ld e h y d e  fu c h -  
s in ,  a n d  p e r io d ic  a c id - S c h i f f  re a g e n ts  ( W is ­
lo c k i  a n d  L e d u c ,  ’5 4 ) .  T h e  s u b s ta n c e  e la b ­
o ra te d  c l in g s  to  th e  lu m e n a l  s u r fa c e  o f  th e  
c e lls  a n d  a c c u m u la te s  w i t h i n  th e  lu m e n  
o f  th e  a q u e d u c t .  I n  a l l  b u t  a  f e w  v e r te ­
b ra te s ,  in c lu d in g  m a n ,  th e  s e c re t io n  c o n ­
d e n s e s  to  g iv e  r is e  to  th e  p ro te in a c e o u s  
f ib e r  k n o w n  as R e is s n e r ’s f ib e r .  T h is  f ib e r  
b e g in s  as m in u t e  f ib r i l s  w h ic h  u n i t e  w i t h i n  
th e  a q u e d u c t  to  f o r m  th e  s t r u c tu r e  k n o w n
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as R e is s n e r ’s f ib e r ;  t h is  s t r u c tu r e  e x te n d s  
f r o m  th e  o p t ic  t e c tu m  th r o u g h  th e  lu m e n  
o f  th e  f o u r t h  v e n t r ic le  a n d  c e n t r a l  s p in a l  
c a n a l  to  t e r m in a te  i n  th e  f i l u m  t e r m in a l  
a t  th e  p o s te r io r  e x t r e m i t y  o f  th e  s p in a l  
c a n a l.

S e le c tiv e  s ta in in g  o f  th e  s e c re t io n  o f  th e  
s u b c o m m is s u r a l o r g a n  a n d  o f  th e  s u b ­
s ta n c e  o f  R e is s n e r ’s f ib e r  h a s  b e e n  re p o r te d  
b y  a  n u m b e r  o f  in v e s t ig a to r s  o n  m a n y  
s p e c ie s  ( S tu t in s k y ,  ’5 0 , f r o g ;  W is lo c k i  a n d  
L e d u c ,  ’5 2 , r a t ;  B a r g m a n n  a n d  S c h ie b le r ,  
’5 2 , d o g , c a t ;  W in g s t r a n d ,  ’5 3 , c h ic k ;  W is ­
lo c k i  a n d  R o th ,  ’5 8 , m a n ;  G i lb e r t ,  ’6 0 , 
m a n ) .  W is lo c k i  a n d  L e d u c  ( ’5 4 )  d e m o n ­
s tr a te d  b y  h is to c h e m ic a l  m e th o d s  th a t ,  i n  
th e  r a t ,  th e  s u b c o m m is s u r a l o rg a n  is  th e  
s ite  o f  p ro n o u n c e d  e n z y m a t ic  a c t iv i t y .  T h e  
c e lls  o f  th e  o rg a n  e la b o ra te  a  s e c re t io n  t h a t  
e x te n d s  f r o m  th e  n u c le u s  to  th e  lu m e n a l  
s u r fa c e  a n d  is  r e m a r k a b ly  s im i la r  i n  h is to ­
c h e m ic a l  p ro p e r t ie s  to  th e  m a te r ia l  s to re d  
i n  th e  p o s te r io r  p i t u i t a r y .  G i lb e r t  ( ’6 0 )  
p ro d u c e d  e v id e n c e  t h a t  th e  s u b c o m m is ­
s u r a l  o rg a n ,  i n  th e  r a t ,  is  re la te d  to  w a te r  
m e ta b o l is m  a n d  p o s tu la te d  t h a t  th e  o rg a n  
m a y  re le a s e  a  h o r m o n e - l ik e  s u b s ta n c e  t h a t  
a c ts  a t  th e  r e n a l  le v e l  to  in f lu e n c e  w a te r  
m e ta b o l is m  B y  u s e  o f  h is to c h e m ic a l  
m e th o d s  G i lb e r t  ( ’6 0 )  d e m o n s t ra te d  th e  
s e c re to ry  n a tu r e  o f  th e  o rg a n  i n  9  a d u l t  
h u m a n  b ra in s .

I n  v ie w  o f  th e  n u m e r o u s  r e p o r ts  i n  r e ­
c e n t  l i t e r a t u r e  r e la t in g  to  th e  s u b c o m m is ­
s u r a l  o r g a n  i n  m a n y  s p e c ie s  i t  s e e m e d  
w o r th w h i le  to  a t te m p t  to  e lu c id a te  th e  r e la ­
t io n s h ip ,  i f  a n y ,  b e tw e e n  th e  o rg a n  a n d  
v i t a m in  B u - d e f ic ie n c y  h y d ro c e p h a lu s .  B e ­
c a u s e  i t  h a s  b e e n  o b s e rv e d  t h a t  th e  k id n e y  
o f  th e  v i t a m in  B ia -d e f ic ie n t  n e w b o r n  r a t  is  
m a r k e d ly  im m a tu r e  a n d  e x h ib i t s  p o s it iv e  
t u b u la r  d a m a g e , th e  k id n e y  w a s  in c lu d e d  
i n  t h is  s tu d y .  M o s t  v i t a m in  B iz -d e f ic ie n t  
n e w b o r n  e x h ib i t  w id e s p re a d  s u b c u ta n e o u s  
e d e m a , a  p o in t  o f  p ro b a b le  s ig n if ic a n c e .  
T h e  p u rp o s e  o f  t h is  r e p o r t  is  to  d e s c r ib e  
a n d  i l lu s t r a t e  c e r ta in  h is to c h e m ic a l  a n d  
m o r p h o lo g ic a l  d if fe re n c e s  t h a t  e x is i t  i n  
th e  b r a in  a n d  k id n e y  o f  th e  v i t a m in  B u - 
d e f ic ie n t  n e w b o r n  r a t  as c o m p a re d  w i t h  
i t s  v i t a m in  B ^ - s u p p le m e n te d  c o n t r o l .

MATERIALS AND METHODS
T w o  ty p e s  o f  b a s a l d ie ts  w e re  u s e d  in  

th e s e  e x p e r im e n ts .  T h e  s o y b e a n  m e a l d ie t

( O ’D e l l  e t a l. ,  ’ 5 1 )  re p o r te d  p r e v io u s ly  w a s  
u s e d  i n  o n e  g ro u p  o f  a n im a ls .  I t  c o n s is te d  
o f  th e  f o l lo w in g  in g r e d ie n ts :  ( i n  p e r  c e n t )  
s o y b e a n  o i l  m e a l,  7 0 ; g lu c o s e , 2 2 ;  la r d ,  4 ;  
s a lts  ( R ic h a r d s o n  a n d  H o g a n ,  ’4 6 ) ,  4  a n d  
a  v i t a m in  s u p p le m e n t .2 A n o th e r  g ro u p  o f  
a n im a ls  w a s  m a in ta in e d  w i t h  th e  f o l lo w ­
in g  d ie t :  ( i n  p e r  c e n t )  a lp h a  p r o te in  ( p u r i ­
f ie d  s o y b e a n  p r o t e in ) ,  3 0 ;  s u c ro s e , 5 5 .7 ;  
s o y b e a n  o i l ,  1 0 ; s a lts  ( R ic h a r d s o n  a n d  
H o g a n ,  ’4 6 ) ,  4 ; 3 D L - m e th io n in e ,  O .3 .4 C D  
s t r a in  r a ts  w e re  u s e d . T h e  a n im a ls  w e re  
m a in ta in e d  i n  r a is e d  s c re e n -b o t to m  c a g e s  
i n  a n  a ir - c o n d i t io n e d  ro o m  w i t h  fo o d  a n d  
w a te r  s u p p l ie d  a d  l i b i t u m  f r o m  w e a n in g .  
T h e  fe m a le s  w e re  fe d  th e  re s p e c t iv e  v i t a ­
m in  B i2-d e f ic ie n t  d ie ts  a t  w e a n in g  i n  o rd e r  
to  d e p le te  b o d y  s to re s  o f  th e  v i t a m in .  A t  
m a t u r i t y  th e  fe m a le s  w e re  m a te d  w i t h  n o r ­
m a l  m a le s ,  a n d  n e w b o r n  w e re  o b s e rv e d  f o r  
g ro s s  a b n o r m a l i t ie s  a n d  e a r ly  m o r t a l i t y .  
C o n t r o l  a n im a ls  w e re  fe d  th e  b a s a l d ie ts  
s u p p le m e n te d  w i t h  3 0  ag  o f  v i t a m in  B t2 
p e r  k g  o f  d ie t .  C r i t e r ia  u s e d  to  d e te r m in e  
s ta te  o f  d e f ic ie n c y  w e re  a  h ig h  in c id e n c e  
o f  h y d ro c e p h a lu s ,  s u b c u ta n e o u s  e d e m a , 
c y a n o s is ,  m o r t a i l i t y  o f  9 0 %  o r  m o re  d u r in g  
th e  f i r s t  w e e k ,  a n d  h is to lo g ic a l  e v a lu a t io n  
b a s e d  o n  p ro n o u n c e d  im m a t u r i t y  o f  o r ­
g a n s  a n d  t is s u e s  i n  d e f ic ie n t  o f f s p r in g .

M o r p h o lo g ic a l  a n d  h is to c h e m ic a l  s tu d ie s  
w e re  m a d e  o n  b r a in s  a n d  k id n e y s  o f  21  
v i t a m in  B iz -d e f ic ie n t  h y d r o c e p h a l ic  a n i ­
m a ls ,  16  l i t te r m a te s  o f  th e s e , a n d  1 2  v i t a ­
m in  B ia -s u p p le m e n te d  c o n t ro ls .  B r a in s  
u s e d  f o r  s tu d y  w e re  f ix e d  b y  in je c t in g  th e  
f ix a t iv e  t h r o u g h  th e  l e f t  v e n t r ic le  o f  th e  
h e a r t  a c c o r d in g  to  a  m o d i f ic a t io n  o f  th e  
m e th o d  o f  D a v ie s  ( ’5 9 ) .  F o l lo w in g  d e ­
c a p i t a t io n  th e  c r a n ia l  c a p  w a s  c a r e f u l ly  
re m o v e d  a n d  th e  e n t i r e  b r a in  p la c e d  i n  
f ix a t iv e .  K id n e y s  w e re  re m o v e d  a n d  p la c e d  
d ir e c t ly  in t o  th e  re s p e c t iv e  f ix a t iv e s .  F ix a ­
t iv e s  in c lu d e d  B o u in ’s, O r t h ’s, S u s a , a n d  
1 0 %  b u f fe r e d  f o r m a l in .  R o u t in e  T e c h n i-  
c o n  p ro c e d u re s  w e re  u s e d  f o r  p a r a f f in  e m ­
b e d d in g .  M e d ia l  s a g i t ta l  s e c t io n s  o f  th e

2 A vitamin supplement supplied in  m g/100 gm o f 
diet: thiamine-HC1, 1.6; riboflavin, 1.6; pyridoxine* 
HC1, 1.6; Ca pantothenate, 4.0; choline chloride, 100; 
biotin, 0.02; folacin , 0.5; a-tocopherol, 3.0; 2-methyl- 
1,4-naphthoquinone, 1.0; vitamin A, 2,000 IU and 
vitamin D, 280 IU. The author wishes to thank 
Merck & Company for supplying the water-soluble 
vitamins, and Distillation Products Industries for 
vitamin A and a-tocopherol.

3 Cobalt was omitted from  salts m ix in  this diet.
4 The same vitamin m ix was used as in  the above 

diet except that choline chloride was increased to 300.
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b r a in  a n d  c ro s s  s e c t io n s  o f  th e  k id n e y  
w e re  c u t  a t  6  a ; s ta in s  t h a t  w e re  u s e d  i n ­
c lu d e d  h e m a to x y l in  a n d  e o s in ,  G o m o r i ’s 
c h r o m e  a lu m - h e m a to x y l in ,  G o m o r i ’s a ld e ­
h y d e  f u c h s in ,  a lc ia n  b lu e -P A S , M a s s o n ’s 
t r ic h r o m e  a n d  p r o te in  b o u n d  s u l f h y d r y l  
a n d  d is u l f id e  b y  th e  m e th o d  o f  B a r n e t t  a n d  
S e lig m a n  ( ’5 2 ) .

P a s t o b s e r v a t io n s  h a d  s h o w n  t h a t  th e re  
w a s  a  v a r ia t io n  i n  d e g re e  o f  s e v e r i ty  o f  
v e n t r ic u la r  d i la t a t io n  o f  th e  h y d r o c e p h a l ic  
a n im a ls .  F u r th e r m o r e ,  m o s t  l i t t e r s  t h a t  
c o n ta in e d  a n im a ls  e x h ib i t in g  h y d ro c e p h a ­
lu s  a ls o  c o n ta in e d  l i t t e r m a te s  w i t h  n o  e v i­
d e n c e  o f  g ro s s  d i la t a t io n .  C e r ta in  a n im a ls  
re v e a le d  a n  o c c lu d e d  o r  s te n o t ic  c e r e b ra l 
a q u e d u c t  a n d  o th e rs  s h o w e d  g ro s s ly  d i la te d  
v e n t r ic le s  a n d  p a te n t  a q u e d u c ts .  T h u s  i t  
a p p e a re d  t h a t  h y d r o c e p h a lu s  w a s  n o t  a  
r e s u l t  o f  a n  o c c lu d e d  a q u e d u c t  p e r  se. F o r  
th e s e  re a s o n s  th e  o f f s p r in g  s e le c te d  f o r  
t h is  s tu d y  w e re  a n im a ls  w i t h  p a te n t  a q u e ­
d u c ts .  T h e s e  w e re  d iv id e d  in t o  g ro u p s  to  
in c lu d e  ( 1 )  th o s e  s h o w in g  g ro s s  h y d r o ­
c e p h a lu s ,  (2 )  n o n h y d r o c e p h a l ic  l i t te r m a te s  
o f  th e s e , a n d  (3 )  v i t a m in  B u -s u p p le m e n te d  
c o n t ro ls .

RESULTS

P e r fo r m a n c e  o f  th e  d a m  a n d  th e  p e r ­
c e n ta g e  o f  a b n o r m a l i t ie s  o b s e rv e d  in  o f f ­
s p r in g  d i f f e r e d  i n  th e  tw o  d ie ts  u se d . T h e  
re s u lts  o f  a  1 2 -m o n th  te s t  p e r io d  a re  s h o w n  
i n  ta b le  1. T h e s e  in d ic a te  re d u c e d  b re e d ­
in g  o r  c o n c e p t io n  i n  th e  g ro u p  m a in ta in e d  
o n  a lp h a  p r o te in  o r  b o th .  T h e  a n im a ls  
m a in ta in e d  w i t h  th is  d ie t  w e re  s o m e w h a t  
obe se  a n d  a v e ra g e d  4 0  to  5 0  g m  m o re  in  
w e ig h t  a t  8  m o n th s  o f  a ge  th a n  th e  a n i ­
m a ls  c o n s u m in g  th e  s o y b e a n  m e a l d ie t .  
T h e  in c re a s e d  s u g a r  c o n te n t  p lu s  a  s l ig h t

in c re a s e  i n  f a t  m a y  h a v e  m a d e  t h is  d ie t  
m o re  p a la ta b le .  T h u s ,  o b e s ity  m a y  h a v e  
a c c o u n te d  i n  p a r t  f o r  th e  d e c re a s e d  r e p r o ­
d u c t io n .  T h e r e  w a s  a  h ig h e r  in c id e n c e  o f  
h y d ro c e p h a lu s  i n  th e  o f f s p r in g  l i t t e r e d  to  
d a m s  m a in ta in e d  w i t h  a lp h a  p r o te in .  
S in c e  th e  a lp h a  p r o te in  d ie t  a p p e a re d  to  
be  a d e q u a te  i n  a l l  re s p e c ts  e x c e p t  f o r  v i t a ­
m in  B 12 a n d  c o b a lt ,  th e  in c re a s e  i n  h y d r o ­
c e p h a lu s  w a s  a t t r ib u te d  to  a  m o re  s e v e re  
b o r d e r l in e  d e f ic ie n c y  o f  v i t a m in  B i2 as a  
r e s u l t  o f  o m i t t in g  c o b a lt  f r o m  th is  d ie t .

B rain. T h e  s u b c o m m is s u r a l o rg a n  ( f ig .  
1 )  f r o m  a  n e w b o r n  c o n t r o l  r a t  s h o w s  th e  
lo c a t io n  o f  th e  o rg a n  b e n e a th  th e  p o s te r io r  
c o m m is s u r e  a n d  p in e a l  b o d y  w h e re  th e  
t h i r d  v e n t r ic le  n a r r o w s  to  b e c o m e  th e  c e re ­
b r a l  a q u e d u c t .  C o n t r o l  b r a in s  s h o w e d  a 
s ta in a b le  s u b s ta n c e  w i t h i n  th e  c e lls  o f  th e  
o rg a n  e x te n d in g  f r o m  th e  n u c le u s  to  th e  
lu m e n a l  s u r fa c e .  T h e  c e lls  o f  th e  s u b c o m ­
m is s u r a l  o rg a n  s ta in e d  v iv id l y  a n d  s e le c ­
t iv e ly  w i t h  c h r o m e  a lu m - h e m a to x y l in ,  
p e r io d ic  a c id - S c h i f f  ( P A S )  a n d ,  to  a  le s s e r 
d e g re e , w i t h  G o m o r i ’s a ld e h y d e  fu c h s in .  
C e ll n u c le i ,  c y to p la s m  a n d  d r o p le t  m a te r ia l  
s ta in e d  f a i n t l y  f o r  p r o te in  b o u n d  s u l f h y ­
d r y l  a n d  m o d e r a te ly  h e a v y  f o r  p r o te in  
b o u n d  d is u lf id e .  T h e r e  w a s  a  v a r ia t io n  i n  
a f f in i t y  f o r  th e  d i f f e r e n t  s ta in s  ( t a b le  2 ) ,  
d e p e n d in g  u p o n  th e  ty p e  f ix a t iv e  u se d .

T h e  c la s s i f ic a t io n  o f  s ta in in g  in t e n s i t y  
s h o w n  i n  ta b le  2  is  b a s e d  o n  s e c t io n s  f r o m  
w h ic h  g ly c o g e n  h a d  b e e n  re m o v e d  w i t h  
s e v e ra l c h a n g e s  o f  s a l iv a .  P A S -p o s it iv e  
a n d ,  to  a  le s s e r  d e g re e , a ld e h y d e  f u c h s in -  
p o s it iv e  m a te r ia l  t h a t  a p p e a re d  to  b e  se­
c re te d  b y  th e  c e lls  o f  th e  s u b c o m m is s u r a l 
o r g a n  c lu n g  to  th e  lu m e n a l  s u r fa c e s  o f  th e  
c e lls  a n d  a c c u m u la te d  w i t h i n  th e  lu m e n  as

TABLE 1
Reproductive performance of females for 12-month period

Type
diet

No.
females

No.
litters

Litters/
female
(av.)

No.
offspring

Av. no. 
in litter

Hydro­
cephalus

Soybean oil meal 45 150 3.33 810 5.4
%

14.8

Soybean oil meal
+  vitamin B12 9 54 6.00 378 7.0 0.0

Alpha protein 32 75 2.34 382 5.1 19.6

Alpha protein
+  vitamin Bi2 9 38 4.22 277 7.3 0.0
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TABLE 2
Tinctorial characteristics of the subcommissural organ

Fixative
Stain and intensity1

Aldehyde
fuchsin PAS

Protein-
bound

sulfhydryl
Protein-
bound

disulfide

Bouin’s 2 4 2 3
Formalin, 10% 0 2 1 2
Orth’s 1 2 0 0
Susa 1 4 0 1

1 Graded 1 to 4 with a trace as grade 1 and strongest reaction as grade 4.

d ro p le ts  ( f ig .  2 ) .  T h e  s u b c o m m is s u r a l o r ­
g a n  w a s  in t a c t  i n  th e  h y d r o c e p h a l ic  a n i ­
m a ls  s e le c te d  to  d e m o n s t ra te  c h a n g e s  o b ­
s e rv e d  i n  t h is  s tu d y ,  a th o u g h  i n  s o m e  o f  
th e  b r a in s  e x a m in e d  th e  o r g a n  w a s  s m a lle r  
t h a n  n o r m a l.  T h e  d e g re e  o f  v e n t r ic u la r  d i ­
la t a t io n  a n d  b r a in  d a m a g e  s e e m e d  to  v a r y  
l i t t l e  a m o n g  h y d ro c e p h a l ic s .  T h e r e  w a s  a 
m a r k e d  d if fe r e n c e ,  h o w e v e r ,  i n  s ta in in g  
c h a r a c te r is t ic s  o f  th e  o rg a n  i n  h y d r o c e p h ­
a lic s ,  t h e i r  n o n h y d r o c e p h a l ic  l i t te r m a te s  
a n d  th e  s u p p le m e n te d  c o n t ro ls .  T h e  c e lls  
o f  th e  s u b c o m m is s u r a l o r g a n  f r o m  a  h y d r o ­
c e p h a l ic  a n im a l  s h o w in g  s e v e re  v e n t r ic u ­
l a r  d i la t a t io n  c o n ta in e d  l i t t l e  s ta in a b le  
m a te r ia l  ( f ig .  3 )  a n d  th e re  w a s  n o  e v id e n c e  
o f  d ro p le ts  c l in g in g  to  th e  lu m e n a l  s u r fa c e  
o r  f r e e  w i t h i n  th e  lu m e n .  I n  a d d i t io n ,  th e  
c y to p la s m  o f  th e  c e lls  w a s  v a c u o la te d  a n d  
le n g th  o f  th e  c e lls  d im in is h e d  w i t h  m a n y  
n u c le i  p la c e d  n e a r  th e  lu m e n a l  b o rd e r .  
N o n h y d r o c e p h a l ic  l i t t e r m a te s  re v e a le d  
m o d e ra te  a m o u n ts  o f  s ta in a b le  m a te r ia l  
w i t h i n  th e  c e lls  a n d  c l in g in g  to  t h e i r  l u ­
m e n a l  b o rd e r ,  o r  f r e e  w i t h i n  th e  lu m e n  
( f ig -  4 ) .

A  c h a r a c te r is t ic  o b s e r v a t io n  i n  c o n t r o l  
b r a in s  a n d , to  a  le s s e r  e x te n t ,  i n  th e  n o n -  
d is te n d e d  b r a in s  o f  l i t t e r m a t e r s  o f  h y d r o ­
c e p h a lic s  w a s  th e  p re s e n c e  o f  s t r o n g ly  
P A S -p o s it iv e ,  f a i n t l y  a ld e h y d e  fu c h s in -  
p o s it iv e  m a te r ia l  a t  th e  p o le s  o f  th e  n u c le i  
o f  c e l ls  o f  th e  s u b c o m m is s u r a l o r g a n  ( f ig .
5 ) .  T h is  m a te r ia l  w a s  n o t  o b s e rv e d  in  
b r a in s  o f  h y d r o c e p h a l ic  a n im a ls  ( f ig .  6 ) .  
C a u d a l to  th e  s u b c o m m is s u r a l o rg a n  i n  th e  
lu m e n  o f  th e  a q u e d u c t  o f  c o n t r o l  b r a in s  
th e re  w e re  m o d e ra te  to  h e a v y  a c c u m u la ­
t io n s  o f  s t r o n g ly  P A S -p o s it iv e ,  f a i n t l y  a ld e ­
h y d e  fu c h s in - p o s i t iv e  m a te r ia l  ( f ig .  7 ) .  
T h e  d ro p le ts  c o a le s c e d  to  f o r m  h e a v y  c o n ­
c e n t r a t io n s  a n d  th e re  w e re  t h ic k  b a n d s  o f  
s ta in a b le  m a te r ia l  a t  th e  lu m e n a l  s u r fa c e

o f  th e  c e lls .  L i t t l e ,  i f  a n y ,  s u c h  m a te r ia l  
w a s  se e n  i n  th e  a q u e d u c ts  o f  h y d r o c e p h a l ic  
b r a in s  ( f ig .  8 ) .  L i t t e r m a te s  to  h y d r o c e p h ­
a lic s  s h o w e d  m o d e ra te  a m o u n ts  w i t h i n  th e  
lu m e n  o f  th e  a q u e d u c t .

S c a t te re d  a b o u t  i n  th e  g ra y  s u b s ta n c e  
b o r d e r in g  th e  t h i r d  v e n t r ic le  a n d  th e  a q u e ­
d u c t  w e re  v a r ia b le  n u m b e r s  o f  g l ia l - t y p e  
c e lls .  T h e y  w e re  n u m e r o u s  i n  c o n t r o l  
b r a in s ,  f e w e r  i n  n u m b e r  i n  l i t te r m a te s  to  
h y d ro c e p h a l ic s ,  b u t  w e re  s p a rs e  o r  a b s e n t 
i n  h y d ro c e p h a l ic s .  T h e s e  c e lls  c o n ta in e d  
g ra n u le s  t h a t  s ta in e d  s e le c t iv e ly  w i t h  P A S  
a n d  a ld e h y d e  f u c h s in ;  th e  l a t t e r  s ta in ,  
h o w e v e r ,  w a s  le s s  v iv id  ( f ig s .  9 - 1 1 ) .  T h e s e  
c e lls  p r o b a b ly  c o r re s p o n d  to  th o s e  o f  th e  
n o r m a l  a d u l t  r a t  b r a in  d e s c r ib e d  b y  W is -  
lo c k i  a n d  L e d u c  ( ’5 4 )  w h o  s h o w e d  t h a t  
t h is  c e l l  ty p e  a c c u m u la te d  s i lv e r  in t r a -  
v i t a l l y  a n d  a ls o  c o n ta in e d  P A S -p o s it iv e  m a ­
t e r ia l  a n d  d ro p le ts  o f  g o ld e n  b r o w n  p ig ­
m e n t .

K id n ey . T h e  im m a tu r e  a n d  d a m a g e d  
k id n e y  o f  th e  v i t a m in  B i2- d e f ic ie n t  n e w ­
b o r n  r a t  h a s  b e e n  d e s c r ib e d  (J o n e s  e t  a l. ,  
’5 5 ;  N e w b e m e  a n d  O ’D e l l ,  ’ 5 9 ) .  S e c t io n s  
in c lu d e d  i n  th is  r e p o r t  w e re  t re a te d  w i t h  
s e v e ra l c h a n g e s  o f  s a l iv a  to  re m o v e  g ly c o ­
g e n  a n d  w e re  t h e n  s ta in e d  b y  th e  a lc ia n  
b lu e -P A S  te c h n iq u e .

T h e  m o s t  p r o m in e n t  o b s e r v a t io n  i n  th e  
k id n e y  o f  th e  v i t a m in  B n - d e f ic ie n t  n e w ­
b o r n  r a t  is  g ro s s  im m a t u r i t y .  M a n y  t u ­
b u le s  a n d  g lo m e r u l i  i n  th e  c o r t ic a l  z o n e  
f a i l  to  d i f f e r e n t ia t e  i n t o  f u n c t io n a l  u n i t s  
( f ig s .  1 2  a n d  1 3 ) .  G lo m e r u l i  a re  p o o r ly  
d i f f e r e n t ia t e d  a n d  h a v e  th e  a p p e a ra n c e  o f  
a  c o n t ra c te d ,  h ig h ly  c e l lu la r  s t r u c tu r e  c o m ­
p a re d  w i t h  th e  c o n t r o l  a n im a l  ( f ig .  1 4 ) .  
B o th  p r o x im a l  a n d  d is t a l  tu b u le s  a re  m a r k ­
e d ly  d i la te d .  T h e  p o o r ly  d i f f e r e n t ia t e d  
g lo m e r u l i  a n d  th e  d a m a g e d  tu b u le s  o f  th e  
h y d r o c e p h a l ic  n e w b o r n  r a t  o b s e rv e d  i n  t h is
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s tu d y  a re  d e m o n s t ra te d  i n  f ig u r e  1 5 . I n  
f ig u r e  1 6  is  s h o w n  th e  n e a r  n o r m a l  p a t ­
t e r n  o f  a  n o n h y d r o c e p h a l ic  l i t t e r m a t e  to  
th e  a n im a l  s h o w n  i n  f ig u r e  1 5 . E v e n  m o re  
s t r i k in g  w e re  th e  a l t e r a t io n s  i n  th e  p a p i l ­
la r y  a re a  ( f ig s .  1 7  a n d  1 8 ) .  T h e  p a p i l la r y  
tu b u le s  w e re  d i la te d  a n d  m a n y  w e r e  c y s t ic  
( f ig .  1 8 ) ;  c a s ts  w e re  n o t  o b s e rv e d  a n d  o c ­
c lu s io n  o f  th e  r e n a l  s y s te m  w a s  n o t  a p ­
p a r e n t  to  a c c o u n t  f o r  th e  d i la ta t io n s .  T h e  
s e v e re  t u b u la r  d i la t a t io n  i n  th e  p a p i l la r y  
z o n e  o f  th e  h y d r o c e p h a l ic  a n im a l  is  c o m ­
p a re d  w i t h  t h a t  o f  th e  c o n t r o l  a n im a l  i n  
f ig u re s  1 9  a n d  2 0 . N o te  i n  f ig u r e  2 0  th e  
a c c u m u la t io n  o f  P A S -p o s it iv e  g lo b u le s  a c ­
c u m u la te d  w i t h i n  th e  e p i t h e l iu m  o f  m a n y  
o f  th e  tu b u le s .  S u b s e q u e n t s tu d ie s  s h o w e d  
th e s e  s t r u c tu r e s  to  b e  h is to c h e m ic a l ly  id e n ­
t ic a l  to  th e  s t r u c tu r e s  o b s e rv e d  i n  th e  
s a m e  lo c a t io n  o f  th e  p o ta s s iu m - d e f ic ie n t  
r a t .  L it t e r m a te s  to  h y d r o c e p h a l ic  a n im a ls  
s h o w e d  k id n e y s  t h a t  w e re  le s s  d a m a g e d  
th a n  th o s e  o f  th e  la t t e r .

DISCUSSION

I n  o u r  s tu d ie s ,  th e  s o y b e a n  o i l  m e a l d ie t  
s u p p o r te d  a n im a ls  t h a t  a p p e a re d  to  b e  a t  
a  lo w e r  p la n e  o f  n u t r i t i o n  t h a n  a n im a ls  
m a in ta in e d  w i t h  a lp h a  p r o te in - ty p e  d ie ts .  
T h is  o c c u r re d  d e s p ite  a p p r o x im a te  e q u a l­
i t y  i n  p r o x im a te  n u t r ie n t s .  T h e  d if fe r e n c e  
i n  p r o te in  c o u ld  h a r d ly  a c c o u n t  f o r  t h is .  
A n im a ls  fe d  th e  a lp h a  p r o te in - ty p e  d ie t  
p r o b a b ly  b e c a m e  s o m e w h a t  o bese  f r o m  i n ­
c re a s e d  in t a k e  o f  a  m o re  p a la ta b le  d ie t .  
O b e s ity  i n  r a t s  is  k n o w n  to  re d u c e  r e p r o ­
d u c t io n  a n d  t h is  f a c t o r  p r o b a b ly  a c c o u n te d  
f o r  th e  p o o r  r e p r o d u c t io n  w i t h  th e  a lp h a  
p r o te in  d ie t .  In c re a s e d  in c id e n c e  o f  h y d r o ­
c e p h a lu s  w i t h  th e  l a t t e r  d ie t  w a s  a t t r ib u te d  
to  la c k  o f  c o b a lt  a n d  th u s  re d u c e d  s y n ­
th e s is  o f  v i t a m in  B i 2 i n  fe m a le s  c o n s u m in g  
t h is  ty p e  d ie t .  A lp h a  p r o te in  is  n e a r ly  d e ­
v o id  o f  c o b a l t  a n d  t h is  c o n s t i t u e n t  w a s  
o m it te d  f r o m  s a lts  u s e d  i n  th e  a lp h a  p r o ­
t e in  d ie t .  T h e  a lp h a  p r o te in  d ie t ,  h o w e v e r ,  
c o n ta in e d  a n  in c r e a s e d  f a t  le v e l.  In c r e a s ­
in g  f a t  i n  th e  d ie t  is  u s u a l ly  c o n s id e re d  to  
in c re a s e  th e  v i t a m in  Bi» r e q u ir e m e n t .

T h e  v i t a m in  B i2- d e f ic ie n t  n e w b o r n  r a t  
e x h ib i t s  w id e s p re a d  s u b c u ta n e o u s  e d e m a  
ir r e s p e c t iv e  o f  w h e th e r  h y d r o c e p h a lu s  is  
p re s e n t.  T h e  p re s e n c e  o f  e d e m a  p lu s  a  
s ig n i f ic a n t  in c id e n c e  o f  h y d ro c e p h a lu s  i n ­
d ic a te s  a  s e v e re  d e fe c t  i n  th e  r e g u la t io n  o f

b o d y  f l u id  v o lu m e .  T h e  n e w b o r n  r a t  b r a in ,  
as s h o w n  i n  o u r  c o n t r o l  a n im a ls ,  e x h ib i t s  
c o n s id e ra b le  q u a n t i t ie s  o f  s ta in a b le  m a te ­
r i a l  i n  th e  c e lls  o f  th e  s u b c o m m is s u r a l 
o r g a n  a n d  i n  th e  lu m e n  o f  th e  c e r e b ra l 
a q u e d u c t .  L i t t e r m a te s  to  h y d r o c e p h a l ic  
a n im a ls  s h o w e d  m o d e ra te  a m o u n ts  o f  
s ta in a b le  m a te r ia l  i n  th e  s a m e  lo c a t io n s  
as o b s e rv e d  i n  c o n t r o l  a n im a ls .  W e  w e re  
u n a b le ,  h o w e v e r ,  to  d e m o n s t ra te  s ig n i f i ­
c a n t  q u a n t i t ie s  o f  s ta in a b le  m a te r ia l  i n  
th e  s u b c o m m is s u r a l o r g a n  a n d  a q u e d u c t  
o f  th e  h y d r o c e p h a l ic  a n im a ls .  T h e s e  o b ­
s e r v a t io n s  s e e m  to  in d ic a te  t h a t  th e  s e c re ­
t io n s  o f  t h is  o r g a n  m a y  b e  r e la te d  i n  s o m e  
m a n n e r  to  th e  h y d ro c e p h a lu s  p re s e n t .  
F u r th e r m o r e ,  th e  m a te r ia l  o b s e rv e d  a t  th e  
p o le s  o f  th e  n u c le i  i n  c o n t r o l  b r a in s  w a s  
a b s e n t i n  h y d r o c e p h a l ic  b r a in s .  S ta in in g  
c h a r a c te r is t ic s  o f  t h is  m a te r ia l  w e re  th e  
s a m e  as  th o s e  o f  th e  c y to p la s m  o f  th e  
o rg a n  a n d  o f  d ro p le ts  w i t h i n  th e  lu m e n  
o f  th e  a q u e d u c t .  H is to c h e m ic a l  s tu d ie s  
in d ic a te  t h a t  th e  m a te r ia l  e la b o ra te d  is  
p r o te in  i n  n a tu r e  a n d  th e  w o r k  o f  G i lb e r t  
( ’6 0 )  s u g g e s ts  a  h o r m o n e - l ik e  e f fe c t  w h e n  
e x t r a c te d  a n d  a d m in is te r e d  to  n o r m a l  ra ts .  
I f  th e  m a te r ia l  is  e la b o ra te d  b y  th e  s u b c o m ­
m is s u r a l  o r g a n  as a v a i la b le  e v id e n c e  i n ­
d ic a te s ,  th e  e la b o r a t io n  o r  s to ra g e  is  h e a v ­
ie r  i n  th e  a re a  o f  th e  n u c le u s .

T h e r e  h a s  b e e n  n o  o b v io u s  e x p la n a t io n  
f o r  th e  o c c u r re n c e  o f  l i t t e r s  c o n ta in in g  
h y d r o c e p h a l ic  a n im a ls  a lo n g  w i t h  n o n h y ­
d r o c e p h a l ic  l i t te r m a te s .  P re s e n c e  o f  P A S - 
p o s i t iv e  a n d  a ld e h y d e  fu c h s in - p o s i t iv e  m a ­
t e r ia l  i n  t h e  c e lls  o f  th e  s u b c o m m is s u r a l 
o r g a n  a n d  i n  th e  lu m e n  o f  th e  a q u e d u c t  o f  
s u c h  a n im a ls  m a y  o f fe r  s o m e  e x p la n a t io n  
f o r  a b s e n c e  o f  h y d ro c e p h a lu s .  I f  th e  m a ­
t e r ia l  e la b o ra te d  b y  th e  o rg a n  is  r e la te d  to  
f lu id  b a la n c e ,  th e  n o n h y d r o c e p h a l ic  o f f ­
s p r in g  m a y  s e c re te  s u f f ic ie n t  a m o u n ts  to  
p r e v e n t  se ve re  f l u id  im b a la n c e  a n d  g ro s s  
d is t e n t io n  o f  th e  v e n t r ic le s .  T h e s e  a n im a ls  
e x h ib i t  s u b c u ta n e o u s  e d e m a ; th u s  th e  
f lu id  v o lu m e  c o n t r o l  is  n o t  e n t i r e ly  a d e ­
q u a te .

T h e  k id n e y  o f  th e  v i t a m in  B ia -d e f ic ie n t  
h y d r o c e p h a l ic  a n im a l  is  r a d ic a l ly  a lte re d .  
I f  th e re  is  a  r e la t io n  b e tw e e n  th e  s u b c o m ­
m is s u r a l  o r g a n  a n d  f l u id  b a la n c e  i t  se e m s  
lo g ic a l  t h a t  th e  k id n e y  w o u ld  b e  in v o lv e d .  
A  k id n e y  s u c h  as t h a t  o b s e rv e d  i n  th e  v i t a ­
m in  B i2- d e f ic ie n t  o f f s p r in g  w o u ld  b e  m o re
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l i k e ly  to  c o m p o u n d  th e  d e fe c t  i n  f lu id  
d y n a m ic s  a lr e a d y  p re s e n t .  T h e  h is to c h e m -  
ic a l  n a tu r e  o f  th e  g lo b u la r  m a te r ia l  o b ­
s e rv e d  i n  th e  p a p i l la r y  tu b u le s  is  id e n t ic a l  
to  th e  g lo b u le s  o b s e rv e d  i n  th e  s a m e  lo c a ­
t io n  i n  th e  p o ta s s iu m - d e f ic ie n t  r a t  k id n e y .  
R e c e n t ly ,  N e w m a n  e t  a l.  ( ’5 8 )  s h o w e d  t h a t  
le s io n s  o f  th e  p e r ia q u e d u c ta l  g ra y  m a t t e r  
in v o lv in g  th e  p o s te r io r  c o m m is s u r e  m a r k ­
e d ly  a l t e r  a ld o s te ro n e  s e c re t io n .  A ld o s te r ­
o n e - s t im u la t in g  a c t iv i t y  w a s  h ig h e s t  i n  th e  
“ p in e a l  c o m p le x ”  t h a t  c o n ta in e d  th e  p in e a l  
g la n d  a n d  s u b c o m m is s u r a l o r g a n  ( F a r r e l l ,  
’ 5 9 ) .  F lu id  r e te n t io n  b y  th e  p o s tu la te d  s u b ­
c o m m is s u r a l  v o lu m e  re c e p to r  c o u ld  be  m e ­
d ia te d  t h r o u g h  a d r e n a l a ld o s te ro n e  s t im u ­
la t io n .  I n  m a n ,  d is e a s e s  o f  th e  b r a in  s te m  
a re  s o m e t im e s  a s s o c ia te d  w i t h  d is t u r b ­
a n c e s  o f  f lu id  a n d  e le c t r o ly te  b a la n c e .  
S tu d ie s  o n  th e  e le c t ro ly te  b a la n c e  o f  th e  
v i t a m in  B iz -d e f ic ie n t  o f f s p r in g  m ig h t  h e lp  
e lu c id a te  th e  s ta te  o f  f lu id  b a la n c e .  S u c h  
s tu d ie s  h a v e  b e e n  in i t ia t e d  i n  o u r  la b o r a ­
to r ie s .

G l ia l  c e lls  c o n ta in in g  s ta in a b le  m a te r ia l  
i n  p e r iv e n t r ic u la r  a n d  p e r ia q u e d u c ta l  g ra y  
s u b s ta n c e  o f  c o n t r o l  b r a in s  w e re  n o t  o b ­
s e rv e d  i n  h y d r o c e p h a l ic  b r a in s  a n d  w e re  
re d u c e d  i n  n u m b e r  i n  l i t te r m a te s  o f  h y d r o ­
c e p h a lic s .  W is lo c k i  a n d  L e d u c  ( ’5 4 )  o b ­
s e rv e d  t h a t  th e s e  c e lls  s to re d  s i lv e r  t h a t  
w a s  a d m in is te r e d  to  th e  a n im a l  o v e r  lo n g  
p e r io d s  o f  t im e .  I t  w a s  a ls o  re v e a le d  t h a t  
th e y  s to re , i n  a d d i t io n ,  m a te r ia l  w i t h  s ta in ­
in g  c h a r a c te r is t ic s  id e n t ic a l  to  th e  s u b ­
s ta n c e  o f  th e  s u b c o m m is s u r a l o rg a n . I f  
th e  m a te r ia l  o b s e rv e d  i n  th e  c e lls  o f  a n i ­
m a ls  i n  t h is  s tu d y  is  d e r iv e d  f r o m  s e c re ­
t io n s  o f  th e  s u b c o m m is s u r a l o rg a n ,  o n e  
m a y  p o s tu la te  t h a t  i n  th e  a b s e n c e  o f  o rg a n  
f u n c t io n  n o n e  is  a v a i la b le  to  b e  ta k e n  u p  
b y  th e  g l ia l  c e lls .  T h e  o b s e rv e d  a b s e n c e  in  
h y d r o c e p h a l ic  b r a in s  a n d  re d u c e d  n u m ­
b e rs  i n  l i t te r m a te s  m a y  in d ic a te  s im p ly  a  
la c k  o f  m a te r ia l  s u p p l ie d  b y  th e  o rg a n .  T h e  
s ta in in g  c h a r a c te r is t ic s  o f  th e  s u b s ta n c e  in  
b r a in s  o f  o u r  a n im a ls  v a r ie d  s l ig h t ly  f r o m  
th o s e  d e s c r ib e d  b y  W is lo c k i  a n d  L e d u c  
( ’5 4 )  i n  t h a t  th e  m a te r ia l  o b s e rv e d  i n  o u r  
a n im a ls  s ta in e d  f a i n t l y  w i t h  a ld e h y d e  
f u c h s in ,  w h e re a s  th e  s u b s ta n c e  w a s  v iv id ly  
s ta in e d  b y  t h is  a g e n t  i n  W is lo c k i  a n d  
L e d u c ’s a n im a ls .  T h e s e  in v e s t ig a to r s  w e re  
w o r k in g  w i t h  n o r m a l  a d u l t  r a ts  a n d  o u r  
m a te r ia l  w a s  e m b r y o n ic .  O th e r w is e  s ta in ­

in g  c h a r a c te r is t ic s  o f  o u r  m a te r ia l  w e re  
t y p ic a l  i n  e v e ry  w a y  o f  t h a t  se e n  i n  o th e r  
m a m m a ls  b u t  m o re  c lo s e ly  p a r a l le le d  th e  
in t e n s i t y  o f  r e a c t io n s  d e s c r ib e d  b y  W is ­
lo c k i  a n d  R o th  ( ’5 8 )  i n  m a te r ia l  o b ta in e d  
f r o m  a  n o r m a l  h u m a n  fe tu s .

T h e  m o r p h o lo g ic a l  a n d  h is to c h e m ic a l  
a lte r a t io n s  o b s e rv e d  i n  th e  b r a in s  o f  n o r ­
m a l,  h y d r o c e p h a l ic  a n d  l i t te r m a te s  s e e m  
to  r e la te  t h is  o rg a n  a n d  th e  s u b s ta n c e  e la b ­
o ra te d  b y  i t  to  th e  p re s e n c e  o f  d is tu r b e d  
f l u id  b a la n c e  i n  th e  v i t a m in  B  12-d e f ic ie n t  
a n im a l.  T h e  k id n e y  m a y  a ls o  b e  in v o lv e d  
b u t  a n y  in fe r e n c e  h e re  w o u ld  b e  h ig h ly  
s p e c u la t iv e .  I n  v ie w  o f  p o s tu la t io n s  m a d e  
b y  o th e rs  ( G i lb e r t ,  ’6 0 ;  F a r r e l l ,  ’ 5 9 )  t h a t  
th e  s e c re t io n s  o f  th e  s u b c o m m is s u r a l o r ­
g a n  d o  s t im u la te  w a te r  in t a k e  a n d  i n f l u ­
e n c e  f lu id  b a la n c e ,  i t  is  d i f f i c u l t  to  h a r m o ­
n iz e  th e  c o n d i t io n  o b s e rv e d  i n  th e  v i t a m in  
B i2- d e f ic ie n t  r a t  a n d  th e  p o s tu la t io n s  o f  
G i lb e r t .  T h e  v i t a m in  B i2- d e f ic ic n t  r a t  h a s  
a n  e xc e ss  o f  f lu id  a n d  r e d u c t io n  o r  a b s e n c e  
o f  s u b c o m m is s u r a l s e c re t io n s .  T h e  i n t e r ­
r e la t io n s h ip  o f  th e  s u b c o m m is s u r a l o r g a n  
a n d  o rg a n s  o f  i n t e r n a l  s e c re t io n  m a y  b e  
o f  s o m e  s ig n if ic a n c e ,  as s u g g e s te d  b y  F a r ­
r e l l  ( ’5 9 ) .  T h e  r e ta in e d  w a te r  a n d  o b v io u s  
d e fe c t  i n  f l u id  v o lu m e  c o n t r o l  o f  th e  v i t a ­
m in  B jz -d e f ic ie n t  a n im a l  s u g g e s t a  b lo c k  o f  
so m e  im p o r ta n t  m e c h a n is m  f o r  f l u id  b a l ­
a n c e . T h e  m e c h a n is m  in  u tero  m a y  d i f f e r  
r e m a r k a b ly  f r o m  th a t  i n  p o s tn a ta l  l i f e .  I t  
is  s ig n i f ic a n t  t h a t  th e re  is  a  c o r r e la t io n  
b e tw e e n  th e  h y d ro c e p h a lu s  a n d  e d e m a  o b ­
s e rv e d  a n d  th e  s ta te  o f  a c t i v i t y  o f  th e  s u b ­
c o m m is s u r a l  o rg a n  as w e l l  as k id n e y  d a m ­
age . T h e s e  o b s e rv a t io n s  w a r r a n t  f u r t h e r  
in v e s t ig a t io n .

SUMMARY

D e p le t in g  th e  fe m a le  r a t  o f  v i t a m in  B 12 
re s u l ts  i n  a  s ig n i f ic a n t  in c id e n c e  o f  h y d r o ­
c e p h a lu s ,  s u b c u ta n e o u s  e d e m a  a n d  d e fe c ts  
i n  o rg a n s  in c lu d in g  th e  k id n e y .  A  p u r i f ie d  
d ie t  lo w  in  c o b a lt  a n d  v i t a m in  B u  r e s u lte d  
i n  a  h ig h e r  in c id e n c e  o f  h y d ro c e p h a lu s  
th a n  a  p r a c t ic a l  ty p e  d ie t  a ls o  lo w  i n  c o ­
b a l t  a n d  v i t a m in  B n . R e p r o d u c t io n  w a s  
p o o r  i n  fe m a le s  c o n s u m in g  th e  p u r i f ie d  
d ie t .  T h is  w a s  a t t r ib u te d  to  in c re a s e d  fo o d  
in t a k e  a n d  m o d e ra te  o b e s ity  i n  fe m a le s  
c o n s u m in g  th e  p u r i f ie d  d ie t .

T h e  s u b c o m m is s u r a l o rg a n  a n d  c e r ­
t a in  p e r iv e n t r ic u la r  a n d  p e r ia q u e d u c ta l  
c e l ls  o f  th e  c o n t r o l  n e w b o r n  r a t  b r a in  e x ­
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h ib i t e d  c o n s id e ra b le  q u a n t i t ie s  o f  s ta in a b le  
m a te r ia l  p o s it iv e  to  p e r io d ic  a c id -S c h if f ,  
c h r o m e  a lu m - h e m a to x y l in ,  G o m o r i ’s a ld e ­
h y d e  f u c h s in ,  s u l f h y d r y l  a n d  d is u l f id e  
s ta in s .  O n ly  in s ig n i f i c a n t  a m o u n ts  o f  th e  
m a te r ia l  w e re  o b s e rv e d  i n  b r a in s  o f  h y d r o ­
c e p h a l ic  a n im a ls  b u t  m o d e ra te  q u a n t i t ie s  
w e re  p re s e n t  i n  l i t t e r m a te s  to  h y d r o ­
c e p h a lic s .  K id n e y  d a m a g e  s e e m e d  to  v a r y  
d i r e c t ly  w i t h  th e  d e g re e  o f  s e v e r i ty  o f  
h y d ro c e p h a lu s  a n d  e d e m a . T h e  p o s s ib le  
r e la t io n s h ip  o f  th e  o b s e rv e d  a lte r a t io n s  in  
th e  v i t a m in  B i - d e f ic ie n t  n e w b o r n  to  f lu id  
d y n a m ic s  w a s  d is c u s s e d .
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P LA TE  1

1 Subcommissural organ, control newborn rat. Third ventricle is to left 
of photograph; the cerebral aqueduct continues into the fourth ven­
tricle to right. The group of tall columnar cells dorsal to the opening 
of the aqueduct make up the subcommissural organ. It is situated on 
the anteroinferior surface of the posterior commissure of the mid- 
brain —  the light staining tissue just above the organ. The dark stain­
ing irregularly oval structure above the organ is the pineal body. Note 
material within the lumen of the aqueduct and adhering to the lu- 
menal border of the subcommissural organ. This is the proteinaceous 
material elaborated by the organ observed in control brains. Alcian 
blue-PAS stain. X 100.

2 Lumenal surface of subcommissural organ of control newborn rat. 
Note material clinging to margin of cells and accumulated within 
lumen of aqueduct. This material is PAS-positive, aldehyde fuchsin­
positive and stains with moderate intensity for protein bound disulfide 
(cystine). Alcian blue-PAS stain. X 1,100.
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3 Subcommissural organ from vitamin Bi2-deficient newborn rat that 
showed the typical gross ventricular distention of hydrocephalus. Only 
small amounts of stainable material are present at lumenal surface of 
cells and none within lumen of the aqueduct. Note also vacuolation 
of cytoplasm of cells of the subcommissural organ. Alcian blue-PAS 
stain. X 440.

4 Lumenal surface of subcommissural organ from vitamin Bi2-deficient 
nonhydrocephalic littermate of animal of figure 3. Considerable 
quantities of material cling to lumenal border of cells of the organ. 
Moderate amounts were also present within the lumen of the aque­
duct. Vacuolation of cytoplasm is not observed here. Alcian blue-PAS 
stain. X 1,100.

5 Subcommissural organ from newborn control animal. Photograph 
shows dense zone of nuclei dorsal to elongated cytoplasmic extensions 
of the cells. Note dark staining material at poles of nuclei (arrows). 
This material has the same histochemical characteristics as the stain- 
able material located in cytoplasm and aqueductal lumen. Alcian 
blue-PAS. X 1,100.

6 Subcommissural organ from newborn vitamin Bn-deficient hydro­
cephalic animal. This area is comparable to that shown in figure 5. 
Note absence of stainable material at poles of nuclei. Alcian blue- 
PAS stain. X 1,100.
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7 Aqueduct of control brain. Note accumulation of material within lu­
men of aqueduct with strong affinity for PAS stain. Alcian blue-PAS 
stain. X 440.

8 Aqueduct of vitamin Bio-deficient hydrocephalic brain. Small amount 
of stainable material is observed within aqueduct lumen. Compare 
with figure 7. Alcian blue-PAS stain, x 440.

9 Periaqueductal area of control newborn rat. Dark staining cells 
(arrows) shown in the subependymal gray matter beneath the aque­
duct contain material strongly positive for chrome alum hematoxylin 
and for the PAS stain; weakly positive for aldehyde fuchsin. Note 
material in aqueduct at upper left of photo. Alcian blue-PAS stain. 
X 440.

10 Periaqueductal area of control newborn rat. Higher magnification of 
figure 9. Six cells in center of photo contain stainable material. 
Alcian blue-PAS stain. X 1,100.

11 Periaqueductal gray matter in newborn vitamin Bu-deficient hydro­
cephalic rat. None of the cells contain stainable material. The cells 
in center (arrows) are probably the cell type that accumulates mate­
rial; however, no stainable material is present in any of the cells. 
Alcian blue-PAS stain. X 1,100.
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12 Kidney, newborn control rat. Differentiation into tubules and glo­
meruli is normal for this stage of development. Hematoxylin and 
eosin stain. X 100.

13 Kidney, newborn vitamin B ̂ -deficient hydrocephalic rat. Glomeruli 
are contracted and show high degree of cellular density as a result 
of less advanced differentiation. Proximal and distal tubules are 
markedly dilated and contain cellular debris. Hematoxylin and 
eosin stain. X 100.
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14 Kidney, newborn control rat. Glomeruli and tubules are normal for 
this stage of development. Note mitotic figure in cell of distal tubule 
in center of photograph. Hematoxylin and eosin stain. X 440.

15 Kidney from vitamin Bi2-deficient hydrocephalic rat. Glomeruli have 
contracted, highly cellular appearance; proximal and distal tubules 
are markedly dilated and contain debris within the lumen. Epithe­
lial cells have pale nuclei and the cytoplasm contains granular, 
PAS-positive material. Alcian blue-PAS stain. X 440.

16 Kidney from vitamin Bi2-deficient nonhydrocephalic littermate of 
animal with kidney shown in figure 15. Mild damage to tubular 
epithelium is present but appearance is near normal. Compare with 
figure 14. Alcian blue-PAS stain. X 440.
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17 Papillary zone of kidney from newborn control rat. The open space 
is the pelvis that continues into the ureter. Hematoxylin and eosin 
stain. X 100.

18 Papillary zone of the kidney from vitamin Bi2-deficient hydrocephalic 
newborn rat. Note severe dilatation of many of the collecting tubules. 
Hematoxylin and eosin stain. X 100.
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19 Papillary collecting tubules from kidney of newborn control rat. Epi­
thelial cells are billowy with normal cytoplasmic density. Alcian 
blue-PAS stain. X 440.

20 Papillary collecting tubules from kidney of vitamin Bi2-deficient hy­
drocephalic newborn rat. Tubules are dilated, epithelium is flattened 
in some of them; in others the cytoplasm contains PAS-positive 
globular material. Alcian blue-PAS stain on sections treated with 
several changes of saliva to remove glycogen. X 440.
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A d a p t a t i o n  o f  a n  In Vitro S y s t e m  to  t h e  S t u d y  o f  

S t a r c h  F e r m e n t a t i o n  b y  R u m e n  B a c t e r i a * 1 2 3'2,3'4 5

JOHN E. MOORE/' RONALD R. JOHNSON a n d  BURK A. DEHORITY 
D ep a rtm en t o f  A n im al S cien ce, Ohio Agricultural E xperim ent Station, 
W oo ster , Ohio

The mechanism of starch fermentation 
by rumen microorganisms has been stud­
ied by several techniques. Baker ( ’42), 
Baker et al. ( ’50) and van der Wath ( ’48) 
used microscopic techniques in observing 
the microbial degradation of starch gran­
ules in rumen contents. Many in vivo 
studies have dealt with the production of 
volatile fatty acids and lactic acid in the 
rumen of animals receiving diets with 
varied concentrate:roughage ratios. Balch 
and Rowland ( ’57) reported a decreasing 
molar ratio of acetate to propionate coin­
ciding with a decreasing ratio of fibrous 
to starchy carbohydrates in the ration. 
They observed this phenomenon especially 
when flaked maize replaced the fibrous 
portion of the ration. Similar observations 
were made by Phillipson ( ’52) and Shaw 
et al. ( ’60). Reid et al. ( ’57) observed a 
relationship between high dietary intakes 
of wheat, wheat starch or crushed maize 
and high proportions of propionate in 
rumen fluid. A decreased acetate:pro­
pionate ratio has implications for the 
energy efficiency of the ruminant because 
of the evidence for the high specific dy­
namic action of acetate (McClymont, ’52; 
Armstrong et al., ’57).

The transient occurrence of large quan­
tities of lactate in the rumen following in­
gestion of diets containing starch has 
indicated that lactate may be an inter­
mediate in the pathway of starch ferment­
ation (Phillipson, ’52; Waldo and Schultz, 
’56; Balch and Rowland, ’57; Reid et al., 
’57). The decline of lactate levels in the 
rumen has been correlated with increased 
levels of propionate but not with increased 
levels of acetate or butyrate (Waldo and 
Schultz, ’56).

These and many other in vivo investiga­
tions have suggested certain problems of
4 1 4

rumen microorganism metabolism that 
might best be investigated by controlled 
in vitro techniques. Doetsch et al. ( ’53) 
and Robinson et al. ( ’55) used the washed 
suspension technique which allows study 
of a “controlled, nonproliferating popula­
tion which exhibits little activity in the 
absence of added substrate.” This group 
of investigators has studied the formation 
of volatile fatty acids from glucose, mal­
tose and cellobiose. Maltose was fermented 
most vigorously and the resultant volatile 
fatty acid mixture exhibited a lower ace­
tate : propionate ratio than that from the 
other substrates. Lactate accumulation 
was found to be related to the pH, the 
level of substrate and the centrifugal frac­
tion of bacteria used as inoculum. Sij- 
pesteijn and Elsden ( ’52), using a simil- 
lar technique, reported the conversion of 
succinate to propionate.

Jayasuriya and Hungate ( ’59) studied 
the conversion of lactate to volatile fatty 
acids by incubating rumen contents from 
hay-fed and grain-fed steers in short-term 
experiments. Lactate was converted to 
acetate more rapidly by cultures from 
grain-fed than from hay-fed steers.

Stewart and Schultz ( ’58) used rumen 
fluid from roughage-fed steers as inocula 
for studies on the fermentation of hay-con- 
centrate-urea mixtures in vitro. Corn 
meal additions were observed to increase
Received for publication October 7, 1961.1 Approved for publication as Journal Article no. 98-61 by the Associate Director of the Ohio Agricul­tural Experiment Station, Wooster, Ohio.2 These investigations were supported in part by a U.S.P.H.S. Research Grant, E-3418, from the National Institutes of Health, Public Health Service.3 Data taken from portions of a dissertation pre­sented by the Senior author to the Graduate School, The Ohio State University, in partial fulfillment of the requirements for the degree of Doctor of Philosophy.4 A preliminary report of this work was presented at the annual meeting of the American Society of Animal Production, 1960.5 Present address: Animal Science Department,University of Florida, Gainesville, Florida.
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propionate production. Hershberger et al. 
( ’56), studied the degradation of cellulose, 
starch and metabolic intermediates by pro­
liferating mixed cultures centrifuged from 
the rumen fluid of roughage-fed animals. 
When starch was fermented, volatile fatty 
acid mixtures were produced with lower 
acetate: propionate ratios than when cellu­
lose was fermented. Added lactate in­
creased the formation of acetate and 
propionate equally.

An all-glass in vitro fermentation sys­
tem has been used successfully in this 
laboratory in studies on cellulose diges­
tion by proliferating rumen microorgan­
isms (Bentley et al., ’55; Johnson et al., 
’58; Dehority et al., ’60). The present 
paper reports the adaptation of this system 
to the study of the mechanism of starch 
fermentation and includes studies on the 
preparation of inocula, evaluation of the 
requirements for optimal microbial activ­
ity, observations on the proliferating or­
ganisms, and comparisons of the in vitro 
activities of mixed cultures from the ru­
men of 4 sheep fed identical diets.

EXPERIMENTAL

In vitro fermentation technique. Fer­
mentations were carried out at a volume of 
100 ml in 180-ml glass bottles placed in 
a constant temperature water bath at 
39°C. Anaerobiosis was achieved by bub­
bling a continuous stream of C 02 through 
the media. The basal media contained 
urea, sodium carbonate and buffered min­
eral mixture (Bentley et al., ’55). Pow­
dered cornstarch6 was used as the sub­
strate, the level of which will be given. 
Biotin, 20 ug, and p-aminobenzoic acid 
(PABA), 50 ug, were added routinely ex­
cept as indicated. Adjustments of pH 
were made periodically with 20% (w /v )  
aqueous sodium carbonate or 50% (v /v )  
aqueous ortho-phosphoric acid.

Inoculum source. Four fistulated weth­
ers were maintained with a diet of 9 parts 
of ground shelled corn, 3 parts of chopped 
mixed hay and 1 part of soybean oil meal 
fed at the rate of approximately 2 pounds 
per day. It was necessary to feed approxi­
mately 0.2 pounds of long hay per day to 
prevent loss of appetite. Trace mineral­
ized salt and water were offered ad 
libitum.

Inoculum -preparation. Rumen fluid 
was withdrawn through the fistula by use 
of a polyethylene tube attached to a suc­
tion flask. A minimum of suction was 
used and the polyethylene tube was moved 
horizontally and vertically within the ru­
men during sampling. Fluid was taken 
in this manner two hours after the morn­
ing feeding. Sampling at this time pro­
vided mixed cultures of rumen micro­
organisms which were most consistent 
from day to day and which proliferated 
in vitro without apparent gross changes 
in microscopically observed morphological 
types.

The rumen fluid was immediately di­
luted with equal parts of 0.01 M phos­
phate buffer (pH 7.0), warmed to 39°C 
and saturated with C02. Dilution was re­
quired to insure adequate centrifugal sedi­
mentation in subsequent steps. Centrifu­
gation at 250 X g and 3,000 X g was 
carried out in lusteroid tubes using an In­
ternational centrifuge, size 2, and a Serv- 
all type “SP” angle head centrifuge, re­
spectively.

Measurement of starch fermentation. 
Aliquots of the media were added to 2 n  
NaOH to dissolve the starch, and, after one 
hour, neutralized with 2 N HC1 (Carroll 
and Cheung, ’60). After dilution, the car­
bohydrate concentration was estimated 
colorimetrically with the anthrone reagent 
and using starch as a standard. The re­
covery of added starch with this proce­
dure was 103.2 ±  5.7% .7 The difference 
between the concentrations of anthrone re­
active material in inoculated flasks at the 
time of inoculation and after a given 
period of incubation was taken as an 
index of fermentation. Figures obtained 
in this manner were considered as esti­
mates of starch fermentation rather than 
starch hydrolysis since anthrone is sensi­
tive to the products of starch hydrolysis.

Organic acid production. Total vola­
tile fatty acids (TVFA) were determined 
by steam distillation using a micro- 
Kjeldahl distillation apparatus. Samples 
were deproteinized with an equal volume 
of 0.1 n  HC1 prior to distillation from acid 
solution.
6 A. E. Staley and Company, Decatur, Illinois.7 Mean and standard deviation.
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Individual volatile fatty acids were sepa­
rated by vapor-phase chromatography 
using an apparatus constructed in this 
laboratory. Sixteen- foot columns of 6 mm 
(I.D .) glass tubing were filled with glass 
beads 150 to 250 u in diameter“ coated 
with stearic and orthophosphoric acids in 
the ratio 50 to 1 by weight. A glass heat­
ing jacket with refluxing xylene as the 
heat source was used to maintain a 
temperature of 138°C. Helium gas was 
used to elute the volatile fatty acids. The 
eluate passed through a heated cupric 
oxide oxidation chamber, a phosphorus 
pentoxide dessicant, and a thermal con­
ductivity cell. Elution patterns were 
recorded by a Leeds and Northrup Speed- 
omax Recorder. Quantitative determina­
tion of the individual acids was accom­
plished by weighing the chart paper 
circumscribed by the elution peaks and 
comparing to a standard curve obtained 
with known mixtures of authentic acids. 
Twenty-five-milliliter samples were depro- 
teinized with 25 ml of 95% ethanol, made 
alkaline to phenol red by adding 2 N 
NaOH, and evaporated to dryness. The 
residue was redissolved in 2 ml of 5% 
orthophosphoric acid and the weight of 
this solution was determined. An aliquot 
of known weight was injected into the 
column. Evaluation of this technique was 
done by separating the volatile fatty acids 
of 8 samples by both vapor-phase chro­
matography and by silica-gel partition 
chromatography (Bulen et al., ’52) using 
n-butanol: benzene mixtures as eluants.8 9 
Vapor phase chromatography gave 102% 
recovery of acetate and 110% recovery of 
both propionate and butyrate relative to 
silica-gel partition chromatography.

Lactic acid was determined colorimetri- 
cally by the method of Barker and Sum- 
merson ( ’41).

When whole rumen fluid was to be 
analyzed the material was strained through 
two layers of cheesecloth and centrifuged 
at 250 X g. The resultant supernatant, 
free of food particles, was analyzed.

Bacterial growth. The amount of nitro­
gen insoluble in 10% (w /v )  trichloro­
acetic acid (TCA-N) was taken as an 
estimate of bacterial protein nitrogen in 
the fermentation media (Cline et al., ’58). 
The difference between concentrations of

diluto
strain

—
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(100)
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Fig. 1 Flow chart of steps taken in separating 
whole rumen fluid (W RF) into various fractions 
for in vitro inocula, with relative starch fer­
menting activities shown in parentheses.

TCA-N in flasks at inoculation time and 
after incubation was taken as an estimate 
of bacterial growth.

Microscopic examinations. All bac­
terial preparations and fermentation media 
were examined microscopically for bac­
terial morphology using the Gram-stain 
(Hucker modification). Only cursory ob­
servations were made. Photomicrographs 
of these Gram-stain preparations were 
taken using a Kodak Wratten B. filter, no. 
58.

RESULTS

Inoculum preparation. The various 
steps used in developing a routine ino­
culum are shown in figure 1. The diluted 
whole rumen fluid (W RF) was strained 
through cheesecloth and the resultant 
filtrate was centrifuged at 250 X g for 5 
minutes. The cheesecloth residue and 
250 X g sediment, found to consist of 
food particles, protozoa, and bacteria in 
association with the food particles, were 
combined and resuspended in 0.01 m  phos­
phate buffer (pH 7.0). From this suspen­
sion, a second 250 X g  supernatant was 
prepared as shown in figure 1 (refer to 
the broken line). The average relative 
starch fermenting activities of these super­
natants used as inocula representing 20 
ml of WRF are shown in parentheses in 
figure 1. The mean ratio between TVFA 
production and starch fermentation for
8 Minnesota Mining and Manufacturing Company, St. Paul, Minnesota.9 Linke, F. G. 1952 Chromatographic separation v°latile f.at;ty acids produced in the artificial rumen.M. S. Thesis, The Ohio State University, Columbus, Ohio.
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b o th  in o c u la  w a s  8 .3 7  ±  0 .8 5 10 m E q  p e r  
g m  o f  s ta rc h  fe r m e n te d .  M ic ro s c o p ic  e x ­
a m in a t io n  o f  th e  p r o l i f e r a t in g  o rg a n is m s  
re v e a le d  n o  a p p a r e n t  d if fe re n c e s  b e tw e e n  
in o c u la .  T h e  2 5 0  X g s u p e r n a ta n t  p r e ­
p a re d  b y  th e  f lo w  o f  m a te r ia l  a lo n g  th e  
s o lid  l in e  o f  f ig u r e  1 w a s  u s e d  i n  f u r t h e r  
e x p e r im e n ts .

T h e  2 5 0  X g s u p e r n a ta n t  w a s  f r a c t io n ­
a te d  b y  c e n t r i f u g in g  a t 3 ,0 0 0  X g f o r  2 0  
m in u te s  ( f ig .  1 ) .  T h e  3 ,0 0 0  X g s e d im e n t  
w a s  re s u s p e n d e d  in  0 .0 1  m  p h o s p h a te  
b u f f e r  ( p H  7 .0 ) .  T h e  a v e ra g e  r e la t iv e  
s ta rc h  f e r m e n t in g  a c t iv i t ie s  o f  th e  2 5 0  X 
g s u p e r n a ta n t  a n d  3 ,0 0 0  X g f r a c t io n s  a re  
s h o w n  i n  p a re n th e s e s  in  f ig u r e  1. T h a t  th e  
m ix e d  c u l t u r e  s e d im e n te d  a t  3 ,0 0 0  X g 
a n d  p r o l i f e r a t in g  th e r e f r o m  w a s  r e p r e ­
s e n ta t iv e  o f  th e  m ix e d  c u l t u r e  i n  w h o le  
r u m e n  f lu id  is  in d ic a te d  b y  th e  p h o to ­
m ic r o g r a p h s  i n  f ig u r e  2. T h e r e fo r e ,  i n  a l l  
f u t u r e  w o r k  re p o r te d  h e r e in  th e  in o c u lu m  
u se d  w a s  th e  3 ,0 0 0  X g  s e d im e n t  re s u s ­
p e n d e d  i n  b u f f e r  a n d  re p r e s e n t in g  2 0  m l  
o f  W R F .

O ptim al pH  fo r  sta rch  ferm en ta tio n . 
T h e  in o c u lu m  p r e p a r a t io n  s tu d ie s  r e ­
p o r te d  w e re  c a r r ie d  o u t  a t  p H  6 .9 , th e  
p H  in d ic a te d  i n  p r e l im in a r y  e x p e r im e n ts  to  
s u p p o r t  s a t is fa c to r y  s ta rc h  fe r m e n ta t io n .  
T o  d e f in e  th e  p H  o p t im u m  m o re  p re c is e ly  
th e  f o l lo w in g  e x p e r im e n t  w a s  c o n d u c te d .  
B y  a d ju s t in g  th e  r e la t iv e  p r o p o r t io n s  o f  
th e  p h o s p h a te  s a lts  i n  th e  m in e r a l  m ix tu r e  
o f  B e n t le y  e t a l.  ( ’5 5 ) ,  th re e  m in e r a l  m ix ­
tu re s  w e re  p re p a re d ,  b u f fe r e d  a t  p H  7 .1 ,
6 .8  a n d  6 .5 , re s p e c t iv e ly .  T h e  c o n te n ts  
o f  d u p l ic a te  f la s k s ,  w i t h  th e  a p p ro p r ia te  
m in e r a l  m ix t u r e ,  w e re  a d ju s te d  to  p H  7 .1 , 
6 .9 , 6 .8 ,  6 .7  a n d  6 .5  im m e d ia te ly  a f te r  
in o c u la t io n  a n d  e v e ry  h o u r  th e r e a f te r .  
T h e  in o c u lu m  w a s  p re p a re d  f r o m  a  c o m ­
p o s ite  o f  e q u a l p a r ts  o f  W R F  f r o m  th re e  
s h e e p  fe d  id e n t ic a l  d ie ts .  A u to c la v e d  s u ­
p e r n a ta n t  w a s  o m it te d  s in c e  p r e l im in a r y  
e x p e r im e n ts  h a d  in d ic a te d  n o  s t r ic t  r e ­
q u ir e m e n t  f o r  t h is  n u t r ie n t  s o u rc e . T h e  
s u b s tra te  le v e l w a s  1 .5 0  g m  p e r  1 0 0  m l.  
T h e  e x p e r im e n t  w a s  c o n d u c te d  th re e  
t im e s ,  w i t h  in c u b a t io n  t im e s  o f  9 , 12  a n d  
2 4  h o u rs ,  re s p e c t iv e ly .  R e s id u a l s ta rc h  
w a s  e s t im a te d  b e fo re  a n d  a f t e r  in c u b a t io n .  
A n a ly s is  o f  v a r ia n c e  in d ic a te d  t h a t  th e  
v a r ia t io n  i n  s ta rc h  f e r m e n ta t io n  a s s o c i­
a te d  w i t h  p H  w a s  h ig h ly  s ig n i f ic a n t  ( P  <

0 .0 1 ) .  F u r th e r m o r e ,  th e  re g re s s io n  o f  
s ta rc h  fe r m e n te d  o n  p H  w a s  a d e q u a te ly  
d e s c r ib e d  b y  a  q u a d r a t ic  e q u a t io n .  T h is  
e q u a t io n  a c c o u n te d  f o r  9 7 .8 %  o f  th e  
v a r ia t io n  a s s o c ia te d  w i t h  p H  ( P < 0 . 0 1 )  
a n d  in d ic a te d  t h a t  th e  m a x im a l  s ta rc h  
f e r m e n t a t io n  w o u ld  o c c u r  w h e n  th e  f la s k  
c o n te n ts  w e re  r e a d ju s te d  h o u r ly  to  p H  6 .8 .

M edia  eva lu a tion . T o  d e te r m in e  w h e th e r  
a u to c la v e d  s u p e r n a ta n t  o r  b io t in  a n d  P A B A  
w e re  e s s e n t ia l c o m p o n e n ts  o f  th e  m e d ia ,  
th e  f o l lo w in g  e x p e r im e n t  w a s  c o n d u c te d .  
F o u r  m e d ia  w e re  p re p a re d  w i t h  th e  f o l ­
lo w in g  a d d it io n s  to  th e  u re a  a n d  m in e r a l  
m ix t u r e : n o n e ,  2 0  ag o f  b io t in  a n d  5 0  ug 
o f  P A B A , 2 0  m l  o f  a u to c la v e d  s u p e r n a ta n t ,  
a n d  a c o m b in a t io n  o f  a u to c la v e d  s u p e r ­
n a ta n t ,  b io t in  a n d  P A B A . A  c o m p o s ite  o f  
r u m e n  f lu id  f r o m  th re e  sh e e p  w a s  u s e d  to  
p re p a re  tw o  in o c u la .  T h e  f i r s t  ( r e g u la r )  
in o c u lu m  w a s  p re p a re d  as p re v io u s ly  d e ­
s c r ib e d .  T h e  s e c o n d  ( w a s h e d )  in o c u lu m  
w a s  p re p a re d  f r o m  a  p o r t io n  o f  th e  f i r s t  
b y  r e c e n t r i f u g a t io n  a t  3 ,0 0 0  X g  f o r  2 0  
m in u te s  a n d  r e s u s p e n d in g  th e  s e d im e n t  i n  
f r e s h  0 .0 1  m  p h o s p h a te  b u f f e r  ( p H  7 . 0 ) .  
T h e  w a s h in g  p ro c e s s  re d u c e d  th e  T C A -N  
c o n c e n t r a t io n  to  8 8 .9 %  o f  th e  r e g u la r  
in o c u lu m .  E a c h  in o c u lu m  w a s  u s e d  w i t h  
e a c h  o f  th e  4 m e d ia .  T h re e  r e p l ic a t io n s  
w e re  c o n d u c te d  a n d  th e  s u b s tra te  le v e l w a s  
1 .5 0  g m  p e r  1 0 0  m l.  A f t e r  12  h o u rs ' i n ­
c u b a t io n ,  a n a ly s e s  w e re  m a d e  f o r  r e s id u a l  
s ta rc h ,  T V F A  a n d  T C A -N .  T h e  m i l l i -  
e q u iv a le n ts  o f  T V F A  p ro d u c e d  p e r  g ra m  
o f  s ta rc h  fe r m e n te d  a n d  th e  m i l l ig r a m s  o f  
T C A -N  s y n th e s iz e d  p e r  g ra m  o f  s ta rc h  
fe r m e n te d  w e re  c o m p u te d .  T h e  m e a n s  o f  
s ta rc h  f e r m e n ta t io n  f o r  th e  d i f f e r e n t  t r e a t ­
m e n ts  c o v e re d  th e  ra n g e  0 .8 8  to  1 .0 2  g m  
w i t h  a n  o v e r a l l  ra n g e  o f  0 .2 1  to  1 .4 6  g m .

A n a ly s is  o f  v a r ia n c e  re v e a le d  n o  s ig n i f i ­
c a n t  d if fe re n c e s  b e tw e e n  n u t r ie n t  o r  in o c u ­
lu m  m e a n s  f o r  th e  5 v a r ia b le s  m e a s u re d  o r  
c o m p u te d .  T h e r e  w a s ,  h o w e v e r ,  a n  i n d i ­
c a t io n  o f  d e p re s s e d  in  v itro  a c t iv i t y  w i t h  
n o  n u t r ie n t  a d d it io n s  a n d  th e  w a s h e d  i n ­
o c u lu m .  E i t h e r  b io t in  a n d  P A B A  o r  a u to ­
c la v e d  s u p e r n a ta n t  a p p e a re d  to  a l le v ia te  
th e  d e p re s s io n . B io t in  a n d  P A B A  w e re  
c h o s e n  as r o u t in e  a d d i t io n s  to  m a in t a in  a 
m o re  c lo s e ly  c o n t r o l le d  in  v itro  m e d ia  th a n  
w o u ld  be  a c h ie v e d  w i t h  a u to c la v e d  s u p e r ­
n a ta n t .

10 Mean and standard deviation.
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Fig. 2 Photomicrographs of bacteria from the rumen of sheep fed 3 corn: 1 hay. A, 
Whole rumen fluid with food particle; B, 3,000 x  g Sediment used as inoculum; C, 3,000 X 
g Sediment after 9 hours incubation. Gram-stain. X 1,296.
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Fig. 3 Regression o f  the increase in  total 
volatile fatty acids (T V F A ) on starch fermented 
and mean values obtained in simultaneous in ­
cubations o f inocula from  three sheep in 6 
trials.

Fig. 4 Regression o f the increase in trichloro­
acetic acid insoluble nitrogen (TC A -N ) on starch 
fermented and mean values obtained in simul­
taneous incubations o f  inocula from  three sheep 
in  6 trials.

Comparison of inocula from different 
sheep. Considerable day-to-day variation 
in the amount of starch fermented in a 
given time period was observed in the 
previous experiments. In addition, there 
seemed to be some slight differences be­
tween sheep in the relative numbers of 
the predominant types of rumen bacteria. 
Therefore, it seemed desirable to compare 
the mixed culture from sheep receiving 
identical diets using the in vitro criteria 
of TVFA produced and TCA-N synthesized 
per unit of starch metabolized. Inocula 
were prepared simultaneously from each 
of three sheep and incubated for 9 hours

in 4 trials and for 12 hours in two addi­
tional trials. The substrate level was 1.50 
gm per 100 ml. The data obtained were 
subjected to analysis of variance.

The regressions of TVFA and TCA-N on 
starch are shown in figures 3 and 4. The 
linear regressions accounted for 97.4% 
of the variation in TVFA means (P <0.01) 
and 95.4% of the variation in TCA-N 
means (P < 0 .0 1 ). These data indicated 
that the relationships between the fer­
mentation of starch and the production 
of TVFA or TCA-N for the inocula from 
the three sheep were similar. This sug­
gested that, although slight differences in 
microscopic appearance of the mixed cul­
tures were observed, these 18 mixed cul­
tures may have had the same gross meta­
bolic activities.

These experiments again demonstrated 
considerable variation in the amount of 
starch fermented in a given time period. 
To determine whether this variation was 
the result of different maximal rates of 
fermentation or of differences in lag 
phase, namely, the time required to reach 
the maximal rate of fermentation, addi­
tional simultaneous experiments were con­
ducted using inocula from 4 sheep. The 
contents of duplicate flasks were analyzed 
at inoculation time, at the first sign of a 
pH depression, 6 hours after the pH de­
pression, and after 24 hours’ total incuba-

Fig. 5 Tim e curves, obtained from  simultane­
ous incubation o f inocula from  4 sheep. Dupli­
cate flasks analyzed at each time indicated by a 
change in slope. Trial 1 conducted on October
24, 1960 and trial 2 on Decem ber 8, 1960. ( -------
sheep no. 1 1 6 0 ;------------- sheep no. 980;
sheep no. C 8 4 0 ; ............sheep no. C816).
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TABLE 1

Molar percentages o f the volatile fatty acids and levels o f lactic acid observed
in vivo1 and in vitro2

Sample No. of Molar percentage of volatile fatty acids
Lactic acidsamples Acetic Propionic Butyric

% % % mg/100 ml
In vivo

Pre-feed 15 57.4 ± 1 0 .2 3 22.8 ± 9 .2 19.8 ±  4.7 0.47 ± 0 .1 9 1
2 hours post-feed 11 54.7 ±  9.0 27.0 ±  7.1 18.3 ±  5.4 0.57 ±  0.19
7 hours post-feed 15 56 .6±  9.7 24.9 ± 8 .1 18.5 ±  6.1 0.58 ± 0 .2 1

In vitro
0.10 gru/hour5 10 4 4 .6 ±  13.0 35.2 ±  8.5 20.2 ±  10.1 1.5 ±  0.846
0.17 gru/hour3 6 56.0 ±  6.4 33.4 ± 2 .3 10.6 ±  3.6 50.1 ±  13.26

1 Sampled on 4 days over 10-weeks.
2 Inocula from 4 sheep, two trials, duplicate flasks each sheep.
3 Mean and standard deviation.
4 One sample, analyzing 6.78 m g /100 ml, omitted from calculation of mean and standard deviation.
5 Mean rate of starch fermentation for 6 hours prior to sampling.
6 Increase over inoculation time analysis.

tion time. The resultant starch fermenta­
tion curves from two such trials are shown 
in figure 5. Apparently differences in 
starch fermentation in a given period of 
time are the result of differences both in 
lag phase and in the maximal rate of 
fermentation. No consistent differences 
between the inocula from the 4 sheep 
were noted Five additional trials at one- 
to two-week intervals confirmed these ob­
servations.

In the two trials shown in figure 5, sam­
ples were taken from the flasks 6 hours 
after the pH depression for volatile fatty 
acid separation and lactate estimation. 
Samples of rumen fluid taken before and 
2 and 7 hours after the morning feeding 
were similarly analyzed. These data are 
presented in table 1. Two types of in 
vitro fermentations occurred. Apparently 
the accumulation of lactate was associated 
with the higher maximal rates of starch 
fermentation. These higher rates of fer­
mentation and lactate accumulation oc­
curred with sheep 1,160 in trials 1 and 2 
and with sheep 980 in trial 1 (fig. 5). 
With sheep C816 in trial 2 an apparently 
short lag phase and rapid maximal rate 
was observed. However, no lactate was 
noted when sampled. It is considered pos­
sible that lactate degradation may have 
occurred prior to sampling since starch 
fermentation was essentially complete at 
that time.

DISCUSSION

Differential centrifugation was used in 
these studies to prepare a bacterial sedi­
ment that was microscopically representa­
tive of the mixed culture found in the 
whole rumen fluid of sheep fed a 3 parts 
corn to 1 part hay ration. The mixed cul­
ture thus obtained proved to have active 
amylolytic properties. Among the many 
morphological types present in the popu­
lation it is possible that some are not 
amylolytic. No attempt was made to iso­
late the organisms to differentiate them 
metabolically.

Using the criteria of starch fermenta­
tion, TVFA production and TCA-N syn­
thesis, added biotin and PABA or auto­
claved rumen fluid supernatant had no 
apparent effect on the fermentation. 
Washing the cells one time by recentrifu­
gation to further reduce rumen fluid carry­
over failed to depress microbial activity 
even though the concentration of TCA-N 
was thereby reduced. With the appar­
ently large number of species present in 
the mixed cultures it seems plausible to 
suspect that a symbiotic relationship may 
exist with respect to any required growth 
factors. Dehority et al. ( ’60) studying 
cellulose digestion with a similar in vitro 
technique, demonstrated an absolute re­
quirement for biotin as well as valeric 
acid; but the cellulolytic culture proliferat­
ing in those studies was found to consist
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of one predominant morphological type. 
Under those conditions symbiosis might 
not be expected to provide the required 
growth factors.

Simultaneous comparisons of mixed cul­
tures from three sheep fed identical diets 
revealed no differences between sheep or 
trials in the relationships between TVFA 
production or TCA-N synthesis and the 
amount of starch fermented. Rosenberger 
and Elsden ( ’60) and Bauchop and Elsden 
( ’60) demonstrated the constancy of the 
relationship between the weight of sub­
strate metabolized and the weight of cellu­
lar material synthesized for a given organ­
ism in the steady state. This relationship 
differs between species when the energy 
securing or retaining metabolic pathways 
differ. It would seem that a similar rela­
tionship would apply to metabolic end- 
products. The data obtained in these 
studies with 18 mixed cultures from three 
sheep fed identical diets suggests that the 
end-product- and cellular material-sub­
strate relationships are parameters that 
might be applied in defining the gross ac­
tivities of a mixed culture. Further work 
with mixed cultures from ruminants fed 
varying diets is necessary to investigate 
this hypothesis.

The apparent relationship between the 
accumulation of lactate and the maximal 
rates of starch fermentation suggests that 
the rate of lactate degradation may have 
been exceeded by the rate of lactate pro­
duction when the fermentation proceeded 
at a rapid rate. The differences in fer­
mentation rates could not be related to 
the microscopic appearances of the mixed 
cultures either at inoculation time or after 
incubation. Analyses of the organic acids 
in the rumen fluid would not serve to pre­
dict the in vitro differences observed.

However, a cyclic variation in pH oc­
curred during the periods of maximal fer­
mentation rates since a constant pH was 
not maintained with this in vitro system. 
Furthermore, with the fermentations hav­
ing the higher maximal rates a greater de­
pression of pH between adjustments was 
noticed. Karush et al. ( ’56), Reid et al. 
( ’57) and Rosenberger and Elsden ( ’60) 
have presented data indicating the modi­
fication of bacterial metabolism by varied 
pH levels. It may be that in the case of

a rapid fermentation the higher early pro­
duction of volatile fatty acids was effec­
tive in lowering the pH to a level inhibitory 
to lactate degradation. The effect of pH 
depression on the metabolism of the mixed 
cultures used in these studies is being in­
vestigated.

SUMMARY

An in vitro system was described for the 
study of starch fermentation by microor­
ganisms from the rumen of sheep fed a 
high grain diet. A centrifugal procedure 
was used to obtain the predominant ru­
men bacteria as a sediment which ap­
peared to proliferate in vitro without gross 
changes in morphological types. Under 
the conditions of these experiments the 
maximal starch fermentation occurred 
when flask contents were readjusted to 
pH 6.8. The addition of biotin and p- 
aminobenzoic acid or autoclaved rumen 
fluid supernatant was not necessary for 
maximal starch fermentation.

Eighteen mixed cultures from the rumen 
of three sheep fed identical diets were 
compared and found to be similar in the 
relationships between the production of 
total volatile fatty acid or the synthesis of 
trichloroacetic acid-insoluble nitrogen and 
the extent of starch fermentation. Dif­
ferences in the amount of starch fermented 
in a given time were apparently the result 
of differences in the time required to 
reach the maximal rate of fermentation 
and to differences in the maximal rates of 
fermentation. These differences were not 
consistent with respect to sheep or to 
trials.

There appeared to be two types of fer­
mentations in vitro related to the maximal 
rates of fermentation attained. Accumu­
lation of lactate was associated with the 
higher rates of fermentation. Possible ex­
planations for this phenomenon are sug­
gested including the effect of a cyclic pH 
variation on the metabolic pathways of 
fermentation.
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Numerous reports have appeared in re­
cent decades concerning the use of algae 
and plankton as a source of food; these 
reports have been reviewed in a recent 
monograph by Schwimmer and Schwim- 
mer ( ’55). Although considerable interest 
has been expressed about the role of algae 
as a food and much has been accomplished 
in developing methods for the mass cul­
ture of algae (Gummert et al., ’53; Tamiya, 
’59), there have been few studies on its 
nutritional adequacy.

Several reports concerning the amino 
acid composition of various species of 
algae have demonstrated a low level of 
sulfur amino acids although the level of 
most other “essential” amino acids ap­
peared adequate (Eny, ’49; Fowden, ’52a, 
b; Schieler et al., ’53; Smith and Young, 
’55). As a result of the sulfur amino acid 
deficiency, algae protein would be ex­
pected to stimulate growth to a lesser de­
gree than proteins of high biological value; 
such results have been reported for the 
rat by several workers (Hayami and Shino, 
’58; Geoghegan, ’53; Fisher and Burlew, 
’53). In contrast, Fink and Herold ( ’55, 
’56, ’57, ’58) have concluded that for 
growth of rats the protein of the alga 
Scenedesmus obliquus was equal or slightly 
superior to proteins of skim milk, egg 
white and various plants.

In a more recent study, Prosky et al. 
( ’61 y  demonstrated that the addition of 
algae to a 10% casein diet for rats stimu­
lated growth; also, that rats fed algae as 
the sole source of protein at a level of 10 
or 30% of the diet grew less well than 
animals receiving the same level of protein 
from casein; however, equal growth was 
observed in animals receiving 20% of 
dietary protein from either algae or casein.

Combs ( ’52) reported that the substitu­
tion of 10% of chlorella for soybean meal

in the diet of chicks resulted in a marked 
improvement in growth and feed effi­
ciency; however, this growth stimulation 
was apparently due to the carotene con­
tent of the algae and not its protein.

The present report presents data on the 
protein value of various algae for growth 
in the chick and rat, and also presents 
evidence concerning the amino acid in­
adequacies of these materials.

EXPERIMENTAL

Chick studies. Male Hy-line chicks 
were maintained in cages with raised wire 
floors and fed a practical diet for one 
week, at which time 10 chicks were as­
signed per group on the basis of weight. 
The chicks were distributed among the 
experimental groups in such a manner 
that the initial average weights for each 
group were within plus or minus 1 gm. 
The experimental diets were fed for 
three weeks. The animals were weighed 
and food consumption was determined 
weekly.

The composition of the basal diet, ex­
pressed as a percentage, was as follows: 
starch, 16.20; salt mixture,2 5.31; vitamin 
mixture,3 0.40; cholineCl, 0.20; corn oil, 
5.00; fiber, 3.00; glucose to 100. Algae 
and amino acids were added to the basal 
diet at the expense of glucose. * 1 2 3

Received for publication October 20, 1961.
1 Prosky, L., J. F. Karinen and H. E. Sauberlich 

1961 The nutritional adequacy of algae in weanling 
rats. U. S. Army Medical Research and Nutrition 
Laboratory, unpublished report.

2 Chick salt mixture, supplied/kg of diet when fed
at the rate of 5.31% of the diet: (in grams) CaC03, 
3.0; Ca3(P 04)2, 28.0; K2HP04, 9.0; MgS04, 1.25; Fe 
gluconate, 2.24; NaCl, 8.80; and (in milligrams) 
ZnS04-7H20, 60; KI, 40; CuS04, 20; H3B03, 9;
CoS04-7H20, 1; MnS04, 650.

3 Chick vitamin mix, supplied in mg/kg of diet 
when fed at the rate of 0.40% of the diet: thiamine- 
HC1, 25.0; riboflavin, 16.0; Ca pantothenate, 20.0; 
pyridoxine, 6.0; biotin, 0.6; folic acid, 4.0; p-amino- 
benzoic acid, 2.0; menadione, 5.0; and vitamin Bi2, 
20 ng', inositol, 100; ascorbic acid, 250; niacin, 150; 
vitamin A, 10,000 IU; vitamin D3, 1,000 ICU; a- 
tocopheryl acetate, 100 mg.

J. N u t r it io n , 76: ’62 4 2 3
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Rat studies. Weanling male, albino 
rats of the Holtzman strain weighing be­
tween 40 to 50 gm were used. The ani­
mals were housed in individual cages with 
raised wire floors. A stock diet was fed 
for three or 4 days, following which 10 
rats were distributed per group on the 
basis of weight in such a manner as to 
have almost identical initial weights for all 
groups. The animals were maintained with 
the experimental diets for approximately 
three weeks. The exact length of the ex­
perimental periods is indicated in the 
tables of results.

The composition of the basal diet used 
in the rat studies, expressed as a percent­
age of the diet, was as follows: starch, 
13.00; salt mixture (USP 14), 4.00; vita­
min mixture,4 5 6 7 * * 0.40; choline-Cl, 0.30; fiber, 
3.00; com oil, 5.00; glucose to 100. Algae 
and amino acids were added at the levels 
indicated in the results section at the ex­
pense of glucose.

Three algae were tested: (1 ) a mixture 
of Scenedesmus obliquus and Chlorella 
ellipsoidal (2 ) Chlorella pyrenoidosa;11 
and (3 ) Spongiococcum excentricum..'' 
The “crude” protein (N X  6.25) content 
of these algae was determined by Kjeldahl 
analysis, total lipids by acid hydrolysis of

the algae followed by ether extraction of 
the hydrolysate. The total lipid extract 
was evaporated to dryness redissolved in 
petroleum ether and applied to a mag­
nesia : supercefl (1 :1 ) column and the 
lipids free of chlorophyll and other chro­
mogens were eluted with petroleum ether : 
acetone (9 :1 ). An additional sample of 
each algae was used for ash determination 
by conventional analysis. The results of 
these analyses are presented in table 1.

RESULTS

The protein value of the algae used was 
ascertained by means of growth and pro­
tein efficiency ratios (gm gain per gm of 
protein consumed) in both chicks and 
rats; these results are presented in tables 
2 and 3. These data indicate that all of

4 Rat vitamin mix, supplied in mg/kg of diet when 
fed at the rate of 0.4% of the diet: thiamine-HC1, 
22.0; riboflavin, 22.0; Ca pantothenate, 66.0; pyri- 
doxine, 22.0; biotin, 0.44; folic acid, 2.0; p-amino- 
benzoic acid, 110; menadione, 0.05; and vitamin B12» 
30 /j,g; inositol, 110; ascorbic acid, 1.0 gm; niacin, 
100; vitamin A, 10,000 IU; vitamin D, 2,000 IU; 
a-tocopheryl acetate, 50 mg.

5 Obtained from Japan Chlorella Institute, Tokyo, 
Japan.

6 Generously supplied by Dr. R. H. Lowry, Boeing 
Airplane Company, Aero Space Division, Seattle 24, 
Washington.

7 Purchased from Grain Processing Corporation,
Muscatine, Iowa. This material was especially pre­
pared for this laboratory.

TABLE 1
Protein, total lipid, chlorophyll-free lipid and ash conten t o f various algae

Algae
Crude 

protein 
(N x 6.25)

Total
lipid

Chloro­
phyll-
free1
lipid

Ash

% % % %
Scenedesm us obliquus +  Chlorella ellipsoida 55.56 4.49 0.72 3.62
Chlorella pyrenoidosa 59.96 11.93 7.60 4.91
Spongiococcum  excentricum 31.04 11.32 7.18 5.29

1 Total lipid extract freed of chlorophyll and other chromogens.

TABLE 2
Influence o f various algae protein on growth and protein efficiency of the growing chick

Protein
Protein source1 3-Week gain efficiency

ratio

gm gain/gm
gm protein

consumed
Soybean +  DL-methionine2 237 ± 2 6 3 3.04
Scenedesm us obliquus +  Chlorella ellipsoida 87 ± 2 2 1.55
Chlorella pyrenoidosa 9 ± 1 3 0.31
Spongiococcum  excentricum 1 3 ± 8 0.43

1 All proteins supplied at a level of 18% of the diet (%  N x 6.25).
2 0.54% added DL-methionine. 
s Mean ±  standard deviation.
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TABLE 3
Influence o f  various algae proteins on  gain and protein  efficiency ratio in growing rats

Protein source
Dietary
protein

level
(N x  6.25)

3-Week
gain

Protein
efficiency

ratio

% gm
gm gain/gm 

protein

Casein 14.88 1 1 2 ± 1 0 ‘
consumed 

2.50 it 0.09
Scenedesm us obliquus — Chlorella ellipsoida 15.31 60 ±  7 1 .38±0 .14
Chlorella pyrenoidosa 15.31 38 ± 1 2 0 .9 4 ± 0 .1 9
Spongiococcum  excentricum 14.81 9 ± 6 0.34 ± 0 .2 4
Spongiococcum  excentricum  +  DL-methionine 15.12 23 ± 4 2 1 .2 2±  0.18

1 Mean +  standard deviation.
2 The animals receiving the S. excentricum  diet were maintained with the same diet to which 

had been added 0.5% of DL-methionine for 11 days (21st through 32nd day).

the algae tested were far inferior to either 
the casein or soybean protein controls 
used for the rat and chick studies respec­
tively. The mixture of S. obliquus and C. 
ellipsoida was superior to either of the 
other two algae studied (tables 2 and 3). 
The data in table 3 also demonstrate that 
the diet containing the algae S. excen­
tricum was deficient in methionine for 
the growing rat. At the termination of the 
three-week experimental period, the S. 
excentricum diet was supplemented with 
0.5% of DL-methionine and fed to the 
same animals for an additional 11 days. 
The animals gained 23 gm in 11 days and 
had a protein efficiency ratio of 1.22 when 
fed the methionine-supplemented diet as

TABLE 4
Influence o f am ino acid supplem entation o f algae 

protein (Scenedesm us obliquus -f- Chlorella 
ellipsoida) on growth and feed  efficiency  

in the growing ch ick1

Amino acid 
mixture2

3-Week
gain

Feed
efficiency

gm
gm gain/gm  

feed

None 8 3 ±  l l 3
consum ed

0.32
Complete 124 ± 2 1 0.47
Minus threonine 1 1 7 ±  15 0.45
Minus glycine 96 ± 9 0.38
Minus arginine 1 2 2 ±  19 0.47
Minus tryptophan 124 ± 1 4 0.47
Minus m ethionine 78 ± 9 0.36
Minus lysine 114 ±  14 0.42
Minus histidine 1 3 2 ±  15 0.47

1 All diets supplied 23.45% crude protein (%  N 
x 6.25) from algae.

2 Amino acids were supplemented at the following 
levels as a percentage of the diet: DL-methionine, 
0.80; DL-tryptophan, 0.20; L-arginine-HCl, 0.73; gly­
cine, 0.75; DL-threonine, 0.60: L-histidineHCl\H20, 
0.20; L-lysine-HCl, (95% purity), 0.59.

3 Mean ±  standard deviation.

compared with a gain of only 9 gm in the 
previous 21-day period and a protein ef­
ficiency ratio of only 0.34 with the unsup­
plemented diet (table 3).

The influence of amino acid supple­
mentation of the mixed algae (S. obliquus 
and C. ellipsoida') diet on growth of the 
chick was tested. Reports of amino acid 
analyses of various algae (Eny, ’49; 
Fowden, ’52a, b; Schieler et al., ’53; Smith 
and Young, ’55) indicated that methionine 
was the most limiting amino acid and that 
deficiencies of arginine, glycine and threo­
nine might also exist for the chick. Based 
on these data and those of Prosky et al. 
( ’61 ),8 indicating that methionine, lysine, 
tryptophan and histidine might be defi­
cient in algae for the growing rat, chicks 
were fed diets supplemented with methio­
nine, tryptophan, arginine, glycine, threo­
nine, histidine and lysine (table 4). These 
data indicate that supplementation of the 
algae diet with all 7 amino acids resulted 
in a significant increase in weight gain 
and feed efficiency. The omission of a 
single amino acid at a time from the mix­
ture was without significant effect with the 
exception of glycine and methionine. 
When glycine or methionine was omitted 
from the mixture of amino acids, growth 
was depressed. The omission of histidine 
from the mixture of amino acids resulted 
in a slight improvement in weight gain 
although this increase was not statistically 
significant.

Based on the above results, a second 
study was initiated with chicks, using the 
same mixed algae as the protein source.

8 See footnote 1.
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The results of this study are presented in 
table 5. Supplementation of the algae diet 
with either methionine or glycine alone, 
the two amino acids observed to be limit­
ing, did not stimulate growth, although 
the addition of methionine appeared to im­
prove feed efficiency. When both methio­
nine and glycine were added together, a 
highly significant growth response and im­
provement in feed efficiency were noted. 
The addition of threonine to the methio­
nine-glycine supplemented diet was with­
out effect. Lysine, however, significantly

depressed growth when added to a diet 
supplemented with methionine, glycine 
and threonine; the addition of histidine to 
this diet depressed growth further. Sup­
plementation of the diet with histidine 
alone also resulted in a depression in 
weight gain below that of the group fed 
the unsupplemented algae. The addition 
of leucine alone or in combination with 
the 5 other amino acids tested had no 
effect.

A similar study on the effect of amino 
acid supplementation was initiated with

TABLE 5
E ffect o f am ino acid supplem entation o f  algae protein (Scenedesm us obliquus +  Chlorella 

ellipsoida) on growth and feed  efficiency o f the growing chick

Amino acid supplement1

DL-Methio-
nine

0.80%
Glycine
1.00%

DL-Threo-
nine

1.20%

L-lysine • 
HC1 

(95% 
purity ) 
1.10%

L-Histi- 
dine- 

HC1 H20  
0.30%

L-Leu-
cine

0.70%

3-Week
gain

Feed
efficiency

gm
gm  gain/gm  

feed
consum ed

— — — — — — 8 7 ± 2 2 2 0.28
+ — — — — — 93 ± 1 9 0.34
— + — — — — 89 ± 2 5 0.28
+ + — — — — 127 ± 2 8 0.39
+ + + — — — 124 ± 2 8 0.40
+ + + + — — 102 ± 3 0 0.34
+ + + + + — 89 ±  41 0.34
+ + + + + + 81 ± 4 1 0.32
— — — — + — 71 ± 2 2 0.26
— — — — — + 86 ± 2 5 0.30

1 All diets supplied 18.00% protein (%  N x 6.25) from algae.
2 Mean +  standard deviation.

TABLE 6
Influence o f  am ino acid supplem entation o f algae protein (Chlorella pyrenoidosa) on body 

w eight gain and feed  efficiency o f albino rats

Amino acid supplement1

DL-Methio-
nine

0.40%
DL-Trypto-

phan
0.40%

L-Ly sine • 
HC1 

(95% 
purity ) 
1.33%

DL-Threo-
nine

1.00%

L-Histi-
dine-

HC1H20
0.53%

19-Day
gain

Feed
efficiency

gm
gm gain/gm  

feed
consum ed

— — — — — 51 ± 8 2 0 .2 3 ± 0 .0 2 2
+ + + + + 70 ± 1 8 0.33 ± 0 .0 4
+ + + + — 52 ± 1 0 0.26 ± 0 .0 4
+ + + — + 76 ± 1 4 0.28 ± 0 .0 3
+ + — + + 70 ± 1 4 0.29 ± 0 .0 3
+ — + + + 71 ± 1 6 0.32 ± 0 .0 3
— + + + + 50 ± 8 0.22 ± 0 .0 2
+ — — — — 6 5 ±  11 0.23 ± 0 .0 3

1 All diets supplied 18.00% crude protein (%  N x6 .25 ) from algae.
2 Mean +  standard deviation.
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weanling rats using the algae, C. pyre- 
noidosa, as the protein source; the results 
of this study are presented in table 6. A 
significant improvement in weight gain 
and feed efficiency was observed as a re­
sult of supplementing the algae diet with 
methionine, tryptophan, lysine, threonine 
and histidine. The omission of single 
amino acids from the mixture resulted in a 
growth depression only in the case of 
histidine and methionine, indicating a de­
ficiency of these two amino acids for the 
growing rat. Supplementation of the algae 
diet with methionine alone resulted in a 
significant growth response in comparison 
with animals receiving the unsupple­
mented control diet, although feed effi­
ciency was not improved.

DISCUSSION

The studies reported demonstrate that 
all of the algae fed are deficient in meth­
ionine, an observation that would be an­
ticipated from various reports concerning 
the amino acid composition of algae (Eny, 
’49; Fowden, ’52a, b; Schieler et al., ’53; 
Smith and Young, ’55). Glycine also was 
found to be deficient for the growing 
chick in the mixed algae used (S. obliquus 
and C. ellipsoida). Based on reports of 
analyses previously mentioned this also 
would be expected, although this observa­
tion has not previously been made since 
most studies have used the rat, which does 
not require glycine.

The growth-depressing effect of histi­
dine observed in chick studies is indica­
tive of an amino acid imbalance (Harper 
and Kumta, ’59). Data thus far obtained, 
however, are inadequate to determine the 
mechanism of the imbalance.

In the rat growth studies with C. pyre- 
noidosa, the omission of histidine from 
the mixture of amino acids used to sup­
plement the diet resulted in a growth de­
pression. Again, this observation is in 
accord with amino acid analyses showing 
histidine to be low in this species of algae 
(Schieler et al., ’53) and is in agreement 
with the data of Prosky et al. ( ’61 ).9

The results obtained with rats fed diets 
containing the algae, S. excentricum, in­
dicate methionine to be one of the most 
limiting amino acids; however, further 
study is required to corroborate this ob­

servation and to delineate other amino 
acid deficiencies that may exist. The high 
levels of algae fed to chicks in these stud­
ies did not result in the impacted beak 
condition reported by Combs ( ’52). Diar­
rhea was observed in chicks fed the algae 
diets, but was not apparent in the rat 
studies.

Also worthy of further study is the poor 
growth observed in both rats and chicks 
with the algae diets supplemented with 
amino acids. There may be amino acids 
which are limiting other than those tested 
or the problem may be one of availability. 
Since the protein of algae is enclosed in 
a cellulose membrane, digestibility might 
be expected to present a problem. It has 
been reported that rats fed dried chlorella 
grew poorly, but that treatment of the 
algae with methanol improved growth and 
digestibility and that when further sup­
plemented with methionine, the methanol- 
treated algae supported optimal growth 
(Tamura et al., ’58a, b). Further similar 
studies would, therefore, appear to be of 
considerable value.

SUMMARY
Chicks and weanling rats were fed diets 

containing the algae Scenedesmus ob­
liquus and Chlorella ellipsoida, or Chlo­
rella pyrenoidosa, or Spongiococcum ex­
centricum as the sole source of protein.

All of the algae tested were inferior to the 
control diets in which soybean oil meal, 
supplemented with methionine or casein, 
served as the protein source for chicks 
and rats, respectively. The animals re­
ceiving the control diets showed superior 
weight gains and protein efficiency ratios. 
Of the algae tested, the mixture of S. 
obliquus and C. ellipsoida was superior to 
either of the other algae fed singly.

Data were presented showing all of the 
algae tested to be deficient in methionine 
for the growing rat and chick. The mix­
ture of algae was also deficient in glycine 
for the chick and the algae Chlorella pyre­
noidosa was found to be deficient in histi­
dine for the growing rat.
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Several reports (Kritchevsky et al., ’54, 
’56) have indicated that rabbits fed high- 
cholesterol diets supplemented with fats 
rich in linoleic acid develop less athero­
sclerosis than animals receiving similar 
diets containing fats poor in that acid. 
The action of the polyunsaturated fatty 
acids in lowering the blood cholesterol 
level in man and retarding the develop­
ment of atherosclerosis in rabbits may be 
related to the role of those acids in the 
transport and metabolism of cholesterol. 
Increased formation of cholesterol esters 
containing a high proportion of saturated 
and monounsaturated fatty acids may also 
be a factor involved in the genesis of 
atherosclerosis (Sinclair, ’56). Several re­
ports (Swell et al., ’60a, b) have shown 
that the atherosclerotic plaque cholesterol 
esters of human aorta contain a higher 
percentage of oleic and a lower percentage 
of linoleic acids than that fraction of the 
serum. The cholesterol esters of the 
aortas of cockerels and rabbits with athero­
sclerosis have also been shown to contain 
more oleic and less linoleic acids than the 
serum fraction (Blomstrand and Christen­
sen, ’61; Swell et al., ’61a). These obser­
vations suggest that cholesterol oleate may 
be preferentially deposited in the aorta 
from the serum and that further studies 
on the cholesterol ester transport system 
are needed. Several important questions 
regarding the role of linoleic acid in athero­
sclerosis remain to be investigated. This 
includes how the level of that acid in the 
diet influences tissue lipid fatty acid com­
position and in particular, the aorta cho­
lesterol esters. The present report is a 
continuation of our earlier studies (Swell 
et al., ’61a) on the changes in the tissue

lipid fatty acids accompanying the produc­
tion of atherosclerosis.

EXPERIMENTAL

Animals and diets. New Zealand white 
male rabbits weighing 2.5 to 3 kg were 
used. Nineteen animals were divided into 
three groups of 6, 7 and 6 each. Each of 
the groups received, in the morning, 50 
gm of powdered commercial pellet chow2 
with one of the following: group A, no 
additions; group B, 1 gm of cholesterol 
and 8% of com oil; and group C, 1 gm of 
cholesterol and 8% of olive oil. The ani­
mals consumed their meal in the morning, 
and in the afternoon were given an addi­
tional 50 gm of the diets without choles­
terol. The diets were prepared as previ­
ously described (Swell et al., ’61a). After 
the animals had received the diets for 9 
weeks, they were fasted overnight and 
then killed under pentobarbital sodium 
anesthesia by exsanguination and the 
aorta and liver removed. The aorta was 
carefully cleared of adherent fat and 
graded for atherosclerosis on a scale from 
zero to 4 +.

Methods. The tissues were weighed 
and extracted according to procedures de­
scribed earlier (Swell et al., ’60a). Free 
and total cholesterol of serum lipid ex­
tracts were determined by the method of 
Sperry and Webb ( ’50). The cholesterol 
esters and triglycerides were separated on 
silicic acid columns and the fatty acid 
composition of the isolated lipid fractions 
determined by gas-liquid chromatography

Received for publication October 26, 1961.
1 This work was supported in part by U.S.P.H.S. 

Grants H-4374 and H-1897.
2 Purina Pellet Chow, Ralston Purina Company, St. 

Louis.
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(Swell et al., ’60a, ’61b). Statistical anal­
yses were carried out by the t test and 
values of P <  0.01 were considered to be 
significant.

RESULTS

Fatty acid composition of diets (table 1). 
The diet (pellet chow) fed to group A con­
tained a high percentage of linoleic acid 
(48.6% ), but a total fat content of only 
2.4% . The average daily intake of fat per 
rabbit fed the control diet was 2.4 gm and 
of that 1.2 gm was linoleic acid. The fat 
in the diet fed to group B also contained a 
high proportion of linoleic acid (55.3% ),

but the total fat intake of that group was 
considerably higher (10.4 gm per day or
5.6 gm of linoleic acid) than in group A. 
The fat in the diet fed to group C con­
tained the lowest percentage of linoleic 
acid (18.4% ). The average fat intake per 
day per rabbit was the same as for group 
B (10.4 gm), but the intake of linoleic 
acid was only 1.9 gm.

Tissue lipid levels (table 2). At the 
time of sacrifice both groups (B and C) 
had greatly elevated serum, liver and aorta 
cholesterol levels when compared with the 
group receiving the diet (A ) with no addi-

TABLE 1
Fatty acid com position o f diets

Fatty acid

No.
carbons

No.
double
bonds

A (6 )i 
No

additions

Diets
B (7 ) 
High

cholesterol 
Corn oil

C (6 ) 
High

cholesterol 
Olive oil

6 to 14 0.9
% total fatty acids 

0.4 0.4
16 0 18.3 13.7 15.3
16 1 0.9 0.2 0.8
18 0 2.5 1.9 2.1
18 1 23.4 26.7 61.3
18 2 48.6 55.3 18.4
18 3 5.4 1.8 1.7

Dietary fat content, % or fat 
intake, gm /d a y2 2.4 10.4 10.4

Linoleic acid intake, gm /day 1.2 5.6 1.9

1 Values in parentheses represent the number of rabbits per group.
2 Food consumption per animal was 100 gm/day.

TABLE 2
E ffect o f  diets on  cholesterol levels in tissues

Group
Cholesterol Ester/total

cholesterolFree Ester Total

%
Serum,1 m g /100 ml

A 17 ± 4 3 4 5 ±  7 62 ± 1 2 72.0 ± 2 .4
B 462 ±1 0 1 1360 ± 3 5 0 1822 ±  448 74.6 ± 3 .6
C 5 5 5 ±  151 1 3 8 0± 4 0 5 1935 ± 5 4 0 71.3 ±  2.0

Aorta,2 m g /g m  fresh tissue
A 1.0 ±  0.2 0 .1 ± 0 .1 1.1 ±  0.3 9.1 ±  2.5
B 3 .3 ±  1.4 5 .7 ± 2 .0 9 .0 ± 3 .2 63.3 ± 3 .0
C 3.4 ± 1 .8 4.9 ± 2 .5 8 .3 ± 3 .5 59.0 ± 4 .1

Liver, m g /g m  fresh tissue
A 1 .7 ±  0.3 0 .6 ± 0 .2 2.3 ± 0 .5 26.1 ± 3 .0
B 6.4 ± 1 .0 46.4 ± 6 .1 52.8 ± 7 .0 87.9 ± 2 .0
C 7 .0 ±  1.6 46.7 ± 7 .2 53.7 ±  9.0 87.0 ±  1.8

1 Represents the serum cholesterol values at death.
2 The degree of atherosclerosis for group B was 2.1 ±  0.7 and for group C, 3.0 ±  1.0.
3 Standard deviation.
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tions. The percentage of total cholesterol 
as ester increased markedly in both aorta 
and liver. There were no significant dif­
ferences between the levels of cholesterol 
in the aorta, serum and liver of groups B 
and C. The degree of atherosclerosis for 
group B was less (2.1) than for group C 
(3.0), but this difference was found to 
be not significant at the 1 or 5% levels.

Tissue cholesterol ester fatty acids 
(table 3). Serum: The corn oil (B) and 
olive oil (C ) diets had significant effects 
on the serum cholesterol ester fatty acid 
composition. The major changes in the 
cholesterol ester fatty acids of the groups 
fed those diets were in the proportions of 
oleic, linoleic and palmitic acids. Group 
B (corn oil diet) had a significantly 
greater percentage of oleic acid and a sig­
nificantly lower percentage of palmitic 
acid than the control group (A ). A slight 
increase occurred in the percentage of 
linoleic acid, but this was found not be 
significant. The most marked change in 
that serum lipid fraction occurred in the 
group fed the olive oil diet (group C). 
Oleic acid became the major acid of 
the serum cholesterol ester fatty acids 
(58.1% ). Also significant proportionate 
decreases occurred in the percentages of 
palmitic and linoleic acids in the serum 
cholesterol ester fraction of group C when 
compared with that serum fraction of the 
other two groups (A and B).

Aorta: The aortas of the group fed the 
control diet (A ) did not contain sufficient 
cholesterol esters for fatty acid analysis. 
The major fatty acid of the cholesterol 
esters deposited in the aorta of the ani­
mals receiving diets B and C was oleic 
acid; the group receiving the corn oil diet 
(B ) had significantly less oleic acid than 
the group fed the olive oil diet (C ). The 
level of linoleic acid was quite low in 
both groups (group B, 22.3% ; group C, 
10.3% ). Comparison of the aorta and 
serum cholesterol ester fatty acid composi­
tion indicated significant differences in 
fatty acid composition. The cholesterol 
esters in the aorta of groups B and C had 
significantly less linoleic acid and more 
saturated fatty acids than that fraction 
of the serum. That the cholesterol esters 
of the aorta were influenced by the fatty
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acid composition of the diet is of particu­
lar interest.

Liver: The hver cholesterol esters of the 
group receiving the control diet (A ) con­
tained a higher percentage of saturated 
fatty acids (palmitic and stearic) and a 
lower percentage of linoleic acid than that 
fraction of the serum. The percentage of 
oleic acid in both the serum and liver cho­
lesterol esters was approximately the 
same. The diets (B and C) produced pro­
nounced changes in the fatty acid composi­
tion of the hver cholesterol esters. As with 
the other tissues, the most pronounced ef­
fect was seen in the group fed the olive 
oil diet (C). The hver cholesterol esters 
of that group contained 68.5% of oleic 
acid and a very low level of hnoleic acid 
(10.6% ). The corn oil diet (B ) produced 
significant increases in the oleic and hno­
leic acid levels and a lowering in the per­
centage of saturated fatty acids.

Triglyceride fatty acid composition 
(table 4). Serum: The com oil diet (B) 
produced a significant decrease in the per­
centage of palmitic acid and an increase 
in hnoleic acid in the serum triglycerides. 
The olive oil diet (C ) produced a decrease 
in palmitic and linoleic acids and an in­
crease in oleic acid.

Aorta: The aorta triglycerides of the 
group fed the com oil diet (B ) showed a 
decrease in palmitic acid and an increase 
in hnoleic acid when compared to the 
control group (A). The group fed the 
ohve oil diet (C ) showed the most marked 
changes in triglyceride fatty acid composi­
tion. There was a decrease in the propor­
tion of palmitic and hnoleic acids and an 
increase in oleic acid. Comparison of the 
serum and aorta triglycerides did not in­
dicate any major differences.

Liver: The ohve oil diet (C ) produced 
the most marked change in hver trigly­
ceride fatty acid composition. Less pal­
mitic and linoleic acids and more oleic 
acid were observed than in the other two 
groups (A and B).

DISCUSSION

This study extends the previous report 
(Swell et al., ’61a) on the cholesterol ester 
fatty acid pattern in sera and aortae of 
atherosclerotic rabbits. It was also shown 
that the fatty acid composition of the de-
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posited aorta cholesterol esters is not con­
stant, but can be altered by changing the 
fatty acid composition of the dietary fat. 
The aorta cholesterol esters of rabbits fed 
the high cholesterol-corn oil diet contained 
a higher percentage of linoleic acid than 
that fraction in the aorta of animals re­
ceiving a similar diet with olive oil. Even 
in the group receiving the com oil diet, 
however, the major fatty acid of the aorta 
cholesterol esters was oleic acid. Oleic 
acid has also been shown to be the major 
fatty acid of the cholesterol ester fraction 
in the human plaque lipids and thickened 
intima (Swell et al., ’60a, b). The fatty 
acid composition of the serum cholesterol 
esters was likewise dependent upon the 
type of dietary fat; a large increase in 
the level of serum cholesterol oleate 
occurred when the rabbits were fed 
the olive oil diet. The results of the 
present study suggest that in the rela­
tionship between the serum cholesterol 
level and the development of athero­
sclerotic plaques in the rabbit there are 
both quantitative and qualitative factors, 
namely, the absolute level of cholesterol 
esters in the serum and fatty acid composi­
tion of those esters. Thus, below a certain 
serum cholesterol level atherosclerosis 
does not develop; also, there is a relation­
ship between the level of the serum cho­
lesterol and the time required for the de­
velopment of the disease. As for the 
qualitative aspect, it has been shown (Field 
et al., ’60; Biggs and Kritchevsky, ’51) 
that the major part of the plaque choles­
terol in man and rabbit is derived from 
the serum, and yet, the fatty acid composi­
tion is quite different between plaque and 
serum cholesterol esters (Swell et al., 
’60a, b, ’61a; Blomstrand and Christensen, 
’61). Thus, the data of the present and 
previous studies suggest that certain cho­
lesterol esters, and in particular cholesterol 
oleate, may be preferentially deposited in 
the aorta and that the deposition is de­
pendent upon the level of those esters in 
the serum cholesterol ester fraction.

No significant differences were noted 
in the degree of atherosclerosis between 
the groups receiving the high-cholesterol 
diets supplemented with com or olive oils. 
These differences might have been signifi­

cant if a diet with less cholesterol had 
been fed over a shorter period of time.

The major fatty acid of the liver cho­
lesterol esters of the animals receiving the 
high cholesterol-oil supplemented diets 
(B and C) was oleic acid. Similar obser­
vations have been made (Evans et al., 
’59) in rabbits fed cholesterol supple­
mented with tallow or com oil. This also 
suggests that there are marked differ­
ences in the handling of individual cho­
lesterol esters in the tissues.

The diets (B and C) produced some 
changes in the tissue triglyceride fatty 
acid composition, but these were not as 
striking as with the cholesterol ester frac­
tion. The major changes occurred in the 
group receiving the olive oil diet. In the 
serum similar changes in fatty acid com­
position were observed as with the cho­
lesterol ester fraction. In general, the se­
rum and aorta triglyceride fractions of the 
several groups were similar in fatty acid 
composition. The data suggest that the 
tissue triglycerides may be derived from 
common fatty acid pools.

SUMMARY

The observations indicate that the na­
ture of the dietary fat incorporated into a 
high-cholesterol diet influences the serum 
and tissue cholesterol ester and trigly­
ceride fatty acid composition. The aorta 
cholesterol esters are not of constant com­
position, but are dependent upon the fatty 
acid composition of the dietary fat fed. 
The data also suggest that derangements 
of cholesterol oleate metabolism may be 
an important factor involved in the de­
position of cholesterol esters in liver and 
aorta of rabbits fed high-cholesterol diets.
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Numerous studies in the past have 
suggested a relationship exists between 
vitamin A utilization and nitrogen metab­
olism. A decreased rate of growth (Samp­
son et al., ’32; Sampson and Korenchevsky, 
’32; Braman et al., ’35; Patterson et al., 
’42; Mayer and Krehl, ’48a, b), lowered 
food and protein efficiency (Sampson and 
Korenchevsky, ’32; Mayer and Krehl, ’48a, 
b; Brown and Morgan, ’48) coupled with 
increased nitrogen excretion (Sampson et 
al., ’32; Emerique, ’37; Brown and Morgan, 
’48 ) and decreased protein synthesis (Leut- 
skaya, ’57) were observed in animals suf­
fering from avitaminosis A. Moreover, 
liberal amounts of vitamin A are known 
to lessen the ill effects of a severe protein 
deficiency (Moore et al., ’52). The reverse 
relationship, namely, the effect of dietary 
protein on vitamin A metabolism, has been 
studied also, but the results are not con­
clusive (Random and Queuille, ’34; Basu 
and De, ’41; Baumann et al., ’42; Dye 
et al., ’45; Deuel et al., ’46; McCoord et al., 
’47; Mayer and Krehl, ’48b; Johnson and 
Baumann, ’48; Leutskii and Leutskaya, 
’55; Peretianu and Lupu, ’57). The under­
standing of this relationship is of partic­
ular interest because of the high incidence 
of xerophthalmia and keratomalacia, at­
tributable to vitamin A deficiency in chil­
dren suffering from kwashiorkor and other 
protein malnutrition states (Esh et al., 
’60; Gopalan et al., ’60).3

Several investigators (Basu and De, ’41; 
Baumann et al., ’42; Leutskii and Leuts­
kaya, ’55; Peretianu and Lupu, ’57) 
claimed that protein is necessary for the 
utilization and storage of vitamin A. The 
more recent work, however, conducted in 
our laboratory (Rechcigl et al., ’59a, b) 
as well as elsewhere4 (Olsen et al., ’59; 
Esh et al., ’60) suggests that dietary pro­
tein is not absolutely essential for the

storage of vitamin A. Our studies indicate 
that rats are able to store ample amounts 
of vitamin A despite an amino acid im­
balance or in the complete absence of 
dietary protein.

The object of the present investigation 
was to study the effect of the amount and 
quality of dietary protein on the utiliza­
tion of vitamin A.

EXPERIMENTAL

Male weanling albino rats of the Holz- 
man strain5 were housed individually and 
given food and water ad libitum. Two 
days prior to the start of the experiments 
a large dose of vitamin A acetate in oil 
solution was given orally to all rats in 
order to increase their vitamin A reserves. 
Several representative animals were killed 
as a control group at the beginning of the 
experiments to determine the initial stor­
age of vitamin A in the liver and kidneys 
(Ames et al., ’54). The remaining rats 
were divided into appropriate experimental 
groups usually consisting of 4 or 5 rats 
and totaling the same weight at the onset 
of the treatments. The body weight 
changes and food consumption were re­
corded daily during the three-week experi­
mental period.

At the termination of the experiments 
the animals were killed, the livers and 
kidneys removed, weighed and analyzed 
for vitamin A content. The liver fat was 
determined by weighing the residue from
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3 These publications list numerous references on 
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4 Amrich, L., and D. J. Pederson 1956 Dietary 
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15: 212 (abstract).

5 Purchased from Holtzman, Madison, Wisconsin.
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an ether extract (evaporated to dryness 
under nitrogen) of the livers, dehydrated 
with Na2S04. Nitrogen analyses were car­
ried out on the fat-extracted liver residues 
by the Kjeldahl method.

The composition of the basal protein- 
free diet shown in table 1, is similar to 
that of the diets used previously in this 
laboratory (Rechcigl et al., ’58; Rechcigl 
and Williams, ’61). Different experimental 
diets were prepared by inclusion of the 
protein source, compensating for the dif­
ferent levels by adjusting the percentage 
of dextrin.

The experiments were carried out in two 
phases with respect to the utilization of 
vitamin A. The first part deals with the 
effect of quantity of protein; the second 
part with effect of quality of protein.

RESULTS

Influence of level of protein. The re­
sults of these experiments are summarized 
in table 2. Rats receiving no protein in 
their diet lost weight and suffered from 
anorexia These animals, however, uti­
lized less vitamin A than any other group, 
as evident from the high liver content of 
vitamin A. With an increase in the die­
tary protein there was a progressive in­
crease in the body weight gain accom­
panied by higher food consumption and 
efficiency of food utilization. The total 
vitamin A content of the liver, in general, 
was lowered as the protein level in the

TABLE 1
Com position o f the basal diet

gm/100 gm
M a jo r  c o m p o n e n t s

Dextrin 58.0
Glucose1 15.0
Hydrogenated vegetable oil2 14.0
Salt m ixture3 4.0
Cellulose4 2 .0
Fat soluble vitamins (in  corn o il) 2.0
B vitamins ( in  starch ) 5.0

mg
V it a m in  c o m p o n e n t s  

B Vitamins in 5.0 gm o f starch
Thiam ine 0.25
Riboflavin 0.25
Pyridoxine 0.25
Ca pantothenate 2.00
N icotinic acid 1.00
p-Am inobenzoic acid 5.00
Inositol 10.00
Choline chloride 100.00

mg
Fat-soluble vitamins in  2.0 gm o f corn oil

Vitamin D (ca lc ifero l) 0.0045
a-Tocopherol 11.00

1 Cerelose, Corn Products Company, New York.
2 Crisco, Procter and Gamble Company, Cincinnati.
3 Jones and Foster ( ’42).
4 Solka-Floc, Brown Company, Berlin, New Hamp­

shire.

diet was increased. But the content of 
vitamin A in the kidney became greater 
with an increase in the dietary protein.

The differences in the vitamin A con­
tent of the organs were increased by ex­
pressing them per 100 gm of body weight. 
This is understandable because of the 
large differences in the body weights of

TABLE 2
E ffect o f level o f protein in the diet on depletion o f liver and kidney vitamin A

Control Protein-
free 6% Casein 12% Casein 18% Casein

Av.weight gain,1 gm - 1 4 +  0.62 19 +  3.1 71 +  7.0 97 +  7.3
Food intake, gm 81 148 223 223
Food efficiency3 - 0 . 1 7 0.13 0.32 0.43
Liver weight, gm 2.8 +  0.23 1 .6 + 0 .0 3 2.7 +  0.13 5.3 +  0.53 6.3 +  0.15
Liver fat, % 2.2 3.3 3.4 3.4 3.3
Liver vitam in A total Mg 3 7 7 + 1 9 .6 3 1 7 + 5 .8 303 +  3.3 268 +  15.1 241 +  6.4

Mg/100 gm  body weight 682 379 203 152
Mg/gm organ 135 198 112 50 38

Kidney weight, gm 0.74 +  0.07 0 .4 6 + 0 .0 3 0.63 +  0.02 1.00 +  0.04 1.28 +  0.05
Kidney vitam in A total Mg 6.3 +  0.29 5 .6 + 0 .6 4 3.7 +  0.18 7.3 +  0.69 12.2 +  0.53

Mg/100 gm  body weight 12.0 4.6 5.5 7.2
Mg/gm organ 8.5 12.2 5.9 7.3 9.5
1 The average initial weight of the rats was 60 gm.
2 Standard error of the mean.
3 Grams gain per gram of food consumed.
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various experimental groups and the ap­
parent relationship between the vitamin A 
content and growth. Increase in the pro­
tein level also resulted in larger size and 
weight of the organs which is reflected in 
even more striking diminution of vitamin 
A reserves when the values are expressed 
per unit of weight. The fat content of the 
livers did not show significant changes 
between the various experimental groups.

The total vitamin A depletion or utiliza­
tion, calculated by subtracting the final 
storage of vitamin A in the liver and the 
kidneys of the experimental animals from 
the initial storage of the controls, was 
lowest in rats ingesting a protein-free diet 
and became progressively greater as the 
protein level in the diet was increased. 
Apparently a linear relationship exists be­
tween weight gain and vitamin A utiliza­
tion as the plotting of these two parame­
ters resulted in a straight line (fig. 1), 
over the range studied.

Influence of quality of protein. The 
experimental results of this study are 
shown in table 3. Of the three proteins 
tested, feeding of casein resulted in the 
best growth of rats. The animals ingesting 
gluten as a sole source of protein grew 
very slowly, whereas those maintained 
with the zein diet gradually lost weight. 
The poor growth response observed in rats

TABLE 3

E f f e c t  o f  q u a l i t y o f  p r o t e i n  i n t h e  d i e t  o n d e p l e t i o n  o f l i v e r  a n d  k i d n e y  v i t a m i n A

Control 18% Casein 1 8 %  Gluten 1 8 %  Gluten 
+ AA1 18% Zein 18% Zein

+ AA2

Av. weight gain,3 gm 123 ± 9 .4 “ 2 5 ± 4 .5 1 0 9 ± 9 .7 — 6 ±  1.3 1 7 ± 3 .0
Food intake, gm 269 163 258 94 127
Food efficiency4 0.46 0.15 0.42 - 0 .0 6 0.13
Liver weight, gm 2.1 ± 0 .0 5 7.9 ± 0 .7 5 3.6 ± 0 .4 2 8.5 ± 0 .4 5 1.9 ± 0 .0 4 2.8 ± 0 .2 3
Liver fat, % 3.6 2.8 4.4 4.9 5.5 2.4
Liver nitrogen, % 2.34 2.44 2.37 2.72 2.88
Liver vitam in A total /xg 265 ± 5 149 ± 1 1 179 ± 1 168 ± 5 179 ±  13 162 ± 7

Mg/100 gm body weight 86 236 105 398 238
Mg/gm organ 126 19 50 20 94 58

Kidney weight, gm 0.57 ±  0.02 1 .4 5± 0 .0 8 0.76 ± 0 .0 7 1 .3 7± 0 .0 4 0.50 ± 0 .0 2 0.78 ± 0 .0 5
Kidney vitam in A total jug 4.8 ± 0 .5 8 .3 ±  1.8 3 .0 ±  0.25 8 .3 ±  1.3 1 .8 ± 0 .1 2.2 ± 0 .2

M g/100 gm body weight 4.8 3.9 5.2 4.0 3.2
Mg/gm organ 8.4 5.7 3.9 6.1 3.6 2.8

1 AA included 0.8%L-lysine and 0.3% DL-threonine.
2 AA included 1.0% L-lysine, 1.15% DL-valine, 0.15% DL-histidine, 0.3% DL-tryptophan, 0.8% DL-threonine, 

0.2% L-arginine and 0.3% DL-isoleucine.
3 The average initial weight of rats was 51 gm.
4 See appropriate footnotes in table 2.

Fig. 1 Linear correlation between vitam in A 
utilization and the growth rate o f rats fed 
different levels o f casein.

fed gluten was corrected by supplementa­
tion of the diet with 0.8% of L-lysine and 
0.3% of DL-threonine. The addition of a 
complex amino acid mixture to zein in­
creased only slightly the body weight gains 
of the animals. The pattern of food con­
sumption followed very closely the changes 
in growth.

Feeding of gluten or zein resulted in a 
greater fat content of the liver than the 
casein diet. Although with zein this effect
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was reversed by amino acid supplementa­
tion, no change was observed on supple­
menting the gluten diet. The increased 
concentration of liver nitrogen observed 
on zein may be a reflection of dehydration, 
commonly seen in starvation.

The rats ingesting a casein diet had 
the lowest amount of vitamin A in the 
liver at the end of the three-week test. 
Those fed gluten and zein showed identical 
values, which were quite high in compari­
son with those from the casein group. 
Amino acid supplementation of gluten and 
zein resulted in slight decrease of hepatic 
vitamin A values.

The vitamin A content of the kidneys, 
however, was highest in the casein group. 
The relatively low vitamin A content of 
the kidneys of rats fed the gluten ration 
was increased by amino acid supplementa­
tion, and essentially no change in kidney 
vitamin A was observed by the supple­
mentation of the zein diet.

The observed differences in the vitamin 
A content of organs were increased by 
expressing the values per unit of organ 
weight or by correcting them for the dif­
ferences in body weight.

DISCUSSION

The above experiments demonstrated 
that depletion of liver vitamin A stores is 
affected both by the amount and the qual­
ity of dietary protein. These data are in 
agreement with previous studies from this 
laboratory (Rechcigl et al., ’59a, b) show­
ing that the oral administration of equal 
amounts of vitamin A to growing rats re­
sulted in greater hepatic vitamin A storage 
in animals fed a protein-free diet than in 
animals maintained with an 18% casein 
diet. Similarly, rats whose growth was 
retarded by an amino acid imbalance 
stored more vitamin A than the control 
animals. Arnrich and Pederson6 also re­
ported in a preliminary communication 
that following vitamin A administration 
the concentration of vitamin A per gram 
of liver was almost double in animals re­
ceiving diets low in protein. In the more 
recent work of Olsen et al. ( ’59), with 
chicks, an inverse relationship was noted 
between the protein level and vitamin A 
storage.

These observations are also in accord 
with less recent observations showing that 
in vitamin A-deficient animals, increased 
levels of dietary protein either had no 
effect upon time of development of xeroph­
thalmia (Random and Queuille, ’34) or 
actually increased severity of the symp­
toms of vitamin A deficiency (Brown and 
Morgan, ’48). In the recent work of 
McLaren ( ’59) protein depletion delayed 
the development of xerophthalmia in rats 
fed diets deficient in vitamin A. In the 
studies of Dye et al. ( ’45) the level of 
dietary protein had no effect on the utili­
zation of vitamin A as judged by weight 
gain and incidence of foci of keratinized 
epithelium.

A direct relationship was observed be­
tween growth and vitamin A utilization in 
the present experiments, particularly in 
the study on the effect of protein quantity 
(fig. 1). A similar relationship was noted 
earlier by Johnson and Baumann ( ’48), 
using diets fed in limited amounts or de­
ficient in thiamine or tryptophan. The 
observed relationship is primarily due to 
changes of the vitamin A content of the 
liver where most of the vitamin is stored. 
The kidney vitamin A, however, is appar­
ently inversely related to the rate of 
growth. This is apparent from this as well 
as the work of Moore ( ’57).

In table 4 vitamin A utilization for 
growth with various diets was estimated 
by calculating the amount of vitamin A 
depleted from the liver and the kidneys 
per gram of gain. In addition, a second 
formula was used which allows calcula­
tion of vitamin A needed by the growing 
animal for growth and maintenance. Us­
ing this procedure it may be concluded 
that the quantity of dietary protein does 
not significantly alter the efficiency of vita­
min A utilization.

Vitamin A requirement for maintenance 
can also be estimated in an alternative 
way from the plot of growth and vitamin 
A utilization, shown in figure 1, as the 
amount utilized at zero gain. By this pro­
cedure the maintenance requirement was 
found to approximate 66 ag for the three- 
week experimental period or 3 ng per day. 
The efficiency of vitamin A utilization can

6 See footnote 4.
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TABLE 4
Efficiency o f vitamin A utilization with experim ental diets

Series
no. Diet

Total 
vitamin A 
depletion1

Efficiency of utilization

Growth2 Growth — 
maintenance3

fig fig fig
i Protein-free 60.7 - 4 . 3 i . i

6%  Casein 76.6 4.0 l . i
12% Casein 108.0 1.5 i . i
18% Casein 130.1 1.3 1.2

i i 18% Casein 113 0.9 1.0
18% Gluten 88 3.5 1.4
18% Gluten+ A A4 93 0.9 0.9
18% Zein 89 - 1 5 .0 1.9
18% Zein  +  AA4 106 6.2 1.8

1 Initial reserves minus final reserves of vitamin A.
2 Total vitamin A depletion^

Body gain
3  __________Total vitamin A depletion _

r , , TTT /B ody gain \Initial body weight + ( ------^------ )
4 See appropriate footnotes in table 3.

then be calculated by subtracting the for­
mer value from the amount of vitamin A 
depleted from the liver and kidneys, and 
by dividing the difference by the animals’ 
weight gain. In this way it was calculated 
that 0.6, 0.6 and 0.7 ag of vitamin A were 
necessary to produce a 1-gm gain for 6, 
12 and 18% casein diets, respectively. 
This is in agreement with the above results 
showing that under the present conditions 
the quantity of protein had no apparent 
effect on the efficiency with which stored 
vitamin A was utilized. The vitamin A 
utilization values calculated from the re­
sults obtained in the experiments in which 
proteins of different quality were fed sug­
gest, however, that the efficiency of vita­
min A utilization is affected by protein 
quality.

SUMMARY

The effect of protein quantity and qual­
ity on vitamin A utilization was studied by 
administering a large dose of vitamin A 
to rats at the start of the test and measur­
ing the vitamin A remaining in the liver 
and kidneys after the test diets were fed 
for three weeks. Highest vitamin A con­
tent was observed in the livers of rats fed 
a protein-free diet. With an increase in 
the dietary protein there was a progressive 
decrease in the amount of vitamin A in

the liver and an increase in the amount 
of vitamin A in the kidneys. A linear re­
lationship was observed between weight 
gain and vitamin A utilization.

The utilization of vitamin A was also 
affected by protein quality. In rats ingest­
ing an 18% casein diet, less vitamin A 
was observed in the liver and more in the 
kidneys than in slower-growing animals 
fed 18% of either gluten or zein. Amino 
acid supplementation of gluten and zein 
resulted in an improved growth rate, in­
creased depletion of hepatic vitamin A and 
greater total utilization of the vitamin. The 
efficiency of vitamin A utilization, calcu­
lated after correction for the maintenance 
requirement, was decreased by inferior 
protein quality, but was not affected by 
the level of dietary protein.

ADDENDUM

After the completion of this manuscript, 
papers by Jagannathan and Patwardhan 
(’60a, b) bearing on this problem appeared. 
Although the experiments are not strictly 
comparable, their results are essentially in 
agreement with those of the present study. 
Stoewsand and Scott ( ’61) have shown 
that in chicks a high-protein diet decreases 
blood and liver vitamin A levels and favors 
the onset of deficiency symptoms in com­
parison with low-protein diets.
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The role of vitamin Bi2 on methylation 
is not yet established. On one hand, vita­
min Bi2-deficient chicks can utilize equal 
molecular amounts of homocysteine and 
betaine in place of methionine, and mono- 
methylaminoethanol and betaine in place 
of dietary choline for growth and for the 
prevention of perosis2 for which choline 
per se is required. In baby pigs vitamin 
B12 deficiency did not influence the level 
of choline (Firth et al., ’54) in liver nor 
its urinary excretion. These data were 
interpreted to indicate that transmethyla­
tion from betaine to methionine or from 
methionine to choline is not affected by 
vitamin Bi2.

On the other hand, liver homogenates 
from vitamin Bi2-deficient rats exhibit a 
reduced ability to form methionine from 
homocysteine and cholines (Oginsky, ’50). 
Dietrich et al. ( ’52) and Fatterpaker et al. 
( ’55) demonstrated that the excretion of 
N-methylnicotinamide is decreased in vita­
min B12 deficiency, and reported that crea­
tine formation is increased under the in­
fluence of vitamin Bi2.

Because of the discrepancy in interpre­
tation of the results cited above, it was 
deemed worthwhile to determine as far 
as possible, whether methylation by vita­
min Bi2-deficient animals is impaired. And 
if so, whether the impairment is due to the 
deficiency of vitamin Bi2 rather than to 
nonspecific factors such as reduction of 
food intake or weight differences between 
groups. Furthermore, will the deficiency 
of vitamin B6, which reduces vitamin Bi2 
absorption, result in a sufficient reduction 
of the total liver vitamin Bi2 content so as 
to effect the methylation capacity of vita­
min Be-deficient animals? The results of 
this study are reported here.

EXPERIMENTAL 

1. Preparation of animals
Vitamin B12-deftcient animals. Male and 

female progeny of rats of the McCollum 
strain fed a soybean diet (Ling and Chow, 
’52) low in vitamin Bi2 content during 
pregnancy and lactation, were placed in 
individual cages with large screen bottoms, 
and offered the same soybean diet. Unless 
otherwise stated, the treated littermates 
were fed the same basal diet supplemented 
with vitamin B12 (100 ug per kg of diet). 
These diets were offered to the two respec­
tive groups of animals for 6 to 8 mohths, to 
provide an ample opportunity for the de­
velopment of the deficiency of vitamin Bi2 
in the group deprived of this vitamin.

Vitamin Bs - deficient animals. Male 
weanling rats of the McCollum strain, as 
well as of the Wistar strain, were offered, 
ad libitum the vitamin Be-deficient diet con­
sisting of casein, sucrose, minerals and all 
known vitamins except vitamin B6 (Tul- 
pule and Williams, ’55). The animals were 
housed in screen-bottom cages. For com­
parison, the littermates were supplied daily 
(1 ) by the injection of 50 ug of pyridoxine 
hydrochloride or (2 ) by the supplementa­
tion of the basal diet with pyridoxine hy­
drochloride (100 ug per kg). The animals 
were placed under these dietary regimens 
for several months, and the usual symp­
toms of vitamin B6 deficiency such as 
acrodynia and loss of weight and appetite 
developed in the group deprived of this 
vitamin. Even in the last group most of 
the animals survived.
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TABLE 1
Excretion o f N -m ethylnicotinam ide (MNA) in the urine o f vitamin B ¡¡-deficient and 

treated rats and their vitam in B I2 status1

A2 B3

Experiment Males Females

Vitamin 
B 12-deficient

Vitamin
Bi2-treated

Vitamin 
B 12-deficient

Vitamin
Bi2-treated

Body weight, gm 2 0 1  ± 3 319 +  14 2 4 1 + 4 235 +  8

Test l 4 3 . 0 7  +  0 . 1 2 3.64 +  0.16 2.34 +  0.21 3.06 +  0.11

Test 25 5.71 ± 0 .2 5 7.60 +  0.12 4.67 +  0.24 6.37 +  0.26

Liver, gm, % body 
weight 5.16 +  0.59 3.25 +  0.17 3.13 +  0.10 3.06 +  0.14

Liver vitamin B 12, 
m u g/gm  liver 2 7 .1 + 6 .9 124.8 +  8.0 56.9 +  4.8 3 2 8 .7+ 19 .3

Total liver vitamin B 12, 
m,ug % body weight 127.4 +  23.5 401.7 +  23.4 176.9 +  14.1 1009.7 +  79.2

Serum vitamin B 12, 
Mjxg/ml 116 .7+15 .2 1358.0 +  91.0 65.3 +  7.0 954.1 +  37.5

1 All results are expressed as their averages ±  standard error of the mean.
2 Five rats were used for experiment A in each group.
3 Ten rats were used for experiment B in each group.
4Test 1 = (5.0 mg nicotinamide/100 gm of body weight) MNA excreted (mg/100 gm of body 

weight/24-hour urine).
5 Test 2 = (20  mg nicotinamide/100 gm of body weight) MNA excreted (mg/100 gm of body 

weight/24-hour urine).

2. Methods of analysis
A. Serum glutamic oxalacetic acid trans­

aminase activity. The serum glutamic 
oxalacetic acid transaminase activity 
(SGOT) was measured by the procedure 
of Steinberg et al. ( ’56) and was taken 
as an index of vitamin B6 deficiency.

B. Vitamin B,2 determinations. Vitamin 
B12 concentrations in sera or plasma were 
determined by the modified procedures of 
Gaffney et al. ( ’57), the details of which 
have been published elsewhere. Livers 
from experimental animals were homoge­
nized in Potter-Elvehjem glass homoge- 
nizers with 10 times their weight of dis­
tilled water, treated with potassium cyanide 
and assayed microbiologie ally for vitamin 
Bi2 activity.

C. Determination of the méthylation 
capacity. For the determination of the 
méthylation, the urinary excretion of N- 
methylnicotinamide (MNA) after oral ad­
ministration of 5, 10 and/or 20 mg of 
nicotinamide (N A )3 per 100-gm rat was 
measured in the 24-hour urine after con­
version to trigonelline according to Sarett’s 
procedure ( ’43). Four days before the 
first assay, 5 mg of NA were given to each

rat by stomach tube to assure full satura­
tion.

RESULTS

1. Effect of vitamin Bis deprivation 
of the urinary excretion of MNA

The following experiments were con­
ducted to study the effect of vitamin Bi2 
deficiency on the urinary excretion of 
MNA:

A. Male rats. In experiment A, 5 vita­
min Bu-deficient and 5 vitamin Bu-treated 
male rats were given orally 5 mg of NA 
per 100 gm of body weight. Urine collec­
tion was made 24 hours later for the deter­
mination of MNA. The results (table 1) 
indicate a greater amount of MNA in the 
urine of the vitamin Bi2-treated group than 
that of the vitamin Bu-deficient group. One 
week after the first test, these animals were 
given a second dose of this load compound, 
which was increased to 20 mg per 100 gm 
of body weight. The results (table 1) show 
a smaller amount of MNA in the urine of 
the vitamin B^-deficient group. The vita­
min B12 status of the two groups of animals

3 Dissolved in water by stomach tube.
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may be assessed by the serum and liver 
vitamin Bi2 contents.

B. Female rats. In experiment B, the 
MNA excretion test was carried out with 
female rats (10 in the vitamin Bu-deficient 
and 10 in the treated groups). After 12 
months of deprivation of dietary vitamin 
Biz, the animals were distributed into two 
groups, one of which continued to receive 
the vitamin Bi2-deficient diet and the other 
one received the vitamin Bi2-supplemented 
diet (100 ug per kg). Two test dosages of 
5 and 20 mg of NA per 100 gm of body 
weight were then given at the time inter­
vals identical to those used for the male 
rats. Our results (table 1) demonstrate 
that vitamin Bi2-deficient female rats ex­
creted less MNA than the treated ones. 
The two groups of animals, unlike those 
in experiment A, had essentially the same 
body and liver weights but marked differ­
ence in vitamin Bi2 status.

2. The duration of vitamin Bu 
deprivation and the excretion 

of MNA
To study the effect of the duration of 

dietary deprivation of vitamin Bi2 on MNA 
excretion, NA was given to two groups of 
rats. The vitamin Bi2-deficient rats (group
1) and the vitamin Bi2-treated rats (group
2) were fed the respective diets for 4 
months following weaning. The first and 
second tests were carried out three and 
12 months afterwards. The results of both 
tests (table 2) demonstrated that vitamin 
Bi2 deprivation resulted in a reduction of 
excretion of MNA after three months of 
feeding. The severity did not increase 
materially with prolonged deprivation.

3. The urinary excretion of MNA 
by pair-fed rats

Twelve vitamin Bi2-deficient male prog­
eny bom by mothers fed the soybean diet 
during the period of pregnancy were di­
vided randomly into two groups. One 
group continued to be fed the soybean diet 
and the second group was given the soy­
bean diet supplemented with vitamin Bi2. 
The food intake of the latter group was 
pair-fed to that of the first group. At the 
end of 6 months of feeding, 20 mg of NA 
was given as a test dose to all the animals. 
The results tabulated in table 3 demon­
strated that there was no significant differ­
ence in the body weight, but a marked dif­
ference existed in the vitamin Bi2 serum 
levels. The data show further that the 
MNA excretion is significantly higher in 
the vitamin Bi2-treated group than the de­
prived group. The probability of this dif­
ference being due to chance is less than 
5%.

4. Effect of pyridoxine deficiency on 
the urinary excretion of MNA

All male animals were fed the vitamin 
Br,-deficient diet for 11 weeks. They were 
then randomly divided into two groups of 
6 rats each. The control group (group T) 
received intraperitoneally 50 Mg of pyri­
doxine hydrochloride, while the deficient 
group (group D) received a saline solu­
tion. Both groups of animals received by 
intraperitoneal injection 2.5 ug of vitamin 
B12 three times weekly. After 10 weeks of 
these regimens, the animals were given a 
test dose of 10 mg NA per 100 gm of body 
weight by mouth. At that time, the average 
body weights of the treated group were

TABLE 2
Duration of dietary deprivation o f vitam in B ,s and N -m ethylnicotinam ide (MNA)

excretion  by fem ale rats

Group1 Vitamin B12 
diets

Duration
Three months Twelve months

Body weight MNA Body weight MNA

gm mg/100 gm 
body weight gm

mg/100 gm 
body weight/ 
24-hour urine

i Deficient 134 ± 4 2 4 .2 0 ± 0 .1 8 235 ± 7 4 . 4 4  ± 0 . 2 2

2 Supplemented 128 ± 6 5.17 ±  0.21 248 ± 6 6 .3 7 ± 0 .1 7

1 Six rats were used in each group.
2 All results are expressed as their averages ±  standard error of mean.
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TABLE 3
E ffect o f vitam in Bu-deficiency on urinary excretion  o f N -m ethylnicotinam ide (M N A )

by pair-fed m ale rats

Group Body weight MNA excreted Vitamin B12 
serum levels

gm
mg /100 gm 

body weight/ ßlig/ml

Vitamin Bi2-deficient 208 ± 1 0 !
24-hour urine 
5.07 ±  0.18 128 ± 6

Vitamin B,2-treated 2 1 4 ± 6 6 .1 6 ± 0 .1 4 > 1 ,0 0 0  ± 6 8

1 All results are expressed as their averages ±  standard error of the mean.

TABLE 4
E xcretion o f  N -m ethylnicotinam ide (MNA) in pyridoxine-deficient rats receiving vitam in  B i2 

by in jection  before and after cross experim ent

Group T (+ vitamin Bö) Group D (— vitamin Be)
Body weight MNA Body weight MNA

mg/100 gm  
gm body weight/ gm

mg/100 gm 
body weight/

Before cross experiment
24-hour urine 

248.2 ±  17.51 3.77 ±  0.28 144.5 ± 1 2 .6
24-hour urine 

4.31 ± 0 .2 9

Group T (— vitamin Bö) Group D (+ vitamin Be)
After cross experiment 270.0 ± 2 4 .2  3.85 ± 0 .2 7 272.3 ± 2 0 .2 4.29 ± 0 .1 5

1 All results are expressed as their averages ±  standard error of the mean.

almost twice that of the deficient group 
(table 4). The average transaminase activ­
ity in sera of these two groups of rats was
86.9 ±  0.8 and 23.7 ±  0.7 units per ml, 
respectively. However, there was a slight 
but insignificant increase in the amount 
of MNA excreted in the urine of the de­
ficient animals.

A week after the test, the vitamin Be 
treatments were reversed; thus, those in 
group T now received intraperitoneal in­
jections of a normal saline solution; where­
as, those in group D received vitamin B6 
by injection. The treatments were con­
tinued for 10 additional weeks, at which 
time the body weights of both groups were 
essentially the same, that is, body weights 
of animals in group D approached those 
of the animals in group T. A test dose of 
NA was again given. There was no sig­
nificant difference (table 4) in the urinary 
excretion of MNA between their two differ­
ent groups or between the same groups.

5. The effect of prolonged vitamin Be 
deficiency on MNA 

excretion
Dietary deprivation of vitamin B6 re­

sults in a reduction of vitamin Bi2 absorp­

tion (Hsu and Chow, ’57). If this regimen 
were to continue for a long period of time, 
vitamin Bi2 reserve may be expected to be 
partially depleted (Ranke et al., ’60) and 
some biochemical aberrations of vitamin 
B12 deficiency may appear. It seemed 
worthwhile, therefore to determine whether 
prolonged dietary deprivation of vitamin 
B6 would result in a decrease of the urinary 
excretion of MNA. In this experiment, 
three groups of weanling female rats from 
our colony were given a vitamin B6 de­
ficient diet; to group A, 100 ug vitamin 
B12 was added to 1 kg of diet, to group B 
a total of 100 mag of vitamin Bi2 was in­
jected in equal amounts 5 times a week 
subcutaneously, and group C received both 
vitamin B« (5 mg) and 100 ug of vitamin 
Bl2 per kg of diet. Twenty milligrams of 
NA per 100 gm of body weight were given 
to each rat three and 12 months after the 
dietary regimens were begun.

The data (table 5) show that after three 
months of feeding there was no difference 
in the excretion of MNA among the three 
groups. After 12 months of vitamin B6 
deprivation, the following changes were 
noticed. The vitamin BJ2 serum level of 
group A was reduced from an average of
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TABLE 5
E ffect o f prolonged dietary vitam in B6 deprivation on  m éthylation

Group1 Body weight Vitamin B12 
in serum MNA3 in urine

ILMlml
mg/100 gm

gm body weight/ 
24-hour urine

Test l 2
A4 no± 4 388 ± 7 6 5 5.48 ± 0 .3 2
B6 138 ± 6 2,000 ± 1 8 0 5.88 ± 0 .2 0
C7 186 ± 6 960 ± 9 7 6.28 ± 0 .1 6

Test 2s
A4 178 ±  12 68 ± 1 0 .5 4.72 ± 0 .2 6
B6 1 9 2 ± 2 0 2,000 ± 9 7 5.99 ±  0.31
C7 246 ± 6 1,000 ±  110 5.92 ± 0 .2 2

1 Ten rats were used in each group.
2 Test 1 was carried out after 3 months of vitamin B6 deprivation.
3 N-Methylnicotinamide.
4 Group A indicates vitamin B6-deficient rats given vitamin B12 orally.
5 All results are expressed as their averages ±  standard error of the mean.
6 Group B indicates vitamin B6-deficient rats given vitamin B12 by injection.
7 Group C indicates vitamin B6-treated rats given vitamin B12 orally.
8 Test 2 was carried out after 12 months of vitamin B6 deprivation.

388 ung per ml to 68 uug per ml despite 
the presence of an adequate amount of 
vitamin Bi2 in the diet. This reduction was 
accompanied by a diminution of MNA to 
a value significantly lower than those of 
groups B and C.

DISCUSSION

Early growth experiments with chicks 
and rats showed that vitamin B12 had a 
methionine-sparing action, especially if 
homocysteine was supplied (Arnstein, ’55; 
Jukes and Stokstad, ’51). At first, this was 
interpreted as an effect of this vitamin on 
transmethylation, that is, the transfer of 
the labile methyl group from choline or 
betaine to homocysteine to give methio­
nine. More recently, Larrabee et al. ( ’61) 
reported that “vitamin BJ2 enzyme” is in­
volved in the formation of methionine from 
homocystine. Similarly, vitamin Bi2 could 
replace at least part of the choline require­
ment of the chick, the rat and the baby pig. 
Tracer studies showed that vitamin B,2 
had no effect upon transmethylation but 
that it is involved in the direct synthesis 
of the labile methyl group from more 
highly oxidized precursors, such as for­
mate, the a-carbon of glycine or the 13- 
carbon of serine; this subject has been well 
reviewed by Arnstein ( ’55).

However, there are difficulties with the 
interpretation of results in experiments 
with intact animals. For example, appetite

is seriously impaired by vitamin Bi2 de­
ficiency, and the results noted may often 
be due merely to a lower food intake com­
pared with that of control animals and 
to the differences in body weight These 
uncertainties can be resolved, in part, by 
restricting food intakes to the level ac­
ceptable to the deficient animals ( “paired 
feeding” technique) or by using female 
rats where vitamin Bi2 treatment does not 
result in an increase of body weights. The 
results of the present study aimed at ruling 
out nonspecific factors show a statistically 
significant difference in the urinary excre­
tion of MNA between the vitamin B ̂ -defi­
cient and treated animals of both sexes, fol­
lowing a test dose of NA. This is also true 
of pair-fed animals in which instance, as 
well as in the females, there was no appre­
ciable difference in the body weights or food 
intake. Therefore, the observed difference 
is unlikely to be due to these two factors. 
Furthermore, long-term starvation which 
usually accompanies vitamin depletion did 
not alter the urinary excretion of MNA, 
contrary to the effect of a 48-hour fasting 
which can result in slightly higher MNA 
excretion.4 With these controlled studies 
we feel justified to conclude that the ob­
served difference is specifically due to vita­
min Bi2 deficiency. This belief is supported 
by the observation that in the cross design

4 Unpublished data.
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study, vitamin B6 deficiency in rats did not 
effect méthylation. Since the nicotinamide 
dosages were given according to the body 
weight and since the méthylation takes 
place mainly in the liver, the total amount 
of liver vitamin Bi2 should be of import­
ance for the evaluation of methylating 
capacity. This was found to be true regard­
less of the method of depletion of vitamin 
B12 reserve. Thus, when the vitamin B12 
reserve is diminished by dietary depriva­
tion or by the impairment of absorption 
because of vitamin B6 deficiency, the 
méthylation process by the latter group of 
animals was reduced. These observations 
support our concept that deficiency of vita­
min Be can bring about the reduction of 
vitamin Bia reserve to such a level as to 
effect an important metabolic role of vita­
min B12, —  in this case méthylation, as 
measured by the amount of methylnicotin- 
amide found in the urine of rats dosed with 
NA.

SUMMARY

The effect of vitamin B12 deficiency on 
méthylation, as indicated by the urinary 
excretion of methylnicotinamide follow­
ing the administration of nicotinamide, 
was studied. It was found in male and 
female rats that dietary deprivation of this 
vitamin brought about a decrease in méth­
ylation. This effect is not due to nonphysi- 
ologic causes since pair-fed animals from 
both deficient and treated groups, as well 
as female rats in these two groups, ex­
hibited a significant difference in excre­
tion. Furthermore, vitamin B6 deficiency 
does not bring about such a difference. 
However, if vitamin B6 deficiency were pro­
longed, vitamin Bi2 serum level of these 
vitamin B6-deprived animals was reduced. 
Only then did a decrease in méthylation 
occur. From these studies, it was con­
cluded that vitamin B12 deficiency by die­
tary deprivation or by poor absorption of

this vitamin decreases the urinary excre­
tion of MNA.
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Using the in vitro reduction of triphenyl- 
tetrazolium chloride (TPTZ) as an index 
of dehydrogenase activity, Rosenkrantz 
and Laferte ( ’60) demonstrated a 30% 
decline in the total dehydrogenase activity 
in the skeletal musculature of vitamin E- 
deficient rabbits. Upon introducing spe­
cific substrates these workers were able 
to show that the levels of isocitric acid 
dehydrogenase decreased some 54% in 
animals with nutritional muscular dys­
trophy.

Since it was not known at which point 
in the respiratory chain TPTZ accepted 
electrons (namely, coenzyme II, flavopro- 
tein, or cytochrome oxidase), it was not 
certain which component(s) was being 
estimated (Nachlas et al., ’60). It thus 
appeared to be of interest to investigate 
by more direct means the titers of isocitric 
acid dehydrogenase in control and vita­
min E-deficient rabbits. In the present 
study a purified enzyme preparation was 
used for determining enzyme activity by 
spectrophotometric analysis of its reduced 
coenzyme.

METHODS

Littermate, New Zealand white rabbits 
were reared with a vitamin E-deficient 
diet as previously reported (Rosenkrantz, 
’55). The control animals received tri­
weekly oral supplements of a-tocopheryl 
acetate. The vitamin E-deficient rabbits 
developed nutritional muscular dystrophy 
within 4 to 5 weeks after initiation of the 
purified diet. The relative state of the 
disease was followed by determining the 
urinary creatine titers according to the 
diacetyl method of Ennor and Stocken 
( ’47).

At urinary creatine levels of 40 to 80 
mg per 24 hours, the rabbits were killed

by a blow in the medullary region. Ochoa’s 
procedure ( ’55) for isolating isocitric acid 
dehydrogenase from pig heart was adopted 
for concentrating the same enzyme from 
skeletal muscle. The musculature of both 
hind legs of each rabbit was excised in 
the cold. Equal wet weights (287 to 
300 gm) of muscle from three control and 
three deficient animals were respectively 
pooled to provide sufficient tissue for the 
purification of the enzyme. At each major 
fractionation step, dry-weight and total 
nitrogen determination were made The 
enzymatic activity was determine by fol­
lowing the reduction of triphosphopyridine 
nucleotide (TPN) on equivalent amounts 
of nitrogen from the purified isocitric acid 
dehydrogenase fractions. A Cary model 11 
automatic recording spectrophotometer 
was used.

A secondary study was also made to 
determine the levels of isocitric acid de­
hydrogenase by manometric techniques 
(Umbreit et al., ’48). Each flask contained 
approximately 250 mg wet weight of mus­
cle fiber strips from the rectus femoris in 
3 ml of Krebs-Ringer-phosphate buffer at 
pH7.4 (Rosenkrantz, ’55). The liberation 
of carbon dioxide was followed in the pres­
ence and absence of 0.1 ml of 0.25 m  iso­
citric acid for 20 minutes at 37.5°C.

The opportunity was available to deter­
mine the blood level of isocitric acid de­
hydrogenase by the spectrophotometric 
procedure of Taylor and Friedman ( ’60). 
Blood samples were collected by direct car­
diac puncture and serum obtained with 
avoidance of red cell rupture. Deprotein-

Received for publication November 3, 1961.
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TABLE 1
Dry-weight and nitrogen analysis on m uscle fractions from  control and vitamin E-deficient rabbits1

Fraction Animal
condition

Total
volume

Dry
weight Nitrogen Nitrogen/ 

dry weight
Total

nitrogen
Total

protein

ml mg/ml mg/ml mg/100 mg mg gm
Buffer extract Control 530 9.7 1.34 13.80 710 4.44

Deficient 530 7.9 1.07 13.50 565 3.53

(NH-OsSCL ppt Control 40 69.9 12.90 18.50 516 3.23
Deficient 40 50.2 8.10 16.20 324 2.06

Ethanol ppt Control 10 4.8 0.37 7.7 3.7 0.023
Deficient 10 2.4 0.21 8.7 2.1 0.015

1 287 gm of skeletal muscle tissue were pooled from three rabbits in each group. The creatinuria of each 
vitamin E-deficient animal fell between 60 to 85 m g /24 hours.

ized serum aliquots were also used for the 
estimation of citric acid by the method of 
Ettinger et al. ( ’52).

EXPERIMENTAL AND RESULTS

The dry-weight and total nitrogen data 
obtained during a representative fractiona­
tion sequence from one group each of con­
trol and vitamin E-deficient rabbits are 
shown in table 1. Of the 287 gm of initial 
skeletal muscle fractionated, 5.1 gm of 
the dry-weight material in the control 
group (column 3 X 4 )  and 4.2 gm of dry- 
weight material in the deficient group 
were recovered in the buffer extract. The 
protein content of these same final frac­
tions was 4.44 and 3.53 gm, respectively.

Further fractionation with ammonium 
sulfate reduced the dry-weight material 
from 5.1 to 2.8 gm for the control and 
from 4.2 to 2.0 gm for the dystrophic. In 
the final ethanol precipitate fraction the 
total dry-weight values were reduced to 
0.048 gm for the control and 0.024 gm 
for the deficient. The corresponding pro­
tein concentrations present in the same 
fractions were found to be 0.023 gm and 
0.015 gm, respectively.

The enzyme activities were measured 
only on the reconstituted ethanol fractions. 
The activity was defined as the optical 
density attained at 340 mu in 5 minutes 
by 0.1 ml of the purified isocitric acid 
dehydrogenase preparation. The total ac­
tivity was obtained by multiplying the 
optical density achieved by 0.1 ml of ali­
quot by the actual volume of the fraction 
tested. In turn the value for the total 
activity was divided by the total nitrogen 
content in order to express the values as

Fig. 1 Reduction o f triphosphopyridine nucleo­
tide ( T P N )  by equivalent amounts o f purified 
isocitric acid dehydrogenase from  control ( c )  and 
vitam in E-deficient (d )  rabbits.

activity per milligram of nitrogen. The ac­
tivity of purified isocitric acid dehydrogen­
ase from a control and a deficient group 
is shown in figure 1 which is an automatic 
recording of the reaction. The reaction 
mixture contained 0.3 ml of 0.25 m  glycyl- 
glycine buffer, pH7.4, 0.1 ml of 0.018 m  
manganese dichloride, 0.1 ml of 0.00135 m  
TPN, 0.1 ml of the enzyme preparation, 
and 2.3 ml of distilled water. The reaction 
was begun by adding 0.1 ml of 0.006 m  
DL-isocitric acid to the sample cell. The 
control cell received 0.1 ml of distilled 
water.

A comparison of the enzymatic activity 
from the skeletal musculature of three 
different colonies of control and vitamin 
E-deficient rabbits yielded essentially the 
same results, which are summarized in 
table 2. The activities were calculated on
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TABLE 2
Comparison o f the activity o f highly purified isocitric acid dehydrogenase from  skeletal m uscle o f

control and vitam in E-deficient rabbits1

Before fractionation
Animal

condition Total
wet

weight
Total
dry

weight

gm gm
1 Control 300 45

Deficient 300 51

2 Control 287 46
Deficient 287 43

3 Control 300 42
Deficient 300 45

After fractionation
Total
wet

weight
Total

nitrogen
Total

protein

mg mg mg
58.0 5.63 32.5
49.6 4.20 26.2

44.1 5.38 33.7
47.5 6.67 41.7

48.0 3.70 23.2
44.0 3.85 24.0

After fractionation
OD attained at 340 nifi by 

0.1 ml aliquot in 5 minutes Change

Total2
activity

Activity/
.mg2

nitrogen

115.0 20.4
%

- 2 7
63.0 15.0

42.4 7.9 - 2 5
39.6 5.9

29.0 7.9 - 3 0
21.0 5.5

1 The creatinuria of each vitamin E-deficient animal fell between 60 to 85 mg/24 hours.
2 The total activity was obtained by multiplying the optical density achieved by 0.1 ml aliquot by the actual 

volume of the fraction tested. In turn the value for the total activity was divided by the total nitrogen con­
tent in order to express the values as activity per milligram of nitrogen.

the basis of equivalent milligrams of nitro­
gen present in the final purified fraction. 
The results consistently indicated that 
there was a decrease in the specific activity 
of isocitric acid dehydrogenase based on 
nitrogen content in the skeletal muscula­
ture of vitamin E-deficient rabbits. The 
percentage decrease in the enzyme activity 
in the three different colonies tested was 
27, 25 and 30, respectively.

In a preliminary exploration, manome- 
tric techniques were used to estimate skel­
etal muscle isocitric acid dehydrogenase by 
the liberation of carbon dioxide from exog­
enous isocitric acid. One vitamin E-de­
ficient group liberated 104 a liters of C02 
per hour per 100 mg of dry weight of tis­
sue, whereas the value for the correspond­
ing control group was 149. A second 
group of vitamin E-deficient rabbits liber­
ated 146 a liters of C02 per hour per 100 
mg and the corresponding controls aver­
aged 183. Overall, the figures disclosed a 
decrease of approximately 25% in the pro­
duction of C02 from added isocitrate by 
isocitric acid dehydrogenase in the vitamin 
E-deficient animals.

To investigate the possible leakage of 
muscle enzyme into the plasma during de­
velopment of vitamin E-deficiency, a com­
parative study was carried out on the 
isocitric acid dehydrogenase levels in 
serum samples of both groups. The serum 
levels of the enzyme were followed by 
measuring the production of a-ketoglutaric

acid formed from exogenous isocitric acid 
(Taylor and Friedman, ’60). The results 
are outlined in table 3, and the compari­
son of control and deficient animals was 
made on the basis of a-ketoglutarate pres­
ent in total serum. The usual 3.1% of 
body weight for the rabbit was used to 
calculate total serum. The alteration in 
the serum isocitric acid dehydrogenase 
levels appeared to parallel the severity of 
the dystrophy. Rabbits with early vitamin 
E-deficiency (colony A) showed little 
change in serum enzyme, the mildly dys­
trophic (colony B) had a 35% decrease, 
and the moderately dystrophic (colonies 
C and D) showed a further decrement to 
51 and 49%.

But in severe and terminal dystrophic 
cases the reverse condition was noted. The 
severely dystrophic group (colony E) 
showed 52% increase in serum isocitric 
acid dehydrogenase levels, whereas the 
titers in the terminal dystrophic group 
(colony F) were elevated by 108%.

Since a difference was noted in the 
serum isocitric acid dehydrogenase titers 
of control and vitamin E-deficient animals, 
it was of interest to see whether the con­
tent of Krebs cycle intermediates before 
isocitric acid were altered. The estimation 
of serum citric acid was selected for this 
study. A comparison of the citric acid 
levels in the serum from control and vita­
min E-deficient rabbits at various stages 
of dystrophy is also presented in table 3.
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Animals that were still in a reversible con­
dition of vitamin E-deficiency (mild and 
moderate dystrophy) showed an increase 
of 8 to 37% in the serum citric acid 
level. However, severely dystrophic rabbits 
showed a 22 to 55% decrease in the con­
centration of serum citrate. The some­
what higher control values for colonies 
A and E seemed to be due to the use of 
trichloroacetic acid as the protein precipi­
tant. All other values were obtained on 
serum deproteinized with tungstic acid.

DISCUSSION

Unlike the use of tetrazolium salts in 
estimating the dehydrogenase activity in 
tissues, the more direct approach of en­
zyme isolation permitted a more definitive 
observation. The specificity of the present 
method used confirmed the decline of mus­
cle isocitric acid dehyrogenase levels ob­
tained with the TPTZ procedure. This 
was also borne out by the manometric 
studies. A greater decrease was seen in 
the TPTZ method, but this may in part 
reflect the measurement of other reducing 
systems in addition to that of isocitric acid 
dehydrogenase.

The results observed with the serum iso­
citric acid dehydrogenase may be inter­
preted in two ways: (1 ) a decreased syn­
thesis of enzyme in the liver would be re­
flected by the blood level, or (2 ) an in­
creased degradation of the serum isocitric 
acid dehydrogenase could occur. Either 
of the mechanisms could yield a decline in 
the serum enzyme titers during moderate 
severity of nutritional muscular dystrophy. 
Where terminal signs of the disease appear, 
it would be reasonable to interpret elevated 
serum enzyme levels as being in part due 
to leakage of the enzyme from the muscle 
into the serum.

The concentration of serum citrate ap­
peared to be correlated with the content of 
isocitric acid dehydrogenase in the blood. 
It is not clear whether this suggests con­
version of citrate to isocitrate in serum 
or the existence of a more complicated 
picture.

Although the reduced levels of serum iso­
citric acid dehydrogenase do not correlate 
with enzyme leakage from the muscle in 
the earlier stages of the disease, the de­

creased activity of this enzyme in the mus­
cle itself may be of primary importance. 
A partial block at the isocitric acid dehy­
drogenase level in the Krebs cycle must 
be circumvented since oxygen consump­
tion proceeds normally (Rosenkrantz, ’55). 
Perhaps amino acids from the degener­
ating muscle protein entering via a-keto- 
glutaric acid and oxalacetic acid maintain 
the Krebs cycle. A partial block at the 
isocitric acid dehydrogenase level would 
also shift the equilibrium of the Krebs 
cycle from isocitric acid back toward ace­
tate; this result may account for the in­
creased cholesterol synthesis observed in 
muscle (Alfin-Slater, ’60).

SUMMARY

1. Using a purified enzyme preparation 
it was found that the isocitric acid dehy­
drogenase titers in the skeletal muscula­
ture of vitamin E-deficient rabbits de­
creased approximately 25 to 30% from the 
level of the corresponding control animals.

2. The levels of serum isocitric acid de­
hydrogenase in rabbits with moderate dys­
trophy declined, whereas those with ter­
minal symptoms showed an increase.

3. It was also observed that serum 
citrate levels declined with an increase in 
the isocitric acid dehydrogenase titers.

4. The possibility that a partial block 
at the isocitric acid dehydrogenase level 
may account for increased cholesterol 
levels and be consistent with normal oxy­
gen uptake was discussed.
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The Limiting Amino Acid Sequence in Raw and 
Roasted Peanut Protein

DON E. McOSKER
T h e Procter and  G a m ble C om p a n y, M ia m i V a lley Laboratories, 
Cincinnati, Ohio

A number of reports have appeared in 
the literature on the nutritive value of the 
peanut (Mitchell et al.. ’49; Buss and God­
dard, ’48; Reugamer et al., ’50; Rutgers 
University Bureau of Biological Research, 
’46-50); but none of these concern meas­
urements of the nutritive value of the 
whole peanut after it has been roasted — 
the form in which most peanuts are 
consumed. As roasted peanuts are an im­
portant constituent of the diet, an evalua­
tion of the nutritive value of roasted pea­
nuts was needed.

In the experiments reported here, the 
nutritive value of several peanut pastes 
was determined. The effect of roasting 
under conditions that simulate practical 
roasting with respect to time and tem­
perature was determined. The limiting 
amino acid sequence in roasted peanut 
paste was shown to be lysine, threonine, 
and methionine. In unroasted peanut 
paste lysine, methionine, and threonine 
were equally limiting.

EXPERIMENTAL

Peanut pastes. All peanut pastes used 
were prepared from U. S. no. 1 Spanish 
peanuts. The peanuts were roasted in a 
commercial, radiant heat roaster to the 
end point temperature given below. After 
roasting, the nuts were reduced to paste 
by grinding. During grinding, 2% of hy­
drogenated peanut oil was added to reduce 
oil separation.

The raw peanut paste was prepared 
from nuts roasted to an end point tem­
perature of 95 °C which required 14 min­
utes. This treatment resulted in nuts 
that were essentially unroasted but 
blanched sufficiently that the testa could 
be removed. A roasted peanut paste was 
prepared from nuts heated to an end point

of 170°C which required 36 minutes. The 
170°C end point temperature was selected 
because it approximates that sometimes 
used in the practical roasting of peanuts.

Feeding experiments. All experiments 
were carried out using 15 male, weanling 
Sprague-Dawley rats per group and an ex­
perimental period of 28 days. The com­
position of the diets is shown in table 1. 
The amino acid supplements were mixed 
with a portion of the sucrose to assure uni­
form distribution in the diet. All diets 
were made isonitrogenous through the 
addition of glycine to the amino acid sup­
plement.

The animals were housed in individual 
cages and given feed and water ad libitum. 
Body weights were recorded once each 
week and feed consumption three times 
each week. Body weight gain and feed 
efficiency were used as criteria of animal 
response for the various diets. The feed 
efficiency and body weight gain data were 
analyzed for statistical significance using 
the analysis of variance. Minimal signifi­
cant differences between means were de­
termined by the method of Tukey ( ’52).

The lysine, threonine, and methionine 
content of the peanut protein was deter­
mined as follows. A sample (about 500 
mg) of fat-free peanut meal was hy­
drolyzed at reflux with 20 ml of redistilled, 
constant boiling HC1 for 18 hours. The 
hydrolysates were filtered and made to a 
known volume. A sample was withdrawn, 
adjusted to pH 6.8, and diluted to an as- 
sayable amino acid concentration.

Lysine was measured using Leuconostoc 
mesenteroides and the medium of Kuiken 
et al. ( ’43). Streptococcus faecalis and 
the above medium were used to determine 
methionine. Threonine was determined
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TABLE 1
C om position  o f diets

Control diet Experimental diet

% %
Casein to 15% protein (N  X 6.25)
Peanut paste to 15% protein (N  X 6.25)
Peanut oil to 28% fat to 28% fat
Fat-soluble vitamin mix1 1.0 1.0
Water-soluble vitamin mix2 5.0 5.0
Cellulose3 5.0 5.0
Salt mix USP 14 4.8 3.7
Amino acid supplement4 5.0 5.0
Sucrose to 100% to 100%

1 Composition in  grams: vitamin A, 6.25; vitamin D (400,000 IU /g m ), 1.56; a-tocopherol, 5.0; 
peanut oil, 487.25.

2 Menadione, 60; thiamine HC1, 80; riboflavin, 100; niacin, 400; Ca pantothenate, 400; fo lic  acid 
(1 % trituration with sucrose), 500; pyridoxine• HC1, 80 mg. Vitamin B12 (0 .1%  trituration with 
m annitol), 3; choline, 60; inositol, 40; ascorbic acid, 2; p-aminobenzoic acid, 2 gm. Biotin (100 
¿¿g/m l), 60 ml. Sucrose to 1,000 gm.

3 Cellu Flour, Chicago Dietetic Supply Company, Chicago.
4 Amino acid content as described in  the follow ing tables made up as a mixture with sucrose.

with S. faecalis and the medium of Hen­
derson and Snell ( ’48) as modified by 
Simy et al. ( ’54). In all assays an 
incubation period of 72 hours at 37°C was 
used. Acid production, determined by 
titrating with 0.05 N potassium hydroxide, 
served as the measure of bacterial growth.

RESULTS

Data showing the effect roasting has on 
the nutritive value of peanut protein is pre­
sented in table 2. The feed and protein 
efficiency data point up the inferiority of 
both peanut preparations compared with 
casein as a protein source for the rat. Al­
though less obvious, the differences in 
feed and protein efficiency obtained be­
tween the raw and roasted peanuts were

TABLE 2
E ffect o f  roasting on  the nutritive  

value o f  peanuts

Protein
source

Average
feed

efficiency1
Average
protein

efficiency2
Average
weight
gain3

Casein 36.8 2.44
gm

150.8
Raw peanut4 27.1 1.81 95.6
Roasted peanut4 22.5 1.50 70.5

1 Feed efficiency = body weight gain 
feed intake

F = 36.18; P = 0.05; d (least significant difference) 
= 4.5.

9Tt . . re • body weight gain2 Protein efficiency = -------- . . , ,protein intake
F = 34.16; P = 0.05; d (least significant difference) 

= 0.29.
3 F = 31.86; P = 0.05; d (least significant difference) 

= 26.7.
4 Roasting condition stated in text.

shown to be significant by statistical 
analysis.

The low nutritive value of the raw pea­
nut protein was assumed, on the basis of 
reports in the literature, to be due primarily 
to a deficiency of methionine. As shown in 
table 3, however, the addition of methi­
onine in the absence of lysine ( diet 3) or 
threonine (diet 5) did not improve the 
feed efficiency or body weight gain signifi­
cantly. The addition of lysine and threo­
nine, individually or in combination (diets 
4, 11, 13), showed no improvement in 
feed efficiency. The combined addition of 
lysine, threonine, and methionine (diets 
6, 7, 8) produced a significant increase in 
feed efficiency and body weight gain. The 
addition of either tryptophan (diet 7) or 
histidine (diet 6) or tryptophan and histi­
dine (diet 8) to diets containing lysine, 
threonine, and methionine failed to pro­
duce a further improvement in feed effi­
ciency. However, body weight gain was 
somewhat better with diet 8 than with 
diets 6 and 7. The addition of the three 
most limiting amino acids to the raw pea­
nut protein supported better growth than 
the diet that contained 15% of casein. The 
omission of threonine (diet 5) produced 
a significant decrease in feed efficiency 
and body weight gain relative to the un­
supplemented peanut protein diet (diet
2 )  . Because it appeared that an amino 
acid imbalance may have been produced, 
a second experiment (experiment 2, table
3) was carried out to determine what
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TABLE 3
D eterm ination  o f  the lim iting am ino acids in  raw peanu t protein

Experi­
ment Diet1

Supplemental amino acids (percentage of diet) Average
feed

efficiency4
Average
weight
gain5L-Lysine DL-Methio-

nine
DL-Threo-

nine
DL-Trypto-

phan
L-Histi-
dine2 Glycine3

g m
i i — — — — — 1.53 45.0 120.02 — — — — — 1.53 29.5 76.0

3 — 0.61 0.38 0.09 0.13 0.72 29.5 85.0
4 0.71 — 0.38 0.09 0.13 0.30 30.5 80.0
5 0.71 0.61 — 0.09 0.13 0.24 24.5 60.0
6 0.71 0.61 0.38 — 0.13 0.07 40.5 140.0
7 0.71 0.61 0.38 0.09 — 0.19 43.5 147.0
8 0.71 0.61 0.38 0.09 0.13 — 43.0 157.0

2 9 — — — — — 1.53 46.2 140.3
10 — — — — — 1.53 30.5 76.5
11 0.71 — — — — 0.80 31.7 78.3
12 — 0.61 — — — 1.22 30.8 83.1
13 — — 0.38 — — 1.29 32.7 99.6
14 0.71 0.61 — — — 0.50 29.6 70.9
15 0.71 0.61 — 0.09 — 0.43 29.6 70.3
16 0.71 0.61 — 0.09 0.13 0.24 29.7 68.7

1 Diets 1 and 9 contained 15% o f casein. All other diets contained 15% of raw peanut protein.
2 Added as the amino acid hydrochloride.
3 Amount added to keep diets isonitrogenous.
4 For experiment 1 —  F = 104.38; P = 0.05; d (least significant difference) = 3.4.

For experiment 2 — F =  35.72; P = 0.05; d (least significant difference) = 4.0.
5 For experiment 1 — F =  99.43; P = 0.05; d (least significant difference) = 15.7.

For experiment 2 — F =  32.39; P = 0.05; d (least significant difference) = 18.0.

amino acid(s), if any, was responsible for 
the imbalance. The animal performance 
with the peanut protein (diets 2, 10) and 
the casein control diets (diets 1, 9) in the 
two experiments shows that these experi­
ments are comparable. The feed effi­
ciencies obtained for diets 11 through 16, 
which contain the important combinations 
of the 4 amino acids (excluding threo­
nine), are not significantly different. In 
fact, diet 16, which was made up from the 
same components as diet 5, did not pro­
duce a significant decrease in either feed 
efficiency or body weight gain. In a third 
experiment, the details of which are not 
reported, the omission of threonine from 
the otherwise complete amino acid mix­
ture did not depress feed efficiency. Thus, 
it seems likely that an amino acid imbal­
ance does not exist and that lysine, threo­
nine, and methionine are equally limiting 
in raw peanut protein.

An initial experiment (not reported) 
using a peanut paste prepared from 
roasted peanuts as the dietary protein 
source indicated, contrary to the published 
reports (Grau, ’46; Cama et al., ’55), that 
lysine, and not methionine, was the most 
limiting amino acid under our experi­

mental conditions. Furthermoer, it sug­
gested that methionine was not the second 
most limiting acid in roasted peanut pro­
tein. Consequently, the limiting amino 
acid sequence for roasted peanut protein 
was determined, as shown in table 4 (ex­
periment 3). The addition of lysine (diet
3) improves the peanut control diet as 
measured by the feed efficiency. This im­
provement was not sufficient to be re­
flected in a significant increase in body 
weight gain. Data concerning diet 4 show 
that methionine is not even the second 
most limiting acid, but rather diets 5 and 
6 demonstrate threonine and methionine 
to be the second and third limiting acids, 
respectively. The further addition of 
tryptophan (diet 7) or of tryptophan and 
histidine (diet 8) produced some increase 
in feed efficiency and weight gain, but 
neither was considered statistically sig­
nificant.

In experiment 3, reported in table 4, the 
amino acids were added as mixtures of 4 
amino acids except for diet 3 which con­
tained only lysine. Since the results of 
this experiment do not agree with those 
reported in the earlier literature, it was 
important to ascertain whether a se-
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TABLE 4
D eterm ination o f  the lim iting am ino acids in  roasted peanu t protein

Experi­
ment

Supplemental amino acids (percentage of diet) Average Average
weight
gain5Diet1

1 ,-Lysine2 “ f 0" DL-Threo-
nine3

DL-Trypto-
phan

L-Histi-
dine2 Glycine

feed
efficiency4

3 1 1.53 43.9
gm

122.1
2 __ — — — — 1.53 22.9 45.7
3 0.71 — — — — 0.80 27.4 48.4
4 0.71 0.61 — 0.09 0.13 0.24 27.7 55.1
5 0.71 — 0.38 0.09 0.13 0.30 33.9 89.6
6 0.71 0.61 0.38 — 0.13 0.07 43.8 138.2
7 0.71 0.61 0.38 0.09 — 0.19 47.3 151.4
8 0.71 0.61 0.38 0.09 0.13 — 47.5 152.9

4 9 __ __ __ __ __ 1.53 37.1 99.4
10 — — — — — 1.53 27.8 60.8
11 0.71 — — — — 0.80 32.5 71.9
12 0.71 — 0.38 — — 0.56 32.0 91.5
13 0.71 0.61 0.38 — — 0.26 46.0 148.2
14 0.71 0.61 0.38 0.09 — 0.19 48.4 159.5
15 0.71 0.61 0.38 0.09 0.13 — 50.0 160.0

1 Diets 1 and 9 contained 15% o f casein. All other diets contained 15% o f roasted peanut protein. 
- Added as the amino acid hydrochloride.
3 Equivalent to 0.19% o f available threonine since the D - form  is not utilized.
4 For experiment 3 — F = 142.9; P = 0.05; d (least significant difference) = 3.7.

For experiment 4 — F =  98.5; P = 0.05; d (least significant difference) = 3.7.
5 For experiment 3 — F = 154.6; P = 0.05; d (least significant difference) = 16.6.

For experiment 4 — F =  81.2; P = 0.05; d (least significant difference) = 19.9.

quential addition of the limiting amino 
acids would yield similar results (experi­
ment 4, table 4). The results generally 
confirm those of experiment 3. There are, 
however, two differences which should 
be pointed out. First, the addition of 
threonine to the lysine supplemented pro­
tein (diet 12) did not produce a signifi­
cant increase in feed efficiency over that 
produced by supplementation with lysine 
alone (diet 11). The inconsistency with 
respect to threonine probably represents 
a difference in the peanut stock or a dif­
ference in the amount of change in the 
protein during roasting since the same 
peanut stock was not used in the two ex­
periments. This is further borne out by 
the feed efficiency of the peanut control 
diets — 22.9 in experiment 3 and 27.8 in 
experiment 4. The latter feed efficiency 
is very close to that obtained with the raw 
peanut preparations and is thus indica­
tive of a lesser amount of alteration dur­
ing roasting.

Second, the addition of tryptophan and 
histidine caused a significant increase in 
feed efficiency. This increase in feed ef­
ficiency is of questionable importance 
since the difference in feed efficiency be­
tween diets 6 and 8 in experiment 3 is

3.7 (d =  3.7) and in experiment 4 the 
difference obtained between similar diets 
(diet 13 and diet 15) was 4.0 (d =  3.7). 
It is important, however, that supple­
mentation of either raw or roasted peanut 
protein with lysine, threonine, and methi­
onine improved the peanut protein to such 
a degree that it was better than the con­
trol diet which contained 15% of casein.

The amount of each of the three most 
limiting amino acids in normal roasted 
peanut protein necessary to produce an 
optimal feed efficiency is shown in figure 
1. Four supplemental levels were chosen 
so that two levels would be suboptimal and 
two levels would be more than adequate. 
The point of intercept between the two 
straight lines should equal the minimal 
requirement of the amino acid under test 
when adequate quantities of the other 
limiting acids are supplied. These levels 
were found to be 0.31, 0.19, and 0.21% of 
the diet for lysine, threonine, and methio­
nine, respectively.

The lysine, threonine, and methionine 
content of raw and roasted peanut pastes, 
as determined by microbiological assay, 
is shown in table 5. The amino acid con­
tent is expressed as percentage of the pro­
tein and as percentage of the diet.
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Fig. 1 Determination of minimal amounts of 
lysine, threonine, and methionine to produce 
optimal feed efficiency.

T A B L E  5

Lysine, threonine, and m ethionine content 
o f raw and roasted peanut protein

Raw peanut protein Roasted peanut 
protein

% of 
protein1

%  of 
diet

% of
protein2

% of 
diet

Lysine 4.02 0.60 3.43 0.52
Methionine 1.30 0.20 1.16 0.17
Threonine 3.16 0.48 2.79 0.42

1 Average of duplicate determinations on two dif­
ferent protein preparations.

2 Average of duplicate determinations on 5 differ­
ent protein preparations.

DISCUSSION

The nutritive value and the limiting 
amino acids of the protein in peanuts 
roasted under conditions that approxi­
mate those of practical roasting has not 
been determined previously. Based on 
protein efficiency, the raw and roasted 
peanut preparations used in these experi­
ments compare well with the boiled and 
160°C roasted products studied by Buss 
and Goddard ( ’48). Their preparations, 
fed at a 10% protein level in a diet con­
taining about 28% of fat, yielded a pro­
tein efficiency ratio of 1.84 for the boiled 
protein and 1.65 for the protein roasted 
40 minutes at 160°C. Jones and Divine 
( ’44) obtained a similar protein efficiency 
ratio (1.81) with unroasted peanut pro­
tein in a diet containing 15% of protein 
and 8% of fat.

It was unexpected that lysine, threo­
nine, and methionine were equally limit­
ing in the raw peanut protein, because 
methionine has been reported consistently 
as the most limiting with lysine the second 
most limiting. Two reasons are possible 
for this apparent discrepancy. First, there 
is the possibility that the amino acid re­
quirements under these dietary conditions 
(high protein and high fat) are different 
from those previously published and, sec­
ond, that the amino acids in peanut pro­
tein are not completely available to the 
rat. An indication that the amino acid re­
quirements are not markedly increased by 
the high level of fat used in these diets 
was obtained by substituting whole-egg 
protein for peanut protein in these diets. 
It was found that a level of 10% of egg 
protein in the diet produced weight gains, 
feed efficiencies, and protein efficiencies 
equal to or better than those obtained with 
the amino acid supplemented peanut pro­
tein diets. The egg protein diet supplies 
0.91% of lysine, 0.46% of threonine, and 
0.32% of methionine. Assuming that the 
amino acids of whole egg are completely 
available and that whole egg is a well 
balanced protein, the lysine, threonine, 
and methionine content of the whole-egg 
protein diet may be used as an estimate 
of the requirement for these amino acids 
under these dietary conditions.

The roasted peanut diets supplemented 
at the optimal level contained 0.83 and
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0.38% of lysine and of methionine, re­
spectively — an amount that agrees quite 
well with the requirement estimated from 
the whole-egg protein diet. The peanut 
diets contained 0.61% of threonine which 
is considerably higher than the above esti­
mated requirement of 0.46%. This, in 
conjunction with the demonstration that 
threonine must be added to the peanut 
protein diets, suggests that about 30% of 
the threonine in peanut protein is biolog­
ically unavailable to the rat. Rice is an­
other example of a rather widely used 
protein which, based upon amino acid 
analyses, appears to contain adequate 
threonine. But Pecora and Hundley ( ’51) 
have reported threonine as second limiting 
after lysine. Rosenberg et al. ( ’59) also 
reported threonine as the second most 
limiting amino acid in rice protein.

Little effort has been directed towards 
explaining the low threonine availability. 
It is not known, for instance, whether the 
threonine exists in a peptide sequence 
which is resistant to enzymatic attack or 
as a threonine derivative, such as threo­
nine phosphate, which the rat may not be 
able to utilize as threonine. This problem 
would seem to be growing in importance 
now that two rather widely used proteins, 
rice and peanut, are reported to contain 
a significant amount of biologically un­
available threonine.

The change in the sequence of limiting 
acids upon roasting is caused by either 
actual alteration of, or decreased availabil­
ity of, lysine and threonine. Data in table 
5 show a decrease of almost 15% in the 
lysine content of the roasted peanut pro­
tein as compared with the unroasted prod­
uct, whereas the methionine and threo­
nine levels are decreased by about 10 and 
11%, respectively. Thus, it seems that a 
destruction of lysine as well as a probable 
lower biological availability are responsible 
for lysine becoming most limiting in the 
roasted peanuts.

Bressani and Mertz (’58) determined the 
lysine requirement of the rat at different 
dietary protein levels. At a level of 16% 
of protein they showed that 0.8 to 0.9% 
of lysine in the diet was required to pro­
duce maximal body weight gain. This 
compares favorably with the 0.8% deter­
mined in the present studies. However,

in arriving at these values it has been as­
sumed the lysine in the com gluten used 
by Bressani and in the roasted peanut pro­
tein used in these experiments was 100% 
available. Such an assumption may not 
be justified.

Balasundaram et al. ( ’58) have reported 
on the effect of adding, as individual sup­
plements, lysine, methionine, isoleucine, 
threonine, cysteine, or tryptophan to diets 
containing 15% of raw peanut protein 
and 9% of fat. These authors claim a 
significant increase in protein efficiency 
when lysine, methionine, isoleucine, and 
threonine are added; no effect from 
cysteine; and a significant decrease in 
protein efficiency ratio when tryptophan 
is added. The average growth rate of
1.58 gm per day obtained with their raw 
protein is considerably lower than the 2.71 
gm per day obtained in the present study. 
The greatest improvement in weight gain 
shown by Balasundaram upon supple­
mentation with a single amino acid 
(methionine) was only 0.17 gm per day. 
This is markedly less than the 2.90 gm 
per day obtained in these studies when the 
raw protein was supplemented with lysine, 
threonine, methionine, histidine, and tryp­
tophan. It is impossible to accept their 
interpretation of their results without com­
pletely changing the present concept of 
limiting amino acids. It is probable that 
the animals used in their experiments were 
responding to the amino acid supplements 
in a nonspecific manner since the ex­
tremely poor growth rate is indicative of 
a poor diet.

SUMMARY

The limiting amino acid sequence of 
blanched but unroasted peanut protein 
was found to be lysine equal to threonine 
equal to methionine. Tryptophan and 
histidine do not appear to be limiting 
in the unroasted protein.

In roasted peanut protein the limiting 
amino acid sequence was lysine, threo­
nine, and methionine. Tryptophan and 
histidine sometimes produced an increase 
in feed efficiency when added in the pres­
ence of lysine, threonine, and methionine.

Roasting under the conditions described 
caused a decrease in the amount of lysine, 
threonine, and methionine equal to 15, 11,
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and 10% of the total, respectively. This 
decrease was due to an actual destruction 
of the amino acids. No attempt was made 
to quantify the loss of biologically avail­
able amino acids.

Calculations of the limiting amino acids 
based upon amino acid content and upon 
the rat amino acid requirements suggest 
that methionine would be more limiting 
than lysine and that threonine should not 
be limiting. The discrepancy between the 
calculated and determined limiting se­
quence must be due to alteration of, or a 
decreased biological availability of, lysine 
and threonine, or to both.

A feed efficiency equal to or better than 
that of a 15% casein diet can be obtained 
by supplementing roasted peanut protein 
with at least 0.31% of L-lysine, 0.19% of 
DL-threonine, and 0.21% of DL-methio- 
nine.
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The feeding of corn oil is reported to 
lower blood cholesterol levels in man 
(Ahrens et al., ’57; Beveridge et al., ’57a; 
Beveridge et al., ’57b), an observation not 
always demonstrable in experimental ani­
mals (Avigan and Steinberg, ’57, ’58). 
Experimental animals, however, have 
shown an increased labeling (synthesis?) 
of cholesterol from acetate-C14 (Avigan 
and Steinberg, ’57; Wood and Migicovsky, 
’58) and an increase in liver cholesterol 
(Avigan and Steinberg, ’58; Wood and 
Migicovsky, ’58) while receiving diets con­
taining corn oil. On the other hand, 
materials high in saturated fatty acids, 
namely, lard and hydrogenated oils, have 
been reported either as not affecting or as 
decreasing ‘'synthesis” of cholesterol from 
acetate (Mukherjee and Alfin-Slater, ’58; 
Wilson and Siperstein, ’59a; Wood and 
Migicovsky, ’58). Com oil or lard, in the 
diets of rats, did not influence either the 
biliary excretion of total cholesterol end 
products or of cholesterol itself (Wilson 
and Siperstein, ’59a), but there was a 
marked increase in the excretion of non- 
digitonin precipitable neutral sterols in 
rats fed corn oil (Wilson and Siperstein, 
’59b).

Other investigators (Hegsted et al.,’57; 
Peifer et al., ’60) have presented evidence 
and discussed the influence of a variety 
of fatty acids and oils upon nondiabetic, 
induced, hypercholesterolemia. Many pre­
vious dietary studies have been concerned 
only with blood lipid levels. In the present 
paper, liver cholesterol metabolism was 
studied, as well as blood cholesterol levels, 
since the liver is generally considered to 
exert the major influence on blood cho­
lesterol levels. Data on skin, gut and 
carcass tissues were also obtained and 
are presented. It was the purpose, then, 
of the present study, to ascertain the ef­

fects of corn oil and lard diets upon 
blood and tissue cholesterol levels and 
upon the cholesterologenic activity of cer­
tain tissues of both normal and alloxan 
diabetic rats. The diets were found to 
influence tissue cholesterol levels, but 
were found not to influence cholesterol 
labeling from mevalonate.

METHODS AND MATERIALS

Diets containing either 10 or 30% of 
corn oil or 10 or 30% of lard were fed 
to young adult, male Sprague-Dawley 
rats2 for 28 days. Diets containing only 
5% of fat (lard), or commercial rat chow 
diets,3 were used as control diets. Equal 
numbers of animals were used with each 
diet. No statistical difference was found 
between the effects of these two diets in 
respect to tissue or plasma cholesterol 
levels or to cholesterologenesis. The com­
position of the diets is shown in table 1 
and the supplements to the diets are listed 
as a footnote to the table.

The normal animals weighed about 160 
gm when started on the diets and dem­
onstrated a good weight gain. To re­
strict weight gain and to prevent excessive 
lipid storage, the animals were fed ad 
libitum for an initial 14 days and were 
then trained to feeding for the final 14 
days. The trained feeding program con­
sisted of two daily one-hour feeding periods 
during which the animals were allowed to 
eat 10 gm of food per period. The diabetic 
animals weighed between 149 gm and 270

R e c e i v e d  f o r  p u b l i c a t i o n  O c t o b e r  2 7 ,  1 9 6 1 .
1 T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  l a r g e l y  b y  C o n ­

t r a c t  n o .  A T ( 4 5 - l ) - 2 2 5  o f  t h e  U n i t e d  S t a t e s  A t o m i c  
E n e r g y  C o m m i s s i o n .  T h e s e  d a t a  a r e  i n  p a r t  f r o m  a  
t h e s i s  s u b m i t t e d  b y  P a u l  R u s s e l l  t o  t h e  U n i v e r s i t y  o f  
O r e g o n  M e d i c a l  S c h o o l  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  
r e q u i r e m e n t  f o r  t h e  d e g r e e  o f  M a s t e r  o f  S c i e n c e .

2 O b t a i n e d  f r o m  N o r t h w e s t  R o d e n t  C o m p a n y ,  P u l l ­
m a n ,  W a s h i n g t o n .

3 R a l s t o n  P u r i n a  R a t  C h o w ,  T h e  R a l s t o n  P u r i n a  
C o m p a n y ,  S t .  L o u i s .

460 J. N u t r it io n , 76: ’62
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TABLE 1
C om position  o f  the diets

Ingredient1 Control
% 10% 30%

Casein 18 18 18
Dextrin 44 39 19
Glucose 25 25 25
Yeast 4 4 4
Salt mix2 4 4 4
Lard or corn oil 5

(lard)
10 30

1 V i t a m i n  s u p p l e m e n t a t i o n  o f  t h e  d i e t s  a s  m g / k g  
o f  d i e t :  ¿ 8 - c a r o t e n e ,  5 . 4 ;  c a l c i f e r o l ,  0 . 0 3 ;  2 - m e t h y l - l ,  
4 - n a p h t h o q u i n o n e ,  2 . 0 ;  a - t o c o p h e r o l ,  6 0 . 0 ;  p y r i d o x i n e ,  
4 . 0 ;  t h i a m i n e ,  4 . 0 ;  r i b o f l a v i n ,  1 0 . 0 ;  C a  p a n t o t h e n a t e ,  
1 6 . 0 ;  i n o s i t o l ,  1 , 0 0 0 . 0 ;  p - a m i n o b e n z o i c  a c i d ,  3 0 . 0 ;  
c h o l i n e  c h l o r i d e ,  2 . 0 ;  b i o t i n ,  0 . 1 .  I n  a d d i t i o n ,  m e t h y l  
l i n o l e a t e ,  1 5  m g / d a y / r a t ,  w a s  a d m i n i s t e r e d  o r a l l y .  
T h e  o i l - s o l u b l e  v i t a m i n s  w e r e  d i s s o l v e d  i n  t r i p r o -  
p r i o n i n  a n d  a d m i n i s t e r e d  t o  t h e  r a t s  i n  d a i l y  d o s e s ,  
t h e  o t h e r  v i t a m i n s  b e i n g  m i x e d  w i t h  t h e  f a t - f r e e  d i e t  
b a s e .

2 M i x t u r e  n o .  3 ,  H a w k  a n d  O s e r  ( ’ 3 1 ) .

gm when started on the diets but were 
fed ad libitum throughout the 28 days.

Diabetic animals were prepared by an 
intramuscular injection of 0.06 ml/100 
gm of rat of a 10% alloxan solution. 
Blood sugar determinations (Somogyi, ’45) 
were performed three weeks after the in­
jection of the alloxan and only the animals 
demonstrating fasting blood sugar levels 
of 200 mg/100 ml of blood or greater at 
that time were used as the diabetic ani­
mals. Fasting blood sugars were deter­
mined again 26 days after the commence­
ment of the diet studies and animals 
exhibiting levels of less than 200 mg/100 
ml of blood at this time were eliminated.

At the end of the 28-day feeding period, 
the animals were fasted for 24 hours, fed 
for an hour, fasted for another hour and 
injected with a tracer dose of mevalonic 
acid-2-C14. Urine was collected for two 
hours,4 the animals lightly anesthetized 
with chloroform, and decapitated. The ani­
mals were separated into 4 tissue fractions, 
liver, gut, carcass and skin. Blood was 
taken by heart puncture at the time of 
sacrifice. The tissues were saponified and 
separated into saponifiable and nonsaponi- 
fiable fractions as described below. After 
weighing, the tissues were immediately 
added to flasks containing 25% KOH in 
95% ethanol. Liver was saponified in 
50 ml of reagent, gut in 150 ml, carcass 
in 200 ml and skin in 100 ml. Following 
a two-hour reflux period, the flasks were

removed while hot and the contents filtered 
through glass wool into graduated cylin­
ders. The flasks were then rinsed twice 
with 5- to 10-ml volumes of water, twice 
with alcohol (10 to 20 m l); each time the 
flasks and washing solutions were heated 
over a hot plate. Washings were added to 
the original digest in the graduate cylin­
ders, the digests were allowed to cool and 
were then diluted to convenient, minimal 
volumes. Small aliquots of the homoge­
nous digest were transferred to 8-inch 
screw-top culture tubes (Emerson and Van 
Bruggen, ’58), the tubes were heated in a 
steam bath and the entire alcohol phase 
removed under nitrogen. The digest was 
then reconstituted to 25 ml with 25% 
alcohol. The nonsaponifiable fraction was 
removed by four 25-ml extractions with 
redistilled low boiling petroleum ether. The 
petroleum ether phase was removed with 
the aid of a syringe fitted with a 6-inch 
blunt end needle. The extracts were com­
bined, the petroleum ether removed on a 
steam bath and the nonsaponifiable mate­
rial made to volume in 25-ml volumetric 
flasks with 95% ethanol. Cholesterol of 
these extracts was determined as the dig- 
itonide with the method of Zak et al. ( ’54), 
but the cholesterol digitonide was allowed 
a minimum of 5 hours to precipitate. Less 
time than this fails to yield a quantitative 
precipitation. Blood cholesterol determi­
nations were made following essentially 
the procedure of Sobel and Mayer ( ’45), 
the digitonides being determined colorime- 
trically by the method of Zlatkis et al. (’53).

Mevalonic acid-2-C14 was obtained as the 
N,N-dibenzylethylenediamine salt. After 
hydrolysis and extraction, the free acid 
was dissolved in water at a level of 0.67 
uc/ml and all animals received 1 ml of 
this solution intraperitoneally.

Radioactive analyses were done with the 
aid of three G-M assemblies, a low back­
ground system (Nuclear-Chicago), a D47 
Micromil gas flow system (Nuclear-Chi­
cago), and a TGC-2 end-window assembly 
(Tracerlab). Lipids were counted as in­
finitely thin samples (<  0.08 mg cm-2)

4 T i m e  c o u r s e  s t u d i e s  i n  o u r  l a b o r a t o r y  h a v e  s h o w n  
t h a t  t r a c e r  l e v e l s  o f  l a b e l e d  m e v a l o n i c  a c i d  a r e  
m a x i m a l l y  c o n v e r t e d  t o  s t e r o l  w i t h i n  a n  h o u r  a f t e r  
i n j e c t i o n  ( E l w o o d ,  J .  C . ,  1 9 6 0  S t u d i e s  o n  p a t h w a y s  
o f  l i p i d  m e t a b o l i s m .  U n p u b l i s h e d  D o c t o r ’ s  D i s s e r t a ­
t i o n ,  U n i v e r s i t y  o f  O r e g o n  M e d i c a l  S c h o o l ) .
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and blood an3 urine samples as liquid 
samples (Van Bruggen et al., ’59). Factors 
established here ahowed the inter-conver­
sion of radioassay results.

RESULTS AND DISCUSSION

Statistical analysis. Two statistical tests 
were applied in the analysis of the data, 
the t test in comparing pairs of means, 
and the analysis of variance for the simul­
taneous comparison of more than two 
means. With each test, however, the in­
terpretation is the same, that is, a P value 
of <  0.05 is considered to indicate a sig­
nificance of the difference between sample 
means.

Liver —  normal animals. The data on 
the concentration of cholesterol in the 
livers of normal rats fed the indicated 
diets are summarized in figure 1A. There 
is seen an increase in the liver cholesterol 
concentration as the amount of fat in the

diet is increased. This is shown by the 
high levels of cholesterol (P < 0 .0 1 ) in 
the livers of the animals fed the 30% 
corn oil and 30% lard diets. Although 
both kinds of fat showed an increase at 
the 30% feeding level, the corn oil diet 
caused liver cholesterol levels to be as high 
as those of the 30% lard diet even at a 
10% level of feeding. The 30% com oil 
in turn caused a higher level of cholesterol 
than did the 30% lard (P <  0.02).

Liver —  diabetic animals. The values 
for the concentration of cholesterol in the 
livers of the diabetic animals are shown 
in figure IB. The diabetic animals fed 
corn oil and lard show increases in liver 
cholesterol of a pattern similar to that 
seen with the normal animals, but the 
increases are not as pronounced.

These results for both normal and dia­
betic animals confirm and extend the re­
ports (Avigan and Steinberg, ’58; Wood

< o.oi

10% Corn oil 
(3.33 ± 0 .4 1 )

<  0.01 >  0.05

j _ 30% Corn oil
(4.37 ±  0.38)

A

NORMAL

Normal control 
(2.05 ±  0.11)

>  0.05

< 0.02

>  0.05
I

10% Lard 
2.65 ±  0.35)

>  0.05 <  0.01

30% Lard ____ |
(3.23 ± 0 .2 1 )

B

DIABETIC

< 0.01

10% Corn oil 
(2.36 ±  0.16)

Diabetic control 
(1.51 ±  0.15)

<  0.05

>  0.05

10% Lard 
(1.61 ±  0.20)

< 0.01 >  0.05

30%  Corn oil 
(2.68 ± 0.22) >  0.05

>  0.05

30% Lard 
(2.14 ±  0.20)

<  0.05

Fig. 1 Cholesterol levels in the livers of normal and diabetic rats fed the respective diets. 
The values in parentheses represent the means for that group as milligrams per gram ±  the 
standard error. Statistical evaluation of differences between any two means was made by 
the t  test. The P values obtained are shown as connecting figures between the means com­
pared. (For example, normal animals fed the control diet had a level of 2.05 mg, whereas 
animals fed the 10% com oil diet had 3.33 mg. These mean values are compared with a 
P value of <  0.01.)
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TABLE 2

Serum  cholesterol levels in  th e norm al and diabetic rats

Diet Normal Diabetic P Value1

Control
m g ¡1 0 0  ml 
88 ± 5  ( 8 )2

mg/100 ml 
1 2 4 ± 2 6  (6 ) >  0.05

Corn oil, 10% 71 ±  12 (8 ) 1 0 6 ± 1 6  (6 ) >  0.05
Corn oil, 30% 6 7 ±  12 (7 ) 121 ±  17 (7 ) <  0.05
Lard, 10% 1 1 0 ±  13 (8 ) 1 9 6 ± 2 3  (5 ) <  0.01
Lard, 30% 1 0 0 ± 8  (10) 2 2 5 ± 5 2  (5 ) <  0.01
P value3 (variance) >  0.05 <  0.05

1 R esu lts o f  the t  test.
2 M ean ±  standard error; the num bers in  the parentheses represent the nu m ber o f  an im als in  

ea ch  group.
3 R esu lts o f  the analysis o f  variance.

and Migicovsky, ’58) that ingestion of corn 
oil increases the amount of cholesterol in 
the liver. The cause of the increased cho­
lesterol levels is, however, not clear. It 
does not appear that the oleic acid content 
of the diet could be responsible for the 
major part of the change, since the diets 
had comparable amounts of this fatty acid. 
Although the increase in the nonsaponifi- 
able fraction is stated to be due to choles­
terol, the possibility of the presence of 
3-sitosterol in this fraction must be con­
sidered because of the presence of this 
material in corn oil. 3-Sitosterol is digi- 
tonin precipitable and reacts almost equiv­
alently with color reagents. Gould ( ’55) 
reported that rats fed 3-sitosterol contain­
ing tritium had tritium-labeled sterols in 
blood, liver and other tissues. 3-Sitosterol 
was, however, found to be absorbed only 
about 10% as efficiently as cholesterol 
from the intestinal lumen. Preliminary 
paper and gas chromatography determina­
tions on these tissue fractions failed to 
reveal the presence of plant sterol in liver 
fractions.

The com oil used is reported to be free 
of cholesterol5 but the lard fed did contain 
some 0.55 mg of cholesterol/gm of lard.

Serum cholesterol —  normal and dia­
betic animals. The values for the serum 
cholesterol levels are presented in table 2. 
Within the normal group of animals fed 
the various diets, small apparent decreases 
in serum cholesterol can be observed with 
corn oil feeding, but these decreases with 
the different dietary regimens are not sta­
tistically significant (analysis of variance 
P > 0.05). From this observation, it is 
concluded that the serum cholesterol levels

of normal rats are not significantly in­
fluenced by corn oil or by lard feeding 
under the described experimental condi­
tions.

The P value of less than 0.05 for the 
analysis of variance among the diabetic 
animals indicates that an effect of diet 
upon serum cholesterol levels is present. 
Statistical comparisons by the t test of the 
mean levels of the serum cholesterols from 
the rats fed lard and corn oil revealed a 
significant elevation of the serum choles­
terols of the lard-fed animals over the 
levels of the respective corn oil-fed ani­
mals. The serum cholesterol level of the 
diabetic animals receiving the 10% lard 
diet was significantly elevated over the 
controls.

An earlier publication from this labora­
tory (Wong and Van Bruggen, ’60), con­
cerned with large numbers of normal and 
diabetic animals fed chow diets, reported 
a hypercholesterolemia associated with the 
alloxan diabetic rats, as well as with pan- 
createctomized rats. The results reported 
in this paper, on a smaller number of 
control diet animals, fail to reveal a sig­
nificant diabetic hypercholesterolemia but 
this appears to be due largely to the wide 
variations of the diabetic animals. Three 
of the diabetic diet groups did, however, 
have significantly higher blood cholesterol 
levels than the controls. Beveridge and 
Johnson ( ’50) found a hypercholesterol­
emia to occur in alloxan diabetic rats.

Gut, carcass and skin. The data for 
the cholesterol content of gut, carcass and 
skin fractions of the normal and diabetic

5 R athm ann , D. M. 1957 V egetable Oils in  N u- 
trition . C o m  O il R efin ing  C om pany, N ew  Y ork , p . 49.
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TABLE 3

C oncentration  o f  cholesterol in gut, carcass and skin tissue

Tissue Diet Normal Diabetic ’ P Value 
(t test)

Gut Control 
Corn oil, 10% 
Corn oil, 30%  
Lard, 10%  
Lard, 30%

m g/ g m
1.09± 0.13 (8)> 
1.79±0 .21  (8 )  
5 .4 0±0 .6 0  (7 )  
1.81 ± 0.27 (8 )  
1 .6 8±0 .1 5  (10)

m g / g m
1.29± 0.18 (7 )  
2.08± 0.19 (7 )  
4 .1 5±0 .3 1  (6 )  
1 .60±0 .10  (5 )  
1.38± 0.13 (8 )

>  0.05
>  0.05
>  0.05
>  0.05
>  0.05

Carcass Control 
Corn oil, 10%  
Corn oil, 30%  
Lard, 10% 
Lard, 30%

1.45±0 .04  (8 )  
1.50± 0.05 (8 )  
1 .53±0 .14  (7 )  
1 .33±0 .03  (8 )  
1 .38±0 .04  (10)

1 .78±0 .12  (7 )  
1 .85±0 .07  (7 )  
1 .5 4 ± 0.06 (6 )  
1.81 ± 0 .1 2  (5 )  
1.65±0 .11  (8 )

<  0.05
>  0.05
>  0.05
<  0.01
<  0.05

P Value2 (variance) >  0.05 >  0.05

Skin Control 
Corn oil, 10%  
Corn oil, 30%  
Lard, 10% 
Lard, 30%

2 .5 9±0 .0 7  (8 )  
2 .5 7±0 .2 3  (8 )  
2.21 ± 0.10 (7 )  
2 .0 2 ± 0 .0 6  (8 )  
2.31 ± 0.07 (10)

3 .2 6±0 .1 7  (7 )  
2 .8 9±0 .0 8  (7 )  
2 .8 4 ± 0 .2 0  (6 )  
3 .19±0 .11  (5 )  
2 .2 9 ± 0.19 (8 )

<  0.01
>  0.05
<  0.05
<  0.01
>  0.05

P Value (variance) <  0.05 <  0.01

1 M ean  ±  standard error; the nu m bers in  the parentheses represent the nu m ber o f  an im als  in  
ea ch  group.

2 Results o f  the analysis o f  variance.

animals are presented in table 3. The gut 
fraction shows an unexpectedly large 
amount of sterol in both the diabetic and 
normal animals fed the high corn oil diets. 
Since the sitosterols are digitonin précipi­
table and develop a color similar to cho­
lesterol when treated with the ferric 
chloride-sulfuric acid color reagent, there 
is a strong possibility that sterols present 
in the residual gut contents account for 
the increase in the gut sterols of the corn 
oil fed animals.

There are no significant differences be­
tween the means of the carcass fractions 
within the normal or within the diabetic 
groups of animals (variance for both, 
P > 0.05). These observations are inter-

TABLE 4
Incorporation1 o f  m eva lon a te-2 -C 14 into  

liver cholesterol

Diet Normal Diabetic

Control 3.94 H- 0.152(6 ) 4.64 ±0 .3 4 (6 )
Corn oil, 10% 3.92 0.18 (6 ) 4.80 ± 0 .3 2 (5 )
Corn oil, 30% 4.69 0.41 (6 ) 4.73 ± 0 .2 7 (4 )
Lard, 10% 4.59 ± 0.21 (6 ) 4.31 ± 0 .6 0 (3 )
Lard, 30% 3.84 0.13 (7 ) 4.47 ± 0 .9 5 (5 )
P Value (variance ) > 0.05 >  0.05

1 Expressed as percen tage o f  dose given.
2 M ean  +  standard error; the num bers in  paren ­

theses represent the nu m ber o f  anim als in  each  group.

preted to mean that the ingestion of high 
fat, corn oil or lard, diets does not influ­
ence carcass cholesterol levels to any sig­
nificant extent.

With normal rats, diets containing 30% 
of corn oil or 30% of lard caused a slight 
decrease in the amount of skin cholesterol 
(t test, P <  0.05 in both instances), as 
compared with the control value. Diabetic 
rats fed the 30% lard diet show a similar 
decrease in skin cholesterol concentrations 
(P < 0 .0 1 ), no effect being seen on the 
skin cholesterol concentration with corn 
oil feeding. The significance of these ob­
servations is not clear.

A comparison of the control normal and 
diabetic values of the skin fraction con­
firms an earlier report of increased cho­
lesterol concentrations in the skins of dia­
betic rats (Wong and Van Bruggen, ’60). 
It would appear, then, that the diabetic 
condition is characterized by an accumu­
lation of sterol in the skin tissue.

Incorporation of label. In table 4 are 
presented data for the incorporation of C14 
from mevalonic acid-2-C14 into liver cho­
lesterol in the normal and diabetic rats 
fed the various diets. Within either the 
normal or the diabetic dietary groups, no 
significant differences in label incorpora­
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tion were found at any level of fat feed­
ing, i.e., variances, P >  0.05. From the 
data presented here, it appears either that 
diet does not affect cholesterologenesis, or 
that any influence exerted by the diet is 
mediated at some point below mevalonic 
acid in the biosynthetic pathway of cho­
lesterol. Elwood et al. ( ’60) previously 
observed a decreased incorporation of ace­
tate, butyrate and acetoacetate, but a nor­
mal incorporation of mevalonate into 
cholesterol in alloxan diabetic rats. Siper- 
stein ( ’60) and Siperstein and Guest ( ’60) 
suggested that cholesterologenesis was con­
trolled by a specific homeostatic mechan­
ism active at the conversion of (3-hydroxy- 
(5-methylglutaryl-CoA to mevalonic acid. It 
appears that the control of cholesterol 
synthesis at a metabolic step below mev­
alonate could be similar to the step at 
which the metabolic block occurs in al­
loxan diabetes.

The majority of the work concerning 
cholesterologenesis and diet, has been done 
using acetate as the cholesterol precursor. 
Avigan and Steinberg ( ’58) using in vivo 
preparations, found the rate of incorpora­
tion of acetate higher in rats fed corn 
oil, as did Wood and Migicovsky ( ’58) 
with in vitro as well as in vivo systems. 
Wilson and Siperstein ( ’59a) studied this 
incorporation in vitro in corn oil-fed rats 
with acetate and with mevalonate, and 
found no change in cholesterol biosynthe­
sis with either precursor. The in vivo 
studies reported here, support the in vitro 
observation (Wilson and Siperstein, ’59a) 
of a lack of change in cholesterologenesis 
from mevalonic acid in normal rats fed 
corn oil or lard diets. The present studies, 
however, extend these reports by present­
ing data which demonstrate normal cho­
lesterol labeling from mevalonic acid when 
alloxan diabetic rats were fed the corn 
oil and lard diets.

SUMMARY

1. The effects of corn oil and lard diets 
upon blood and tissue cholesterol in nor­
mal and alloxan diabetic rats are reported 
and discussed.

2. Dietary lard aggravated a trend to­
wards hypercholesterolemia in the alloxan 
diabetic rat.

3. The corn oil diet increased the 
amount of sterol found in the livers of 
both the diabetic and normal animals.

4. Lard feeding increased the sterol con­
tent of the livers of normal animals as 
well as diabetic animals, but the increase 
was not as pronounced as with corn oil 
feeding.

5. Gut, carcass and skin data were pre­
sented and discussed.

6. The feeding of 10 or 30% of corn 
oil or lard diets to diabetic or normal ani­
mals resulted in no change in cholester­
ologenesis using mevalonic acid-2-C14 as 
the cholesterol precursor.
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Zinc has been shown to be a required 
nutrient for many species of animals and 
is believed to be essential for all. Since 
most of the early work was carried out 
with laboratory animals, the value of sup­
plemental zinc in practical rations for farm 
animals was not recognized until recently. 
Tucker and Salmon ( ’55) demonstrated 
that parakeratosis, which had been re­
sponsible for great economic losses in the 
swine industry, was due to zinc deficiency. 
Other studies have shown that zinc supple­
mentation is of practical importance for 
poultry (Edwards et al., ’59). Recent ob­
servations under field conditions (Legg and 
Sears, ’60) suggest that zinc deficiency 
may occur in cattle, making a more funda­
mental knowledge of the subject of practi­
cal importance. Preliminary observations 
on the symptoms of an experimentally 
produced zinc deficiency in dairy calves 
were reported by Miller and Miller ( ’60). 
The present study was undertaken to pro­
duce a zinc deficiency in the dairy calf, 
describe the syndrome and study the effect 
of added zinc on deficient calves.

EXPERIMENTAL PROCEDURE

Male Holstein calves were fed a low- 
zinc purified diet, with and without supple­
mental zinc in two experiments. The puri­
fied diet, based on those of Edwards et al. 
( ’58) and Matrone et al. ( ’59), was com­
posed of the following expressed in kg per 
100 kg: egg albumin (autoclaved), 16.0; 
glucose, 60.0; stabilized fat,5 3.0; cellulose,6 
5.0; KHCOs, 4.5; NaHCCh, 7.5: and the fol­
lowing as gm per 100 kg: CaHPQj, 1861; 
KC1, 622; NaCl, 545; MgSCWH.O, 463; 
FeS04- 1H20, 17.40; MnS04 H20, 3.17;
CuS04-5H20, 2.03; CoC12-6H20, 0.020; KI, 
0.018; choline chloride,7 262; cyanoco- 
balamin (1 mg vitamin Bi2 activity/gm), 
10.76; Ca pantothenate, 3.24; niacin

(80% ), 2.58; riboflavin, 1.94; vitamin 
A palmitate (250,000 IU/gm ), 1.76; 
vitamin D3 (200,000 IU/gm), 1.76; d l-a -  
tocopheryl acetate (276 IU vitamin E 
activity/gm), 1.32; pyridoxineHCl, 1.30; 
thiamine-HCl, 0.90; menadione, 0.26; 
folic acid, 0.13; biotin, 0.026; oxytetracy- 
cline-HCl, 11.0; and oleandomycin, (25%) 
4.4.

The 4 calves in the first experiment were 
each given a total of 227 kg of whole milk 
over an 8-week period starting at one day 
of age. Beginning the fifth-week and con­
tinuing for 11 to 14 additional weeks, two 
of the calves were fed the low-zinc basal 
diet, and the other two received the basal 
diet supplemented with 43 ppm of zinc as 
ZnO. Eight calves in the second experi­
ment were fed 145 kg of milk each over a 
6-week period. The low-zinc diet, with the 
amounts of vitamin A and D supplements 
increased to 22.00 and 2.20 gm, respec­
tively, was fed beginning the second week 
of age as follows. Three control animals 
(group 1) received the basal diet plus 40 
ppm of supplemental zinc for 20 weeks. 
Five animals were fed the basal diet until 
15 weeks of age at which time the ration 
of three (group 2) was supplemented with 
260 ppm of zinc for 5 weeks. The remain­
ing two (group 3) continued to be fed the
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basal diet until death occurred at 18 and 
22 weeks of age.

The calves were maintained in wooden 
pens with elevated slatted bottoms without 
bedding. Plastic buckets were used to feed 
both the milk and water. Stream water 
was obtained from the city supply through 
a system containing a minimum of gal­
vanized pipe. The average zinc content of 
the milk, water, basal diet, and basal diet 
with zinc added were 3.9, 0.06, 2.7 and
46.0 ppm, respectively, in experiment 1. 
In experiment 2, the corresponding values 
were 3.3, 0.02, 3.6 and 45.0 ppm of zinc, 
respectively. The ration fed the calves in 
group 2 from the fifteenth through the 
twentieth week contained 265 ppm of zinc.

Clinical examinations of the calves were 
made periodically. All animals in experi­
ment 1 were slaughtered for necropsy and 
histopathological studies after they had re­
ceived the purified diet for 11 to 14 weeks. 
Samples of various tissues and internal 
organs were obtained at this time for zinc 
analysis. Zinc determinations were made 
by the method of Verdier et al. ( ’57). 
Blood was analyzed for carbonic anhydrase 
activity by the method of Philpot and Phil- 
pot ( ’36) as modified by Pincus et al. (’57). 
Statistical procedures as outlined by Snede- 
cor ( ’56) were used.

RESULTS

Experiment 1. The average total zinc 
intake of the control calves was 7.3 and 
for the deficient calves, 1.3 gm; of these 
amounts 0.9 gm was from milk. Deficiency 
symptoms in the two animals fed the basal 
diet with no supplemental zinc were first 
observed at 11 weeks of age, three weeks 
after milk feeding was discontinued. The 
symptoms appeared in the following order: 
inflammation of the nose and mouth with 
submucous hemorrhages; unthrifty ap­
pearance; rough hair coat; stiffness of the 
joints with soft edematous swelling of the 
feet in front of the fetlocks with an ac­
cumulation of fluid; breaks in the skin 
around the hoofs which later became deep 
fissures; dry scaly skin on the ears; thick­
ening and cracking of skin around nostrils; 
appearance of horny overgrowths of the 
mucosa on the lips and dental pads; fre­
quent gnashing of teeth; alopecia, begin­

ning with the rear legs; red, scabby and 
shrunken skin on the scrotum; and bowing 
of the rear legs. Skin on the body and 
head tended to be hard and dry, and the 
legs were tender, easily injured, and often 
raw and bleeding. The skin on the neck of 
one calf became very rough and lumpy, 
making collection of blood samples diffi­
cult as bits of flesh usually plugged the 
needle. The two control calves that re­
ceived the same purified diet supplemented 
with 43 ppm of zinc did not develop these 
symptoms.

Zinc content and carbonic anhydrase 
activity of the blood from calves fed the 
low-zinc diet were found to be statistically 
significantly lower (P =  0.05) than for the 
controls. For the last 7 weeks of the trial 
the average values of blood zinc in ug 
per ml and carbonic anhydrase activity 
in enzyme units per ml (Pincus et al., ’57) 
were 2.9, 482, 1.7 and 398 for the control 
and low-zinc calves, respectively. Corre­
sponding values for the previous 4-week 
period, when calves had been receiving the 
diets for only a short time, were 3.0, 469,
2.5 and 495.

On necropsy and histopathological ex­
amination, the skin of the two zinc-defi­
cient calves exhibited parakeratosis. The 
stratum granulosum appeared reduced in 
a number of cells. There was acanthosis, 
elongation of the rete net with excessive 
keratin formation and retention of nuclei. 
Some edema appeared to have been present 
in these tissues. The papillae of the rumen 
showed excessive over-growth, a moderate 
keratin formation, and retention of nuclei. 
Although all of the calves exhibited some 
parakeratosis of rumen walls and of the 
esophageal mucosa, the two controls ap­
peared normal in other respects. The 
testicles of the two zinc-deficient calves 
weighed 47.3 and 52.1 gm at 18 weeks of 
age. In contrast, the testicles of the con­
trols weighed 65.6 and 53.1 gm at 19 and 
16 weeks, respectively.

The zinc content of various organs and 
tissues from the deficient calves, with few 
exceptions, was lower than that of corre­
sponding samples from the controls (table 
1). Fecal excretion of zinc by the deficient 
calves was very low.
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TABLE 1
Zinc analysis o f various organs and feces (exp . 1)

l 2 3 4
Control Control Low-Zn Low-Zn

fig/gm dry matter
Pancreas 171.1 158.2 61.4 72.0
Liver
Rumen

128.5 132.7 112.9 101.7

mucosa 124.3 105.4 104.7 100.0
Spleen 117.9 99.3 95.6 88.0
Heart 92.9 99.5 87.8 75.6
Kidney 
Fundus of

92.7 90.4 78.7 82.1

stomach 69.8 128.2 60.2 91.2
Hoof 122.2 128.9 107.8 113.4
Bone 92.1 104.9 60.6 78.0
Teeth 72.8 71.2 67.0 68.9
Feces1 310.0 249.0 18.1 14.8

1 Average of two collections taken during last week 
of experiment.

Experiment 2. Average zinc intakes for 
groups 1, 2 and 3 were 5.9, 0.9 and 0.9 
gm, respectively, for the first 15 weeks.

Corresponding values for the following 5- 
week period were 4.5, 24.6 and 0.2 gm. 
Feed intake and weight gains, for calves 
receiving the deficient diet began to de­
cline relative to the controls by the tenth 
week of age which was 4 weeks after 
milk feeding was discontinued. Deficiency 
symptoms then began to appear as in ex­
periment 1 and were severe in the 5 defi­
cient animals by the twelfth week of age 
(fig. 1). The control animals remained 
normal in appearance throughout the 
study. Feed consumption of groups 2 and 
3 tended to reach a plateau by the ninth 
week (fig. 2), and growth was at a dimin­
ishing rate until the fifteenth week, where­
as the controls continued to gain steadily 
(fig. 2). Blood zinc content and carbonic 
anhydrase activity began declining for 
these calves the seventh week, but re­
mained essentially unchanged or increased

Fig. 1 Zinc-deficient calf, age 15 weeks.
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Fig. 2 Average weekly feed consumption and total gains of the calves as affected by zinc 
content of the diet (ppm): ----- , 3.6; O----- O, 3.6; x----- x, 45; A-----A, 265.

CD

2 4 6 8 10 12 ¡4 16 ¡8 20
AGE (WEEKS)

Fig. 3 Average levels of carbonic anhydrase activity and zinc in the blood as affected by 
zinc content of the diet (ppm): -----, 3.6; O----- O, 3.6; x----- x, 45; A-----A, 265.
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slightly for the controls (fig. 3). Zinc con­
tent was reduced significantly (P =  0.05) 
by the eleventh week, and the reduction in 
carbonic anhydrase activity approached 
significance by the thirteenth week.

After receiving an additional 260 ppm 
of zinc in the diet beginning with the 
fifteenth week, improvement of the calves 
in group 2 was very marked. The average 
weekly feed intake of these calves in­
creased from 11.8 to 14.5 kg the first week 
after zinc supplementation was begun and 
continued to increase, whereas consump­
tion by calves in group 3 remained low. 
The corresponding increase in rate of gain 
was from 0.0 to 9.1 kg the first week. After 
zinc was supplied to group 2, blood zinc 
content began to increase, and by the 
nineteenth week, approached the value ex­
hibited by the controls (fig. 3). The blood 
zinc values of these in group 3 remained 
low. Blood carbonic anhydrase activity fol­
lowed a pattern similar to that of blood 
zinc (fig. 3). The simple correlation co­
efficient between blood zinc content and 
carbonic anhydrase activity was 0.80 for 
all determinations.

The skin condition of calves in group 2 
showed improvement within 4 days after 
they were given supplemental zinc. Dead 
hair and skin sloughed off in sheets, and 
the underlying tissue assumed a more 
healthy appearance. Within one week, 
the bowed rear legs began to straighten 
and the hard, dry skin on the backs and 
necks started to become soft and pliable. 
The skin continued to improve and within 
two weeks fine hair appeared in the bare 
spots. By the third week after zinc supple­
mentation was begun the condition of the 
gums and dental pads had returned to ap­
proximately normal; the calves that had 
appeared dull and listless while receiving 
the deficient diet now frisked about in their 
pens and no longer acted as if their feet 
were sore; and hair almost completely 
covered the former bare spots. However, 
the skin of the calf that had exhibited 
the severest deficiency symptoms was still 
tender and easily injured. This animal 
also grew gray hair in many of the de­
nuded areas where black hair had been.

Although skin on the scrotum had about 
healed at the end of the study, the testicles

TABLE 2
D evelop m en t o f  testicles as m easured  b y  length  

tim es greatest diam eter m easured  through  
the scrotum  (exp. 2)

Average age (w eeks)
17 20 22
cm cm cm

1 Control 6 .6±  1.61 7.9 ±  1.4 9 .2±  1.2
2 Deficient-

revived 3.3 ±0 .8 5.8 ±0 .2 6.4 ±0 .4
3 Deficient 4.5 ±0.1 5.1 ±0 .6 5.1 ± 0

1 Mean standard error.

of calves in group 2 remained undersized 
(table 2). These measurements were 
made through the scrotum with a vernier 
caliper in order to follow development. 
When castrated at 29 weeks of age, the 
average testicle weight of the control group 
was 113 gm as compared with only 58 gm 
for group 2. The same deficient calf shown 
in figure 1, is shown again 5 weeks after 
260 ppm of zinc were added to his feed 
(fig- 4).

During the time the calves in group 2 
were recovering, the condition of the 
calves in group 3 continued to become 
worse until the animals died at 18 and 22 
weeks of age. Necropsy examinations re­
vealed that death had resulted from acute 
indigestion in one case and perforated ul­
cer with peritonitis in the other. Other con­
ditions observed included excessive over­
growth of rumen papillae; severe gastritis; 
edema of folds of the abomasum; conges­
tion of the liver, intestinal serosa, and kid­
neys; cholecystitis; catarrhal enteritis; and 
enlarged and edematous lymph nodes. Ex­
tensive keratinization of thighs between 
legs and behind elbows and ulceration of 
the fetlock and pastern region were ob­
served.

DISCUSSION

The condition of the zinc-deficient calves 
on gross examination bore a striking re­
semblance to hyperkeratosis, which is also 
similar in many respects to severe vitamin 
A deficiency. Extremely low plasma vita­
min A values have been reported in cattle 
with hypkerkeratosis (Maynard and Loosli, 
’56). However, in experiment 1 there were 
no abnormalities in plasma vitamin A 8

8 Diamox, American Cyanamid Company, New York.
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Fig. 4 Same calf as figure 1, 5 weeks after zinc was added to the ration.

and no significant difference was found 
between the control and zinc deficient ani­
mals.

The pancreas had the highest zinc con­
tent of the tissues analyzed in the con­
trols and underwent the greatest reduc­
tion in the deficient animals. At least two 
zinc-containing enzymes, carboxypeptidase 
(Vallee et ah, ’60) and carbonic anhydrase 
(Birnbaum and Hollander, ’53) occur in 
this gland. The liver had the second high­
est zinc content but the reduction in the 
deficient calves was not as marked as in 
the pancreas. Two enzymes, glutamic acid 
dehydrogenase (Vallee et al., ’55) and al­
cohol dehydrogenase (Vallee and Hoch, 
’57), both containing zinc as a functional 
part, have been isolated from liver.

The high correlation between blood zinc 
content and carbonic anhydrase activity in 
the present study is of interest since this 
enzyme was not significantly lowered in 
zinc-deficient rats (Hove et al., ’40). But

Hove et al. ( ’40) stated that the deficiency 
was not as severe as that observed in an 
earlier study (Hove et al., ’38), in which 
two deficient animals had an extremely 
rapid, gasping type of respiration for a 
week prior to death. Increased rates of 
respiration have also been observed in 
zinc-deficient chicks (Rahman et al., ’61) 
as well as in dogs treated with a carbonic 
anhydrase inhibitor8 (Tomashefski et al., 
’54). The significantly reduced blood zinc 
content and carbonic anhydrase activity in 
the deficient calves, as well as the recovery 
of these values following the addition of 
zinc to the ration, might be considered as 
additional evidence in support of the active 
involvement of zinc in the carbonic an­
hydrase molecule.

The marked improvement shown by the 
deficient calves when adequate zinc was 
made available has also been observed in 
pigs suffering from advanced parakeratosis 
(Beardsley and Forbes, ’57; Smith et al.,
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’58). Likewise the retarded testicle de­
velopment of the deficient calves and fail­
ure to return to normal when zinc was fed 
has also been reported in rats (Millar et 
al., ’58).

Since the calves in the present study 
were raised under controlled conditions 
where precautions were taken to isolate 
them from environmental zinc, the results 
do not necessarily apply to animals raised 
under practical conditions. However, it was 
shown that zinc is a necessary nutrient 
for the dairy calf and severe consequences 
result when it is present in inadequate 
amounts. It is possible that borderline de­
ficiencies affecting calf performance may 
occur unrecognized under some practical 
conditions.

SUMMARY

Seven Holstein calves, fed a low-zinc 
purified diet in two experiments, developed 
severe parakeratosis. Five comparable ani­
mals receiving the same diet supplemented 
with 40 ppm of zinc remained normal and 
made satisfactory weight gains. Zinc de­
ficiency symptoms observed included: an­
orexia; dull and listless appearance; low 
weight gains, breaks in the skin with 
deep fissure formation around the hoofs; 
alopecia, especially on the rear legs with 
edematous soft swelling of the feet in front 
of the fetlocks with an accumulation of 
fluid; extensive dermatitis between the 
legs and behind the elbows; hard dehy­
drated skin on the body and head with that 
on the legs being tender and easily in­
jured; red, scabby and shrunken skin on 
the scrotum; undersized testicles; inflam­
mation of the nose and mouth with sub­
mucous hemorrhages; homy overgrowth of 
the mucosa on the lips and dental pad; 
and reduced blood zinc content and car­
bonic anhydrase activity. Addition of 260 
ppm of zinc to the ration of three deficient 
calves in the second experiment beginning 
at 15 weeks of age resulted in rapid and 
dramatic recovery. All of the conditions 
listed above with the exception of the 
undersized testicles were corrected by zinc 
supplementation of the diet.
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Growth and Liver Xanthine Dehydrogenase in Chicks 
and Poults Fed Casein or Soy Protein Diets* 1

W. W. WESTERFELD, D. A. RICHERT a n d  A. C. HERMANS 
D epa rtm en t o f  B ioch em istry , State U niversity o f  N eiv Y ork, 
U pstate M edical Center, Syracuse, N ew  York

Reid et al. ( ’56, ’57) reported that a 
part of the growth response by chicks and 
poults that resulted from the addition of 
unrefined supplements such as fish solu­
bles to purified diets was due to molyb­
denum. This seemed improbable on the 
basis of our previous attempts to produce 
a Mo deficiency in both rats and chicks 
(Higgins et al., ’56); in those studies the 
trace amounts of Mo still remaining in 
the highly purified diets were adequate 
for growth even though they were insuffi­
cient to maintain normal levels of tissue 
xanthine oxidase or dehydrogenase. Only 
when tungstate was used as a competitive 
inhibitor of molybdate could a Mo defi­
ciency be produced of sufficient severity 
to have an effect on growth. The Mo con­
tent of the basal diets used by Reid et al. 
was well in excess of such minimal quan­
tities.

In repeating these studies, the presence 
or absence of added Mo from the basal 
diet had no effect on growth rate, fiver 
xanthine dehydrogenase activity, or the 
growth response from fish solubles. It 
soon became evident that a major factor 
governing all three of these responses was 
the kind and amount of protein supplied 
in the diet. The study therefore developed 
into a comparison of the utilization of soy 
protein and casein-gelatin diets by birds 
for growth and for the synthesis of fiver 
xanthine dehydrogenase. Soy protein sup­
ported growth much better than casein- 
gelatin, and added fish solubles gave a 
growth response with either type diet. 
Since these differences in growth rate were 
not accompanied by corresponding differ­
ences in liver xanthine dehydrogenase and 
since the amino acid compositions of the 
various diets were quite similar, the growth 
effects from soy protein and fish solubles

did not seem to be the result of the pro­
tein itself. Both soy protein and fish solu­
bles appeared to contain unidentified 
factors which were missing from the ca­
sein-gelatin diets and which were required 
for a maximal growth rate by chicks and 
turkey poults.

METHODS2

The initial experiments were carried out 
with the same diet described by Reid et al. 
( ’56, ’57). This was a 32.5% soy protein 
diet3 supplemented with 0.75% of DL-meth- 
ionine and 0.4% of glycine. In addition, 
it contained 3.5% of soy oil, 53% of 
starch, 8.3 to 9.5% of salts (depending 
upon the amount of water of crystalliza­
tion in the salts), 0.1% of inositol, 0.2% 
of choline, and all the known vitamins as 
well as chlortetracyline4 (50 mg per kg) 
and diphenyl-p-phenylenediamine (125 mg 
per kg). After the initial comparisons 
were completed, we also added 2 mg per 
kg of Na2Mo04 to eliminate any possibility 
of a Mo deficiency in the remaining stud­
ies. When the amount of soy protein in 
the diet was varied, the same supple­
mentation with methionine and glycine

Received for  publication December 18, 1961.
1 This study was aided by a grant from  the Na­

tional Institute o f Arthritis and Metabolic Diseases 
o f the National Institutes o f  Health, Public Health 
Service (no. PHS-A-586).

2 We are indebted to the follow ing sources o f sup­
plies: aureomycin, Lederle Laboratories; fermentation 
residue (O m afac), E. R. Squibb & Sons; fish solubles, 
Philip R. Park, Inc., San Pedro, Cal.; vitamin D, 
Bowman Feed Products, Holland. M ich.; soybean oil, 
Procter and Gamble, Cincinnati; diphenyl-p-phenylene- 
diamine, B. F. Goodrich Co.; distiller’ s dried solubles, 
Distillers Feed Research Council, Cincinnati, Ohio; 
Peebles M N C dried whey, Western Condensing Co., 
Appleton, W is.; ADM _ C-l Assay Protein, Archer- 
Daniels-Midland Co., Minneapolis, Minn. The chicks 
were obtained from  Mr. Raymond Sachs, Camillus, 
New York and the turkeys from  the River Valley 
Turkey Farms, Mannsville, New York.

3 ADM C-l Assay Protein, Archer-Daniels-Midland 
Company, Minneapolis.

4 Aureomycin, American Cyanamid Company, New 
York.
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was maintained. In all diet variations, 
appropriate adjustments were made in the 
starch content to keep the total solids at 
100%.

The casein or casein-gelatin diets had 
the same composition listed previously ex­
cept that 20 to 50% of casein, with or 
without 10% of gelatin, (or 15% of casein 
plus 5% of gelatin) was substituted for 
the soy protein. No methionine or glycine 
were added routinely to these diets. When 
fish solubles was added at a constant pro­
tein level, both the casein and gelatin con­
centrations were reduced proportionately.

After the first 9 out of 25 experiments, 
the pyridoxine, menadione, and ZnCl2 
content of the diets were routinely in­
creased to 6, 1, and 40 mg per kg, respec­
tively, and 100 mg per kg of mixed to- 
copherols were substituted for the 24 mg 
of a-tocopheryl acetate. In some of the 
experiments the entire vitamin mixture 
was doubled. In the last three experi­
ments the Zn content of the diet was 
increased to 50 ppm (Dam et al., ’59). 
Occasionally, Nutritional Biochemicals" ca­
sein was U9ed instead of Labco® casein, 
and Wesson7 or Mazola oil8 was used in­
stead of soybean oil. None of these pre­
cautionary adjustments, tests or substitu­
tions had any apparent effect on the 
results. Both the vitamin and mineral 
compositions of these diets equaled or ex­
ceeded the minimal amounts recommended 
by the National Research Council (Bird 
et al., ’54).

A mixture of unrefined materials com­
monly used for supplementing poultry 
feeds was made up of 6% of fish solubles, 
6% of dried whey, 3% of distiller’s solu­
bles and 3% of antibiotic fermentation 
residue (as percentages of the final diet) 
in an attempt to reproduce the experi­
mental conditions described by Reid et al. 
( ’56, ’57). On the basis of nitrogen anal­
ysis and multiplying by the factor 6.25, 
these materials contained 32, 15, 28 and 
28% of protein, respectively. Similarly, 
on the basis of nitrogen content the ca­
sein, soy protein and gelatin contained a 
calculated 82.5, 80 and 96% of protein, 
respectively. The fish solubles also con­
tained 6.4% of fat, 10.5% of ash and 
50% of water; when added to the diet at

the 20% level, it was substituted for 10% 
of the solids.

One-day-old male White Leghorn chicks 
or White Holland Broad Breasted turkeys 
were maintained in heated brooders with 
raised wire-mesh bottoms and fed the diets 
ad libitum. Groups of 10 to 15 birds were 
usually fed each diet, and body weights 
were recorded weekly. The values given 
with the results refer to the average body 
weight at 4 weeks. At the end of 4 weeks 
the birds were killed, and in some experi­
ments the livers were analyzed for xan­
thine dehydrogenase by the manometric 
precedure previously described (Remy et 
al., ’51); 1.7 ml of a 1:60 fiver homogenate 
was tested in the presence of methylene 
blue and hypoxanthine substrate, and the 
net oxygen consumption was recorded in 
cubic millimeters per 20-minute reading 
period.

RESULTS

Turkey growth. The basal 32.5% soy 
protein diet supplemented with 0.75% of 
methionine and 0.4% of glycine, as de­
scribed by Reid et al. ( ’56), gave better 
growth (325 gm) than a commercial chick 
starter (255 gm). Maximal growth (450 
gm) was obtained when the basal soy pro­
tein diet was supplemented with the mix­
ture of unrefined materials; this response 
to the mixture could not be attributed to 
Mo since it was obtained when the basal 
diet contained added Mo. The mixture of 
unrefined materials contributed an addi­
tional 4.5% of protein to the diet, and part 
of the growth response to the mixture 
might have been due to the additional pro­
tein. Supplementing the basal diet with 
an additional 18% casein or soy protein 
(total protein =  50% ) also gave a growth 
response (380 gm) but it was less than the 
maximal rate obtained with the mixture.

By comparison with the 32% soy pro­
tein diet, a 32% casein or a 22% casein- 
10 % gelatin diet gave poor growth (185 
gm and 155 gm). The addition of the 
mixture of unrefined materials to a 22 or 
25% casein-10 % gelatin diet had a marked 
effect and gave 80 to 90% of the maximal 
growth rate. The same response was ob- 5 6 7 8

5 Nutritional Biochemicals Corporation, Cleveland.
6 The Borden Company, New York.
7 Refined cottonseed oil, The Wesson Oil Company 

New Orleans, Louisiana.
8 Refined corn oil, Corn Products Company, Argo,

Illinois.
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tained with 20% of fish solubles alone 
(400 gm), and no additional effect was 
obtained yvhen the diet also contained 
20% of whey. The magnitude of the 
growth response to fish solubles was ob­
viously much greater when tested with a 
casein-gelatin than with a soy protein diet, 
but this difference appeared to be due to 
the “protein-inadequacy” of the casein- 
gelatin diet.

To determine the dietary protein re­
quirement for poults, growth was meas­
ured with various diets containing differ­
ent concentrations of soy protein or casein 
with or without gelatin, both in the pres­
ence and absence of 20% of fish solubles. 
The growth responses have been plotted in 
figure 1 as a function of the total protein 
content of the diet. Since figure 1 involves 
a direct comparison of growth rates in 
numerous diverse experiments, some scat­
ter of the data could be anticipated be-

35 % DIETARY PROTEIN (BY WT.)
Fig. 1 The growth rate of turkeys in relation 

to the total protein content of the diet when the 
latter was supplied as casein (C ), casein plus 
gelatin (CG ), or ADM C-l Assay Protein (soy) 
in the presence and absence of 20% fish solu­
bles (FS). The growth rate was calculated as 
the net gain in body weight in 4 weeks. A maxi­
mal weight gain of approximately 400 gm (450 
— 50) was achieved in these experiments with 
soy protein diets supplemented with fish solu­
bles (17.5 gm/day during the last three weeks or 
an average of 14 gm/day throughout), and this 
value was arbitrarily rated 100% for comparison 
with the growth responses with other diets. The 
protein content of the diet was based on the 
weight of protein added; if based on nitrogen 
content (X 6 .2 5 ) , the values would be 80 to 
85% of those listed.

cause of the inherent differences in vari­
ous groups of birds obtained and studied 
at different times. However, the same diet 
was often repeated with several different 
groups of birds to provide a cross-check, 
and the results were reasonably consistent. 
Approximately 35% total protein was ade­
quate for maximal growth when soy pro­
tein was supplemented with fish solubles. 
Soy protein alone gave 70 to 80% of the 
maximal value when fed at protein levels 
of 32 to 50%. Purified casein or casein- 
gelatin diets gave increasing growth rates 
with increasing amounts of protein in the 
diet; at between 30 and 50% of dietary 
protein the growth rate increased from 
about 30% of the maximum to 70%. 
Thus, casein supported growth almost as 
well as soy protein when fed at sufficiently 
high levels. However, even when fish solu­
bles was added to 30 to 35% of casein or 
casein-gelatin diets, the birds had an un­
thrifty appearance by comparison with the 
birds fed soy protein. When 20% of fish 
solubles was added to casein or casein- 
gelatin diets, no growth response was ob­
tained at a total dietary protein of 20%. 
However, at 30 and 40% of total protein, 
the fish solubles gave good growth stimu­
lation; at 50% of total protein the effect 
of fish solubles was somewhat less marked 
because the casein alone gave reasonably 
good growth. At 32% of total protein 
(casein plus fish solubles) 40% of fish 
solubles gave no greater response than did 
20% of fish solubles; an excess of the 
fish solubles factor was apparently sup­
plied at the 20% level. The maximal 
growth rate achieved with casein or ca­
sein-gelatin diets supplemented with fish 
solubles appeared to be 85 to 90% of the 
maximal rate achieved with soy protein 
plus fish solubles.

Chick growth. Chicks responded to the 
various diets in a similar manner as the 
turkeys. A large number of growth rates 
plotted as a function of the total protein 
content of the diet are shown in figure 2. 
As with the turkeys, purified soy protein 
diets containing added methionine and 
glycine supported growth better than ca­
sein or casein-gelatin diets. Twenty per 
cent of soy protein was inadequate, but 
30% allowed about 80% of maximal 
growth and 35 to 50% soy protein diets
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Fig. 2 The growth rate of chicks in relation 
to the total protein content of the diet. Other 
explanations are the same as in figure 1, except 
that 100% of the maximal weight gain in chicks 
was 320 gm in 4 weeks (357 — 37) (about 14 
gm/day during the last two weeks); the square 
represents a casein diet and X represents a com­
mercial chick starter.

gave a constant 85% of the maximal 
growth rate* The addition of 20% of fish 
solubles to the soy protein diets gave no 
growth response when the total dietary 
protein was 20% , but increased the growth 
rate to 100% of maximum when the total 
protein exceeded 35%. Clearly, the fish 
solubles supplied some factor other than 
protein which was missing from the puri­
fied soy protein diets and which was re­
sponsible for the last growth increment of 
about 15% , or the fish solubles “balanced” 
the diet in some unknown manner. A total 
protein content of about 35% was ade­
quate for maximal growth when supplied 
as soy protein supplemented with methio­
nine and glycine. Diets not supportng 
maximal growth during the first few weeks 
of life sometimes gave growth curves 
which were parallel to the maximal rate 
during the :hird or fourth week; in such 
cases the major effect of the better diet 
occurred in the first two or three weeks 
(Sunde and Bird, ’59).

The casein-gelatin diets gave increasing 
growth rates with increasing amounts of 
protein in the diet up to a level of about 
45% protein. The maximal growth rate 
achieved with casein-gelatin diets was only 
about 70% of that attainable, and was

therefore significantly less than that 
achieved with purified soy protein diets. 
The addition of fish solubles to tjre casein- 
gelatin diets had no growth effect when 
the total protein was 20%. However, a 
growth stimulation was evident at higher 
protein levels, and the response curve with 
fish solubles was approximately parallel to 
the response curve of the unsupplemented 
diets. At 50% of total protein the casein- 
gelatin plus fish solubles diet gave 90% 
of the maximal growth rate attainable, and 
this was increased to 95% by the further 
addition of casein to a total protein of 
66.5%.

Commercial chick starter allowed good 
growth (85%)  of chicks on the basis of 
its protein content, but this is the only 
value in figure 2 for which the protein con­
tent of the diet was based on nitrogen anal­
ysis; the growth rate for the chick starter 
diet would be very close to the soy plus fish 
solubles curve if the protein content of the 
latter diets had also been calculated from 
their nitrogen contents rather than from 
the weights of purified protein added to the 
diets.

The addition of 20% of whey to the 
25% casein-10% gelatin diet gave some­
what less growth stimulation than did the 
20% of fish solubles. The addition of 
whey and fish solubles together gave no 
greater effect than the fish solubles alone. 
Twenty per cent of fish solubles supplied 
an excess of this factor since the addition 
of either 10 or 20% of fish solubles to a 
25% casein-10% gelatin diet gave the 
same growth stimulation. Similarly, the 
presence of 10, 20 or 30% of fish solubles 
in casein-gelatin diets containing 50% of 
total protein all gave the same growth re­
sponse. The ash from 20% of fish solu­
bles added to a 40% casein-10% gelatin 
diet produced a slight stimulation of 
growth, and the same effect was obtained 
whether the basal diet contained added 
Mo or not. The omission of Mo from the 
this basal diet had no effect on the growth 
rate. The use of 10% of Amigen9 as a 
form of hydrolyzed casein in a 35% ca­
sein-10% gelatin diet gave the same 
growth rate as the untreated casein.

9 Amigen, Mead Johnson Company, Evansville, 
Indiana.
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Fig. 3 The relationship between turkey or chicken liver xanthine dehydrogenase activity 
and the total protein content of the diet (based on N X 6.25). Liver xanthine dehydrogenase 
values are given as net 0 2 consumption in cubic millimeters per 20 minutes per 1.7 ml of 
a 1:60 liver homogenate as determined manometrically in the presence of methylene blue. 
The circle represents a casein gelatin diet without added Mo, and the X represents a com- 
merical chick starter. A total of 257 turkey and 447 chicken livers were analyzed to obtain 
the above curves. Individual groups have been plotted to illustrate the variability of the 
data in different experiments.

Liver xanthine dehydrogenase (XD). 
When liver XD was used as an index 
of the protein nutriture of turkeys or 
chicks, the curves in figure 3 were ob­
tained. These curves represent a plot of 
liver XD activity as related to the total 
protein of the diet, irrespective of the kind 
of protein making up the total. In order 
to have all diets comparable, the protein 
content was calculated from the nitrogen 
analysis rather than from the weight of 
casein, gelatin or soy protein added.

In both turkeys and chicks the liver 
xanthine dehydrogenase activity increased 
in a relatively straight-line relationship 
with the total dietary protein; at 50% of 
dietary protein the liver XD was 5 to 6 
times the value observed at 20 %. The 
good growth obtained with soy protein 
diets as compared with casein diets was 
not accompanied by corresponding differ­
ences in fiver XD; both proteins were 
equally effective in promoting the syn­
thesis of this fiver enzyme. Similarly the 
presence or absence of fish solubles in the 
diet at any protein level had no effect on 
fiver XD.

When Mo was omitted from the 43% 
total protein diet (casein plus gelatin) fed

to chicks, normal levels of liver XD were 
still obtained; all other diets contained 
added Mo. While the fiver XD is not par­
ticularly sensitive to a border fine Mo de­
ficiency, these results indicate that the 
growth effect of fish solubles cannot be 
attributed to the presence of Mo, since 
there was more than enough Mo in all 
diets to allow for maximal synthesis of 
fiver XD at all protein levels.

An increasing level of fiver xanthine 
oxidase or dehydrogenase with increasing 
levels of dietary protein is not unique for 
birds. Campbell and Kosterfitz ( ’48) dem­
onstrated that the protein content of rat 
fiver increases continuously with increas­
ing amounts of protein in the diet, and the 
amount of xanthine oxidase in rat fiver 
parallels the total fiver protein (Meikle- 
ham, et al., ’51). Complete curves com­
parable to those in figure 3 have not been 
obtained for the rat, but the available 
data (Richert and Westerfeld, ’53; Litwack 
et al., ’52) show a similar trend for both 
rat fiver and intestine. In the rat a satu­
ration of the fiver with xanthine oxidase 
is not correlated with growth rate; maxi­
mal growth rates can be achieved with 
diets containing less than 20% of pro­
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tein, but such diets give relatively low 
levels of liver xanthine oxidase. Similarly 
in chicks and poults a maximal growth 
rate can be achieved with 35% of total 
protein in the diet even though such diets 
do not saturate the liver with xanthine 
dehydrogenase.

The principal contribution of figure 3 
to a study of the growth of turkeys and 
chicks is the demonstration that (1 ) ca­
sein or casein-gelatin is utilized by these 
birds for the formation of fiver XD just as 
effectively as soy protein; casein does not 
fail to support growth when present in 
high concentration because it is not di­
gested or utilized, nor is it an inadequate 
protein for birds insofar as the synthesis 
of this fiver enzyme is concerned; and 
(2 ) fish solubles does not seem to stimu­
late growth by supplying an unusually ef­
fective protein because no protein effect 
from fish solubles is evident on fiver XD. 
It is possible that the proteins from fish 
solubles or soy could be unusually effec­
tive for growth without having any effect 
on fiver XD, and it should be noted that 
there is no break in the fiver XD curve 
which would indicate a protein deficiency 
for growth. However, an essential amino 
acid deficiency decreases chick liver XD 
inversely proportional to the amount of the 
limiting amino acid available (Litwack 
and Fisher, ’57), and rat fiver xanthine 
oxidase also reflects the quality of the die­
tary protein (Litwack et al., ’54); on this 
basis the proteins from fish solubles or soy 
were no better than casein-gelatin.

The presence of inert fiber in a diet 
produced higher levels of fiver XD than 
would have been predicted from the pro­
tein content of the diet, presumably be­
cause the birds ate more of the low-calorie 
diet and therefore had a higher daily pro­
tein intake. Turkeys fed a 20.5% casein 
plus 8% gelatin plus 20% fish solubles 
diet for 4 weeks had an average fiver XD 
of 29; when 35% of cellulose was sub­
stituted for starch so that the total protein 
of the diet remained at 35% , the fiver XD 
averaged 39. This relatively large amount 
of cellulose also decreased the growth rate 
so that at 4 weeks the control group aver­
aged 375 gm, whereas the cellulose-fed 
poults weighed 300 gm. Similarly when 
37% of cellulose was substituted for

starch in a diet containing 26% soy pro­
tein plus 20% fish solubles (plus 0.75% 
methionine plus 0.4% glycine) the fiver 
XD increased from 13 to 35 and the body 
weight at 4 weeks decreased from 450 to 
245 gm. The addition of cellulose gave a 
higher protein: calorie ratio to the diet, 
and this was reflected by higher levels of 
fiver XD.

DISCUSSION

On the basis of growth rates and gen­
eral appearance the casein or casein-gela­
tin diets were grossly deficient in at least 
two unidentified factors required by both 
turkey poults and chicks. One of these was 
present in soy protein and appeared to be 
responsible for the better growth and ap­
pearance achieved with soy diets. A dif­
ferent factor was present in fish solubles 
since purified soy protein diets alone did 
not support maximal growth rate at any 
protein level, and the plateau in the re­
sponse curve between 35 and 50% of soy 
protein would not have been observed if 
the soy protein effect was due to the pres­
ence of small amounts of the fish solu­
bles factor. For the same reasons the fish 
solubles factor was not a more effective 
protein; in addition, the fish solubles had 
no protein effect on fiver xanthine dehy­
drogenase, and it had no effect on growth 
when the total protein in the diet was 
limiting at the 20% level.

The casein appeared to contain a small 
but inadequate amount of some growth 
factor, presumably the soy protein factor. 
Increasing amounts of casein or casein- 
gelatin in the diet between 35 and 50% 
gave an increasing growth rate, presum­
ably because the additional protein sup­
plied more of this factor; the latter was 
still inadequate since the maximal growth 
rate achieved with 50% casein-gelatin 
diets was less than the maximal rate 
achieved with 35 to 50% soy protein diets. 
The parallel but higher response curve 
obtained when fish solubles was added to 
the casein-gelatin diets reflected the limit­
ing amount of “soy factor” in these diets; 
that is, the soy factor in the casein was be­
ing assayed by this response curve. Since 
less than maximal but increasing growth 
rates were obtained with increasing 
amounts of casein in the diet, the casein 
was supplying this additional factor in
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small amounts. This type of response also 
indicated that the fish solubles was rela­
tively free, of the soy factor.

The soy protein factor could theoreti­
cally be protein itself; that is, the amino 
acid composition of soy protein could sup­
port the growth of birds better than the 
amino acid combination found in casein 
or casein plus gelatin. Although such a 
relationship was not reflected by corre­
sponding differences in liver xanthine de­
hydrogenase, the latter criterion is not 
necessarily correlated with growth. The 
major reason for believing that the soy 
protein factor is not protein is that the 
amino acid composition of the 35% soy 
diet is very similar to the amino acid com­
position of the 25% casein-10% gelatin 
diet. Moreover, it is difficult to see how a 
protein that was inadequate because of an 
amino acid imbalance would support bet­
ter growth when the total concentration of 
that same protein was increased.

Theoretically a 28% soy protein diet 
(22% on the basis of N content) supple­
mented with zero to 0.1% of glycine and 
0.4 to 0.6% of methionine should meet all 
the minimal requirements for essential 
amino acids for chicks as listed by Bird et 
al. ( ’54) or by Klain et al. ( ’58, ’60). Why 
a minimum of approximately 35% of soy 
protein was required to achieve maximal 
growth in these studies is not entirely 
clear. Supplementing the various diets 
with 20% of fish solubles had relatively 
little effect on the essential amino acid 
composition of the diet (Williams, ’55). 
Diets containing less than 35% of casein 
alone are apt to be limiting in arginine 
and glycine (Greene et al., ’60), but gela­
tin is rich in these amino acids, and the 
25% casein-10% gelatin diet theoretically 
supplied more than enough of all the es­
sential amino acids. Much less arginine 
appears to be required with a corn-soy 
diet than with a casein or casein-gelatin 
diet (Krautmann et al.,’57; Fluckiger and 
Anderson, ’59) even though the arginine 
is absorbed completely from both types of 
diet (O’Dell et al., ’58); this difference 
has been attributed to the presence of a 
factor in com and soy meals which spared 
arginine (Krautman et al., ’58), or to the 
amino acid composition of the casein 
(Klain et al., ’59; Anderson and Dobson,

’59, Fisher et al., ’60). Hogan et al. ( ’57), 
Edwards et al. ( ’58) and Savage and 
O’Dell ( ’60) reported small growth re­
sponses from the addition of arginine or 
creatine to a 25% casein-10% gelatin 
diet, but we have not obtained any sig­
nificant growth responses when 22 to 30% 
casein plus 10% gelatin diets were sup­
plemented with 0.5 to 1% of arginine.

CONCLUSIONS

1. Approximately 35% of total dietary 
protein (29% on the basis of N content) 
supported the maximal growth rate of 
both chicks and turkey poults when sup­
plied as soy protein supplemented with 
methionine and glycine, and when the 
diet also contained fish solubles. In the 
absence of fish solubles, 35 to 50% soy 
protein diets allowed 80 to 85% of maxi­
mal growth.

2. Increasing concentrations of casein or 
casein-gelatin in purified diets as the sole 
source of protein gave increasing growth 
rates; at 50% of total protein the growth 
rate was 70 to 75% of maximum. Added 
fish solubles gave a growth stimulation at 
all levels of dietary protein except 20 %, 
and gave 90 to 95% of the maximal 
growth rate when the total protein in the 
diet was 50 to 66% .

3. In both turkeys and chicks the liver 
xanthine dehydrogenase activity increased 
in a relatively straight-line relationship 
with the total dietary protein, and was 5 
to 6 times higher at 50% of dietary pro­
tein than at 20% . Casein or casein-gelatin 
diets were just as good sources of protein 
as soy by this criterion. The presence or 
absence of fish solubles in the diet at any 
protein level had no effect on liver xan­
thine dehydrogenase.

4. These results were interpreted as 
indicating a deficiency of two unidentified 
factors in the casein-gelatin diets: (a ) 
one carried by soy protein, and (b ) an­
other present in fish solubles.
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Continuous studies of choline deficiency 
and its effects on experimental animals 
have been in progress in this laboratory 
for many years. Hepatic cirrhosis has de­
veloped consistently in rats restricted to 
choline-deficient diets for 200 to 300 days. 
For more than 10 years a significant inci­
dence of hepatocarcinoma was observed 
as a terminal lesion in AES3-strain rats 
subjected to prolonged periods of choline 
deficiency (Engel and Salmon, ’41; Cope­
land and Salmon, ’46; Schaefer et al., ’50; 
Salmon and Copeland, ’54; Salmon et al., 
’55). Beginning in 1955, however, it was 
noted that the incidence of hepatocarcin­
oma in this strain of rats was not as high 
as had previously been observed. Various 
steps of our procedures were studied in 
efforts to ascertain the cause of the de­
creased incidence, but no explanation was 
provided by the results of these studies. 
Coincidental with this period, however, 
certain antimicrobial additives had been 
included in the diet of our breeding colony 
of AES rats at various times in attempts 
to control chronic respiratory infections. 
These additives included oxytetracycline, 
sulfanilamide, sulfamerazine, and furazol­
idone. The remote possibility that the de­
creased incidence of hepatic lesions in our 
choline-deficient rats might be attributed 
to these materials in the stock diet was 
suggested by reports from two laboratories. 
Gyorgy ( ’54) had reported that certain 
antibiotics afforded considerable protection 
against hepatic cirrhosis and hepatic ne­
crosis. Rutenberg et al. ( ’57) reported that 
orally administered antibiotics markedly 
delayed the development of hepatic cir­
rhosis in rats fed choline-deficient diets.

An experimental examination of the ef­
fects of adding penicillin, oxytetracycline,

neomycin sulfate, sulfanilamide, sulfa- 
guanidine, and furazolidone to our stand­
ard choline-deficient diet for rats was 
therefore undertaken. Results of these ex­
periments are presented in this paper.

EXPERIMENTAL PROCEDURES 
AND RESULTS

Rats were housed individually in 0.5- 
inch mesh screen-bottom cages in air-con­
ditioned rooms. Tap water was supplied 
ad libitum and the experimental diets were 
fed 6 days per week with a double portion 
fed on Saturday.

The same basal diet was used in all 
experiments. The percentage composition 
follows: extracted casein, 6; extracted 
peanut meal, 25; cod liver oil, 1; salts, 5; 
vitamin premix, 2; sucrose, 42; and lard, 
19. The salt mixture supplied the follow­
ing amounts of salts as per cent of diet: 
CaHP04-2H20, 3.15; KC1, 0.6; MgSCh, 0.4; 
NaHCOs, 0.7; Fe citrate, 0.123; MnSCh- 
H20, 0.010; ZnC03, 0.010; CuS04, 0.004; 
KI, 0.003. Vitamins contained in the pre­
mix with sucrose furnished the following 
amounts in milligrams per kilogram of 
diet: riboflavin, 2; thiamine-HCl, 4; pyri- 
doxine-HCl, 1; Ca pantothenate, 10; nia­
cin, 25; menadione, 5; folacin, 2; inositol, 
200. Crystalline antibiotics and sulfona­
mides, when used, were incorporated into 
the diet at the expense of sucrose. Fur­
azolidone was added to the total diet with­
out adjustment of the sucrose. The casein
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and peanut meal were extracted for 24 
hours with 82% methanol and for 24 addi­
tional hours with 100% methanol in a 
steam-jacketed, continuous-type extractor. 
The basal diet with minor variations has 
been the standard diet for studies of cho­
line deficiency in this laboratory since 
1944.

Effect of additives in long-term experi­
ment. A long-term test was conducted 
with AES-strain rats. They were 5 weeks 
of age and averaged 82 gm at the start 
of the experiment. The basal diet was 
supplemented with 0.10% of choline chlo­
ride for all groups during the first week 
of the experiment; the choline supplement 
was then omitted and the test additives 
were included in 8 treatment groups as 
shown in table 1. An additional group 
received the choline-deficient diet without 
any antimicrobial additive. Each treat­
ment group consisted of 5 rats except the 
groups receiving 0.15% of penicillin and 
0.15% of neomycin sulfate, which had 
only 4 rats each as a result of early death 
of one rat in each of these groups.

Of the additives tested, penicillin had 
the greatest effect on weight gains and 
average survival time (see table 1). Its 
effects were substantial at the 0.01% level, 
and very marked at the 0.15% level. The 
0.15% penicillin treatment group was the 
only group in which all rats survived for 
the entire 630-day test period; these rats 
exhibited the physical appearance of nor­
mal rats at the end of the test. Oxytetra- 
cyeiine and neomycin sulfate, at a 0.15% 
level, the only level of these antibiotics

tested, also increased weight gains and 
survival time. Sulfanilamide at a level of 
0.50% and furazolidone at thq low level 
of 0.0055% were almost equal to penicillin 
in their effects on average survival time. 
At the higher level of 0.022% , furazolidone 
was less beneficial. Average survival time 
of the rats receiving 0.50% of sulfaguan- 
idine was substantially shorter than that of 
those receiving the same level of sulfanila­
mide. Neither of the sulfonamides nor 
furazolidone was very effective in improv­
ing average weight gains.

Incidence and severity of hepatic cirrho­
sis. The influence of the antimicrobial 
additives on hepatic cirrhosis was striking. 
A diagnosis of cirrhosis was recorded for 
any abnormal amount of fibrous connec­
tive tissue in the liver. Severity of the 
cirrhosis, if present, was coded over a 1 + 
to 4+ range and the average code for each 
group is shown in the last column of 
table 1. Typical histopathologic observa­
tions are illustrated by photomicrographs 
in figures 1 to 8. No rat receiving 0.15% 
of penicillin (fig. 1), 0.15% of neomycin 
sulfate (fig. 2), 0.50% of sulfanilamide, 
or 0.022% of furazolidone exhibited cir­
rhosis. Only one of 5 rats receiving 0.01% 
of penicillin, 0.50% of sulfaguanidine, or 
0.0055% of furazolidone had a 1+ cir­
rhosis, and three of 5 rats given 0.15% 
of oxytetracycline (figs. 3 and 7) had a ld- 
cirrhosis. In contrast, every rat fed the 
choline-deficient diet without additive had 
cirrhosis with an average severity code of 
3.2+ (fig. 4). Most of the livers, irrespec­
tive of treatment, however, appeared en-

TABLE 1
E ffects o f additives in long-term choline deficiency exp erim en t

Additive Av. weight1 Av. days 
gain survival

Fatty
liver

Hepatic
cirrhosis

None
% of diet gm

313 483 5 /5 2 5 /5 (3 .2 +  )s
Penicillin 0.01 488 609 5 /5 1 /5  (0 .2 +  )
Penicillin 0.15 546 630 + 4 /4 0 /4 (0 )
Oxytetracycline 0.15 405 567 + 4 /5 3 /5 (0 .6 +  )
Neomycin sulfate 0.15 411 567 + 3 /4 0 /4 (0 )
Sulfanilamide 0.50 364 602 + 5 /5 0 /5 (0 )
Sulfaguanidine 0.50 362 504 + 5 /5 1 /5 (0 .2 +  )
Furazolidone 0.0055 361 593 + 5 /5 1 /5 (0 .2 +  )
Furazolidone 0.022 317 520 + 5 /5 0 /5 (0 )

1 To m aximum  weight attained.
2 Number showing lesions/num ber in group.
3 Cirrhosis, i f  present, was coded over a 1+ to 4+ range with increasing severity. Figures in 

parentheses represent average severity code for the group. The + signs in average days o f survival 
colum n indicate that some rats were surviving at end o f 630-day test period.
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larged and fatty at autopsy and showed 
abnormal accumulations of fat when 
frozen sections were stained with oil red 
O and examined under the microscope. 
Such examination revealed considerable 
variation in the amounts and distribution 
of fat. There were intense accumulations 
of globules of fat within hyperplastic liver 
cells and in residual liver cells interspersed 
among fibrotic bands of connective tissue 
in the livers of rats fed the choline-defi­
cient basal diet (fig. 5). The lightest ac­
cumulation of fat was in the livers of rats 
receiving penicillin, but some of these ex­
hibited the centrolobular lipid accumula­
tion that is typical of early choline defi­
ciency (fig. 6 ); others showed a small 
amount of fat droplets diffusely distributed 
throughout the lobules. Throughout the 
livers of the rats receiving sulfanilamide 
or sulfaguanidine the cells were burdened 
with fat (fig. 8 ); despite this intense in­
filtration of fat, there was no cirrhosis in 
these livers.

Short-term experiments. A short-term 
experiment was conducted to determine 
whether penicillin or sulfanilamide would 
affect rate of mortality or survival time of 
rats subjected to acute choline deficiency. 
Charles River CD-strain rats were used in 
this experiment. The choline requirement 
of this strain is comparable to that of the 
AES strain. The rats were about 4 weeks 
of age and weighed 55 to 65 gm at the 
start of the experiment. No initial choline 
supplement was added to the diet in this 
experiment. The results are shown in 
table 2. Penicillin or sulfanilamide did not 
alter the mortality rate. These additives 
also failed to affect the survival time of 
the rats succumbing to acute choline de­
ficiency.

A second short-term experiment was 
then conducted to determine the effect of

TABLE 2
E ffects  o f  additives on  m ortality in  acute choline  

d eficien cy exp erim en t

Additive Mortality1 Days to 
death2

None
% of diet

12/20 8-11
Penicillin 0.10 6 /1 0 7-12
Sulfanilamide 0.10 7 /10 8-10
Sulfanilamide 0.50 7 /10 7-11

1 Rats dying/rats in group.
2 Of rats succumbing within critical period.

penicillin or sulfanilamide on liver lipid 
levels in weanling rats subjected to acute 
choline deficiency. Charles River CD rats 
were also used in this experiment. These 
rats were 4 weeks of age and averaged 
62 gm in weight at the start of the experi­
ment. There were 4 treatment groups of 
5 rats each. Three of these groups re­
ceived 0.30% of choline chloride in their 
respective diets for the first 10 days, after 
which the choline chloride was omitted. 
This left one group receiving the choline- 
deficient basal diet, one group with this 
diet supplemented with 0.15% of penicil­
lin G sodium, and one with the deficient 
diet supplemented with 0.50% of sulfa­
nilamide; the additives were included in 
the latter two diets from the beginning of 
the experiment. The fourth group received 
0.60% of choline chloride in the diet for 
the entire test. Average weights of each 
of the 4 groups ranged from 122 to 130 
gm per rat on the tenth day of the test 
when the choline supplement was omitted 
from the diets of three treatment groups. 
All 4 groups were killed 8 days later. The 
average final body weights, fiver dry 
weights, and fiver total lipids are shown 
in table 3. Neither penicillin nor sulfa­
nilamide prevented accumulation of ab­
normal levels of fiver lipids or decreased

TABLE 3
E ffects o f  additives on liver lipid level in  acute choline deficiency

Additive Av. final 
body weight

Av. liver 
dry weight

Liver lipid 
average and range

Hemorrhagic
kidneys

% of diet gm gm % dry-weight basis
None — 153 3.75 46.9(44.9 -52.0) 4 /5 1
Penicillin 0.15 138 3.58 50.4(44.5-56.6) 5 /5
Sulfanilamide 0.50 135 3.01 37.4(30.5-46.0) 5 /5
Choline-Cl 0.60 193 2.55 16.9(13.8-19.8) 0 /5

1 Number of rats having hemorrhagic kidneys/number of rats in treatment group.
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the incidence of hemorrhagic kidneys in 
rats subjected to acute choline deficiency.

DISCUSSION

Results of the experiments presented 
here confirm and extend the observations 
of Gyorgy ( ’54) and of Rutenberg et al. 
( ’57). They indicate that hepatic cirrhosis 
in the choline-deficient rat is not a simple 
nutritional deficiency effect. The protection 
afforded by such diverse antimicrobial ad­
ditives in choline-deficient diets favors the 
hypothesis that enteric microbial agents 
or their noxious products are essential to 
the production of the syndrome. The liver 
of the normal rat apparently is endowed 
with protective mechanisms that neutral­
ize the effects of such noxious agents. 
These mechanisms are probably ineffective 
in the fat-laden liver of the choline-defi­
cient rat.

Neither penicillin nor sulfanilamide sub­
stantially affected mortality rates or liver 
lipid levels of rats on short-term choline- 
deficiency experiments. In the long-term 
experiment, penicillin decreased liver lip­
ids somewhat, but the sulfonamides ap­
peared to increase them. Thus, it seems 
that the effects of the antimicrobials is 
not a choline-sparing action but a direct 
protective action against a harmful agent.

It is significant that all of the long-term 
control rats fed the choline-deficient diet 
without an antimicrobial additive exhibited 
hepatic cirrhosis. If an enteric agent(s) 
is involved in the pathogenesis of cirrho­
sis, it either was not eliminated from the 
AES strain of rats by the use of various 
antimicrobials in the stock colony diet, or 
reinfection occurred during the progress 
of the experiment. Despite the duration 
of the long-term experiment, not a single 
hepatocarcinoma was noted in any of the 
43 experimental animals. However, in an­
other experiment conducted during the 
same period, one of 10 rats fed the same 
choline-deficient control diet for 301 to 
500 days developed a hepatocellular car­
cinoma. These results further demonstrate 
the marked change in response of the AES

strain of rats to prolonged choline defi­
ciency. Much more work will be required 
to establish the cause of such a change.

SUMMARY

Penicillin G sodium, neomycin sulfate, 
oxytetracycline, sulfanilamide, sulfaguan- 
idine, and furazolidone prevented or de­
creased the severity of hepatic cirrhosis in 
choline-deficient AES-strain rats over a 
630-day test period. Penicillin or sulfa­
nilamide did not prevent abnormal accu­
mulation of lipids in livers of weanling 
rats subjected to acute choline deficiency; 
furthermore, they did not decrease inci­
dence of hemorrhagic kidneys or mortality 
rates in such acutely deficient rats.

The protective action of these diverse 
antimicrobial diet additives indicates that 
noxious enteric agents are involved in the 
pathogenesis of hepatic cirrhosis in the 
choline-deficient rat. Inasmuch as none 
of the choline-deficient control rats devel­
oped neoplasms, no inference can be 
drawn regarding any possible effects of 
the diet additives on incidence of neo­
plasms in choline-deficient rats.
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EXPLANATION OF FIGURES

PLATE 1

1 Liver from rat receiving choline-deficient diet with 0.15% of penicil­
lin. There is no evidence of cirrhosis or any increase in reticular or 
fibrous tissue. Foot’s modification of Bielschowsky’s reticulum stain. 
X 100.

2 Liver from rat fed choline-deficient diet with 0.15% of neomycin 
sulfate. Results are comparable to those from a similar level of peni­
cillin. A few large-droplet accumulations of lipid can be observed 
about a central vein. This was graded 1+  fat after confirmation with 
frozen sections and fat stains. Cirrhosis is absent. H. and E. X 100.

3 Liver from rat receiving choline-deficient diet with 0.15% of Oxytetra­
cycline. Note strands of reticulum and fibrous tissue coursing through 
the section. Foot’s modification of Bielschowsky’s reticulum stain. 
X 100. 4

4 Liver of rat fed choline-deficient diet without additive. Cirrhotic bands 
are shown separating hyperplastic nodules of hepatic cells that con­
tain large quantities of fat. The nodule in upper right of photograph 
represents more recent hyperplasia. As nodules aged they increased 
in lipid content. Foot’s modification of Bielschowsky’s reticulum 
stain. X 100.
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PLATE 2

EXPLANATION OF FIGURES

5 Liver of rat fed choline-deficient basal diet without additive, showing 
severe cirrhosis and lipid accumulation. Lipid has accumulated in 
zones of nodular hyperplasia and some lipid is present in residual 
liver cells between the fibrotic bands of connective tissue. Frozen 
section, oil red O stain, Harris’ hematoxylin counterstain. X 40.

6 Liver of rat fed choline-deficient diet that contained 0.01% of peni­
cillin. This section represents a typical 2 | ■ centrolobular lipid accu­
mulation of a choline-deficient liver. Cirrhosis is absent. Oil red O 
stain, Harris’ hematoxylin counterstain. X 80.

7 Liver from rat consuming choline-deficient diet with 0.15% of Oxy­
tetracycline. There is scattered accumulation of lipid that was 
graded 1+ . Stromal condensation and fibrous proliferation was 
graded 1+ . Note atypical, hypertrophic liver cells and lack of cord 
formation. Oil red O stain, Harris’ hematoxylin counterstain. X 80. 8

8 Liver from rat receiving choline-deficient diet with 0.5% of sulfa­
nilamide. There is a large accumulation of fat graded 4 +  but no 
cirrhosis. Oil red O stain, Harris’ hematoxylin counterstain. X 80.
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It appears certain that biological activ­
ity of vitamin C is dependent upon the 
integrity of the L-ascorbate molecule.2 In 
tissues, ascorbic acid is considerably more 
stable than the product of its reversible 
oxidation, dehydroascorbic acid, and much 
more stable than diketogulonic acid (Cur­
tin and King, ’55), which results from hy­
drolysis of the lactone ring of dehydro­
ascorbic acid. Although diketogulonic 
acid may be reduced to 2-keto- L-gulonate 
(Ashwell et al., ’61), it has no appreciable 
antiscorbutic properties. This indicates 
that catabolism takes precedence over pos­
sible reconversion to ascorbic acid. Noth­
ing has been reported regarding the stabil­
ity in vivo of monodehydroascorbic acid, 
but the free-radical nature of the com­
pound suggests that it should have limited 
life expectancy, that which escapes reduc­
tion to ascorbic acid soon being further 
oxidized to dehydroascorbic acid.

Aside from ascorbic acid and products 
of its oxidation with the intact 6-carbon 
chain, the bulk of the radioactivity derived 
from ascorbic-1-C14 acid is excreted in 
oxalic acid and C02. Details of the mech­
anism by which these substances arise 
have recently been described (Ashwell et 
al., ’61). Diketogulonic acid may appar­
ently undergo two types of reactions. It 
is either decarboxylated, yielding C02 and 
pentonic acids, or it is cleaved between 
carbons 2 and 3, giving oxalic acid and 
threonic acid. Since neither C02 nor 
oxalic acid are long retained (Curtin and 
King, ’55), it follows that destruction of 
ascorbic-1-C14 acid must be reflected by 
excretion of radioactivity in these com­
pounds without great delay.

It is consistent with these considera­
tions that no appreciable radioactivity oc­
curs in tissues other than that associated 
with ascorbic acid itself when ascorbic-1- 
C14 acid is administered (Burns et al., ’51).3 
The relationship between the rapid catabo­

lism and rapid and nearly complete excre­
tion of labeled substances from ascorbic- 
1-C14 acid permits the use of relatively 
simple and straight-forward techniques in 
investigations of the catabolism of ascorb­
ate in vivo.

The present work constitutes an exten­
sion of earlier observations (Salomon, ’57; 
Salomon and Stubbs, ’61). It was under­
taken to gather evidence regarding the 
effect of changes in size of the body pool 
and of physiological stress upon the catab­
olism of ascorbic acid, to investigate the 
kinetics of the phase pf catabolism immedi­
ately following the injection of labeled 
ascorbic acid, and to discover whether 
freshly introduced ascorbic acid led to 
sparing of that previously incorporated 
into the tissues. These aspects are kine- 
tically interrelated.

METHODS

General. Urinary and respiratory ex­
cretion of radioactivity derived from as­
corbic-1-C14 acid was determined under 
various conditions in guinea pigs. As- 
corbic-l-C14 acid was synthesized as de­
scribed4 and collection of radioactive speci­
mens and assay of radioactivity followed 
established procedures, summarized else­
where (Salomon, ’57). Counts here re­
ported are corrected for background and 
self-absorption ( Calvin et al., ’49), but are 
not absolute.5

Effect of body pool on catabolism. This 
series of experiments was performed ex-

Received for  publication October 13, 1961.
1 This investigation was supported in  part by 

U.S.P.H.S. Research Grant C-3994.
2 This paper deals exclusively with the catabolism 

o f L-ascorbic acid, the naturally occurring analog. 
The designation identifying the stereoisomer will be 
omitted in  the subsequent discussions.

3 Salomon, L. L. 1952 Studies on the metabolism 
under stress and the biosynthesis o f ascorbic acid. 
Dissertation. Columbia University, New York.

4 See footnote 3.
5 The applicable statistical considerations have been 

discussed by Calvin et al. ( ’49 ). Self-absorption cor­
rections by extrapolation to “ infinite thinness”  were 
determined substantially as described by these 
authors.

J. N u t r i t i o n ,  76: ’62 493
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actly as described in a similar previous 
study (Salomon, ’57), since a more recent 
report (von Schuching et al., ’60) made 
confirmation of the results desirable. The 
animals were maintained with a scorbuti- 
genic diet, aged commercial rabbit chow,6 
supplemented by 30 mg of ascorbic acid 
per kg of body weight per day. To induce 
scurvy, oral supplements were withheld 
for 21 days, at which time the weight was 
diminished. The first metabolism experi­
ment was then performed, involving in­
jection of ascorbic-l-C14 acid and collec­
tion of urinary and respiratory radioactivity 
during the periods indicated in figure 
1. Provided that contamination of feces 
with urine is avoided, as in this study, 
fecal radioactivity is negligible under 
these conditions (Burns et al., ’51).

Following this, realimentation with 30 
mg of ascorbic acid per kg of body weight 
per day by mouth was carried out until 
satisfactory gain in weight was observed. 
A second metabohsm'experlment was then 
conducted. For the third, and final, metab­
olism experiment, one minimal lethal dose 
of diphtheria toxin was administered sub­
cutaneously 12 hours prior to the injec­
tion of ascorbic- 1-C14 acid and the start of 
the collection of radioactivity. Precau­
tions in the spacing of successive experi­
ments on the same animal are discussed 
later.

Effect of graded and massive doses. 
Guinea pigs were maintained as described 
(see above and Salomon, ’57). Severe 
sourvy was produced by prolonged with­
drawal of dietary ascorbic acid (39 and 
51 days, respectively). This resulted in 
much emaciation, anorexia, great sensi­
tivity to the touch, and diarrhea. The ani­
mals in this state presented a generally 
unkempt appearance and were visibly ill. 
The sequence of experiments summarized 
in table 1 was designed to eliminate ef­
fects of aging or gain in weight. Neither 
here nor previously (Salomon, ’57), how­
ever, were there indications of effects at­
tributable to changes in age or weight.

Successive runs were spaced sufficiently 
apart to insure virtual absence of inter­
ference from residual radioactivity. Be­
cause of the fairly short biological half- 
life of ascorbic acid in guinea pigs, this 
presented no difficulties. Approximately

25% of a physiological dose is generally 
lost during the 24 hours following injec­
tion, and considerably more yvhen mas­
sive doses are used. Thus, with a biolog­
ical half-life of 4 days (Salomon, ’57), 
less than 2.5% of the dose remains after 
21 days. To eliminate the possibility of 
error from carry-over of radioactivity, 
guinea pigs were placed in the metabolism 
chamber for several hours in all but the 
initial run, and excreted radioactivity was 
determined, just prior to the start of each 
metabolism experiment. In this way, the 
contribution of residual radioactivity to 
later measurements could be calculated 
by extrapolation of the decay curve for 
the particular animal. The corrections 
were always small, and most frequently 
within the error of measurements ( ±  2% )7 
and negligible.

Effect of intrahepatic injection and of 
nephrectomy. For intrahepatic injections, 
guinea pigs were anesthesized with ether, 
and ascorbic-l-C14 acid in 0.2 ml of phys­
iological saline solution injected through 
a small incision in a shaved area. The 
incision was then closed by Michel wound 
clips.

To test the effect of nephrectomy, ani­
mals were anesthesized with 4 mg of pento­
barbital sodium8 * per 100 gm of body 
weight, the back was shaved, two incisions 
were made just below the ribs permitting 
removal of tissue adhering to the kidneys 
and placement of tight ligatures around 
the pedicles. Kidneys were not actually re­
moved, but failure to produce urine in­
dicated success of the procedure. Wounds 
were closed with wound clips.

To insure comparability of the data, 
periods of measurement corresponded 
during the preliminary runs and after 
nephrectomy. The terminal periods, dur­
ing which the animals expired (without 
noticeable distress), were discarded.

RESULTS AND DISCUSSION
Effect of body pool and physiological 

stress. Retention of radioactivity, calcu­
lated as the difference between that ad­
ministered as ascorbic-l-C14 acid, and the 
total (respiratory plus urinary) excreted,

6 Purina Rabbit Chow, Ralston Purina Company, 
St. Louis.

7 See footnote 5.
? Nembutal, Abbott Laboratories, North Chicago,

Illinois.
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Fig. 1 Decay curves for ascorbic-l-C14 acid in  two guinea pigs. The biological half-life 
is not changed appreciably under the conditions o f  either set o f internally controlled experi­
ments. Curves extrapolated to zero time for better visualization o f the linear second phase. 
Intraperitoneal doses close to 1 m g (2  X  106 cou n t/m in ). Second-phase half-life, upper set, 
about 115 hours; lower set, approxim ately 110 hours. Scurvy induced by withdrawal of 
ascorbic acid for 21 days.

is plotted on a logarithmic scale against 
time in figure 1. This shows the type of 
curve invariably obtained after injection 
of ascorbic-l-C14 acid into guinea pigs, and 
is quite characteristic for decay curves. 
There is an initial phase during which 
there is rapid loss of ascorbic acid. The 
rate of catabolism gradually subsides until, 
after about 30 hours, the semilogarithmic 
plot becomes linear. Linearity of the curve 
provides substantial evidence that the rate-

limiting reactions are of the first (or 
pseudo-first) order during the second 
phase.

Rather than cumulative excretion curves 
on rectangular coordinates (von Schuching 
et al., ’60), a semilogarithmic presentation 
is used. This has the advantage of giving 
kinetic information, in particular, provi­
ding direct evidence for the first-order 
kinetics of the second phase. Moreover, a 
single transitory event that affects the
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shape of the cumulative excretion curve 
will influence all subsequent segments of 
the curves, ore a ting problems in interpre­
tation that are not posed by semilogarith- 
mic plots.

These curves permit a number of con­
clusions. Their shape indicates that as­
corbic acid gradually becomes less sub­
ject to degradation with time, namely, as 
it is more widely distributed throughout 
the tissues. The environment to which it 
is exposed shortly after injection must be 
more conducive to catabolism than after 
penetration into peripheral tissues. If 
the reaction order and constants remained 
unchanged in all compartments, there 
would be no transition from a stage of 
rapid to slower catabolism. Since with­
drawal of ascorbic acid of three weeks 
duration does not affect the slope of the 
curves, and apparently does not influence 
the initial phase, it seems that mere dimin­
ution of the body pool of ascorbic acid 
exerts no effect upon the kinetics of catabo­
lism. In effect, this means that a con­
stant fraction of the body pool is degraded 
per unit of time, regardless of the size of 
the body pool. This observation substanti­
ates earlier data (Salomon, ’57), but 
recent work by others was interpreted 
otherwise (von Schuching et ah, ’60). 
Similarly, the severe physiological stress 
of a lethal dose of diphtheria toxin fails 
to be reflected by changes in catabolism, 
leading to the conclusion that, at least 
under these circumstances, the often sus­
pected increase in rate of loss of ascorbic 
acid does not materialize. This, too, sup­
ports earlier data (Salomon, ’57).

Although it is possible to calculate turn­
over times (von Schuching et al., ’60) 
from the data of figures 1 and 2, there is 
limited usefulness in this information. 
Turnover times and rates in animals in­
capable of synthesizing a metabolite are 
inextricably related to intake. Thus, the 
turnover time of ascorbic acid in a guinea 
pig fed a diet totally free of ascorbic acid 
theoretically should be “infinity,” which 
is meaningless. Biological half-lives, as 
given in this paper, are independent of 
the dietary supply.

When ascorbic acid is withheld from the 
diet for 39 (animal 24) or 51 days (animal 
23), there is an effect upon the kinetics

of catabolism, as seen in figure 2, curves 
23-S and 24-S. This is interpreted to be 
an indirect effect of the contraction of the 
body pool, caused by the debility of the 
animals at this stage, and the metabolic 
impairment which must have occurred by 
this time.9 The body pool of ascorbic acid 
in this group of animals is not appreci­
ably different from that of the scorbutic 
group of figure 1. The biological half-lives 
indicate that, even in the case of the slow­
est catabolism (upper curves of figure 1), 
only slightly more than 4% of the dose 
remains after 21 days, making allowance 
for a loss of about 25% during the first 
day after injection. This also means that 
little more than 4% of the body pool exist­
ing on the first day of the experiment will 
still remain in the animal after that period. 
Clearly, the major losses of ascorbic acid 
occur rapidly, this being reflected by the 
exponential nature of the decay curves. 
Subsequent losses can only be minor quan­
titatively (although this may involve a 
disproportionately great qualitative effect). 
The chief aspect is that no impairment of 
the catabolizing system becomes apparent 
during the time of most drastic depletion 
of the body pool. It is significant that this 
provides evidence against the existence of 
a response giving partial protection against 
the consequences of lowered intake of as­
corbic acid. Furthermore, failure of scurvy 
to be immediately signaled by changes in 
the kinetics of catabolism makes the decay 
curves poor indicators of ascorbic acid re­
quirements.

That prolonged scurvy may depress the 
catabolism of ascorbic acid also during 
the initial phase was noted when smaller, 
more physiological doses were adminis­
tered (Salomon, ’52). But a very analo­
gous change appeared to occur in guinea 
pigs moribund from the injection of diph­
theria toxin (Salomon, ’52), and in these 
there was no evidence for a contracted 
body pool. Consequently, this furnishes 
additional evidence that it is probably the 
metabolic impairment under such condi-

9 Metabolic derangements in scurvy have been 
recognized for  years. Recent evidence o f the specific 
defects have been published (e.g., Banerjee and Singh, 
’ 60; Ganguli and Banerjee, ’ 61). Biochem ical lesions 
are recognizable within a few  days after feeding a 
deficient diet, even in adult guinea pigs (Gould, ’ 58).
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Fig. 2 Slopes of decay curves after massive doses of ascorbic-l-C14 acid. The slopes in 
the second phase are unaffected. But they are diminished in severe scurvy (withdrawal 
of ascorbic acid for 51 and 39 days, respectively, in animals 23 and 24 ), analogous to 
changes seen in the initial phase with smaller doses (Salomon, ’52). Curves A, S and B 
from animal 24, half-lives 89, 96 and 85 hours, respectively. Curves A, S and H from 
animal 23, half-lives 95, 113 and 92 hours, respectively. Doses administered intraperito- 
neally, containing close to 2 X 106 count/min as labeled ascorbic acid, except for curves 
23-A and 24-A, close to 4 X 10G count/min. These animals are identical with those used 
to obtain data shown in table 1.

tions, rather than the specific result of the 
lack of adequate ascorbic acid, which 
causes the diminished catabolism.

The initial phase of catabolism. When 
massive doses of ascorbic-l-C14 acid are 
administered to normal guinea pigs, no 
effect is noted on the slope of the second 
phase, but excretion of radioactivity dur­
ing the initial phase is markedly increased, 
as shown in figure 2 and table 1. This 
further demonstrates that the kinetics of 
the second phase are independent of 
changes in the body pool. The effect dur­
ing the initial phase is most clearly seen 
in table 1, where results from administra­

tion of graded doses of ascorbic-l-C14 acid 
are shown. With increasing dosage, the 
amount converted to respiratory C140 2 in­
creases until a plateau is attained. The 
reasonable proportionality between size of 
injected dose and amount excreted as 
C140 2 at the lower dosages indicates that 
the fraction of the dose so converted is 
approximately constant, and that the ini­
tial phase also appears to be governed by 
kinetics of the first order. With increasing 
dosage, there is also increasing loss of 
radioactivity via urine. This is the chief 
reason that a marked drop occurs in the 
amount retained during the initial phase
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of curves 23-S and H, and 24-S and B in 
figure 2.

As the size of the doses increases, the 
fraction of the dose converted to respira­
tory CI40 2 gradually falls off, but the 
quantity converted becomes constant. 
This phenomenon is not unexpected in 
processes depending upon enzymic catal­
ysis, and may be tentatively explained by

enzyme saturation. The difficulty in this 
specific instance is that rapidly increasing 
urinary excretion of radioactivity also oc­
curs. The plateau thus might represent 
diminishing efficiency in renal tubular re­
absorption of ascorbic acid so that, after 
a point, no increased amounts of ascorbic 
acid are made available to the catabolizing 
system despite larger injections. This is

Fig. 3 Addition of unlabeled ascorbic acid to a labeled pool. Intraperitoneal admini­
stration of 25 mg of unlabeled ascorbic acid per kg of body weight at the time indicated 
by arrows has no apparent effect on the catabolism of a previously labeled pool. Dose at 
the start of the metabolism experiments, close to 4 mg of ascorbic-l-C14 acid (about 4 X 106 
count/min) per kg of body weight. Each curve represents data from a single guinea pig. 
Animal 24 is identical with that used to obtain data shown in table 1 and figure 2. All 
animals were maintained with the scorbutigenic diet plus 30 mg of ascorbic acid orally 
per day until the start of the metabolism experiments.
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TABLE 2
Anom alous catabolism  o f a scorb ic -l-C 14 acid

Exp.
A

B •

Normal
After

diphtheria
toxin2

Scorbutic Re alimented1

Weight, gm 275 637 366 396
Dose,3 mg 1.71 1.59 2.45 2.15

Excretion during initial 24 hours after injection
In urine, % of dose 5.8 2.7 3.7 2.8
In respiratory CO» % of dose 13.5 82.8 32.6 83.6
Half-life (hours) in second phase 132 122 97 91

1 Supplements o f 30 m g o f ascorbic acid per kg o f body weight orally per day for 52 days follow ing 
termination o f initial experiment.

2 One MLD o f toxin administered subcutaneously 12 hours before ascorbic-l-C14 acid and start 
o f metabolism experiment.

3 Ascorbic-l-C14 acid, 2.35 x 106 count/m in ./m g.

unlikely, however, because temporal dif­
ferences exist in maximal excretion of 
urinary and respiratory radioactivity (see 
table 1), and because even at the highest 
dosages, retention of ascorbic acid does 
not appear to reach a maximum (although 
it becomes increasingly inefficient). This 
point does not constitute a critical con­
sideration for this study.

If the initial process and the second 
phase are both reactions of the first order, 
it must be concluded that exogenous as­
corbic acid cannot spare vitamin C al­
ready incorporated into the tissues. This 
can be experimentally confirmed, as shown 
in figure 3. Introduction of unlabeled as­
corbic acid into a previously tagged pool 
is entirely without effect upon any phase. 
Thus, endogenous ascorbic acid is cata- 
bolized at a rate independent of the new 
dose, and products of excretion formed 
from the new dose are additive to those 
that would have been formed in the ab­
sence of fresh material.

Chance observations further reinforce 
the conclusion that there are two phases 
in the catabolism which are independent. 
It is occasionally seen that a very high 
fraction of the dose is converted to respira­
tory C02 during the first few hours after 
injection. This occurs in guinea pigs, re­
plete or scorbutic, and in rats. It occurs 
more frequently in animals that may be 
thought to be less resistant to physiological 
stress, namely, guinea pigs that are, or 
have been scorbutic, and in hypophysec- 
tomized rats. The cause of this anomaly is 
unknown,10 * * * but it is suggestive that the

TABLE 3
E xcretion  o f  radioactivity a fter intrahepatic  

in jection  o f  a scorb ic-l-C 14 acid

Exp. HI H2

Weight, gm 411 450 405 437
Dose,1 mg 0.88 0.78 0.80 0.63
Route of 

injection2 IP IH IP IH

Radioactivity 
% of dose3 
In urine 6.38 5.30 5.14 3.36
In C 02 12.04 12.18 12.67 12.05
Total 18.4 17.5 17.8 15.4

Time, hours 18.0 18.0 24.5 24.5

1 Specific activity 2.35 x 106 coun t/m in /m g.
2 Abbreviations used are: IP, intraperitoneal; and 

IH, intrahepatic.
3 Results o f consecutive short periods in  each run 

were summed to give the total radioactivity excreted 
during the indicated total experimental period.

phenomenon occurs sporadically and usu­
ally affects several members of a group 
of animals. The chief interest for the 
present purpose is that the effect is always 
confined to the initial period, but the 
slopes of the second phase fall within 
limits considered normal on the basis of 
experience with a large number of ani-

10 The effect is not attributable to impurities in
ascorbic-l-C14 acid, such as might arise from  self­
decomposition. This conclusion is based on the fact 
that the phenomenon has never occurred simulta­
neously in  two animals that recived injections o f the
same solution virtually at the same time, although 
two metabolism experiments are routinely perform ed 
together. The extent o f the rapid degradation indi­
cates that the responsible contaminant, i f  any, would 
have to be the m ajor component o f the preparation o f 
labeled ascorbic acid. Yet, radiochromatograms, de­
veloped as described by Mapson and Parsons ( ’49)
and scanned with a 4-7r detector (Salom on, ’ 60 ), failed 
to disclose components other than ascorbic acid in 
any sample used in these experiments. The small 
stock o f labeled ascorbic acid is checked periodically
and, when detectable decomposition products appear, 
the preparation is discarded.
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TABLE 4
Respiratory radioactivity a fter n ep h rectom y

Exp.
N1 N2 N3

Intact Nephrec-
tomized Intact Nephrec­

tomized Intact Nephrec­
tomized

Weight, gm 400 420 395 410 420 435

Dose, mg1 0.56 0.65 0.57 0.56 0.61 0.76

Radioactivity, 
% of dose2 28.1 32.8 21.6 68.2 25.6 36.7

Time, hours 42 42 30 30 48 48

1 Specific activity 4.73 x 106 count/min./mg. Material injected intraperitoneally.
2 Results of consecutive short periods in each run were summed to give the total radioactivity 

excreted during the indicated total experimental period.

mals. This is shown in table 2, where sets 
of measurements obtained prior to and 
after the onset of the defect allowed direct 
comparisons on the same animals.

Finally, as a means of localizing the 
site chiefly responsible for the rapid rate 
of catabolism during the initial phase, two 
types of experiments were performed. In 
one instance, guinea pigs received intra- 
hepatic injections of labeled ascorbic acid. 
Conversion to radioactive products found 
in urine or to respiratory C02 does not ap­
pear to differ from prior assays. Such data 
are shown in table 3. A second type of 
experiment was suggested by the observa­
tions of Martin and Mecca (’61), who con­
cluded that the kidneys of rats and dogs 
may play a role in the uptake of ascorbate 
by tissues. But, the conversion of ascorbic 
acid to C02 seems to be unimpaired, if not 
accelerated, in nephrectomized guinea 
pigs (see table 4), indicating that the 
function of the kidneys of guinea pigs may 
differ in this respect from those of rats 
and dogs. For this reason, it does not 
appear likely that the plateau in excre­
tion of respiratory radioactivity, shown in 
table 1, is the consequence of limited con­
version to a more penetrable form and, 
thus, limited decarboxylation of ascorbic- 
1-C14 acid.

SUMMARY

As an extension of earlier work on the 
catabolism of ascorbic acid in guinea pigs, 
investigations on the initial phase follow­
ing administration of ascorbic-1-C14 acid 
were made. Catabolism during this stage 
has the characteristics of first-order proc­
esses, was kinetically independent of the

following slower phase, and could be 
“saturated” by injection of high levels of 
ascorbic acid. The rapid initial reaction 
did not appear to depend upon renal ac­
tion and was unchanged by intrahepatic 
injection of ascorbic-l-C14 acid.

Massive doses of labeled ascorbic acid 
in normal guinea pigs were catabolized 
similar to more physiological doses, ex­
cept for higher levels of urinary excretion 
of radioactivity and conversion of a lower 
fraction of the dose to respiratory C1J0 2 
during the initial phase. Contraction of 
the body pool of ascorbic acid exerted no 
direct effect on the catabolism of ascorbic 
acid. Such diminution in catabolism as 
was discovered after prolonged feeding of 
a scorbutigenic diet was presumably ref­
erable to general metabolic impairment, 
rather than to a specific response designed 
to protect, or coincidentally protecting, 
against the consequences of the scorbuti­
genic regimen.

As anticipated from the kinetics of the 
rate-limiting processes, newly-administered 
ascorbic acid did not cause sparing of that 
already incorporated into the tissues.
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On the basis of previous studies (Wester- 
feld et al., ’62), casein-gelatin diets con­
taining 35% of more of total protein ap­
peared to be deficient in two unidentified 
growth factors required by chicks and 
poults. One of these factors was present 
in fish solubles, and has been recognized 
by many investigators. The other “factor” 
was present in soy protein, but was rela­
tively deficient in casein or gelatin; it 
could, therefore, be recognized as a growth 
factor by comparing the response to casein- 
gelatin vs. soy protein diets, or by deter­
mining the growth stimulation produced 
by the addition of soy protein to casein- 
gelatin diets containing the fish solubles 
factor.

To establish a reliable assay for the soy 
factor it was necessary to demonstrate that 
the basal diet was adequate in protein, 
contained an excess of the fish solu­
bles factor, and produced a growth stimu­
lation when supplemented with soy pro­
tein. Since casein appeared to contain a 
small amount of the soy factor, it seemed 
desirable to keep the dietary casein at a 
level only slightly in excess of that required 
to supply the protein requirement. On a 
theoretical basis a basal diet containing 
20% casein plus 10% gelatin plus 20% 
fish solubles should supply 36.5% of pro­
tein and a 30% excess of all the essential 
amino acids with the possible exception 
of methionine. Such a diet met the above 
requirements for the assay of the soy fac­
tor. In the course of establishing its ade­
quacy in all other respects, however, it 
was found that growth with a 20% casein 
plus 10% gelatin diet was markedly stimu­
lated by the addition of 0.4 to 0.6% of 
DL-methionine; only a small additional re­
sponse was obtained by further supple­
mentation with other amino acids. When

20% of fish solubles was also present in 
the diet, the addition of methionine had 
relatively little effect. Hence, the addi­
tion of methionine to the basal diet did 
not appear to be essential, but since it was 
not inhibitory at the levels used, it was 
added to the basal diet in many experi­
ments as a precaution.

The addition of 20% of soy protein to 
such a basal 20% casein plus 10% gelatin 
plus 20% fish solubles ±  0.6% of DL- 
methionine diet stimulated growth and 
allowed a maximal growth rate to be 
achieved. Under these test conditions the 
soy protein contributed some particular 
combination of amino acids or some un­
identified factor which was responsible 
for its growth stimulating effect. For con­
venience, the growth response to soy pro­
tein will be attributed to a “soy factor” 
without any implication as to its chemical 
nature.

METHODS

In addition to the protein and those 
factors mentioned specifically in the text,2 
all diets contained 3.5% of soy oil, 8.3% 
of salt mixture, 0.1% of inositol, 0.2% 
of choline, 125 mg per kg of diphenyl-p- 
phenylenediamine, 50 mg per kg of chlor- 
tetracycline,3 a vitamin supplement, and 
sufficient starch to total 100% on a dry- 
weight basis. The vitamin and mineral 
supplements were identical with those de-

Received for  publication December 18, 1961.
1 This study was aided by grants from  The Na­

tional Institute o f Arthritis and M etabolic Diseases 
o f The National Institutes o f Health, Public Health 
Service (no. PHS-A-586) and from  The Smith, Kline 
and French Foundation.

2 The diets are abbreviated to indicate the percent­
age composition o f the variable constituents; a 20% 
casein plus 10% gelatin plus 20% soy protein diet 
is described as 20C + 10G + 20SP. All diets also con­
tained the nonvariable constituents listed under 
methods. Fish solubles (F S ) contained 50% water 
and was substituted for h a lf as m uch starch.

3 Aureomycin, American Cyanamid Company, New 
York.

J. N u t r it io n , 76 : ’62 503
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scribed by Reid et al. ( ’56) except that the 
pyridoxine, menadione, and Zn concen­
trations were increased to provide 6 mg per 
kg, 1 mg per kg and 50 ppm, respectively. 
In addition, 2 mg per kg of Na2Mo04 were 
routinely added to all diets, and 100 mg 
per kg of mixed tocopherols replaced the 
a-tocopherol. When present, the 20% of 
fish solubles supplied 10 gm of solids and
6.4 gm of additional protein. All addi­
tions to the diet were made at the expense 
of the starch. Groups of 6 to 8 one-day-old 
White Leghorn chicks were fed the diets 
ad libitum for 4 weeks, and body weights 
were recorded weekly. The values given 
with the results refer to the average body 
weight at 4 weeks. Significant observa­
tions were repeated in at least two inde­
pendent experiments.

RESULTS

Methionine diets compared with casein- 
gelatin diets. The methionine in casein 
is either not completely available to chicks 
or the casein-gelatin diet creates a high 
methionine requirement. A 35% isolated 
soybean protein4 diet, supplemented only 
with 0.4% of glycine, supplied a calcu­
lated 0.28% of methionine and 0.17% of 
cystine to the diet; this 0.45% of total 
sulfur amino acids was inadequate (215 
gm at 4 weeks). When supplemented with 
0.32% of DL-methionine to give a total 
of 0.6% of methionine and 0.77% of 
sulfur amino acids, a maximal growth 
response (295 gm) was obtained; no addi­
tional growth effect was noted from the 
addition of 0.52 or 0.72% of methionine. 
Therefore, 0.6% of methionine plus 0.17% 
of cystine in the diet was adequate for a 
maximal growth rate when supplied as 
such or as soy protein, and this agrees with 
the 0.5 to 0.8% level previously established 
as the methionine requirement for chicks 
(Klain et al., ’58, ’60; Bird et al., ’54). 
However, a 20% casein plus 10% gelatin 
diet supplied a calculated 0.64% of meth­
ionine and 0.07% of cystine for a total 
sulfur amino acid content of 0.71% . This 
diet was grossly deficient (120 gm at 4 
weeks) and did not support growth as well 
as the 0.45% of total sulfur amino acids 
in the soy protein diet. When supple­
mented with 0.16% of methionine, growth

was slightly better (230 gm) than that 
obtained with the unsupplemented soy 
protein, whereas the addition of 0«36% of 
methionine to the casein-gelatin diet gave 
a maximal response (255 gm) and 0.56% 
had no further effect. From a comparison 
of these results it can be estimated that 
only 50% of the total sulfur amino acids 
present in the casein-gelatin diet was 
“available” to the chick. Attempts to im­
prove the “availability” of methionine from 
casein by using an acid hydrolysate for­
tified with tryptophan and threonine or by 
using a commercial protein hydrolysate5 
instead of casein were inconclusive be­
cause of the poor growth obtained in the 
presence or absence of added methionine.

The major amino acid deficiency in the 
20C plus 10G diet was methionine, as 
shown in figure 1, but additional amino 
acids may have been borderline. The addi­
tion of 0.5% of DL-methionine to such a 
diet increased the 4-week body weights 
from 145 gm (curve 1) to 245 gm (curve 
2). The addition of 20% of soy protein or 
a mixture of amino acids equivalent to 
20% of soy protein gave a further growth 
increment to 275 to 285 gm in different 
experiments (curve 3). The difference 
between curves 2 and 3 indicated a further 
small limitation of one or more amino 
acids in addition to the methionine. Al­
though methionine was the most limiting 
amino acid theoretically and actually, a 
20C plus 10G diet theoretically supplied 
no more than a 15 to 25% excess of tryp­
tophan, leucine, histidine and arginine. 
When the diet containing 20C plus 10G 
plus 20SP (curve 3) was further supple­
mented with a mixture of all the essential 
amino acids (the supplement providing the 
minimal requirement of each essential 
amino acid per se), no further stimulation 
or inhibition of growth was obtained. 
Hence, the growth represented by curve 3 
in figure 1 was the maximum possible 
rate that could be achieved with a purified 
diet obviously adequate in protein.

Curve 3 also represents the growth 
achieved when 20% of fish solubles was 
added toa20Cplus 10G diet supplemented

4 ADM C-l Assay Protein, Archer-Daniels-Midland 
Company, Minneapolis.

5 Amigen, Mead Johnson Company, Evansville, 
Indiana.
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with 0.25%  of methionine, whereas curve 
4 represents the maximal growth achieved 
when the basal diet was supplemented 
with both the soy factor (as 10 to 35% 
of soy protein or 10% of egg yolk) and 
20% of fish solubles (355 to 365 gm at 
4 weeks in different experiments). In this 
experiment, the addition of the soy factor 
or the fish solubles factor alone to the 
purified diet had no greater effect on 
growth than that obtained with adequate 
protein; however, a very significant growth 
stimulation was achieved when both were 
present in the diet simultaneously. In 
other similar experiments the results were 
not quite as marked, but in general the 
soy factor had to be present in the diet 
in order to demonstrate a good fish solubles 
growth response, and the fish solubles fac­
tor had to be present in the diet in order 
to demonstrate a good growth response to 
the soy factor.

When a mixture of essential amino acids 
was added to the 20C plus 10G diet, the 
growth stimulation obtained (curve 2A) 
was slightly less than that obtained with 
methionine alone (curve 2). Similarly, 
the addition of the mixed essential amino 
acids to a diet containing 20C plus 10G 
plus 20FS gave a slightly lower growth 
rate than was obtained in their absence 
(curve 3 vs. 3A). These minor growth 
inhibitions by this mixture of essential 
amino acids were not observed when soy 
protein was also present in the diet (curve
3) or when a complete mixture of all the 
amino acids was added (curve 3).

Amino acids vs. 20C +  10G +  20FS 
diet. When 20% of fish solubles was 
added to a 20% casein plus 10% gelatin 
diet, most, if not all, of the methionine 
deficiency of the latter was overcome. The 
fish solubles supplied only 0.14% of ad­
ditional methionine plus an unknown 
amount of cystine to the casein-gelatin 
diet, but this diet usually gave body 
weights at 4 weeks of approximately 275 
gm; the addition of 0.25 to 0.6% of d l - 
methionine to the 20C plus 10G plus 20FS 
diet sometimes gave a small growth incre­
ment (10 to 20 gm) and the unsupple­
mented diet was considered to be poten­
tially borderline but not seriously deficient 
in methionine.

The growth response produced by the 
addition of 20% of soy protein to this diet 
could not be reproduced by any known 
amino acid present in the soy protein. 
When each amino acid was added individ­
ually to a basal diet containing 20C plus 
10G plus 20FS plus 0.4 to 0.6 of methio­
nine in an amount equivalent to its pres­
ence in 20% soy protein (see legend, fig. 
1), there was no significant stimulation 
by any amino acid. A mixture of all the 
amino acids present in 20% soy protein 
or a mixture of the following nonessential 
amino acids gave an insignificant 6 to 7% 
increase: cystine, proline, glycine, alanine, 
aspartic and glutamic. Although small 
increases in growth might be attributed to 
the amino acids present in the soy protein, 
they alone or in the combinations tested 
could not reproduce the 20 to 30% in­
creases consistently obtained with soy pro­
tein itself in a large number of experiments 
(P =  0.01).

T h e  a d d i t io n  o f  e x c e s s iv e  a m o u n ts  o f  
m e th io n in e  to  th e  d ie t  p r o d u c e d  in h ib i t io n  
o f  g r o w th . T h e  4 -w e e k  b o d y  w e ig h ts  w e r e  
o n ly  6 5  a n d  8 0 %  o f  t h a t  o b ta in e d  w i t h  
0 .6 %  o f  m e th io n in e  w h e n  th e  la t t e r  w a s  
in c r e a s e d  to  2 .2  a n d  1 . 4 % ,  re s p e c t iv e ly .  
A s  e x p e c te d  f r o m  th e  s tu d ie s  o f  K la in  e t  
a l.  ( ’6 0 ) ,  th e  a d d i t io n  o f  1 .8 %  o f  D L -p h e -  
n y la la n in e  to  th e  b a s a l d ie t  c o n t a in in g  
0 .6 %  o f  m e th io n in e  p r o d u c e d  a  2 0 %  i n ­
h ib i t io n ,  a n d  a  s im i la r  in h ib i t io n  w a s  a ls o  
p r o d u c e d  b y  a  m ix t u r e  o f  1 %  o f  L - a r g in in e ,  
1 %  o f  L - le u c in e  a n d  0 .5 %  o f  L -c v s tin e .  
T h e s e  in h ib i t io n s  s u g g e s te d  t h a t  th e  p o o re r  
g r o w th  o b ta in e d  w i t h  c a s e in -g e la t in  as  
c o m p a r e d  w i t h  so y  p r o t e in  d ie ts  m ig h t  be  
d u e  to  a  h ig h e r  c o n c e n t r a t io n  o f  c e r t a in  
a m in o  a c id s  in  th e  f o r m e r .  H o w e v e r ,  w h e n  
a  m ix t u r e  o f  1% o f  L - ty r o s in e , 0 .3 %  o f  
D L - t r y p to p h a n , 1 %  o f  L - le u c in e , a n d  1 .5 %  
o f  D L -v a l in e  w a s  a d d e d  to  a  3 5 %  soy  p r o ­
t e in  d ie t  w h ic h  w a s  s u p p le m e n te d  w i t h  
0 .7 5 %  o f  m e th io n in e  a n d  0 .4 %  o f  g ly c in e ,  
o n ly  a n  in s ig n i f ic a n t  6 %  in h ib i t io n  w a s  
o b s e rv e d .

Further testing of the basal diet. From 
the preceding studies a suitable basal diet 
for assaying the soy factor would be com­
posed of 20C plus 10G plus 20FS plus 0.4 
to 0.6 of methionine. The addition of soy 
protein to this diet gave a growth response
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that could not be attributed to any individ­
ual amino acid or to a mixture of all the 
amino acids in the soy protein. However, 
the possibility that some properly selected 
combination of known amino acids would 
duplicate the effect of soy protein has not 
been eliminated.

An excess of the fish solubles factor in 
the basal diet was demonstrated by com­
paring the effect of adding 10 or 20% of 
fish solubles. When the fish solubles was 
added to the 20C plus 10G plus 20SP plus 
0.6 of methionine diet, both concentrations 
gave the same maximal growth rate; the 
latter was identical with the rate achieved 
with a 35% soy protein diet supplemented 
with methionine, glycine and 20% of fish 
solubles. Hence, 10% of fish solubles 
supplied enough of this factor to allow 
maximal growth when present simultane­
ously with the soy factor, and 20% of fish 
solubles was clearly in excess.

The addition of 10, 20 and 35% of soy 
protein to a basal diet containing 20C plus 
10G plus 20FS all gave the same maxi­
mal growth rate (365 gm at 4 weeks). 
This demonstrated that the deficiency in 
this basal diet could be corrected com­
pletely by soy protein, and that under these 
test conditions a concentration of 20% 
supplied an excess of this factor without 
producing any further growth increment. 
It has not been possible to increase the 
growth rate of the chicks used in these 
studies beyond the maximum of 355 to 365 
gm at 4 weeks by any diet yet tested. This 
rate was achieved with a diet containing 
20C plus 10G plus 0.6 of methionine plus 
20FS plus 20SP, and was not increased 
by further additions of 10% of Wesson6 
oil or 10% of egg yolk.

There was no effect when the salt mix­
ture in the basal diet of 20C plus 10G 
plus 20FS plus 0.6 of methionine was in­
creased by 50% and the diet was further 
supplemented with one ppm of selenium. 
A comparison of the salt mixture used rou­
tinely in these studies with that devised 
by Fox and Briggs ( ’60) showed that the 
former gave a questionable 5% greater 
weight at 4 weeks with the basal diet both 
in the presence and absence of 20% of 
soy protein. The addition of 227 ppm of 
ethylenediaminetetraacetic acid or the de­

letion of the chlortetracycline and diphen- 
yl-p-phenylenediamine from the complete 
diet containing 20% of soy protein had no 
effect.

Soy protein fractionation. Six hundred 
grams of soy protein were refluxed 24 
hours with 3 liters of 8 n H2SO4, then di­
luted with 6 liters of ITO, and the sulfate 
removed with Ba(OH)2. After concen­
trating the filtrate to 5 liters, 600 gm of 
Ba(0H )2-8H20  and 15 liters of 95% etha­
nol were added, and the solution was 
chilled overnight. The insoluble barium 
salts were filtered off, washed with 75% 
alcohol, redissolved in 4 liters of warm 
water, and the barium was removed with 
H2SO4. The filtrate from the BaSCh pre­
cipitate contained about 120 gm of solids 
which, on the basis of two-dimensional 
paper chromatography, contained approxi­
mately 75% of glutamic, 10% of aspartic, 
5% of glycine, 5% of serine, a trace of 
threonine, and no unidentified ninhydrin- 
positive component.

When this fraction was added to the 20C 
plus 10G plus 20FS plus 0.4 to 0.6 of meth­
ionine test diet at a level equivalent to the 
original 20% soy protein from which it 
was derived, it stimulated growth in each 
of three independent experiments by about 
15% (P =  0.01), whereas the intact soy 
protein tested simultaneously gave a 30% 
increase (P =  0.01) (average basal =  265 
gm; +  Ba salts =  310 gm; +  20% SP =  
345 gm). Although this fraction was only 
one-half as active as the original soy pro­
tein, its amino acid composition could be 
reproduced with identical amounts of free 
amino acids. When such a mixture of 
pure amino acids contributed 3.1% of l- 
glutamic, 0.4% of L-aspartic, 0.2% of 
glycine, 0.2% of L-serine and 0.13% of 
DL-threonine to the test diet, no growth 
response was obtained. The activity of 
the fraction could not be attributed to the 
amino acids present.

Distribution of soy factor. Reasonable 
approximation of the “soy factor” content 
of different foodstuffs was obtained from 
repeated tests. The assay range was rela­
tively small, and the response to the basal 
diet varied somewhat in different experi-

6 Refined cottonseed oil, The Wesson Oil Company, 
New Orleans, Louisiana.
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TABLE 1
A p p r o x i m a t e  s o y  f a c t o r  e f f e c t  o f  v a r i o u s  s u p p l e m e n t s  w h e n  a d d e d  t o  a  b a s a l  d i e t  o f  

2 0 C  +  JOG +  2O FS ±  0 .6  m e t h i o n i n e  a n d  f e d  t o  c h i c k s  f o r  4  w e e k s

4-Week 4-Week
Test supplement1 body Test supplement body

weights weights

Soy protein 360
Egg yolk 350
Lactalbumin 350
Liver residue 340
Casein (20) 335
Bran 330
Soy flour (extracted) 325
Brewer’s yeast 320
Fibrin 320
Wheat germ 320
Fermentation residue3 315
Wheat gluten 315
Yellow cornmeal 310
Distiller’s solubles 310
Liver (defatted) 305
Whole wheat 305

Oatmeal 300
Whole milk (dry ) 300
Skim milk (dry ) 295
Whey 290
Cerophyl2 285
Basal 280

Basal or less
Rice
Hemoglobin 
Betaine and/or creatine 
Liver residue ash 
Soy protein ash

1 All substances were tested at 10% o f  the diet execpt for 20% casein, 1% betaine an d /or  1% 
creatine, and the ash from  10% liver residue or 20% soy protein. The results are averages o f
2 to 4 independent tests.

2 Cerophyl Laboratories, Kansas City, Missouri.
3 Omafac, E. R. Squibb and Sons, New York.

ments. The response to the test supple­
ment was usually in the same range in 
replicate experiments, but occasionally 
there were unexplained failures; for ex­
ample, egg yolk and liver residue gave 
good growth responses in two out of three 
and in 4 out of 5 tests, respectively, but 
failed to stimulate growth above the basal 
level in the remaining test. Because of 
the possibility of a methionine deficiency 
as well as a methionine excess, the test 
supplements were assayed with a basal 
diet of 20C plus 10G plus 20FS both in 
the presence and absence of an added 
0.6% of methionine. The presence or ab­
sence of methionine made no difference in 
the results, and all of the assay values 
have been averaged in table 1.

In 9 different experiments the basal diet 
with and without methionine gave aver­
age 4-week body weights of 285 and 275 
gm, respectively; supplementation with 
20% of soy protein gave the same maxi­
mal weight of 355 to 365 gm for both diets. 
Egg yolk, lactalbumin and liver residue 
were also good growth stimulants under 
these test conditions and were, therefore, 
good sources of the soy factor; casein was 
also effective when tested at twice the 
usual level. All of these growth responses 
were significantly different from the basal

(P =  0.01). Commonly used sources of 
chick growth factors, such as fermentation 
residue, distiller’s solubles, and whey were 
relatively poor sources of the soy factor; 
such substances have usually been tested 
with a diet containing soy protein.

Distribution of fish solubles factor. The 
distribution of the fish solubles factor was 
determined by measuring the growth re­
sponse of chicks when the foodstuff was 
added to a 35% soy protein diet supple­
mented with 0.75% of DL-methionine and 
0.4% of glycine. Such a basal diet con­
tained at least a 25% excess of all known 
essential amino acids. On the basis of 
previous studies (Westerfeld et al., ’62) 
this diet supplied an adequate amount of 
both protein and “soy factor” ; when sup­
plemented with 10 or 20% of fish solubles, 
a maximal growth rate was obtained. 
Therefore, any growth stimulation ob­
tained from the addition of a supplement 
to this diet could reasonably be attributed 
to the presence of the fish solubles factor, 
although there is no assurance that only 
a single factor is involved in the fish solu­
bles itself.

In figure 1, curve 5, is shown the growth 
rate of chicks fed the basal 35% soy pro­
tein diet supplemented with methionine 
and glycine. This basal diet consistently
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gave 4-week body weights of 280 to 300 
gm, and the maximal growth achieved by 
the addition of 10 or 20% of fish solubles 
was 355 to 365 gm (P =  0.01). Since the 
same growth rate was obtained with 10 
and 20% of fish solubles, this factor was in 
excess, and no further growth increment 
could be obtained by adding more fish 
solubles to the diet. The distribution of 
the fish solubles factor in a variety of 
products is shown in table 2. Fermenta­
tion residue, distiller’s solubles, and egg 
yolk were good sources of the fish solubles 
factor, and were significantly different 
from the basal at P =  0.02 to 0.05.

The soy and fish solubles factors in 
thyrotoxic chicks. It was possible that the 
need for the soy and fish solubles factors 
by growing chicks could be intensified by 
the addition of thyroid substance to the 
diet. The results of such experiments are 
shown in table 3. When 0.35% of Pro- 
tamone7 * 2 3 4 5 was added to a basal diet contain­
ing 20C plus 10G plus 0.6 of methionine, 
all chicks died in less than two weeks. 
The addition of 20% of soy protein to this 
diet kept 5/6ths of the birds alive through­

7 Thyroid-active iodinated casein, Agri-Tech, Inc., 
Kansas City, Missouri.

out the 4-week experiments; their growth 
rate was reasonably good, but appreciably 
below that of those birds not< receiving 
Protamone. The addition of fish solubles 
to the same basal diet gave very little pro­
tection in terms of survival or growth 
rate. In fact the presence of fish solubles 
in the diet that also contained 20% of soy 
protein largely nullified the protective ef­
fect of the latter in the thyrotoxic chick.

The deterimental effect of fish solubles 
in the thyrotoxic state was also observed 
with the basal diet containing 35% of soy 
protein plus 0.75% of methionine and 
0.4% of glycine. The high content of soy 
protein in this basal diet allowed good 
survival of the thyroid-treated birds, but 
when fish solubles was also present, this 
protective effect was largely nullified. Ap­
parently soy protein exerted a protective

Fig. 1 Growth curves for chicks fed a basal 
20% casein plus 10% gelatin diet supplemented 
with various amino acid mixtures and sources 
of the soy and fish solubles factors.
Curve 1 =  Basal (20%  casein 4  10% gelatin)

2 =  Basal +  0 .5 %  DL-m ethionine
3 =  Basal* +  0.5% DL-methionine 4

20% soy protein
=  Basal 4  0.25% DL-methionine 4  

20% fish solubles
=  Basal* 4- essential amino acids 4  

20% soy protein
=  Basal +  amino acids equivalent to 

20% soy protein
4 =  Basal 4  20% fish solubles +  10 to

35% soy protein
=  Basal 4- 20% fish solubles 4- 10%  

egg yolk 4  0.25% DL-methionine 
2A =  Basal* 4  essential amino acids 
3A =  Basal* 4  essential amino acids 4  

20% fish solubles
5 =  35% soy protein 4  0.75% DL-methio­

nine 4  0.4% glycine.
The amino acids added to be equivalent to 

20% soy protein (gm /kg of final diet): L-amino 
acids: arginine, 13.3; aspartic, 9.9; cystine, 1.0; 
glutamic, 31.2; histidine, 4.2; leucine, 12.0; ly­
sine, 10.9; phenylalanine, 8.0; proline, 4.0; serine, 
11.1; tyrosine, 5.5. DL-Amino acids: alanine,
11.6; glycine, 6.6; isoleucine, 20.8; methionine, 
3.2; threonine, 12.6; tryptophan, 3.2; valine, 17.6. 
The mixture of essential amino acids that sup­
plied the minimal requirement of each, per se, 
included (gm /kg of final diet): L-Amino acids: 
arginine, 12; glycine, 5; histidine, 4 ; leucine, 16; 
lysine, 12; and tyrosine, 8. DL-Amino acids: 
isoleucine, 16; methionine, 16; phenylalanine, 
18; threonine, 12; tryptophan, 4; and valine, 20. 
In those diets marked with an *, the vitamin 
supplement was doubled as a precautionary check. 
For curve 2 identical results were obtained with 
the usual as well as the doubled vitamin sup­
plement.
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TABLE 2
F ish  solubles effect from  various su p p lem en ts, as tested  w ith  a basal 3 5 %  soy  protein  

diet fortified w ith  0 .7 5 %  o f ryiu-methionine and 0 .4 %  o f  glycine

Test supplement1 Body weights 
at 4 weeks

Negative supplements 
(Basal or less)

Fish solubles 350
Fermentation residue2 340 Casein
Distiller’s solubles 340 Defatted liver
Egg yolk 335 Liver residue
Yellow cornmeal 335 Soy flour
Brewer’s yeast 315 Wheat germ
Bran 310 Whole wheat flour
Cerophyl3 305 Fish meal
Dry milk ( whole or skim ) 305 1.5 X minerals +  1 ppm Se
Lactalbumin 305 Betaine

Fish solubles ash
Basal 300

1 All substances listed were tested at 10% of the diet except for 1% betaine, and the ash from 
20% fish solubles; increasing the usual salt mixture by 50% and adding 1 ppm of Se was 
negative. Ten per cent or 20% of fish solubles gave the same maximal growth rate.

2 Omafac, E. R. Squibb and Sons, New York.
3 Cerophyl Laboratories, Kansas City, Missouri.

TABLE 3
E ffect o f  soy protein  and fish solubles on  the grow th  and survival o f  chicks  

fed  iodinated casein

Basal1
diet + 20% soy 

protein
+ 20% fish 

solubles

Results at 4 weeks2
Without Protamone3 + 0.35% Protamone

no. Body
weight Survival Body

weight Survival

i
gm
290 6 /6

gm
0 /6

i + — 320 6 /6 270 5 /6
i — + 300 6 /6 210 2 /6
i + + 340 6 /6 205 2 /6
2 — — 305 6 /6 235 6 /7
2 — + 335 6 /6 290 2 /7

1 Basal diet no. 1: 20% casein + 10% gelatin + 0.6% DL-methionine; other constituents as listed 
under methods. Basal diet no. 2: 35% soy protein + 0.75% DL-methionine+ 0.4% glycine; other 
constituents as listed under methods.

2 Starting body weights: Diet no. 1 = 31 to 35 gm; diet no. 2 = 35 to 38 gm.
3 Obtainable from Agri-Tech, Inc., Kansas City, Missouri.

effect in thyrotoxic chicks without restor­
ing a completely normal growth rate. Fish 
solubles had little protective effect by it­
self and largely nullified the beneficial ef­
fect of soy protein when fed together with 
the latter.

DISCUSSION

No indication of a methionine deficiency 
in casein diets for chicks was detected in 
previous studies (Westerfeld et al., ’62) 
of liver xanthine dehydrogenase. With 
practical-type diets Nelson et ah, ( ’60) ob­
served no effect of methionine on growth; 
the requirement for sulfur amino acids 
was 3.5% of the protein at all levels of 
dietary protein and energy. All of the

methionine in casein and gelatin appeared 
to be available to chicks when added in 
relatively small amounts to a mixed grain 
type of diet (Grau and Almquist, ’45). 
Ousterhaut et al. ( ’59) reported the methi­
onine of soy flour to be readily available 
to chicks, and both methionine plus cystine 
appeared to be readily available from cot­
tage cheese; of the amino acids studied, 
only arginine seemed to have a severely 
limited availability from this source. Flucki- 
ger and Anderson ( ’59) reported that 
methionine, as well as the total sulfur 
amino acid requirement, was higher with 
a casein-gelatin than with a soy protein 
diet. The growth response to methionine 
when added to a 20% casein and 10%
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gelatin diet could theoretically be due to 
a lack of availability or an increased re­
quirement; the latter explanation seems 
more probable from the studies cited.

The literature is extensive concerning 
unidentified growth factors for chicks and 
poults. The earlier literature has been 
summarized by Rasmussen et al. ( ’57), 
Camp et al. ( ’56), Branion and Hill ( ’53), 
and by the other authors cited. Most of 
the recent studies have been concerned 
with one or more (Waibel, ’58; Fry et al., 
’58; Combs et al., ’57; Peterson et al., ’55) 
of the following: fish solubles and fish 
meal (Wisman et al., ’56; Sullivan et al., 
’60; Ritchey et al., ’56), distiller’s solubles 
(Tsang and Schaible, ’60; Jaffe and Wake- 
lam, ’58), fermentation solubles (Russo 
and Heiman, ’59), antibiotic fermentation 
residue, whey, alfalfa meal and egg yolk 
(Kratzer et al., ’59; Arscott et al., ’59; 
Menge et al., ’57; Greene et al., ’60; Liuzzo 
et al., ’60). A part of the total response 
to these supplements has been obtained 
with the ash derived from the supplements 
(Morrison et al., ’55, ’56; Camp et al., ’56), 
but the nature of this effect is still un­
known. The activities observed in these 
various sources have been attributed to 
two or three factors (Camp et al., ’55; 
Rasmussen et al., ’57). Attempts to purify 
the fish solubles factor have so far been 
limited (Barnett and Bird, ’56; Mason et 
al., ’61). In nearly all cases these supple­
ments have been added to a basal soy pro­
tein diet or to a practical-type corn-soy diet, 
and in some cases in relatively small 
amounts to basal diets of questionable pro­
tein adequacy. It is not unexpected that 
the activity of most of these supplements 
can be attributed to the fish solubles factor.

Such a large number of substances have 
been reported to be antithyrotoxic (Ershoff 
et al., ’59) that a correlation of antithyro­
toxic activity with some other biological 
response may have little significance. How­
ever, in a careful study of specific proteins 
by Overby et al. ( ’59), liver residue was 
the most protective and was followed in 
descending order of activity by fibrin, lac- 
talbumin and whole egg; casein and egg 
albumin were essentially inactive. This 
bears some resemblance to the distribution 
of the soy factor in these same proteins.

SUMMARY
1. A 20% casein plus 10% gelatin diet 

was deficient in methionine «for chick 
growth. When supplemented with a mix­
ture of all the essential amino acids or 
all the amino acids in 20% soy protein, 
it was still deficient in two unidentified 
factors: the “soy” and the “fish solubles” 
factors. Both factors were required in the 
diet simultaneously to obtain the best 
growth response from either.

2. A 20% casein plus 10% gelatin plus 
0.6% methionine plus 20% fish solubles 
diet provided a suitable basal diet for de­
tecting the soy factor. It was adequate 
in protein, contained an excess of the fish 
solubles factor, and allowed a maximal 
growth rate when supplemented with soy 
protein. The growth stimulation produced 
by the addition of 20% of soy protein to 
this diet could not be duplicated by any 
amino acid or by a mixture of the amino 
acids in 20% soy protein. Egg yolk, lactal- 
bumin and liver residue were also good 
sources of the soy factor.

3. A 35% soy protein diet supplemented 
with 0.75% of methionine and 0.4% of 
glycine provided a suitable basal diet for 
detecting the fish solubles factor. This 
diet contained adequate protein and soy 
factor, and it allowed a maximal growth 
rate of chicks when supplemented with 
10 or 20% of fish solubles. Fermentation 
residue, distiller’s solubles, and egg yolk 
were also good sources of the fish solubles 
factor.

4. Soy protein exerted a protective ef­
fect in thyrotoxic chicks. Fish solubles 
had little protective effect by itself and 
largely nullified the beneficial effect of soy 
protein when fed together with the latter.
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In 1950, Perlzweig and associates, re­
porting on the metabolism of nicotinic acid 
in man and 8 other mammalian species 
(namely, rat, dog, pig, rabbit, guinea pig, 
sheep, goat, and calf), observed that in 24 
hours only 7% of an oral dose of nicotin­
amide was excreted in the urine of the pig 
as N-methylnicotinamide, and only 10% 
as N-methyl-2-pyridone-5-carboxamide (2- 
PY). In the ruminant they found small 
amounts of N-methylnicotinamide and 2- 
PY in the urine; however, the amounts 
were not increased by giving large doses 
of nicotinamide or N-methyl-nicotinamide. 
Only 55% of a dose (1 mg per kg of body 
weight) of 2-PY given to a pig was recov­
ered in the urine in 24 hours, and 11 to 
58% for the ruminant. In our laboratory, 
after administration of CI4-2-PY it was 
found that 2-PY was one of the metabolic 
end products of nicotinic acid in the rat 
and only 2-PY was found in its urine 
(Chang and Johnson, ’59).

In the present experiments carboxyl-C14- 
nicotinic acid was administered to a pig 
and a sheep, and the radioactive metabo­
lites were separated as in previous work 
with chicks, rats, and humans (Chang and 
Johnson, ’57, ’59, ’61).

E X P E R IM E N T A L

A healthy normal pig weighing about 
30 pounds was injected intramuscularly 
with a saline solution of 2.5 mg of 7-C14- 
nicotinic acid (92.5 nc) plus 118 mg of 
nonlabeled nicotinic acid. The animal was 
kept in a metabolism cage, food and water 
being given ad libitum, and urine was col­
lected.

In each urine collection, the total radio­
activity was determined, and the metabo­
lites of nicotinic acid were separated. The 
animal was killed three days after injec­
tion, and muscle, blood, liver, heart, spleen, 
pancreas, lungs, and kidneys were stored 
frozen until analysis was performed.

A 78-pound sheep was injected intra­
muscularly with a saline solution of 2.6 
mg of 7-C14-nicotinic acid (96.2 uc) plus 
298 mg of nonlabeled nicotinic acid. Since 
the sheep’s urine was alkaline (pH9.6 to 
10), 3 ml of glacial acetic acid were added 
to the collection bottle to prevent alkaline 
hydrolysis of metabolites. The collections 
were adjusted to pH6.5 to 6.8. The cage 
was washed after each collection. The 
animal was kept in the cage for 45 days, 
and the daily excretion of radioactivity 
was determined.

The methods of separation and identi­
fication of the metabolites have been re­
ported previously (Chang and Johnson, 
’57).

RESU LTS A N D  DISCUSSIO N 

Pig data. The distribution of urinary 
radioactivity among the different nicotinic 
acid metabolites in the urine during a 48- 
hour collection is shown in table 1. Six 
metabolites were observed in the second, 
third and fourth urine collections. They 
were identified as: N-methylnicotinamide; 
nicotinuric acid; nicotinic acid; N-methyl-
4-pyridone-5-carboxamide (4-PY); 2-PY and 
nicotinamide. However, in the first urine 
collection, one and one-half hours after 
injection, only nicotinuric acid and a trace 
amount of nicotinic acid were noted. This 
indicated that the dose rate of 4 mg per 
pound of body weight was much too great 
and that nicotinuric acid was immediately 
excreted as a detoxification product. From 
the fifth and sixth collections, only three 
labeled components were separated, corre­
sponding to N-methylnicotinamide, 4-PY 
and 2-PY. These three metabolites may 
then be considered to be the persistent 
metabolites of nicotinic acid. Of these 
three, 2-PY was found to be the major one,

Received for publication November 13, 1961 T, '.Supported in Part by a grant-in-aid from  the 
United States Atomic Energy Commission under Con­
tract no. A T (l l - l ) -6 7 , Animal Science Project 2.
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TABLE 1
D istribution o f  radioactivity ( % )  in different m etabolites o f  nicotinic acid in pig urine

Collection
no.

Hours 
after 

injection 
of labeled 
compound

Radioactivity
Total Count/ 

count/ min/ 
min hours

x 1 0 - 3  X I Q " 3

N-methyl-
nicotin-
amide

Nico-
tinuric

acid
Nico­
tinic
acid

4-PY 2-PY Nicotin­
amide

% % % % % %
i 0 -  1.5 7,368 4,912 nil 100 trace nil nil nil
2 1.5 -  4.5 12,287 4,096 28.5 52.20 0.02 2.8 15.2 1.2
3 4.5 -  6.33 2,074 1,133 23.6 7.1 0.05 15.5 53.3 0.55
4 6.33-18.33 6,498 542 37.8 0.1 0.03 19.0 42.9 0.1
5 18.33-24 1,894 334 30.3 nil nil 18.8 50.9 nil
6 24 -48 5,219 217 11.1 nil nil 28.1 60.8 nil

D istribution o f  radioactivity ( % )  in
TABLE 2

different m etabolites o f nicotinic acid in  sheep urine

Collection
no.

Hours 
after 

injection 
o f labeled 
compound

Total
count/m in 

x 10-3
N-methyl-

nicotinamide Trigonelline N ic» ‘ ™ ric Nicotinic
acid

Nicotin­
amide

hours % % % % %
i 0 -  1.25 10,490 0.3 0.3 61.9 36.2 1.3
2 1.25- 4.25 2,159 0.3 0.2 29.8 67.8 1.9
3 4 .2 5 - 8.25 1,609 3.0 n il 1.8 89.3 5.9
4 8.25-24 264 n il n il n il n il 100
9 88 -9 6 62 n il n il n il n il 100

accounting for 60% of the radioactivity 
in collection 6. In monkey urine, 2-PY 
was also found to be the major metabolite 
(Chang and Johnson, ’61); however, 4-PY 
was the major metabolite in rat urine 
(Chang and Johnson, ’59). This differ­
ence presumably reflects species differ­
ences in the catabolism of the nicotin­
amide portion of the pyridine nucleotides.

In all tissues examined, only pyridine 
nucleotides, nicotinamide, and traces of 
nicotinic acid were observed. The pres­
ence of free nicotinamide in tissues was 
probably due to postmortem breakdown of 
pyridine nucleotides, which are readily 
hydrolyzed after death of the animal 
(Handler and Klein, ’42; Jandorf, ’43). 
The present data, when nicotinic acid is 
used, are in complete agreement with 
those of Roth et al. ( ’48), who reported 
that endogenous nicotinic acid exists in 
the animal body in the coenzyme forms 
and that the breakdown products of these 
coenzyme forms are immediately excreted 
in urine.

Sheep data. The persistent metabolites 
of nicotinic acid in sheep urine can be seen 
(table 2) to be radically different from those

observed for the rat, human and pig. Nico­
tinamide was the only labeled metabolite 
found after 9 hours from the time of injec­
tion of labeled nicotinic acid, and labeled 
nicotinamide continued to be detected in 
the urine as long as 45 days after the in­
jection (fig. 1). The nicotinamide pre­
sumably comes from the metabolism of 
labeled pyridine nucleotides, indicating the

F ig .  1 D a i l y  e x c r e t io n  o f  r a d io a c t iv e  c o m ­
p o u n d s  i n  u r in e  o f  s h e e p  g iv e n  C 14- n ic o t in ic  a c id .  
T h e  d o t te d  l in e s  in d i c a t e  t h a t  n o  u r in e  w a s  c o l­
le c te d .
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limited capacity of the ruminant for méth­
ylation as compared with other species. 
This is in agreement with earlier less de­
finitive studies (Johnson et al., ’47; Hopper 
and Johnson, ’55) with calves. It is fur­
ther substantiated by the absence of meth­
ylated compounds (except for traces of 
N-methylnicotinamide in the urine, con­
trary to the report of Perlzweig et al. ( ’50).

On the other hand, the sheep behaves 
as other species do in detoxifying and ex­
creting rapidly excess levels of nicotinic 
acid as nicotinuric acid. The trigonelline 
noted may be an artifact formed due to 
the alkaline conditions in the bladder.

SUMMARY

Following the administration of 7-C14- 
nicotinic acid intramuscularly into a pig, 
6 metabolites were observed in the urine. 
These were N-methylnicotinamide, nico­
tinuric acid, nicotinic acid, 4-pyridone, 2- 
pyridone, and nicotinamide. Of these, the 
2-pyridone and 4-pyridone were the major 
persistent metabohes coming from the 
breakdown of the pyridine nucleotides.

Three days after administering C14-nico- 
tinic acid, only pyridine nucleotides and 
nicotinamide were noted in the pig tissues.

In sheep urine, nicotinamide was the 
only persistent metabolite, whereas nico-

tinuric acid and nicotinic acid were the 
major excretion products during the first 
8 hours after administration of'the labeled 
nicotinic acid.
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