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Walter Bradford Cannon
— A Biographical Sketch

( O c t o b e r  1 9 ,  1 8 7 1  — O c t o b e r  1 ,  1 9 4 5 )

In  h is  p r e f a c e  to  “T h e  W a y  o f  a n  
I n v e s t ig a to r  —  a  S c ie n t is t ’s E x p e r ie n c e s  in  
M e d ic a l  R e s e a r c h ,” W a lte r  C a n n o n  q u o te s  
W ill ia m  J a m e s ’ v ie w  t h a t  e v e r y b o d y  h a s  a s  
m a n y  s o c ia l  s e lv e s ,  or  s o c ia l  m e ’s ,  a s  th e r e  
a re  d i s t in c t  p e r s o n s  o r  g r o u p s  o f  p e r s o n s  
w h o  s e e  h im  i n  a  p a r t ic u la r  r o le . H e  g o e s  
o n  to  d e s c r ib e  h i s  b o o k  a s  b e in g  a b o u t  o n e  
o f  th e  m e ’s in  h i s  s o c ia l  c o m p le x ,  h is  l i f e  
a s  a  s c ie n t if ic  w o r k e r  —  e s s e n t ia l ly  th e  
fo r ty  y e a r s  h e  s p e n t  a s  a  p h y s io lo g is t  a t 
th e  H a r v a r d  M e d ic a l  S c h o o l. T o d a y , t w e n ty  
y e a r s  a f te r  h is  d e a th ,  w e  c a n  lo o k  w it h  
s o m e  p e r s p e c t iv e  a t  th e  m a n y  m e ’s w h ic h  
c o m b in e d  to  p r o d u c e  th e  u n if ie d  a n d  b a l
a n c e d  p e r s o n a l i ty  o f  W a lte r  C a n n o n  —  th e  
in v e s t ig a to r ,  t h e  p h i lo s o p h e r  o f  b io lo g y , th e  
te a c h e r ,  th e  s e r v a n t  o f  h is  c o u n tr y  in  w a r  
a n d  p e a c e ,  th e  s t a t e s m a n  o f  s c ie n c e ,  th e  
fo e  o f  ty r a n n y , th e  f r ie n d  o f  m a n k in d ,  w h o  
w a s  a lso  a  d e v o te d  h u s b a n d ,  a  te n d e r  
f a t h e r ,  a n d  a  f r ie n d  o f  m a n y  b o th  in  t h is  
c o u n tr y  a n d  a b ro a d .

W a lte r  B r a d fo r d  C a n n o n  w a s  b o r n  at  
P r a ir ie  d u  C h ie n , W is c o n s in ,  O cto b er  1 9 , 
1 8 7 1 ;  h i s  a n c e s tr y  w a s  S c o tc h -Ir ish  ( t h e  
n a m e  C a n n o n  w a s  a  c o r r u p t io n  o f  C a r n a 
h a n ) ,  E n g l i s h  a n d  F r e n c h . P r a ir ie  d u  
C h ie n , in c id e n t a l ly ,  c o n t a in s  th e  s ite  o f  o ld  
F o rt C r a w fo r d  w h e r e  in  th e  1 8 2 0 ’s th e  
U . S. A r m y  s u r g e o n ,  B e a u m o n t ,  h a d  m a d e  
h is  m e m o r a b le  o b s e r v a t io n s  o n  g a s tr ic  d i
g e s t io n  i n  a  s u b je c t  w it h  a  f is t u la  r e s u l t in g  
f r o m  a  g u n s h o t  w o u n d . ( I t  i s  a  c u r io u s  
c o in c id e n c e  th a t  C a n n o n ’s in i t ia l  w o r k  w a s  
th e  f ir s t  i n  v i v o  s tu d y  o f  d ig e s t io n  w h ic h  
m a d e  u s e  o f  th e  n e w ly  d is c o v e r e d  R o e n t 
g e n  r a y s . )  H is  fa th e r  w a s  a n  in v e n t iv e  
r a ilr o a d  e n g in e e r ;  h i s  m o th e r  d ie d  w h e n  h e  
w a s  te n . J u s t  b e fo r e  s h e  d ie d , s h e  c a lle d  
h im  to  h e r  b e d s id e  a n d  s a id  to  h im :  “W a l
ter , b e  g o o d  to  th e  w o r ld ,” a  w is h  w h ic h  
h e  a m p ly  fu lf i l le d .  C a n n o n  w a s  e d u c a te d  
in  p u b lic  s c h o o ls  in  M ilw a u k e e  a n d  St. 
P a u l,  b e in g  m u c h  in t e r e s t e d  d u r in g  h is  
h ig h  s c h o o l  y e a r s  in  th e  c o n tr o v e r s y  c a r 

r ie d  o u t  b y  H u x le y  w it h  th e  B is h o p  o f  
P e te r b o r o u g h  a n d  w it h  G la d s to n e . In  s p ite  
o f  h i s  f a m i ly ’s r e d u c e d  c ir c u m s t a n c e s ,  h e  
d e c id e d  n o t  to  a t te n d  th e  U n iv e r s ity  o f  
M in n e s o t a  b u t  to  g o  to  H a r v a r d , a  v e n tu r e  
m a d e  p o s s ib le  b y  h i s  s e c u r in g  a  s e r ie s  o f  
s c h o la r s h ip s .  W a lte r  C a n n o n  w a s  a  b r il
l ia n t  s tu d e n t ;  in  1 8 9 6 ,  h e  g r a d u a te d  
s u m m a  c u m  l a u d e ,  h a v in g  c o m p le te d  
e n o u g h  g r a d u a te  c o u r s e s  d u r in g  h is  u n d e r 
g r a d u a te  y e a r s  th a t  h e  c o u ld  b e  a w a r d e d  
th e  d e g r e e  o f  M a s te r  o f  A r ts  a t  t h e  e n d  o f  
h is  f ir s t  y e a r  a t  H a r v a r d  M e d ic a l  S c h o o l.  
A t th e  b e g in n in g  o f  h is  fo u r th  y e a r  a t th e  
H a r v a r d  M e d ic a l  S c h o o l,  h e  w a s  in v i t e d  to  
c o n d u c t  a t  H a rv a r d  C o lle g e  a n d  a t R a d -  
c li f f e  C o lle g e  th e  c o u r s e  in  c o m p a r a t iv e  
a n a to m y  o f  v e r te b r a te s  ( i n  w h ic h  h e  h a d  
b e e n  s t u d e n t  a s s is t a n t  w h ile  a n  u n d e r 
g r a d u a t e ) .  A t th e  e n d  o f  th e  fo u r th  y e a r  
w h e n  h e  r e c e iv e d  th e  M .D . d e g r e e ,  h e  w a s  
o ffe r e d  a n  in s tr u c to r s h ip  in  t h a t  c o u r s e  a s  
w e l l  a s  o n e  in  p h y s io lo g y  a t  th e  M e d ic a l  
S c h o o l. H e  a c c e p te d  t h e  la t te r ;  f r o m  1 9 0 0  
to  1 9 0 2  h e  h a d  th e  t it le  o f  In s tr u c to r .  F r o m  
1 9 0 2  to  1 9 0 6  h e  w a s  A s s is t a n t  P r o fe s so r .  
In  1 9 0 6 ,  h e  s u c c e e d e d  H e n r y  P . B o w d itc h  
a s  G eo r g e  H ig g in s o n  P r o fe s s o r  o f  P h y s io l 
o g y , a n  a p p o in tm e n t  w h ic h  c o n t in u e d  u n t i l  
h e  b e c a m e  P r o fe s s o r  E m e r itu s  in  A u g u s t ,  
1 9 4 2 . A  y e a r  a f te r  g r a d u a t in g  f r o m  M e d i
c a l  S c h o o l,  h e  m a r r ie d  C o r n e lia  J a m e s ,  
w h o m  h e  h a d  k n o w n  a t  S t. P a u l  H ig h  
S c h o o l a n d  la te r  w h e n  s h e  c a m e  to  R a d -  
c li f f e  a s  a  s tu d e n t .  M rs. C a n n o n  w a s  a n d  
i s  a  g i f t e d  w r ite r  w h o  h a s  w r i t te n  a  n u m 
b e r  o f  e x c e l l e n t  c h i ld r e n ’s b o o k s . ( I f  I  m a y  
b e  p e r m it te d  a n  a u to b io g r a p h ic a l  n o te ,  I 
w il l  s a y  th a t  w h e n  I w a s  a  c h i ld  a n d  th e  
C a n n o n ’s c a m e  to  v is i t  m y  p a r e n ts  in  
P a r is ,  I w a s  m u c h  m o r e  im p r e s s e d  to  m e e t  
th e  a u th o r  o f  “L a z a r o  in  th e  P u e b lo s ” th a n  
th a t  o f  “B o d ily  C h a n g e s  in  P a in , H u n g e r ,  
F e a r  a n d  R a g e .” )

D o c to r  C a n n o n ’s c a r e e r  a s  a n  in d e p e n d 
e n t  c o n tr ib u to r  to  p h y s io lo g y  s ta r te d  o n
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D e c e m b e r  9 , 1 9 0 6 ,  w h e n  h e  w a s  a  fir s t-  
y e a r  m e d ic a l  s tu d e n t ;  w it h  th e  a id  o f  a  
p r im it iv e  x -r a y  a p p a r a tu s ,  h e  w a tc h e d  
p e a r l  b u t to n s  p a s s  d o w n  th e  e s o p h a g u s  o f  
a d o g  a n d  th u s  w a s  a b le  fo r  th e  f ir s t  t im e  
in  h is to r y  to  s tu d y  th e  m o to r  a c t iv i ty  o f  th e  
a lim e n ta r y  tr a c t  u n d e r  c o n d it io n s  u n c o m 
p lic a te d  b y  a n e s t h e s ia  or  o p e r a t in g  p r o c e 
d u re . T w e n t y  d a y s  la te r ,  a t  th e  n in th  
a n n u a l  m e e t in g  o f  th e  A m e r ic a n  P h y s io 
lo g ic a l  S o c ie ty ,  h e  d e m o n s tr a te d  b y  th e  
s a m e  te c h n iq u e  th e  n a tu r e  o f  d e g lu t i t io n  in  
th e  g o o se .

C a n n o n  a n d  a  s e c o n d -y e a r  s tu d e n t ,  A l
b e r t  M o se r , w e n t  o n  to  s h o w  t h a t  b o th  
b u c c a l  p r e s su r e  a n d  e s o p h a g e a l  p e r is ta ls is  
w e r e  in v o lv e d  in  d e g lu t i t io n  w it h  th e  d e 
g r ee  to  w h ic h  e ith e r  f a c to r  w a s  p r e d o m i
n a n t  d e p e n d e n t  o n  th e  c o n s i s t e n c y  o f  th e  
fo o d  a n d  o n  th e  s p e c ie s .  C a n n o n  in tr o 
d u c e d  th e  u s e  o f  b is m u t h  s a l t s  in  r a d io lo g y  
a n d  o n  A p r il 2 3 ,  1 8 9 7 ,  r e c o r d e d  th e  f ir s t  
o b s e r v a t io n  b y  m e a n s  o f  x -r a y s  o f  p e r i
s ta lt ic  w a v e s  p a s s in g  o v e r  th e  s to m a c h  
c o n te n t .  H e  w e n t  o n  to  d e s c r ib e  th e  a d 
j u s t m e n t  o f  th e  s to m a c h  to  i t s  c o n ta in e d  
v o lu m e , th e  b e h a v io r  o f  th e  c a r d ia ,  th e  
o r ig in  a n d  c o u r se  o f  g a s tr ic  p e r is t a ls is ,  th e  
in f lu e n c e  o f  th e  n a tu r e  o f  fo o d s t u f f s  o n  
p a s s a g e  o u t  o f  th e  s to m a c h  in t o  th e  d u o 
d e n u m , th e  r y th m ic  s e g m e n t a t io n  o f  th e  
s m a l l  b o w e l,  a n d  th e  c h a r a c te r is t ic s  o f  
in t e s t in a l  p e r is t a ls is .  H e  e x t e n d e d  h is  
s tu d ie s  to  t h o s e  o f  th e  m e c h a n is m s  b y  
w h ic h  t h e s e  p h e n o m e n a  w e r e  m a d e  p o s 
s ib le ,  a n d  w a s  in t e r e s t e d  in  tu r n  in  th e  r o le  
o f  th e  s m o o th  m u s c le ,  th e  in tr a m u r a l  n e r v 
o u s  e le m e n t s  a n d  th e  e x t r in s ic  in n e r v a t io n .  
H e  e x t e n d e d  th e  s ig n i f ic a n c e  o f  P a v lo v ’s 
d is c o v e r y  o f  th e  p s y c h ic  s e c r e t io n  o f  g a s tr ic  
ju ic e  b y  s h o w in g  th a t  th e r e  w a s  a ls o  a 
p h y s io lo g ic a lly  im p o r ta n t  p s y c h ic  to n u s  o f  
th e  g a s tr ic  m u s c u la tu r e .  H is  s tu d ie s  o f  th e  
d ig e s t iv e  tr a c t  e n d e d  w it h  h is  f u n d a m e n t a l  
d e m o n s tr a t io n ,  in  1 9 1 2 ,  th a t  in  m a n ,  
th e  p a n g s  o f  h u n g e r  a re  a s s o c ia t e d  w ith  
c r a m p -lik e  c o n t r a c t io n s  o f  th e  g a s tr ic  w a l l ,  
a n  o b s e r v a t io n  w h ic h  w a s  to  g iv e  a  d ir e c 
t io n  a n d  im p e t u s  to  th e  w o r k  o f  A n to n  
C a r lso n  o n  th e  r o le  o f  th e  s to m a c h  in  h u n 
g e r  in  h e a l t h  a n d  d is e a s e .

D o c to r  C a n n o n ’s  c o n s id e r a t io n  o f  th e  
d is tu r b a n c e  o f  d ig e s t iv e  p r o c e s s e s  le d  h im  
to  s tu d y  th e  f u n c t io n a l  s ig n i f ic a n c e  o f  th e  
s y m p a t h e t ic  n e r v o u s  s y s te m . A  n u m b e r  o f

p a p e r s ,  sp r e a d  o v e r  a  p e r io d  o f  t w e n ty  
y e a r s ,  d e m o n s tr a te d  th a t  s t r e s s e s  s u c h  a s  
p a in ,  r a g e , f e a r ,  a s p h y x ia ,  h y p o g ly c e m ia ,  
a n d  e x p o s u r e  to  c o ld  le d  to  in c r e a s e d  s e c r e 
t io n  o f  a d r e n a h n . ( T h e  a c t io n  o f  t h is  h o r 
m o n e  in c r e a s e s  th e  e f fe c t  o f  t h e  w id e 
sp r e a d  d is c h a r g e  o f  s y m p a t h e t ic  n e r v e  
im p u ls e s  to  p r o d u c e  c h a n g e s  w h ic h  e n a b le  
th e  a n im a l  to  f ig h t ,  f le e  or  a d a p t  to  th e  
e m e r g e n c y .  )

In  th e  p r o c e s s  o f  d e v e lo p in g  a  b e t te r  
a s s a y  fo r  a d r e n a l s e c r e t io n , C a n n o n  d e v e l
o p e d  a  n e w  m e th o d , b a s e d  o n  t h e  d e n e r v -  
a te d  h e a r t . H e  s h o w e d  t h a t  in  th e  la s t in g  
p r e p a r a t io n s ,  th e r e  c o u ld  b e  d e m o n s tr a te d  
a  s u b s t a n c e  w h ic h  p r o d u c e d  c a r d ia c  a c 
c e le r a t io n ,  b u t  o n ly  a f te r  th e  h e a r t  h a d  
b e e n  s e n s it iz e d  b y  d e n e r v a t io n . T h e  e v e n 
tu a l  r e s u lt  o f  th is  o b s e r v a t io n  w a s  th e  
d is c o v e r y  o f  s y m p a th in . D r. C a n n o n  a n d  
h i s  c o lla b o r a to r s  s h o w e d  t h a t  t h i s  s u b 
s ta n c e  i s  p r o d u c e d  in  t h e  n o r m a l  a n im a l ,  
i s  c a r r ie d  b y  th e  b lo o d  a n d  m a y  t h u s  a c t  
o n  s y m p a t h e t ic a l ly  in n e r v a t e d  e f fe c to r s  
s o m e  d is t a n c e  f r o m  it s  o r ig in . T h e  in i t ia l  
w o r k  o n  c h e m ic a l  m e d ia t io n  w a s  e x t e n d e d ,  
in  p a r t ic u la r  in  c o lla b o r a t io n  w ith  A rtu ro  
R o s e n b lu e th ,  a n d  c u lm in a t e d  in  th e ir  w r it 
in g  to g e th e r  a  h ig h ly  u s e f u l  b o o k  e n t i t le d ,  
“A n a to m ic  N e u r o -E ffe c to r  S y s t e m s .”

T h e  f a c t u a l  d is c o v e r ie s  o f  D o c to r  C a n 
n o n ,  s ig n i f ic a n t  a s  th e y  a r e , s h o u ld  n o t  
o b s c u r e  h i s  e q u a l ly  im p o r ta n t  c o n tr ib u 
t io n s  to  th e  p h i lo s o p h y  o f  p h y s io lo g y . H is  
s e v e r a l  b o o k s  a n d  e s s a y s  o n  th e  o r g a n iz a 
t io n  o f  th e  b o d y  ( i n  p a r t ic u la r  h i s  b o o k ,  
“T h e  W is d o m  o f  th e  B o d y ” ) h a v e  h a d  a  
la s t in g  in f lu e n c e  o n  th e  th in k in g  o f  p h y s i 
o lo g is t s .  H is  id e a s  o n  h o m e o s t a s is  h a v e  
b e e n  a n d  c o n t in u e  to  b e  o f  s u c h  im p o r 
t a n c e  th a t  a  b r ie f  a n a ly s is  o f  h i s  c o n c e p t s  
is  n o t  o u t  o f  p la c e  e v e n  in  a  sh o r t  e s s a y  
s u c h  a s  th is .

T h e  r o o ts  o f  th e  th e o r y  o f  h o m e o s t a s is  
g o  b a c k  to  C la u d e  B e r n a r d  a n d  h i s  “L e ç o n s  
su r  l e s  P h é n o m è n e s  d e  la  V ie ” ( 1 8 7 8 ) :  
“A ll t h e  v i ta l  m e c h a n is m s ,  h o w e v e r  v a r ie d  
t h e y  m a y  b e , h a v e  o n ly  o n e  o b je c t ,  t h a t  o f  
p r e s e r v in g  c o n s t a n t  th e  c o n d it io n s  o f  th e  
in t e r n a l  e n v ir o n m e n t  w h ic h  m a k e  a  fr e e  
a n d  in d e p e n d e n t  l i f e  p o s s ib le .” C h a r le s  
R ic h e t ,  a  F r e n c h  p h y s io lo g is t  w h o  w a s  o n e  
o f  th e  e a r ly  w in n e r s  o f  th e  N o b e l  P r iz e ,  
fu r th e r  e la b o r a te d  o n  h i s  in t e l l e c t u a l  a n 
c e s to r ’s p h i lo s o p h y  w h e n  h e  w r o te  in  1 9 0 0
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in  h is  “D ic t io n n a ir e  d e  P h y s io lo g ie ” : “T h e  
l iv in g  b e in g  i s  s ta b le .  I t  m u s t  b e  so  in  
o rd er  n o t  to  b e  d e s tr o y e d , d is s o lv e d  or d is 
in te g r a te d  b y  th e  c o lo s s a l  fo r c e s ,  o f t e n  a d 
v e r s e ,  w h ic h  su r r o u n d  i t  . . .  In  a  s e n s e ,  
i t  is  s ta b le  b e c a u s e  i t  i s  m o d if ia b le  —  th e  
s l ig h t  in s ta b i l i ty  i s  th e  n e c e s s a r y  c o n d it io n  
fo r  th e  tr u e  s ta b il i ty  o f  th e  o r g a n is m .” 
W a lte r  C a n n o n  tr ie d  to  g o  b e y o n d  th e s e  
g e n e r a l  e x p r e s s io n s  a n d  fu r n is h  m o r e  s p e 
c if ic  p o s t u la t e s  fo r  w h a t  h e  c a lle d  a t  first  
“b io lo g ic a l  h o m e o s t a t ic s ” a s  w e l l  a s  “h o 
m e o s t a s i s ,” a n d  to  g iv e  s p e c if ic  i l lu s t r a 
t io n s  o f  th e  a p p l ic a t io n  o f  th e s e  p o s tu la te s .

1. “In  a  b io lo g ic a l  s y s te m , c o n s t a n c y  
( e .g . ,  h o m e o t h e r m ia )  i s  in  i t s e l f  e v id e n c e  
th a t  a g e n c ie s  a re  a c t in g  or a re  r e a d y  to  
a c t  to  m a in t a in  th is  c o n s t a n c y .” A s  e x a m 
p le s  o f  s u c h  a g e n t s ,  D r . C a n n o n  c it e d  
a n t a g o n is t s ,  e .g . ,  c a r d ia c  n e r v e s ;  o v e r f lo w ,  
e .g . ,  b y  th e  k id n e y s ;  d is tr ib u t io n  o f  s t im 
u l i ,  e .g . ,  th ir s t;  m a g n if ic a t io n  o f  a  c o n s t a n t  
p r o c e s s ,  e .g . ,  e f f e c t s  o f  C 0 2; s tr u c tu r a l  a d 
ju s t m e n t s ,  e .g . ,  m o r e  e r y th r o c y te s  a t  h ig h  
a lt itu d e , e tc .

2 . “I f  a  h o m e o s t a t ic  c o n d it io n  c o n 
t in u e s ,  i t  d o e s  so  b e c a u s e  a n y  t e n d e n c y  
to w a r d s  a  c h a n g e  i s  a u t o m a t ic a lly  m e t  b y  
in c r e a s e d  e f f e c t iv e n e s s  o f  a  fa c to r  or  f a c 
to r s  w h ic h  le s s e n  th e  c h a n g e ” ( e .g . ,  i n 
c r e a s e d  h e p a t ic  r e le a s e  fr o m  th e  l iv e r  in  
h y p o g ly c e m ia ,  im m e d ia t e ly  a r r e s te d  b y  
in tr a v e n o u s  g lu c o s e  in j e c t i o n ) .

3 . “A  h o m e o s t a t ic  a g e n t  d o e s  n o t  a c t  
in  o p p o s ite  d ir e c t io n s  a t  th e  s a m e  p o in t .” 
D r. C a n n o n  p o in ts  o u t  th e  f a c t  th a t  w h ile  
in s u l in  m a y  l e s s e n  s u g a r  s to r a g e  in  n o r 
m a l  a n im a ls  a n d  in c r e a s e  i t  in  d ia b e t ic  
a n im a ls ,  th is  ty p e  o f  a p p a r e n t  c o n tr a d ic 
t io n  i s  r e s o lv e d  i f  o n e  c o n s id e r s  th e  v e r y  
d if fe r e n t  c o n d it io n s  in  w h ic h  th e s e  p h e 
n o m e n a  ta k e  p la c e .

4 . “H o m e o s ta t ic  a g e n ts ,  a n t a g o n is t ic  in  
o n e  r e g io n  o f  th e  b o d y , m a y  b e  c o o p e r a t iv e  
in  a n o th e r  r e g io n ” ( e .g . ,  o p p o s it io n  in  
a c t io n  o f  th e  “s y m p a th ic o -a d r e n a l  f a c to r ” 
a n d  in s u l in  in  th e ir  a c t io n  o n  g ly c o g e n  
d e p o s it io n  in  th e  l iv e r  b u t  s y n e r g is m  in  
th e  m u s c le s  in  th a t  “e a c h  c a u s e s  a c c e le r a 
t io n  o f  m e ta b o l is m  a n d  in c r e a s e d  u t i l iz a 
t io n  o f  s u g a r ) .

5 . “T h e  r e g u la t in g  s y s te m  w h ic h  d e te r 
m in e s  a  h o m e o s t a t ic  s ta te  m a y  c o m p r is e  
a n u m b e r  o f  c o o p e r a t in g  fa c to r s  b r o u g h t  
in to  a c t io n  a t  th e  s a m e  t im e  o r  s u c c e s 

s iv e ly .” A s a n  i l lu s tr a t io n  o f  th is  p o s tu 
la te ,  D r . C a n n o n  c it e s  th e  s u c c e s s iv e  s te p s  
b y  w h ic h  th e  b o d y  r e s is t s  c o ld  a n d  h e a t  
b o th  in  te r m s  o f  in c r e a s in g  or  d e c r e a s in g  
h e a t  p r o d u c t io n  a n d  in  te r m s  o f  d e c r e a s 
in g  or in c r e a s in g  h e a t  tr a n s fe r .

6 . “W h e n  a  fa c to r  i s  k n o w n  w h ic h  c a n  
s h if t  a h o m e o s t a t ic  s ta te  in  o n e  d ir e c t io n ,  
i t  is  r e a s o n a b le  to  lo o k  fo r  a u to m a t ic  c o n 
tro l o f  th a t  fa c to r  or fo r  a  fa c to r  or  fa c to r s  
h a v in g  a n  o p p o s ite  e f f e c t .” T h is  la s t  “p o s 
tu la t e ” i s  e s s e n t ia l ly  a  b a s is  fo r  th e  c o n 
s tr u c t io n  o f  s a t is fa c to r y  w o r k in g  h y p o t h e 
s e s ,  a n d  D r. C a n n o n  o ffe r e d  n o  sp e c if ic  
e x a m p le s  o f  i t s  a p p lic a t io n ;  b u t  h is  o w n  
r e s e a r c h  —  p a r t ic u la r ly  th a t  o n  th e  a c t io n  
o f  th e  s y m p a th e t ic  a n d  th e  p a r a s y m p a 
t h e t ic  n e r v o u s  s y s te m  —  o ffe r s  m a n y  
i l lu s t r a t io n s  o f  i t s  f r u i t f u ln e s s .

D r. C a n n o n ’s in f lu e n c e  a s  a  t e a c h e r  w a s  
c o n s id e r a b le ,  b o th  b e c a u s e  o f  h i s  c o n s id e r 
a b le  g i f t s  a n d  b e c a u s e  i t  w a s  d u r in g  h is  
l i f e t im e  —  a n d  la r g e ly  u n d e r  h is  in f lu e n c e  
th a t  th e  m a jo r  d e v e lo p m e n t  o f  p h y s io lo g y  
in  A m e r ic a  to o k  p la c e .  D r. H e n r y  P ic k e r 
in g  B o w d itc h , w h o m  D r. C a n n o n  s u c 
c e e d e d ,  h a d  b e e n  th e  f ir s t  fu l l - t im e  p r o 
f e s s o r  o f  p h y s io lo g y  in  A m e r ic a . D r. 
C a n n o n  c o n c e iv e d  h is  r e s p o n s ib i l i ty  a s  a  
p r o fe s s o r  to  b e  a  m a n d a te  to  d e v e lo p  a  
c o u r se  w h ic h  w o u ld  se r v e  a s  a m o d e l  fo r  
a ll m e d ic a l  s c h o o ls  in  th e  U n ite d  S ta te s  
a n d  to  tr a in  a  n u m b e r  o f  h is  b e s t  s tu d e n ts  
to  b e  th e  p r o fe s s o r s  o f  p h y s io lo g y  fo r  th e s e  
s c h o o ls .  H e  s u c c e e d e d  s p e c ta c u la r ly  w e l l  
in  b o th  r e s p e c t s .  H is  la b o r a to r y  m a n u a l ,  
w h ic h  f ir s t  a p p e a r e d  in  1 9 1 1 ,  w e n t  
th r o u g h  m a n y  r e v is io n s  a n d  s e r v e d  a s  th e  
b a s is  o f  p h y s io lo g ic a l  la b o r a to r y  t e a c h in g  
t h r o u g h o u t  th e  c o u n tr y . A s  th e  y e a r s  
w e n t  o n , th e  e x p e r im e n t s  o n  c a t s  —  a n d  
o n  s tu d e n ts  —  u s e d  m o r e  s o p h is t ic a te d  
e q u ip m e n t ,  b u t  a l l  r e m a in e d  d e m o n s tr a 
t io n s  o f  th e  b a s ic  f a c t s  th a t  p h y s ic ia n s  
s h o u ld  k n o w ; a t n o  t im e  w a s  P r o fe s s o r  
C a n n o n  s e d u c e d  b y  f a c i l i t y  o r  th e  a t tr a c 
t io n  o f  th e  e a s i ly  s p e c ta c u la r  n o r  w a s  
h e  d iv e r te d  f r o m  th e  m o s t  im p o r ta n t  
s u b je c t  m a tte r s .  S im ila r ly ,  C a n n o n ’s l e c 
tu r e s  w e r e  e r u d ite  y e t  c le a r  s u m m a r ie s  
o f  r a p id ly  e x p a n d e d  k n o w le d g e  a n d  th e s e  
to o  w e r e  u n d e r  c o n s t a n t  r e v is io n . D r. 
C a n n o n ’s o u t s t a n d in g  s u c c e s s  a s  a  te a c h e r  
w a s  n o t ,  h o w e v e r , so  m u c h  d u e  to  h is  
la b o r a to r y  c o u r se  or  h is  le c t u r e s  a s  to  h i s
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g i f t  fo r  a t tr a c t in g  y o u n g  m e n  to  h i s  la b 
o r a to r y , to  m a k e  th e m  f e e l  th e  jo y  o f  
r e s e a r c h , th e  e x c i t e m e n t  o f  d i s c u s s io n  b e 
t w e e n  d e d ic a te d  in v e s t ig a to r s .  In  sh o r t ,  
h e  m a d e  th e m  p a r ta k e  o f  th e  e n t h u s ia s m  
a n d  th e  s c h o la r s h ip  w h ic h  h e  h im s e l f  
b r o u g h t  to  h i s  l i f e ’s w o r k . H is  s im p lic i ty ,  
h is  k in d n e s s ,  h i s  f r a n k n e s s ,  th e  f a c t  th a t ,  
ju s t  a s  h e  h a d  d o n e  s o m e  o f  h is  m o s t  
im p o r ta n t  w o r k  w h e n  h e  w a s  v e r y  y o u n g ,  
h e  e x p e c te d  v e r y  y o u n g  m e n  to  d o  im p o r 
ta n t  w o r k  a n d  th u s  tr e a te d  th e m  a s  im 
p o r ta n t  w o r k e r s  —• a ll  th e s e  tr a its  w e r e  
im p o r ta n t  c o m p o n e n ts  in  th e  c r e a t io n  o f  
a  fe r t i le  c l im a t e  in  w h ic h  y o u n g  p h y s io lo 
g is t s  g r e w  u p  to  b e c o m e  m a s te r s  in  th e ir  
c r a f t .  A n d  in  th e ir  tu r n , th e y  b e c a m e  
p r o fe s s o r s  in  o th e r  d e p a r tm e n ts  o f  th e  
M e d ic a l  S c h o o l,  in  o th e r  m e d ic a l  s c h o o ls  
in  th e  U n ite d  S ta te s ,  a n d  in  c o u n tr ie s  
a r o u n d  th e  w o r ld .

W h e n  th e  U n ite d  S ta te s  e n te r e d  th e  
f ir s t  W o r ld  W a r , W a lte r  C a n n o n , th e n  
fo r ty -s ix ,  e n l is t e d  a n d  jo in e d  th e  H a rv a r d  
H o s p ita l  U n it ,  b e in g  c o m m is s io n e d  a  first  
l ie u t e n a n t  o n  A p ril 2 1 ,  1 9 1 7 .  A t th a t  t im e ,  
w o u n d  s h o c k  w a s  a  l it t le -u n d e r s to o d  p r o b 
le m . A s  s o o n  a s  th e  U n it  a r r iv e d  a t  th e  
fr o n t  ( a t  N o . 3 3  C a s u a lty  C le a r in g  S ta t io n  
a t B é th u n e ,  F r a n c e ) ,  C a n n o n  s ta r te d  h is  
s tu d ie s  o f  th is  c o n d it io n ;  h e  e v e n tu a l ly  
a sc r ib e d  i t  to  a  c o m b in a t io n  o f  a c id o s is  
a n d  a  r e d u c t io n  o f  b lo o d  v o lu m e , a n d  
r e c o m m e n d e d  tr e a t in g  i t  b y  th e  in t r a v e 
n o u s  in j e c t io n  o f  w a r m  a lk a l in e  s o lu t io n .  
H e  w a s  c o m m is s io n e d  a  C a p ta in  o n  
A u g u s t  1 1 , 1 9 1 7 ,  a n d  b e c a m e  c h a ir m a n  
o f  th e  N a t io n a l  R e s e a r c h  C o u n c il ’s S u b 
c o m m it te e  o n  th e  P h y s io lo g y  o f  S h o c k  o n  
O cto b er  1 9 , 1 9 1 7  ( h i s  c o m m it t e e  b e in g  
e s s e n t ia l ly  o n  th e  o th e r  s id e  o f  th e  A t la n 
t i c ) .  A  s e r ie s  o f  p a p e r s  o n  s h o c k , p u b 
l is h e d  in  U n ite d  S ta te s ,  B r it ish  a n d  F r e n c h  
jo u r n a ls  o n  w o u n d  s h o c k  d u r in g  a n d  im 
m e d ia te ly  f o l lo w in g  th e  w a r , a n d  a  s e r ie s  
o f  e x p e r im e n t a l  s tu d ie s  o n  tr a u m a t ic  
s h o c k  in  th e  th r e e  y e a r s  f o l lo w in g  th e  e n d  
o f  th e  w a r  e v e n t u a l ly  c u lm in a t e d  in  th e  
p u b lic a t io n  o f  C a n n o n ’s im p o r ta n t  b o o k , 
“T r a u m a t ic  S h o c k .” F r o m  O cto b er  2 3 ,  
1 9 1 7 ,  to  F e b r u a r y  1 5 , 1 9 1 8 ,  C a n n o n  c o n 
t in u e d  h i s  s tu d ie s  o n  s h o c k  in  th e  P h y s io 
lo g ic a l  L a b o r a to r y  o f  th e  U n iv e r s ity  o f  
L o n d o n , c o lla b o r a t in g  w it h  P r o fe s s o r  B a y -  
l i s s  in  th e  e x a m in a t io n  o f  th e  e f fe c t  o f

c o ld  o n  b lo o d  p r e s s u r e  in  tr a u m a t ic  sh o c k .  
O n  F e b r u a r y  1 0 , 1 9 1 8 ,  h e  w a s  p r o m o te d  
to  th e  r a n k  o f  M a jo r , a n d  s e n t  to  th e  
in te r -a l l ie d  c o n f e r e n c e  o n  g a s  w a r fa r e  
(F e b r u a r y  1 5  to  A p r il 1 8 )  in  P a r is ,  w h e r e  
h e  w o r k e d  w ith  th e  tw o  p h y s io lo g is t s  w h o  
h a d  b e e n  in  c h a r g e  o f  th e  b io lo g ic a l  a s 
p e c t s  o f  c h e m ic a l  w a r fa r e  fo r  th e  A ll ie s ,  
A n d r é  M a y er  a n d  J o se p h  B a r c r o ft . F r o m  
A p r il 1 to  D e c e m b e r  2 5 ,  1 9 1 8 ,  W a lte r  
C a n n o n  w a s  p la c e d  in  c h a r g e  o f  a  r e 
s e a r c h  u n it  a t  th e  C e n tr a l M e d ic a l  L a b o r a 
to r y  o f  th e  U . S . A r m y  in  D ijo n , F r a n c e .  
H e  w a s  p r o m o te d  to  th e  r a n k  o f  L ie u te n 
a n t-C o lo n e l  o n  O cto b er  2 3 ,  1 9 1 8 ;  in  1 9 1 9 ,  
h e  w a s  m a d e  a  C o m m a n d e r  o f  th e  O rd er  
o f  th e  B a th  fo r  “m e r ito r io u s  s e r v ic e s  to  
th e  A ll ie d  C a u s e ;” in  1 9 2 2 ,  h e  r e c e iv e d  
th e  D is t in g u is h e d  S e r v ic e  M ed a l.

D u r in g  th e  s e c o n d  W o r ld  W a r , D r . 
C a n n o n  a g a in  b e c a m e  im m e r s e d  in  p r o b 
le m s  r e la te d  to  sh o c k . A s  e a r ly  a s  th e  
s p r in g  o f  1 9 4 0 ,  h e  b e c a m e  c h a ir m a n  o f  
th e  c o m m it te e  o n  b lo o d  t r a n s f u s io n s  a n d  
b lo o d  s u b s t it u t e s  a n d  th e ir  u s e  in  th e  
t r e a tm e n t  o f  s h o c k  o f  th e  N a t io n a l  R e 
s e a r c h  C o u n c il .  T h e  w o r k  o f  th is  c o m 
m it te e  la id  th e  b a s is  fo r  th e  g ig a n t ic  b lo o d  
p r o c u r e m e n t  p r o g r a m  o f  th e  A m e r ic a n  
R e d  C r o ss , fo r  s tu d ie s  o n  b lo o d  s u b s t it u t e s ,  
p r o c e d u r e s  fo r  d r y in g  b lo o d  p la s m a  so  
a s  to  m a k e  i t  p o s s ib le  to  tr a n sp o r t  i t  s a f e ly  
a ll  o v e r  th e  w o r ld , a n d  s tu d ie s  o n  
th e  f r a c t io n a t io n  o f  b lo o d  p la s m a  c o n 
d u c te d , in  p a r t ic u la r ,  u n d e r  th e  d ir e c t io n  
o f  h is  H a r v a r d  M e d ic a l  S c h o o l c o lle a g u e ,  
E . J. C o h n .

D o c to r  C a n n o n  w a s  a lw a y s  in te r e s t e d  
in  in t e r n a t io n a l  a f fa ir s . T h is  in t e r e s t  w a s  
k in d le d  b y  th e  f a c t  th a t  in  h is  th ir ty -s ix  
y e a r s  a s  p r o fe s s o r ,  h e  h a d  m o r e  th a n  f if ty  
f o r e ig n  s tu d e n ts  fr o m  s e v e n t e e n  d if fe r e n t  
c o u n tr ie s  d o in g  r e s e a r c h  in  h is  la b o r a to r y . 
T h e  c lo s e  b o n d s  w h ic h  h e  fo r m e d  w it h  
F r e n c h , B e lg ia n  a n d  B r it is h  s c ie n t is t s  d u r 
in g  W o r ld  W a r  I, h is  l in k s  w ith  E u r o p e a n  
u n iv e r s i t ie s  ( h e  w a s  e x c h a n g e  p r o fe s so r  
a t th e  U n iv e r s ity  o f  P a r is  d u r in g  th e  
s e c o n d  h a l f  o f  th e  1 9 2 9 - 1 9 3 0  a c a d e m ic  
y e a r , a n d  w a s  m a d e  a  d o c t o r  h o n o r i s  
c a u s a  o f  L iè g e , S tr a sb o u r g , P a r is ,  M a d r id  
a n d  B a r c e lo n a ) ,  h is  c le a r  v ie w  o f  th e  
th r e a t  to  fr e e  m e n  e v e r y w h e r e  p o s e d  b y  
F a s c is m  le d  h im  to  ta k e  th e  le a d  in  o r 
g a n iz in g  U n ite d  S ta te s  h e lp  to  th e  S p a n is h
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R e p u b lic a n s .  T h e  f a c t  th a t  th e  h e a d  o f  
th e  h a r d -p r e s s e d  L o y a l is t  g o v e r n m e n t ,  D r. 
J u a n  N e g r in ,  w a s  a  p h y s io lo g is t  p r o b a b ly  
g a v e  D r. C a n n o n  a  f e e l in g  o f  k in s h ip  w ith  
th o s e  m e n  w h o  w e r e  f ig h t in g  w h a t  sh o u ld  
h a v e  b e e n  c le a r ly  r e c o g n iz e d  a s  th e  f ir s t  
r o u n d  o f  th e  d e f e n s e  o f  W e s te r n  d e m o c r a 
c ie s  a g a in s t  th e  g r e a te s t  th r e a t  th e y  h a d  
e v e r  fa c e d .  W a lte r  C a n n o n  b r a v e d  th e  
c r it ic is m  o f  i s o la t io n is t s  a n d  f a s c i s t  s y m 
p a th iz e r s  in  th is  c o u n tr y  to  o r g a n iz e  m e d 
ic a l  h e lp  fo r  th e  S p a n is h  R e p u b lic a n  A r m y  
a n d  la te r  fo r  th e  S p a n is h  R e p u b lic a n  r e f u 
g e e s  in  F r a n c e .

D r. C a n n o n ’s v is i t  to  th e  P e ip in g  U n io n  
M e d ic a l  C o lle g e , a s  w e l l  a s  th e  g r e a t  
s c h o la r ly  in t e r e s t  o f  h is  d a u g h te r ,  W ilm a ,  
a n d  h e r  h u s b a n d ,  J o h n  K. F a ir b a n k  ( n o w  
F r a n c is  L e e  H ig g in s o n  P r o fe s s o r  o f  H is 
to ry  a n d  D ir e c to r  o f  th e  E a s t  A s ia n  R e 
s e a r c h  C e n te r  a t  H a r v a r d )  le d  h im  to  
s im ila r ly  r a is e  h is  v o ic e  to  p r o te s t  th e  
r a p e  o f  C h in a  b y  th e  J a p a n e s e  a n d  th e  
in d if f e r e n c e  o f  th is  c o u n tr y  a n d  o f  th e  
w o r ld  to  th e  o u tr a g e s  p e r p e tr a te d  d a ily  b y  
th e  in v a d e r s .

D r. C a n n o n , a n  o ld  f r ie n d  o f  P a v lo v ,  
v is i t e d  th e  S o v ie t  U n io n  o n  th e  o c c a s io n  
o f  th e  I n te r n a t io n a l  P h y s io lo g ic a l  C o n 
g r e s s  a n d  to o k  a n  e x t e n d e d  tr ip  th r o u g h  
R u s s ia  a s  a  g u e s t  o f  th e  g o v e r n m e n t .  
W h ile  h e  w a s  q u ite  c o n s c io u s  o f  th e  s e v e r e  
r e s tr ic t io n s  o f  fr e e d o m  im p o s e d  o n  S o v ie t  
c it iz e n s ,  h e  w a s  s tr u c k  b y  th e  c o n s id e r a b le  
p r o g r e s s  a c h ie v e d  in  f i f t e e n  y e a r s  to  
c h a n g e  R u s s ia  fr o m  a b a c k w a r d , a lm o s t  
m e d ie v a l  c o u n tr y  to  a  t e c h n o lo g ic a l ly  a d 
v a n c e d  c o u n tr y ;  h e  w a s  im p r e s s e d  b y  th e  
e n t h u s ia s m  o f  R u s s ia n  s c ie n t is t s  a n d  
p h y s ic ia n s  a n d  o n  h is  r e tu r n , a c c e p te d  th e  
p r e s id e n c y  o f  th e  n e w ly  fo r m e d  A m e r ic a n -  
S o v ie t  M e d ic a l  S o c ie ty . ( A s  th e  o n ly  p e r 
so n  t h e n  m e m b e r  o f  b o th  th e  N a t io n a l  
A c a d e m y  o f  S c ie n c e s  o f  th e  U n ite d  S ta te s  
a n d  th e  A c a d e m y  o f  S c ie n c e  o f  th e  U .S .-
S .R ., h e  w a s  u n iq u e ly  q u a lif ie d  to  try  to  
e s ta b l is h  s o m e  c o n t a c t  b e t w e e n  th e  s c ie n 
t is t s  o f  th e  tw o  c o u n t r ie s .)  T h is  e f fo r t  
w a s  g o in g  to  p r o v e  p a r t ic u la r ly  u s e f u l  
w h e n , a  f e w  y e a r s  la te r ,  th e  U n ite d  S ta te s  
a n d  th e  S o v ie t  U n io n  b e c a m e  a l l ie s  d u r in g  
W o r ld  W a r  II.

In  1 9 4 2 ,  o n  th e  d e a th  o f  h is  H a rv a r d  
c o lle a g u e ,  L . J . H e n d e r s o n ,  D r. C a n n o n  
s u c c e e d e d  h im  a s  F o r e ig n  S e c r e ta r y  o f  th e

N a t io n a l  A c a d e m y  o f  S c ie n c e s .  In  th is  
p o s it io n ,  h e  d e v o te d  p a r t ic u la r  a t t e n t io n  to  
e ffo r ts  d e s t in e d  to  im p r o v e  s c ie n t if ic  r e la 
t io n s  w it h  L a t in  A m e r ic a  a n d  to  p r e se r v e  
th e  in t e r n a t io n a l  s c ie n t if ic  u n io n s .  P e r 
h a p s  h i s  la s t  c o n tr ib u t io n  to  s o c ie t y  w a s  
h is  c o m p ila t io n ,  w ith  R . M . F ie ld  o f  
P r in c e to n , o f  a  r ep o r t  e n t i t le d ,  “I n t e r n a 
t io n a l  R e la t io n s  in  S c ie n c e ,  a  R e v ie w  o f  
T h e ir  A im s  a n d  M e th o d s  in  th e  P a s t  a n d  
th e  F u tu r e ,” w h ic h  la id  th e  b a s is  fo r  th e  
r e n e w a l  o f  a c t iv i t ie s  b y  th e  I n te r n a t io n a l  
S c ie n t if ic  U n io n , a n d  fo r  th e  w o r k  o f  
U N E S C O  in  th e  f ie ld  o f  in te r n a t io n a l  
s c ie n t if ic  c o lla b o r a t io n .

D r. C a n n o n  w a s  a  h a p p y  m a n  in  h is  
f a m ily ,  h is  f r ie n d s  a n d  h i s  n e ig h b o r s .  H is  
w if e  w a s  -—  a n d  s t i l l  i s ,  a t 8 8  —  a  m o s t  
c h a r m in g ,  v iv a c io u s  a n d  l ib e r a l  p e r so n .  
S h e  c o u ld  a t th e  s a m e  t im e  n o t  o n ly  
b r in g  u p  a n d  h e lp  e d u c a t e  f iv e  b u sy  
a n d  l iv e ly  c h i ld r e n ,  b u t  w r ite  b o o k s , e n 
g a g e  in  s ig n i f ic a n t  s o c ia l  a c t iv i t ie s  a n d  
p r o v id e  fo r  D r. C a n n o n  b o th  a  p e a c e f u l  
e n v ir o n m e n t  a n d  th e  e n c o u r a g e m e n t  th a t ,  
in  s p ite  o f  h i s  a c h ie v e m e n t s ,  h e  s o m e t im e s  
r e q u ir e d . S h e  i s  s t i l l  a t  w o r k  o n  a  b o o k  
fo r  c h i ld r e n  —  a  tr a v e l  b o o k  o n  A s ia ,  
I a m  to ld . T h e ir  c h i ld r e n  a ll g r e w  u p  to  b e  
in t e r e s t in g ,  c r e a t iv e  p e r s o n s :  W ilm a  (M rs. 
J o h n  K. F a ir b a n k ) ,  a  d is t in g u is h e d  S in o l
o g is t ;  L in d a  B u r g e s s ,  th e  d ir e c to r  o f  a n  
im p o r ta n t  s o c ia l  a g e n c y  in  W a s h in g to n ,
D .C .;  M a r ia n  (M r s . A r th u r  C. S c h le s in g e r ,  
J r . ) ,  a  g i f t e d  p a in te r ;  H e le n  (M r s . D o u g 
la s  B o n d ) ,  a  p r im e  m o v e r  in  s o c ia l  r e fo r m  
m o v e m e n t s  in  C le v e la n d ;  D r . B r a d fo r d  
C a n n o n , a  n o te d  p la s t ic  s u r g e o n .  H is  
s is te r ,  M is s  Id a  C a n n o n , a  t r a in e d  n u r s e  
w h o  a ls o  m o v e d  fr o m  th e  M id d le  W e s t  
to  C a m b r id g e , w a s  o n e  o f  a  s m a l l  b a n d  
w h o  w it h  D r. R ic h a r d  C a b o t, s ta r te d  m e d 
ic a l  s o c ia l  w o r k  in  th is  c o u n tr y .

H is  f r ie n d s  b o th  in  th e  B o s to n  a r e a  a n d  
in  th e  w o r ld  a t  la r g e  w e r e  n u m b e r e d  in  
th e  h u n d r e d s  i f  n o t  in  th e  th o u s a n d s .  
D r. C a n n o n  h im s e l f ,  in  h is  a u to b io g r a p h y ,  
“T h e  W a y  o f  a n  I n v e s t ig a to r ,” m a r v e ls  a t  
th e  n u m b e r  o f  c i t ie s  a n d  c o u n t r ie s  in  
w h ic h  h e  h a d  a t le a s t  o n e  in t im a t e  fr ie n d .  
C e r ta in ly , th e  w h o le  c ity  o f  C a m b r id g e  
a n d  th e  C o m m o n w e a lth  o f  M a s s a c h u s e t t s  
r e g a r d e d  h im  a s  “o n e  o f  o u r  o w n ,” a n d  
h is  s im p lic i ty ,  h is  g o o d  h u m o r  a n d  th e  
s to r ie s  —  s o m e  a p o c r y p h a l —  o f  h i s
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a b s e n t -m in d e d n e s s  e n d e a r e d  h im  to  h is  
f e l lo w  c it iz e n s  o f  a l l  w a lk s  o f  l i f e .

R a lp h  B a r to n  P er ry , s p e a k in g  a t m e 
m o r ia l  e x e r c is e s  fo r  W a lte r  C a n n o n ,  
p o in te d  o u t  r ig h t ly  th a t  “h i s  c o n tr ib u t io n s  
to  h is  a g e  a n d  to  p o s te r ity  w e r e  d e e p ly  
p e r s o n a l” a n d  th a t  th e  a c h ie v e m e n t s  o f  
h is  l i f e  a n d  c h a r a c te r  w e r e  “a n  a n s w e r  
to  m u c h  o f  th e  c y n ic i s m  a n d  m is a n th r o p y  
o f  th is  a g e .” T h e  e x a m p le  o f  W a lte r  C a n 

n o n ,  t w e n ty  y e a r s  a f te r  h is  d e a th , c o n 
t in u e s  to  b e  to  a l l  o f  u s  w h o  w o r k  a s  
r e s e a r c h  m e n  a n d  a s  t e a c h e r s ,  a  r e m in d e r  
o f  th e  m a n y  q u a l it ie s  i t  ta k e s  to  m a k e  a  
g r e a t  m a n  w h o  i s  a lso  a  g o o d  m a n .

J e a n  M a yer  
Department of Nutrit ion  
Harvard University  School of 
Public Health  
Boston, Massachusetts



Unrecognized Amino Acid Deficiencies of Cottonseed 
Protein for the Chick '

HANS FISHER
Nutrition Laboratories,  Departm ent of Animal Sciences, Rutgers,  
The State University, N ew  Brunswick, N ew  Jersey

ABSTRACT  A series of studies was carried out w ith growing chicks fed diets in  
w hich 13 or 20% cottonseed protein provided the only protein source. In all cases, 
the cottonseed protein was supplem ented w ith lysine and m ethionine, the 2 amino 
acids w hich have been known to be lim iting in  cottonseed protein. It was found that 
in addition to these two amino acids, cottonseed protein was also lim iting in threo
nine, leucine, and isoleucine. A factorially designed experim ent in  w hich all com 
binations of these 3 amino acids were added, indicated that no single am ino acid was 
first-lim iting, that at least 2 am ino acids, one of w hich had to be threonine, m ust be 
added to give a growth response. The addition of leucine plus isoleucine depressed 
growth below that o f the control group. All 3 am ino acids were necessary for optimal 
growth expression. Both pressed and solvent-extracted m eals were sim ilarly deficient 
in the 3 am ino acids.

W e  h a v e  p r e v io u s ly  c a lle d  a t te n t io n  
( 1 )  to  u n s a t is f a c t o r y  r e s u lt s  o b ta in e d  w ith  
c o t to n s e e d  m e a l  in  p r o te in  e v a lu a t io n  
s tu d ie s  w ith  g r o w in g  c h ic k e n s  b y  th e  c a r 
c a s s  n it r o g e n  r e t e n t io n  m e th o d . A  m a r k e d  
im p r o v e m e n t  in  g r o w th  r a te  w a s  o b s e r v e d  
w h e n  c o t to n s e e d  m e a l  w a s  s u p p le m e n te d  
w ith  ly s in e  a n d  m e th io n in e ,  b u t  n e t  p r o 
t e in  u t i l iz a t io n  ( N P U )  w a s  im p r o v e d  o n ly  
s l ig h t ly .  S tu d ie s  w it h  r a ts  s u g g e s te d  th a t  
d ig e s t ib i l i ty  w a s  p r o b a b ly  n o t  a  fa c to r  in  
in te r p r e t in g  th e s e  r e s u lt s  ( 1 ) .

A c c o r d in g  to  th e  a m in o  a c id  a n a ly s is  fo r  
c o t to n s e e d  p r o te in  r e p o r te d  b y  B lo c k  a n d  
W e is s  ( 2 ) ,  th is  p r o te in , w h e n  s u p p lie d  a t  
th e  2 0 %  le v e l ,  i s  d e f ic ie n t  in  l e u c in e ,  a n d  
ju s t  m e e t s  th e  N a t io n a l  R e s e a r c h  C o u n c il
( 3 )  r e q u ir e m e n ts  fo r  th r e o n in e  a n d  i s o 
le u c in e .

G ra u  ( 4 )  s h o w e d  a lm o s t  2 0  y e a r s  a g o  
th a t  in  c o t to n s e e d  p r o te in  ly s in e  w a s  th e  
f ir s t  a n d  m e th io n in e  th e  s e c o n d  l im it in g  
a m in o  a c id , b u t  th a t  n e i t h e r  th r e o n in e  n o r  
tr y p to p h a n  p r o v id e d  a d d it io n a l  b e n e f i t  fo r  
th e  g r o w in g  c h ic k . V e ry  r e c e n t ly  H o w e  e t  
a l. ( 5 )  h a v e  s h o w n  th a t  fo r  g r o w in g  r a ts  
c o t to n s e e d  p r o te in  w a s  e q u a l ly  l im i t in g  in  
t h r e o n in e  a n d  ly s in e .

T h e  f o l lo w in g  e x p e r im e n t s  w e r e  c a r r ie d  
o u t  w it h  l e u c in e ,  th r e o n in e  a n d  i s o le u c in e  
s u p p le m e n t a t io n  o f  c o t to n s e e d  m e a l.  T h e  
r e s u lt s  in d ic a t e d  a ll  th r e e  o f  th e s e  a m in o  
a c id s  to  b e  l im i t in g  in  c o t to n s e e d  p r o te in  
fo r  th e  g r o w in g  c h ic k .

EXPERIMENTAL

D a y -o ld  m a le  c h ic k s ,  f r o m  a  c r o s s  b e 
t w e e n  C o lu m b ia n  f e m a le s  a n d  N e w  H a m p 
sh ir e  m a le s ,  in  d u p lic a te  lo t s  o f  e ig h t  w e r e  
f e d  th e  e x p e r im e n ta l  d ie t s  fo r  3 -w e e k  f e e d 
in g  p e r io d s . T h e  c h ic k s  w e r e  k e p t in  e le c 
tr ic a lly  h e a te d  b a tte r y  c a g e s  a n d  h a d  c o n 
t in u o u s  a c c e s s  to  f e e d  a n d  w a te r .  T h e  
c o m p o s it io n  o f  th e  b a s ic  d ie t  w a s  th e  sa m e  
a s  th a t  u s e d  in  o u r  p r e v io u s  p r o te in  e v a lu 
a t io n  s tu d ie s  ( 1 ,  6 ) .  C o t to n se e d  p r o te in  
w a s  th e  o n ly  p r o te in  so u r c e  in  th e s e  d ie ts  
a n d  i t  w a s  u s u a l ly  u s e d  a t th e  13%  p r o 
t e in  le v e l ,  e x c e p t  fo r  o n e  e x p e r im e n t  w h e r e  
i t  w a s  a lso  u s e d  a t th e  2 0 %  le v e l  ( N X
6 . 2 5 ) .  S in c e  th e  ly s in e  a n d  m e th io n in e  
l im it a t io n  o f  c o t to n s e e d  p r o te in  h a s  b e e n  
w e l l  e s t a b l i s h e d  ( 4 ) ,  th e  b a s ic  d ie t  w a s  a l 
w a y s  s u p p le m e n te d  w it h  th e s e  2  a m in o  
a c id s .  In  e x p e r im e n t  2 , in  w h ic h  N P U  w a s  
d e te r m in e d , th e  c h ic k s  w e r e  r a is e d  to  o n e  
w e e k  o f  a g e  w ith  a  c o r n -s o y b e a n  2 2 %  p r o 
t e in  s ta r te r  r a t io n , a n d  t h e n  p la c e d  in to  
tr ip lic a te  g r o u p s  o f  5  c h ic k s  fo r  a  2 -w e e k  
p e r io d  d u r in g  w h ic h  t h e y  w e r e  f e d  th e  e x 
p e r im e n ta l  d ie ts . A t th e  e n d  o f  t h is  t im e  
th e y  w e r e  w e ig h e d  a n d  k il le d  a n d  N  w a s  
d e te r m in e d  o n  th e  d r ied  c a r c a s s e s .  N P U  
v a lu e s  w e r e  c a lc u la t e d  a s  f o l lo w s  ( 6 ) :  * 1

R ece ived  fo r  p u b lic a tio n  M ay  3, 1965.
1 P a p e r  o f th e  J o u rn a l  S eries , N ew  J e rse y  A g ricu l

tu r a l  E x p e r im e n t S ta tio n , N ew  B ru n sw ick . S u p p o rted  
in  p a r t  by  P u b lic  H e a lth  Service  R ese a rch  G ra n t  no . 
A-4904, a n d  by  th e  C e n tra l Je rse y  F a rm e rs  C ooperative  
A sso c ia tio n , H ig h ts to w n .

J .  N u t r it io n , 8 7 : ’65 9
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N P U  =  ( B f — Bk +  Ik)/It w h e r e  B t a n d  
It d e n o te ,  r e s p e c t iv e ly ,  c a r c a s s  N  a n d  N  i n 
ta k e  o f  a n im a ls  f e d  th e  c o t to n s e e d  d ie t , a n d  
Bk a n d  Ik c a r c a s s  N  a n d  N  in ta k e  o f  th o s e  
f e d  th e  N -fr e e  c o n tr o l  d ie t .

RESULTS

T a b le  1 s h o w s  th e  r e s u lt s  o f  2  e x p e r i
m e n t s  w it h  o n e  s o u r c e  o f  c o t to n s e e d  m e a l  
(4 1 .3 %  p r o t e in )  w h ic h  s h o w  th a t  c o t to n 
s e e d  p r o te in  s u p p le m e n te d  w it h  ly s in e  a n d  
m e th io n in e  i s  fu r th e r  im p r o v e d  th r o u g h  
a d d it io n  o f  0 .2 %  e a c h  o f  L - le u c in e , L -iso- 
l e u c in e  a n d  L -th r e o n in e . E x p e r im e n t  2  
a lso  s h o w s  a n  im p r o v e m e n t  in  th e  N P U  
v a lu e  d u e  to  th e  tr ip le  a m in o  a c id  a d d i

t io n . T a b le  2  g iv e s  r e s u lt s  o b ta in e d  w ith  
2  s a m p le s  o f  c o t to n s e e d  m e a l  d if fe r e n t  
t h a n  th a t  u s e d  in  th e  s tu d ie s  d e sc r ib e d  in  
ta b le  1 . B o th  th e  p r e s s e d  ( 4 3 .2 %  p r o t e in )  
a n d  s o lv e n t -e x tr a c te d  ( 4 3 .7 %  p r o t e in )  
m e a ls  r e s p o n d e d  to  th r e o n in e ,  l e u c in e ,  a n d  
i s o le u c in e  s u p p le m e n ta t io n  b e y o n d  th a t  
o b ta in e d  fr o m  ly s in e  a n d  m e th io n in e  a d d i
t io n  ( t a b le  2 ) .  T h is  ta b le  fu r th e r  s h o w s  
th a t  th e  d e f ic ie n c y  a lso  e x is t e d  w h e n  c o t 
t o n s e e d  p r o te in  w a s  p r o v id e d  a t th e  2 0 %  
le v e l .

T a b le  3  g iv e s  th e  r e s u lt s  o f  a  f a c to r ia l ly  
d e s ig n e d  e x p e r im e n t  w it h  th e  3  a m in o  
a c id s  a d d e d  to  a  13%  c o t to n s e e d  p r o te in  
d ie t  ( s u p p le m e n t e d  w it h  m e th io n in e  a n d

TA BLE 1
Body w e igh t , feed utilization and net  protein utilization of chicks fed amino acid- 

supplem ented or unsupplem ented cottonseed meal

A m ino  ac id  
s u p p le m e n t1

3-W eek p e rio d

B ody w t g a in  u ti l iz a tio n

N e t p ro te in  
u ti l iz a t io n

N o n e

9
E x p e r i m e n t  1

1 6 2  ± 8  2

g g a in /g  fe ed  
c o n su m e d

0 .3 6

%

L -L e u c in e , 0 .2 %  -)- L - th re o n in e ,0 .2 %  
+  L - is o le u c in e , 0 .2 % 1 8 8  ± 8 0 .4 0

N o n e
E x p e r i m e n t  2

1 6 9  ± 8  3 0 .3 4 4 6 .7

L -L e u c in e , 0 .2 %  +  L - th r e o n in e ,0 .2 %  
+  L - is o le u c in e ,  0 .2 % 2 0 5  ± 6 0 .41 5 0 .3

1 A dded  to  a  d ie t p ro v id in g  13%  (N  x 6 .2 5 ) co tto n seed  p ro te in  su p p lem en te d  w ith  0.4%  
L -lysine-H C l a n d  0.2%  D L-m ethionine.

2 M ean  v a lu e  ±  s e  fo r  d u p lic a te  g ro u p s  o f 8 m a le  ch ick s.
3 M ean  v a lu e  ±  s e  fo r  tr ip lic a te  g ro u p s  o f 5 m a le  ch icks.

TA BLE 2
Body weights and feed utilization of chicks fed  differently processed cottonseed meal,  

w ith  or w ithout amino acids supplementation

P ro te in  sou rce  
a n d  le v e l1

A m ino  acid  
s u p p lem en t 2

3-W eek pe rio d

B ody w t g a in Feed
u til iz a tio n

P r e s s e d  c o t to n s e e d
1 3 %

9

1 2 2  ±  7  3

g g a in /g  fe ed  
c o n su m e d

0 .3 0
1 3 % + 1 6 0  ± 7 0 .3 2

S o lv e n t - e x t r a c te d  c o t to n s e e d
1 3 %  _ 14 8  ± 8 0 .3 5
1 3 % + 16 9  ± 4 0 .4 2
2 0 % — 1 9 6  ±  9 0 .4 6
2 0 % + 2 2 0  ±  10 0 .4 8

1 S u p p le m e n te d  w ith  0.5%  L -lysine-H C l a n d  0.3%  D L-m ethionine.
2 P ro v id ed : 0 .2%  L -leucine, 0 .2%  L -iso leucine, a n d  0 .2%  L -th reon ine .
3 M ean  v a lu e  ±  s e  fo r  d u p lic a te  g ro u p s  o f 8 m a le  ch ick s .
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TABLE 3

Body weigh ts  and feed utilization of chicks fed a diet  containing 13% cottonseed protein  
plus addition of lysine and methionine, factorially supplemented  

w ith  leucine, isoleucine and threonine

A m ino  acid  
s u p p le m e n t1

3-W eek p e rio d

Body w t g a in Feed
u til iz a tio n

% 9 9 g a in /g  fe ed  
c o n su m e d

N o n e 1 4 0  ± 8  2 0 .3 2
L -L e u c in e , 0 .2 1 2 6  ± 7 0 .3 7
L - T h re o n in e ,  0 .2 13 5  ± 6 0 .3 6
L - Is o le u c in e ,  0 .2 12 2  ± 7 0 .3 2
L -L e u c in e , 0 .2  +  L - th re o n in e ,  0 .2 1 5 5  ± 6 0 .3 9
L -L e u c in e , 0 .2  +  L - is o le u c in e , 0 .2 1 2 7  ±  8 0 .3 2
L -T h re o n in e ,  0 .2  +  L - is o le u c in e ,  0 .2 1 6 6 ± 8 0 .3 8
L -L e u c in e , 0 .2  +  L - is o le u c in e , 0 .2  - f  L - th r e o n in e ,  0 .2 1 7 5  ±  5 0 .4 0

1 A dded  to  a  d ie t p ro v id in g  13%  (N  x 6 .2 5 ) co tto n seed  p ro te in  s u p p lem en te d  w ith  0.4%  
L -lysine-H C l a n d  0.2%  D L-m ethionine.

2 M ean  v a lu e  ±  s e  fo r  d u p lic a te  g ro u p s  o f 8 m a le  ch ick s.

l y s i n e )  in  a l l  p o s s ib le  c o m b in a t io n s .  O f  
th e  s in g le  a d d it io n s ,  l e u c in e  a n d  i s o le u c in e  
b o th  c a u s e d  a  g r o w th  d e p r e s s io n , in  c o m 
p a r is o n  w it h  th e  u n s u p p le m e n t e d  d ie t ,  
w h e r e a s  th r e o n in e  e x e r te d  n o  e f fe c t  o n  
g r o w th  r a te . T h e  c o m b in a t io n  o f  le u c in e  
p lu s  t h r e o n in e  im p r o v e d  g r o w t h : th r e o n in e  
p lu s  i s o le u c in e  w a s  s t i l l  m o r e  e f fe c t iv e  
th a n  le u c in e  p lu s  t h r e o n in e ,  b u t  th e  a d d i
t io n  o f  a l l  3  a m in o  a c id s  a p p e a r e d  n e c e s 
sa r y  fo r  o p t im a l  u t i l iz a t io n  o f  c o t to n s e e d  
p r o te in  s u p p le m e n t e d  w it h  ly s in e  a n d  
m e th io n in e .

DISCUSSION

T h a t  c o t to n s e e d  p r o te in  w a s  fo u n d  to  b e  
d e f ic ie n t  fo r  th e  c h ic k  in  l e u c in e ,  th r e o 
n in e ,  a n d  i s o le u c in e  s u g g e s t s  th a t  o th e r  
p la n t  p r o te in s  th a t  h a v e  n o t  b e e n  fu l ly  
e x p lo r e d  m ig h t  a ls o  b e  s tu d ie d  fo r  p o s 
s ib le  u n d e te c te d  a m in o  a c id  d e f ic ie n c ie s .  
A lth o u g h  a  l e u c in e  d e f ic ie n c y  o f  c o t to n 
s e e d  p r o te in  a p p e a r e d  p la u s ib le ,  b a s e d  o n  
th e  k n o w n  a m in o  a c id  c o m p o s it io n  ( 2 ) ,  
th a t  o f  th e  o th e r  2  a m in o  a c id s ,  th r e o n in e  
a n d  i s o le u c in e ,  w a s  n o t  o b v io u s . R e s u lt s  
o b ta in e d  r e c e n t ly  w it h  p e a n u t  m e a l  ( 7 )  
in d ic a t e d  a  m a jo r  d e f ic ie n c y  fo r  th is  p r o 
t e in  in  t h r e o n in e  th a t  w a s  n o t  o b v io u s  
w h e n  r e la te d  to  a m in o  a c id  c o m p o s it io n .

T h e  r e s u lt s  p r e s e n te d  in  ta b le  2  in d ic a te  
th a t  th e  n e w ly  o b s e r v e d  d e f ic ie n c ie s  are  
n o t  in f lu e n c e d  b y  th e  2  ty p e s  o f  p r o c e s s in g

u s e d  c u r r e n t ly  in  p r e p a r in g  c o m m e r c ia l  
c o t to n s e e d  m e a l.  T h e  r e s u lt s  o f  th e  la s t  e x 
p e r im e n t  ( t a b le  3 )  p o in t  u p  th e  d if f ic u lt ie s  
in  t r a c in g  a m in o  a c id  d e f ic ie n c ie s ,  p a r 
t ic u la r ly  i f  th e y  a re  m u lt ip le  in  c h a r a c te r .  
T h is  i s  w e l l  i l lu s tr a te d  b y  th e  f a c t  th a t  
G ra u  ( 4 ) ,  w h o  s tu d ie d  th r e o n in e  s u p p le 
m e n t a t io n  o f  c o t to n s e e d  m e a l ,  m is s e d  i t s  
im p o r ta n c e  b e c a u s e  h e  w a s  u n a w a r e  o f  
th e  l e u c in e  a n d  i s o le u c in e  d e f ic ie n c ie s .
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Interrelationship of Plasma Amino Acid Levels and 
Weight Gain in the Chick as Influenced by 
Suboptimal and Superoptimal Dietary 
Concentrations of Single Amino Acids

R. A. ZIMMERMAN and H. M. SCOTT
Departm ent of Anim al Science, University  of Illinois, Urbana, Illinois

ABSTRACT  The concentration of either lysine, arginine or valine was varied over 
a w ide range, in  a basal diet containing crystalline am ino acids in  order to study the 
relationship between w eight gain and the concentration of free amino acids in  the 
blood plasm a of chicks. It was shown that the first-limiting am ino acid in the diet 
rem ains at a very low  and constant level in  the blood irrespective of the severity of 
the deficiency. Increm ents in  excess of the am ount needed to m axim ize w eight gain  
resulted in  a rapid and linear accum ulation of that am ino acid in  the blood. Since the 
point at w hich the am ino acid starts to accum ulate in  the plasm a coincides w ith the 
break in  the growth curve, it is  concluded that the plasm a technique can be used to 
determine the chick’s requirem ent for amino acids.

A lth o u g h  a s s a y  p r o c e d u r e s  u s e d  in  
p la s m a  a m in o  a c id  s tu d ie s  h a v e  v a r ie d  
c o n s id e r a b ly ,  th e  r e s u lt s  o b ta in e d  h a v e  
b e e n  q u ite  c o n s i s t e n t  in  d e m o n s tr a t in g  
th a t  d ie ta r y  a m in o  a c id  d e f ic ie n c ie s  r e s u lt  
in  r e d u c e d  p la s m a  c o n c e n t r a t io n  o f  th a t  
a m in o  a c id  ( 1 - 3 ) , 1,2 w h e r e a s  d ie ta r y  a m in o  
a c id  e x c e s s e s  h a v e  r e s u lte d  in  a c c u m u la 
t io n  o f  th a t  a m in o  a c id  in  th e  p la s m a  
( 4 - 7 ) . 3

H o w e v e r , i t  h a s  n o t  b e e n  p o s s ib le  to  
c h a r a c te r iz e  th e  p la s m a  a m in o  a c id  r e 
s p o n s e  c u r v e  s in c e  in  m o s t  in s t a n c e s  o n ly  
2  d ie ta r y  l e v e ls  o f  a n  a m in o  a c id  h a v e  b e e n  
fe d . T h e  d a ta  o f  M o r r iso n  e t  a l. ( 8 )  s u g 
g e s t  th a t  ly s in e  d o e s  n o t  a c c u m u la te  in  th e  
p la s m a  o f  g r o w in g  r a ts  w h e n  ly s in e  i s  th e  
g r o w th - l im it in g  a m in o  a c id  in  th e  d ie t .  
H o w e v e r , i t  h a s  b e e n  d e m o n s tr a te d  th a t  
p la s m a  ly s in e  a c c u m u la t e s  in  a  l in e a r  m a n 
n e r  w h e n  th e  c o n c e n t r a t io n  o f  d ie ta r y  ly 
s in e  i s  m o d e r a te ly  in  e x c e s s  o f  th a t  r e q u ir e d  
to  m a x im iz e  g r o w th  in  th e  tu r k e y  p o u lt
( 6 )  a n d  th e  g r o w in g  r a t  ( 8 ) ,  r e s p e c t iv e ly .

It a p p e a r s  th a t  w h e n  th e  g r o w th  o f  a  
y o u n g  a n im a l  i s  r e s tr ic te d  b y  a n  a m in o  
a c id  d e f ic ie n c y ,  th e  n e e d  o f  th e  t i s s u e s  fo r  
th a t  a m in o  a c id  t e n d s  to  m a in t a in  th a t  
n u tr ie n t  a t a  m in im a l  le v e l  in  th e  b lo o d . 
T h e  p r e s e n t  in v e s t ig a t io n  w a s  u n d e r ta k e n ,  
th e r e fo r e ,  to  e x a m in e  th e  e f fe c t  o f  v a r y 
in g  th e  d ie ta r y  le v e ls  o f  s in g le  a m in o  a c id s  
( ly s in e ,  a r g in in e  a n d  v a l in e )  o n  th e  c o n 

c e n tr a t io n  o f  th e s e  a m in o  a c id s  in  th e  
b lo o d  p la s m a  o f  g r o w in g  c h ic k s  a n d  to  
r e la te  th e s e  o b s e r v a t io n s  to  th e  g r o w th -  
p r o m o t in g  a b ility  o f  th e  e x p e r im e n t a l  d ie ts .  
D a ta  w e r e  a lso  o b ta in e d  o n  th e  p la s m a  
p a tte r n  o f  a m in o  a c id s  o th e r  th a n  th e  o n e  
v a r ie d  in  th e  d ie t .

EXPERIMENTAL
M a le  c h ic k s ,  c a r e fu l ly  s e le c te d  fr o m  a  

la r g e  p o p u la t io n  fo r  u n ifo r m ity  in  in i t ia l  
w e ig h t  a f te r  h a v in g  b e e n  f e d  a  p r e te s t  d ie t  
fo r  s e v e n  or m o r e  d a y s , w e r e  u s e d  in  a ll  
e x p e r im e n ts .  P e r t in e n t  in f o r m a t io n  c o n 
c e r n in g  p r e te s t  d ie t s ,  c a r e  a n d  s e le c t io n  o f  
e x p e r im e n ta l  c h ic k s  h a s  b e e n  d e sc r ib e d  
e ls e w h e r e  ( 9 ) .

T h e  c o m p o s it io n  o f  th e  b a s a l  d ie t  a n d  
th e  a m in o  a c id  m ix tu r e s  u s e d  are  s h o w n  
in  ta b le s  1 a n d  2 , r e s p e c t iv e ly .  E x c e p t  fo r  
m e th io n in e  ( d l - )  o n ly  th e  L -iso m e r  w a s  
u s e d . A m in o  a c id  m ix tu r e  A  4 w a s  u s e d  in  * 1 2 3 4

Received for publication April 19, 1965.
1 Dean, W. F. 1963 The development of a crystal

line amino acid reference diet for chicks with special 
reference to its use in studying the effect of sub- 
optimal and superoptimal dietary concentrations of 
amino acids on the free amino acid content of blood 
plasma. Doctoral Thesis, University of Illinois, 
Urbana.

2 Smith, R. E. 1963 The utilization of the amino 
acids in intact proteins by the growing chick, with 
special reference to the effect of heating upon amino 
acid utilization, as measured by amino acid supple
mentation, biological (chick) assay of amino acids 
and free-amino acid patterns of blood plasma. Doc
toral Thesis, University of Illinois, Urbana.

3 See footnote 1.
4 See footnote 1.
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TA BLE 1
Composition of basal diet

% of diet
Cornstarch variable
Amino acid mixtures variable 1
Corn oil, refined 1 5 .0 0
Salt m ixture 2 5 .3 7
Cellulose 3 3 .0 0
NaHCOa 1 .0 0
Choline chloride 0 .2 0
Vitam ins 1 * * 4 * +

Total 1 0 0 .0 0

i See e x p e r im e n ta l  sec tio n  a n d  ta b le  2.
2 M in e ra l m ix tu re , a s  p e r  c e n t of th e  to ta l  d ie t:

CaCOa, 0 .3; C a 3 (P 0 4) 2, 2 .8; K 2H P 0 4, 0 .9; M g S 0 4-7H 20 ,
0 .35; fe r r ic  c i tra te , 0 .05; ZnC O s, 0 .01; KI, 0 .004;
Cu S 0 4-5H 20 ,  0.002; H 3BO3 , 0.0009 ; CoS 0 4-7H 20 ,
0.0001; M n S 0 4 H 20 ,  0.065; N aC l, 0.88; N a 2M o 0 4-2H 20 ,
0 .0009; to ta l  5.37.

3 S o lka  F loe, B row n  C om pany , C h icag o  3, I llin o is .
4 G. J . K la in , H . M. Sco tt a n d  B. C. J o h n so n , P o u ltry

Sci., 39: 39, 1960.

TA BLE 2

Composition of crystall ine amino acid mixtures

A m ino  ac id M ix tu re  A M ix tu re  B

% contributed to the diet
Arginine 1 1 . 10 1 .0 0
H istidine 1 0 .3 0 0 .3 0
Lysine 1 1 .1 2 0 .9 5
Tyrosine 0 .6 3 0 .4 5
Tryptophan 0 .2 2 5 0 .1 5
Phenylalanine 0 .6 8 0 .5 0
M ethionine 0 .5 5 0 .3 5
Cystine 0 .3 5 0 .3 5
Threonine 0 .6 5 0 .6 5
Leucine 1 .2 0 1 .2 0
Isoleucine 0 .8 0 0 .8 0
Valine 0 .8 2 0 .8 2
Glycine 1 .6 0 1 .2 0
Proline 1 .0 0 0 .2 0
Glutamic acid 1 2 .0 0 1 0 .0 0

Total 2 3 .0 2 5 1 8 .9 2

1 S u p p lied  as a rg in in e  HC1, h is t id in e  H C l-H jO  an d  
ly s in e  HC1.

e x p e r im e n t  5 , a n d  m ix tu r e  B in  e x p e r i
m e n t s  2 ,  3 , a n d  4 . In  e x p e r im e n t s  1 a n d  
6 , m ix tu r e  B , s l ig h t ly  m o d if ie d  to  p r o v id e  
a r g in in e , g ly c in e  a n d  g lu ta m ic  a c id  a t th e  
c o n c e n tr a t io n  in d ic a t e d  in  m ix tu r e  A  w a s  
u s e d . A c c e s s  to  f e e d  a n d  w a te r  w a s  p e r 
m it te d  a t  a l l  t im e s .

B lo o d  s a m p le s  w e r e  ta k e n  b y  h e a r t  p u n c 
tu r e  a t  th e  t e r m in a t io n  o f  th e  e x p e r im e n ts  
im m e d ia t e ly  a f t e r  o b ta in in g  f in a l  c h ic k  
w e ig h t s ,  u s in g  a  s y r in g e  p r e v io u s ly  w a s h e d  
w it h  a  h e p a r in iz e d  ( 0 .6  m g / m l )  0 .9 3 %  
N a C l s o lu t io n . T h e  b lo o d  w a s  t h e n  t r a n s 
fe r r e d  to  a  h e p a r in iz e d  ( 0 .2  m g / m l  b lo o d )  
c e n t r i f u g e  tu b e  a n d  s to r e d  in  a n  ic e  b a th  
u n t i l  i t  w a s  c e n tr ifu g e d .  In  e x p e r im e n t s  1 ,

5 , a n d  6 , p la s m a  fr o m  8  c h ic k s  w a s  p o o le d ,  
a n d  p la s m a  fr o m  3 c h ic k s  w a s  p o o le d  in  
e x p e r im e n t s  2 , 3 , a n d  4 . A f te r  c e n t r i f u g in g  
th e  p o o le d  p la s m a  s a m p le ,  a  1 0 -m l a l iq u o t  
w a s  ta k e n  fo r  a n a ly s is .  T h e  p r o te in  w a s  
p r e c ip ita te d  w it h  p ic r ic  a c id  a n d  fu r th e r  
p r e p a r e d  f o r  a n a ly s is  a s  d e s c r ib e d  b y  
S te in  a n d  M o o re  ( 1 0 ) .  T w o  m i l l i l i t e r s  o f  
th e  r e s u l t a n t  1 0 -m l p r o te in -fr e e  p la s m a  
w e r e  th e n  a d d e d  to  th e  c o lu m n s  o f  a  B e ck -  
m a n -S p in c o  A u to m a t ic  A m in o  A c id  A n a 
ly z e r  fo r  a m in o  a c id  a n a ly s is .

W h e r e  p o s s ib le ,  th e  d a ta  fo r  w e ig h t  g a in  
( g a i n / c h i c k / d a y )  a n d  p la s m a  a m in o  a c id  
( M g /m l)  w e r e  a n a ly z e d  s t a t i s t ic a lly  b y  th e  
m e th o d  o f  le a s t  sq u a r e s .

RESULTS

T h e  r e la t io n s h ip  o f  w e ig h t  g a in  a n d  
p la s m a  ly s in e  to  d ie ta r y  ly s in e  fo r  c h ic k s  
a t d if f e r e n t  s t a g e s  o f  g r o w th  5 ( e x p s .  1 - 4 )  
a re  p r e s e n te d  in  ta b le s  3  a n d  4 . I n  th e  
f ir s t  e x p e r im e n t  ( t a b le  3 )  th e  p la s m a  ly 
s in e  p r o file  in d ic a t e s  th a t  th is  a m in o  a c id  
d id  n o t  a c c u m u la t e  in  th e  p la s m a  so  lo n g  
a s  th e  c o n c e n tr a t io n  o f  d ie ta r y  ly s in e  w a s  
l e s s  t h a n  th a t  n e e d e d  ( 0 .8 3 %  )  to  m a x i 
m iz e  w e ig h t  g a in . N o t  u n t i l  ly s in e  le v e ls  
in  e x c e s s  o f  0 .9 4 %  w e r e  f e d  d id  th is  a m in o  
a c id  s ta r t  to  a c c u m u la te  r a p id ly  in  th e  
p la s m a . T h is  a c c u m u la t io n  a p p e a r s  to  
p r o c e e d  in  a  l in e a r  m a n n e r  o n c e  th e  d ie 
ta ry  r e q u ir e m e n t  h a s  b e e n  m e t.

In  th e  o ld e r  a n d  la r g e r  c h ic k s  a lso ,  th e r e  
w a s  n o  s u g g e s t io n  th a t  ly s in e  w o u ld  a c 
c u m u la te  in  th e  p la s m a  w h e n  th e  c o n c e n 
tr a tio n  o f  d ie ta r y  ly s in e  w a s  l e s s  th a n  th a t  
n e e d e d  to  m a x im iz e  w e ig h t  g a in  ( t a b le
4 ) .  In  g e n e r a l ,  ly s in e  s ta r te d  to  a c c u m u 
la te  in  th e  p la s m a  a t a  r a p id  r a te  w h e n e v e r  
th e  le v e l  o f  d ie ta r y  ly s in e  w a s  a p p r o x i
m a t e ly  10%  in  e x c e s s  o f  th a t  r e q u ir e d  to  
m a x im iz e  w e ig h t  g a in .

T a b le s  5  a n d  6  r ec o rd  th e  r e s u lt s  n o te d  
w h e n  th e  d ie ta r y  c o n c e n tr a t io n  o f  v a l in e  
a n d  a r g in in e  w e r e  v a r ie d  in  a  m a n n e r  c o m 
p a r a b le  to  th a t  d e sc r ib e d  fo r  ly s in e .  In  
th e s e  in s t a n c e s  a ls o ,  th e  p la s m a  p a t te r n

5 T h e  e x p e r im e n ta l  d ie ts  w ere  fe d  over th e  p e rio d  
o f 8 to  15 d ay s  (7 0 ) ,  15 to  21 d ay s  (1 5 7 ) ,  22 to  28 
d ay s  (2 7 8 )  a n d  29 to  33 days  (4 2 4 )  in  e x p e r im e n ts
1, 2, 3 a n d  4, re sp ec tiv e ly . T h e  n u m b e rs  in  p a re n 
th e se s  re p re s e n t th e  av e rag e  c h ic k  w e ig h t ( g )  o f  a ll  
e x p e r im e n ta l  g ro u p s  a t  th e  s ta r t  o f e a c h  a ssay . In  
b o th  e x p e r im e n ts  5 (v a lin e  a s s a y )  a n d  6 ( a rg in in e
a ss a y )  th e  e x p e r im e n ta l d ie ts  w e re  fed  fo r  7 d a y s  e x 
te n d in g  fro m  th e  8 th  to  th e  15 th  day . T h e  in i t ia l
s ta r t in g  w e ig h ts  w e re  73 a n d  77 g fo r  e x p e r im e n ts
5 a n d  6, re sp ec tiv e ly .



PLA SM A  A M IN O  ACIDS AND W E IG H T  GAIN 1 5

TABLE 3
Effect of feeding graded levels of lysine on plasma amino acids and weight gain (exp. 1)

Amino acid % Dietary lysine
0.60 0.70 0.80 0.90 1.00 1.20 1.40 1.80

fig of amino acid/ml plasma
Threonine 141.4 192.1 108.8 82.8 47.6 37.0 44.8 126.1
Proline 25.2 24.4 22.0 22.4 25.8 22.2 22.0 19.5
Glutamic acid 44.4 58.4 44.3 66.2 73.5 32.3 42.8 27.7
Glycine 108.0 97.1 73.8 84.1 125.1 60.4 78.1 64.8
Valine 31.9 31.0 29.3 20.4 16.9 15.2 15.1 22.7
Cystine 21.2 — 32.7 25.6 — 30.4 26.4 33.2
M ethionine 17.2 17.4 15.5 14.2 13.5 10.6 12.9 12.4
Isoleucine 17.1 14.6 13.5 9.2 8.8 8.2 9.8 12.0
Leucine 21.3 21.3 17.2 14.6 12.6 10.7 13.1 14.6
Tyrosine 23.9 17.3 13.9 9.7 5.4 — 4.7 11.2
Phenylalanine 15.5 14.5 12.4 9.1 4.9 — 4.7 8.4
Histidine 21.2 15.9 10.4 5.0 4.1 1.7 3.4 10.2
Arginine 66.0 69.7 59.5 61.8 45.2 25.0 25.3 6.1

Lysine 6.8 9.7 7.2 15.5 23.1 65.7 106.7 233.7

G ain /ch ick / 
day, g 1 

G ain/feed
8.2
0.57

11.1
0.64

12.2
0.68

13.6
0.74

12.8
0.75

12.9
0.77

13.2
0.73

10.7
0.64

1 Average of duplicate groups of 5 chicks/treatment. See 
initial starting weight and duration of assay.

footnote 5 in text for data concerning

TA BLE 4

Effect of  feeding graded levels of lysine on plasm a lysine and weight gain

D ie ta ry
ly s in e

E x p e r im e n t 2 E x p e r im e n t 3 E x p e r im e n t 4

P la s m a
ly s in e

G a in / 
c h ic k /  
d ay  1

P la s m a
ly sin e

G a in /  
c h ic k /  
d a y  1

P la sm a
ly s in e

G a in /  
c h ic k / 
d ay  1

% gg/ml 9 fcg/ml 9 fig/nil 9
0 .4 7 .5 6 .3 5 .4 10 .8 5 .7 1 5 .5
0 .5 9 .8 10 .5 4 .8 15 .8 4 .7 2 0 .5
0 .6 7.8 14 .5 4 .4 2 3 .0 6 .2 2 9 .3
0 .7 6 .2 19 .8 9 .9 2 6 .8 2 0 .4 2 9 .0
0 .8 9 .4 19 .8 18 .2 2 7 .2 15 .9 2 9 .5
0 .9 2 7 .8 1 9 .2 4 4 .4 2 7 .0 2 6 .5 2 8 .0
1.0 — — — — 6 2 .4 3 2 .5

1 A verage  o f tr ip lic a te  g ro u p s  o f 3 c h ic k s / t r e a tm e n t .  See fo o tn o te  5 in  te x t fo r  d a ta  c o n ce rn in g  
in i t ia l  s ta r t in g  w e ig h t a n d  d u ra tio n  o f  assay .

fo r  v a l in e  a n d  a r g in in e  r e f le c t  th e  s a m e  
b a s ic  c h a r a c te r is t ic s  a s  o b se r v e d  fo r  ly s in e .

DISCUSSION

F r o m  th is  s e r ie s  o f  e x p e r im e n t s ,  i t  h a s  
b e e n  s h o w n  th a t  th e r e  i s  a  d e f in ite  r e la 
t io n s h ip  b e t w e e n  p la s m a  a m in o  a c id  le v e ls  
a n d  th e  a m in o  a c id  a d e q u a c y  o f  th e  d ie t .  
T h e  f ir s t - l im it in g  a m in o  a c id  r e m a in s  a t  a  
v e r y  lo w  le v e l  in  th e  b lo o d  ir r e s p e c t iv e  o f  
th e  s e v e r ity  o f  th e  a m in o  a c id  d e f ic ie n c y  
( “im b a la n c e ” ) .  T h is  o b s e r v a t io n  h e lp s  to  
e x p la in  w h y  in  s o m e  in s t a n c e s ,  s u p p le 
m e n t in g  d ie t s  w ith  th e  f ir s t - l im it in g  a m in o  
a c id  h a s  f a i le d  to  in c r e a s e  th e  c o n c e n t r a 

t io n  o f  th is  a m in o  a c id  in  th e  p la s m a  ( 4 ,  
1 1 ) .  A c c o r d in g  to  o b s e r v a t io n s  n o te d  h e r e 
in ,  n o  in c r e a s e  w o u ld  b e  a n t ic ip a te d  u n t i l  
th e  d ie ta r y  le v e l  e x c e e d e d  th a t  n e e d e d  to  
m a x im iz e  g r o w th .

T h e  p r e s e n c e  o f  a n  a m in o  a c id  in  th e  
d ie t , in  e x c e s s  o f  th a t  r e q u ir e d  to  m a x i 
m iz e  w e ig h t  g a in ,  c o n s is t e n t ly  r e s u lt e d  in  
a r a p id  a c c u m u la t io n  o f  th a t  a m in o  a c id  
in  th e  p la s m a . T h is  a c c u m u la t io n  a p p e a r s  
to p r o c e e d  in  a  l in e a r  m a n n e r ,  e v e n  th o u g h ,  
a s  w a s  th e  c a s e  fo r  ly s in e  ( t a b le  3 )  a n d  
v a l in e  ( t a b le  5 ) ,  th e  g r e a te s t  d ie ta r y  c o n 
c e n tr a t io n  u s e d  w a s  m o r e  th a n  t w ic e  th a t  
r e q u ir e d  to  m a x im iz e  w e ig h t  g a in . M ore-
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TABLE 5
Effect of feeding graded levels of valine on plasm a amino acids and weight gain (exp. 5)

0.57 0.67 0.72 0.77 0.82 0.87 1.07 1.82
fig of amino acid,/ml plasma

Threonine 78.2 65.0 46.0 35.2 36.0 40.6 27.3 49.5
Proline 40.5 46.2 36.5 38.4 34.1 44.7 30.3 48.7
Glutamic acid 35.6 36.4 36.2 43.4 39.7 44.7 22.0 42.6
Glycine 88.0 93.9 75.8 73.8 56.7 94.8 44.4 76.2
Cystine 25.3 27.0 33.0 32.2 34.5 29.7 44.6 29.6
M ethionine 15.3 18.0 16.6 13.9 13.4 18.9 14.7 18.7
Isoleucine 14.2 13.9 10.8 10.3 7.4 10.7 8.0 9.5
Leucine 21.7 17.3 13.5 13.7 10.6 12.9 9.8 10.7
Tyrosine 30.6 25.8 24.4 25.9 21.1 27.1 18.7 21.0
Phenylalanine 16.6 12.6 10.3 11.0 9.1 10.6 8.9 8.2
Lysine 39.9 60.7 46.4 40.5 34.3 24.5 19.0 65.0
Histidine 3.8 5.6 2.2 2.4 0.4 0.6 nd 1 4.3
Arginine — 38.9 23.8 21.2 16.5 — 19.1 26.8

Valine 6.3 9.1 6.3 10.7 10.6 19.2 35.7 127.7

G ain /ch ick /day , g 2 
G ain/feed

6.6
0.57

11.1
0.72

12.4
0.76

13.7
0.78

14.1
0.79

13.3
0.76

13.9
0.78

13.6
0.76

1 None detectable.
2 Average of duplicate groups of 5 chicks/treatment. See footnote 5 in text for data concerning 

initial starting weight and duration of assay.

TABLE 6
Effect of feeding graded levels of  arginine on plasm a amino acids and weight gain (exp. 6)

Amino acid
% dietary arginine

0.60 0.70 0.80 0.90 1.00 1.10
fig of amino acid/ml plasma

Threonine 217.7 164.7 123.1 79.5 81.4 65.6
Proline 30.8 32.0 24.0 26.5 23.7 25.6
Glutamic acid 55.1 102.4 103.1 117.5 87.6 117.4
Glycine 98.1 86.3 134.3 128.3 125.3 86.9
Valine 39.8 35.7 28.6 24.1 28.7 22.6
Cystine 38.5 22.1 21.5 19.9 15.4 20.5
M ethionine 16.6 13.4 17.6 14.2 17.0 13.3
Isoleucine 23.3 22.9 19.1 14.7 18.0 13.9
Leucine 31.9 28.7 21.8 19.3 23.0 18.5
Tyrosine — 20.8 14.2 9.7 10.3 8.0
Phenylalanine — 15.5 12.0 10.7 12.1 9.2
Lysine 109.2 97.0 65.4 39.3 37.5 30.8
Histidine 21.7 20.0 14.1 5.7 6.3 5.8
Arginine 4.8 7.9 23.1 11.4 39.5 46.0
G ain /ch ick /day , g 1 
G ain/feed

9.9
0.54

11.3
0.59

12.4
0.65

13.6
0.69

13.8
0.72

13.8
0.72

1 Average of triplicate groups of 5 chicks/treatment. See footnote 5 in text for data concerning 
initial starting weight and duration of assay.

o v e r , in  th e  c a s e  o f  ly s in e ,  th is  a m in o  a c id  
c o n t in u e d  to  a c c u m u la t e  l in e a r ly  in  th e  
p la s m a , e v e n  th o u g h  g r o w th  w a s  d e p r e s se d  
2 0 %  b y  th e  h ig h e s t  ( 1 .8 %  )  le v e l  f e d . E x 
c e e d in g ly  h ig h  p la s m a  a m in o  a c id  le v e ls  
h a v e  b e e n  r e p o r te d  b y  o th e r s  ( 5 )  6 u n d e r  
s im ila r  c o n d it io n s .

T h a t  th e  s h a p e  o f  th e  p la s m a  a m in o  a c id  
c u r v e  c a n  b e  u s e d  to  d e te r m in e  th e  a m in o

a c id  r e q u ir e m e n t  o f  th e  c h ic k  h a s  b e e n  
d e m o n s tr a te d  in  th e s e  s tu d ie s .  M o re  r e 
c e n t ly ,  M i t c h e l l 7 h a s  r e p o r te d  g o o d  a g r e e 
m e n t  b e tw e e n  d a ta  a c q u ir e d  b y  th e  p la s m a  
t e c h n iq u e  a n d  n itr o g e n  b a la n c e  in  d e te r -

6 See footnote 1.
? Mitchell, J. R., Jr. 1965 Effect of level of amino 

acid intake on the nitrogen metabolism and plasma 
free amino acids of the young pig. Doctoral Thesis, 
University of Illinois, Urbana.
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m in in g  th e  y o u n g  p ig ’s r e q u ir e m e n t  fo r  
s e v e r a l  a m in o  a c id s .

F r o m  th e  d a ta  o b ta in e d  in  th is  s e r ie s  o f  
e x p e r im e n ts ,  i t  w a s  p o s s ib le  to  c a lc u la te  
th e  c h ic k ’s r e q u ir e m e n t  fo r  ly s in e  a t s u c 
c e s s iv e  s t a g e s  o f  d e v e lo p m e n t .  A n a ly s is  o f  
th e  d a ta  b y  th e  m e th o d  o f  le a s t  sq u a r e s  
in d ic a t e s  th a t  th e  ly s in e  r e q u ir e m e n t ,  e x 
p r e s s e d  a s a  p e r c e n ta g e  o f  th e  d ie t ,  w a s  
0 .8 3 ,  0 .7 0 ,  0 .6 7  a n d  0 .5 9 %  fo r  th e  s e c o n d ,  
th ir d , fo u r th  a n d  f if th  w e e k  o f  l i f e ,  r e s p e c 
t iv e ly .

In  e x p e r im e n t s  1, 5  a n d  6 , p la s m a  s a m 
p le s  w e r e  a n a ly z e d  fo r  b o th  e s s e n t ia l  a n d  
n o n - e s s e n t ia l  a m in o  a c id s  ( t r y p to p h a n  e x 
c e p te d )  b u t  o n ly  d a ta  c o n c e r n in g  th e  a m in o  
a c id s  p r o v id e d  in  th e  e x p e r im e n ta l  d ie t s  
a re  p r e s e n te d  in  th e  ta b u la t io n s .  In  e x 
p e r im e n ts  2 , 3  a n d  4  th e  p la s m a  w a s  
a n a ly z e d  fo r  ly s in e  o n ly . S e v e r e  d e f ic ie n 
c ie s  o f  e ith e r  ly s in e  or  a r g in in e  m a r k e d ly  
in c r e a s e d  p la s m a  th r e o n in e . P la s m a  th r e o 
n in e  v a r ie d  fr o m  a h ig h  o f  a p p r o x im a te ly  
1 9 0  to  a  lo w  o f  4 0  a g / m l  in  th e  ly s in e  a s s a y  
( t a b le  3 )  a n d  fr o m  2 1 7  to  6 5  n g /m l  in  th e  
a r g in in e  e x p e r im e n t  ( t a b le  6 ) .  E a c h  i n 
c r e m e n t  o f  th e  f ir s t - l im it in g  a m in o  a c id  
( l y s in e  or  a r g in in e )  r e s u lte d  in  a p r o g r e s 
s iv e  d e c lin e  in  p la s m a  th r e o n in e . H o w 
e v e r , th e  p o in t  w h e r e  p la s m a  th r e o n in e  
r e a c h e s  i t s  lo w e s t  c o n c e n tr a t io n  d o e s  n o t  
c o in c id e  w ith  th e  d ie ta r y  c o n c e n tr a t io n  o f  
th e  f ir s t - l im it in g  a m in o  a c id  th a t  m a x i 
m iz e s  w e ig h t  g a in , b u t  r a th e r  a t  a  le v e l  
s o m e w h a t  in  e x c e s s  o f  th a t  n e e d e d  fo r  m o s t  
r a p id  w e ig h t  g a in . H o w e v e r , th is  d o e s  n o t  
a p p e a r  to  b e  u n iq u e  fo r  th r e o n in e  s in c e  
m a n y  o f  th e  o th e r  a m in o  a c id s  a lso  b e h a v e  
in  th is  m a n n e r  a lth o u g h  o b v io u s ly  to  a  
l e s s e r  d e g r e e . It f o l lo w s  a ls o  th a t  th e  r a p id  
d e c lin e  in  p la s m a  th r e o n in e  c o n c e n tr a t io n  
sh o u ld  n o t  b e  in te r p r e te d  a s  in d ic a t in g  
th a t  i t  i s  th e  n e x t  l im i t in g  a m in o  a c id .  
L a r g e  e x c e s s e s  o f  d ie ta r y  ly s in e  or v a l in e  
a ls o  in c r e a s e d  th e  c o n c e n tr a t io n  o f  p la s m a  
th r e o n in e . O th e r s  ( 2 ,  3 , 7 )  8 h a v e  s h o w n  
th a t  a m in o  a c id  im b a la n c e s  w i l l  in f lu e n c e  
th e  c o n c e n t r a t io n  o f  th r e o n in e  in  th e  
p la s m a . L y s in e  a lso  a p p e a r s  to  a c c u m u la te  
in  th e  p la s m a  to  a  m a r k e d  d e g r e e  w h e n  
th e  d ie t  i s  d e f ic ie n t  in  a r g in in e  ( t a b le  6 ) .  
T h e r e  i s  a  s u g g e s t io n  th a t  p la s m a  a r g in in e  
t e n d s  to  a c c u m u la t e  in  th e  p la s m a  w h e n  
th e  d ie t  c o n t a in s  s u b o p t im a l a m o u n ts  o f  
e ith e r  ly s in e  or v a lin e .  A s fo r  th e  o th e r

a m in o  a c id s ,  i t  a p p e a r s  th a t  h is t id in e ,  ty r o 
s in e ,  p h e n y la la n in e ,  l e u c in e  a n d  i s o le u c in e  
te n d  to  a c c u m u la te  in  th e  p la s m a  to  a 
s l ig h t  d e g r e e  ir r e s p e c t iv e  o f  w h e th e r  ly s in e ,  
a r g in in e  or v a l in e  w e r e  d e f ic ie n t  w h e r e a s  
p r o lin e ,  g lu ta m ic  a c id , g ly c in e ,  m e th io n in e  
a n d  c y s t in e  w e r e , fo r  th e  m o s t  p a r t , e ith e r  
u n a f fe c te d  b y  th e  tr e a tm e n ts  im p o s e d , or  
w e r e  so  v a r ia b le  a s  to  p r e c lu d e  th e  e s t a b 
l is h m e n t  o f  a d e f in ite  p la s m a  p a tte r n .  
D e a n ,9 h o w e v e r , h a s  r e p o r te d  th a t  a ll a m in o  
a c id s  ( e x c e p t  l y s i n e )  te n d  to  a c c u m u la t e  
in  th e  p la s m a  w h e n  c h ic k s  a re  f e d  d ie ts  
g r o s s ly  d e f ic ie n t  in  ly s in e .  In  g e n e r a l ,  th e  
o b s e r v a t io n s  n o te d  h e r e in  su p p o r t  th e  v ie w  
th a t  d ie t s  c o n t a in in g  w e l l  b a la n c e d  p r o te in  
w o u ld  te n d  to  m in im iz e  th e  a c c u m u la t io n  
o f  fr e e  a m in o  a c id  n it r o g e n  in  b lo o d  
p la s m a .

In  e x p e r im e n t  1 w h e r e  th e  g r e a te s t  
a m o u n t  o f  ly s in e  f e d  ( 1 .8 %  ) e x c e e d e d  th e  
r e q u ir e m e n t  le v e l  a p p r o x im a te ly  t w o fo ld ,  
s e v e r a l  a m in o  a c id s  t e n d e d  to  a c c u m u la te  
in  th e  p la s m a . A  n o ta b le  e x c e p t io n  w a s  
a r g in in e ,  w h o s e  c o n c e n tr a t io n  c o n t in u e d  
to  d e c r e a s e  ( t a b le  3 ) ,  a n d  th e  p o s s ib i l ity  
sh o u ld  b e  c o n s id e r e d  w h e th e r  th is  o b s e r v a 
t io n  is  in  so m e  w a y  r e la te d  to  th e  d e m o n 
s tr a te d  a b il ity  o f  a r g in in e  to  r e v e r s e  th e  
g r o w th -d e p r e s s in g  e f fe c t  o f  e x c e s s  d ie ta r y  
ly s in e  ( 1 2 ) .  F u r th e r m o r e , th e  d a ta  p r e 
s e n te d  h e r e in  a p p e a r  to  in d ic a t e  th a t  v a r i
a t io n s  in  th e  c o n c e n tr a t io n  o f  d ie ta r y  ly s in e  
or a r g in in e  e x e r t  a  m o r e  p r o n o u n c e d  e f fe c t  
o n  th e  p la s m a  c o n c e n tr a t io n  o f  o th e r  
a m in o  a c id s  th a n  d o e s  v a l in e  w h ic h  m a y  
r e f le c t  th e  d if fe r e n c e  in  “r e la t iv e  to x ic i t y ” 
a m o n g  a m in o  a c id s  fo r  th e  c h ic k  ( 1 3 ) .
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ABSTRACT  Four different proteins, lactalbum in, casein, soy protein and wheat 
gluten, were fed to groups of w eanling rats by diets supplying 7 different levels of 
each protein for a 3-week test period. It is concluded that the net nitrogen utilization  
is essentially  constant for each of these proteins at all levels of intake up to those 
w hich w ill support approxim ately m axim al growth. The relative nutritive value of 
casein , soy protein, and wheat gluten appear to be 0.7, 0.34, and 0.14 relative to lactal
bum in. W hen the intake of each of these proteins w as m ultiplied by the appropriate 
factor to yield “lactalbum in equivalents,” the perform ance of all proteins per lactal
bum in equivalent appears to be the same.

It is  w e l l  k n o w n  th a t  th e  u t i l iz a t io n  o f  
d ie ta r y  p r o te in s  i s  m a x im a l  a t lo w  le v e ls  
o f  in ta k e . B io lo g ic a l  v a lu e s  b y  th e  T h o m a s -  
M itc h e ll  m e th o d  (  1 ) a r e  m e a s u r e d  a t  
l im ite d  in t a k e s  to  a s s u r e  m a x im a l  v a lu e s  
( 2 ) .  O n  th e  o th e r  h a n d , w h e n  th e  in ta k e  
o f  p r o te in  e x c e e d s  th e  r e q u ir e m e n t ,  th e  e f 
f ic ie n c y  o f  u t i l iz a t io n  m u s t  d e c r e a s e  r a p id ly  
s in c e  p r o te in  c a n n o t  b e  s to r e d  in  th e  b o d y  
to  a n y  a p p r e c ia b le  e x t e n t .  T h e  u t i l iz a t io n  
o f  p r o te in  a t  in te r m e d ia te  l e v e ls  o f  in ta k e ,  
b e t w e e n  m e r e  m a in t e n a n c e  a n d  o p t im a l  
g r o w th , h a s  n o t  b e e n  s tu d ie d  a d e q u a te ly  
a n d  h a s  le d  to  d iv e r g e n t  c o n c lu s io n s .  
P e r h a p s  th e  b e s t  d a ta  a v a i la b le ,  fr o m  
B a r n e s  e t  a l. ( 3 ) ,  a p p e a r  to  le a d  to  
a n  in d e t e r m in a t e  c o n c lu s io n ,  a lth o u g h  a s  
o n e  o f  u s  h a s  d is c u s s e d  e ls e w h e r e  ( 4 ,  5 )  
th e  d a ta  s u g g e s t  th a t  u t i l iz a t io n  m a y  b e  
m a x im a l  a n d  e s s e n t ia l ly  c o n s t a n t  u p  to  
l e v e ls  w h ic h  a p p r o a c h  o p t im a l  g r o w th .  
M iller  a n d  P a y n e  ( 6 ,  7 ) ,  h o w e v e r ,  s u g g e s t  
th a t  th e  n e t  u t i l iz a t io n  o f  d ie ta r y  p r o te in  
f a l l s  l in e a r ly  a t le v e ls  o f  in ta k e  a b o v e  th e  
a m o u n t  r e q u ir e d  fo r  m a in t e n a n c e .  T h e y  
c o n c lu d e  th a t  th e  r e g r e s s io n  l in e  r e la t in g  
u t i l iz a t io n  a n d  th e  a m o u n t  o f  p r o te in  in  
th e  d ie t  i s  s u c h  th a t  i t  r e a c h e s  z e r o  fo r  a ll  
p r o te in s  w h e n  a p p r o x im a te ly  5 4 %  o f  th e  
c a lo r ie s  a re  s u p p lie d  a s  p r o te in . M o rr iso n  
e t  a l. ( 8 )  in te r p r e t  th e ir  d a ta  to  m e a n  th a t  
th e  d e c r e a s e  in  u t i l iz a t io n  i s  p r o p o r t io n a l  
to  th e  lo g a r ith m  o f  th e  le v e l  o f  p r o te in  in  
th e  d ie t.

It i s  e x tr e m e ly  im p o r ta n t  to  k n o w  w h a t  
h a p p e n s  to  p r o te in  u t i l iz a t io n  in  th e  g r o w 
in g  a n im a l  a t  l e v e ls  o f  in ta k e  a b o v e  th o s e  
r e q u ir e d  fo r  m a in t e n a n c e .  A ll  r e c e n t  e s t i 
m a t e s  o f  th e  p r o te in  n e e d s  o f  c h i ld r e n  ( 9 -  
1 1 )  a s s u m e  th a t  th e  b io lo g ic a l  v a lu e  o f  
th e  d ie ta r y  p r o te in  i s  a  c o n s t a n t ,  a p p li
c a b le  to  c h i ld r e n  a n d  a d u lts  a lik e . O n  th e  
o th e r  h a n d ,  i f  th e  t h e s i s  o f  M ille r  a n d  
P a y n e  i s  c o r r e c t  a n d  u t i l iz a t io n  i s  m u c h  
l e s s  e f f ic ie n t  a s  th e  in ta k e  a p p r o a c h e s  th a t  
n e e d e d  fo r  m a x im a l  g r o w th , t h e s e  e s t i 
m a t e s  o f  p r o te in  n e e d s  w o u ld  b e  g r o s s ly  
in a d e q u a te  a n d  n e e d  r e v is io n .

W e  h a v e  in v e s t ig a t e d  th is  p r o b le m  
u t i l iz in g  4  p r o te in s  w h ic h  v a r y  g r e a t ly  in  
n u tr it iv e  v a lu e . W e  a re  u n a b le  to  c o n f ir m  
th e  c o n c lu s io n s  o f  M ille r  a n d  P a y n e .

EXPERIMENTAL

T h e  e x p e r im e n t a l  p r o c e d u r e s  a n d  th e  
d e s ig n  o f  th e  e x p e r im e n t s  w e r e  d e sc r ib e d  
p r e v io u s ly  ( 1 2 ) .  E a c h  o f  4  p r o te in s ,  la c t 
a lb u m in ,  c a s e in ,  so y  p r o te in , a n d  w h e a t  
g lu te n ,  w a s  f e d  a t  7  d if f e r e n t  l e v e ls  o f  
d ie ta r y  p r o te in . T h e r e  w e r e  5  o r  6  w e a n 
l in g  m a le  r a ts  p e r  g r o u p  a n d  th e  t e s t  
p e r io d  w a s  3  w e e k s .  F o o d  c o n s u m p t io n

R eceived  fo r  p u b lic a tio n  F e b ru a ry  8, 1965.
1 T h is  w o rk  w as su p p o rte d  by  P u b lic  H e a lth  Service  

R ese a rch  G ra n t no . 5-K6-AM -18,455 f ro m  th e  N a tio n a l 
In s t i tu te s  o f  H e a lth , th e  N u tr i t io n  F o u n d a tio n , In c ., 
N ew  Y ork, a n d  th e  F u n d  fo r  R ese a rch  a n d  T e a c h in g , 
D e p a r tm e n t o f N u tr i t io n , H a rv a rd  School o f  P u b lic  
H e a lth .

2 T h e  second  p a p e r  in  a se r ie s : P ro te in  U tiliz a tio n  
in  G ro w in g  R ats.
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w a s  m e a s u r e d  a n d  to ta l  b o d y  n it r o g e n  w a s  
d e te r m in e d  a t th e  e n d  o f  th e  t e s t  p e r io d .  
A t th e  s ta r t  o f  e a c h  e x p e r im e n t  a  g r o u p  o f  
4  or 5  a n im a ls  w a s  k il le d  to  d e te r m in e  th e  
b o d y  n it r o g e n  a t zer o  t im e . A n  a d d it io n a l  
g r o u p  o f  a n im a ls  r e c e iv e d  th e  n itr o g e n -  
fr e e  d ie t  fo r  3  w e e k s  a n d  th e ir  b o d y  n itr o 
g e n  w a s  th e n  d e te r m in e d . T h e  4  p r o te in s  
w e r e  t e s te d  a t d if fe r e n t  t im e s  d u r in g  th e  
y ea r .

RESULTS

M a n y  a u th o r s  h a v e  d e m o n s tr a te d  th a t  
th e  b o d y  n it r o g e n  c o n t e n t  is  a p p r o x im a te ly  
p r o p o r t io n a l to  b o d y  w e ig h t  in  y o u n g  r a ts  
o v e r  th e  f ir s t  f e w  w e e k s  o f  l i f e .  In  f ig u r e  1 
th e  r e la t io n s h ip  b e tw e e n  b o d y  w e ig h t  a n d  
to ta l  b o d y  n it r o g e n  i s  s h o w n  fo r  th e  a n i 
m a ls  th a t  r e c e iv e d  e a c h  p r o te in . T h e  lo w 
e s t  v a lu e s  o n  e a c h  l in e  r e p r e s e n t  th o s e  o b 
ta in e d  fo r  th e  a n im a ls  th a t  r e c e iv e d  th e  
n itr o g e n - fr e e  d ie t . T h e s e  v a lu e s  s e r v e  to

s ta b il iz e  th e  r e g r e s s io n  l in e s  a t th e  lo w e r  
e n d . T w o  v a lu e s  fo r  th e  c a s e in - f e d  a n i 
m a ls  a n d  o n e  v a lu e  fo r  th e  g lu te n - fe d  a n i 
m a ls  a p p e a r e d  g r o s s ly  a b n o r m a l a n d  w e r e  
a r b itr a r ily  o m it te d . W h e n  th e  r e g r e s s io n  
l in e s  w e r e  c a lc u la te d ,  th e  r e g r e s s io n  l in e  fo r  
th e  a n im a ls  th a t  r e c e iv e d  so y  p r o te in  f e l l  
m u c h  b e lo w  th e  z e r o  in te r c e p t .  W e  c o n 
c lu d e d  th a t  fo r  r e a s o n s  u n k n o w n  th e  g r o u p  
w h ic h  r e c e iv e d  th e  lo w e s t  le v e l  o f  so y  p r o 
t e in  w a s  n o t  a n a ly z e d  c o r r e c t ly  a n d  th e s e  
v a lu e s  w e r e  a ls o  o m itte d . T h e  r e g r e s s io n  
l in e s  t h e n  o b ta in e d  a re  s h o w n  in  f ig u r e  1. 
T h e s e  l in e s  a p p e a r  to  b e  s tr ic t ly  l in e a r  a n d  
d o  n o t  d e p a r t  s ig n if ic a n t ly  f r o m  z er o  a t  
th e  in te r c e p t .  T h e  r e g r e s s io n  c o e f f ic ie n t s  
a re  m e a s u r e s  o f  th e  a v e r a g e  n it r o g e n  c o n 
te n t ,  i .e . ,  in  th e  a n im a ls  fe d  la c t a lb u m in  
0 .0 2 9  ( 2 .9 %  ) o f  th e  b o d y  w e ig h t  w a s  n i 
tr o g e n .

C o v a r ia n c e  a n a ly s is  s h o w e d  th a t  th e  
s lo p e s  o f  th e  r e g r e s s io n  l in e s  w e r e  s ig n if i-
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Fig. 1 The relationship between body w eight and total body nitrogen in  anim als fed at varying 
levels of 4 proteins. As explained in  the text, the values indicated by the solid circles were om itted  
in calculating the regression lines.
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c a n t ly  d if fe r e n t  ( P  <  0 .0 0 5 ) .  T h e  m e a n  
s lo p e  o b ta in e d  fo r  th e  c o m b in e d  d a ta  w a s  
0 .0 3 0 0  in d ic a t in g  a n  a v e r a g e  b o d y  n it r o 
g e n  c o n t e n t  o f  3 .0 0  % . T h e  g lu te n - fe d  a n i 
m a ls  h a d  a p p r o x im a te ly  8 5 %  o f  th is  v a lu e ,  
2 .5 5 %  b o d y  n it r o g e n ,  w h e r e a s  th e  c a s e in -  
f e d  a n im a ls  h a d  s l ig h t ly  h ig h e r  v a lu e s ,  
3 .1 8 %  n itr o g e n . T h e  lo w  v a lu e  fo r  th e  g lu 
te n - fe d  a n im a ls  a p p e a r s  to  c o n f ir m  th e  o b 
s e r v a t io n s  o f  A l l is o n  ( 1 3 )  th a t  l e s s  n itr o g e n  
i s  s to r e d  p e r  u n i t  b o d y  w e ig h t  th a n  in  a n i 
m a ls  f e d  h ig h e r  q u a lity  p r o te in s .  W h e th e r  
th e  s l ig h t ly  h ig h e r  v a lu e  fo r  c a s e in  i s  o f  
a n y  p r a c t ic a l  s ig n i f ic a n c e  is  u n k n o w n .

O u r p r e v io u s  p a p e r  ( 1 2 )  s h o w e d  th a t  
th e  r e la t iv e  n u tr it iv e  v a lu e  o f  th e s e  4  p r o 
te in s  b a s e d  u p o n  b o d y  w e ig h t  g a in s  w a s  
1 0 0 , 7 0 , 3 4 , a n d  2 2  fo r  la c t a lb u m in ,  c a 
s e in ,  so y  p r o te in , a n d  w h e a t  g lu te n , r e 

s p e c t iv e ly .  H a d  b o d y  n itr o g e n  r a th e r  th a n  
b o d y  w e ig h t  b e e n  u s e d  a s  th e  p a r a m e te r  
o f  g r o w th , th e s e  v a lu e s  w o u ld  h a v e  b e e n  
c h a n g e d  in  p r o p o r t io n  to  th e  r e g r e s s io n  
c o e f f ic ie n t  in  f ig u r e  1. T h e  n u tr it iv e  v a lu e  
o f  c a s e in  w o u ld  h a v e  b e e n  in c r e a s e d  
s l ig h t ly ,  r e la t iv e  to  a lb u m in , a n d  th a t  o f  
g lu te n  d e c r e a se d . T h e  v a lu e s  t h u s  c o r 
r e c te d  w o u ld  b e  1 0 0 , 7 6 , 3 4 ,  a n d  1 8 .7 ,  r e 
s p e c t iv e ly .

I f  s u c h  in d e x e s  are  v a l id  e s t im a te s  o f  
th e  n u tr it iv e  v a lu e  o f  th e  p r o te in s  a s  c o m 
p a r e d  w it h  la c t a lb u m in ,  th e  in ta k e  o f  e a c h  
p r o te in  sh o u ld  be c o n v e r t ib le  in t o  “la c t 
a lb u m in  e q u iv a le n t s ” b y  m u lt ip l ic a t io n  o f  
th e  a c tu a l  in ta k e  b y  th e  a p p r o p r ia te  fa c to r .  
T h u s , th e  in ta k e  o f  so y  p r o te in  n it r o g e n  
w o u ld  b e  m u lt ip l ie d  b y  0 .3 4  to  y ie ld  th e  
e q u iv a le n t  a m o u n t  o f  la c t a lb u m in  n itr o -

TA BLE 1
Mean nitrogen intake , lactalbumin equivalents and net nitrogen utilization  

at  varying levels of dietary protein

Protein and 
relative 
growth 
index 1

Dietary
protein

r-p _ - _ i ivT N intake 
intake (lactalbumin N 

ta e equivalents)
Body N 
stored 2

Net N 
utilization 3

% 9 9 9 9

Lactalbum in (1 0 0 ) 2.21 0.40 0.085 0.421
3.69 0.99 0.924 1.260
5.16 1.81 1.722 2.058
7.38 3.43 3.185 3.521
9.59 4.07 3.025 3.361

11.80 4.84 3.265 3.601
14.75 6.48 3.692 4.028

Casein (7 0 ) 3.47 0.57 0.40 0.013 0.349
6.08 1.19 0.84 0.393 0.729
8.69 2.38 1.67 1.264 1.600

12.16 4.72 3.31 2.884 3.220
15.64 6.25 4.37 3.664 4.000
19.11 7.42 5.20 3.958 4.294
26.06 11.47 8.00 4.041 4.377

Soy protein (' 34) 8.51 3.28 1.12 0.326 0.662
11.92 5.17 1.76 1.373 1.709
15.32 7.87 2.67 1.916 2.252
18.73 9.78 2.94 2.551 2.887
25.54 12.90 3.32 2.926 3.262
34.05 17.33 5.90 3.670 4.006
42.56 20.90 7.10 3.654 3.990

W heat gluten (1 8 .7 ) 11.38 2.36 0.44 (0 .3 3 ) 4 0.296 0.632
14.63 3.56 0.66 (0 .50 ) 0.147 0.483
17.88 4.63 0.86 (0 .6 5 ) 0.481 0.817
21.13 6.14 1.15 (0 .8 6 ) 0.779 1.115
24.38 7.45 1.39 (1 .0 4 ) 0.525 0.861
32.50 12.74 2.38 (1 .7 8 ) 1.628 1.994
40.63 15.05 2.81 (2 .1 1 ) 1.445 1.781

1 See H eg sted  a n d  C h an g  (1 2 ) .
2 A verage  body  n itro g e n  m in u s  body  n itro g e n  o f a n im a ls  k ille d  a t  th e  s ta r t  o f th e  e x p erim en t.
3 Body n itro g e n  s to red  p lu s  n itro g e n  lo s t b y  a n im a ls  fe d  a  n itro g en -fre e  d ie t  (0 .3 3 6  g ) .
4 L a c ta lb u m in  e q u iv a le n ts  i f  g lu te n  is co n sid e re d  to  h a v e  a re la tiv e  v a lu e  o f 14 r a th e r  th a n  

18.7 (se e  te x t ) .
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Fig. 2 The net nitrogen utilization in  anim als fed at the lower levels of each protein expressed as 

“lactalbum in nitrogen equivalents.” The lines represent 100% utilization. The arrows on the gluten  
values show their position w hen gluten is considered to have 14% of the value of lactalbum in rather 
than 18.7%.

g e n . T h e  m e a n  n it r o g e n  in ta k e  o f  e a c h  
g r o u p  o f  a n im a ls  a n d  th e  “la c ta lb u m in  
e q u iv a le n t ” i s  s h o w n  in  ta b le  1. T h e  n e t  
n itr o g e n  u t i l iz a t io n  i s  a ls o  s h o w n . T h is  
r e p r e s e n ts  th e  d if fe r e n c e  b e t w e e n  th e  b o d y  
n itr o g e n  a t  th e  t e r m in a t io n  o f  th e  e x p e r i
m e n t  a n d  th e  s ta r t  p lu s  th e  a m o u n t  o f  n i 
tr o g e n  lo s t  b y  th e  a n im a ls  th a t  r e c e iv e d  
th e  n itr o g e n - fr e e  d ie t .

In  f ig u r e  2  th e  n e t  n it r o g e n  u t i l iz a t io n  
o f  th o s e  g r o u p s  o f  a n im a ls  th a t  r e c e iv e d  
th e  lo w e r  l e v e ls  o f  p r o te in  a re  sh o w n  
p lo t te d  a g a in s t  th e  ‘la c t a lb u m in  n itr o g e n  
e q u iv a le n t s .” T h e  l in e s  h a v e  b e e n  d r a w n  
to  r e p r e s e n t  m a x im a l  u t i l iz a t io n ,  i .e . ,  w h e r e  
th e  n it r o g e n  u t i l iz a t io n  i s  e q u a l  to  th e  ‘l a c t 
a lb u m in  e q u iv a le n t .” T h e  d a ta  s h o w  th a t  
th e  n e t  n it r o g e n  u t i l iz a t io n  o f  la c ta lb u m in  
w a s  e s s e n t ia l ly  c o m p le te  a n d  c o n s t a n t  fo r

th e  4  le v e ls  s h o w n . It a p p e a r s  th e r e fo r e  to  
b e  a  s a t is fa c to r y  p r o te in  s ta n d a r d .

T h e  d a ta  fo r  c a s e in  ( r e la t iv e  n u tr it iv e  
v a lu e ,  7 0 )  a n d  s o y  p r o te in  ( r e la t iv e  n u 
tr it iv e  v a lu e ,  3 4 )  a p p e a r  to  a p p r o x im a te  
th e  r e s p o n s e  o f  la c t a lb u m in  r e a s o n a b ly  
w e ll .  H o w e v e r , th e  v a lu e s  fo r  g lu te n  te n d  
to  f a l l  a w a y  fr o m  th e  l in e  a t  th e  h ig h e r  
in ta k e s .  T h e  a r ro w s in  f ig u r e  2  s h o w  th e  
f it  th a t  w o u ld  b e  o b ta in e d  i f  th e  r e la t iv e  
n u tr it iv e  v a lu e  o f  w h e a t  g lu te n  w a s  14  
r a th e r  th a n  1 8 .7 .  A  c o r r e c t io n  o f  th is  
o rd er  o f  m a g n it u d e  w o u ld  h a v e  l i t t le  s ig 
n i f ic a n c e  w h e n  g o o d  q u a lity  p r o te in s  are  
c o n s id e r e d , b u t  w h e n  th e  r e la t iv e  n u tr it iv e  
v a lu e  i s  lo w  i t  b e c o m e s  s u b s t a n t ia l .3 W ith

3 In  th e  p re v io u s  p a p e r  ( 1 2 )  in  w h ic h  th e  v a rio u s  
m e th o d s  o f e v a lu a tin g  th e  b io log ic  a ssay s  w ere  co m 
p a re d , o th e r  e s tim a te s  o f th e  re la tiv e  n u tr i t iv e  v a lu e  
o f w h e a t g lu te n  w ere  17.7, 16.9, a n d  16.5 c o m p a re d  
w ith  th a t  fo r  la c ta lb u m in .
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Fig. 3 Combined net nitrogen utilization of all proteins at all levels studied expressed as “lact- 
album in nitrogen equivalents.” Utilization is essentially  com plete up to levels closely approaching 
m axim al growth.

w h e a t  g lu t e n  i t  a m o u n t s  to  a  r e d u c t io n  in  
la c t a lb u m in  e q u iv a le n t s  o f  a b o u t  2 5 %  .

T h e  c o m b in e d  d a ta  a re  s h o w n  in  f ig u r e  
3 w h e r e  n e t  n i t r o g e n  u t i l iz a t io n  fo r  a ll  
g r o u p s  h a s  b e e n  p lo t te d  a g a in s t  “la c t a l 
b u m in  n i t r o g e n  e q u iv a le n t .” T h e  r e la t iv e  
n u tr it iv e  v a lu e s  o f  1 0 0 ,  7 0 , 3 4 ,  a n d  1 4  fo r  
th e  4  p r o te in s  h a v e  b e e n  u s e d . N e t  n i 
tr o g e n  u t i l iz a t io n  a p p e a r s  to  b e  e s s e n t ia l ly  
c o m p le te  a n d  c o n s t a n t  a n d  s im ila r  fo r  e a c h  
p r o te in  u p  to  le v e ls  w h ic h  c lo s e ly  a p p r o a c h  
th o s e  r e q u ir e d  b y  m a x im a l  g r o w th .

DISCUSSION

A s p o in te d  o u t  in  o u r  p r e v io u s  p a p e r
( 1 2 ) ,  th e  d a ta  u n d e r  d is c u s s io n  h a v e  c e r 
t a in  l im it a t io n s .  In  w e l l  d e s ig n e d  s tu d ie s  
to  c o m p a r e  th e  e f f e c t s  o f  v a r io u s  p r o te in s ,  
a n im a ls  f r o m  th e  s a m e  lo t  sh o u ld  b e  d is 
tr ib u te d  r a n d o m ly  in t o  th e  v a r io u s  a s s a y  
g r o u p s . T h is  w a s  n o t  p o s s ib le  in  th e s e

s tu d ie s  b e c a u s e  o f  th e  la r g e  n u m b e r  o f  
a n im a ls  u s e d . A lso , d a ta  a re  a v a ila b le  
o n ly  f r o m  o n e  g r o u p  o f  a n im a ls  f e d  th e  
n itr o g e n - fr e e  d ie t . T h u s , th e  a b s o lu te  v a l 
u e s  o f  n it r o g e n  u t i l iz a t io n  m a y  b e  s o m e 
w h a t  in  erro r  a n d  th is  m a y  a c c o u n t  fo r  
s o m e w h a t  o v e r  1 0 0 %  u t i l iz a t io n  o f  la c t a l 
b u m in . H o w e v e r , th e  c o r r e c t io n  fo r  th e  
n itr o g e n - fr e e  g r o u p  w o u ld  b e  a  c o n s t a n t  
fo r  e a c h  p r o te in  a n d  t h is  w o u ld  n o t  a f fe c t  
th e  g e n e r a l  t h e s is  p r e s e n te d  h e r e .  A lso ,  
p e r c e n ta g e  e rr o rs  in  n it r o g e n  u t i l iz a t io n  
are  l ik e ly  to  b e  la r g e  w h e n  h ig h  q u a lity  
p r o te in s  are  f e d  a t  lo w  le v e ls  o f  in ta k e ,  
s u c h  a s  in  th e  f ir s t  f e w  la c t a lb u m in  g r o u p s .  
In  th e  g r o u p  fe d  3 .6 9 %  la c t a lb u m in ,  th e  
to ta l n it r o g e n  r e te n t io n  w a s  e s t im a te d  to  
b e  1 .2 6  g  c o m p a r e d  w it h  a n  in ta k e  o f  
0 .9 9  g. E rro rs o f  th is  m a g n it u d e  m ig h t  b e  
th e  r e s u lt  o f  d if f e r e n c e s  in  th e  s ta r t in g  
w e ig h t s  o r  th e  b o d y  n it r o g e n  c o n t e n t  o f
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d if fe r e n t  g r o u p s , e rro rs  in  a n a ly s is ,  a n d  
o th e r s . T h e  m e th o d  a s s u m e s  th a t  th e  a n i 
m a ls  f e d  th e  n it r o g e n - fr e e  d ie t  a r e  e x a c t ly  
c o m p a r a b le  to  th e  t e s t  g r o u p s  a n d  th is  is  
n e v e r  p o s s ib le  to  a s c e r ta in . W e  a re , h o w 
e v e r , p r im a r ily  c o n c e r n e d  w ith  th e  g e n e r a l  
p r in c ip le s  r a th e r  th a n  th e  a b s o lu te  v a lu e s  
o b ta in e d  fo r  th e  s e v e r a l  p r o te in s  u n d e r  
te s t .

C o n tra r y  to  th e  c o n c lu s io n s  o f  M iller  
a n d  P a y n e  ( 7 )  or  o f  M o r r iso n  e t  a l. ( 8 ) ,  
w e  are  n o t  a b le  to  s h o w  a n y  c o n s i s t e n t  d e 
c r e a s e  in  th e  u t i l iz a t io n  o f  n it r o g e n  a s  th e  
in ta k e  is  in c r e a s e d  u n t i l  a p p r o x im a te ly  
m a x im a l  g r o w th  w a s  a c h ie v e d . In  f a c t ,  th e  
u t i l iz a t io n  o f  w h e a t  g lu te n  a p p e a r s  to  b e  
e s s e n t ia l ly  c o n s t a n t  u p  to  th e  h ig h e s t  le v e l  
f e d ,  4 0 %  o f  th e  d ie t . T h e  r e a s o n  fo r  th is  
d is c r e p a n c y  i s  u n k n o w n  b u t  i t  a p p e a r s  
p o s s ib le ,  a t le a s t ,  th a t  it  m a y  r e la te  to  th e  
t im e  a l lo w e d  fo r  th e  t e s t  p e r io d . W e  
p o in te d  o u t  e a r lie r  ( 1 2 )  th a t  b io lo g ic a l  
v a lu e s  a n d  n e t  p r o te in  u t i l iz a t io n  ( N P U )  
v a lu e s  fo r  lo w  q u a lity  p r o te in s  a p p e a r  to  
b e  s u b s ta n t ia l ly  h ig h e r  th a n  th e  v a lu e s  w e  
h a v e  o b ta in e d . F u r th e r m o r e , B e n d e r  ( 1 4 )  
r e p o r te d  a n  N P U  v a lu e  o f  a p p r o x im a te ly  
4 0 %  fo r  a m in o  a c id  m ix t u r e s  c o n t a in in g  
n o  ly s in e  a t  a ll. S u c h  a  v a lu e  d o e s  n o t  a p 
p e a r  m e a n in g f u l  s in c e  i t  i s  k n o w n  th a t  a n i 
m a ls  w i l l  n o t  g r o w  w ith  ly s in e - fr e e  d ie ts .  
W e  c o n c lu d e  th a t  th e  r a th e r  e la b o r a te  
s c h e m e  o f  M ille r  a n d  P a y n e  (7 )  fo r  th e  
e v a lu a t io n  o f  th e  n u tr it iv e  v a lu e  o f  d ie ta r y  
p r o te in s  r e s ts  u p o n  a n  in a d e q u a te  b a s is  a n d  
u p o n  g e n e r a l iz a t io n s  th a t  h a v e  n o t  b e e n  
p r o v e d . N j a a  ( 1 5 )  h a s  a ls o  ju s t ly  c r it ic iz e d  
s e v e r a l  o f  th e  a s s u m p t io n s  m a d e  b y  th e s e  
a u th o r s .

T h e  w o r k  r e p o r te d  h e r e  su p p o r ts  th e  
p r o c e d u r e  w e  h a v e  u s e d  in  e s t im a t in g  p r o 
te in  r e q u ir e m e n ts  fo r  g r o w th  ( 1 1 ,  1 6 ) ,  
i .e . ,  th a t  th e  r e la t iv e  n u tr it iv e  v a lu e  o f  
p r o te in s  i s  e s s e n t ia l ly  c o n s t a n t  a t  v a r y in g  
l e v e ls  o f  in ta k e  u p  to  th o s e  l e v e ls  w h ic h  
c lo s e ly  a p p r o a c h  m a x im a l  g r o w th . H o w 
e v e r , a s  d is c u s s e d  in  o u r  p r e v io u s  p a p er  
( 1 2 ) ,  th e  te x tb o o k  v a lu e s  fo r  b io lo g ic a l  
v a lu e s  or  th e  u s u a l  a m in o  a c id  s c o r in g  
s y s te m s  m a y  n o t  b e  a p p r o p r ia te  fo r  g r o w 
in g  r a ts . D ir e c t  s tu d ie s  o n  in f a n t s  a n d  
c h i ld r e n  are  u r g e n t ly  n e e d e d  to  d e te r m in e  
th e  s ig n i f ic a n c e  o f  th e s e  o b s e r v a t io n s  u p o n  
th e  e s t im a te s  o f  th e  p r o te in  r e q u ir e m e n ts  
a t th e s e  a g e s .

A c c o r d in g  to  f ig u r e  3 , th e  la c t a lb u m in  
r e q u ir e m e n t  fo r  m a x im a l  g r o w th  in  th e s e  
r a ts  w a s  a b o u t  4  g  o f  n it r o g e n  d u r in g  th e  
3 -w e e k  p e r io d . T h is  w a s  a c h ie v e d  w it h  a 
d ie t  w h ic h  p r o v id e d  a b o u t 12%  o f  p r o te in  
in  th e  d ie t . A s s u m in g  th a t  w h e a t  g lu te n  
h a s  a p p r o x im a te ly  14%  o f  th e  a c t iv i ty  o f  
la c t a lb u m in ,  m a x im a l  g r o w th  w o u ld  r e 
q u ire  th a t  8 6 %  o f  th e  d ie t  b e  s u p p lie d  a s  
g lu te n . T h is  i s  in  s u b s ta n t ia l  a g r e e m e n t  
w ith  th e  o b s e r v a t io n s  o f  M u n a v e r  a n d  
H a rp er  (1 7 )  w h o  o b ta in e d  g o o d  g r o w th  w ith  
a  d ie t  c o n t a in in g  7 0  to  8 0 %  o f  g lu te n . It 
h a s  b e e n  r e p o r te d  ( 1 0 )  th a t  a d e q u a te  p r o 
te in  in t a k e s  c a n n o t  b e  a c h ie v e d  w it h  p r o 
te in s  w h ic h  h a v e  a  b io lo g ic a l  v a lu e  o f  le s s  
th a n  6 0 . T h is  c o n c lu s io n  m a y  n o t  b e  c o r 
r e c t  i f  th e  n u tr it iv e  v a lu e  o f  s u c h  p r o te in s  
w a s  o v e r e s t im a te d  a n d  th e y  w e r e  n o t  s tu d 
ie d  a t h ig h  e n o u g h  le v e ls .

T h e  a p p r o a c h  w h ic h  h a s  b e e n  u s e d  h e r e  
h a s  s o m e  s im ila r ity  to  th a t  p r o p o s e d  b y  
H o w a r d  e t  a l. ( 1 8 ,  1 9 )  w h o  a t te m p te d  to  
c o n v e r t  th e  p r o te in  c o n t e n t  o f  d ie t s  c o n 
t a in in g  w h e a t  f lo u r  a n d  p r o te in  s u p p le 
m e n t s  in to  c o m p a r a b le  a m o u n ts  o f  “c o m 
p le te  p r o te in ” b a s e d  u p o n  th e  l im i t in g  
a m in o  a c id  c o n te n t .  It a p p e a r s  m o r e  u s e 
fu l ,  h o w e v e r , to  h a v e  th e  b io a s s a y  p r o c e 
d u r e s  fo r  p r o te in  s e l f - c o n ta in e d .  B y  f o l lo w 
in g  c la s s ic a l  a s s a y  p r o c e d u r e s  in  w h ic h  a n  
u n k n o w n  i s  c o m p a r e d  w it h  a  s ta n d a r d , n o  
a s s u m p t io n  n e e d  b e  m a d e  a s  to  th e  c a u s e  
o f  v a r ia t io n s  in  p o te n c y . In  a n  id e a l  a s s a y  
th e  s ta n d a r d  sh o u ld  h a v e  a  m a x im a l  p o 
te n c y  a n d  th e  p o te n c y  o f  th e  u n k n o w n  e x 
p r e s s e d  a s  “a c t iv ity ” r e la t iv e  to  th e  s t a n d 
ard . T h e  m e th o d  w o u ld  th e n  b e  s im ila r  
to  th e  fa m ilia r  v ita m in  a s s a y s  in  w h ic h  
se v e r a l  fo r m s  w ith  d if fe r in g  d e g r e e s  o f  b io 
lo g ic a l  a c t iv i ty  o c c u r . T h is  a p p r o a c h  r e 
q u ir e s , o f  c o u r s e ,  a n  a d e q u a te  a s s a y  o f  
m e a s u r e  “a c t iv ity .” W e  b e l ie v e  w e  h a v e  
d e m o n s tr a te d  th a t  m o r e  s a t i s f a c t o r y  a s s a y s  
th a n  th o s e  in  u s e  c a n  b e  d e v e lo p e d  a lo n g  
th e  l in e s  p r o p o s e d  in  th is  a n d  o u r  p r e c e d 
in g  p a p e r  ( 1 2 )  w h ic h  d e a ls  w ith  th e  a s 
s a y  in  d e ta il.
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Levels of Liver Retinol and Retinol Ester in 
Pregnant and Pseudopregnant Rats 1,2
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ABSTRACT  Retinol and retinol ester concentrations were determined in  the livers 
of pregnant rats throughout the 21-day period of gestation and compared w ith those 
observed in  pseudopregnant controls. Data were analyzed by analysis of variance and 
the results showed that levels of retinol and its ester in  the livers of pregnant anim als 
were significantly higher than those for the pseudopregnant controls; differences were 
attributed to group X tim e interaction. The presence of decidual cells had no apparent 
effect on the concentration of liver retinol, but did appear to increase the concentrations 
of retinol ester in  the liver. The relationship between liver retinol and its ester during 
pregnancy was discussed, and the evidence suggested that physiological changes in  the 
fetal placenta or fetus were responsible for changes in  the m aternal levels of retinol 
and its ester.

R e c e n t  e v id e n c e  s u g g e s t e d  th a t  r e t in o l  
a n d  r e t in o l  e s te r  le v e l s  in  th e  l iv e r  o f  p r e g 
n a n t  r a ts  s h o w e d  s ig n i f ic a n t  in c r e a s e s  o v e r  
n o n p r e g n a n t  c o n tr o ls  ( 1  )• T h is  o b s e r v a 
t io n  d id  n o t  a g r e e  w it h  r e p o r ts  th a t  s h o w e d  
v i t a m in  A  c o n c e n t r a t io n s  w e r e  d e c r e a s e d  in  
th e  l iv e r  d u r in g  p r e g n a n c y  ( 2 - 3 ) ,  or  w ith  
th e  c o n c e p t  o f  a  p r o p o r t io n a l r e la t io n s h ip  
b e tw e e n  l iv e r  a n d  p la s m a  r e t in o l  w h ic h  
d e c r e a s e d  in  th e  la t t e r  p a r t  o f  p r e g n a n c y  
( 1 ) .  A lth o u g h  c h a n g e s  in  p la s m a  r e t in o l  
a re  g e n e r a l ly  a s s u m e d  to  r e f le c t  s im ila r  
c h a n g e s  in  th e  l iv e r  ( 4 ) ,  th is  c o n c e p t  is  
e q u iv o c a l  a s  v a r io u s  in v e s t ig a t o r s  h a v e  
d e m o n s tr a te d  ( 5 - 7 ) .  C o n f lic t in g  r e s u lt s  
c o n c e r n in g  c o n c e n t r a t io n s  o f  r e t in o l  a n d  
i t s  e s te r  in  th e  l iv e r  d u r in g  p r e g n a n c y  m a y  
b e  d u e  to  th e  c o m p a r is o n  o f  n o n p r e g n a n t  
a n d  p r e g n a n t  a n im a ls  in  d i f fe r e n t  s t a g e s  
o f  e s tr u s  a n d  g e s ta t io n .  T h is  i s  n o t  w ith o u t  
b a s is  a s  e s tr o g e n  w a s  s h o w n  to  in c r e a s e  
th e  l e v e ls  o f  v i t a m in  A  in  th e  l iv e r  o f  th e  r a t
( 8 ) .  T h e  p r e s e n t  s tu d y  w a s  u n d e r ta k e n  to  
d e te r m in e  w h e t h e r  l e v e l s  o f  l iv e r  r e t in o l  
a n d  r e t in o l  e s t e r  in  p r e g n a n t  a n im a ls  d i f 
fe r e d  f r o m  th o s e  i n  p s e u d o p r e g n a n t  c o n 
tr o ls  th a t  w e r e  r e p o r te d  to  h a v e  c o m p a r a b le  
e n d o c r in e  c h a n g e s  ( 9 ) ,  a n d  p o s s ib ly  a c 
c o u n t  fo r  th e  d is c r e p a n c ie s  r e p o r te d  in  th e  
l ite r a tu r e .

EXPERIMENTAL METHODS

N o n p r e g n a n t ,  f e m a le  r a ts  o f  th e  W is ta r  
s tr a in  w e r e  o b ta in e d  f r o m  th e  D u b lin

F a r m s  in  D u b lin ,  V ir g in ia ,  a n d  p la c e d  in  
q u a r a n t in e  u n t i l  i t  w a s  a s c e r ta in e d  th e y  
w e r e  f r e e  o f  d is e a s e .  T h e y  w e r e  t h e n  r a n 
d o m iz e d , p la c e d  in  c a g e s  w it h  r a is e d  w ir e  
f lo o rs , a n d  s u b je c te d  to  a  1 0 -h o u r  d a y  a n d  
1 4 -h o u r  n ig h t  b y  a r t if ic ia l  l ig h t in g  in  r o o m s  
c o n tr o lle d  a t  2 2 ° .  T w o  a n im a ls  w e r e  
p la c e d  in  e a c h  c a g e ,  a n d  f o o d 4 a n d  w a te r  
s u p p lie d  a d  l ib itu m . T h e  a n im a ls  r e m a in e d  
u n d e r  t h e s e  c o n d it io n s  fo r  a t l e a s t  o n e  
w e e k  p r io r  to  e x p e r im e n t a t io n  to  a d ju s t  to  
th e ir  e n v ir o n m e n t .  P s e u d o p r e g n a n t  a n i 
m a ls  w it h  a n d  w it h o u t  a  d e c id u o m a ta  w e r e  
p r o d u c e d  a c c o r d in g  to  th e  p r o c e d u r e  o f  
D e F e o  ( 1 0 )  a s  m o d if ie d  b y  B o  e t  a l. ( 1 1 )  
b y  s t im u la t in g  th e  c e r v ix  a n d  tr a u m a t iz in g  
a  u te r in e  h o r n ;  p s e u d o p r e g n a n c y  w a s  v e r i
fied  d a i ly  b y  v a g in a l  sm e a r . P r e g n a n t  a n i 
m a ls  w e r e  p r o d u c e d  b y  p la c in g  a  m a le  
a n im a l  o f  th e  s a m e  s tr a in  w it h  th e  f e m a le s ,  
a n d  p r e g n a n c y  w a s  c o n f ir m e d  b y  t h e  p r e s 
e n c e  o f  sp e r m  i n  th e  v a g in a l  s m e a r  w h ic h  
w a s  r e c o r d e d  a s  d a y  z e r o  o f  g e s ta t io n .  
L iv er  r e t in o l  a n d  r e t in o l  e s te r  c o n c e n tr a -  * 1 2 3 4

R eceived  fo r  p u b lic a tio n  A p ril 7, 1965.
1 T h is  in v e s t ig a tio n  w a s  su p p o rte d  in  p a r t  by  a 

P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t no . H D  01211 
fro m  th e  N a tio n a l In s t i tu te  o f C h ild  H e a lth  a n d  
H u m a n  D evelopm en t.

2 P re s e n te d  in  p a r t  a t  th e  4 9 th  A n n u a l M ee tin g  of 
th e  F e d e ra tio n  o f A m erican  Societies  fo r  E x p e r im e n ta l 
B iology, A p ril 13, 1965, F e d e ra tio n  P roc., 24: 656, 
1965 ( a b s t r a c t ) .

3 S u p p o rted  by  P u b lic  H e a lth  S erv ice  re s e a rc h  c a re e r  
p ro g ra m  a w a rd  no . 1-K3-HD 22,873-01 fro m  th e  N a 
tio n a l  In s t i tu te  o f C h ild  H e a lth  a n d  H u m a n  D evelop 
m en t.

4 P u r in a  R a t Chow , R a ls to n  P u r in a  C o m p an y , St. 
Louis.

26 J. N utritio n , 87.- ’65
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T A B L E  1

Retinol and retinol ester concentrations of liver for pseudopregnant, pseudopregnant(traumatized),
and pregnant rats

N o .  o f  
r a t s

B o d y
w t

L i v e r
w t

R e t i n o l  a n d  r e t i n o l  e s t e r  c o n c e n t r a t i o n s

R e t i n o l
e s t e r R e t i n o l R e t i n o l

e s t e r R e t i n o l

9 9 M / g l i v e r / i g / t o t a l  l i v e r /  
1 0 0  g  b o d y  w t

P s e u d o p r e g n a n t 2 4 2 4 2  1 9 . 6 1 5 3  ± 1 6  2 2 9  ± 2 6 0 5 1 1 4

P s e u d o p r e g n a n t
( t r a u m a t i z e d ) 3 7 2 5 6 9 . 6 2 1 1  ± 1 3 3 1  ±  2 7 9 2 1 1 5

P r e g n a n t 5 3 2 3 1 8 . 3 2 4 8  ±  1 7 7 5 ± 4 8 9 2 2 7 0

1 F i f t e e n  a n i m a l s .
2 M e a n  ±  s e .

t io n s  w e r e  d e te r m in e d  fr o m  th e  fo u r th  to  
f i f th  d a y  o f  p r e g n a n c y  a n d  th r o u g h o u t  g e s 
ta t io n  a t d a i ly  in te r v a ls  a s  w e r e  th e  p s e u d o 
p r e g n a n t  c o n tr o ls .  T h e  a n im a ls  w e r e  f a s t e d  
4  to  6  h o u r s  a n d  k il le d  b y  a n e s t h e t iz in g  
w it h  d ie th y l  e th e r . T h e  l iv e r s  w e r e  im m e 
d ia te ly  e x c i s e d ,  w e ig h e d ,  f r o z e n  o n  d ry  ic e ,  
w r a p p e d  in  P a r a f i lm , a n d  p la c e d  in  th e  
d e e p  f r e e z e  a t —2 0 °  u n t i l  a n a ly s e s  w e r e  
m a d e . R e t in o l  a n d  r e t in o l  e s te r  w e r e  e x 
tr a c te d  a c c o r d in g  to  G a d e  a n d  K a d le c  ( 1 2 )  
a n d  r e s o lv e d  o n  a lu m in a  b y  a  m o d if ic a t io n  
( 1 )  o f  th e  m e th o d  o f  E d e n  ( 1 3 ) .

C o m p u ta t io n s  o f  v a r ia n c e  a n d  r e g r e s s io n  
a n a ly s is  a s  w e l l  a s  o th e r  s t a t i s t ic a l  p r o c e 
d u r e s  u s e d  w e r e  d e s c r ib e d  in  W a lk e r  a n d  
L e v  ( 1 4 )  a n d  d if f e r e n c e s  w e r e  c o n s id e r e d  
s ig n i f ic a n t  a t  th e  5%  le v e l  o f  c o n f id e n c e .  
R e s u lt s  w e r e  e x p r e s s e d  a s  m ic r o g r a m s  p er  
g r a m  o f  l iv e r  o r  m ic r o g r a m s  p e r  to ta l  l iv e r  
p e r  1 0 0  g  b o d y  w e ig h t .

R E S U L T S

T h e  m e a n  c o n c e n t r a t io n s  o f  r e t in o l  a n d  
r e t in o l  e s te r  fo r  th e  p s e u d o p r e g n a n t ,  p s e u 
d o p r e g n a n t- tr a u m a t iz e d , a n d  p r e g n a n t  r a ts  
( t a b le  1 )  s h o w e d  th a t  b o th  r e t in o l  a n d  i t s  
e s te r  w e r e  la r g e r  in  th e  p r e g n a n t  a n im a ls  
th a n  th o s e  v a lu e s  r e c o r d e d  in  th e  p s e u d o 
p r e g n a n t  a n im a ls .  C o m p a r iso n  o f  th e  2  
p s e u d o p r e g n a n t  g r o u p s  s h o w e d  th a t  r e t in o l  
c o n c e n t r a t io n s  w e r e  th e  s a m e ,  b u t  d if fe r 
e n c e s  w e r e  a p p a r e n t  w it h  r e s p e c t  to  th e  
r e t in o l  e s te r .  A lth o u g h  r e t in o l  e s te r  l e v e ls  
w e r e  s l ig h t ly  h ig h e r  in  th e  p s e u d o p r e g 
n a n t - tr a u m a t iz e d  a n im a ls ,  th e y  w e r e  n o t  
c o n s id e r e d  h ig h ly  s ig n i f ic a n t  b a s e d  o n  th e  
n u m e r ic a l  v a lu e  o f  t. C o n s e q u e n t ly ,  th e  
v a lu e s  fo u n d  fo r  r e t in o l  a n d  r e t in o l  e s te r  
in  th e  2  p s e u d o p r e g n a n t  g r o u p s  w e r e  c o m 

b in e d  to  r e p r e s e n t  th e  p s e u d o p r e g n a n t  
c o n tr o l.

A n a ly s is  o f  v a r ia n c e  ( t a b le  2 )  s h o w e d  
th a t  s ig n i f ic a n t  d if f e r e n c e s  ( P  <  0 . 0 5 )  e x 
i s t e d  b e t w e e n  th e  g r o u p s  a n d  b e t w e e n  th e  
t im e s  o f  g e s ta t io n  in  r e la t io n  to  r e t in o l  a n d  
r e t in o l  e s te r  l e v e ls  w h e n  th e  r a t io  o f  v a r i
a n c e  w a s  d e te r m in e d  fr o m  th e  erro r  te rm .  
H o w e v e r , s ig n i f ic a n t  d if f e r e n c e s  b e t w e e n  
th e s e  m a in  s o u r c e s  o f  v a r ia t io n  w e r e  a c 
c o u n t e d  fo r  b y  th e  g r o u p  X t im e  in t e r 
a c t io n  a s  th e  v a r ia n c e  r a t io  w a s  n o t  s ig 
n i f ic a n t  w h e n  d e te r m in e d  o n  t h is  b a s is .  
W h e n  g r o u p  c o m p a r is o n s  w e r e  m a d e ,  h o w 
e v e r , th e  p r o p o r t io n  o f  r e t in o l  to  i t s  e s te r  
in  p s e u d o p r e g n a n t  a n d  p r e g n a n t  a n im a ls  
w a s  1 5  a n d  2 3 % ,  r e s p e c t iv e ly .  T h e s e  d i f 
f e r e n c e s  p e r s is t e d  w h e n  th e y  w e r e  d e te r 
m in e d  a s  m ic r o g r a m s  p e r  t o ta l  l iv e r  p e r  
1 0 0  g  b o d y  w e ig h t  to  a l lo w  fo r  d if f e r e n c e s  
a ttr ib u ta b le  to  b o d y  w e ig h t .

T h e  d if f e r e n t ia l  r e s p o n s e s  o f  r e t in o l  a n d  
r e t in o l  e s te r  in  th e  2  g r o u p s  s tu d ie d  w ith  
t im e  o f  g e s t a t io n  a re  s h o w n  in  f ig u r e s  1 
a n d  2 , r e s p e c t iv e ly .  In  th e s e  f ig u r e s ,  th e  
o b s e r v e d  m e a n  v a lu e s  fo r  r e t in o l  a n d  
r e t in o l  e s te r  w e r e  p lo t te d  a g a in s t  th e  g e s ta -

T A B L E  2

Variance analysis for liver retinol and retinol ester  
concentrations in pseudopregnant and  

pregnant rats w ith  time of gestation

S o u r c e  o f  
v a r i a t i o n d f

M e a n  s q u a r e s

R e t i n o l R e t i n o l
e s t e r

G r o u p s i 8 7 8 4 2 6 5 0 4 3 5
T i m e ,  d a y s 7 2 3 0 8 6 4 7 9 8

G r o u p  X  t i m e 7 4 7 9 7 3  1 1 8 7 2 9 7 1  1
E r r o r 9 8 4 1 4 7 1 5 2

1 S i g n i f i c a n t  a t P  <  0 .0 5 .
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Fig. 1 Relationship between liver retinol concentrations and day of gestation in  the 
pregnant and pseudopregnant rat.

0  2 4  6  8  10 12 14 16 18 2 0  2 2

Gestation Day

Fig. 2 Relationship between liver retinol ester concentrations and day of gestation in  
the pregnant and pseudopregnant rat.

t io n  d a y  a n d  a  c u r v e  w a s  c a lc u la t e d  b y  
r e g r e s s io n  a n a ly s is  f o r  e a c h  s e g m e n t  o f  
th e  c u r v e  i n  th e  p r e g n a n t  g r o u p  a n d  
s h o w e d  th e  a v e r a g e  r e la t io n s h ip  b e t w e e n  
th e s e  v a r ia b le s .  T h e  m e a n  le v e l s  fo r  r e t in o l  
a n d  r e t in o l  e s te r  in  th e  p s e u d o p r e g n a n t  
c o n tr o l  w e r e  p lo t te d  in  a  s im ila r  w a y  e x 
c e p t  th e  m e a n  o f  th e  to ta l  v a lu e s  w a s  d e 
te r m in e d  a s  c h a n g e s  o b s e r v e d  w it h  t im e

w e r e  w e r e  n o t  s ig n i f ic a n t  a n d  w a s  e x 
p la in e d  o n  t h e  b a s is  o f  c h a n c e  o r  r a n d o m  
v a r ia t io n . T h e  e q u a t io n s  th a t  d e sc r ib e d  
th e  r e g r e s s io n  o f  y  ( r e t i n o l )  o n  x  ( t i m e )  
in  th e  l iv e r  fo r  r e t in o l  w e r e  y  =  3 7 .8 3  +  
3 .6 8 x  fo r  1 to  11 d a y s ;  y  =  1 4 5 .9 6  — 5 .4 0 x  
fo r  1 2  to  1 7  d a y s ;  a n d  y  =  — 1 2 8 . 5 7  +  
1 0 .2 9 x  fo r  18  to  2 1  d a y s . F ig u r e  1 s h o w s  
a n  in c r e a s e  in  r e t in o l  in  th e  p r e g n a n t  r a ts
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u p  to  d a y  11 o f  g e s ta t io n ;  a  d e c r e a s e  fr o m  
d a y s  1 2  to  1 7 ; a n d  a n  in c r e a s e  f r o m  d a y s  
1 8  to  2 1  t h a t  e x c e e d e d  th e  in c r e m e n t  o b 
se r v e d  o n  d a y  11 . T h e  c h a n g e s  in  th e  
m e a n  le v e l s  o f  r e t in o l  e s t e r  w it h  t im e  in  
th e  p r e g n a n t  a n d  p s e u d o p r e g n a n t  c o n tr o ls  
( f ig .  2 )  w e r e  e s s e n t ia l ly  id e n t ic a l  to  th o s e  
fo r  l iv e r  r e t in o l  e x c e p t  i n  th e  1 8 - 2 1  d a y  
p e r io d  o f  th e  p r e g n a n t  g r o u p . R e g r e s s io n  
o f  y  ( r e t in o l  e s t e r )  o n  x  ( t i m e )  th a t  d e 
sc r ib e d  th e  c h a n g e s  o b s e r v e d  fo r  r e t in o l  
e s te r  w e r e  y  =  2 8 7 .5 6  +  2 6 .8 9 x  fo r  1 to  11  
d a y s ;  y  =  8 2 3 .2 7  — 2 4 .6 5 x  fo r  1 2  to  17  
d a y s ;  a n d  y  =  1 5 2 .5 8  +  1 5 .6 8 x  fo r  1 8  to  2 1  
d a y s . T h e  s im i la r i t ie s  o f  c h a n g e s  o b s e r v e d  
in  th e  r e t in o l  a n d  r e t in o l  e s te r  c o n c e n t r a 
t io n s  i n  th e  p r e g n a n t  g r o u p  fo r  1 to  11 d a y s  
a n d  1 2  to  1 7  d a y s  w e r e  a p p a r e n t ,  a n d  c o r 
r e la t io n  c o e f f ic ie n t s  w h ic h  w e r e  s ig n i f ic a n t  
( P  <  0 . 0 5 )  fo r  th e s e  g e s t a t io n a l  p e r io d s  
w e r e  0 .5 8 6  a n d  0 .6 3 3 ,  r e s p e c t iv e ly .  N o  
c o r r e la t io n  w a s  f o u n d  in  th e  1 8 - to  2 1 -d a y  
p e r io d  o f  g e s t a t io n  a n d  d if fe r e d  m a r k e d ly  
f r o m  th e  r e la t io n s h ip  s h o w n  b y  t h e s e  c o m 
p o n e n ts  in  t h e  e a r lie r  p e r io d s  o f  g e s ta t io n .  
R e t in o l  a n d  r e t in o l  e s te r  l e v e l s  in  p s e u d o 
p r e g n a n t  a n im a ls  d id  n o t  s h o w  th e  r e la 
t io n s h ip  o b s e r v e d  in  th e  p r e g n a n t  a n im a ls ,  
a n d  e x t r a p o la t io n  o f  b o th  r e t in o l  a n d  
r e t in o l  e s t e r  c o n c e n t r a t io n s  to  z er o  d a y  o f  
g e s ta t io n  d id  n o t  d if fe r  fr o m  th o s e  o b s e r v e d  
in  th e  n o n p r e g n a n t  c o n tr o l  a n im a ls .

DISCUSSION

T h e  d a ta  p r e s e n te d  in  th e s e  e x p e r im e n ts  
c o n f ir m e d  a  p r e v io u s  r e p o r t  th a t  s h o w e d  
f iv e r  r e t in o l  a n d  r e t in o l  e s te r  le v e l s  w e r e  
s ig n i f ic a n t ly  g r e a te r  in  p r e g n a n t  r a ts  th a n  
th o s e  fo r  n o n p r e g n a n t  c o n tr o ls ;  i t  d id  n o t  
a g r e e , h o w e v e r , in  th a t  d if f e r e n c e s  b e tw e e n  
th e  g r o u p s  w e r e  la r g e r . T h is  w a s  e x p la in e d  
o n  th e  b a s is  o f  g r o u p  X t im e  in t e r a c t io n  
a s  a n a ly s is  o f  v a r ia n c e  s h o w e d  r e t in o l  c o n 
c e n tr a t io n s  in  th e  p r e g n a n t  g r o u p  c h a n g e d  
s ig n i f ic a n t ly  w it h  th e  t im e  o f  g e s ta t io n  
w it h  th e  lo w e s t  c o n c e n t r a t io n s  o b s e r v e d  
o n  th e  s e v e n t e e n t h  d a y  w h ic h  c o in c id e d  
e x a c t ly  w it h  th e  t im e  t h e y  w e r e  d e te r 
m in e d  in  th e  p r e v io u s  s t u d y ( l ) .  R e t in o l  
c o n c e n t r a t io n s  in  th e  l iv e r  o f  p r e g n a n t  a n i 
m a ls  w e r e  g r e a te r  th a n  th o s e  in  th e  p s e u d o 
p r e g n a n t  c o n tr o l  a n im a ls  r e g a r d le s s  o f  th e  
g e s t a t io n a l  t im e  p e r io d  s tu d ie d , e x c e p t  in  
th e  e a r ly  p e r io d  f o l lo w in g  c o n c e p t io n  a s  
d e te r m in e d  fr o m  e x tr a p o la t io n .

C h a n g e s  o b s e r v e d  i n  f iv e r  r e t in o l  w e r e  
a s s o c ia t e d  w it h  c o n c o m it a n t  c h a n g e s  in  i t s  
e s te r  e x c e p t  in  th e  la t e r  s t a g e s  o f  p r e g 
n a n c y  w h e r e  a  m a r k e d  in c r e m e n t  in  r e t in o l  
w a s  o b s e r v e d  w it h o u t  c o m p a r a b le  c h a n g e s  
in  r e t in o l  e s te r . T h is  c lo s e  r e la t io n s h ip  a s  
s h o w n  b y  th e  s ig n i f ic a n t  c o r r e la t io n  w a s  
p r o b a b ly  a  r e f le c t io n  o f  th e  m e ta b o l ic  r e 
q u ir e m e n ts  o f  th e  r a t  d u r in g  p r e g n a n c y  
r a th e r  th a n  o n e  o f  s to r a g e  ( 1 5 )  a s  s ig n i f i 
c a n t  c h a n g e s  w e r e  n o t  o b s e r v e d  in  th e  
p s e u d o p r e g n a n t  c o n tr o ls .  S u c h  a  r e la t io n 
s h ip  w a s  d e sc r ib e d  b y  G a n g u ly  a n d  K r in sk y
( 6 )  w h o  s h o w e d  th e  e a r ly  c h a n g e s  in  f iv e r  
r e t in o l  a n d  r e t in o l  e s te r  in  d e f ic ie n t  r a ts  
f e d  f is h  f iv e r  o il w e r e  p r o p o r t io n a l b e fo r e  
m a x im a l  v a lu e s  o f  r e t in o l  w e r e  a t ta in e d ,  
a n d  b y  M c G illiv r a y  ( 1 6 )  w h o  c r e a te d  m a s 
s iv e  r e s e r v e s  o f  v i t a m in  A  in  t h e  f iv e r s  o f  
r a ts  b e fo r e  f e e d in g  th e m  a  d e f ic ie n t  d ie t .  
In  t h e s e  e x p e r im e n t s ,  i t  a p p e a r e d  th a t  a 
p r o p o r t io n a l r e la t io n s h ip  e x is t e d  a n d  th e  
m e ta b o l ic  d e m a n d s  o f  th e  p r e g n a n t  ra t  
c o u ld  b e  a s s e s s e d  w h e n  r e t in o l  o r  i t s  e s te r  
w a s  d e te r m in e d  e x c e p t  in  th e  la s t  4  d a y s  
o f  p r e g n a n c y . F u r th e r m o r e , i t  w a s  c o m 
p a t ib le  w it h  th e  c o n c e p t  o f  r e t in o l  f o r m a 
t io n  a t th e  e x p e n s e  o f  r e t in o l  e s te r  ( 7 ) ,  
a n d  in d ic a t e d  th e y  h a d  n o t  a t ta in e d  th e ir  
m a x im a l  v a lu e s  in  th e  f iv e r  ( 6 ) .

T h e  d ic h o to m y  th a t  e x is t e d  b e t w e e n  
t h e s e  e n t i t ie s  a s  p r e g n a n c y  p r o g r e s s e d  to 
w a r d s  p a r tu r it io n  s u g g e s t e d  c h a n g e s  i n  th e  
m o b il iz a t io n  o f  r e t in o l  a n d  r e t in o l  e s te r  a s  
n o  c o r r e la t io n  b e t w e e n  th e m  w a s  fo u n d .  
S u c h  c h a n g e s  c o u ld  c o n c e iv a b ly  b e  m e d i
a te d  b y  e s tr o g e n  p r o d u c t io n  ( 1 7 )  in  v ie w  
o f  th e  e f f e c t  o f  e s tr o g e n  o n  f iv e r  s to r e s  ( 8  ) ,  
or  it  c o u ld  r e f le c t  th e  lo s s  o f  r e t in o l  e s te r  
in  p r e fe r e n c e  to  r e t in o l  in  p r e p a r a t io n  fo r  
la c t a t io n  a s  s u g g e s t e d  p r e v io u s ly  (1 6 ) .  T h e  
p s e u d o p r e g n a n t  c o n tr o ls  d e m o n s tr a te d  
th a t  d if f e r e n c e s  in  f iv e r  r e t in o l  a n d  r e t in o l  
e s t e r  d u r in g  p r e g n a n c y  w e r e  n o t  c a u s e d  
b y  e n d o c r in e  c h a n g e s  i n  th e  m a te r n a l  
o r g a n is m  w h ic h  w e r e  r e p o r te d  to  b e  c o m 
p a r a b le  to  th o s e  o f  p r e g n a n c y  ( 9 ) ,  b u t  a p 
p e a r e d  to  b e  b r o u g h t  a b o u t b y  p h y s io lo g ic a l  
c h a n g e s  in  th e  f e ta l  p la c e n t a  or f e t u s ,  or  
b o th , s in c e  t h e s e  r e p r e s e n te d  th e  m a in  
d if f e r e n c e s  b e tw e e n  th e  g r o u p s  o f  a n im a ls  
u s e d  in  t h e s e  e x p e r im e n ts .  T h e  d if fe r e n c e  
o b s e r v e d  in  th e  c o n c e n t r a t io n  o f  r e t in o l  
e s te r  in  th e  p s e u d o p r e g n a n t  a n d  p s e u d o -  
p r e g n a n t - tr a u m a t iz e d  a n im a ls  w a s  n o t
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k n o w n  u n le s s  i t  in d ic a t e d  th e  in f lu e n c e  o f  
th e  d e c id u a l  c e l l s  ( 1 8 )  a n d  a s  s u c h  in 
c r e a s e d  th e  s to r a g e  c a p a c ity  o f  r e t in o l  
e s te r . T h is  in c r e a s e  d id  n o t  in f lu e n c e  th e  
r e t in o l  l e v e ls  n o r  w e r e  th e  m e ta b o l ic  d e 
m a n d s  o f  th e  a n im a l  c h a n g e d  a s e v id e n c e d  
f r o m  th e  v a r ia t io n  in  th e  p s e u d o p r e g n a n t  
c o n tr o l.

It a p p e a r e d  to  b e  m o r e  t h a n  a  c h a n c e  
r e la t io n s h ip  th a t  r e t in o l  in c r e m e n t s  w e r e  
o b s e r v e d  in  th e  e a r ly  a n d  la t t e r  p a r t  o f  g e s 
ta t io n  w h e n  e m b r y o lo g ic a l  d e v e lo p m e n t  
a n d  c o lo s tr u m  fo r m a t io n  w e r e  c r it ic a l .  
V a r io u s  in v e s t ig a t o r s  h a v e  s h o w n  th a t  c o n 
g e n i t a l  a b n o r m a lit ie s  o c c u r r e d  in  th e  
y o u n g  b red  fr o m  m o th e r s  r e c e iv in g  in a d e 
q u a te  a m o u n ts  o f  v i t a m in  A  ( 1 9 - 2 1 )  a n d  
s im ila r ly ,  c o lo s tr u m  fo r m a t io n  a n d  la c t a 
t io n  w e r e  s u g g e s t e d  to  r e s u l t  i n  s m a ll  b u t  
s ig n if ic a n t  d e m a n d s  in  l iv e r  r e t in o l  ( 2 2 ) .  
I f  fa c to r s  r e s p o n s ib le  fo r  m e e t in g  th e  
r e t in o l  r e q u ir e m e n ts  in  p r e g n a n c y  w e r e  
d e p e n d e n t  u p o n  p h y s io lo g ic a l  c h a n g e s  th a t  
o c c u r r e d  in  th e  f e ta l  p o r t io n  o f  th e  p la c e n t a  
or th e  f e t u s  a s  th e  e v id e n c e  in  th e s e  e x 
p e r im e n ts  in d ic a t e d ,  th e n  c o n g e n it a l  d e 
f e c t s  or  r e d u c e d  s u r v iv a l  o f  th e  n u r s e d  
y o u n g  w o u ld  b e  e x p e c t e d  w h e r e  m e ta b o l ic  
e rro rs  in  th e s e  t i s s u e s  e x is t e d .
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Growth Retardation of Day-old Chickens and 
Physiological Effects at Maturity

MILTON R. McROBERTS
Hy-Line Poultry Farms, Johnston, Iowa

ABSTRACT  Three experim ents using W hite Leghorn chickens fed a low  protein 
diet (7.8%  crude protein) whose only source of protein was from corn were conducted  
to retard growth as m easured by w eight gain. An approximate physiological age of 
10 days was attained regardless of the length of time the diet was fed. A sex differ
ence in  growth rate of chickens fed the low  protein diet was not observed. The re
stricted chickens consum ed sm all quantities of the low  protein diet, therefore con
sum ing little nitrogen in excess of that required for body m aintenance. Improved 
efficiency of utilization of am ino acids w as not developed by the chickens during the 
tim e of feeding the low  protein diet. Minerals and vitam ins supplied at levels in 
excess of the recom m endations of the N ational Research Council were not beneficial 
for better growth and livability of the restricted chickens. Physical m aturity of both 
m ales and fem ales w as delayed by the approximate length of time that the low  pro
tein diet was fed to the chickens. W hen the restricted chickens were changed to a 
high protein starting diet (18%  crude protein ), they grew norm ally and at a rate 
comparable to that of chickens fed the high protein diet from day-old.

P r e p u b e r ty  g r o w th  h a s  b e e n  a r r e s te d  b y  
m a in t a in in g  o n e -w e e k -o ld  c h ic k e n s  w it h  a  
s e m ip u r if ie d , lo w  tr y p to p h a n  d ie t  fo r  9  
m o n th s ,  a r r e s t in g  th e  m a tu r a t io n  p r o c e s s  
a t th e  o n e -w e e k -o ld  s t a t e .* 1 M c C a n c e  ( 1 ) ,  
u s in g  a  s c h e m e  o f  s e v e r e  u n d e r n u tr it io n  
a n d  a  c o m m e r c ia l  c h ic k  s ta r t in g  r a t io n ,  
m a in t a in e d  c o c k e r e ls  a t 9 0  to  1 0 0  g  fo r  6  
m o n t h s  w it h o u t  g a in  in  w e ig h t .

T h e  o b je c t iv e s  o f  th e  p r e s e n t  e x p e r i
m e n t s  w e r e  to  o b s e r v e  th e  e f fe c t s  o f  a  lo w  
p r o te in  d ie t , w h o s e  o n ly  so u r c e  o f  p r o te in  
w a s  c o r n , u p o n  th e  g r o w th  o f  c h ic k e n s  
s ta r te d  a t  d a y -o ld  a n d  to  o b se r v e  th e  e f 
f e c t s  o f  th is  lo w  p r o te in  f e e d in g  u p o n  th e s e  
c h ic k e n s  w h e n  th e y  w e r e  p e r m it te d  to  
g r o w  a n d  d e v e lo p  to  m a tu r ity .

MATERIALS AND METHODS

E x p e r i m e n t  1 . T h ir ty -f iv e  o n e -d a y -o ld  
m a le  a n d  3 5  o n e -d a y -o ld  f e m a le  H y -L in e  
9 3 4 H  c h ic k s  w e r e  u s e d  in  e a c h  o f  9  d ie ta r y  
t r e a t m e n t s ,  p la c e d  in  w ir e -f lo o r , h e a te d  
b a tte r y  s e c t io n s .  T h e  m a le s  a n d  f e m a le s  
w e r e  s e p a r a te d  to  e l im in a t e  c o m p e t it io n  
d u e  to  d if f e r e n c e s  in  b o d y  s iz e  r e s u l t in g  
fr o m  a  s e x -d if f e r e n t ia te d  r a te  o f  g r o w th .  
T h e  d ie ta r y  t r e a tm e n ts  a re  d e sc r ib e d  in  
ta b le  1 . F e e d  a n d  w a te r  w e r e  s u p p lie d  ad  
l ib itu m .

T h e  b ir d s  in  e a c h  d ie ta r y  t r e a tm e n t  w e r e  
w e ig h e d  a s  a  g r o u p  e a c h  w e e k . F e e d  c o n 

s u m p t io n  fo r  e a c h  tr e a tm e n t  g r o u p  w a s  
r e c o r d e d  a t  w e e k ly  in te r v a ls .

E x p e r i m e n t  2 .  T w e n t y  o n e -d a y -o ld , H y- 
L in e  9 3 4 H  m a le  c h ic k s  w e r e  p la c e d  in  a 
w ir e -f lo o r , h e a te d  b a tte r y  s e c t io n  a n d  w e r e  
f e d  a  c o m m e r c ia l  c h ic k  s ta r t in g  r a t io n  
( 1 8 %  c r u d e  p r o t e in ) .

F if ty  m a le  c h ic k s  o f  s im ila r  b r e e d in g  
w e r e  p la c e d  in  a  s e c o n d  b a tte r y  s e c t io n ,  
a n d  w e r e  f e d  a  lo w  p r o te in id ie t  (7 .8 %  c r u d e  
p r o te in , d e sc r ib e d  a s  d ie t  2  in  ta b le  1 ) .  
F e e d  a n d  w a te r  w e r e  s u p p lie d  a d  l ib itu m .  
A fte r  4  w e e k s  o f  f e e d in g  th e  lo w  p r o te in  
d ie t ,  th e  c h ic k e n s  w e r e  d iv id e d  a t r a n d o m  
in to  2  g r o u p s . O n e  g r o u p  o f  th e  r e s tr ic te d  
c h ic k e n s  w a s  c h a n g e d  to  th e  c o m m e r c ia l  
c h ic k  s ta r t in g  r a t io n . T h e  s e c o n d  g r o u p  
o f  th e  r e s tr ic te d  c h ic k e n s  w a s  c o n t in u e d  
w it h  th e  lo w  p r o te in  d ie t  fo r  a n  a d d it io n a l  
2  w e e k s .  A t th e  e n d  o f  th e  2  w e e k s  th is  
g r o u p  w a s  a lso  c h a n g e d  to  th e  c o m m e r c ia l  
c h ic k  s ta r t in g  r a t io n .

T h e  c h ic k e n s  in  e a c h  d ie ta r y  t r e a tm e n t  
w e r e  w e ig h e d  a s  a  g r o u p  e a c h  w e e k . F e e d  
c o n s u m p t io n  fo r  e a c h  tr e a tm e n t  g r o u p  w a s  
r e c o r d e d  a t w e e k ly  in te r v a ls .  T h e  e x p e r i
m e n t  w a s  c a r r ie d  o u t  fo r  8  w e e k s .

Received for pub lication  F ebruary  5, 1965.
i Gordon, R. S. 1963 Growth arrest th rough  trypto

p h an  deficiency in  the  very young chicken. Sixth 
In te rn a tio n a l Congress of N u trition , E dinburgh , Scot
land , p. 471 (a b stra c t) .
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TABLE 1

Composition of experimental diets

Diet
no.

Ground
corn Dextrose Fat Mineral 

mixture 1
Vitamin 

mixture 2

% % % % %
1 (Com m ercial chick starting ration (18.0%  prote in ))
2 93.65 0.50 4.85 1.00
3 90.85 0.50 7.15 1.50
4 91.35 0.50 7.15 1.00
5 93.15 0.50 4.85 1.50
6 83.65 10.00 0.50 4.85 1.00
7 80.85 10.00 0.50 7.15 1.50
8 81.35 10.00 0.50 7.15 1.00
9 83.15 10.00 0.50 4.85 1.50

1 Mineral mixture contained: (in grams) calcium phosphate, dibasic, 484; Ca carbonate, 316; 
iodized salt, 105; trace minerals, 21; magnesium carbonate, 21; and potassium phosphate, 53. 
[Trace mineral analysis: (in per cent) calcium, 24.0; iodine, 0.24; manganese, 12.0; iron, 5.0; 
copper, 0.4; cobalt, 0.08; and zinc, 0.7.]

2 Vitamin-antibiotic mixture contained: (in grams) vitamin A (10,000 IU /g), 250; vitamin D3 
(3,000 ICU/g), 225; choline chloride, 875; niacin, 50; riboflavin, 400; folic acid, 15; vitamin K, 10; 
Ca pantothenate, 10; vitamin B12, 500; ethoxyquin, 75; ground yellow corn, 1840; Aurofac-25 (Amer
ican Cyanamid Co., New York), 250; NF 180 (Hess and Clark, Ashland, Ohio), 250; amprolium 
(25% ) (Amprol, Merck and Co., Rahway, N. J.)> 250; and (in milligrams) thiamine (4 m g/kg), 
20; pyridoxine (7 m g/kg), 35; and biotin, 0.10.

E x p e r i m e n t  3 .  P e d ig r e e d  m a le  a n d  f e 
m a le  c h ic k e n s  fr o m  6  L e g h o r n -ty p e  in b r e d  
l in e s  w e r e  h a t c h e d  o v e r  a  p e r io d  o f  8  
w e e k s  in  5  b i-w e e k ly  h a t c h e s  (A ,B ,C ,D ,  
a n d  E ) .  C h ic k e n s  o f  2  h a t c h e s  ( A  a n d  P>) 
w e r e  s e x e d  a n d  d iv id e d  w i t h in  s e x  a n  1 
w it h in  b r e e d in g  p e n s  in to  2  g r o u p s : ( a ) 
th o s e  to  b e  f e d  a  c o m m e r c ia l  c h ic k  s ta r t 
in g  r a t io n  ( 1 8 %  c r u d e  p r o t e in ) ,  a n d  ( b )  
th o s e  to  b e  f e d  a  lo w  p r o te in  d ie t  ( 7 . 8 %  
c r u d e  p r o t e in ) ,  a s  d e sc r ib e d  in  e x p e r im e n t  
1. T h e  lo w  p r o te in  d ie t  w a s  f e d  to  th e  
A -h a tc h  c h ic k e n s  fo r  6  w e e k s  a n d  to  th e  
B -h a tc h  c h ic k e n s  fo r  7  w e e k s  a n d  3  d a y s .  
A fte r  th e  p e r io d  o f  lo w  p r o te in  f e e d in g ,  
a ll  c h ic k e n s  w e r e  c h a n g e d  to  th e  c o m 
m e r c ia l  c h ic k  s ta r t in g  r a t io n . W h e n  th e  
A -h a tc h  c h ic k e n s  w e r e  c h a n g e d  to  th e  h ig h  
p r o te in  r a t io n  a t  6  w e e k s  o f  a g e ,  o n e -d a y -  
o ld  c h ic k e n s  o f  th e  s a m e  in b r e d  l in e s  (D -  
h a t c h )  w e r e  s ta r te d  w ith  th e  s a m e  h ig h  
p r o te in  r a t io n . C h ic k e n s  fr o m  E -h a tc h  
w e r e  s ta r te d  w ith  th e  h ig h  p r o te in  r a t io n  
1 0  d a y s  in  a d v a n c e  o f  c h a n g in g  th e  B- 
h a tc h  r e s tr ic te d  c h ic k e n s  to  th e  c o m 
m e r c ia l  c h ic k  s ta r t in g  r a t io n . T h u s  th e  
c o n tr o ls  fo r  th e  A - a n d  B -h a tc h  r e s tr ic te d  
c h ic k e n s  w e r e  o f  s im ila r  c a le n d a r  a g e  a n d  
o f  s o m e w h a t  s im ila r  p h y s io lo g ic a l  a g e . 
C h ic k e n s  o f  C -h a tc h  w e r e  d is c a r d e d  b e 
c a u s e  th e y  w e r e  n o t  o f  a n  a g e  a t  a n y  t im e  
d u r in g  th e  e x p e r im e n t  c o m p a r a b le  to  
c h ic k e n s  o f  th e  A -or B -h a tc h .

T h e  c h ic k e n s  o f  A -h a tc h  w h ic h  w e r e  fe d  
th e  lo w  p r o te in  d ie t  w e r e  h e ld  in  b a tte r y  
b r o o d e r  f a c i l i t ie s  fo r  6  w e e k s ,  a t w h ic h  
t im e  th e y  w e r e  t r a n s fe r r e d  to  th e  f lo o r  o f  
th e  b r o o d e r  h o u s e  to  b e g in  th e  f e e d in g  o f  
th e  h ig h  p r o te in  d ie t . T h e  c h ic k e n s  o f  th e  
B -h a tc h  th a t  w e r e  f e d  th e  lo w  p r o te in  d ie t  
w e r e  h e ld  i n  b a tte r y  b r o o d e r  f a c i l i t ie s  fo r  
th e  d u r a t io n  o f  th e ir  r e s tr ic te d  p r o g r a m  
p lu s  o n e  w e e k  o f  b e in g  f e d  th e  h ig h  p r o te in  
d ie t  b e fo r e  th e y  w e r e  m o v e d  to  th e  f lo o r  o f  
th e  b r o o d e r  h o u s e .  A ll  c h ic k e n s  s ta r t in g  
fr o m  o n e -d a y -o ld  w ith  th e  h ig h  p r o te in  d ie t  
w e r e  r e a r e d  o n  th e  f lo o r  o f  th e  b r o o d e r  
h o u s e .

C h ic k e n s  th a t  w e r e  f e d  th e  h ig h  p r o te in  
d ie t  fr o m  o n e -d a y -o ld  r e c e iv e d  a  v a c c in a 
t io n  fo r  N e w c a s t le  d is e a s e  a n d  b r o n c h it is  
a t  4  d a y s  a n d  4  w e e k s ,  f o w l  p o x  a t 10  
w e e k s ,  a v ia n  e n c e p h a lo m y e l i t is  a t  14  
w e e k s ,  a n d  N e w c a s t le  a t  1 6  a n d  3 0  w e e k s  
o f  a g e . C h ic k e n s  th a t  w e r e  f e d  th e  lo w  
p r o te in  d ie t  s ta r te d  th e ir  v a c c in a t io n  p r o 
g r a m  w h e n  th e y  w e r e  c h a n g e d  to  th e  h ig h  
p r o te in  d ie t , a s  th o u g h  th e y  w e r e  d a y -o ld  
b ir d s  a t th is  t im e .

A ll c h ic k e n s  w e r e  w e ig h e d  w h e n  o n e -  
d a y -o ld  a n d  a t 6 ,  1 2  a n d  1 8  w e e k s  o f  a g e ,  
a n d  a t  h o u s in g  ( a p p r o x im a t e ly  3 0  w e e k s  
o f  a g e ) .  L in e s  3  a n d  5  w e r e  d is c a r d e d  b e 
t w e e n  18  w e e k s  a n d  h o u s in g ,  d u e  to  la c k  
o f  h o u s in g  f a c i l i t ie s  fo r  a l l  o f  th e  l in e s .
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RESULTS

Experim ent 1. The m ean accum ulated 
weight gains made by the m ale and female 
chickens fed the 9 different diets are sum 
marized in table 2.

W eight gains made with all of the low 
protein diets at the end of 4 weeks were 
essentially the same for males and females. 
However, weight gains made by males was 
larger than  that made by females when 
the commercial starting ration was fed for 
4 weeks. The addition of m inerals (diet
3 ), vitam ins (diet 4 ), or both m inerals 
and vitam ins (diet 5) to the basal diet 
did not alter the weight gain made by 
chickens fed these diets as compared with 
chickens fed the basal corn diet (diet 2 ). 
W hen the protein of maize was diluted by 
adding 10% dextrose to the diet (diet 6 ), 
weight gains were sim ilar to those ob
tained by feeding the basal corn diet (diet 
2 ) .

The largest weekly weight gain m ade by 
chickens fed the low protein diets was 
made during the first week of the experi
m ent, a m ean of 6.2 g for both males and 
females fed diets 2 to 9. At the end of 
the second week the m ean weight gain was

TA BLE 2

Mean accumulated weigh t  gain of 934H male  
and female chicks for 4 weeks fed  

9 different diets

Diet
no.

Weeks
1 2 3 4

9 9 9 9

934H m ales
i 39.1 100.9 183.3 270.0
2 7.0 9.0 12.4 15.4
3 7.7 9.1 14.8 16.8
4 6.5 8.9 11.8 15.8
5 7.3 10.4 14.8 16.6
6 6.6 8.0 12.2 17.2
7 5.5 6.5 7.8 10.3
8 6.3 6.9 10.1 14.3
9 4.7 6.0 8.1 12.3

934H fem ales
1 38.9 86.6 155.1 225.7
2 6.9 8.2 11.4 14.7
3 6.5 7.3 9.7 12.3
4 6.1 9.0 12.1 15.2
5 7.1 10.9 16.9 20.0
6 5.2 7.6 10.3 12.5
7 4.9 8.2 10.2 13.3
8 5.6 5.6 7.9 11.1
9 4.5 5.9 8.3 11.2

TABLE 3

Feed consumption per chick for 934H male  
and female chickens fed high and  low  

protein diets (exp. 1)

M ales F e m a le s

g fe e d  c o n s u m e d /c h ic k  
1 523 463

2 -9  124 108

TABLE 4

Mortality  for 934H males and females fed  
9 different diets for 4 weeks

D iet no.

1 2 3 4 5 6 7 8 9

2 1 3 15
934H m ales 

17 7 21 13 24 32

0 10 6
934H fem ales 
11 11 7 16 8 11

1 N u m b e r  o f c h ick en s .

1.8 g; third week, 3.2 g; and fourth week,
3.1 g. This weight gain during the first 
week of low-protein feeding illustrated the 
effect of the yolk and its utilization to bal
ance the amino acids of the corn protein.

The only evidence of feather growth was 
in  the prim ary and secondary wing 
feathers; other areas of the bodies of the 
chickens m aintained the appearance of 
day-old down.

The grams of feed consumed per chick 
for male and female chickens fed a high 
protein (diet 1) and low protein diets 
(diets 2 -9 ) for 4 weeks are summarized 
in  table 3. Of outstanding interest was the 
small am ount of feed consum ed by the 
chickens fed the low protein diets.

High m ortality was recorded in both 
m ales and females fed the low protein 
diets (table 4 ). No explanation of the 
m ortality could be associated with any 
specific diet. Diets giving high mortality 
in  male chickens did not have any associ
ation with mortality for female chickens.

Experim ent 2. Table 5 summarizes the 
weight gains m ade by the 934H m ale 
chickens fed 4 different diets for 8 weeks. 
W eight gain after feeding the 7.8% pro
tein diet for 4 weeks was 13.9 g, whereas 
chickens that were fed the 18.0% protein 
diet gained 209.5 g in 4 weeks. At 6 
weeks of age the restricted chickens (fed 
the 7.8% protein diet) gained 21.8 g /
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chick, slightly less than  the weight gain 
made in one week by day-old chickens fed 
the 18.0% protein diet. After feeding the 
7.8% protein diet for 4 weeks, followed by 
the 18.0% protein diet for one week, the 
restricted chickens gained more in  one 
week of feeding the 18.0% protein diet 
than  did the chickens fed the high protein 
diet during the first week. However, the 
weight gain of the restricted chickens in 
one week was not as m uch as the weight 
gain of day-old chickens fed the 18.0% 
protein diet for 2 weeks. Therefore, the 
restricted chickens, when supplied with an 
adequate protein diet at 4 weeks of age, had 
a growth advantage over day-old chickens 
during the first week.

W hen the second half of the restricted 
chickens were changed from feeding the 
7.8% protein diet to the 18.0% protein 
diet at 6 weeks of age, the weight gains of 
these chickens during the first and second 
weeks were very sim ilar to the weight 
gains of chickens that had been restricted 
for 4 weeks and then fed the adequate 
protein diet.

The grams of feed consumed to produce 
1 g of weight gain by male chickens fed

the 4 different diets are shown in table 6. 
Feed efficiency values for the first 5 weeks 
were comparable for the 18.0% protein 
diet to those observed in experim ent 1 
(2.0 g feed /g  weight gain). Continued 
feeding of the 18.0% protein diet during
6,7 and 8 weeks resulted in  feed efficiency 
values higher than those observed in  the 
earlier weeks. W hen the chickens were 
changed from the low protein diet to the 
high protein diet, the feed efficiency values 
were somewhat sim ilar to those values ob
tained with day-old chickens.

Total m ortality in  this experim ent was 
2 chickens.

Experim ent 3. Table 7 summarizes the 
weight gains at 6, 12, 18 and approxi
mately 30 weeks of age of male and female 
chickens of 6 inbred lines that were fed 2 
starting diets. Feeding the low protein 
starting diet gave weight gains sim ilar to 
those observed in  experiments 1 and 2 of 
this study. Male and female chickens of 
all 6 inbred lines had similar m ean weight 
gains, indicating that a sex difference in 
growth rate with the low protein diet did 
not exist. W hen the chickens were fed the 
low protein diet for 6 weeks and then

TA BLE 5
Mean accumulated weight gain of 934H male  chickens fed 4 diets for 8 weeks

D ie ta ry
p ro te in

leve l

W eeks

1 2 3 4 5 6 7 8

% 9 9 9 9 9 9 9 9
18 .0 2 5 .4 72 .1 1 0 4 .4 2 0 9 .5 3 1 8 .1 4 3 1 .1 5 3 4 .8 6 6 0 .0

7 .8  1 4 .1 6 .3 9 .6 13 .9 16.1 2 1 .8
7 .8  2 7 4 .0 1 6 2 .3 2 6 0 .5 3 6 6 .9
7 .8  3 8 9 .0 1 7 0 .0

1 F ed  th e  7 .8%  p ro te in  d ie t fo r  6 w eeks.
2 F ed  th e  7.8%  p ro te in  d ie t fo r  4 w eek s; o n e -h a lf  o f th e  g ro u p  c h a n g e d  to  18.0%  p ro te in  d ie t 

a t  4  w eek s  o f age to  recover.
3 F ed  th e  7.8%  p ro te in  d ie t fo r  6 w eeks; second  h a l f  o f th e  g ro u p  c h a n g e d  to th e  18.0%  p ro te in  

d ie t a t  6 w eeks o f age to recover.

TA BLE 6

Feed efficiency of 934H male chickens fed 4 different diets for 8 weeks

D ie ta ry
p ro te in

leve l

W eeks

1 2 3 4 5 6 7 8

% g fe e d /g  w e ig h t g a in
1 8 .0 1 .8 2 .1 3 .2 2 .0 2 .0 2 .7 2 .8 4 .4

7 .8  1 6 .6 1 3 .0 8 .8 8 .6 1 3 .8 1 2 .6
7 .8  2 2 .3 2 .0 2 .5 2 .7
7 .8  3 1.1 2 .1

1 See fo o tn o te  1, ta b le  5.
2 See fo o tn o te  2, ta b le  5.
3 See fo o tn o te  3, ta b le  5.
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changed to the high protein diet for 6 
weeks (low protein, A-hatch), both male 
and female chickens of all inbred lines 
m ade a greater weight gain during the 
first 6 weeks of receiving the high protein 
diet than  the controls that received the 
high protein diet as day-old chicks for 6 
weeks. Therefore the chicks that were re
stricted for 6 weeks had a weight gain ad
vantage over day-old chicks when both 
groups were fed the high protein diet. 
This weight gain advantage of A-hatch re
stricted chickens continued to exist at 18 
weeks of age as compared with the con
trol chickens (A, B, D, E ha tch ) at 12 
weeks of age.

W hen chickens were fed the low protein 
diet for 7 weeks and 3 days, 10 days after 
the control chickens were started with the 
high protein diet, and then fed the high 
protein diet for 6 weeks, the weight gains 
of these chickens (low protein, B-hatch) 
were very sim ilar to the weight gains of 
the control chickens (high protein, A, B, 
D, E ha tch ) at 6 weeks of age. Weight 
gains of the restricted chickens of the B- 
hatch at 18 weeks of age continued to be 
similar to the weight gains of the control 
chickens at 12 weeks of age. Therefore, 
the restricted chickens had a growth ad
vantage (m easured by weight gain) of ap
proximately 10 days as compared with day- 
old chickens when both groups were 
supplied the high protein diet.

The percentage livability of m ales and 
females of the 6 inbred lines of chickens 
at 6 weeks of age and at housing, that 
were fed low protein and high protein 
starting diets, is summarized in  table 8. 
Livability of both males and females dur
ing the first 6 weeks of feeding the high 
protein diet was slightly better than  the 
livability of chickens fed the low protein 
diet during the same period. Heavy m or
tality was experienced when the chickens 
of the A-hatch, that were fed the low pro
tein diet, were placed on the floor of the 
brooder house and fed the high protein 
diet. An attem pt was made to reduce m or
tality at the change-over of dietary trea t
m ents at 7 weeks and 3 days in the B- 
hatch chickens that had been fed the low 
protein diet by feeding the high protein 
diet for one week in  the battery facilities 
before these chickens were placed on the
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floor of the brooder house. Immediate 
mortality as experienced in  the A-hatch 
did not occur in  B-hatch chickens at this 
change to the floor facilities; however, at 
housing the total m ortality of these 2 
hatches was similar. Livability in the con
trol chickens was not good, when evaluated 
at approximately 30 weeks of age, but 
livability of the restricted chickens at this 
age was worse.

The start of lay was observed carefully 
in each hatch group (restricted and con
trol) of chickens in  which all inbred lines 
were intermingled. The first egg from the 
pullets of A-hatch that were started with 
the low protein diet was laid 38 days after 
the first egg from the pullets of A-hatch 
that were started with the high protein 
diet. Pullets of D-hatch, day-old chicks 
when A-hatch restricted chickens were 
changed to the high protein diet, laid their 
first egg 12 days after the first egg from 
the pullets of A-hatch that were started 
with the low protein diet. The first egg 
from the B-hatch pullets that were started 
with the low protein diet was laid 21 days 
after the first egg from the pullets of B- 
hatch that were started with the high 
protein diet. Pullets of E-hatch, chickens 
that were 10 days old when B-hatch re

stricted chickens were changed to the high 
protein diet, laid their first egg 22 days 
after the first egg from pullets of B-hatch 
that were started with the low protein diet. 
Egg production at housing for the mixed 
inbred lines of the 4 hatches of chickens 
is summarized in  table 9. Egg production 
records indicated that feeding a low pro
tein diet to starting chickens for 6 weeks 
could delay sexual m aturity of pullets, and 
tha t the chickens fed the low protein diet 
were physiologically approximately 10 days 
of age at the end of the low protein feed
ing periods.

Table 10 summarizes the percentage 
egg production, egg weight, fertility, and 
hatchability of these pullets by inbred lines 
during the third, fourth, and fifth m onths 
of lay. The num ber of housed pullets, 
which as day-old chickens fed the low pro
tein diet, was small in  num ber. In all in- 
bred lines the m ean percentage production 
of the restricted hens was below that of 
the control hens. Weight of eggs from 
hens fed the low protein diet in  some lines 
was larger and in  other lines slightly 
sm aller than  the egg weight of hens fed 
the high protein diet. The small num ber 
of restricted hens that were housed did 
not perm it a statistical evaluation of the

TA BLE 8
Mean percentage livabili ty of  males and  females of 6 lines of  chickens a t  6 weeks of age  

and a t  housing, fed 2 different starting diets

Sex
A H a tc h B H a tc h  i D  H a tch E H a tch Mean 2

R 3 c R C C c R c

Male 64 78
Six weeks of age 

71 81 81 81 68 80
Fem ale 81 77 76 86 84 85 79 83

Male 26 51
At housing  

22 43 62 39 24 49
Fem ale 31 45 30  51 50 46 31 48

1 Seven  w eeks a n d  th re e  days.
2 R  in d ic a te s  re s tr ic te d  (A  h a tc h  - f  B h a t c h ) ;  C in d ic a te s  c o n tro l (A  h a tc h  +  B h a tc h  +  D h a tc h  

- j-E  h a tc h ) .
3 R  in d ic a te s  re s tr ic te d  ( lo w  p ro te in  d ie t ) ;  C in d ic a te s  c o n tro l (h ig h  p ro te in  d ie t) .

TA B LE 9

Production of 4 hatches of pullets (a m ixture of 4 inbred lines)

H a tc h  a n d  age A, 30  w eeks B, 28 w eeks D, 24  w eeks E , 22  w eek s

S ta r t in g  d ie ta ry  t re a tm e n t L ow
p ro te in

H ig h
p ro te in

Low
p ro te in

H ig h
p ro te in

H ig h
p ro te in

H ig h
p ro te in

Production of all m ixed
lin es o f pullets, % 32.6 55.6 8.3 58.3 41.7 13.2
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TABLE 10

Egg production, egg weight,  fert il ity ,  and  hatchahility  during the third, fourth, and fifth 
m onths of lay of 4 inbred lines of hens fed  high and lore protein diets 

as day-old chickens

Inbred
line

Day-old
feeding

treatment
No. of 
hens

Egg
production

Egg
wt Fertility

Hatch- 
ability of 

fertile 
eggs

% 9 % %
i H igh protein 17 57.3 20.9 18.0 78.1

Low protein 4 42.4 22.0 75.1 70.2
2 High protein 47 66.0 24.0 93.9 86.2

Low protein 14 48.2 22.4 64.5 85.8
4 High protein 31 54.4 24.5 83.6 72.0

Low protein 5 42.6 25.4 84.8 56.4
6 High protein 46 51.9 22.4 71.2 82.2

Low protein 16 40.1 20.6 57.3 77.4

percentage egg production and the egg 
weights. Fertility and hatchahility of eggs 
from matings of restricted males and fe
males was good; no indications of adverse 
effects of feeding the low protein diet to 
the parents were evident in their offspring.

DISCUSSION

Prolonged undernutrition of immature 
mammals has been shown to severely re
strict growth; however some bone growth 
continued despite the weight of the animal 
not increasing (2-6). With the restoration 
of unlimited food to animals that have 
been undernourished, rapid growth was 
resumed (1, 7); however, full stature was 
not always attained during recovery if the 
period of undernutrition was long and the 
animals were very immature. In these 
studies, attempts were made to understand 
better the effects of undernutrition, par
ticularly resulting from inadequate and 
improperly balanced diets.

Although undernutrition studies have 
been conducted using chickens as the ex
perimental animal (1, 8-10), these stud
ies have used a limited intake of a diet of 
complete nutrients. The present investiga
tion has eliminated the tedious feature of 
individual feeding of limited daily amounts 
of food by using a diet of the natural pro
teins of corn plus minerals and vitamins.

Studies conducted by McCance ( 1 ) per
mitted cockerels to reach a weight between 
90 and 100 g before a restricted feeding 
program of 8 to 10 g of food/day was 
initiated; however, in the present investi
gation the restriction program began with

day-old chickens. The loss of feathers and 
nakedness of some areas of the chicken as 
reported by McCance ( 1 ) were not ob
served in the present investigation. Wing 
feathers did grow slightly, but all chickens 
maintained their day-old down over the en
tirety of their bodies.

The weight gains and physical appear
ance (figs. 1 and 2) of the restricted 
chickens indicated that a physiological age 
of 10 days was attained regardless of the 
length of time that the low protein diet 
was fed. Ten days of age would corre
spond to the approximate time that the 
yolk within the chicken would be com
pletely utilized (11-13). When the re
stricted chickens were changed to a high 
protein diet, they had a growth rate 
advantage over chickens started with the 
high protein diet at one-day-old. The 
rate of growth of restricted chickens was 
not observed to be more rapid when fed 
the high protein diet than chickens that 
had been continuously fed the high protein 
diet. Growth rates of the 3 treatment 
groups of chickens in experiment 3 indi
cated a remarkably similar rate of gain in 
weight for the time of being fed the high 
protein diet regardless of different periods 
of feeding the low protein diet. At 30 
weeks of age, the restricted chickens had 
not reached body weights comparable to 
those of the chickens that were fed a good 
diet during the entire experiment.

The poor efficiency of total feed and also 
nitrogen utilization of the low protein diet 
may erroneously suggest some form of im
pairment in nitrogen metabolism in the re-
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Fig. 1 Experim ent 2: A, day-old chick; B, 6 weeks of low  protein feeding; C, 4 weeks of low  
protein feeding follow ed by 2 weeks of high protein feeding; D, 6 weeks of high protein feeding.

Fig. 2 Experim ent 2: A, 6 weeks of low  protein feeding follow ed by 2 weeks of h igh protein feed
ing; B, 4 weeks of low  protein feeding follow ed by 4 weeks of high protein feeding; C, 8 weeks of 
high protein feeding.
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stricted chickens. Since the protein intake 
of these chickens was small due to both a 
low total feed consum ption and a low pro
tein level of the diet, the chickens were 
probably consum ing only little nitrogen in 
excess of that required for m aintenance. 
The validity of this conclusion was 
strengthened by the good perform ance in 
weight gains and therefore amino acid 
utilization when they were fed the high 
protein diet. The failure of the restricted 
chickens to make better weight gains than 
their comparable controls indicated that an 
improved efficiency of utilization of amino 
acids was not developed by the chickens 
during the time of feeding the low protein 
diet.

Nalbandov (1 4 ) has reported that 
acidophilic cells of the anterior lobe of the 
pituitary gland secrete a protein specific 
for somatic growth. Somatotrophin has 
been reported to be of importance in bone 
growth and also in affecting the rate of 
retention of ingested nitrogen essential for 
the formation of protein-containing tissues. 
At the cellular level, somatotrophin stim u
lated cell wall permeability to amino acids 
and activated enzyme systems responsible 
for protein form ation (1 5 ). Therefore re
duced growth rate and eventually growth 
stasis may be due to the reduction of hor

mones which are predominantly protein
aceous in structure. Nalbandov (14 ) con
cluded that vigorous growth could occur 
only when the circulating somatotrophin 
was sufficiently high to stimulate protein 
synthesis for bone and muscle growth. Both 
m ale and female chickens that were fed the 
low protein diet in experiment 3 showed 
that physical m aturity had been delayed by 
the low protein level and imbalanced 
amino acids of the diet (fig. 3 ). Chickens 
that had been fed the low protein diet 
from one-day-old to 6 weeks of age fol
lowed by a high protein diet, had a phys
ical m aturity at 18 weeks of age com para
ble to control chickens that were 12 weeks 
of age and that had been fed the high pro
tein diet throughout their entire growing 
period.

The unusually high m ortality observed 
in experim ent 3 when the chickens were 
transferred from the battery facilities to 
the floor of the brooder house may have 
been due to changes in tem peratures of 
the 2 facilities. McCance (1 )  reported 
that tem perature was responsible for most 
of his fatalities, as undernourished chick
ens were very susceptible to a decrease in 
tem perature. In the present investigation, 
keeping the restricted chickens in the bat
tery facilities for one week after the change

Fig. 3 Experim ent 3: A, 18-week-old m ale, continuously fed a high protein diet; B, 18-week-old 
m ale, fed a low protein diet for 6 weeks follow ed by a high protein diet for 12 weeks; C, 12-week- 
old male, continuously fed a high protein diet.



4 0 M IL T O N  R. M cR O B E R T S

to the high protein diet reduced the m or
tality observed when the chickens were 
transferred to the floor facilities.

Supplying a high protein diet quickly 
eliminated the characteristics of the chick
ens whose growth had been restricted. 
Once the chickens were fed the high pro
tein diet they gained weight rapidly and 
at a rate comparable to that of the control 
group. These results were not in  agree
m ent with those of McCance (1 )  whose 
cockerels did not grow quite as rapidly as 
the controls. Other workers (4 -6 , 16) 
studying growth rehabilitation concluded 
that anim als that had been undernourished 
for long periods never attained the full 
size of their litterm ates that had been al
lowed to grow freely from birth. Fabry 
and Hruza (17, 18) observed that the ad
m inistration of growth hormone aided re
stricted anim als to attain norm al size.

In experiments 1 and 3, weight gains of 
males and females were similar, indicating 
that a sex-differentiated rate of growth had 
been elim inated by feeding the low protein 
diet. W hen the restricted chickens were 
fed the high protein diet, m ale chickens 
made larger weight gains than  females. 
Therefore the low protein diet, with its 
im balance and deficiency of amino acids, 
influenced hormone production associated 
with growth in chickens. The present in 
vestigation of growth restriction was not a 
dietary starvation of total nutrients re
quired for norm al growth in chickens as 
used by McCance (1 ) .
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ABSTRACT  Labeled vitam in B i2 (1 7  to 180 of m ag 57 * *Co- or 60Co-labeled vitam in B 12 
corresponding to 15,000 to 400,000 c o u n t/m in ) was injected into the colon ascendens 
or cecum  of 104 rats (3  groups). The anim als were killed at different tim e intervals 
(from  20 m inutes to 29 days) and the tissue radioactivity w as determined in  a well- 
type scintillation counter. The total uptake, calculated for each anim al, was ex
pressed as percentage of the injected dose; large intestine (injection  site ) radioactivity  
was excluded. Thirty rats fed a stock diet containing non-labeled vitam in B 12 (su b
divided in 2 series) showed an average total uptake of 2.9% (range zero to 17.3) 
and of 2.0% of the injected dose (range 0.9 to 4 .3 ) , respectively. Anim als fed vita
min B 12-deficient diets showed a higher uptake of the labeled vitam in. In one series 
of 24 rats a total uptake of 8.3% of the injected dose (range 2.2 to 17.7) was ob
tained. Thirteen rats of a sim ilar experim ent showed an uptake of 5.0% of the in 
jected dose (1 .3  to 13.4) and 12 rats o f 2 additional series showed an uptake of 
6.8% (range 4.8 to 9 .6 ) and 11.4% of the injected dose (range 4.0 to 17 .3 ), respec
tively. The m echanism  of the uptake of the radiovitam in w as studied in  the third 
group o f 25 anim als (series 7 ) . In 23 of these rats the passage at the ileocecal valve 
was occluded by ligation  prior to injection. The average uptake was sim ilar to that 
obtained in  a parallel series. No evidence for leakage of the injected vitam in, either 
intraperitoneally or into the sm all intestine (by anti-peristaltic m ovem ent), could be 
found. It appears therefore that the labeled vitam in w as absorbed from the large in 
testine, perhaps by non-specific passive diffusion. Similarly, vitam in B 12 synthesized  
in the large intestine by m icrobial flora could gain access to the tissues by such a 
m echanism . The possible role of intestinal vitam in B 12 o f m icrobial origin in  rats, and 
perhaps in m an, and factors affecting the utilization of this vitam in are discussed.

Uptake of vitam in BJ2 in  the anim al de
pends on several factors: extrinsic factor 
(vitam in Bi2) supplied by the food, in 
trinsic factor secreted by the stomach and 
absorption at specific sites.

On the basis of in  vitro and in vivo ex
perim ents and observations, it is generally 
accepted tha t the small intestine is the 
m ain site of dietary vitam in Bi2 absorption; 
however, the exact anatom ical site has not 
been unequivocally defined. In m an, the 
site of absorption has been reported to be 
the ileum (1 ) , the upper part of the small 
intestine (2 )  or the small intestine as a 
whole (3 ) ;  no absorption was observed in 
the large intestine, either with or without 
intrinsic factor (3 ) . Similar results were 
obtained in ra ts and other anim als (4 ) .3

The m icrobial flora exhibits diverse 
effects with respect to vitam in Bi2. It has 
been reported to interfere with absorption 
of the vitam in in the small intestine (5 ) ,

whereas other workers have observed that 
considerable am ounts of the vitam in are 
synthesized by the microbial flora in  the 
large intestine (6 ) . It is generally as
sumed that the vitam in synthesized in the 
large intestine is not absorbed and there
fore not utilized by the hum an body. How
ever, a limited utilization of the microb- 
ially formed vitam in cannot be excluded. 
Infrequent remissions observed in  u n 
treated cases of pernicious anem ia (7 )  
could be attributed in  part to such a vita
m in supply. The quantitative contribution 
of the intestinally synthesized vitam in in 
experim ental anim als has been studied 
less.

R ece ived  fo r  p u b lic a tio n  N o v em b er 30, 1964.
1 C h ie f, D e p a r tm e n t o f B ac te rio lo g y , R a m b a m  
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2 P ro fe sso r  o f B ac te rio lo g y , H eb rew  U n iv e rs ity — 

H a d a s sa h  M ed ica l School.
3 M oerte l, C. G., H. H . S cu d am o re , C. A. O w en a n d  

J. L. B o llm a n  1959 O b se rv a tio n s  on  th e  s ite  o f 
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In the present study labeled vitamin 
Bj2 was introduced into the large intestine 
of rats with the aim of establishing the 
fate of the injected vitamin.

MATERIAL AND METHODS

Male and female albino rats weighing 
50 to 120 g were used in this study; they 
were kept in metabolic cages. The ani
mals received 6"Co- or 57 * *Co-labeled vitam in 
B12 by injection into the large intestine 
and were killed at various intervals there
after for determ ination of the tissue radio
activity.

Mode of injection. Since intra-rectal 
injections were difficult to reproduce, the 
vitam in was injected with the aid of sur
gery. The anim als were anesthetized with 
ether and the area of surgery shaved. A 
longitudinal incision of 1.5 to 2.5 cm was 
made in the m id-area of the abdomen and 
the intestine was exteriorized. An intra- 
dermal needle was inserted carefully 2-cm 
deep into the distal part of either the 
cecum or colon ascendens pointing iso- 
peristaltically (fig. 1). The intestine was 
then returned to the peritoneal cavity and 
the wound sutured; all anim als regained 
consciousness shortly after the operation 
and appeared to have withstood the sur
gery well. A day after the operation the 
unligated ra ts showed a norm al behavior 
both with respect to food and water intake 
and as well as in  excretion of urine and

Fig. 1 Mode of injection. Schem atic draw
ing of the distal part of the ileum  (IL ), the 
cecum  (C ) and the colon ascendens (CA ) of a 
rat. The arrows indicate position of the needle 
for injection into the CA (arrow A ) and into C 
(arrow B ). In m ost anim als o f series 7 the pas
sage at the ileocecal valve w as occluded by liga
tion prior to injection; L shows area of ligation.

feces. The rats were killed from 20 m in
utes to 29 days after the injection.

Labeled vitamin. Four vitam in prepa
rations 4 were used: (a )  and (b )  60Co- 
labeled vitam in Bu (specific activity 0.93 
m pc/m pg and 1.01 m pc/m ug); (c )  and
(d ) 57Co-labeled vitam in Ba (specific ac
tivity 4.5 m pc/m ug and 16.9 m pc/m ug). 
M easurements of radioactivity (of 60Co- or 
57Co-labeled vitam in Bi2) were carried out 
on solutions to be injected. Moreover, 
each new batch of the labeled vitam in was 
also determined microbiologically by Es
cherichia coli bioassay (8 ).

Injected dose. A dose of 0.1 to 0.2 ml 
of labeled vitam in solution in saline con
taining 17 to 180 mpg vitam in BX2 (corre
sponding to 15,000 to 400,000 co u n t/m in ) 
was injected. Larger volumes (0.5 m l) 
were avoided as they caused intestinal 
pressure and escape of fluid; no such com
plications were observed with the small 
volumes injected.

Experim ental set-up. The uptake of the 
injected vitam in was followed in  3 groups 
of anim als: 1) anim als fed a stock diet 
containing 8 ug vitam in Bi2/k g  dry weight 
(30 ra ts ) ; 2 ) anim als fed vitam in BJ2 
deficient diets for 2 weeks prior to the 
injection and during the observation 
period (49 ra ts ) ; and 3) anim als fed a 
stock diet. In most of them  (23 out of 
25 ra ts) the passage at the ileocecal valve 
was occluded by ligation prior to the in 
jection. In these rats the m echanism  of 
uptake of the injected vitam in was 
studied.

M easurement of radioactivity. As the 
labeled vitam in Biz molecule does not de
grade in the body (9, 10), the tissue 
radioactivity was taken to indicate the 
extent of vitam in uptake.

Radioactivity m easurem ents were made 
with the aid of a well-type scintillation 
counter. Determ inations were usually per
formed on the whole organ (liver, kidneys, 
spleen, stomach, small intestine, cecum 
and large in testine) without any treat
ment. Organs that were too large to be 
counted (exceeding a volume of 3 m l) 
were divided into segments and their

4 T h e  a u th o rs  a re  g ra te fu l  to D r. C h a r le s  W . M u sh e tt
o f M erck  S h a rp  a n d  D ohm e R ese a rch  L a b o ra to r ie s ,
R ah w ay , N ew  Je rsey , fo r  th e  g en ero u s  g if t  o f th e
60Co- a n d  57C o-v itam in  B 12.
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radioactivity summed up. Radioactivity 
of muscle, skin and skeleton was m eas
ured after digestion in 5 volumes of 5 n  
NaOH and boiling for 10 m inutes; 3-ml 
aliquots of the digests were counted. 
W hen low radioactivity was obtained, i.e., 
in blood, samples were counted until val
ues of 3,000 to 5,000 above background 
were reached. Blood radioactivity was cal
culated on the assum ption that a 100-g 
ra t contains 6.7 ml of blood (1 1 ); the 
count of the m easured sample was m ulti
plied accordingly.

The total uptake of labeled vitam in Bi2 
for a given ra t was obtained by adding up 
the counts of the various tissues and 
excluding the large intestine (the site of 
in jection); the latter values are shown 
separately. Results are expressed in  per
centages of the injected dose.

RESULTS

Rats fed stock diet. Twenty-four rats 
fed the stock diet (containing 8 ug vita
m in B12 per kg diet) were injected into 
the colon ascendens with 17 mug “ Co
labeled vitam in Bl2 (about 15,000 coun t/ 
m in ). The rats were divided into sub
groups of six and were killed 2, 5, 7 and 
12 days after the injection; the radio
activity of the organs was then measured. 
The results are shown in table 1. The 
average uptake after 2 and 5 days was 
1.8% of the injected dose; percentage

values for the individual anim als are 
shown in figure 2. The average radio
activity in the large intestine after 2 and 
5 days was 0.5 and 0.2% of the injected 
dose, respectively. A higher total radio
activity of 2.2 and 5.8% of the injected 
dose, respectively, resulted in anim als that 
were killed 7 and 12 days after injection; 
the colon values did not change signifi
cantly and averaged 0.5 and 0.3% of the 
injected dose. The average radioactivity 
excluding the injection site values was 
2.9% of the injected dose.

To assess the reliability of these results 
a similar experim ent was set up, using a 
vitam in Bi. preparation with higher spe
cific activity. Six rats were injected into 
the cecum with 38 mug of 57Co-labeled 
vitam in B12 (about 400,000 co u n t/m in ); 
the anim als were killed 3 days after 
the injection. The total average uptake was 
2.0% of the injected dose, a value closely 
sim ilar to that obtained with the former 
series (table 1, fig. 2 ). The colon radio
activity was significantly higher (10.9% 
of the injected dose).

Animals fed vitam in Bn-deficient diets. 
For reliable m easurem ent of the uptake of 
the radioactive vitam in Bn, methods which 
favor absorption of the vitamin were used. 
Therefore, a vitam in Bn-deficient diet 
was employed (1 2 ). Prelim inary experi
m ents with different deficient diets showed 
that supplem entation with sorbitol in-

TA BLE 1

Uptake of labeled v itam in  B,2 injected  into the large intestine of rats 1-z

R adioactiv ity  of organs

Series Injected
Site

In jec ted  dose
D ays
after

in jection
All organs except 

in jected  site Large in testine  3

Range Avg Range Avg

m/ig count/min % of injected dose % of injected dose

60Co-labeled vitam in B12
1 Colon

ascendens 17 15,000 2 0 -  9.0 1.8 0 .2 - 1.3 0.5
5 0 .8 - 4.2 1.8 0 .1 - 0.3 0.2
7 0 .4 -  6.0 2.2 0 .3 - 0.6 0.5

12 0.5-17.3 5.8 0 -  1.1 0.3
Avg 2 -1 2 0 -1 7 .3 2.9 0 - 1 . 3 0.4

57Co-labeled vitam in B12
2 Cecum 38 400,000 3 0 .9 - 4.3 2.0 0 .1-60 .0 10.9

1 Rats were fed a stock diet containing 8 /¿g vitam in Bi2/kg  dry weight.
2 Six rats/group. , . . . .
3 The considerable fluctuations in the values for the large intestine are due to the slow excretion within 

the first days after administration of the vitam in into the cecum.
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Fig. 2 Uptake of labeled vitam in B i2 injected into the large intestine of rats. The rats 
were fed a stock diet containing 8 /¿g vitam in B u /k g  dry weight. The vitam in (1 7 -1 8 0  m^g 
of 60Co- or 57Co-labeled vitam in B 12 corresponding to 15,000 to 400,000 c o u n t/m in ) was in 
jected into the colon ascendens (series 1 ) and into the cecum  (series 2 ) . The anim als 
were killed at intervals and radioactivity of the various organs m easured in  a well-type 
scintillation counter. The uptake in  each rat, obtained by adding the counts of all organs 
(exclud ing injection s ite ) , was calculated as percentage of the injected dose (% ID ). Each  
circle represents the uptake in  one anim al. The broken line represents the average vitam in  
uptake in anim als of one series. For further data see text and table 1.

creased the absorption of the vitam in in 
accordance with observations reported by 
others (1 3 ). A diet containing casein and 
sorbitol was therefore used in  the follow
ing experim ents without investigating 
whether the increased uptake was due to 
lack of the vitam in from the diet, addi
tion of sorbitol or to both. The exact com
position of the casein-sorbitol diet is shown 
in table 2.

The anim als were fed the diets for at 
least 2 weeks prior to the intra-cecal in 
jection of the labeled vitam in and until the 
term ination of the experiment. Detailed 
results of experim ents with 49 rats are 
shown in table 3 and in figure 3.

An average uptake of 8.3% of the in
jected dose (range 2.2 to 17.7) was ob
tained in  20 ra ts ( series 3b) killed 29 days 
after the injection of 40 mug 60Co-labeled 
vitam in B12. Similar results were obtained 
in 4 ra ts of this series (3 a ) killed after 3 
days. The colon values (injection site) of 
these anim als after 3 and 29 days were 3.6

and 0.2% of the injected dose, respec
tively.

A sim ilar experim ent was set up with 
13 rats (series 4) which were injected 
with a 57Co-labeled vitam in B12 preparation 
of higher specific activity (35 mug,
157,000 co u n t/m in ). The anim als, which 
were killed after 2, 6 and 14 days, showed 
an average uptake of 5.0% of the in-

t a b l e  2

Composition of v itam in  Biz-deficient diets 1

Casein-
sorbitol

Soya-
sorbitol

% %
Vitamin-free casein 18 —

Soya flour — 35
Edible oil 5 5
Salt m ixture (USP 13 or 2 ) 4 4
Starch 33 21
Dextrose 30 25
Sorbitol 10 10

1 T h e  fo llo w in g  v ita m in s  w e re  a d d e d /100 g d ry  
w e ig h t o f d ie t:  ( in  m ill ig ra m s )  th ia m in e , 0 .2; r ib o 
flav in , 0 .3; p y rid o x in e , 0 .3; C a p a n to th e n a te ,  1.6; 
c h o lin e  ch lo rid e , 100.0. V ita m in  A (5 0  u n i t s )  w as  
g iv en  o ra lly  to  e a c h  r a t  o nce  a  w eek.
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Fig. 3 Uptake of labeled v i ta m in  B12 in jec ted  into the cecum of v i ta m in  Bis-deficient rats. 
Rats were fed vitam in Bi2-deficient diets (table 2 ) ;  40 m/xg 60Co-labeled vitam in B 12 (42 ,750  
c o u n t/m in ) were used for the anim als o f series 3; in  series 4 to 6, 35 to 38 m/xg ^Co- 
labeled vitam in Bi2 (157,000 to 400,000 c o u n t/m in ) were injected. The anim als were killed  
at intervals and the radioactivity measured. The uptake in  each rat w as calculated as the 
percentage o f the injected dose (%  ID ). Each circle represents the uptake in  one anim al. 
The broken line represents the average vitam in uptake in  anim als of one series. For fur
ther data see text and table 3.

TABLE 3
Uptake of labeled v i ta m in  B12 in jected  into the cecum of v i tam in  B 12-deficient rats 1>Z

Radioactivity of organs

Series Diet Injected dose
Days
after

injection
All organs except 

injected site Large intestine 1 * 3 No. of 
rats

Range Avg Range Avg

rnfig count/min % of injected dose % of injected dose

60Co-labeled vitam in B 12
3a Casein-sorbitol 40 42,750 3 5 .4-13.3 8.2 0 .5 -  6.5 3.6 4
3b 29 2 .2-17 .7 8.3 0 -  0.5 0.2 20

57Co-labeled vitam in B 12
4 Casein-sorbitol 35 157,000 2 6 .2 -  7.3 6.8 70 -8 7 .1 78.5 2

6 1 .3 - 6.3 2.9 0 .3 -  6.8 3.0 4
14 2 .3-13.4 5.7 0 .2 -  1.1 0.5 7

Avg (series 4 ) 2 -1 4 1.3-13.4 5.0 0.2-87.1 13.3 13

5 Soya-sorbitol 35 157,000 2 6 .6 -  9.6 8.1 2 .8 -  4.4 3.6 2
6 4 .8 -  7.8 6.3 0.75-0 .84 0.8 2

14 4 .9 -  7.9 6.1 0 .2 -  0.4 0.3 3
Avg (series 5 ) 2 -1 4 4 .8 -  9.6 6.8 0 .2 -  4.4 3.1 7

6 Casein-sorbitol +  2%
sulfaguanidine 38 400,000 4 3 4 .0-17.3 11.4 8.6-47 .3 18.3 5

1 For composition of vitamin Bi2-deficient diets see table 2.
3 Student’s t tests: series 3—4: t, 2.4; series 3—5: t, 1.0; and series 4—5: t, 1.0.
3 The considerable fluctuations in the values for the large intestine are due to the slow excretion within the 

first days after administration of the vitamin into the cecum.
4 Specific activity of the 57Co-labeled vitamin B12 was reduced by adding 13 rnfig of unlabeled vitamin B13 

to 25 mjig of the labeled vitamin.
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jected dose; the colon values averaged 
13.3%.

Seven rats (series 5) fed a soya-sorbitol 
diet (table 2 ) and injected with the above 
57Co-labeled vitam in B,2 preparation showed 
an average uptake of 6.8% of the injected 
dose after 2, 6 and 14 days. The values 
obtained did not differ significantly from 
those fed the casein-sorbitol diet.

In 5 other rats (series 6 ), sulfaguani- 
dine (2%  ) was added to the casein-sor
bitol diet. No detectable effect of the 
sulfaguanidine addition was noted (aver
age uptake after 3 days, 11.4% of the 
injected dose; range 4.0 to 17.3).

The calculation of averages of the re 
sults presented is shown merely to indicate 
the m agnitude of the absorption pattern  of 
the vitam in under the different conditions 
used, rather than to represent exact aver
ages. Since, however, the experiments 
were carried out on a total of about 80 
rats, it appears that considerable devia
tion from the average did not occur, al
though it is possible that in  some experi
m ents the averages were distorted by 
single high or low values.

The uptake of radioactivity in  rats fed 
a vitam in Bi2-deficient diet (series 3) was 
considerably higher (8.3%  of the injected 
dose) than in those (series 1) fed the 
stock diet (2.9% ; table 1). The difference 
is highly significant (P  <  0.01). Student’s 
t test for the results of series 3, 4, and 5 
are shown in the footnote to table 3.

Distribution of radioactivity in  organs of 
rats. The relative uptake of the labeled 
vitam in by the different organs is sum 
marized in  table 4. Similar values were 
observed for liver and kidneys; the radio
activity of both organs ranged from 10 to

35% of the total uptake. However, the 
vitam in concentration (per gram of tis
sue) in  the kidneys was 2 to 3.5 times 
higher than  that of the liver. Usually 50% 
or more of the total uptake was observed 
in the carcass (skeleton, muscle and skin). 
The stomach and small intestine also con
tained significant am ounts of radioactivity 
(6 to 20% ).

M echanism of vitam in uptake. Since 
the injected vitam in could be detected, at 
least in small am ounts, in  the organs of 
most rats (77 out of 79) studied, the 
m echanism  of uptake was investigated.

Intraperitoneal leakage of the injected 
vitam in: The question arose whether the 
surgical procedure used caused leakage of 
the vitam in from the injection site into the 
peritoneal cavity. If this were the case an 
absorption pattern  would be expected 
sim ilar to that after parenteral adm inis
tration of the vitam in (14).

Several radioactivity m easurem ents were 
perform ed to test this possibility. In 5 
ra ts of series 6 the injection site at the 
cecum was covered with cotton for as 
long as 5 m inutes after the injection, in 
order to absorb any leaking fluid. No 
radioactivity was noted in  the cotton pads.

One ra t was injected into the cecum 
with 38 mug of 57Co-labeled vitam in Bi2 
(about 400,000 co u n t/m in ) contained in 
a volume of 0.1 ml. After 1 hour, 3 ml 
of physiological saline were injected intra- 
peritoneally to rinse out any leaking radio
activity. No radioactivity was detected in 
the saline sample (1.5 m l) which was 
aspirated from the peritoneum  2 m inutes 
later. Thus, no signs of leakage at the 
injection site were detected.

TA BLE 4
Distribution of radioactivity  in  organs of rats injec ted  into the large intestine w i th  labeled v i tam in  B 12

No. of 
rats

Days
after

injection

Radioactivity in organs
Total

uptake,
avg

Series
Liver Kidneys 

and spleen
Stomach 

and small 
intestine

Carcass

% of total uptake % of total uptake % of in
jected dose

2 1 6 3 5.8 6.2 19.8 68.2 2.0
3a 4 3 5 5 16 74 8.2
3b 20 29 15 9 6 70 8.3
4 13 2-14 16 14 18 52 5.0
5 7 2-14 21 16 18 45 6.8

1 Except for series 2, all rats were fed a vitamin Bi2-■deficient diet.
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Anti-peristaltic movement of the injected 
v itam in : The next problem considered
was whether, as result of the injection, an 
abrupt antiperistaltic movement was in iti
ated, by which the radiovitam in reached 
sites in the small intestine, where absorp
tion normally takes place. If this were the 
case, lower radioactivity, if any, is to be 
expected in organs of rats in which the 
passage between the small and large in 
testine was artificially closed, prior to the 
injection of the vitamin.

Twenty-three rats, that were fed a 
stock-diet (containing vitam in B,2), had 
the passage at the ileocecal valve ligated 
prior to the injection (into the cecum or 
colon ascendens) of the labeled vitam in 
(fig. 1). The injected dose was 45 to 90 
mug 60Co-labeled vitam in B,2 (42,GOO-
84,000 co u n t/m in ). The anim als were 
killed either after 20 to 180 m inutes or 
after 17 to 36 hours. The ligated rats 
showed a distended, but intact, small in 
testine; no perforation occurred during the 
observation period (fig. 4 ). The results of 
the uptake in  these anim als (series 7) are 
summarized in  table 5.

The average total absorption of the 4 
rats injected into the colon ascendens ( all 
tissues excluding carcass and large intes
tin e), killed within 20 to 180 m inutes 
after injection, was 0.3% of the injected 
dose (range 0.2 to 0 .4); the count at the 
injection site (large in testine) corre
sponded to a value of 99.2% of the in 
jected dose. Four other rats, killed within

18 to 24 hours, showed an average uptake 
of 1.6% .

Rats injected into the cecum showed a 
considerably higher uptake of radioactivity 
than that of anim als injected into the colon 
ascendens; average values of 1.2% of the 
injected dose (range 0.3 to 2.5) w ithin 20 
to 180 m inutes, and 7.9% after 17 to 36 
hours were obtained. Radioactivity of the 
large intestine corresponded to values of 
100 and 28.8% of the injected dose re
spectively.

Values obtained with the anim als in 
jected into the colon ascendens (series 
7c) were sim ilar to those of unligated rats 
of series 1 with an uptake of 1.6 and 1.8% 
of the injected dose, respectively.

Distribution of the labeled vitam in in the 
organs of ligated rats. Radioactivity values 
in liver and kidneys of ligated rats did not 
differ significantly from those of unligated 
rats; the carcass radioactivity was not 
m easured in  this series. The small intes
tine was cut into 2 to 4 segments which 
were m easured for radioactivity separately. 
In 7 rats the segment adjacent to the in 
jection site showed a slightly higher radio
activity than  the distal ones; in  these rats 
an anti-peristaltic movement cannot be ex
cluded. However, in eleven other rats of 
the same series very low or no radioactivity 
was observed in  the segments adjacent to 
the injection site; thus, no evidence for 
leakage of the vitam in into the small in 
testine, e.g., by anti-peristaltic movements, 
could be found. Furtherm ore, one unlig-

TA BLE 5

Uptake of mCo-labeled v itam in  BJ2 1 injected into the large intestine of rats ligated at the
ileocecal valve 2

R ad io ac tiv ity  o f o rg a n s

Series In je c te d
site

T im e
a f te r

in je c tio n

A ll o rg a n s  ex cep t 
c a rc a s s  an d  
in je c te d  s ite No. of 

ra ts
L arge  in te s tin e  3 N o. o f 

ra ts
R an g e Avg

R an g e Avg

% o f  in je c te d  dose % o f  in je c te d  dose
7 a C o lo n  a s c e n d e n s 2 0 - 1 8 0  m in 0 . 2 -  0 .4 0 .3 4 8 3 - 1 1 3 4 9 9 .2 6
7b C e c u m 2 0 - 1 8 0  m in 0 . 3 -  2 .5 1 .2 6 1 0 0 - 1 3 0  4 11 4  4 7
7c C o lo n  a s c e n d e n s 1 8 - 2 4  h r 0 . 6 -  2 .6 1.6 4 0 . 2 -  3 .4 1 .0 5
7d C e c u m 1 7 - 3 6  h r 0 .5 - 2 9 .7 7 .9 5 5 .6 - 7 9 .5 2 8 .8 4

1 T h e  in je c te d  dose v a rie d  b e tw ee n  4 5 -9 0  m /ig  v ita m in  (4 2 ,0 0 0 -8 4 ,0 0 0  c o u n t /m in ) .
2 T w e n ty -th re e  r a ts  fe d  a  s to ck  d ie t c o n ta in in g  8 f i g  v ita m in  B i2/ k g  d ry  w e ig h t; fo r  f u r th e r  e x p e r im e n ta l

d e ta ils , see tex t. . .
3 T h e  c o n s id e ra b le  f lu c tu a tio n s  in  th e  v a lu e s  fo r  th e  la rg e  in te s t in e  a re  due  to  th e  slow  e x c re tio n  w ith in  

th e  firs t d ay s  a f te r  a d m in is tra t io n  o f  th e  v ita m in  in to  th e  cecum .
4 T h is  ex cessiv e  reco v ery  re p re s e n ts  a te c h n ic a l  e r ro r  d u e  to  th e  s m a ll  v o lu m es  (0 .1 -0 .2  m l )  o f th e  lab e led  

v ita m in  in je c ted .
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Figure 4A

Fig. 4 (A ) ,  normal (undistended) sm all intestine of a rat; (B ) ,  distended sm all in tes
tine of a rat; 36 hours after ligating the passage at the ileocecal valve.

ated ra t was injected into the cecum with 
38 mug 57Co-labeled vitam in B12 (400,000 
co u n t/m in ). It was killed after one hour, 
and the small intestine cut into 17 seg
m ents of 2 to 4 cm each. In the first 2 
segments adjacent to the injection site, 
0.02 and 0.015% of the injected dose was 
observed. All the other 15 segments 
showed no radioactivity.

Correlation between vitam in absorption 
and time after injection. W ith the lapse 
of time after the injection of the vitam in, 
the radioactivity at the injection site (co
lon) decreased, whereas that of the tissues 
increased (table 5). In  ra ts injected into 
the colon ascendens, vitam in B]2 level of 
the colon decreased rapidly from values of 
100% of the injected dose to as little as

1 % . Rats injected into the cecum showed 
a slower decrease in the colon radioactivity 
(to  28.8% ) and a higher uptake in  the 
organs (7.9%  ) than those injected into 
the colon ascendens (1.6%  ).

Blood radioactivity was m easured in 19 
rats, w ithin 3 hours of injection. In some 
rats, m easurem ents were taken two to 
four times w ithin 3 hours. Radioactivity 
in the blood of 10 rats appeared as early 
as 5 to 15 m inutes and up to 3 hours 
(range between 0.06 to 4.1% of the in 
jected dose). Injection of higher doses of 
the radiovitam in (90 to 180 m ag 60Co-la- 
beled vitam in Bi2, 84,000—168,000 co u n t/ 
m in) did not increase the blood levels. 
Nine out of 19 rats showed no blood radio
activity.
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Figure 4B

COMMENTS
This study deals with the fate of phys

iological doses of labeled vitamin B,2 in 
jected into the large intestine of rats.

In 77 out of 79 ra ts injected with la
beled vitam in Bu, varying am ounts of 
radioactivity were observed in the tissues 
depending upon the experim ental condi
tions used. Since the vitam in was injected 
into the large intestine, possible degrada
tion of the vitam in B12 molecule by the m i
crobial flora had to be considered. Par- 
enterally adm inistered labeled vitam in Bl2 
was shown not to be degraded in the dog
(9 ) . Furtherm ore, sim ultaneous adm inis
tration into dogs of 57Co- and 60Co-labeled 
vitam in Bt2 by oral and parenteral route 
showed that the vitam in was incorporated 
into a common pool of cobalamins regard
less of the route of adm inistration and that 
a constant ratio between the 2 labels was

obtained in  all tissues for as long as 31 
days (1 0 ). Moreover, since in our experi
m ents the tissue distribution of the radio
activity was similar to that obtained after 
parenteral injection of the vitam in, it is 
very likely that degradation of the vitam in 
in  the intestine was negligible, if it oc
curred at all.

As to the m echanism  of uptake, it ap
pears unlikely that the labeled vitam in 
reached the tissues in a m anner sim ilar to 
that when using parenteral adm inistra
tion; experimentally no leakage into the 
peritoneal cavity was observed. It is also 
unlikely that the injection initiated an 
abrupt anti-peristaltic movement (see be
low) thereby transporting the labeled vita
m in to the small intestine where it could 
have been absorbed (series 7, table 5, 23 
ra ts ) . Furtherm ore, no intestinal pres
sure was observed during or after the in 
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jection, provided the volume of the in 
jected dose was very small (0.1 to 0.2 m l).

On the contrary, it appears to us that 
absorption of the injected vitam in oc
curred in  the large intestine itself: 1) up
take of the labeled vitam in in  the various 
tissues was of the same order both in  lig
ated and in  unligated rats; had injection 
caused an anti-peristaltic movement, un 
ligated rats would have shown higher vita
m in B12 uptake than  ligated ones; 2) the 
longer the vitam in rem ained in  the large 
intestine (e.g., the cecum-injected ra ts ) , 
the higher the uptake of the vitam in by 
the tissues.

W ith respect to the increase of tissue 
radioactivity with time after injection of 
the vitam in, our results are in accordance 
with those of others (12, 15). The uptake 
of a given dose of labeled vitam in Bi2 by 
the liver continues for several days or 
weeks, particularly in ra ts fed a vitam in 
Bi2-deficient diet (1 2 ). The delayed up
take, as obtained also in  our experiments, 
may be due to transfer of the vitam in to 
the liver from extra-hepatic sources (12).

Absorption of the injected vitam in by 
gradient diffusion appears likely. A dual 
m echanism  for vitam in BI2 absorption in 
the small intestine has been described (16,
17): specific absorption dependent on in 
trinsic factor, and absorption by passive 
diffusion, not requiring intrinsic factor. 
In the latter case, the absorption was found 
to be proportional to the concentration of 
the vitam in in  the small intestine. The 
specific absorption was characterized by 
blood radioactivity which appeared 8 to 
12 hours after oral adm inistration of the 
vitam in, whereas the passively absorbed 
vitam in was detected in  the blood within 
one hour (1 8 ). In our experim ents on 
rats, as in  those of Doscherholmen and 
Hagen in  hum ans (16, 18), vitam in Bi2 
was rapidly absorbed from the large in 
testine and distributed to the various tis
sues. In blood, the radioactivity, although 
very low, probably represents a dynamic 
value (16).

Role of intestinal vitam in Bis of micro
bial origin. Passive absorption may depend 
upon m any factors, such as degree of satu
ration of tissues (and  serum ) with the vita
min, composition of the diet, concentration

of the vitam in synthesized by the intestinal 
flora and interaction between the bacterial 
flora and the vitamin.

The intestinal flora was shown to syn
thesize vitam in B22 (6 ) ;5,6 however, the 
bacterial flora was implicated in  causing 
pathological conditions by utilizing the 
vitam in (5, 19—21). Despite some in ter
fering factors (peristaltic movement, de
struction of the vitam in by intestinal m i
croorganism s) uptake of physiological 
doses of labeled vitam in Bi2 introduced by 
injection, was observed in  a large series of 
rats. It appears plausible, therefore, that a 
part of the vitam in synthesized in  the 
large intestine of the ra t gains access to the 
tissues. The low absorption in  m any rats 
of this study m ight be related to the dilu
tion of the injected labeled vitam in with 
the non-radioactive vitam in of intestinal 
origin. If a sim ilar m echanism  operates 
in  m an, it would explain the very slow de
velopment of vitam in Bi2 deficiency in 
vegans 7 eating diets very deficient in  vita
m in B12 and in  persons with pernicious 
anem ia after total gastrectomy (22). Dyke 
et al. (6 )  have attributed the source of 
vitam in Bi2 supply in  vegans to microbial 
synthesis in  the large intestine, in addi
tion to the vitam in Bi2 stores in  liver and 
other tissues. According to data on m an
(6 )  and on rats and rabbits,8 it m ay be 
calculated that 10 to 50 ug of cobalamins 
are synthesized daily in  the large intestine 
of m an. An absorption rate from the 
large intestine of as low as 1 to 5% of 
the synthesized vitam in could suffice to 
supply the body with the m inim al m ainten
ance dose (2 3 -2 5 ). Spontaneous rem is
sions in  pernicious anem ia (7, 26 ), may 
be due not only to fluctuations in intrinsic 
factor secretion but also to increased utili
zation of vitam in Bi2 synthesized in  the 
large intestine. However, since spontane
ous remissions of pernicious anem ia are 
ra ther infrequent, it m ust be concluded 
that passive diffusion of microbial vitam in 
Bi2, although of potential im portance, is 5 6 7 8

5 K a le ja , E ., a n d  P. S. R. L a tv ija s  1956 Z in a tim  
A kad . V estis , 10: 85  ( a b s t r a c t ) .

6 G rossow icz, N ., a n d  F . M a n d e lb a u m  1957 M .Sc. 
T h es is  ( o f  M .F .) D e p a r tm e n t o f B ac te rio lo g y , T h e  
H e b rew  U n iv e rs ity , J e ru sa le m , Is ra e l.

7 V eg an s  is  u s e d  to  d en o te  v e g e ta r ia n  p u r is ts  w h o  
do  n o t co n su m e  a n y  a n im a l p ro d u c t, in c lu d in g  m ilk , 
eggs, etc .

8 See fo o tn o te  6.
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variable and negatively influenced by fac
tors, most of them  as yet unknown.
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ABSTRACT  Serum cholesterol levels in m an were found to be proportional to the 
square root of dietary cholesterol. The change of serum cholesterol ( m g /100 m l)  
produced by substituting a diet containing Z22 m g of cholesterol/1000 kcal for another 
containing Zi2 m g of cholesterol/1000 kcal is  given by the form ula A Choi =  1.5 
(Z 2 — Z i). This form ula is based on experim ents in  w hich the daily cholesterol sup
plem ent w as dissolved in  100 g of oil w hich  was in  turn incorporated into the diet 
or given in  the form of dry egg yolk m ixed w ith the sam e am ount of oil, but it also 
applies to other results reported in  the literature w ith dietary cholesterol ranging  
from zero to about 3000 m g/day. Smaller effects were obtained w hen the cholesterol 
supplem ent was given w ith only 6 g of fat incorporated into cookies. The effect of 
dietary cholesterol on serum  cholesterol and phospholipids was independent of the 
degree of saturation of the dietary fat. Conversely, the effect on the serum lipids of 
changing the com position of the dietary fat was independent of the cholesterol content 
of the diet at either 50 or 1500 m g/day.

Dietary adm inistration of large amounts 
of cholesterol has been used for many 
years as a m eans of producing hypercho
lesterolemia and atherosclerosis in the 
rabbit. In contrast with the rabbit, m an 
responds with only m inim al changes 
of serum cholesterol concentration to 
changes of the cholesterol content of the 
diet (1 ) . Changes of cholesterol intake 
within the range of usual natural hum an 
diets have been claimed to have no effect 
on serum cholesterol level (2 -4 )  and a 
lack of relationship between dietary cho
lesterol intake and serum  cholesterol level 
in  m an has been widely accepted until 
lately. More recent publications, however, 
have reported that there is some relation
ship between cholesterol intake and serum 
cholesterol in  m an (5—9) and for this 
reason it was decided to re-examine the 
problem.

The studies to be reported here consist 
of 3 experiments. In the first experiment 
(A E), a comparison was made of diets 
identical in  composition and of fa t con
tent similar to that of the usual American 
diet, but with 3 different levels of choles
terol intake. Furtherm ore, a comparison 
was made in experim ent AE between the 
effects of sim ilar am ounts of cholesterol 
when added to the diet as a solution of 
crystalline cholesterol in  oil and in the

form of egg yolk. In the second experi
m ent (A F), 2 different levels of choles
terol intake were compared, the choles
terol being dissolved in 2 fats of different 
degrees of unsaturation. In the third ex
perim ent (AM ), the effects of 2 different 
levels of dietary cholesterol were com
pared using cholesterol baked into cookies 
which contained only 4 parts of fa t for 
each part of cholesterol. This comparison 
was m ade both with a diet containing the 
usual proportion of fa t (40%  of the total 
calories), and with a low fat, high carbo
hydrate diet.

SUBJECTS, METHODS AND 
PROCEDURE

The subjects were physically healthy 
schizophrenic men, 35 to 65 years old, 
stable in their m ental state and free from 
signs of metabolic abnormality. They were 
m aintained with a standard diet for a 
stabilization period of 3 weeks before be
ing assigned to groups m atched with 
respect to serum cholesterol level, age, 
psychiatric diagnosis and relative body 
weight. Thereafter, for successive 3-week

R eceived  fo r  p u b lic a tio n  M arch  31, 1965.
1 S u p p o rted  in  p a r t  by  re s e a rc h  g ra n ts  fro m  th e

U.S. P u b lic  H e a lth  S erv ice  (H E -0 4 4 0 1 ) a n d  fro m  th e  
A m erican  H e a r t A ssoc ia tion .

2 P re s e n t a d d re ss : G uy’s H o sp ita l, L o n d o n , E n g la n d .
3 D is tr ic t M ed ica l Officer, M in is try  o f H e a lth , R om e, 

Ita ly , d u r in g  te n u re sh ip  o f a  W o rld  H e a lth  O rg a n iz a 
tio n  fe llo w sh ip .

52 J .  N u t r i t i o n , 8 7 : *65
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periods, the groups were assigned the 
experim ental diets in a switch-back or 
reversal pattern  devised to compensate for 
possible time trends. W ith some excep
tions, the same m en participated in  the 
3 experiments. The experim ental design 
is summarized in  table 1.

Throughout the experiments each m an 
was served m easured am ounts of food at 
each meal. Regular records of rejections, 
plate waste and supplements allowed the 
estimation of the actual am ount of food 
individually eaten. Body weight was m eas
ured twice a week and the individual ra 
tions were adjusted by adding or removing 
certain am ounts of carbohydrate foods 
(m ainly bread and jelly) in  order to 
m aintain  constant body weight throughout 
the experiment.

Blood samples were drawn in the m orn
ing, in  the fasting state, on two of the 
last three days of each experim ental 
period. Each sample was analyzed in du
plicate for total serum cholesterol using a 
modification (1 0 ) of the method of Abell 
et al. (1 1 ). Equal volumes of serum from 
the 2 days were combined and the pooled 
sample was analyzed for phospholipids 
and triglycerides by methods previously 
described (1 2 ) . Triglyceride determ ina
tions were omitted in  experim ent AF. In 
experim ent AM, triglyceride determ ina
tions were carried out by a method similar

to that of Blankenhorn et al. (1 3 ) which 
we found to be equivalent to the earlier 
method in  results.4

The diets. The experim ental diets con
sisted in all 3 experiments of a basic low 
fat, low cholesterol diet plus supplements 
of fa t or carbohydrate and of the various 
am ounts of cholesterol to be tested. The 
basic diet was composed of vegetable prod
ucts except for 3 glasses of skim milk 
daily and 4 servings of fish weekly. The 
cholesterol content of the basic diet was 
m easured by analyzing separately the 
foods of anim al origin and was of the 
order of 50 m g/day.

The diets in experim ent AE were de
signed to test the effect of 3 different lev
els of crystalline cholesterol dissolved in 
the fat supplement and the effect of cho
lesterol added as dry egg yolk. The fat 
supplem ent in this experim ent consisted 
of cottonseed oil and a small am ount of 
m argarine, making a total of 100 g /m a n / 
day. Diet LC had no added cholesterol, 
diets MC and HC were prepared by add
ing, respectively, 500 mg and 1,500 mg of 
crystalline cholesterol/day to the fat sup
plement. A fourth diet (egg) was pre
pared by adding to the fa t supplem ent an 
am ount of dry egg yolk powder calculated

4 P a n tu lu ,  G. V. A., J. T. A n d e rso n  a n d  A. Keys 
1965 A ra p id  a n d  specific  m ic ro  m e th o d  fo r  se ru m  
tr ig ly c e rid e  d e te rm in a tio n . F e d e ra tio n  P ro c ., 24: 438 
( a b s t r a c t ) .

TA B LE 1

Diet schedule in experiments AE , AF and AM

Experiment 2 Group No.
men

Periods 1

1 2 3 4

AE i 5 LC HC egg MC
2 6 HC LC MC egg
3 6 MC egg HC LC
4 5 egg MC LC HC

AF 1 6 LCE HCE HCF LCF
2 5 HCE LCE LCF HCF
3 5 LCF HCF HCE LCE
4 6 HCF LCF LCE HCE

AM 1 6 LCS HCS LCF HCF
2 6 HCS LCS HCF LCF
3 4 HCF LCF HCS LCS
4 6 LCF HCF LCS HCS

1 D u ra tio n  o f th e  p e rio d s  w a s  3 w eeks fo r  e x p e r im e n ts  AE a n d  A F a n d  2  w eek s  fo r  e x p e r im e n t AM.
2 Key to  d ie t s u p p le m e n ts :

E x p e r im e n t A E: LC =  low  c h o le s te ro l; HC =  h ig h  c h o le s te ro l; M C =  m e d iu m  ch o le s te ro l; 
egg  =  egg su p p lem en t.

E x p e r im e n t A F : LC E =  lo w  c h o le s te ro l, f a t  E ; H C E  =  h ig h  c h o le s te ro l, f a t  E ; L C F =  low  
c h o le s te ro l, f a t  F ; H C F =  h ig h  c h o le s te ro l, f a t  F.

E x p e r im e n t AM : LCS =  low  c h o le s te ro l, s ta r c h ; L C F  =  low  c h o le s te ro l, f a t ;  HCS =  h ig h
c h o le s te ro l, s ta r c h ; H C F  =  h ig h  c h o le s te ro l, fa t .



5 4 GRANDE, A N D ERSO N , CH LO U V ERA K IS, PR O JA  AND KEYS

to have a quantity of cholesterol sim ilar to 
that of diet MC. Since dry egg yolk con
tains glycerides and phospholipids in addi
tion to cholesterol, the diets were m atched 
in this respect by adding to the fa t supple
m ent of diets LC, MC, and HC, a m ixture 
of soybean lecithin and vegetable fat (co
coa butter and olive oil) of composition 
similar to that of the egg lipid. In this 
way, the 4 diets were m atched with re
spect to total fa t content, phospholipid 
content and the proportion of saturated, 
monoene and polyene fatty acids, the only 
difference between the diets being the cho
lesterol content. The sample of dry egg 
used turned out to have a lower cholesterol 
content than anticipated, and therefore the 
egg diet did not exactly m atch the MC 
diet.

The diets in experim ent AF were de
signed to test the effects of 2 different 
levels of cholesterol in  the presence of 2 
fa t supplements of different degrees of 
saturation. The fa t supplement (fa t E ) 
in diets LCE and HCE was sim ilar to that 
used in  experim ent AE except that the 
m ixture of lecithin and fa t used in  AE to 
m atch the egg lipid was omitted. Diets LCF 
and HCF were prepared by adding a fat 
supplement (fa t F ) consisting of a m ix
ture of equal parts of cocoa butter and co
conut oil. Diets LCE and LCF had no 
added cholesterol, whereas 1,500 m g/day 
of cholesterol were added to the fat sup
plements in diets HCE and HCF.

In both experiments AE and AF the 
crystalline cholesterol was dissolved in the 
fa t supplement which in  tu rn  was incor
porated into the diet by stirring and m ix
ing in with such foods as hot cereals, 
m ashed potatoes, stews and casseroles. 
The concentration of cholesterol in oil was 
never greater than 1.5% which is well be
low the solubility lim it of cholesterol in 
the oils used.5 The dry egg (exp. AE) was 
incorporated in a sim ilar way.

The diets in  experim ent AM were de
signed to test the effect of adding choles
terol without dissolving it in the fa t sup
plement. The daily cholesterol supple
m ent of 1500 mg in diets HCF and HCS 
was incorporated into 3 cookies. Each 
cookie contained 500 m g of crystalline 
cholesterol and 2 g of shortening. The

m ixture of cholesterol and shortening was 
heated at 150° until a clear solution was 
formed. This solution was incorporated 
by stirring into the cookie batter which 
was then divided into portions and baked. 
During the low cholesterol periods (LCF 
and LCS) the m en received sim ilar cookies 
without added cholesterol. The effect of 
adding cholesterol was tested in 2 types 
of diets. Diets LCF and HCF contained 
a fa t supplement similar to that used in 
the corresponding diets of experim ent AF. 
Diets LCS and HCS were prepared by add
ing to the basic diet a supplement of starch 
and sugar of the same caloric value as the 
fa t supplem ent of the LCF and HCF diets.

Samples of the diets were collected and 
analyzed as described in previous reports 
(12, 14). From the analysis of the diets 
and the records of food intake, the calorie 
and nutrient values of the diet actually 
eaten by each m an were calculated. The 
average values for the various experi
m ental periods are shown in table 2.

The table shows that the total fa t intake 
and the fatty  acid composition of the diets 
eaten were very similar in  all the diets of 
experim ent AE and in diets LCE and HCE 
of experim ent AF. Furtherm ore, the fat 
intake and the fatty acid composition of 
diets LCF and HCF of experiment AF 
matched very closely diets LCF and HCF 
in experim ent AM. However, the diets in 
experim ent AE contained a higher propor
tion of phospholipid than the diets of either 
experim ent AF or AM.

R E S U L T S

The m ean values of serum cholesterol, 
phospholipids and triglycerides at the end 
of each of the dietary periods for the 3 
experiments are presented in table 3.

The serum cholesterol values in experi
m ent AE were lowest with the low choles
terol (LC) diet and highest with the high 
cholesterol diet (H C ), with interm ediate 
values for the medium cholesterol diet 
(M C) and for the egg diet. The serum cho
lesterol levels with the egg diet were very 
similar to those with the MC diet despite 
the cholesterol intake being lower with the 
former diet than with the latter.

5 G ran d e , F ., a n d  S. W ad a  1961 T h e  s o lu b ility  o f 
c h o le s te ro l in  d ie ta ry  fa ts .  F e d e ra tio n  P ro c ., 20: 96 
( a b s t r a c t ) .
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TABLE 3
Serum cholesterol, phospholipids and triglycerides for 22 m en

Exp.1
Diet cholesterol Serum concentration

Diet (Z2) Cholesterol Phospholipids Triglycerides

mg / 1000 
kcal m g /100 ml mg/100 ml mg/100 ml

AE HC 559 223 ± 3 4 .5  2 220 ± 2 4 .6 143 ± 3 8 .5
MC 200 210 ± 3 2 .2 211 ± 2 6 .3 153 ± 5 4 .8
LC 19 1 9 6 ± 2 7 .7 203 ± 2 2 .4 144 ± 4 6 .5
Egg 144 212 ± 3 5 .4 2 1 5 ± 2 3 .9 150 ± 5 9 .8

AF HCE 523 224 ± 3 6 .5 210 ± 2 3 .6 --- ---
LCE 18 194 ± 2 8 .1 1 9 6 ±  18.5 --- ---
HCF 525 257 ± 4 9 .4 242 ± 3 0 .3 --- ---
LCF 18 228 ± 3 5 .7 224 ± 2 3 .4 --- ---

AM HCF 566 2 5 9 ± 4 3 .1 242 ± 2 6 .9 150 ± 4 6 .2
LCF 17 239 ± 3 8 .5 235 ± 2 4 .5 151 ± 4 8 .3
HCS 542 2 1 9 ± 3 9 .5 218 ± 2 8 .3 208 ± 6 5 .2
LCS 17 205 ± 3 7 .6 211 ± 2 9 .0 195 ± 5 3 .1

1 See footnote 1, table 1, for key to diet supplements.
2 Mean 1 s d .

In experim ent AF, the serum cholesterol 
levels were higher with the high choles
terol diets (HCF and HCE) than  with the 
corresponding low cholesterol diets (LCF 
and LCE), but for equal cholesterol intake 
the diets containing the more saturated fat 
(HCF and LCF) caused higher serum 
cholesterol than  the diets containing the 
less saturated fa t (HCE and LCE).

Similarly, in  experim ent AM, the high 
cholesterol diets (HCF and HCS) caused 
higher serum  cholesterol levels than  the 
corresponding low cholesterol diets (LCF 
and LCS), but for the same cholesterol in 
take the fat-containing diets (HCF and 
LCF) were associated with higher levels 
of serum cholesterol than  the high carbo
hydrate diets (HCS and LCS). The com
parisons in  experim ent AM were m ade at 
the end of 2-week dietary periods instead 
of the 3-week periods used in  the previous 
experiments. However, the final period of 
experim ent AM was extended to 3 weeks 
and comparisons were m ade between the 
serum cholesterol values at the end of 
two and of three weeks. The changes 
observed at the end of 3 weeks were not 
significantly different from those estab
lished at the end of 2 weeks.

The serum  phospholipid values were 
closely parallel to the cholesterol values. 
The triglycerides do not show any striking 
change with the exception of the higher 
values observed when the m en were eat

ing the high carbohydrate diets of experi
m ent AM (HCS and LCS).

The serum cholesterol changes pro
duced by changing the cholesterol content 
of the diet are shown in the column headed 
A Choi of table 4. The values are the 
m eans of the individual differences for 
22 men.

The corresponding differences in  cho
lesterol intake, as m g/1000 kcal, are 
shown in the same table under the head
ing (Z /  — Zi2). All the serum cholesterol 
differences are statistically significant with 
the exception of the difference between 
the egg diet and the m edium  cholesterol 
(M C) diet in  experim ent AE. Changing 
the cholesterol content of the diet produced 
a change of the serum cholesterol in  the 
same direction. The quantitative relation
ship between changes in  cholesterol in 
take and changes of serum cholesterol con
centration, as well as the influence of the 
mode of adm inistration of the cholesterol 
supplement will be considered in the dis
cussion.

The changes in  serum phospholipids 
are summarized in  table 5. They are 
parallel to the changes in  serum choles
terol concentration, but smaller.

No significant changes were observed 
in the concentration of serum triglycerides 
in  experim ents AE and AM, in  relation to 
the changes of cholesterol intake. The 
only significant change of serum  triglyc-
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TA B LE 4

C h a n g e s  i n  s e r u m  c h o le s te r o l  c o n c e n t r a t io n  (A c h o l)  p r o d u c e d  b y  v a r y in g  th e  c h o le s te r o l  
c o n t e n t  o f  t h e  d i e t ; 1 (m e a n  v a lu e s  f o r  2 2  m e n )

Exp. D iet
D ie t

c h o le s te ro l
d iffe ren ce

W - Z P )

A C hoi
P v a lu ech an g e P red ic te d  2 O bserved

m g /1 0 0 0
k c a l m g /1 0 0  m l m g /1 0 0  m l

AE HC m i n u s  LC 540 28.9 27 ± 5 .0 » <  0.0001
HC m i n u s  MC 359 14.2 13 ± 4 .3 0.007
HC m i n u s  Egg 415 17.5 11 ± 3 .7 0.007
Egg m i n u s  LC 125 11.5 1 6 ±  3.6 0.0002
Egg m i n u s  MC - 5 4 - 3 . 2 2 ± 3 .7 0.6
MC m i n u s  LC 181 14.7 1 4 ± 4 .6 0.005

AF HCE m i n u s  LCE 505 27.9 3 0 ±  5.7 <  0.0001
HCF m i n u s  LCF 507 28.0 29 ± 5 .1 <  0.0001

AM HCF m i n u s  LCF 549 29.5 20 ± 4 .0 <  0.0001
HCS m i n u s  LCS 525 28.7 1 4 ± 3 .6 0.0007

1 T h e  c h o le s te ro l c o n te n t o f th e  d ie ts  (Z 2) in  m g / 1000 k c a l is  sh o w n  in  ta b le  3.
2 P re d ic te d  s e ru m  c h o le s te ro l c h an g e  fro m  e q u a tio n  2 : A C hoi =  1.5 (Z 2 — Z i) .
3 M ean  +  s e .

TA BLE 5

Changes in serum phospholipids  (A PL) produced by varying the cholesterol content  
of the diet; 1 (m ea n  values for 22 men)

D iet
D ie t

c h an g e
ch o le s te ro l

E xp . 2 d iffe ren ce A PL P v a lu e

(Z22 -Z !2 )
m g /1 0 0 0

kca l m g /1 0 0  m l

AE HC m i n u s  LC 540 17 ± 3 .2  3 <  0.0001
HC m i n u s  MC 359 9 ± 3 .4 0.012
HC m i n u s  Egg 415 5 ± 3 .1 0.12
Egg m i n u s  LC 125 1 2 ±  2.7 0.0002
Egg m i n u s  MC - 5 4 4 ± 2 .8 0.16
MC m i n u s  LC 181 9 ± 3 .3 0.012

AF HCE m i n u s  LCE 505 14 ± 4 .6 0.006
HCF m i n u s  LCF 507 18 ± 4 .4 0.0005

AM HCF m i n u s  LCF 549 7 ± 3 .1 0.03
HCS m i n u s  LCS 525 7 ± 3 .1 0.03

1 T h e  c h o le s te ro l c o n te n t o f  th e  d ie ts  (Z 2) in  m g /1 0 0 0  k c a l is  sh o w n  in  ta b le  3.
2 See fo o tn o te  1, ta b le  1 fo r  e x p la n a tio n  o f s u p p lem en ts  to  d ie ts .
3 M ean  ±  s e .

erides was observed in  experim ent AM 
when the starch and sucrose diets were 
compared with the corresponding fa t d ie ts: 
the serum triglyceride difference between 
diets HCS and HCF was 58 m g /100 ml 
( s e  ±  5.94, P <  0.0001) and that between 
diets LCS and LCF was 44 m g /100 ml 
( s e  ±  5.70, P <  0.0001). The difference 
between these 2 m eans (14 m g/100 m l) 
was not statistically significant ( s e  ±  10.6, 
P =  0.2).

DISCUSSION
Relationship between dietary cholesterol 

and serum cholesterol concentration. 
From a prelim inary analysis of experi
m ents AE and AF,6 we concluded that 
“other things being equal the serum  cho
lesterol appeared to be a linear function of 
the square root of the cholesterol in  the

6 A n d e rso n , J. T ., F . G ran d e , C. C h lo u v e ra k is , M. 
P ro ja  a n d  A. K eys 1962 E ffec t o f d ie ta ry  c h o le s te ro l 
on  se ru m  c h o le s te ro l lev e l in  m a n . F e d e ra tio n  P roc., 
21: 100 ( a b s t r a c t ) .
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daily diet.” A new analysis of the rela
tionship between the changes in serum 
cholesterol concentration and the changes 
of cholesterol intake has been made. The 
data used in  this analysis include compari
sons made on 22 m en who ate diets with 4 
different cholesterol levels in experiment 
AE, and 2 sets of comparisons with 2 
kinds of dietary fat, each using an equal 
num ber of men and 2 different levels of 
dietary cholesterol in experim ent AF.

In addition to the results from our lab
oratory, data from 4 other reports have 
been used. Other data have been excluded 
because they are not considered com par
able. In some experiments (1, 15) the 
cholesterol intake was increased by adding 
egg yolk, thus producing also a change in 
the fat content of the diet. Another (7 ) 
involved dietary periods of unequal length 
and a change from a formula diet to a 
diet of natural foods.

The data used in the computation are 
from the reports of Beveridge et al. (6 ) , 
Connor et al. (9 ) , Erickson et al. (1 6 ) and 
Steiner and Domanski (17 ). The data 
from Beveridge et al. were obtained on 7 
groups of m en (67 m en) eating diets with 
cholesterol levels ranging from 4 m g /1000 
kcal to 1140 mg,/1000 kcal. The data from 
Connor et al. include 2 comparisons with 
5 men and cholesterol intakes of zero and 
about 264 m g /1000 kcal. The data from 
Erickson et al. included comparisons with 
22 men eating various diets with and 
without cholesterol. The data of Steiner 
and Domanski were obtained with 5 
m en who ate a cholesterol-free diet and 
the same diet supplemented with 1364 
mg of cholesterol/1000 kcal. In term s of 
man-periods the contributions of data 
were: this laboratory 176; Beveridge et al., 
67; Connor et al., 10; Erickson et al., 44; 
and Steiner and Domanski, 10. The de
tails of the computations are given else
where (1 8 ). This analysis has confirmed 
the close relationship between serum cho
lesterol concentration and the square root 
of the cholesterol content of the diet and 
failed to disclose any other function that 
would serve equally well. If we call Z2 the 
cholesterol content of the diet in  milli
grams per 1000 kcal and Z its square root, 
the change in serum cholesterol in milli
grams per 100 ml (A Choi) when chang

ing from a diet with cholesterol content of 
Z r to another of cholesterol content Z22 is 
given by the equation:

A Choi =  a (Z 2 — Z i) (1 )
Least squares calculation of a in this equa
tion as reported by Keys et al. (1 8 ) gives 
the result:

A Choi =  1.5 (Z 2 -  Z i) (2 )
The correlation between observed and pre
dicted values was r  =  0.96 and is illus
trated in  figure 1.

Equation 2 can be used for the pre
diction of serum cholesterol changes pro
duced by changing the cholesterol content 
of the diet. The coefficient of correlation 
between observed and predicted values for 
the combined data from the 5 laboratories 
was r  =  0.96 and is illustrated in figure 1. 
A comparison between observed and pre
dicted values for the data from this lab
oratory is presented in table 4. W hether 
the same relationship holds at higher 
levels of cholesterol intake is questionable 
and the data at hand ( 1 ) indicate that 
very large cholesterol intakes may not 
have more effect than the highest intakes 
considered here. This may find its ex
planation in  the limited capacity of the

Fig. 1 Observed difference in serum choles
terol plotted against 1 .5(Z 2 — Z i) where Z2 is 
m illigram s of cholesterol per 1000 kcal of diet.
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hum an gastrointestinal tract to absorb cho
lesterol (1 9 -2 1 ).

Crystalline cholesterol versus egg cho
lesterol. Although Messinger et al. (1 ) 
concluded that the hvpercholesterolemic 
effect of egg is not dependent on its cho
lesterol content, the view that egg choles
terol has a greater effect than  crystalline 
cholesterol has found some acceptance. 
In our experiments, the egg diets produced 
somewhat higher serum cholesterol levels 
than diets containing equal am ounts of 
cholesterol in other forms, but the differ
ences were not statistically significant. 
Figure 1, in addition to data from our ex
perim ents wtih egg and with crystalline 
cholesterol, includes data from other ex
perim ents with egg (9, 16, 17) and with 
crystalline cholesterol (6 ) . That these dif
ferent data appear to agree indicates that 
the difference between the effects of egg 
cholesterol and crystalline cholesterol is 
small. The results reported by Connor et 
al. (8 )  in 1961 are an exception in that 
the effect of egg cholesterol was m uch 
greater and that of crystalline cholesterol 
much smaller than the effects illustrated 
in the figure. This result disagrees not 
only with the data from the other labora
tories but also with more recent values 
reported by the same authors (9 ). Exam 
ination of the experim ental conditions 
gives no clue to an explanation of this dis
crepancy.

The observations reported by Wells and 
Bronte-Stewart (22) have shown that the 
effect of feeding egg yolk on serum choles
terol concentration can be reproduced by 
feeding a m ixture of cholesterol and a fat 
of iodine value similar to that of egg yolk 
fat. Unfortunately, no other data are given 
to characterize this fat. The results of 
these authors indicate clearly that the ef
fect of increasing am ounts of dietary cho
lesterol upon serum cholesterol levels tends 
to be relatively sm aller as the cholesterol 
intake increases. Up to a cholesterol in 
take of about 500 m g/day  the data appear 
to follow a square root relationship but 
higher intakes do not produce any further 
increase in serum cholesterol concentra
tion.

Nature of the dietary fa t and response 
to changes of cholesterol intake. The 
question of whether the nature of the die

tary fat influences the effect of dietary cho
lesterol on the serum lipids is of consider
able im portance and we m ade an attem pt 
to obtain inform ation in  this respect in 
experim ent AF in which the effects of 2 
levels of dietary cholesterol were compared 
in the presence of 2 diets differing only in 
their fatty acid composition (see table 2). 
The data shown in table 4 indicate that the 
increase of serum cholesterol caused by in 
creasing the cholesterol intake by 500 mg,/ 
1000 kcal was identical for the 2 fats used 
in experim ent AF and very close to the 
value observed in experiment AE (com 
parison HC m inus LC). The fat used in 
this experiment was similar to that used in 
diets LCE and HCE of experim ent AF but 
contained a greater proportion of phospho
lipids because of the addition of lecithin. 
The experim ent recently reported by Con
nor et al. (9 )  includes a similar com pari
son in 5 subjects. They increased the cho
lesterol content of the diet (as egg yolk and 
beef fa t)  from zero to 264 m g/1000 kcal 
and observed a serum cholesterol increase 
of 42 m g/100 ml ( s e  ±  9.2) in the pres
ence of a dietary fat of iodine value 63. 
The same increase in dietary cholesterol 
in the presence of more unsaturated  die
tary fa t (iodine value 100) gave a serum 
cholesterol increase of 29 m g/100 ml. The 
difference between these 2 changes (13 
m g/100 m l) has a standard error of 13.0 
and therefore the 2 values cannot be con
sidered significantly different from each 
other. Their results, therefore, are com
patible with the idea that the effect of 
dietary cholesterol is independent of the 
nature of the dietary fat.

Dietary cholesterol level and serum lipid 
response to changes of dietary fat. Equally 
im portant is the problem of whether the 
level of dietary cholesterol influences the 
response of the serum lipids to changes in 
the composition of the dietary fat. In ex
perim ent AF, the replacem ent of fa t supple
m ent E by the more saturated fat supple
m ent F in the presence of a low level of 
dietary cholesterol (LCF m inus  LCE) 
caused a change of serum cholesterol of 
34 m g/100 ml ( s e  ±  4.7). The same die
tary change in the presence of the high 
cholesterol intake (HCF m inus HCE) 
caused a serum cholesterol change of 33 
m g/100  ml ( s e  *  5.1). The same change
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of dietary fa t caused the same change of 
serum cholesterol concentration irrespec
tive of the cholesterol content of the diet. 
From a similar comparison, Connor et al.
(9 )  conclude that “the concentration of 
serum lipids rem ained unchanged during 
the 2 periods of cholesterol-free diets when 
the fatty acid composition of the dietary 
fat was m ade more polyunsaturated and 
less saturated (from  an iodine num ber of 
63 to 100).” Recomputation of their data 
using the values for the 5 m en who com
pleted the experim ent shows that the 
change of dietary fa t caused a serum cho
lesterol change of 4 m g/100 ml ( s e  ±  7.5) 
in the presence of the cholesterol-free diet 
and of 19 m g/100 ml ( s e  ±  12.0) in the 
presence of the high cholesterol diet. 
But these changes are not statistically sig
nificant (P  =  0.60 and 0.13, respectively) 
and they are not significantly different 
from each other (m ean difference 15.0, 
s e  ±  12.0, P =  0.28). Erickson et al. (16) 
reported “that with a cholesterol-free for
m ula diet the plasm a level is unaffected by 
changing the P /S  ratio of the diet from
1.6 to 0.1,” but there is no inform ation in 
their report as to the effect of the more 
saturated diets at high dietary cholesterol 
levels, to substantiate whether the lack of 
serum cholesterol response was really due 
to the absence of dietary cholesterol.

Admittedly, our low cholesterol diet was 
not cholesterol-free, but in  our experiments 
the effect of changing the dietary fa t was 
the same regardless of the level of choles
terol intake, and this conclusion is not op
posed by the observations of Connor et al. 
(9 )  and of Erickson et al. (1 6 ). Their

failure to obtain changes of serum choles
terol concentration by changing the degree 
of saturation of the dietary fa t appears to 
be related to the nature of the fats used as 
we have recently discussed elsewhere (1 8 ).

Method of incorporation of crystalline 
cholesterol into the diet. Difference in  the 
method of incorporation of crystalline cho
lesterol into the diet may be responsible for 
some of the discrepancies of the results in 
the literature. Table 6 summarizes the se
rum  cholesterol changes produced by add
ing 1500 mg of cholesterol to a low cho
lesterol diet under different conditions. 
The table shows that adm inistering cho
lesterol dissolved in large am ounts of oil, 
as in  experiments AE and AF, produced a 
greater elevation of serum cholesterol than 
giving the same am ount of cholesterol in 
cookies as a supplement to a low fa t diet. 
The interm ediate procedure of adm inister
ing the cholesterol and the oil in  separate 
foods in  the same m eal (line 2, table 6) 
gave an interm ediate serum cholesterol in 
crease which is not clearly distinguishable 
from either of the other 2 extreme cases. 
Although the cholesterol was dissolved in 
the shortening when this was stirred into 
the cookie batter, it undoubtedly crystal
lized to a large extent upon cooling since 
the am ount of cholesterol far exceeded its 
solubility in  the shortening at room tem 
perature. If the increases of serum levels 
are caused by increased absorption of cho
lesterol from the intestine, the results sug
gest that m uch cholesterol was absorbed 
when it was incorporated into cookies 
given in conjunction with a diet contain
ing only 27 g of fat/day .

TA BLE 6

Comparison of different methods of adding 1500 m g of cholesterol to a 
low cholesterol (950 m g /d a y )  d i e t 1

Method of 
adding 

cholesterol
Type of 

diet Exp.
Serum

cholesterol
increment

1 In cookie starch AM
mg/100 ml 
14 ± 3 .6  2

2 In cookie saturated fat AM 20 ± 4 .0
3 In oil saturated fat AF 29 ±  5.1
4 In oil unsaturated fat AF 30 ± 5 .7
5 In oil saturated fat AE 27 ±  5.0

1 L in e  1 is  s ig n if ic a n tly  d iffe re n t fro m  c o m b in ed  l in e s  3, 4  a n d  5 (P  =  0 .0 0 6 ) b u t n o t s ig n if ic a n tly  
d iffe re n t f ro m  lin e  2 (P  =  0 .3 2 ). C o m b in ed  lin e s  1 a n d  2 a re  s ig n if ic a n tly  d iffe ren t fro m  c o m b in ed  
lin e s  3, 4 a n d  5 (P  =  0 .005 ).

2 M ean  ±  s e .
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Dietary cholesterol level and the re
sponse to an increase of saturated fat in 
the diet. Experim ent AM makes it possi
ble to decide whether the effect on serum 
cholesterol of substituting fa t for carbo
hydrate is altered by the level of dietary 
cholesterol. From the values in  table 3, 
the replacem ent of carbohydrate by fa t in 
the presence of the high cholesterol diet 
caused an increase of 40 m g /100 ml ( s e  ±  
5.2), whereas the same substitution pro
duced an increase of 34 m g/100 ml ( s e  ±
3.7) in the presence of the low cholesterol 
diet. These values are not significantly dif
ferent from each other (m ean difference, 
6 m g/100 ml, s e  ±  5.5, P =  0.3). We, 
therefore, conclude that the effects on se
rum  cholesterol of changing the am ount 
or nature of the dietary fa t were independ
ent of the am ount of cholesterol in  the 
diet. This is supported by recent experi
m ents in  dogs,7 showing that addition of 
coconut oil to the diet produced similar 
increases of serum cholesterol in the pres
ence of a cholesterol-free diet and in the 
presence of a diet containing the am ount 
of cholesterol present in a commercial dog 
feed.

Serum phospholipid and triglyceride 
changes. The changes in  serum phospho
lipids in all these experiments were parallel 
to those of serum  cholesterol but of smaller 
absolute value.

The only significant changes of serum 
triglycerides were observed in experiment 
AM in which the high carbohydrate diets 
consistently produced higher serum tri
glyceride levels than  the high fa t diets. 
The changes in  serum  triglyceride, were 
not significantly different from each other 
when the change of the fa t to the high 
carbohydrate diet was m ade in  the pres
ence of low or of high cholesterol intake. 
We conclude, therefore, that changes in 
the cholesterol content of the diet do not 
affect the serum triglyceride level or the 
changes of serum triglycerides produced 
by changing the relative content of fat 
and carbohydrate of the diet.

ACKNOWLEDGMENTS

Mrs. Helen W illiams served as dietitian. 
Cloyd Thomas, Frank Heatwole and Jon 
Williams, voluntary assistants assigned by 
the Brethren Service Committee, cooked

and served the food. Assistance was 
rendered by staff members of the Labora
tory of Physiological Hygiene, Mrs. Nedra 
Foster, M argaret Niebling, Gayle Olson, 
Dr. Paul Kupchs, David Plum and Mrs. 
Mary Jane Schweich.

LITERATURE CITED
1. M essinger, W. J., Y. Porosowska and J. M. 

Steele 1950 Effect o f feeding egg yolk and 
cholesterol on serum cholesterol levels. 
Arch. Intern. Med., 86: 189.

2. Keys, A., O. M ickelsen, E. V. O. Miller and 
C. B. Chapman 1950 The relation in man 
between cholesterol levels in  the diet and 
in  the blood. Science, 112; 79.

3. Keys, A., and J. T. Anderson 1954 The 
relationship of the diet to the development 
of atherosclerosis in m an. In Symposium  
on Atherosclerosis, Monograph Publications 
338. N ational Academy of Sciences — N a
tional Research Council, W ashington, D. C.

4. Keys, A., J. T. Anderson, O. M ickelsen, S. F. 
Adelson and F. Fidanza 1956 D iet and 
serum cholesterol in  m an. Lack of effect of 
dietary cholesterol. J. Nutrition, 59: 39.

5. Beveridge, J. M. R., W. F. Connell, H. L. 
Haust and G. A. Mayer 1959 Dietary cho
lesterol and plasm a cholesterol levels in  
m an. Canad. J. Biochem. Physiol., 37: 575.

6. Beveridge, J. M. R., W. F. Connell, F. A. 
Mayer and H. L. H aust 1960 The re
sponse of m an to dietary cholesterol. J. N u
trition, 71: 61.

7. Connor, W. E., R. E. Hodges and R. E. 
Bleiler 1961 Effect of dietary cholesterol 
upon serum lipids in m an. J. Lab. Clin. 
Med., 57: 331.

8. Connor, W. E., R. E. Hodges and R. E. Bleiler 
1961 The serum lipids in  m en receiving  
high cholesterol and cholesterol free diets. 
J. Clin. Invest., 40: 894.

9. Connor, W. E., D. B. Stone and R. E. Hodges 
1964 The interrelated effects of dietary 
cholesterol and fat upon hum an serum lipid  
levels. J. Clin. Invest., 43: 1691.

10. Anderson, J. T., and A. Keys 1956 Cho
lesterol in  serum and lipoprotein fractions, 
its m easurem ent and stability. Clin. Chem., 
2: 145.

11. Abell, L. L., B. B. Levy, B. B. Brodie and 
F. E. Kendall 1952 A sim plified method  
for the estim ation of total cholesterol in  se
rum and demonstration on its specificity. 
J. Biol. Chem., 195: 357.

12. Grande, F., J. T. Anderson and A. Keys 
1961 The influence of chain length of the 
saturated fatty acids on their effect on serum  
cholesterol concentration in m an. J. Nutri
tion, 74: 420.

13. Blankenhorn, D. H., G. Rouser and T. J. 
W eimer 1961 A method for the estim a

7 G ran d e , F. 1965 E ffect o f s a tu ra te d  f a t  on  th e  
dog’s s e ru m  lip id s  in  th e  a b sen ce  o f d ie ta ry  ch o leste ro l. 
F e d e ra tio n  P roc., 24: 277 ( a b s t r a c t ) .



6 2 GRANDE, A N D ERSO N , CH LO U V ERA K IS, PR O JA  AND KEYS

tion of blood glycerides em ploying florisil. 
J. Lipid Res., 2: 281.

14. Anderson, J. T., F. Grande, Y. Matsumoto 
and A. Keys 1963 Glucose, sucrose and 
lactose in  the diet and blood lipids in man. 
J. Nutrition, 79; 349.

15. Okey, R., and D. Stewart 1933 Diet and 
blood cholesterol in norm al women. J. Biol. 
Chem., 99: 717.

16. Erickson, B. A., R. H. Coots, F. H. Mattson 
and A. M. Kligman 1964 The effect of 
partial hydrogenation of dietary fats, of the 
ratio of polyunsaturated to saturated fatty 
acids and of dietary cholesterol upon plasm a 
lipids in m an. J. Clin. Invest., 43; 2017.

17. Steiner, A., and B. Dom anski 1941 D ie
tary hypercholesterolem ia. Am, J. Med. Sei., 
201: 820.

18. Keys, A., J. T. Anderson and F. Grande 
1965 Serum cholesterol responses to changes 
in  the diet. Metabolism, 14: 759.

19. Cook, R. P. 1958 Cholesterol, Chemistry, 
Biochemistry and Pathology. Academ ic Press, 
New York.

20. Karvinen, E., T. M. Lin and A. C. Ivy 1957 
Capacity of hum an intestine to absorb exo
genous cholesterol. J. Appl. Physiol., 11: 
143.

21. Cox, G. E., C. B. Taylor, D. Patton, C. Davis 
and N. Blanding 1963 Origin of plasm a  
cholesterol in m an. Arch. Path., 76; 60.

22. W ells, V. M., and B. Bronte-Stewart 1963 
Egg yolk and serum cholesterol levels: im 
portance of deitary cholesterol intake. Brit. 
Med. J., 5330; 577.



Effect of Dietary Linoleic Acid, Vitamin E and 
Ethoxyquin on Fertility of Male Chickens * 1

G. H. ARSCOTT, J. E. PARKER a nd  E. M. DICKINSON
Departments of Poultry Science and Veterinary Medicine, Oregon State  
University, Corvallis, Oregon

ABSTRACT  Adult m ale chickens were fed diets low in linoleic acid, vitam in E and 
ethoxyquin or high in  linoleic acid w ith or without added vitam in E or ethoxyquin  
for 25 weeks. Fertilizing capacity and sperm concentration of sem en were adversely 
affected w ith m ales fed the high linoleic acid diet without vitam in E or ethoxyquin. 
The addition of vitam in E or ethoxyquin to the high linoleic acid diet overcame these 
adverse effects. The low  linoleic acid diet without vitam in E and ethoxyquin had 
no adverse effect on fertilizing capacity and concentration of sem en. No differences 
were evident for m ales fed any of the diets as far as sem en volum e, hatchability of 
fertile eggs, body or testes weights or feed consum ption were concerned. During the 
26th and 27th weeks increasing the number of sperm insem inated failed to improve 
fertility o f the m ales fed the diet high in  linoleic acid without vitam in E. The results 
indicate that diets high in  linoleic acid but without vitam in E affect fertilizing capac
ity as w ell as the number of sperm produced.

Adamstone and Card (1 )  reported testi
cular degeneration resulting after a vita
m in E-deficient diet was fed to Rhode 
Island Red males for a 2-year period. Al
though no differences were observed at 
one year, an  adverse effect on fertilizing 
capacity was noted with a limited num ber 
of males after 2 years. More recently 
Machlin et al. (2 )  reported adverse effects 
on fertility as well as egg production of 
White Leghorn layers fed diets low in 
vitam in E but containing a high level of 
linoleic acid. They showed that lowered 
fertility and egg production were overcome 
by addition of vitam in E or ethoxyquin to 
the diet. In the absence of the high level 
of linoleic acid as well as vitam in E and 
ethoxyquin no adverse effects on fertility 
or egg production could be observed during 
the 6 weeks of their experiment.

The relationship of vitam in E to linoleic 
acid metabolism has been reviewed by 
Scott (3 ) . Evidence is cited indicating that 
vitam in E functions as a biological antioxi
dant that protects against encephalomala- 
cia in chicks by preventing the breakdown 
of linoleic acid to 12-oxo-cis-9-octadecenoic 
(keto) acid. W hether or not the same 
relationship exists with adult poultry has 
not been established, but the data re
ported with layers (2 )  suggest such a pos
sibility.

In view of a previous interest in the area 
of nutrition as related to male fertility (4 ) , 
the present experiment was undertaken to 
determine whether linoleic acid would ex
ert a detrim ental effect on fertilizing ca
pacity of adult male chickens fed diets with 
or without vitamin E or ethoxyquin.

EXPERIMENTAL

Twenty-four dubbed W hite Leghorn 
cockerels hatched February 20, 1963, were 
housed in individual wire-floor cages on 
July 27, 1963. The present experim ent 
commenced March 31, 1964, at which 
time the males were divided into 4 com
parable groups and fed the experim ental 
diets shown in table l . 2 The males were 
distributed into their respective groups in 
such a way that differences in body 
weights, as well as semen volume and 
fertility (based on 3 prelim inary ejacula
tions and insem inations) were minimized. 
In addition the males on the 4 treatm ents

R eceived  fo r  p u b lic a tio n  M ay  4 , 1965.
1 T e c h n ic a l  P a p e r  no . 1979, O rgeon A g ric u ltu ra l  

E x p e r im e n t S ta tio n . S u p p o rted  in  p a r t  by  g ra n ts -in -a id  
fro m  th e  A m erican  P o u ltry  a n d  H a tc h e ry  F e d e ra tio n  
a n d  th e  G e n e ra l R ese a rch  F u n d  o f th e  G ra d u a te  
School a t O regon  S ta te  U n iv e rs ity .

2 P r io r  to  th is  d a te  th e  m a le s  h a d  p rev io u s ly  b een  
d iv id ed  in to  3 co m p a ra b le  g ro u p s  b e g in n in g  N ovem 
b e r 26, 1963, d u r in g  w h ic h  tim e  th e y  w ere  fe d  ra tio n s  
c o n ta in in g  v a ry in g  p ro te in  leve ls  fo r  7 w eeks. F o r 
18 w eeks p r io r  to  th e  c o m m e n ce m e n t o f th e  p re s e n t 
t r i a l  a ll  b ird s  w ere  fe d  a n  a d e q u a te  c o n tro l ra t io n  
free-cho ice.

J .  N u t r i t i o n , 8 7 :  ’6 5 63
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TA BLE 1
Composition of experimental diets

1
Diet no.

2 3 4

% % % %
Isolated soybean protein 1 25.0 25.0 25.0 25.0
Coconut oil, air-oxidized 2 10.0 — — —
Safflower oil, air-oxidized 3 — 10.0 10.0 10.0
Glucose monohydrate 4 48.7 48.7 48.2 48.4
Cellulose 5 8.0 8.0 8.0 8.0
M ethionine hydroxy analogue 6 0.4 0.4 0.4 0.4
Vitamin A, dry (10,000 IU /g ) 0.2 0.2 0.2 0.2
Vitam in Ü3, dry (15,000 IC U /g) 0.025 0.025 0.025 0.025
Vitam in m ixture 7 0.6 0.6 0.6 0.6
Vitam in E (44 IU /g )  8 — — 0.5 —

Choline chloride (25%  ) 1.0 1.0 1.0 1.0
Salts N  9 6.0 6.0 6.0 6.0
N a2Se03 in  glucose monohydrate 10 0.1 0.1 0.1 0.1
Ethoxyquin 11 — — — 0.3

Calculated an a lysis: 12
100.0 100.0 100.0 100.0

Linoleic acid, % 0.03 7.3 7.3 7.3
Vitam in E, m g/kg 0.9 4.3 166.3 4.3

1 ADM  C -l A ssay  P ro te in , A rch er-D an ie ls-M id lan d , M in n eap o lis .2 K o n u t, D u rk ee  F a m o u s  F oods, G lid d en  C o m p an y , B erkeley , C a lifo rn ia .3 A lk a lin e  re f in e d  safflow er oil, P ac ific  V egetab le  O il C o rp o ra tio n , S an  F ran c isco .4 C erelose 2001, C orn  P ro d u c ts  C om p an y , N ew  York.5 S o lka F loe BW -100, B ro w n  C o m p an y , B er lin , N ew  H a m p sh ire .6 Ca D L -2-hydroxy ,4 -m ethy lth iobu ty rate ; p ro v id ed  by  M o n san to  C h em ica l C o m p an y , St. L ou is.
7 V ita m in  m ix tu re  s u p p lie d : ( in  m g /k g  of d ie t)  v ita m in  K (m e n a d io n e ) ,  1.2; v ita m in  B 12, 0 .036; 

th iam in e-H C 1 , 28 .8 ; r ib o flav in , 19.2; C a D -p an to th en a te , 24; n ia c in ,  120; p y rid o x in e -H C l, 9.6; 
fo la c in , 4 .8; a n d  b io tin , 0.36 (N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C le v e la n d ).8 M y v am ix ; p ro v id e d  by  D is tilla tio n  P ro d u c ts  In d u s tr ie s ,  R o ch es te r, N ew  York.9 S a lts  N  s u p p lie d : (a s  % o f d ie t)  C a, 1.24; P , 0 .8; K, 0 .37; N a , 0 .384; C l, 0 .58; M g, 0 .06; Fe, 
0 .00334; M n, 0 .00813; I, 0 .0006; Z n , 0 .00728; a n d  Cu, 0.0004 (N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n ) .10 O p tio n a l tra c e  m in e ra l ,  w ith  21.9 m g  o f N a 2Se0 3  m ix e d  p e r  100 g g lucose m o n o h y d ra te .11 S a n to q u in  ( l ,2 -d ih y d ro -6 -e th o x y -2 ,2 ,4 -tr im e th y lq u in o lin e ); p ro v id ed  by M o n san to  C h em ica l 
C o m p an y , St. Louis.12 B ased  on  v a lu e s  c ited  fo r  in g re d ie n ts  in  ta b le  2.

were placed in the 3 tiers of a battery in 
such a way as to avoid positional effects as 
m uch as possible. Data were collected on 
all groups for 25 weeks. After this period 
additional data were obtained for the 
groups receiving the high level of linoleic 
acid with and without supplem ental vita
m in E. All m ales were killed on October 
16, 1964, at which time testes weights 
were obtained.

The rations used are shown in table 1 
and were adapted from the report of 
Machlin et al. (2 )  as diet S-25-B modified 
by reducing the calcium and phosphorus 
levels to values slightly above those spe
cified for chicks (5 )  through the use of 
salts N (6 )  3 including an optional level of 
selenium (0.1 m g/kg  of diet). Linoleic 
acid values were varied by using either 
coconu t4 or safflower5 oil (diets 1 vs. 2, 3 
and 4 ). The tocopherol content of the co
conut or safflower oil was reduced by bub
bling air from an aspirator pump through

a 4.54-kg sample of the respective oil con
tained in a 12-liter round-bottom flask en
closed in an electric heating m antle for 32 
hours at 72°. Following this treatm ent, 
0.1% of an antioxidant m ix tu re6 was 
added to minimize subsequent develop
m ent of rancidity (2 ) . The oils were stored 
in  the deep freeze (— 12°) until required. 
The a-tocopherol and linoleic acid c o n ten t7 
of selected ingredients used in  these rations 
is shown in table 2. The calculated vitamin 
E and linoleic acid content of the diets 
resulting from these analyses is shown in 
table 1. The addition of 162 mg of vita-

3 See fo o tn o te  9, ta b le  1.
4 See fo o tn o te  2, ta b le  1.
5 See fo o tn o te  3, ta b le  1.
6 T en o x  6 (E a s tm a n  C h em ica l P ro d u c ts , In c ., K in g s

p o rt, T e n n e ss e e )  w h ic h  c o n ta in s :  ( i n  p e r  c e n t )
b u ty la te d  h y d ro x y to lu en e , 10; b u ty la te d  h yd roxy- 
an iso le , 10; p ro p y l g a lla te , 6; c itr ic  a c id , 6 ; p ro p y len e  
g lycol, 12; a n d  m ix e d  g ly ce rid es, 56.

7 T h e  a u th o rs  a re  g ra te fu l  to M r. R. B u ll, D e p a r t
m e n t o f A n im a l S c ience a n d  D r. I. J. T in sley , D e p a r t
m e n t o f A g r ic u ltu ra l  C h em istry  fo r  c o n d u c t in g  th e
a n a ly se s  fo r  a -tocophero l a n d  lin o le ic  a c id , re s p e c 
tive ly .
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TABLE 2
a-Tocopherol and linoleic acid  content of selected  

ingredients used in the diets

a-Tocopherol Linoleic
acid

M /9 %
Coconut oil 21.5 0.3
Coconut oil, air-oxidized 7.4 0.3
Safflower oil 490.0 75.0
Safflower oil, air-oxidized 41.1 72.6
Isolated soybean protein 0.8 —

Cellulose 0 —

Glucose monohydrate 0 —

m in E 8/k g  of diet (d iet 3) or 0.3% of 
ethoxyquin9 (diet 4 ) was m ade at the 
expense of glucose monohydrate.10 The 
rations were mixed in 45.4-kg lots as 
needed and stored in  the deep freeze. Esti
m ated am ounts to be consumed weekly 
were kept in the room with the males for 
use during that week.

Care and m anagem ent of these males 
have been described previously (8 ) . Both 
feed and water were provided ad libitum. 
Body weights and feed consumption data 
were obtained bi-weekly starting with the 
first week. Usually, groups of 3 White 
Leghorn layers each were artificially in 
sem inated every 4 weeks with 0.05 ml of 
undiluted semen from individual males; 
however, in  a few instances only 1 or 2 fe
males could be insem inated when limited 
am ounts of semen were available or when 
mortality had occurred among the females. 
The hens were rotated so that no m ale’s 
semen was used for insem ination of the 
same group of hens twice. No fertility 
data were obtained during the seventeenth 
week of the experim ent because the year
ling hens were replaced by young pullets 
which were not yet laying at an adequate 
rate. A total of 2,153 eggs was incubated 
during this experiment.

In addition to obtaining data on semen 
volume, fertility and hatchability of fertile 
eggs, data on semen concentration were 
also obtained turbidometrically (9 ) . Se
m en samples from individual males were 
stored overnight in a refrigerator (5 ° ) , 
diluted 1:100 using 0.05 m l of semen in 
0.85% saline solution and transm ittancy 
readings obtained using tubular absorp
tion cells in  a Cenco-Sheard-Sanford pho
tometer with a 640-mu filter. All such 
readings were subsequently converted to

optical density values (1 0 ) for expression 
on a linear basis.

After 25 weeks, the hens were insem in
ated on 2 separate occasions with semen 
(0.03 to 0.1 m l) from m ales receiving the 
high level of linoleic acid with and w ith
out vitam in E (2  h en s/m ale ). This was 
done to compare fertility resulting from 
insem inations of more comparable num 
bers of sperm from the 2 groups since 
sperm concentration of semen from the 
high linoleic acid — low vitam in E males 
was lower than  that of the group with 
vitam in E.

The data were subjected to regression 
analysis with statistical significance deter
mined by t or F tests.

RESULTS AND DISCUSSION
The results for the first 25 weeks of this 

experim ent are shown in figure 1. A sig
nificant decrease (P  <  0.01) in  fertilizing 
capacity of semen was observed when 
males were fed diet 2, containing a high 
level of linoleic acid (7.3%  ), a low level 
of vitam in E (4.3 m g /k g ) and no ethoxy
quin (fig. 1A). A m arked decrease oc
curred after 5 weeks and at 25 weeks all 
eggs were infertile as determ ined by 
macroscopic exam ination of the germinal 
disc for all clear eggs candled out. How
ever, diet 3, containing high levels of 
linoleic acid and vitam in E (166.3 m g/kg) 
but no ethoxyquin, m aintained fertilizing 
capacity as did diet 4, supplemented with 
0.3% ethyoxquin but no vitam in E. Diet 1, 
containing low levels of linoleic acid 
(0.03%  ) and vitam in E (0.9 m g /k g ) as 
well as no ethoxyquin, also m aintained fer
tilizing capacity throughout the experi
ment.

Semen volume appeared unaffected 
throughout the test period for all treat
m ents used (fig. IB ). On the other hand, 
semen density decreased significantly (P < 
0.01) for the males fed a high level of 
linoleic acid without supplem ental vitam in 
E or ethoxyquin (fig. 1C). In this group a 
m arked decrease was noted after 13 weeks. 
A significant difference (P  <  0.05) in 
hatchability of fertile eggs (fig. ID ) was 
noted with males fed at the high level of 
linoleic acid without supplemental vita-

8 See fo o tn o te  8, ta b le  1.
9 See fo o tn o te  11, ta b le  1.

10 See fo o tn o te  4, ta b le  1.
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Fig. 1 Influence of linoleic acid (L A ), vitam in E (V E ) and ethoxyquin (EQ ) on (A ) fertilizing  
capacity, (B )  volum e and (C ) concentration of sem en; (D ) hatchability; (E )  body weights and (F )
feed consum ption in  adult m ale chickens. Legend: low LA-VE-EQ-------; high LA, low V E -E Q .......... ;
high LA-VE, low  EQ ---------; high LA-EQ, low  V E ------------- . Num erals indicate number of m ales from
which data were derived when less than 6 m ales were involved.
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TA B LE 3

Effect of increasing volume and num ber of sperm insem inated  per hen on fert il izing capacity  of males  
fed diets high in linoleic acid  w i th  and w ithout added v i tam in  E

Treatment nÌ& s Volume
inseminated

Optical
density

Sperm 
index 1

Fertility
All Paired

ml

26th Week
% %

High linoleic acid — low
vitam in E (diet 2 )  3 0 .0 6 (1 )  2 0.046 2.76 0 0

4 0 .0 6 (2 ) 0.161 9.66 0 0
8 0.1 — — 0 —

12 0.1 0.061 — 0 —

13 0 .0 7 (3 ) 0.174 12.18 0 0
17 — — — — —

Avg 0.111 8.20 0 0

High linoleic acid and
vitam in E ( diet 3 ) 7 0 .0 5 (1 ) 0.051 2.55 92.9 92.9

11 0.04 0.328 — 86.7 —
15 0.03 0.377 — 92.9 —
16 0.03 0.420 — 92.3 —

21 0 .0 4 (3 ) 0.268 10.72 75.0 75.0
23 0 .0 5 (2 ) 0.215 10.75 23.1 23.1

Avg

27th Week

0.277 8.01 77.2 63.7

High linoleic acid — low
vitam in E (d iet 2 )  3 0 .1 (4 ) 0.102 10.20 0 0

4 — — --- — —

8 0 .1 (5 ) 0.076 7.60 0 0
12 0.1 0.022 — 0 ___

13 0 .1 (6 ) 0.215 21.50 0 0
17 — — — — —

Avg 0.104 13.10 0 0

High linoleic acid and
vitam in E (d iet 3 )  7 0 .0 3 (5 ) 0.208 6.24 93.8 93.8

11 0 .0 3 (4 ) 0.319 9.57 100.0 100.0
15 0 .0 3 (6 ) 0.456 13.68 69.2 69.2
16 0.03 0.398 — 58.3 ------

21 0.03 0.552 — 100.0 —

23 0.03 0.456 — 100.0 —

Avg 0.387 9.83 86.9 87.7
1 To re fle c t re la tiv e  n u m b e rs  o f sp erm  u sed  fo r  in s e m in a tio n , o b ta in e d  by  m u ltip ly in g  th e  v o lu m e  o f sem en  

u s e d  x o p tic a l d e n sity  x 1000.
2 N u m b e rs  in  p a re n th e se s  re p re s e n t p a ire d  m a le s .

m in E and ethoxyquin; however, no clear- 
cut treatm ent effects on hatchability were 
observed to 13 weeks and the 21-week fig
ure is based on only one m ale and 2 fertile 
eggs, since only one of the 6 males fertil
ized any eggs at 21 weeks. No differences 
were observed between treatm ents for body 
weight (fig. IE ) and feed consumption 
(fig. IF ).

No differences in testes size between 
treatm ents were noted. Average weight of 
both testes per m ale for diets 1, 2, 3 and 4 
were 19.3 ±  3.7, 20.5 ±  12.5, 17.3 ±  6.6 
and 16.7 ±  2.8 g, respectively.

Increasing the volume of semen used 
from the group of males fed at the high 
level of linoleic acid without added vitam in 
E (diet 2) so that the total num ber of 
sperm (sperm  index) from this group and 
the group receiving added vitam in E (diet
3) were more comparable, failed to im 
prove the fertility of eggs during the 26th 
and 27th week of the experim ent (table
3 ). In all instances where increased 
am ounts of semen were used, fertility was 
zero from all males fed the diet contain
ing the high level of linoleic acid without 
vitam in E, indicating that this diet ad
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versely affected the fertilizing capacity of 
the sperm.

These observations show that a diet con
taining a high level of linoleic acid in the 
absence of supplem ental levels of vitamin 
E and ethoxyquin has an adverse effect on 
fertility of adult male chickens. These ob
servations are interesting in  view of those 
of Machlin et al. (2 )  showing that high 
linoleic acid without vitam in E and ethoxy
quin resulted in decreased fertility of hens. 
Contrary to the work of Adamstone and 
Card (1 ) , feeding a diet to males deficient 
in vitam in E without a high level of lino
leic acid did not adversely affect fertilizing 
capacity. It is recognized, however, that 
this experim ent did not extend over a 2- 
year period as did their experiment. These 
results suggest that vitam in E like ethoxy
quin serves prim arily as a biological antiox
idant. Of particular interest is the ob
servation that semen volume was not 
adversely affected, whereas sperm concen
tration was. Furtherm ore, increasing the 
num ber of sperm used for insem ination 
failed to exert any beneficial effect on per
centage of eggs fertilized, indicating that 
feeding rations high in  linoleic acid and 
low in vitam in E and ethoxyquin not only 
reduced the num bers of sperm but also the 
fertilizing capacity of those that were pro
duced.
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Interrelationships of Molybdenum and Copper 
in the Diet of the Guinea Pig

DAVID ARTHUR
Departm ent of Nutrit ion, Ontario Agricultural College, University of
Guelph, Guelph, Ontario, Canada

ABSTRACT  Five experim ents were conducted to study the effect o f molybdenum  
upon m olybdenum  and copper m etabolism  in  the guinea pig. An excess of dietary 
m olybdenum  resulted in  poor growth, excessive mortality and achromotrichia in  
colored anim als. Copper was effective in  alleviating the achrom otrichia but only 
partially effective in  overcom ing growth depression. M olybdenum ingestion increased  
the m olybdenum  content of blood, liver, kidney and hair and decreased the copper 
content of hair. The addition of copper to m olybdenum  supplem ented diets increased  
the copper content of kidney and hair. There are m any sim ilarities between the 
effects of m olybdenum  and the m olybdenum  copper interrelationships observed here 
for the guinea pig and those reported in  the literature for rum inant anim als. It is 
thus suggested that the guinea pig is a reasonably suitable experim ental anim al for 
basic work in this area w hich m ay have application to rum inants.

The toxicity of excess dietary molybde
num  and the therapeutic effect of copper 
upon molybdenosis has been shown in 
cattle (1, 2 ) , in  rabbits (3 )  and in  rats 
(4 -7 ) . Fairhall et al. (8 )  studied the ef
fects of molybdenum ingestion upon rats 
and guinea pigs.

The toxic effects of molybdenum inges
tion vary with the species. In cattle the 
outstanding features of molybdenosis are 
diarrhea, loss of weight and loss of coat 
color. In young rabbits the toxic syndrome 
is characterized by anorexia, loss of weight, 
alopecia and dermatosis, without diarrhea 
or achromotrichia. In ra ts and guinea 
pigs, anorexia and retardation of growth 
or loss of body weight appear to be indica
tions of molybdenum toxicity.

A reciprocal antagonism  between molyb
denum  and copper, in which the level of 
dietary molybdenum affects copper m etab
olism and the level of dietary copper af
fects molybdenum metabolism, has been 
dem onstrated in  cattle, sheep, rabbits and 
rats. Such interrelationships have not 
been studied in  the guinea pig.

Molybdenum-induced achrom otrichia is 
characteristic of cattle (2 )  and of sheep
(9 ) but does not appear in rabbits (3 ) . 
Although achrom otrichia occurs as a re
sult of a simple copper deficiency in  rats
(1 0 )  , molybdenum-induced depigm enta
tion does not appear to occur in  these ani

mals and its occurrence in  guinea pigs has 
not been reported.

The present paper is a report of 5 ex
perim ents conducted in  an  endeavor to re
late the symptoms of molybdenosis ob
served in  cattle to those in a suitable lab
oratory anim al and to increase the knowl
edge concerning the effect of molybdenum 
ingestion upon the guinea pig. The effect 
of molybdenum upon the guinea pig and 
the interrelationships of copper and molyb
denum  in this anim al were also studied 
with em phasis being placed upon the com
position of blood, liver, kidney and hair.

METHODS AND MATERIALS

Experim ental diets were prepared by ad
ding reagent grade sodium molybdate (Na2 
Mo04'2H 20 )  or copper sulphate (CuSCh- 
5H20), or both, to each of 2 diets. One basal 
diet, used in  the first 2 experim ents, was a 
commercial laboratory fe e d * 1 which, on 
analysis, contained 8.9 ppm copper, 0.3 
ppm molybdenum, 0.25% sulphate and 
23.1% protein. The second basal diet, con
taining a lower level of copper was used in 
experiments 3, 4 and 5 and had the fol
lowing com position: commercial labora
tory feed,2 2270 g, dry powdered whole

R eceived  fo r  p u b lic a tio n  M arch  26, 1965.
1 G u in e a  P ig  C how , R a ls to n  P u r in a  C o m p an y  of 

C a n a d a , W oodstock , O n ta rio .
2 See fo o tn o te  1.
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milk,3 2015 g, cellulose,4 255 g. This diet 
contained 5.6 ppm  copper, 1.8 ppm mo
lybdenum, 0.13% sulphate and 24.7% pro
tein. Ascorbic acid (0.2 m g /m l) was 
added to the drinking water in the last 3 
experiments to overcome any deficiency 
which m ight be induced by diluting the 
laboratory feed with milk. W hen com
pared in  a feeding trial, the low copper 
diet gave equally as good growth as the 
laboratory feed. In the various experi
m ents, from 3 to 15 individually penned 
guinea pigs were fed each diet. In all but 
the first experiment the guinea pigs were 
weanling animals weighing 250 to 350 g. 
In  the first experiment the animals 
weighed 300 to 400 g. Both sexes were 
used and the pigs were randomly allotted 
to each diet.

The guinea pigs were reared in an air 
conditioned room, in  cages with raised 
wire-mesh floors. Feed and water were 
given ad libitum. Criteria in the various 
experim ents included body weight gain, 
m ortality, incidence of grey hair and cop
per and molybdenum content of hair, 
blood, liver and kidney. W hen mortality 
caused a loss of data, the anim als that 
died during the course of the trial were re
placed by others of similar initial weight. 
Such pigs were m aintained with the test 
diet for the full experim ental period.

Whole blood for analysis was obtained by 
severing the blood vessels of the neck, col
lecting the blood in  a beaker, treating it 
with sodium oxalate and then digesting a
5-ml aliquot with nitric and perchloric

acids before analyzing colorimetrically for 
copper and molybdenum. W hen the ani
m al had been exanguinated, liver and kid
ney tissues were removed, freeze-dried and 
extracted with diethyl ether before anal
ysis. Samples of hair were washed with 
50% ethanol, air-dried and then extracted 
with diethyl ether before analysis. Copper 
was determined in feeds and biological 
m aterial by an adaptation of the 2-2'-bi- 
quinoline m ethod of Cheng and Bray (1 1 ) 
and molybdenum by the thiocyanate 
method of Sandell (1 2 ). Sulphate was 
determ ined in  feeds by the method of 
W ynne and McClymont (1 3 ).

EXPERIMENTAL AND RESULTS

The first experiment was designed to 
determine the tolerance of guinea pigs to 
molybdenum. Five guinea pigs, some of 
which were white and others black, were 
m aintained for 8 weeks with each of 9 
diets consisting of commercial laboratory 
feed 5 to which were added graded levels 
of molybdenum from 1000 to 8000 ppm. 
The dietary treatm ents and results of this 
experim ent are presented in  table 1.

Although supplem ental molybdenum 
caused an accum ulation of molybdenum 
in the livers of the animals, it exerted no 
m arked effect upon the copper content of 
those organs. Weight gains decreased with 
added molybdenum from zero to 4000 ppm 
at 1000-ppm increm ents and losses in

3 T ru m ilk , T h e  B o rd en  C o m p an y , T o ro n to , O n ta rio .
4 A lp h ace l, N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , 

C leveland .
5 See fo o tn o te  1.

TABLE 1
Effect of dietary m olybdenum  upon the copper and m olybdenum  content of guinea pig livers

and upon hair color and growth

Mo
ad d ed

L iver, d ry , fa t-f re e G rey ing  
in d e x  1 M o rta lity Avg 8-w eek 

g a inC opper M oly b d en u m

p p m p p m p p m 9
0 3 0 . 7 ± 2 . 6  2 7 .8  ± 0 . 6 0 / 2 0 3 1 6  ±  21

1 0 0 0 3 4 .8  ± 1 . 5 2 9 .2 ±  1.7 0 / 1 1 1 1 5 ±  15
2 0 0 0 4 2 .0  ± 1 . 6 4 2 .4  ± 6 . 5 2 / 2 1 73 ± 2 3
3 0 0 0 3 9 .7  ±  7 .6 5 2 .1  ± 4 . 2 1 /1 1 77  ± 3
4 0 0 0 3 6 .4  ±  8 .2 4 4 .5  ± 8 . 1 2 / 2 2 10 ± 2
5 0 0 0 4 4 .2  ± 8 . 3 6 7 .2  ±  2 .9 0 / 0 1 — 2 8  ±  2 0
6 0 0 0 3 7 .8 8 2 .3 0 / 0 4 - 4 5
7 0 0 0 5 1 .7 6 1 .7 1 /1 4 - 3 0
8 0 0 0 3 1 . 8 ± 8 .8 6 1 . 0 ± 3 . 7 1 /1 3 — 9 6  ± 3 8

1 N u m e ra to r  in d ic a te s  th e  n u m b e r  o f b la c k  p ig s  w hose  c o a t tu rn e d  grey ; d e n o m in a to r , th e  n u m b e r  
o f b la c k  a n im a ls  fe d  d ie t.

2 s e  o f  m e a n .
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weight occurred beyond the level of 4000 
ppm of supplem entary molybdenum.

The color of the hair of black guinea 
pigs, as indicated by the “greying index” 
of table 1, changed to grey when 2000 
ppm or more of molybdenum were added 
to the commercial diet. The appearance 
of the grey hair began at the fourth week 
of the feeding period and appeared over the 
whole body in  individual hairs, giving a 
“salt and pepper” effect. This phenomenon 
was observed in  red and brown guinea 
pigs under sim ilar feeding conditions.

Experim ent 2 was designed to investi
gate the effect of additional dietary copper 
upon the symptoms induced by the feeding 
of diets supplemented with 2000 ppm mo
lybdenum. The prim ary interest in this ex
perim ent was the effect of the treatm ents 
upon the color of the hair. Ten colored 
guinea pigs, black, black and white or 
brown were assigned to each diet.

The basal diet in this experim ent was 
the commercial laboratory feed.6 The ex
perim ent was a factorial arrangem ent in 
volving zero and 2000 ppm molybdenum 
and zero, 10 and 20 ppm of supple
m entary copper. The results are shown in 
table 2.

All of the colored anim als whose diets 
contained 2000 ppm of added molybde
num  or 2000 ppm molybdenum and an 
additional 10 ppm copper, developed grey 
hair (greying index, table 2 ). The inclu
sion of 20 ppm  copper, however, overcame 
this depression of the norm al pigm entation 
in  9 of 10 animals.

Molybdenum accum ulated in the liver 
as a result of supplem ental dietary molyb

denum  in the presence or absence of addi
tional copper in the diet. In agreem ent 
with the results of the first experiment, the 
addition of molybdenum to the diet did 
not appear to influence the level of copper 
in  the liver. There is an indication, how
ever, that the addition of 20 ppm copper to 
the diet increased the level of copper in  the 
liver in  the absence of supplem ental mo
lybdenum and to a lesser extent in the 
presence of added molybdenum.

The weight gain data indicate that the 
depression which occurred when molyb
denum  was fed at a level of 2000 ppm, 
was only slightly alleviated by the addi
tion of copper to the diet at levels of 10 
and 20 ppm.

One of the observations m ade in  the 
first 2 experiments was the depigm enta
tion of guinea pig hair by molybdenum in 
gestion. Goss and Green (1 4 ) reported 
that the copper content of norm al fleece in 
sheep was higher than  that of fleece which 
had become grey as a result of molybde
num  ingestion. Cunningham  and Hogan 
(15) observed that the molybdenum con
tent of bovine hair and ovine fleece was 
markedly increased by increased dietary 
molybdenum. Experim ent 3 was con
ducted to determine whether these phe
nom ena also applied to the hair of the 
guinea pig. Since it appeared from ex
perim ent 2 that the level of copper in the 
ration influenced the frequency with which 
the molybdenum-induced depigmentation 
occurred, it was decided to use the diet 
containing a low level of copper in com-

6 See fo o tn o te  1.

TABLE 2
Effect of  added dietary copper and  m olybdenum  upon hair color, upon the copper and  

m olybdenum  conten t  of  liver and upon growth of guinea pigs

D iet s u p p le m e n ta tio n G rey in g  
in d e x  1

L iv e r co m p o sitio n , 
d ry , fa t-f re e Avg 8-w eek 

g a inCu M o C u Mo

p p m
0

p p m
0 0 / 1 0

p p m
2 3 . 5 ±  2 .8  2

p p m
6 . 2 ±  1 .0

9
2 8 3  ± 3 9

10 0 0 / 1 0 2 2 ,3  ± 2 . 4 3 .4  ± 0 . 4 2 4 2  ± 6 0
2 0 0 0 / 1 0 5 9 .5  ±  8 .4 4 .4  ± 0 . 3 2 6 2  ± 4 6

0 2 0 0 0 1 0 /1 0 2 1 .3  ±  3 .5 4 2 .4  ± 4 . 8 9 2  ± 4 8
10 2 0 0 0 1 0 /1 0 2 6 .0 ±  1.1 2 8 .1  ±  2 .9 131  ±  4 0
2 0 2 0 0 0 1 /1 0 3 4 .3  ± 4 . 3 3 9 . 0 ± 4 .2 1 1 7 ±  39

1 N u m e ra to r  in d ic a te s  th e  n u m b e r  o f co lo red  g u in e a  p ig s w hose  c o a t tu rn e d  g rey ; d en o m in a to r , 
th e  n u m b e r  o f co lo red  a n im a ls  fe d  d ie t.

2 s e  o f  m e a n .
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bination with several levels of supple
m entary molybdenum.

Fourteen guinea pigs, either black, 
white, red or brown in color were assigned 
to each diet. The hair was clipped from 
the back and sides of the pigs before they 
were fed the experim ental diets and these 
lots of hair were retained for analysis. 
After one week the hair was clipped again 
to insure that any hair resem bling the first 
cut in  composition would have passed 
through the epidermis. This hair was dis
carded. After 4 weeks, the growth period 
of guinea pig hair (1 6 ), the hair was 
clipped again and retained for analysis. At 
this time the control diet was substituted 
for the molybdenum-supplemented diets. 
One week later the hair was clipped again 
and discarded. The pigs were continued 
with the control diet for a further 3 weeks, 
during which time the hair grew sufficient
ly to obtain an adequate sample. The hair 
was clipped and analyzed. The results of 
this experiment are shown in table 3.

The data in  table 3 show that during 
the 5-week period when the diets con
tained supplem entary molybdenum, the 
level of copper in  the hair was reduced to 
less than  half and the molybdenum in 
creased markedly as the level of supple
m entary molybdenum was increased. In 
the second period of the experim ent, when 
all of the pigs received the basal diet, the 
copper content of the hair was largely re 
stored and there was a m arked reduction 
in the molybdenum content of new hair 
of the pigs which had been fed molybde
num  in the first phase of the experiment. 
Exam ination of the data, grouped accord
ing to hair color, showed that color was 
not consistently related to the copper or 
molybdenum content either in  the con
trol or experim ental diets.

The greying indexes in  table 3 show that 
during the period of molybdenum ingestion 
the developing hairs of some of the colored 
guinea pigs were grey, the effect being 
pronounced at levels of 500 ppm and 
greater. W ith the change to the basal diet, 
norm al pigm entation of the new hair took 
place.

Weight gains of the anim als fed the 
molybdenum-supplemented diets were less 
than  the gains of those fed the control diet. 
In the second phase of the experiment
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there was a compensatory improvement in 
growth in those anim als whose weight 
gains had been depressed by molybdenum 
feeding, with these anim als tending to 
catch up to those fed the lower levels of 
the mineral.

Since the ingestion of molybdenum in 
creased the molybdenum content of hair 
and lowered its copper content, in experi
m ent 3, the following experim ent was con
ducted to determine the effect upon other 
tissues, namely, blood, liver and kidney. 
In this prelim inary trial 3 weanling guinea 
pigs were assigned to each of 5 low cop
per diets, supplemented with zero to 2000 
ppm molybdenum, for 8 weeks. One ani
mal, fed at the highest level of molybde
num , died during the experim ental period 
and was not replaced. The results of this 
experim ent are presented in  table 4.

There was an increase in  the level of 
molybdenum in the blood, liver and kidney 
with increasing levels of molybdenum in 
the diet. The addition of molybdenum to 
the diet resulted in an increase in the cop
per level in the blood and kidney. These 
elevated levels of copper were relatively 
constant, being independent of the level 
of molybdenum from 200 to 2000 ppm 
added to the diet. The copper content of 
the liver decreased as the level of molybde
num  in the diet was increased above 500 
ppm. As in previous experim ents, weight 
gain decreased with an increase in dietary 
molybdenum.

Previous experim ents indicated that 
molybdenum ingestion resulted in changes 
in the copper and molybdenum content of 
guinea pig hair and in  a depression of 
growth. The results of experim ent 2 
showed that the addition of copper to a

molybdenum-supplemented diet could over
come molybdenum-induced achromotrich- 
ia. Experim ent 5 was designed to study 
the effect of additional dietary copper upon 
the composition of guinea pig hair and 
other tissues and upon the growth of ani
mals suffering from molybdenosis.

Fifteen weanling guinea pigs of mixed 
colors were assigned at random  to each of 
6 diets for 9 weeks. The basal diet con
tained the low level of copper and served 
as a control. To the other 5 diets were 
added 500 ppm molybdenum and graded 
levels of copper from 3 to 24 ppm. The 
hair was clipped from the back and sides 
of the pigs before they were fed the diets 
and it was analyzed for copper and molyb
denum. One week later the hair was 
clipped again and discarded. At the end 
of the fifth and ninth weeks hair samples 
were obtained and analyzed. The anim als 
were killed at the end of 9 weeks, when 
samples of blood, liver and kidney were 
obtained for analysis. The results of this 
experim ent are shown in table 5.

W hen 500 ppm molybdenum were added 
to the control diet, the copper content of 
the hair was decreased and the molybde
num  content increased. These changes 
were evident in  both the fifth- and ninth- 
week samples which were almost the same 
in their content of these m inerals. The 
addition of copper to the molybdenum-sup
plem ented diets resulted in  an increase in 
the copper content of the hair and 17 ppm 
overcame the depression in  copper content 
of the hair which resulted from the addi
tion of 500 ppm molybdenum to the diet. 
Copper was without effect in altering the 
high molybdenum content (50 to 60 ppm ) 
of the hair, brought about by the ingestion

TA B LE 4
Effect of dietary m olybdenum  upon the composition of blood, liver and kidney and  

upon the growth of guinea pigs

Mo
add ed

B lood i L iv er K idney 1 Avg 8-w eek 
g a inCu Mo Cu Mo Cu Mo

ppm. l i g / 100 m l f ig /100  m l p p m p p m p p m p p m 9
0 28 4 5 1 2 .5  +  0 .9  2 3 .7  +  0 .3 2 4 .6 4 .5 2 3 5  +  13

2 0 0 2 5 9 6 0 0 1 6 .3  +  2 .7 1 7 .0  +  3.1 7 7 .3 7 2 .6 1 4 5  +  3 2
5 0 0 2 0 7 8 2 8 1 2 . 2 + 1 .5 1 8 . 2 + 1 .7 6 8 .4 7 7 .1 1 28  +  7

1 0 0 0 2 5 2 11 0 1 9 . 7 +  2 .9 2 8 ,3  +  3 .3 — 8 4 .3 9 9 + 1 8
2 0 0 0 2 3 1 1 4 4 0 6 .7  ±  1 .5 3 1 . 3 + 1 .9 8 4 .4 1 2 7 .5 6  +  2

1 A n a ly ses  o f b lood  a n d  k id n e y  on  poo led  sam p les .
2 s e  o f  m e a n .
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of a diet containing 500 ppm  molybde
num. The coats of the colored guinea pigs 
that were fed 500 ppm molybdenum but 
no additional copper lost color at 4 to 5 
weeks. No greying was observed in  the 
coats of those anim als fed the control diet 
or fed the diets supplem ented with 3 to 24 
ppm copper.

The levels of copper and molybdenum in 
the blood (table 5) increased as the molyb
denum in the diet was increased by 500 
ppm. The addition of copper to the diet 
did not change appreciably either of these 
elevated levels of copper or molybdenum.

The inclusion of 500 ppm molybdenum 
in the diet increased the molybdenum 
content of the liver and it did not change 
the level of liver copper appreciably. How
ever, increasing the copper content of the 
diets which contained supplem ental mo
lybdenum increased both the copper and 
molybdenum content of the liver.

Molybdenum supplem entation of the 
diets increased both the molybdenum and 
copper content of the kidneys. Increasing 
the copper in  high molybdenum diets fu r
ther increased both the copper and molyb
denum  observed in the kidneys.

The addition of 500 ppm molybdenum 
to the control diet resulted in  reduced 
weight gain. Increasing the copper con
tent of the molybdenum-supplemented 
diets tended to overcome this depression 
but the highest level of copper added (24 
ppm ) did not entirely restore the growth 
of the guinea pigs (table 5).

DISCUSSION

The results of these experim ents indi
cate that dietary molybdenum interferes 
with the utilization of copper by the 
guinea pig and that part of this in terfer
ence can be overcome by the addition of 
copper to the diet. In some respects the 
observations made here are similar to those 
reported for the effects of molybdenum in 
rum inant animals.

The addition of molybdenum to the 
guinea pig diets (exps. 1, 2 and 3) re
sulted in  achrom otrichia, a condition 
which disappeared when the molybdenum 
was w ithdraw n (exp. 3) and which could 
be reduced by the addition of copper to 
the diet (exp. 2 ). The phenom enon of 
varying degrees of achrom otrichia noted

in our experiments has also been observed 
in cattle (2 ) and sheep (9 ) under similar 
conditions.

An increase in dietary molybdenum re
sulted in an increased deposition of molyb
denum  in guinea pig hair and a decrease 
in its copper content (exps. 3 and 5). 
Further additions of copper to the diets 
overcame the effect of molybdenum upon 
the copper content but did not alter the 
molybdenum content, indicating that al
though the molybdenum was still present, 
its effect upon the copper composition of 
the hair was limited. Similar effects have 
been observed in cattle and sheep (1 5 ).

W hen the concentration of copper in the 
diet was low, the ingestion of molybdenum 
decreased the am ount observed in the liver 
(exp. 4) but in the presence of sufficient 
dietary copper the level of copper in  the 
liver was m aintained (exps. 1 and 2).

Dick (18 ) showed that in  sheep there 
was an increase in the copper content of 
liver as the total daily copper intake was 
increased. He reported that dietary molyb
denum  limited the am ount of copper stored 
in the liver and that there was a quantita
tive relationship between the copper intake 
and the am ount of molbydenum which had 
to be given to prevent the accum ulation of 
copper in the liver.

The increase in the copper content of the 
blood with molybdenum consumption 
(exps. 4 and 5 ), as observed in  this study 
indicates a probable withdrawal of copper 
from other tissues. Dick (1 7 ) reported 
that at very high levels of molybdenum 
and of sulphate in the diet there was an 
immediate increase in the copper content 
of the blood. Cunningham  et al. (1 9 ), 
however, reported that Jersey cattle fed a 
diet low in copper and containing 0.1% 
sulphate showed a decrease in the concen
tration of copper in the blood when addi
tional molybdenum was included in the 
diet. The effect of varying the sulphate 
content of guinea pig diets is presently 
being studied.

Analyses of guinea pig kidney tissue in 
cases where excess molybdenum was fed 
indicated a m arked increase in both the 
molybdenum and copper content. The in 
creased molybdenum content may be a 
reflection of greater excretion in the urine 
of the ingested molybdenum as this is the
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norm al excretory pathway. W hether or 
not elevated levels of copper in the kidney 
are an indication of copper excretion in the 
urine as a result of molybdenum ingestion 
is a m atter for further study.
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Urinary Nitrogen and Sulfur Excretion in Dogs 
under Different Dietary Treatments 1,2

RICARDO BRESSANI, J. EDGAR BRAHAM, LUIZ G. ELIAS 
a n d  RAÜL BALCONI3
Institute  of Nutrit ion of Central America and Panama (INCAP),  
Guatemala, Central America

ABSTRACT  Nitrogen balance studies w ith dogs were carried out to determine the 
relationship between urinary nitrogen and sulfur excretion, under different dietary 
treatm ents. The results indicate that the variation of urinary sulfur is slightly higher 
than that of urinary nitrogen excretion. Although urinary nitrogen and sulfur ex
cretion varied am ong individual dogs, the N /S  ratio was sim ilar for all anim als. A 
parallelism  between urinary nitrogen and sulfur excretion was noted w hen the protein  
of the diet fed w as of relatively high nutritional value, during a decrease in  nitrogen 
intake and during protein depletion. Urinary nitrogen and sulfur excretion did not 
parallel each other w hen  the anim als were fed at a low level of a m ethionine-deficient 
protein and its supplem entation w ith the am ino acid. A decrease in  the intake of 
calories caused an increase in urinary nitrogen excretion but did not affect urinary 
sulfur excretion. It was also observed that the supplem entation of a protein deficient 
m ainly in  lysine and tryptophan w ith sm all am ounts of good quality proteins de
creased urinary nitrogen excretion but did not affect sulfur excretion. It is suggested  
that the determ ination of the urinary sulfur excretion helps in the interpretation of 
nitrogen balance studies, as related to diet and physiological condition of the animal.

Relatively few studies have reported the 
factors affecting excretion of urinary sul
fur. Since m ethionine is an essential 
amino acid and component of proteins, 
investigations of urinary sulfur excretion 
would be helpful in  obtaining more infor
m ation on nitrogen metabolism as related 
to diet. Eckert (1 )  observed a linear 
relationship between absorbed sulfur and 
urinary inorganic sulfate sulfur, similar 
to that described by Allison and Anderson 
(2 ) for absorbed and urinary nitrogen 
and nitrogen balance. It has been sug
gested, therefore, that sulfur excretion can 
be used as a m easure of protein quality. 
Other workers (1, 3 -5 ) , studying the 
relationship between urinary nitrogen and 
sulfur excretion, noted a close relationship 
between the 2 elements. Bressani et al.4 
also studied sulfur excretion in  compari
son with nitrogen excretion in  amino acid 
im balance feeding conditions. In these 
studies a difference in  the pattern  of ex
cretion between sulfur and nitrogen in 
urine was reported. Recently, Miller and 
Naismith (6 )  and Miller and Donoso (7 ) 
studied the sulfur content of foods, as an 
indicator of the deficiency of total sulfur- 
containing amino acids in proteins and of

the protein value of diets. They reported 
that the sulfur content of food could be 
used to predict protein value. More infor
m ation on sulfur metabolism and its rela
tion to nitrogen metabolism is needed to 
interpret more efficiently the newer modi
fications of protein quality evaluation (8,
9). Therefore, the results of several ex
perim ents in dogs carried out during the 
last 3 years are presented in  this paper to 
show the behavior of urinary sulfur ex
cretion in comparison with nitrogen excre
tion under different dietary treatm ents.

MATERIAL AND METHODS

In a series of experiments, factors 
affecting nitrogen balance were studied to 
determine whether urinary sulfur excre
tion would behave as urinary nitrogen 
excretion. The experiments were carried

R eceived  for p u b lication  A pril 1, 1965.
1 Presented in  part at the m eetin gs o f th e Federation  
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out in  healthy, deparasitized dogs 3 to 8 
m onths of age. The anim als were housed 
in individual metabolism cages, weighed 
daily before feeding, and fed once a day 
at 8:00 a .m . Feeding was performed by 
weighing daily the am ount of food accord
ing to body weight and adding to it 600 
cm3 of hot water and allowing to cool to 
32° before feeding. Balance periods 
lasted 4 days. Urine was collected in dark 
bottles containing 1 cm3 of concentrated 
acetic acid and both urine and feces were 
collected twice a day and stored at 4° 
until analysis was performed. Each 4-day 
collection of urine and of feces was ho
mogenized, volume and weight noted and 
representative aliquots w ithdrawn for n i
trogen analysis by the Kjeldahl method. 
Total inorganic sulfur was m easured in 
urine using the gravimetric m ethod of 
Folin (1 0 ). No attem pts were m ade to 
determine ethereal sulfate and sulfur and 
organic sulfur excretion, since they have 
been shown to be independent of sulfur 
intake, are not influenced by diet and tend 
to rem ain nearly constant (1, 3, 11, 12).

V a r ia b i l i t y  o f  u r in a r y  n i t r o g e n  a n d  su l
fu r  ex c re t io n .  In the first experim ent the 
variability in urinary nitrogen and sulfur 
excretion under constant nitrogen and 
calorie intake was studied. Four male 
dogs, 3 m onths of age, from the same 
litter were used. The initial weights were 
4.35, 4.17, 4.76 and 4.01kg. The dogs 
were fed approximately 6 g of protein and 
130 kcal/kg body w eight/day for 32 days 
with a casein diet and 32 days on a diet 
made with INCAP vegetable m ixture 9
(13). The casein diet fed consisted of: 
(in  per cen t) casein, 25; DL-methionine, 
0.3; hydrogenated vegetable fat, 10; m in
eral m ixture (1 4 ), 2; cod liver oil, 1; 
cellulose, 2.7; sucrose, 15; dextrin, 7.4; 
and dextrose, 36.6; plus 5 ml of a com
plete vitam in solution (15 ) per 100 g. 
This diet contains around 22% protein 
and 418 kcal/100 g. To adjust the intake 
of calories to the required level, a nitro
gen-free diet was fed in which casein and 
methionine in the diet described above 
were replaced by dextrin; the nitrogen- 
free diet contained 418 kcal/100 g. Vege
table m ixture 9 was fed as such together 
with specific am ounts of the nitrogen-free 
diet. In this experiment, 8 consecutive

balance periods of 4 days’ duration each, 
were analyzed for each protein source.

E ffec t  o f  s u p p le m e n ta t io n  o f  c a s e in  w i t h  
m e th io n in e  a t  3 le ve ls  o f  n i t r o g e n  in ta k e .  
In the second experiment, 9 dogs divided 
in groups of three, were used. One group 
received 3.0 g of protein, the second 6.0 g 
and the third 7.2 g of p ro tein /kg  body 
weight/day. Calories were set at 120 k ca l/ 
kg/day. Data on three 4-day balance 
periods were obtained from each group of 
dogs with a casein diet equal in composi
tion to the one described above but w ith
out added methionine, and also three 4- 
day balance periods for each group of 
dogs with the casein-plus-methionine diet 
described above. The group fed low pro
tein had an average initial weight of 2.70, 
the second group averaged 4.02 and the 
third 8.08 kg and the ages ranged from 
5 to 7 months.

E ffec t  o f  d e c re a s in g  n i t r o g e n  in ta k e .  
In a third experiment, 3 dogs with an 
initial weight of 9.05, 9.48 and 9.04 kg 
were used. The dogs were fed the casein- 
plus-methionine diet described above. The 
protein intake for three 4-day balance 
periods was about 1.1 g /kg /day . It was 
then decreased to approximately 0.5 g, 
whereas the intake of calories was ad
justed to 120 kcal/kg /day , by feeding 
small am ounts of the nitrogen-free diet. 
The lower level of nitrogen intake was 
m aintained for 8 additional 4-day balance 
periods.

E ffe c t  o f  p r o te in  d ep le t io n .  The fourth 
experiment was designed to study urinary 
nitrogen and sulfur excretion during pro
tein depletion followed by protein reple
tion. Four dogs, initially weighing 16.7,
11.4, 13.4, and 10.6 kg, were used. The 
anim als were fed a nitrogen-free diet of 
the following percentage composition: 
cornstarch, 20; m ineral m ixture (1 4 ), 2; 
cod liver oil, 1; and 5 ml of a complete 
vitamin solution (15 ) per 100 g of diet. 
The diet contained 436 kcal/100 g and 
the dogs received an am ount of food pro
viding 130 kcal/kg  of body w eight/day. 
The nitrogen-free diet was fed for 6 bal
ance periods of 4 days duration each. 
After the sixth period, or 24 days, the dogs 
were repleted by feeding vegetable m ix
ture 9 (13 ) as the source of protein, and 
the nitrogen-free diet described above as
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the source of additional calories and other 
nutrients for 3 more 4-day balance 
periods.

Effect of calorie restriction. The effect 
of calorie intake was studied in  the fifth 
experiment, in which 4 dogs were used, 
fed at a constant level of protein at 2 
levels of intake of calories, 140 and 85 
kcal/kg body w eight/day. At the begin
ning of the study the anim als weighed 
8.41, 6.89, 8.69, and 6.64 kg. Vegetable 
m ixture 9 (1 3 ) was fed as the source of 
protein, and the intake of calories was 
adjusted with the nitrogen-free diet de
scribed above. Protein intake at the low 
and high intake of calories was approxi
mately 6.0 g /kg  body w eight/day. At the 
higher intake of calories, eight 4-day bal
ance periods were analyzed, whereas at 
the lower level five 4-day balance periods 
were examined.

Effect of the supplementation of poor 
quality protein on urinary sulfur.  Finally, 
to test the sensitivity of sulfur as a m eas
ure of supplem entation of poor quality 
protein, a sixth experim ent was carried 
out. In this study, 4 dogs weighing at the 
start 6.94, 5.73, 6.57, and 6.22 kg were 
used. For two 4-day balance periods, they 
were fed about 3.0 g of p rotein /kg body 
w eight/day of a diet made up of the fol

lowing: (in  per cen t) lime-treated corn 
flour, 78.0; corn gluten, 4.0; skim milk, 
5.0; m ineral mixture, 2.0; hydrogenated 
vegetable fat, 6.0; cod liver oil, 1.0; and 
vitamins. The milk in the diet was then 
replaced by an equivalent am ount of corn 
gluten and the diet fed to the dogs for 
two 4-day periods. In the last stage, 4% 
fish flour replaced an equivalent am ount 
of corn gluten protein and the diet was 
fed for two more 4-day balance periods. 
In all experim ents, the handling of the 
dogs was the same.

RESULTS

Variability of urinary nitrogen and sul
fur excretion. Table 1 presents the results 
of the first experiment. The coefficient of 
variation in  urinary sulfur excretion was 
higher than  that of urinary nitrogen ex
cretion for both sources of protein. How
ever, there was no statistical evidence that 
this difference was significant. It is prob
able that the higher coefficient of variation 
for sulfur excretion is due to the lower 
accuracy of the sulfur determ ination, as 
compared with the analysis of nitrogen in 
urine. Although urinary nitrogen and sul
fu r excretion varied among individual 
dogs, the N /S  ratio was sim ilar for all 
animals, within the diet fed.

TABLE 1
V a r i a t i o n  1 i n  u r i n a r y  n i t r o g e n  a n d  s u l f u r  e x c r e t i o n  i n  4  d o g s  f e d  2  t y p e s  o f  p r o t e i n  2

Dog
no. In ta k e

N itro g e n

U rin e R e ten tio n
U rin a ry

s u lfu r
U rin a ry  

N /S  ra tio

m g / k g / d a y m g / k g / d a y m g / k g / d a y m g / k g / d a y

C a s e in

i 9 5 4 4 5 0 4 2 2 3 4 .4 13 .3
2 9 5 9 4 6 2 3 9 7 3 5 .0 1 3 .7
3 9 5 6 5 1 8 3 8 3 3 6 .7 1 4 .7
4 9 5 8 5 5 4 3 1 0 3 6 .4 15 .6

A vg 9 5 9 4 9 1 3 7 8 3 6 .7 1 3 .5
SD 3 4 .5 3 6 .4 3 5 .8 3 .5 2 .5
c 3 3 .6 7 .4 9 .5 9.1 18 .5

V e g e ta b le  m i x t u r e  9

l 9 3 6 3 3 5 3 2 0 1 9 .7 1 7 .0
2 9 4 0 4 4 3 2 4 5 2 4 .5 1 8 .0
3 9 4 3 3 4 0 3 2 2 19 .5 1 7 .7
4 9 4 0 4 5 0 2 6 7 2 5 .0 18.1

A v g 9 4 0 3 9 2 2 8 8 2 2 .2 17.8
SD 2 5 .4 3 2 .9 5 0 .1 2 .3 2.1
c 2 .7 8 .4 1 7 .4 10 .4 11.8

1 E s tim a te s  o f v a r ia b il i ty  on  a  w ith in  dog b asis .
2 E a c h  v a lu e  re p re s e n ts  th e  a v e rag e  o f e ig h t 4-day  b a la n c e  periods .
3 Coefficient o f v a ria tio n .
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TA BLE 2

Effect of feeding casein at 3 levels w i th  and w ithout methionine on urinary nitrogen and
sulfur excretion in 9 dogs

Diet Balance Nitrogen Urinary Urinary
fed no.1 Intake Urine Retained sulfur N /S  ratio

m g/kg/day mg/kg/day mg/kg/day mg/kg/day
Casein i 497 453 -  4 16.8 26.9

2 505 437 +  7 13.3 32.8
3 511 427 +  47 9.7 44.0

Avg 504 ± 1 2 .0 439 ± 5 3 .0 +  16 ± 4 9 .3 1 3 .3 ± 3 .6
C asein +  DL-

m ethionine 1 534 361 126 10.3 35.2
2 558 295 241 11.1 26.7
3 561 269 250 12.8 21.0

Avg 551 ± 5 7 .7 308 ± 6 3 .7 206 ± 6 9 .7 1 1 .4 ± 3 .6

Casein 1 998 578 375 16.1 35.9
2 1006 563 400 14.5 38.7
3 973 554 389 15.2 36.5

Avg 992 ± 1 9 .0 565 ± 3 7 .0 388 ± 3 8 .3 15.3 ± 1 .4
Casein +  DL-

m ethionine 1 953 539 384 23.4 23.0
2 994 499 452 23.7 21.1
3 976 518 426 22.7 22.8

Avg 9 7 4 ± 2 0 .0 519 ± 2 9 .3 420 ± 4 0 .3 23.3 ± 2 .9

Casein 1 1161 617 504 17.3 35.6
2 1148 776 294 22.7 34.1
3 1130 750 348 24.7 30.4

Avg 1 1 4 6 ± 2 3 .0 714 ± 7 9 .3 382 ±  105.0 2 1 .6 ± 3 .1
Casein +  DL-

m ethionine 1 1134 705 375 24.2 29.1
2 1120 746 323 34.0 21.9
3 1106 642 418 27.2 23.6

Avg 1120 ± 2 0 .3 698 ± 7 2 .0 372 ± 7 1 .3 2 8 .5 ± 7 .8
1 Each balance period was of 4 days’ duration.

Effect  of supplementation of casein 
w ith m ethionine at three levels of nitrogen  
intake. Table 2 summarizes the results of 
the second experiment. At the low and 
interm ediate level of nitrogen intake when 
no m ethionine was added, urinary nitro
gen and sulfur excretion decreased with 
respect to time. At the high level, urinary 
nitrogen and sulfur excretion increased 
with respect to time. Addition of methio
nine at the low and interm ediate level of 
nitrogen intake decreased urinary nitrogen 
excretion, whereas urinary sulfur re
m ained essentially the same at the low 
level of intake and increased at the inter
m ediate level. W hen methionine was 
added at the high level of nitrogen intake, 
urinary nitrogen and sulfur excretion 
showed no trend, although on the average, 
nitrogen excretion was less than with the 
unsupplem ented diet, whereas sulfur ex
cretion was higher. The N /S  ratio with

the unsupplem ented diet increased at the 
low level of nitrogen intake and decreased 
at the high, with no change observed at 
the interm ediate level. W hen the supple
m ent was added, the N /S  ratio decreased 
with respect to time at the low level of 
nitrogen intake but showed no trend at 
the other 2 levels studied. W hen averages 
per treatm ent were compared, the N /S  
ratios were higher when the diet was 
without the m ethionine supplement than  
when it was added.

Effect  of decreasing nitrogen intake. 
Table 3 shows the effect of decreasing the 
level of nitrogen intake from approxi
mately 1.0 to 0.5 g /kg /day . Urinary n itro
gen and sulfur excretion was high at the 
higher level of nitrogen intake and de
creased when the intake of nitrogen was 
decreased. From the fourth period on, 
both urinary nitrogen and sulfur tended to
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increase. The urine N /S  ratio, however, 
rem ained constant.

Effect  of  protein depletion. Table 4 
presents the results of protein depletion on 
urinary nitrogen and sulfur excretion. 
Both urinary nitrogen and sulfur excretion 
decreased as depletion progressed, from 
the third to sixth period of depletion when 
they became almost constant. Feeding of 
protein increased both urinary nitrogen 
and sulfur excretion. The N /S  ratio, how
ever, decreased during nitrogen depriva
tion, but was sim ilar before and after pro
tein depletion.

Effect  of calorie restriction. The results 
on the effect of the intake of calories on 
urinary nitrogen and sulfur excretion is

shown in table 5. At the high level of 
intake of calories both nitrogen and sul
fu r excretion were parallel and did not 
differ between periods. At the lower level 
of calorie intake, urinary nitrogen and 
sulfur excretion were also sim ilar between 
periods, except in  period 2 in  which excre
tion of both was less. On the average, the 
low level of calorie intake resulted in  in
creased nitrogen excretion in urine, but in 
no change in  urinary sulfur when com
pared with the higher caloric intake level. 
The N /S  ratio was also higher for the 
lower intake of calories.

Effect  of  the supplementation of poor 
quality protein on urinary sulfur.  Table 6 
presents the data obtained on the effect of

TA BLE 3
Effect of  decreasing nitrogen intake on the urinary nitrogen and sulfur excretion in dogs

B alan ce
n o .1

N itro g e n

In ta k e  U rin e
U rin a ry
s u lfu r

U rin a ry  
N /S  ra tio

m g / k g / d a y m g / k g / d a y m g / k g / d a y
I n i t i a l 1 1 2 0 ± 2 0  2 6 9 8  ±  6 2 2 8 .5  ± 7 . 2 2 4 .5

1 5 4 3  ± 8 4 6 0  ± 4 0 1 9 .4  +  1.1 2 3 .7
2 5 3 9  ± 6 3 9 3  ± 1 5 1 8 .6  ±  2 .2 2 1 .1
3 5 3 2  ± 6 3 7 0  ± 2 3 1 4 .4  ± 2 . 7 2 5 .7
4 5 4 0  ± 8 3 3 4  ± 1 6 1 3 .0  ± 0 . 9 2 5 .7
5 5 5 0 ±  14 3 7 0  ± 1 0 1 2 .8  ± 0 . 9 2 8 .9
6 6 0 3  ± 2 0 4 0 8  ±  2 0 1 6 .8  ±  0 .9 2 4 .3
7 6 0 7  ± 2 2 4 4 7  ± 3 1 8 .4  ± 2 . 8 2 4 .3
8 5 6 4  ±  2 4 3 9 0 ±  16 1 5 .8  ± 0 . 2 2 4 .7

1 A verage  o f th e  4-day b a la n c e  p e rio d s  o f  3 dogs.
2 SD.

TA BLE 4

Effect of  protein depletion and repletion on urinary nitrogen and sulfur excretion in 4 dogs

B alan c e N itro g e n U rin a ry U rin a ry A vg w t
n o .1 In ta k e U rin e s u lfu r N /S  ra tio

i

m g / k g / d a y  

9 7 9  ± 4

m g / k g / d a y

4 9 7  ± 8 6

m g / k g / d a y  

B e f o re  d e p le t io n
2 3 .6 ±  1.8 2 1 .0

kg

1 2 .3 0  ± 2 . 3 9
2 9 7 8  ± 1 5 01  ± 8 0 2 6 .4  ± 5 . 1 1 9 .0 1 2 .5 6  ± 2 . 4 6
3 9 7 5  ± 6 4 5 3  ± 1 0 1 2 5 .4  ± 6 . 6 17 .9 1 2 .8 6  ±  2 .5 7

1 14 3  ± 2 1
D e p le t io n

1 1 . 6 ±  1.4 12 .3 1 3 .0 5  ± 2 . 7 2
2 — 1 1 4 ± 2 1 9 . 9 ±  1.5 1 1 .5 1 2 .9 3  ± 3 . 3 4
3 — 8 9  ± 2 0 8 .1  ±  2 .3 1 1 .0 1 2 .7 6  ± 2 . 7 0
4 — 8 4  ± 1 9 7 .8  ± 1 . 1 1 0 .8 1 2 .7 1  ±  2 .6 8
5 — 8 2  ± 5 7 .7  ±  0 .9 1 0 .7 1 2 .7 0 ±  2 .7 6
6 — 8 7  ± 2 9 7.1  ± 1 . 5 1 2 .2 1 2 .6 3  ± 2 . 5 2

1 9 8 6  ± 4 2 3 2 9  ± 9 6
R e p le t io n

1 4 .4  ±  4 .4 2 2 .9 1 2 .5 4  ± 2 . 0 8
2 9 5 1  ±  3 9 3 4 2  ± 1 1 5 1 4 .4  ± 5 . 3 2 3 .8 1 2 .6 9  ± 1 . 0 6
3 9 6 4  ±  58 3 6 0 ±  11 4 1 6 .9  ± 5 . 1 2 6 .6 1 3 .1 2 ±  1 .9 0

1 A verage o f th e  4 -day  b a la n c e  p e rio d s  o f 4 dogs.
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TABLE 5
Effect of intake of calories on urinary nitrogen and sulfur excretion in dogs (average 4 dogs)

Balance
no. Intake

Nitrogen
Urine Balance

Urinary
sulfur

Urinary 
N /S  ratio

mg/hg/day mg /  kg /  day mg/kg/day mg/kg/day

Intake of calories, 140 k ca l/k g /d a y
i 940 ± 2 8 404 ± 7 1 276 ± 5 3 23.2 ± 1 3 .1 17.5
2 939 ± 2 3 386 ±  68 3 1 2 ± 4 1 22.4 ±  3.6 17.4
3 939 ±  23 397 ±  51 284 ± 4 0 21.9 ±  3.2 18.1
4 941 ± 2 8 382 ± 7 2 282 ±  65 21.3 ±  3.2 17.9

Avg 940 ±  24 392 ± 6 5 288 ± 5 0 22.2 ±  5.8 17.7

Intake of calories, 85 k ca l/k g /d a y
1 1005 ± 4 485 ± 6 9 305 ± 6 1 21.2 ±  3.7 22.9
2 1006 ± 2 4 423 ± 1 5 5 3 5 8 ±  112 18.9 ±  7.7 22.4
3 1014 ± 1 7 5 3 6 ±  131 241 ± 9 4 23.4 ±  5.8 23.0
4 1016 ±  22 594 ± 1 2 0 179 ±  87 24.1 ±  4.8 24.7
5 1014 ± 17 581 ± 9 5 219 ±  66 23.3 ±  3.3 24.9

Avg 10 1 1 ± 17 5 2 4 ± 114 260 ±  84 22.2 ±  5.1 23.6

Effect of supplementing
TABLE 6

a corn protein diet  w i th  skim m ilk  and fish flour on urinary nitrogen and  
sulfur excretion (average for 4 dogs)

Additions 
to basal 

diet Intake
Nitrogen

Urine Balance
Urinary
sulfur

Urinary 
N /S ratio

mg/kg/day m g/kg/day mg/kg/day mg/hg/day
5% skim milk 484 ±  14 272 ± 1 6 9 5 ±  19 20.4 ± 1 .9 13.3
None 494 ± 1 0 307 ± 3 8 60 ± 9 7 19.8 ± 1 .7 15.5
4% fish flour 480 ± 6 219 ±  8 151 ± 1 1 18.9 ± 1 .7 11.9

supplem enting poor quality protein with 
proteins of good quality on the excretion 
of urinary nitrogen and sulfur. The addi
tion of skim milk and of fish flour resulted 
in lower excretion of nitrogen, but urinary 
sulfur did not change. The N /S  ratio for 
the unsupplem ented diet was slightly 
higher than  the N /S  ratio resulting from 
supplementation.

DISCUSSION

The results observed in most of the ex
perim ents reported indicate that, in gen
eral, urinary sulfur excretion parallels the 
urinary excretion of nitrogen. In all phases 
of metabolism there appears to be a par
allelism between nitrogen and sulfur. 
They occur together in the proteins of food 
and are stored together in body proteins. 
Although there are many compounds of sig
nificance in body economy which contain 
only one or the other of these 2 elements, 
the preponderance of both nitrogen and 
sulfur storage goes into the synthesis of

protein. From the results presented, how
ever, it is evident that factors which af
fect nitrogen excretion in the urine do not 
necessarily affect the excretion of sulfur 
in the same m anner. This difference may 
be useful in understanding the metabolic 
interaction between different nutrients, 
and in  the physiological state of the or
ganism with respect to nitrogen and sul
fur needs.

In the studies presented, only inorganic 
sulfate sulfur was determ ined in the urine, 
since it has been dem onstrated in dogs (1, 
11, 12) that excretion of inorganic sul
fate sulfur is directly proportional to ab
sorbed sulfur and that ethereal sulfate 
and sulfur and organic sulfur excretion 
are independent of sulfur intake. Similar 
results have been reported by Beach et al.
(3 )  in  studies of 8 norm al children. These 
authors reported that inorganic sulfate sul
fur in urine accounted for 84% of the total 
urinary sulfur which is sim ilar to the value 
reported by Eckert (1 ) . Beach et al. (3 )
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also stated that inorganic sulfate sulfur 
in urine depends prim arily on the level of 
sulfur intake and the ethereal and organic 
or neutral sulfur are influenced less by 
diet and tend to rem ain more nearly con
stant.

Fecal loss of sulfur also appears to re
m ain constant according to the results of 
Eckert (1 ) , Beach et al. (3 )  and W right et 
al. (5 ) , and it is equal, or nearly so, to the 
inorganic sulfur content of the diet. Eckert 
(1 )  showed that fecal sulfur excretion did 
not increase in  m agnitude when casein 
sulfur was added to the diet, a result which 
suggested that all the protein sulfur was 
absorbed by the animal.

The N /S  ratios in the present study un 
der norm al protein feeding conditions 
were sim ilar to those reported by Lewis
(4 )  in  dogs, and Beach et al. (3 )  and 
W right et al. (5 )  in children.

Lewis (4 )  observed in growing dogs 
that the N /S  retention ratio is around
14.5 and showed that during fasting and 
consequent tissue catabolism a urinary 
N /S  ratio of 13 to 16 was obtained. In the 
present investigation, decreasing nitrogen 
intake decreased the nitrogen and sulfur 
excretion and a parallelism  between u ri
nary nitrogen and sulfur excretion was ob
served. Feeding a protein-free diet, how
ever, did not affect the N /S  ratio and the 
decrease in absolute am ounts of N and S 
were essentially the same proportion. 
Again a parallelism  between the 2 ele
m ents was observed.

A difference in  behavior between u ri
nary nitrogen and sulfur excretion was 
also observed when calories became lim it
ing. A reduction in calories increased n i
trogen excretion but did not affect sulfur 
excretion, suggesting an economy by the 
anim al of sulfur-containing amino acids, 
which are lim iting in muscle protein. 
This observation was in agreem ent with 
the results of Allison et al. (16 ) and Swan
son (1 7 ) who reported that m ethionine 
supplem entation to protein-free diets fed to 
dogs and rats with full stores of nitrogen 
resulted in decreased excretion of nitrogen 
in urine.

Finally, urinary sulfur excretion was 
not affected significantly when a poor 
quality protein was supplemented with 
skim milk or fish meal. There are two

possible explanations for this. 1) The 
poor quality protein, which in this case 
was corn protein, is not lim iting in  sulfur- 
containing amino acids, but ra ther is lim it
ing in lysine and tryptophan. Therefore, 
nitrogen was more im portant than  sulfur. 
2 ) The supplements added are themselves 
relatively limiting in  sulfur containing 
amino acids. W hen added to the low 
quality protein, even if they supplied small 
excesses of lysine and tryptophan, sulfur- 
containing amino acids were relatively 
low, and thus no change in  sulfur excre
tion was observed.

The determ ination of sulfur excretion 
in  urine is, therefore, im portant since it 
shows, not only the parallelism  to N ex
cretion, but also a difference in behavior 
which may explain differences in needs of 
nitrogen and sulfur as affected by dietary 
conditions and physiological states of the 
anim al. The use of sulfur analysis in 
urine has been used by Bressani et al.5 in 
studies of amino acid imbalance and n ia
cin deficiency and by Bressani and Bra- 
ham  (1 8 ) in investigations of the effect of 
water on nitrogen metabolism. In cases of 
amino acid im balances and niacin defi
ciency, sulfur in urine did not parallel n i
trogen excretion, whereas changes in water 
intake did not affect sulfur excretion but 
affected urinary nitrogen.
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Absorption of Dietary Fats by the Rat in 
Cholestyramine-induced Steatorrhea * 1

ROBERT W. HARKINS, LARRY M, HAGERMAN 
a n d  HERBERT P. SARETT
Departm ent of Nutrit ional Research, Mead Johnson Research Center, 
Evansville, Indiana

ABSTRACT  Cholestyram ine, a bile acid-sequestering resin, impaired fat absorption 
in w eanling rats fed a diet containing 15% corn oil. W ith no cholestyram ine, 94% 
of the fat was absorbed. Absorption decreased w ith increasing am ounts of resin, and 
w ith 10% cholestyram ine in  the diet, only 35% of the fat was retained. In a second  
study, 5% cholestyram ine decreased the retention of a variety of dietary fats as fol
lows: ( in  per cen t) m edium -chain triglycerides, 2; coconut oil, 7; safflower oil, 16; 
soy oil, 17: corn oil, 20; olive oil, 27; butterfat, 28; and lard, 37. Two per cent choles
tyramine had little effect upon net calcium  absorption although 5% decreased absorp
tion w ith all dietary fats. The type of dietary fat had little effect on the fecal excre
tion of bile acids. Two per cent cholestyram ine increased the fecal excretion of bile 
acids 30-fold over control levels although 5% cholestyram ine did not further 
increase bile acid excretion. Net retention of the m edium -chain fatty acids and lino- 
leic acid was high even w ith marked steatorrhea, whereas the long-chain saturated 
fatty acids and oleic acid were poorly absorbed.

Triglycerides composed of the C8 and Cio 
fatty  acids, the so-called medium-chain 
triglycerides (M CT), are absorbed via the 
portal vein (1 ) . The MCT is well utilized 
in a num ber of syndromes in  which other 
dietary fats are not well absorbed or prop
erly metabolized, such as chylothorax and 
chyluria (2 -4 ) ,  tropical sprue (5 ) , exuda
tive enteropathy (6 ) , pancreatogenous 
steatorrhea (7 ) ,  and a num ber of other 
steatorrheas of varied etiology (8 ) . Fatty 
acids with a chain length of Ci2 and Ch 
are partitioned between the lymphatics and 
the portal circulation, whereas long-chain 
fatty acids, which usually make up the 
largest part of the dietary glyceride fatty 
acids, reach the systemic circulation from 
the intestinal lacteals via the thoracic duct.

In the present studies on fat absorption, 
cholestyramine, a bile acid-sequestering 
resin, was used to produce experim ental 
steatorrhea. Hashim  et al. (9 )  have pre
viously reported that fa t absorption was 
norm al when 15 g of cholestyramine, a 
dose which decreases plasm a cholesterol 
levels, were given in m an each day, al
though 30 g a day produced frank steator
rhea. Fat absorption was also decreased 
in rats when cholestyramine was given at 
high levels; this effect was influenced by 
the age of the anim als, and by the type and 
level of fa t in  the diet (1 0 ).

In the present work, the effects of 
graded levels of dietary cholestyramine on 
the absorption of dietary corn oil were first 
determined. A second study was con
ducted to compare the absorption and utili
zation of MCT and other dietary fats, using 
levels of cholestyramine which had slightly 
or moderately inhibited the utilization of 
corn oil. The results indicate that MCT 
was well absorbed, whereas there were 
variable effects on the absorption of the 
other fats; coconut oil was more com
pletely absorbed than  the highly unsatu
rated vegetable oils, and these were more 
completely absorbed than olive oil, butter- 
fa t or lard.

EXPERIMENTAL

In both experiments, m ale weanling rats 
of the McCollum-Wisconsin strain were 
housed in individual screen-bottom cages 
in  an air conditioned anim al room. In the 
first experiment, 6 groups of 8 anim als 
each were fed diets containing zero, 2, 4, 
6, 8 or 10% cholestyramine added at the 
expense of carbohydrate. The basal diet 
consisted of the following: (in  gram s)
partially hydrolyzed cornstarch, 55.65; 
casein, 20; corn oil, 15; non-nutritive fi-

R eceived  for p u b lication  A pril 5, 1965.
1 A prelim in ary report w as presented  in  1965  

(F ed eration  Proc., 24: 375 (a b s tr a c t)) .
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ber, 4; m ineral m ixture (1 1 ) , 4; and vita
m ins (1 2 ), 0.35. The diet supplied 620 
mg of calcium and 500 mg of phosphorus/ 
100 g of diet. Feces were collected from 
all anim als for 2 periods of 7 days each 
beginning on the eighth day, and analyzed 
for free and esterified fatty acids by the 
method of Van de Kamer et al. (1 3 ). Fat 
retention was calculated from  dietary fat 
intake and fecal fa t loss.

The second experiment was carried out 
in  2 parts to accomodate the large num ber 
of animals. At weaning, all anim als were 
given a diet similar to that used in  experi
m ent 1 but containing 15% safflower oil 
for a 4-day pretest period. This supplied 
the anim als with sufficient essential fatty 
acids to m eet their requirem ents during 
the test period since some of the fats con
tained little or no essential fatty acids. 
Groups of 10 rats each were then selected 
on the basis of body weight and litter and 
given diets containing zero, 2 or 5% cho- 
lestryam ine and 15% fa t for 17 days. 
Cholestyramine was added to the diets at 
the expense of a portion of the dietary fi
ber, included in  the control diet at a level 
of 6% . The dietary fats in the first part 
were MCT, corn oil, butterfat, lard and 
safflower oil. In the second part, MCT and 
corn oil were again studied, as well as co
conut, olive and soy oils.

Feces were collected from all anim als be
ginning on the fourth day of experim ental 
feeding, weighed, and pooled for deter
m ination of free and esterified fatty acids
(1 3 ) , calcium (14 ) and fecal fat fatty 
acid pattern  (1 5 ). Bile acids were ex
tracted from the feces using the procedure 
of Kuron and Tennent,2 and were m eas
ured individually and quantified by tri
angulation after gas-liquid chromatography 
of the methyl esters-trimethylsilyl ethers 
prepared according to Makita and Wells
(1 6 ).

EXPERIMENTAL PROCEDURE

Experim ent 1. The effects of the addi
tion of graded levels of cholestyramine to 
a 15% corn oil diet on the ra ts’ growth, 
caloric efficiency and fa t utilization are 
shown in table 1. The inclusion of 8% 
dietary cholestyramine decreased 3-week

2 Kuron, G. W ., and D. M. T en n en t 1961 A n ion- 
exch an ge  procedure for sep arating b ile  acids from  
feces  and serum . F ederation Proc., 20: 268 (a b stra c t).
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weight gains, although not significantly 
(P  >  0.05), whereas 10% cholestyramine 
significantly restricted weight gains (P  <  
0.005). The weight gains of the groups 
receiving lower levels of cholestyramine 
were not significantly affected nor were 
caloric intakes of any of the groups. Ca
loric efficiency values were decreased in the 
groups receiving 4 and 6% cholestyramine 
and were significantly lower (P  <  0.025) 
than the controls with 8 and 10% dietary 
cholestyram ine.

Increasing the dietary level of choles
tyram ine markedly increased the excre
tion of both free and esterified fat, as 
shown in table 1. Fat retention, calculated 
on the basis of fa t intake and fecal loss, 
averaged 95% in the control group receiv
ing no cholestyramine and decreased to 
approximately 35% with 10% cholestyra

mine. The decrease in  caloric efficiency 
values paralleled the decreased absorption 
of fa t and the concomitant loss of dietary 
calories in the feces as fat.

Experim ent 2. The effects of the addi
tion of zero, 2 and 5% cholestyramine on 
the utilization of several different dietary 
fats as m easured by weight gains, food 
intakes and caloric efficiency values are 
shown in table 2. Two per cent cholestyra
mine had little effect on weight gains, 
whereas 5% cholestyramine decreased 
weight gains by zero to 11 g. Although 
weight gains were consistently lower in 
the groups receiving the higher level of 
cholestyramine, the differences were not 
significant (P  <  0.05) nor was there any 
effect on caloric intake. Although 2% 
cholestyramine had no m arked effect on ca
loric efficiency values, 5% decreased ca-

TABLE 2
Effect of the type of dietary fa t  and cholestyramine intake on 17-day weigh t  gains, food intakes and

food efficiency values of male  weanling rats

Dietary fat Choles
tyramine

Part 1 Part 2

Wt gain Caloric Caloric Wt gain Caloric Caloric
intake efficiency intake efficiency

% of 
diet 9 heal g gain/ 

1000 heal 9 heal g gain/
1000 heal

M edium-chain
triglycerides 0 74 ±  12 1 724 ±  63 102 ±  10 74 ± 1 2 7 5 5 ±  117 99 ± 8

2 66 ± 9 6 9 4 ± 105 96 ±  6 73 ± 9 7 2 0 ± 1 1 1 102 ± 1 0
5 63 ±  11 682 ±  64 91 ± 7  2 65 ± 8 709 ± 6 6 92 ± 6

Coconut oil 0 84 ± 1 2 778 ±  74 107 ±  6
2 80 ±  9 794 ± 1 0 7 101 ± 5 2
5 75 ± 9 769 ±  68 97 ±  5

Safflower oil 0 8 0 ± 1 1 7 9 2 ± 105 101 ±  9
2 84 ± 1 3 806 ± 8 1 104 ± 9 2
5 71 ± 1 5 842 ± 7 0 84 ±  13

Soy oil 0 79 ±  15 7 7 2 ± 108 102 ± 7
2 82 ± 1 6 796 ± 1 0 4 102 ±  11
5 79 ± 8 854 ± 7 6 93 ± 6

Corn oil 0 76 ± 8 761 ± 5 8 99 ± 6 85 ± 1 3 813 ± 1 1 4 105 ±  10
2 80 ± 9 7 5 9 ±  113 106 ± 1 1 80 ± 9 774 ± 4 6 104 ± 7
5 75 ± 1 4 8 1 4 ± 101 92 ± 8 80 ± 8 835 ± 1 1 7 97 ±  10 2

Olive oil 0 81 ±  15 795 ± 9 8 101 ± 9
2 78 ±  10 7 7 5 ±  101 101 ±  10
5 72 ± 1 2 8 1 0 ±  77 88 ± 1 0

Butterfat 0 77 ±  7 774 ±  70 1 0 0 ±  7
2 79 ± 9 802 ±  78 99 ± 5
5 68 ± 1 3 850 ± 1 0 0 80 ±  10 2

Lard 0 82 ± 1 4 829 ±  85 99 ± 1 1
2 85 ± 5 830 ± 4 1 103 ± 5
5 71 ±  15 8 3 6 ±  121 84 ± 9  2

1 Mean +  sd.
2 P <  0.05 compared with control.
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loric utilization by 4 to 8 g gain/1000 kcal 
with an average decrease of 5 g gain. The 
decreased caloric efficiency values resulted, 
in part, from the im pairm ent of fa t absorp
tion. Even though fat absorption was es
sentially norm al in the groups receiving 
MCT, caloric efficiency values were de
creased.

In the absence of cholestyramine, net fat 
absorption varied from a high of 99% 
with MCT to a low of 86% with the but- 
terfat and lard diets in the first collection 
period (table 3). The adm inistration of 
5% cholestyramine decreased the absorp
tion of MCT by only 3% , whereas absorp

tion of the other dietary fats was more 
markedly affected. Five per cent choles
tyramine decreased net absorption of coco
nu t oil by 15% , the highly unsaturated 
vegetable oils by 19 to 40 % , olive oil by 
40% and butter and lard by 47 and 55% , 
respectively. Absorption values for the fol
lowing week paralleled those of the first 
week but the effect of cholestyramine was 
decreased.

Fecal calcium losses were m easured to 
determine whether the steatorrhea induced 
by cholestyramine im paired calcium ab
sorption (table 3). W ith 2% cholestyra
mine there was no m arked or consistent

TA BLE 3
Fat retention and fecal bile acid excretion by weanling rats receiving cholestyramine

and various dietary fats

Dietary fat Choles
tyramine Fecal Net absorption Fecal bile acids

Fecal fat Litho-
cholic

Deoxy-
cholic Cholic Totalfat Fat Calcium Fat Calcium

% of 9 % % 9 % % mg/iveek
Medium-chain

triglycerides 0 0.1 99 65 0.1 99 60 1.6 1.3 0.32 3.2
2 0.3 97 60 0.1 99 53 18 27 11 56
5 0.4 96 65 0.2 98 51 21 35 9 65

M edium-chain
triglycerides 0 0.1 100 62 0.1 99 60

2 0.3 98 63 0.3 98 58
5 0.3 97 63 0.3 97 61

Coconut oil 0 0.8 93 65 1.3 89 59 1.7 1.5 0.50 3.7
2 1.8 83 60 2.0 84 55 21 34 9 64
5 2.2 78 60 2.2 82 54 19 31 10 60

Safflower oil 0 0.5 96 54 0.5 96 54 2.3 1.0 1.8 5.1
2 1.4 86 57 1.2 91 46 42 11 17 70
5 3.8 68 49 2.6 80 50 39 6 16 61

Soy oil 0 0.6 94 55 0.9 92 53 0.68 1.2 0.51 2.4
2 1.4 87 58 1.4 88 54 16 40 11 67
5 2.9 75 48 3.3 75 48 17 41 9 67

Corn oil 0 0.4 96 58 0.7 94 50 1.4 0.17 1.0 2.5
2 2.0 81 53 1.5 88 53 18 42 12 72
5 4.8 56 44 3.0 76 49 16 39 9 64

Corn oil 0 0.6 94 58 0.9 93 55
2 1.3 88 58 1.7 86 51
5 4.0 64 54 3.8 70 51

Olive oil 0 0.9 96 60 1.2 90 58 0.97 1.5 0.48 3.0
2 2.6 75 56 2.2 82 55 16 30 22 68
5 4.7 56 47 4.7 63 49 18 32 14 64

Butterfat 0 1.5 86 54 1.5 88 52 1.4 1.4 0.51 3.3
2 3.4 70 51 2.3 82 56 23 33 12 68
5 7.1 39 45 5.1 60 31 19 34 6 59

Lard 0 1.5 86 53 1.6 88 59 2.0 2.0 1.1 5.1
2 3.6 67 55 5.0 62 54 17 27 14 58
5 7.8 31 45 6.4 51 47 16 29 13 58
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TA BLE 4

Distribution of dietary and fecal fa t ty  acids excreted by weanling rats receiving cholestyramine and
various dietary fa ts  during days 4 to 10

Dietary fat Choles- Fatty acids
tyramine 8:0 10:0 12:0 14:0 16:0 18:0 16:1 18:1 18:2 Other

% of 
diet mg /  zveek

M edium-chain
triglycerides diet 4730 3320 250

0 10 10 20 10 20
2 10 60 80 10 50 10 70
5 20 10 90 120 10 80 20 60

Coconut oil diet 810 720 3780 1710 900 270 630 180
0 220 270 200 70 30 10 10
2 460 520 460 180 150 10 10
5 550 600 570 250 190 20 20

Safflower oil diet 740 210 1050 8510
0 80 100 180 100 40
2 20 330 170 510 270 110
5 30 1150 1010 60 1270 160 120

Soy oil diet 970 390 2430 5340 680
0 180 190 130 40 40
2 10 10 470 430 340 50 90
5 10 990 660 860 190 160

Corn oil diet 1290 200 2570 5740 100
0 90 80 110 70 50
2 10 470 310 20 720 310 170
5 20 1070 530 1960 940 280

Olive oil diet 960 100 290 7100 1150 100
0 350 190 300 20 30
2 700 350 1380 90 70
5 1290 700 2490 120 90

Butterfat diet 210 420 320 950 2630 1260 420 2630 420 1160
0 10 90 580 550 180 90
2 10 150 1140 810 120 940 60 170
5 20 300 2440 2400 1490 60 400

Lard diet 110 2630 1580 320 4730 950 320
0 10 350 850 220 20 50
2 670 600 1590 510 230
5 40 2460 3080 30 1740 90 360

effect on the fecal excretion of calcium, 
as noted previously in  this laboratory.3 
But with 5% cholestyramine net calcium 
absorption values were decreased. Calcium 
absorption was higher in  the groups re
ceiving MCT or coconut oil than  in the 
other groups.

The excretion of bile acids, shown in 
table 3, was compared both as a function 
of the type of dietary fat and as a func
tion of the level of dietary cholestyramine. 
The total am ounts of bile acids excreted on 
each of the control diets were similar. 
The addition of 2% cholestyramine in 
creased the excretion of bile acids about

30-fold but 5% cholestyramine had no fu r
ther effect. The type of dietary fat had no 
apparent effect on the total excretion of 
bile acids, either in the absence or pres
ence of dietary cholestyramine.

Palmitic, stearic and oleic acids were 
the m ajor fecal fatty acids with all of the 
dietary fats except coconut oil (table 4). 
W ith coconut oil, approximately equal 
am ounts of lauric, myristic and palmitic 
acids were lost in the feces.

No caprylic acid (C8) was excreted in 
the feces although MCT, butterfat and co

3 U n p u b lis h e d  d a ta ,  R. W . H a rk in s  a n d  H . P . S a re tt.
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conut oil contain varying am ounts of this 
fatty  acid. Only trace am ounts of capric 
acid (Cio) were excreted by the animals 
fed MCT. The large am ounts of lauric 
acid (C12) in  coconut oil were quite well 
absorbed although the adm inistration of 
cholestyramine increased lauric acid ex
cretion from 220 mg with no cholestyra
mine to 550 mg with 5% cholestyramine, 
compared with an average dietary intake 
of 3780 mg. In the groups fed coconut oil, 
the fecal loss of m yristic acid (Ci4) was 
similar to that of lauric acid, although the 
dietary intake was only half as great.

Utilization of palmitic and stearic acids 
was poorer than the utilization of any of 
the other fatty acids derived from the 
dietary triglycerides. Increasing the die
tary level of cholestyramine decreased the 
apparent absorption of both palmitic and 
stearic acids markedly, although palmitic 
acid was better utilized than  stearic acid.

In the absence of cholestyramine, all of 
the dietary fats were relatively well ab
sorbed, and retention of oleic acid was 
high. However, with 2 and 5% cholesty
ram ine the net absorption of this fatty acid 
was markedly decreased. In contrast, lino- 
leic acid was relatively well absorbed even 
with levels of cholestyramine which m ark
edly decreased the overall retention of fat.

DISCUSSION

The use of dietary cholestyramine, a 
bile acid séquestrant which increases fecal 
bile acid excretion (1 7 ) , for the experi
m ental production of steatorrhea is a use
ful technique for studies of fa t absorption. 
Steatorrhea produced by high levels of 
cholestyramine is thought to be due to the 
lowering of the effective bile acid concen
tration in  the intestinal tract. Du Bois et 
al. (18 ) recently dem onstrated that poly
oxyethylene sorbitan monooleate (Tween 
80) 4 improved fa t absorption in patients 
with experim ental steatorrhea induced by 
cholestyramine and suggested that Tween 
80 was substituting for the emulsifying 
action of bile acids.

Playoust and Isselbacher (19 ) reported 
that trioctanoin can enter the mucosal cell 
without prior hydrolysis and were able to 
show extensive lipolysis of trioctanoin 
when incubated with subcellular fractions 
of ra t intestinal mucosa. An earlier study

by Dawson and Isselbacher (2 0 ) reported 
the essentiality of conjugated bile acids for 
the esterification of free fatty acids within 
the intestinal mucosa. Since two-thirds of 
the decanoic acid secreted into the portal 
circulation is present in  the unesterified 
form (2 1 ), reduced concentrations of bile 
acids in the intestinal m ucosal cell pre
sumably have little effect on the absorp
tion, esterification or transport of MCT 
across the mucosal cell.

The recent report of Valdivieso and 
Schwabe (2 2 ) , which suggests that bile 
acids are necessary for absorption of tri- 
octanoate, does not appear to be in agree
m ent with the present observations or with 
the report of Playoust and Isselbacher (19). 
The use of a relatively large am ount of 
olive oil as a vehicle for adm inistering r e 
labeled glyceryl trioctanoate m ay account 
for the discrepancy between the results of 
Valdivieso and Schwabe and those in 
the present report. As shown here, MCT 
was well absorbed when bile acids were 
bound by cholestyramine but the absorp
tion of olive oil was markedly impaired. 
The data of Playoust and Isselbacher also 
show that bile acids are not needed for 
absorption of trioctanoin.

Triglycerides containing large am ounts 
of linoleic acid (safflower, soy and corn 
oils) were better absorbed than  triglycer
ides containing predominantly palmitic, 
stearic and oleic acids (butterfat, lard and 
olive oil). Even with high levels of cho
lestyramine, most of the linoleic acid was 
absorbed. In contrast, palmitic and stearic 
acids were poorly absorbed; increasing 
am ounts of dietary cholestyramine m ark
edly increased the fecal excretion of these 
long-chain, saturated fatty  acids.

The total excretion of bile acids, both in 
the absence and presence of cholestyra
mine was similar with all of the dietary 
fats. Lithocholic and deoxycholic acids 
were present in  the fecal samples in ap
proximately equal am ounts along with 
smaller am ounts of cholic acid. The an i
mals ingesting the safflower oil diets ex
creted more lithocholic acid than  the other 
groups, although the total excretion of bile 
acids was similar. Spritz et al. (23) have 
previously reported that synthesis of cho

4 A tla s  P o w d e r C om pany , W ilm in g to n , D e law are .
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lesterol and bile acids was not significantly 
affected by the type of sterol-free dietary 
fat, whereas Gordon et al. (2 4 ) reported 
an increased production of cholic acid in  a 
patient changed from a diet containing 
45% of the calories as butterfat to a simi
lar diet containing corn oil. In the present 
studies, there were no m arked differences 
in  the excretion of bile acids between any 
of the diets.

Huff et al. (1 7 ) dem onstrated that bile 
acid excretion was proportional to the cho
lestyramine intake with diets containing 
from zero to 2% cholestyramine. How
ever, in this study, 5% cholestyramine did 
not further increase bile acid excretion over 
the levels noted with 2% resin. Bile acid 
synthesis from cholesterol may be limiting 
bile acid secretion and hence excretion.

Five per cent cholestyramine resulted in 
a greater loss of fa t in  the stool than  did 
2% cholestyramine, but did not further 
increase bile acid loss. The higher level of 
cholestyramine in the diet m ight decrease 
the intralum inal concentration of bile 
acids enough to account for these differ
ences in  fa t losses; subsequent elution of 
some of the bile acids from cholestyra
mine, as shown by Billiau and Van den 
Bosch (2 5 ) , m ay result in  similar fecal 
bile acid levels. Alternatively, cholestyra
mine m ay directly bind fatty acids which 
are generated during triglyceride diges
tion.

The dietary fatty acids influenced the 
composition of the fecal fatty acids, which 
include endogenous fa t as well as the end 
products of microbiological activity. Only 
those groups fed coconut oil excreted ap
preciable am ounts of lauric acid, whereas 
the groups receiving olive oil excreted large 
am ounts of oleic acid. Correlations be
tween overall fa t absorption and the net 
absorption of individual fatty acids indi
cate the very high absorption of the m e
dium-chain fatty acids and of linoleic acid. 
However, the long-chain, saturated fatty 
acids were not as well absorbed as the total 
dietary fat.

Fecal loss of calcium was not markedly 
increased by 2% cholestyramine but was 
increased with 5% resin. The increased 
loss of calcium confirms previous observa
tions that im paired calcium retention is 
frequently associated with steatorrhea.

There was no indication that cholestyra
mine adm inistration increased calcium ab
sorption in contrast with the observations 
of Briscoe and Ragan (2 6 ).
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Antithyrotoxic Activity of Hemoglobin in the R at* 1
BRUCE E. BAKER, DAN A. RICHERT, DARWIN MIRISOLOFF and  
W. W. WESTERFELD
Departm ent of Biochemistry, State University of N ew  York,
Upstate Medical Center, Syracuse, Nexv York

ABSTRACT  Dietary hem oglobin and the acid-insoluble precipitate obtained from  
an alkaline hydrolysate o f hem oglobin had good antithyrotoxic activity, as m easured  
by the a-glycerophosphate dehydrogenase (G PD ) assay. Both interfered w ith the in 
testinal absorption of thyroxine, as m easured by the level of radioactivity in  blood 
after feeding m I-labeled thyroxine to rats. Globin was inactive in  both test system s, 
whereas crystalline hem in was very active in  the absorption test, but only moderately  
active in  the antithyrotoxic (G PD ) assay. H em in interfered w ith the catalytic role 
of thyroxine in the oxidation of DPNH by the horseradish peroxidase enzym e system; 
this indicated the form ation of a com plex between thyroxine and hem in. At least a 
part of the antithyrotoxic activity of hem oglobin can be attributed to an inhibition of 
the intestinal absorption of thyroxine by its iron porphyrin moiety.

In a previously published assay proce
dure (1 ) , hemoglobin was used as the 
reference standard for antithyrotoxic ac
tivity because of its high potency; a 10% 
hemoglobin diet essentially nullified the 
effects of 0.025% dietary iodinated casein. 
AU of the antithyrotoxic activity of liver 
residue, cottonseed meal, lactalbum in, soy 
protein or hemoglobin could be recovered 
in the water-insoluble acid precipitate of 
an alkaline hydrolysate obtained from each 
of these substances, but the activities in 
such concentrates did not appear to be due 
to the same chemical substance.

The additional evidence presented here
in shows that at least a part of the anti
thyrotoxic activity of hemoglobin is related 
to its iron porphyrin moiety. Free hem in 
bound thyroxine in vitro and interfered 
with the intestinal absorption of thyroxine 
in vivo. The antithyrotoxic actiivties of 
both hemoglobin and of hem in in  the 
presence of globin were enhanced greatly 
by alkaline hydrolysis.

EXPERIMENTAL

Separation of globin and hem in  (m odi
fied procedure of London et al. (2 ) ) .  Beef 
erythrocytes, washed with 0.9% NaCl, 
were frozen and thawed twice, and then 
stirred with one-half volume of cold ben
zene. After centrifugation, the benzene 
layer and emulsion products were removed 
by suction, and the aqueous solution con
taining the hemoglobin was poured with

rapid stirring into 10 volumes of cold ace
tone containing 5% HC1. The insoluble 
globin fraction was filtered, extracted re
peatedly with acetone until free from iron 
porphyrin, and dried in  air. The acetone 
extracts containing the iron porphyrin 
were combined, the solvents were distilled, 
and the residue was dried in air.

Alkaline hydrolysis. Dry commercial 
hemoglobin (800 g) was suspended in  8 
liters of 0.5 n  NaOH and autoclaved at 
120° for 7 hours. In an alternate proce
dure the hemoglobin was refluxed for 22 
hours with 8 liters of 1 n  NaOH but this 
gave a less active product. Autoclaving 
for longer periods in  more concentrated 
alkali also decreased the activity. The alka
line hydrolysate was filtered hot with a 
filter aid 2 (1 ) , washed with hot water, and 
the insoluble residue was discarded. After 
cooling to room tem perature, the filtrate 
was acidified to a pH of 3.5 to 4. The 
acid-insoluble precipitate was filtered off, 
washed with water and dried in air. The

R ece ived  fo r  p u b lic a tio n  M arch  27, 1965.
1 T h is  s tu d y  w as  a id ed  by  P u b lic  H e a lth  S erv ice  R e

s ea rc h  G ra n ts  fro m  th e  N a tio n a l In s t i tu te  o f A rth r itis  
a n d  M etabo lic  D isease  (PHS-AM-OOSSe) a n d  th e  N a 
t io n a l C an ce r In s t i tu te  (PH S-C A -01852) o f th e  N a 
tio n  In s ti tu te s  o f H ea lth .

2 H yflo S uper-ce l F il te r  A id w as o b ta in e d  fro m  J o h n s  
M an v ille  P ro d u c ts  C o rp o ra tio n , M an v ille , N ew  Je rse y ; 
h e m o g lo b in  p o w d er w as  o b ta in e d  fro m  G e n e ra l B io
ch em ica ls , C h ag r in  F a lls , O hio; D PN H , c ry s ta l lin e  
h e m in , L -thy rox ine , k e ra t in  a n d  b ile  a cid s  fro m  N u 
tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d ; h o rse 
r a d is h  p e ro x id a se , B g rad e  fro m  C alb io ch em , Los 
A ngeles ; r a ts  f ro m  H o ltz m a n , M ad iso n , W isc o n s in ; 
c h it in  a n d  d eac y la te d  c h i t in  fro m  M an n  R esea rch  
L a b o ra to rie s , In c ., N ew  York.

J .  N u t r i t i o n , 8 7 :  *65 9 3
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dry fraction weighed 137 g and contained 
a relatively large quantity of iron por
phyrin.3 Relatively little of the iron por
phyrin could be removed from  this acid- 
insoluble fraction by repeated extractions 
with chloroform-pyridine, (2 0 :1 ) , ethyl 
acetate-acetic acid, (3 :1 ) ,  acetone-HCl, 
(20; 1), or glacial acetic acid, and no pro
cedure has yet been found which will re
move the iron porphyrin from this fraction.

Absorption of dietary thyroxine. Male 
ra ts weighing approximately 120 g were 
fasted for 24 hours and then fed 2 g of the 
basal d ie t4 with or without the test sub
stance; 0.5 ag of thyroxine (T /) labeled 
with 0.5 ac of 131I was also added to the 
diet. Whole blood samples were collected 
in  oxalate from the decapitated ra ts 10 
hours later, and 2-ml samples were counted 
in  a scintillation well counter. Prelim inary 
time studies showed that the blood radio
activity in  such experim ents was m axim al 
at about 10 hours post-feeding. The blood 
radioactivity obtained with each test diet 
was calculated as a percentage of the radio
activity observed in  the blood of the control 
rats fed the basal diet and tested simul
taneously. The results obtained with such 
control rats ranged from 910 to 1240 
coun t/m in  in 9 repeat experiments, and 
averaged 1075 ±  37 ( s e )  count/m in.

RESULTS

Antithyrotoxic activity. The antithyro- 
toxic activities of the fractions prepared 
from hemoglobin were determined by the 
a-glycerophosphate dehydrogenase assay 
procedure (1 ) , and the results are shown in 
table 1. Most of the original activity of the 
hemoglobin was lost when the latter was 
separated into its protein and porphyrin 
constituents by the acetone-HCl extraction. 
By contrast, the acid precipitate obtained 
from the autoclaved alkaline hydrolysate 
was more active than  the original hemo
globin. Alkaline hydrolysis of the globin 
or commercial hem in separately did not 
increase their antithyrotoxic activities, but 
such hydrolysis of a m ixture of the two 
again gave an acid precipitate with en
hanced activity. The hemin-containing 
acetone-HCl extract and commercial crys
talline hem in produced both d iarrhea and 
a diminished growth rate. N either the 
original hemoglobin, nor the acid-insoluble

precipitates obtained from the alkaline 
hydrolysis of hemoglobin, hemin, or globin 
plus hem in had any such toxic effects. 
The antithyrotoxic effect of hem in was 
more pronounced when its toxic effects 
were elim inated through a com bination 
with protein or protein fragm ents, but not 
by alkaline hydrolysis of the hem in alone.

Thyroxine binding by hem in. Thyrox
ine stimulates the oxidation of DPNH by 
the peroxidase enzyme system (4, 5 ); an 
inhibition of this effect was used by Tritsch 
et al. (6 )  to m easure the binding of thy
roxine by serum albumin. We have util
ized the m anom etric DPNH-peroxidase- 
M n++-oxygen system (5 ) to m easure the 
binding of thyroxine by hemoglobin and 
iron porphyrin. In such a system and with 
a constant am ount of peroxidase, the ra te 
of oxygen consumption was directly pro
portional to the thyroxine concentration. 
The am ount of free thyroxine rem aining 
in  a solution to which iron porphyrin had 
also been added was determ ined from such 
oxygen consumption m easurem ents.

The standard curve was determ ined as 
follows. The m ain body of a W arburg ves
sel contained 0.2 ml (about 200 ag) of 
peroxidase, 0.1 ml (0.2 nmole) of MnSCh, 
0.2 ml of varying am ounts (zero to 0.02 
limóle) of thyroxine and 2.1 m l of 0.2 m  
potassium phosphate buffer, pH 7.0. The 
side arm contained 0.4 ml (10 amóles) of 
DPNH. W ater was substituted for the thy
roxine in a blank vessel and any m ano
m etric reading obtained with this vessel 
was subtracted from the ones containing 
the thyroxine. After a 10-minute equilibra
tion at 30°, the DPNH was tipped in, and

3 T h e  sam p le  w as d isso lv ed  in  a  m in im a l  a m o u n t 
o f 1 n  N aO H , d ilu te d  w ith  p y r id in e  a n d  w a te r  to  give 
a  10%  p y r id in e  so lu tio n  o f d e s ired  co lo r in te n s ity ,  
a n d  re a d  in  th e  B eck m an  D .U . sp ec tro p h o to m e te r  a t  
400 m/i.  A so lu tio n  o f c ry s ta l l in e  h e m in , p re p a re d  in  
th e  sam e  w ay  w as  u s e d  a s  th e  re fe re n c e  s ta n d a rd . 
A ssu m in g  th a t  a l l  o f th e  a b so rp tio n  a t  400 m/i  w as  
d u e  to  iro n  p o rp h y r in  a n d  th a t  th e  m o la r  a b so rb an c y  
w a s  th e  sam e  as fo r  th e  s ta n d a rd  h e m in , th e n  th e  
i ro n  p o rp h y r in  c o n te n t w as  e s tim a te d  to  be  e q u iv a le n t 
to  a b o u t 8 .5%  h e m in . A t le a s t  th e  b u lk  o f th e  p ig 
m e n t  a p p ea re d  to  be iro n  p o rp h y r in  a s  in d ic a te d  by  
th e  a b so rp tio n  s p e c tru m  in  th e  re g io n  o f  400 m /i.

4 T h e  b a s a l  d ie t w a s  th e  sam e  as u s e d  in  th e  a n t i 
th y ro to x ic  a ssa y  m e th o d  ( 1 )  a n d  c o n sis te d  o f th e  
fo llo w in g : ( i n  p e r  c e n t )  c ru d e  c a se in , 30; c o rn  o il, 10; 
P h il lip s  a n d  H a r t  s a lt  m ix tu re , 4; su cro se , 56; c h o lin e  
c h lo rid e , 0 .1; a n d  in o s ito l, 0.05. V ita m in s  w e re  ad d ed  
a s  fo llo w s: ( i n  m g /k g  o f d ie t)  r ib o flav in , 25 ; th ia -  
m in e -H C l, 50; n ia c in ,  100; p y rid o x in e -H C l, 15; fo lic  
a c id , 5; Ca p a n to th e n a te ,  200 ; p -am in o b en zo ic  a c id , 
100; m e n a d io n e , 1; m ix e d  to co p h e ro ls , 600 ; v ita m in  
B 12, 0 .1; v ita m in  A, 40 ; a  v ita m in  D  p re p a ra t io n  c o n 
ta in in g  200,000 USP u n i t s /g  (C h a r le s  B o w m an  C om 
p a n y , H o lla n d , M ic h ig a n ) ,  20; a n d  b io tin , 0.5.
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TABLE 1
Antithyrotoxic  activit ies of various fractions of hemoglobin

Exp. Fraction tested % in 
diet GPD Units

Activity 
relative 
to the 

original 
Hb i

None (basal diet w ith iodinated casein ) __ 30 0 0
Hemoglobin 2 16 20 100

4 12 40 100
6 7 60 100

10 5 100 100
i Acetone-HCl extract of Hb 2 0.88 18 16 16
2 Globin fraction ( acetone-HCl precipitate ) 10 24 7 7
3 Acid-insoluble precipitate of hydrolyzed Hb 3 0.50 8 55 190
4 Acid insoluble-precipitate of hydrolyzed Hb 4 1.23 8 55 67
5 Acid insoluble-precipitate of hydrolyzed globin 1.40 24 7 7
6 Commercial crystalline hem in 2 0.24 17.5 18 29
7 H em in refluxed w ith 1 N NaOH 0.32 19.5 14 17
8 H em in +  globin refluxed w ith 1 n  NaOH

( acid-insol. ppt) 3.50 8 55 60
9 H em in +  globin autoclaved w ith 0.5 n  NaOH

(acid-insol. ppt) 0.66 6 70 140

J A s ta n d a rd  a -g ly c e ro p h o sp h a te  d e h y d ro g e n ase  (G P D ) re fe re n c e  c u rv e  w as  e s ta b lis h e d  b y  fe e d in g  
to  w e a n lin g  m a le  r a ts  th e  30%  c a s e in  d ie t c o n ta in in g  0.025%  io d in a te d  c a s e in  (1 %  th y ro x in e  
e q u iv a le n t)  p lu s  zero , 2 , 4, 6 o r 10%  h e m o g lo b in  fo r  11 to  14 d ay s  ( 1 )  a n d  s u c h  re fe re n c e  p o in ts  
a re  sh o w n  in  th e  ta b le . O th e r d ie ts  c o n ta in e d  th e  s u b s ta n c e s  to  be te s te d  fo r  a n ti th y ro to x ic  a c tiv itie s . 
L iv e r  G PD  a c tiv ity  w as  d e te rm in e d  m a n o m e tr ic a lly  a s  d e sc rib e d  p re v io u s ly  ( 1 )  a n d  re c o rd e d  as fi 1 
o f O2 /IO  m in /2 5  m g  of f r e s h  liv e r. T h e  v a lu e s  h a v e  a lso  b een  t ra n s la te d  to h em o g lo b in  ( H b )  u n i ts ,  
i.e ., th e  re la tiv e  a c t iv ity  o f a  te s t  f r a c t io n  in  c o m p a ris o n  w ith  a  10%  h e m o g lo b in  d ie t  ( =  100 H b 
u n i ts ) .  F o r ex am p le , th e  ace tone-H C l e x tra c t  o f h e m o g lo b in  w as  a ssay ed  a t  0.88%  in  th e  d ie t 
y ie ld in g  16 u n its .  S ince  0.88 g o f th is  f r a c t io n  w a s  o b ta in e d  fro m  10 g o f  h e m o g lo b in , i t  h a d  
re ta in e d  16%  o f th e  o r ig in a l h e m o g lo b in  ac tiv ity . S im ila r ly , 0.5 g o f th e  ac id -in so lu b le  p re c ip ita te  o f 
h y d ro ly zed  h em o g lo b in , y ie ld in g  55 u n i ts ,  w as  d e riv ed  fro m  2.9  g o f h e m o g lo b in  a n d  h e n c e  h a d  
a  re la tiv e  a c t iv ity  o f 190.

2 C au sed  d ia r rh e a  a n d  d im in is h e d  g ro w th  ra te .
3 H y d ro ly zed  w ith  0.5 n  N aO H  in  th e  a u to c lav e  fo r  7 h o u rs .
4 H y d ro ly zed  w ith  1 n  N aO H  by  re f lu x in g  fo r  22  h o u rs .

3 to 5 m anom eter readings were recorded 
at 5-minute intervals. The enzyme concen
tration was adjusted to give an oxygen con
sum ption of about 15 [jliters/5 m inutes 
with 0.02 iimoles of thyroxine, and this
value is shown as 100% activity in figure 1. 
The rate of oxygen consum ption decreased 
linearly with smaller am ounts of thyroxine, 
and became zero (w hen corrected for the 
small b lank) in the absence of any thy
roxine. Crystalline hem in was dissolved 
in  a m inim al volume of NaOH, diluted 
with 0.2 m  potassium  phosphate buffer, 
pH 7.0, and added to a peroxidase assay 
system which contained 0.02 nmole of 
thyroxine. The relative oxygen consum p
tion in  the presence and absence of hem in 
was determ ined and plotted against the 
hem in concentration to give the curve in 
figure 2. The values in  figure 2 were then 
translated into the corresponding amounts 
of free thyroxine by reference to the stand
ard curve in  figure 1, and these values are 
recorded in table 2. All such values are 
based upon the assumption that the hemin-

Ti complex had no activity in  the peroxi
dase assay system. If it is fu rther assumed 
that hem in reacts in  a 1:1 m olar ratio with 
T4, it is possible to calculate from  these 
data a dissociation constant (K ) of ap
proximately 2.2 X 10~5 for the reaction: 

Hemin :T4 «=* hem in +  T4
If all the T4 was completely bound in  the 

presence of 0.5 nmole of hem in, the m axi
mal activity that such a complex could ex
hibit in  the peroxidase assay would be 
14% of an equivalent am ount of T4. If 
the data in  table 2 are recalculated on the 
assum ption that the “free T4” activity is 
partly due to the complex, no dissociation 
constant can be calculated to fit the revised 
data. Hence, the results are consisent with 
the assumption that the hem in :T4 com
plex is inactive in the peroxidase assay 
system.

Hemin had no inhibitory effect on per
oxidase itself when the latter was assayed 
by the pyrogallol method (7 )  (w hich is 
performed in the absence of thyroxine). 
The Mn concentration was not critical in
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/ x mo l e  T hyr ox i ne  /  3 ml.

Fig. 1 Standard curve showing the effects of 
thyroxine concentration on the rate of oxidation  
of DPNH in the peroxidase system. The rate of 
oxygen consum ed with 0.02 /xmole of thyroxine 
=  100% activity.

the W arburg assay procedure, and excess 
Mn or DPNH did not counteract the hemin 
inhibition. These results showed that the 
hem in reacted with the thyroxine and not 
with the enzyme or some other component 
of the assay system.

Crystalline hemoglobin was not as effec
tive as the free iron porphyrin in this test, 
since 0.1 nmole of hemoglobin (containing 
0.4 nmole of hem e) reduced the activity of 
0.02 nmole of thyroxine by only 40% . 
Hematoporphyrin (0.55 to 2.75 nmoles/3 
m l) had no effect, whereas 0.5 nmole of 
protoporphyrin decreased the T4 activity 
to 40% . Of the soluble proteins tested, 
gelatin had no effect, but 0.01 nmole of

albumin, which was observed to be active 
by Tritsch et al. (6 ) , was as effective as 
0.1 nmole of hemoglobin. Albumin had 
little activity in  the antithyrotoxic assay 
in vivo presumably because it was digested 
in the intestine. The acid-insoluble pre
cipitate obtained from the alkaline hydroly
sate of hemoglobin was about as active as 
would be expected from its iron porphyrin 
content when tested at concentrations of 
less than  0.15 nmole of hem in; at higher 
concentrations this fraction tended to re
verse the inhibitory effect. Suspensions of 
soy protein, cottonseed meal or the cotton
seed meal concentrate (1 m g) also stim u
lated the peroxidase system in the absence

_______ i_______ i_____ i_________ i_______ i
0  0.1 0 .2  0 .3  0 .4  0 .5

/ xmol e  He mi n  / 3  ml .

Fig. 2 Effects of varying the hem in concen
tration on the rate of oxidation of DPNH in the 
peroxidase system  containing 0.02 /xmole of 
thyroxine. The rate of oxygen consum ed in  the 
absence of hem in =  100% activity.
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o f  t h y r o x in e  b e c a u s e  th e y  c o n t a in e d  s u b 
s t a n c e s  w h ic h  c o u ld  b e  s u b s t itu te d  fo r  
th y r o x in e  a s  th e  c a t a ly s t  in  th is  te s t . L iv er  
r e s id u e  c o n c e n tr a te  h a d  l i t t le  or  n o  e f fe c t  
b u t it  w a s  a lso  r e la t iv e ly  in s o lu b le  a t  p H  7.

I n t e s t i n a l  a b s o r p t i o n  o f  t h y r o x i n e .  A t  
l e a s t  so m e  o f  th e  a n t i th y r o to x ic  e f fe c t  o f  
l iv e r  r e s id u e  a n d  h e m o g lo b in  c a n  b e  a ttr i
b u te d  to  a  d e c r e a s e d  a b s o r p t io n  o f  d ie ta r y  
th y r o x in e  ( 3 ) .  T a b le  3  s h o w s  s im ila r  
e f fe c t s  fr o m  h e m o g lo b in ,  h e m in ,  a n d  th e  
a c id - in s o lu b le  c o n c e n t r a t e s  p r e p a r e d  f r o m  
h e m o g lo b in .  G lo b in  w a s  r e la t iv e ly  in a c t iv e  
in  th e  u s u a l  a n t i th y r o to x ic  a s s a y ,  a n d  w a s  
a lso  in a c t iv e  i n  th e s e  a b s o r p t io n  te s t s .  
Q u a lita t iv e ly  a ll  o f  th e s e  s u b s t a n c e s  h a d  
th e  s a m e  e f fe c t  in  th e  u s u a l  1 1 -d a y  a n t i 
th y r o to x ic  a s s a y  a s  in  th is  sh o r t  1 0 -h o u r  
a b s o r p t io n  te s t ,  b u t  th e  q u a n t ita t iv e  r e la 
t io n s h ip s  w e r e  d if fe r e n t . A  d ie t  c o n t a in in g  
10%  h e m o g lo b in  h a d  1 0 0  u n i t s  o f  a n t i

th y r o to x ic  a c t iv ity  a n d  r e d u c e d  th e  1 0 -h o u r  
b lo o d  r a d io a c t iv ity  in  th e  t h y r o x in e  a b s o r p 
t io n  t e s t  to  5 5 %  o f  th e  c o n tr o l  v a lu e . A  
d ie t  c o n t a in in g  0 .1 %  h e m in  h a d  le s s  th a n  
1 0  u n it s  o f  a n t i th y r o to x ic  a c t iv i ty  b u t d e 
c r e a s e d  th e  b lo o d  r a d io a c t iv ity  to  3 5 %  o f  
th e  c o n tr o l  v a lu e .  T h e  1 .5 %  a c id - in s o lu b le  
f r a c t io n  h a d  1 4 8  u n i t s  o f  a n t i th y r o to x ic  
a c t iv ity ;  i t  c o n tr ib u te d  a p p r o x im a te ly  
0 .1 3 %  h e m in - l ik e  m a te r ia l  to  th e  d ie t  a n d  
w a s  a b o u t a s  a c t iv e  a s  th e  h e m in  in  th e  
a b s o r p t io n  te s t . H e m in  w a s  p a r t ic u la r ly  
e f fe c t iv e  in  th e  th y r o x in e  a b s o r p t io n  te s t ,  
a n d  a s  l i t t le  a s  0 .0 1 %  in  th e  d ie t  d e c r e a s e d  
th e  1 0 -h o u r  b lo o d  r a d io a c t iv ity  to  6 0 %  o f  
th a t  o b ta in e d  w ith  th e  b a s a l  d ie t .

A  v a r ie ty  o f  o th e r  m a t e r ia ls  w e r e  a lso  
t e s te d  b y  th is  p r o c e d u r e  in  o r d e r  to  s tu d y  
th e  c o r r e la t io n  b e t w e e n  th e ir  k n o w n  ( 1 , 8 )  
a n t ith y r o to x ic  a c t iv i t ie s  a n d  th e  d e g r e e  to  
w h ic h  th e y  in te r fe r e d  w it h  th e  a b s o r p t io n

TABLE 2
Relative binding of thyroxine (T 4) by  hem in w hen  increasing amounts of the latter were added to 

0.02 fxmoles of T 4 and tested for activ ity  in  the peroxidase assay system  (all values
are in pm oles /3  ml)

Hem in added 0.050 0.100 0.200 0.300 0.400 0.500

Total T4 added 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200

Free T4 rem aining  
Bound T4 (by

0.0126 0.0085 0.0052 0.0038 0.0030 0.0028

difference) 0.0074 0.0115 0.0148 0.0162 0.0170 0.0172
Free hem in 1 0.0426 0.0885 0.1852 0.2838 0.3830 0.4828

Dissociation
constant (K ) 1 2 .4 2 X lO “ 5 2.17 X 10~5 2.16 X 10 -5 2.22 X lO - 5 2.25 X lO ' 5 2.63 X lO - 5

1 Assuming a 1:1 molar reaction between hemin and T4, the bound T4 equaled the bound hemin (or the 
hemin:T4 complex), and the free hemin was obtained by difference. After converting all values to molar con
centrations, the dissociation constant for the hemin:T4Complex was calculated from:

(Free hemin) x (Free T4) _  ^
(Hemin:T4 complex) ~

TABLE 3
Effect of  hemoglobin products on the absorption of thyroxine from the gastrointestinal tract

Substance
tested

% of 
diet

No. of 
exps. 1

Blood
radioactivity 

relative 
to that 

in blood 
of rats fed 
basal diet

%
N one (basal d iet) — - 100
Hemoglobin 5 1 62
Hemoglobin 10 5 55
Hemoglobin 15 1 45
Globin 10 5 94
Hem in 0.1 3 35
Acid-insoluble ppt of hydrolyzed Hb 1.5 2 33

1 Four rats per experiment.
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TABLE 4

Effect of  various dietary constituents on the absorption of thyroxine from the
gastrointestinal tract

Substances % in 
diet

No. of 
exps.1

Anti
thyrotoxic

activity

Blood
radioactivity 

relative 
to that 

in blood 
of rats fed 
basal diet

Hb units 2 %
Gelatin 10 2 8 120
Thymus 10 1 8 89
Cholesterol 1 2 0 92
Chitin 4 2 16 80
Deoxycholic acid 0.4 2 30 88
Glycocholic acid 0.4 2 40 115
Soy protein 20 2 20 101
Soy protein cone 3 5 1 55 101
Fibrin 20 2 21 106
Lactalbum in 20 2 25 120
Lactalbum in cone 3 5 1 82 90
Deacylated chitin 4 2 51 40
Liver residue fat 10 1 47 56
Cottonseed m eal 10 2 47 73
Cottonseed m eal cone 3 3 2 >  42 73
Liver residue 15 1 48 74
Liver residue cone 3 5 2 85 63
Keratin 10 2 >  50 70

1 Four rats per experiment.
2 Where necessary, the antithyrotoxic activities of the compounds listed were recalculated from 

previously reported (1 ,8 )  liver residue (LR) units (3 LR units =  1 Hb unit), or adjusted to reflect 
the dietary concentrations used in these tests.

® The preparation of the concentrate has been described elsewhere (1).

o f  th y r o x in e . T h e  f ir s t  4  s u b s t a n c e s  l is t e d  
in  ta b le  4  h a d  l i t t le  o r  n o  a c t iv i ty  in  e ith e r  
t e s t ,  a n d  th e  la s t  7  s u b s t a n c e s  w e r e  a c t iv e  
in  b o th  th e  1 1 -d a y  G P D  a s s a y  a n d  th e  10- 
h o u r  T 4 a b s o r p t io n  te s t .  H o w e v e r , th e  b ile  
s a lt s ,  f ib r in , so y  p r o te in  o r  la c t a lb u m in  
( a n d  th e ir  c o n c e n t r a t e s )  w e r e  a c t iv e  in  th e  
a n t ith y r o to x ic  a s s a y  b u t  h a d  n o  e f fe c t  o n  
th e  in t e s t in a l  a b s o r p t io n  o f  T 4. T h is  s u g 
g e s t s  a  m e c h a n is m  o f  a n t i th y r o to x ic  a c t io n  
fo r  t h e s e  s u b s t a n c e s  w h ic h  d if fe r s  fr o m  
a n y  in t e r f e r e n c e  w it h  in t e s t in a l  a b so r p 
t io n . I f  a l l  th e  a n t i th y r o to x ic  e f fe c t  o f  
h e m o g lo b in  c a n  b e  a t tr ib u te d  to  a n  in t e s 
t in a l  a b s o r p t io n  p h e n o m e n o n ,  t h e n  l iv e r  
r e s id u e , c o t to n s e e d  m e a l,  a n d  th e ir  c o n 
c e n tr a te s  a lso  a p p e a r e d  to  h a v e  s o m e w h a t  
m o r e  a n t ith y r o to y ic  a c t iv i ty  t h a n  c o u ld  b e  
a c c o u n te d  fo r  o n  th is  b a s is .  R e m o v a l  o f  th e  
a c e ty l  g r o u p s  f r o m  c h i t in  in c r e a s e d  i t s  
a n t ith y r o to x ic  a c t iv ity  th r e e fo ld , a n d  th e  
d e a c y la te d  c h i t in  w a s  a s a c t iv e  a s  h e m o 
g lo b in  in  b o th  th e  G P D  a s s a y  a n d  T 4 a b 
so r p t io n  t e s t s .

DISCUSSION
R u e g a m e r  a n d  W a lla c e  ( 3 )  h a v e  r e 

p o r te d  th a t  d ie ta r y  a n t i th y r o to x ic  m a t e r ia ls  
s u c h  a s  l iv e r  r e s id u e  a n d  h e m o g lo b in  in t e r 
f e r e  w it h  th e  a b s o r p t io n  a n d  e n te r o h e p a t ic  
r e c y c l in g  o f  th y r o x in e  g iv e n  e ith e r  o r a lly  
or  s u b c u ta n e o u s ly .  A n  o r a l d o s e  o f  th y 
r o x in e  m o v e d  th r o u g h  th e  lo w e r  i le u m ,  
c e c u m  a n d  la r g e  in t e s t in e  m o r e  r a p id ly  
w h e n  th e  d ie t  c o n t a in e d  s u c h  a n t ith y r o 
to x ic  s u b s ta n c e s ;  a p p r o x im a te ly  t w ic e  a s  
m u c h  t h y r o x in e  w a s  e x c r e te d  in t o  th e  
f e c e s ,  a n d  h a l f  a s  m u c h  th y r o x in e  w a s  
p r e s e n t  in  th e  p la s m a . S c h e n k m a n  ( 3 )  
o b s e r v e d  th a t  th e  t h y r o x in e  e x c r e te d  in  th e  
f e c e s ,  w i t h  a b a s a l  d ie t ,  w a s  b io lo g ic a l ly  
a c t iv e  w h e n  r e fe d , b u t  w a s  r e la t iv e ly  in e r t  
w h e n  th e  o r ig in a l  d ie t  c o n t a in e d  h e m o 
g lo b in . C e r ta in ly  a  p o r t io n  ( a n d  p o s s ib ly  
a l l )  o f  th e  a n t i th y r o to x ic  e f fe c t  o f  h e m o 
g lo b in  c a n  b e  a t tr ib u te d  to  a n  in te r f e r e n c e  
w it h  th e  in t e s t in a l  a b s o r p t io n  o f  th y r o x in e .

T h e  p r e s e n t  e x p e r im e n t s  w e r e  d e s ig n e d  
to  d e te r m in e  w h ic h  p a r t  o f  th e  h e m o g lo b in



A N TITH Y R O TO X IC  A C TIV ITY  OF H EM O G L O B IN 9 9

m o le c u le  w a s  r e s p o n s ib le  fo r  b in d in g  th e  
th y r o x in e ,  a n d  w h e t h e r  a l l  o f  th e  a n t i-  
th y r o to x ic  e f fe c t  o f  h e m o g lo b in  c o u ld  b e  
e x p la in e d  o n  th is  b a s is .  T h y r o x in e  w a s  
b o u n d  b y  f r e e  ir o n  p o r p h y r in , a s  s h o w n  in  
th e  p e r o x id a s e  t e s t  s y s t e m , a n d  d ie ta r y  
h e m in  in te r fe r e d  w it h  th e  in t e s t in a l  a b 
so r p t io n  o f  th y r o x in e . H o w e v e r , fr e e  ir o n  
p o r p h y r in  e x h ib it e d  l e s s  a n t i th y r o to x ic  
a c t iv ity  in  th e  G P D  a s s a y  t h a n  a n  e q u iv a 
le n t  a m o u n t  o f  h e m o g lo b in ,  a n d  th e  a c id -  
in s o lu b le  p r e c ip ita te  d e r iv e d  f r o m  a n  a lk a 
l in e  h y d r o ly s a te  o f  h e m o g lo b in  w a s  m o r e  
a c t iv e  in  th e  G P D  a s s a y  t h a n  c o u ld  b e  
a ttr ib u te d  to  i t s  p o r p h y r in  c o n te n t .  F iv e -  
t e n t h s  p e r  c e n t  o f  th e  a c id - in s o lu b le  f r a c 
t io n  in  th e  d ie t  a s s a y e d  a t 5 5  u n i t s  a n d  c o n 
tr ib u te d  n o  m o r e  th a n  0 .0 4 2 %  o f  ir o n  
p o r p h y r in  to  th e  d ie t  ( 4 2  m g / 1 0 0  g  d i e t ) .  
A t th e  1%  le v e l  i t  g a v e  e s s e n t ia l ly  c o m 
p le te  p r o te c t io n  ( >  6 0  H b  u n i t s ) ,  w h e r e a s  
a  d ie ta r y  c o n c e n t r a t io n  o f  0 .1  to  0 .2 %  fr e e  
h e m in  e x h ib i t e d  o n ly  2 0  to  3 0  u n its .

I f  th e  a n t i th y r o to x ic  e f f e c t  o f  h e m o 
g lo b in  a n d  r e la te d  c o m p o u n d s  i s  d u e  e n 
t ir e ly  to  a  b in d in g  o f  T 4 b y  th e  ir o n  p o r 
p h y r in  m o ie ty ,  t h e n  th is  b in d in g  i s  m o r e  
e f fe c t iv e  in  v itr o  w it h  f r e e  h e m in  a n d  m o r e  
e f fe c t iv e  in  v iv o  w h e n  th e  ir o n  p o r p h y r in  
i s  b o u n d  to  g lo b in  or  i t s  h y d r o ly t ic  p r o d 
u c ts .  F r e e  h e m in  p r o d u c e d  d ia r r h e a ,  
w h e r e a s  th e  b o u n d  fo r m  or a lk a li- tr e a te d  
h e m in  d id  n o t ,  a n d  t h is  m a y  h a v e  c o m p l i 
c a te d  th e  1 1 -d a y  G P D  a s s a y ;  i t  d id  n o t  
p r e v e n t  th e  h e m in  f r o m  b e in g  v e r y  e f fe c t iv e  
in  th e  1 0 -h o u r  T 4 a b s o r p t io n  te s t . T h e  b e s t  
e v id e n c e  th a t  a  “b o u n d  p o r p h y r in ” w a s  
th e  p o te n t  a n t i th y r o to x ic  m o ie t y  in  h e m o 
g lo b in , w a s  th e  c r e a t io n  o f  a d d it io n a l  a c 
t iv ity  w h e n  h e m o g lo b in  or a  m ix tu r e  o f  
h e m in  p lu s  g lo b in  w a s  h y d r o ly z e d  in  a lk a li.  
T h e  n a tu r e  o f  t h is  d e g r a d a t io n  p r o d u c t  is  
u n k n o w n , b u t  so m e  c o m b in a t io n  o f  th e  
p o r p h y r in  w it h  a n  a m in o  a c id  ( o r  d e g r a d a 
t io n  p r o d u c ts  o f  e a c h )  i s  in d ic a t e d ,  s in c e  
th e  a lk a l in e  h y d r o ly s is  o f  e a c h  o n e  a lo n e  
d id  n o t  e n h a n c e  th e ir  r e s p e c t iv e  A T  a c t iv 
it ie s .  It c a n  b e  p o s tu la te d  th a t  d u r in g  th e  
in t e s t in a l  d ig e s t io n  o f  h e m o g lo b in ,  a  
“b o u n d  p o r p h y r in ” r e m a in s  in  th e  in t e s 
t in a l  tr a c t  w h ic h  d o e s  n o t  p r o d u c e  d ia r r h e a  
b u t s t i l l  b in d s  t h y r o x in e  e f fe c t iv e ly .

T h e  d if f ic u lty  w it h  a t tr ib u t in g  a ll o f  th e  
a n t ith y r o to x ic  a c t iv i ty  o f  h e m o g lo b in  to  a n  
in t e s t in a l  b in d in g  o f  T 4 l ie s  in  th e  q u a n t i 

t a t iv e  r e la t io n s h ip s  o f  th e  p a r a m e te r s  
m e a s u r e d  so  fa r . A  10%  h e m o g lo b in  d ie t  
r e d u c e d  th e  b lo o d  le v e l  o f  a d m in is te r e d
T.i b y  a b o u t  5 0 %  , b u t  i t  r e d u c e d  th e  e f f e c 
t iv e n e s s  o f  th e  T i o n  th e  t i s s u e s  b y  a b o u t  
9 0 %  in  th e  B M R  a n d  G P D  a s s a y s .  E ith e r  
th e  b lo o d  le v e l  o f  la b e le d  T 4 ( a s  m e a s u r e d  
in  th e s e  t e s t s )  d o e s  n o t  r e f le c t  th e  q u a n t i 
t a t iv e  e f fe c t  o f  T 4 o n  th e  t i s s u e s ,  or  th e  
h e m o g lo b in  ( a n d  e s p e c ia l ly  s o m e  o th e r  
a n t ith y r o to x ic  s u b s t a n c e s )  e x e r t  a n  e f fe c t  
w h ic h  i s  d if fe r e n t  f r o m  ( a n d  i s  a d d it iv e  
to , o r  i s  a d d it iv e  t o )  th e  in t e s t in a l  b in d in g  
p h e m o n e n o n .

S o m e  s u b s t a n c e s  w h ic h  w e r e  r e a s o n a b ly  
a n t ith y r o to x ic  in  th e  1 1 -d a y  G P D  a s s a y  h a d  
l i t t le  or n o  a c t iv i ty  in  th e  1 0 -h o u r  T 4 a b 
so r p t io n  te s t . A lth o u g h  th is  s u g g e s t s  a  
m e c h a n is m  o f  a c t io n  o th e r  t h a n  a n  in te r 
f e r e n c e  w it h  T 4 a b s o r p t io n , i t  i s  a ls o  p o s 
s ib le  t h a t  a  s u b s t a n c e  w h ic h  d id  n o t  in t e r 
fe r e  w it h  T 4 a b s o r p t io n  in  a  1 0 -h o u r  te s t  
m ig h t  s t i l l  d o  so  in  a n  1 1 -d a y  a s s a y . D e -  
o x y c h o la t e ,  fo r  e x a m p le ,  h a d  n o  e f f e c t  in  
th e  1 0 -h o u r  t e s t  b u t  w a s  r e a s o n a b ly  a c t iv e  
in  th e  1 1 -d a y  a s s a y , a n d  i s  k n o w n  to  p r o 
d u c e  h is t o lo g ic a l  c h a n g e s  in  th e  in t e s t in e  
a n d  g a llb la d d e r  o n  p r o lo n g e d  f e e d in g  ( 9  ) .

It w a s  s u g g e s t e d  p r e v io u s ly  th a t  th e  
a n t ith y r o to x ic  a c t iv ity  o f  e a c h  c o n c e n tr a te  
o b ta in e d  f r o m  d if f e r e n t  s ta r t in g  m a t e r ia ls  
w a s  n o t  d u e  to  th e  s a m e  c h e m ic a l  su b 
s t a n c e  o n  th e  b a s is  o f  d if f e r e n c e s  in  s t a b il 
i ty  a n d  s o lu b i li ty  p r o p e r t ie s  ( 1 ) .  H e r e  
a g a in  th e  a n t i th y r o to x ic  e f fe c t  d o e s  n o t  
a p p e a r  to  b e  a n y t h in g  w h ic h  i s  s p e c if ic  fo r  
h e m o g lo b in  s in c e  d e a c y la te d  c h i t in ,  w h ic h  
b e a r s  n o  s tr u c tu r a l  s im ila r it ie s  to  h e m o 
g lo b in , i s  a c t iv e  a s  w e l l .
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Growth of Rats Fed Chlortetracycline 
or an Exchange Resin * 1 2

JORDAN L. HOLTZM AN2 a n d  WILLARD J. VISEK 3
Departm ent of Pharmacology, University  of Chicago, Chicago, Illinois

ABSTRACT  W eanling m ale H oltzm an rats were fed  a basal liquid diet containing  
a suboptim al concentration of protein. Addition of Chlortetracycline (2 5 0 m g /k g )  or 
a cationic exchange resin (3 .8 5 % ) increased the rate of body w eight gain. The 
hydrolysis of urea in  the gastrointestinal tract was reduced by Chlortetracycline but 
not by the resin. Calculations of energy required for detoxification of am m onia from  
urea hydrolysis showed that growth differences due to the antibiotic or to the resin  
greatly exceeded energy sparing attributable to reductions in  am m onia produced by 
bacteria. Regression analysis of w eight gain vs. feed intake of the anim als receiving  
supplem ents showed a reduction in  dietary m aintenance requirements as compared 
w ith  control, but no significant change in  nutrient absorption. Values are presented  
show ing that the present results are com patible w ith the hypothesis that the sparing 
effect on protein or other nutrients by antibiotics is secondary to reduced requirements 
for m aintain ing the intestinal m ucosa.

N u m e r o u s  in v e s t ig a t o r s  h a v e  a t te m p te d  
to  e lu c id a te  th e  m e c h a n is m s  w h e r e b y  d ie 
ta r y  a n t im ic r o b ia l  a g e n ts  a t  c o n c e n tr a t io n s  
b e lo w  th e  t h e r a p e u t ic  r a n g e  s t im u la te  
g r o w th  in  b ir d s  a n d  m a m m a ls .  It i s  g e n e r 
a lly  a g r e e d  th a t  th is  r e s p o n s e  i s  s e c o n d a r y  
to  th e  p r e s e n c e  o f  b a c te r ia  in  th e  g a s tr o 
in t e s t in a l  tr a c t  ( 1—3 ) .  A m o n g  th e  m e c h 
a n is m s  w h ic h  h a v e  b e e n  p o s tu la te d  i s  a  
n e t  im p r o v e m e n t  in  th e  a b s o r p t io n  o f  n u t r i 
e n t s  s e c o n d a r y  to  th e  r e d u c t io n  in  th e  
t h ic k n e s s  o f  th e  w a l l  o f  th e  g a s t r o in t e s t in a l  
tr a c t  ( 1 ,  2 ) .  P r e v io u s  e v id e n c e  h a s  b e e n  
p r e s e n te d  s u g g e s t in g  th a t  th e  a c t io n  o f  
a n t ib io t ic s  i s  r e la te d  to  a  r e d u c t io n  in  
a m m o n ia  p r o d u c e d  in  th e  g a s tr o in te s t in a l  
tr a c t  f r o m  h y d r o ly s is  o f  e n d o g e n o u s  u r e a  
b y  b a c te r ia l  u r e a s e ( s )  ( 1 ,  4 ) .

In  th e  p r e s e n t  p a p e r  g a s t r o in t e s t in a l  h y 
d r o ly s is  o f  14C u r e a  w a s  d e te r m in e d  in  r a ts  
r e c e iv in g  m e a s u r e d  a m o u n t s  o f  a  l iq u id  
b a s a l  d ie t  s u p p le m e n te d  w it h  C h lo r te tra 
c y c l in e  or  a  p o ly s ty r e n e  c a t io n  e x c h a n g e  
r e s in  k n o w n  to  r e d u c e  b lo o d  a m m o n ia  c o n 
c e n tr a t io n s .  T h e  q u a n t ity  o f  a m m o n ia  r e 
le a s e d  b y  u r e a  h y d r o ly s is  w a s  c a lc u la te d  
f r o m  14C u r e a  tu r n o v e r . T h e  e f fe c t s  o n  
g r o w th  o f  th e  b a s a l  d ie t  s u p p le m e n te d  w ith  
C h lo r te tr a c y c lin e  a n d  th e  r e s in  w e r e  s tu d 
ie d  in  r a ts  f e d  a d  l ib itu m . T h e  p o s s ib i l ity  
th a t  th e  g r o w th  d if f e r e n c e s  o b s e r v e d  w e r e  
th e  r e s u lt  o f  r e d u c e d  e n e r g y  a n d  m a in t e 
n a n c e  r e q u ir e m e n ts  fo r  p r o c e s s e s  o f  c e l lu 
la r  r e n e w a l  i n  th e  w a l l  o f  th e  g a s tr o 

in t e s t in a l  tr a c t  i s  c o n s id e r e d . C o n s id e r a 
t io n  i s  a lso  g iv e n  to  th e  p o s s ib le  in f lu e n c e  
th a t  th e  a d d it iv e s  e x e r te d  o n  n u t r ie n t  a b 
so r p t io n . A  p r e lim in a r y  r e p o r t  o f  th e s e  
in v e s t ig a t io n s  h a s  b e e n  p r e s e n te d .4

EXPERIMENTAL METHODS

G r o w t h  e x p e r i m e n t s .  S e v e n  e x p e r im e n t s  
w e r e  c o n d u c te d  w it h  a  to ta l  o f  1 0 1  m a le  
w e a n l in g  r a ts  o f  th e  S p r a g u e -D a w le y  
s tr a in  5 h a v in g  in i t ia l  w e ig h t s  o f  4 5  to  5 5  g. 
T h e  a n im a ls  w e r e  h o u s e d  in d iv id u a lly  in  
h a n g in g  w ir e  c a g e s  a n d  m a in t a in e d  i n  
c le a n  a ir  c o n d it io n e d  q u a r te r s . A s s ig n m e n t  
to  tr e a tm e n t  a n d  c a g e s  w a s  b y  r a n d o m  
n u m b e r s .  A  l iq u id  b a s a l  d ie t  w a s  f e d  
w h ic h  p r o v id e d  8%  o f  th e  c a lc u la t e d  c a lo r ic  
c o n t e n t  a s  to ta l  p r o te in  f r o m  e v a p o r a te d  
m ilk  a n d  c o n t a in e d  a  f in a l  c o n c e n tr a t io n  
o f  4 2 %  g lu c o s e .  V it a m in s  a n d  m in e r 
a ls  w e r e  in c lu d e d  to  m e e t  r e c o m m e n d e d  
a l lo w a n c e s  ( 5 ) .  M ic r o b ia l f e r m e n t a t io n  
in  th is  m ix tu r e  w a s  fo u n d  to  b e  m in im a l  
u n d e r  a n im a l  r o o m  c o n d it io n s  fo r  p e r io d s  
o f  a t l e a s t  5  d a y s . F e e d in g  w a s  a d  l ib itu m

R eceived  fo r  p u b lic a tio n  M arch  19, 1965.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by  th e  

H e rm a n  F ra s c h  F o u n d a tio n , N ew  Y ork , a n d  P u b lic  
H e a lth  S erv ice  R ese a rch  G ra n t  no . 11,032.

2 P re s e n t a d d re ss : L a b o ra to ry  o f C h em ica l P h a rm a 
cology, N a tio n a l H e a r t  In s t i tu te ,  B e th e sd a , M ary lan d .

2 P re s e n t a d d re ss : D e p a r tm e n t o f A n im a l H u s
b a n d ry , C o rn e ll U n iv e rs ity , I th a c a ,  N ew  Y ork  14850.

4 H o ltz m a n , J. L ., a n d  W . J. V isek  1964 G ro w th  
a n d  u re a  m e ta b o lism  in  r a t s  fe d  c h lo rte tra c y c l in e  
a n d  a  c a t io n  e x ch a n g e  re s in . F e d e ra tio n  P ro c ., 23 :  
499  ( a b s t r a c t ) .

5 S p rague-D aw ley  F a rm s , M ad iso n , W isco n s in .

J .  N u t r it io n , 8 7 : ’6 5 1 0 1
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f r o m  c a lib r a te d  d r in k in g  b o t t l e s 6 w h ic h  
r e m a in e d  o n  th e  c a g e s  fo r  2  to  3  d a y s  a n d  
w e r e  th e n  r e p la c e d  w it h  c le a n  b o t t le s  c o n 
t a in in g  f r e s h  d ie t . S to c k  d ie t  w a s  s to r e d  
a t  4 °  f o r  a  m a x im u m  o f  3  w e e k s .  I n  e x 
p e r im e n ts  1 , 2  a n d  3 , e x p e r im e n t a l  g r o u p s  
r e c e iv e d  th e  b a s a l  d ie t  s u p p le m e n te d  w ith  
so lu b le  c h lo r te tr a c y c l in e  7 a t  a  c o n c e n t r a 
t io n  o f  2 5 0  p p m . In  e x p e r im e n t s  4 ,  5 , 6  
a n d  7 , c o n tr o l  a n im a ls  w e r e  fe d  th e  l iq u id  
b a s a l  d ie t  d e s c r ib e d  a b o v e  e x c e p t  fo r  th e  
a d d it io n  o f  c a r b o x y m e th y l  c e l l u l o s e 8 to  
f a c i l i t a t e  s u s p e n s io n  o f  a  p o ly s ty r e n e  s u l f o 
n a t e  c a t io n  e x c h a n g e  r e s in .9 T h e  e x p e r i
m e n t a l  g r o u p s  in  th is  s e r ie s  o f  e x p e r im e n ts  
r e c e iv e d  th e  m o d if ie d  b a s a l  d ie t  s u p p le 
m e n te d  w it h  3 .8 5 %  o f  th e  r e s in  w h ic h  
h a d  b e e n  e q u il ib r a te d  w ith  K re b s -R in g e r  
s o lu t io n  fo r  2 4  h o u r s  a t r o o m  te m p e r a tu r e .  
T e n  m i ll i l i t e r s  o f  e q u i l ib r a t in g  s o lu t io n  p e r  
g r a m  o f  r e s in  w e r e  u s e d  in  e x p e r im e n t s  
4 ,  6  a n d  7 , a n d  5  m l  in  e x p e r im e n t  5. 
A f t e r  e q u il ib r a t io n , th e  s u p e r n a ta n t  s o lu 
t io n  w a s  d e c a n te d  a n d  th e  r e s in  w a s  d r ied  
to  c o n s t a n t  w e ig h t  a t  1 1 0 °  b e fo r e  in c o r p o 
r a t io n  in to  th e  d ie t . B o th  th e  c a r b o x y 
m e th y l  c e l lu lo s e  a n d  th e  r e s in  w e r e  i n 
c o r p o r a te d  a t th e  e x p e n s e  o f  a l l  o th e r  
c o n s t i t u e n t s .  A  f e e d in g  p e r io d  o f  2 8  d a y s  
w a s  u s e d  fo r  e x p e r im e n t  7 , w h e r e a s  a ll 
o th e r  e x p e r im e n ts  la s t e d  2 1  d a y s . B o d y  
w e ig h t s  w e r e  o b ta in e d  a t w e e k ly  in te r v a ls .

S t u d i e s  o f  u r e a  h y d r o l y s i s .  S e v e n ty -f iv e  
S p r a g u e -D a w le y  r a ts  w e r e  f e d  a d  l ib itu m  
a c o m m e r c ia l ly  a v a i la b le  d ie t  u n t i l  th e y  
w e ig h e d  1 5 0  to  2 2 5  g , w h e r e u p o n  th e y  
w e r e  c h a n g e d  to  th e  l iq u id  d ie t  ( t a b le  1 ) .  
T h is  w a s  g iv e n  4  t im e s  d a ily  b y  s to m a c h  
tu b e  fo r  6  d a y s . A n im a ls  w e ig h in g  le s s  
th a n  2 0 0  g  r e c e iv e d  7  m l o f  s o l u t i o n / f e e d 
in g ,  a n d  th o s e  w e ig h in g  o v e r  2 0 0  g  r e 
c e iv e d  10  m l. E x p e r im e n ta l  a n im a ls  r e 
c e iv e d  th e  s a m e  d ie t  s u p p le m e n te d  w ith  
c h lo r te tr a c y c l in e  or  w ith  th e  r e s in  a s  d e 
sc r ib e d  a b o v e .10 A t th e  e n d  o f  th e  fo u r th  
d a y  o f  tu b e  f e e d in g ,  e a c h  r a t  w a s  in j e c t e d  
in tr a p e r ito n e a l ly  w ith  1 to  2  uc o f  14C u r e a  
( 3 3  n c / m m o le ) .  U r in e  se p a r a te d  fr o m  
f e c e s  w a s  c o lle c te d  a t  2 4  a n d  4 8  h o u r s  
th e r e a f te r .  A s s ig n m e n t  to  t r e a tm e n t  g r o u p s  
w a s  r a n d o m .

D e t e r m i n a t i o n  o f  s p e c i f i c  r a d i o a c t i v i t y  
o f  u r i n a r y  u r e a .  U r in a r y  u r e a  w a s  d e te r 
m in e d  s p e c tr o p h o to m e tr ic a lly  b y  th e  a c e ty l  
m o n o x im e  m e th o d  ( 6 ) .  D e c o lo r iz e d  a l i 

q u o ts  o f  u r in e  ( 7 )  w e r e  u s e d  fo r  a s s a y  o f  
r a d io a c t iv ity  in  a  l iq u id  s c in t i l la t io n  s p e c 
tr o m e te r .11 * T h e  s c in t i l la to r  s o lu t io n  w a s  
th e  d io x a n e -c e l lu lo s e  p r e p a r a t io n  o f  B r u n o  
a n d  C h r is t ia n  ( 8 ) .  H y d r o ly s is  o f  u r e a  in  
th e  g a s tr o in te s t in a l  tr a c t  w a s  c a lc u la t e d  
u s in g  e q u a t io n  I:

l  — P
UH =  U„ - p -  ( I )

w h e r e  Ui,  r e p r e s e n ts  m i l l im o le s  o f  u r e a  
h y d r o ly z e d  in  th e  g a s t r o in t e s t in a l  tr a c t  p e r  
k ilo g r a m  o f  b o d y  w e ig h t  p e r  d a y ; U„, th e  
m ill im o le s  o f  u r in a r y  u r e a  e x c r e te d  p e r  
k ilo g r a m  o f  b o d y  w e ig h t  p e r  d a y ; a n d  P , 
th e  f r a c t io n  o f  in j e c t e d  14C u r e a  w h ic h  w a s  
e x c r e te d  in  th e  u r in e  in  4 8  h o u r s . P r e lim i
n a r y  e x p e r im e n t s  a n d  p u b lis h e d  d a ta  ( 9 ,
1 0 )  in d ic a t e d  th e  v a l id ity  o f  t h is  m e th o d  
a s  a n  e s t im a te  o f  u r e a  h y d r o ly s is  in  th e  
g a s t r o in t e s t in a l  tr a ct.

RESULTS AND DISCUSSION

A  s u m m a r y  o f  th e  w e ig h t  g a in  a n d  f e e d  
c o n s u m p t io n  fo r  e x p e r im e n t s  1, 2  a n d  3  i s  
s h o w n  in  ta b le  2 . T h e  d a ta  w e r e  a n a ly z e d  
b y  a n a ly s is  o f  v a r ia n c e  w it h  th e  m a in  e f 
f e c t s  o f  t im e  a n d  tr e a tm e n t .  A d d it io n  o f  
a n t ib io t ic s  to  th e  d ie t  in c r e a s e d  g r o w th  a n d  
e f f ic ie n c y  o f  f e e d  u t i l iz a t io n  r e g a r d le s s  o f  
th e  s ta t i s t ic a l  m o d e l  o f  c o m p a r is o n . T h e  
g a in  in  b o d y  w e ig h t  a n d  th e  e f f ic ie n c y  o f  
f e e d  u t i l iz a t io n  fo r  th e  4  e x p e r im e n t s  w it h  
th e  p o ly s ty r e n e  s u lf o n a t e  c a t io n  e x c h a n g e  
r e s in  are  l is t e d  in  ta b le  3 . E f f ic ie n c y  o f  
f e e d  u t i l iz a t io n  w a s  c o n s is t e n t ly  h ig h e r  in  
th e  a n im a ls  g iv e n  th e  r e s in  s u p p le m e n t ,  
a n d  in  3  o f  th e  4  e x p e r im e n t s ,  th e  d if fe r 
e n c e s  w e r e  s t a t i s t ic a lly  s ig n i f ic a n t  ( P  <  
0 . 0 2 ) .  A  s t a t i s t ic a l ly  s ig n i f ic a n t  d if f e r e n c e  
in  o v e r a ll  g r o w th  w a s  o b se r v e d  o n ly  in  e x 
p e r im e n t  4 . F e e d  in t a k e s  s h o w e d  n o  s t a t i s 
t ic a l ly  s ig n if ic a n t  d if f e r e n c e s .  A v e r a g e  
v a lu e s  fo r  th e  p o o le d  r e s u l t s  are  l is t e d  in  
ta b le  3 , a n d  are  to  b e  in te r p r e te d  w ith  th e  
r e a l iz a t io n  th a t  5  m l  o f  K r e b s -R in g e r  so lu -  
t i o n / g  w e r e  u s e d  fo r  e q u il ib r a t io n  o f  th e

6 K im ax  no. 44875. K im ble  G lass C o m p an y , T oledo, 
Ohio.

7 A u reo m y c in ; L ed e rle  L ab o ra to r ie s  D iv is io n , A m er
ic a n  C y an a m id  C o rp o ra tio n , P e a r l  R ive r, N ew  York.

8 No. 7H P; H e rc u le s  P o w d e r C o m p an y , O akbrook , 
Illin o is .

9 K a y ex a la te ; W in th ro p  L a b o ra to r ie s , N ew  York.
19 C arb o x y m e th y l c e llu lo se  w as  o m itte d  in  th is  e x 

p e rim e n t. T h e  re s in  w as  m a in ta in e d  in  su sp e n s io n  by  
s t i r r in g  w h ile  a liq u o ts  w ere  rem o v ed  fo r  a d m in is tr a 
tion .

i l  P a c k a rd  In s tru m e n t  C o rp o ra tio n , L a  G ran g e ,
Illin o is .
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TABLE 1
Composition of l iquid d i e t 1

Ingredients added in the order listed:
Water 1028 g
Glucose, anhydrous 797 g
Calcium lactate, N.F. 36 g
Sodium glycerophosphate, N.F. 42 g
Choline chloride 700 m g
Calcium pantothenate 24 m g
N iacin 20 mg
Thiam ine 4 mg

Add solution containing :
CuSOé 20 m g
Zn (C 2H30 2)-2 H 20 20 mg
Water 10 g

Add solution containing :
F eS 04-7H20 165 mg
MnSOi 200 m g
Water 10 g

Add, after vigorous stirring, a m ixture 
containing:

Tween 80 2 4.5 m l
dZ-a-Tocopherol 3 85 m g
Vitam in A 4 30,000 IU
Linoleic acid 5 4.28 g
Water 50 g

Add: Evaporated milk 1642 g
Add water to m ake 3,614 g

1 All ingredients C.P. grade unless otherwise indi- 
cated. Water and utensils were sterilized. Gulcose 
and calcium lactate added with water temperature at 
90° to 100°. Vitamins and evaporated milk were 
incorporated at temperatures under 60°. Calculated 
caloric and protein content per millimeter were 1.6 
kcal and 28 mg respectively. Carboxymethyl cellulose 
for experiment 7, no. 7HP, Hercules Powder Corpo
ration, Oakbrook, Illinois.

2 Tween 80 (polyalkylene derivative of sorbitan 
monostearate); Nutritional Biochemicals Corporation, 
Cleveland.

3 di-a-tocopherol (250 IU vitamin E /g); Nutritional 
Biochemicals Corporation, Cleveland.

4 Vitamin A in gelatin (500,000 IU /g). Nutritional 
Biochemicals Corporation, Cleveland.

5 Lin oleic acid (purified) A-165; Fisher Scientific 
Corporation, Fair Lawn, New Jersey.

r e s in  i n  e x p e r im e n t  5 , w h e r e a s  1 0  m l  w e r e  
u s e d  in  th e  o th e r  e x p e r im e n ts .

T h e  a v e r a g e  u r in a r y  u r e a  e x c r e t io n  p er  
k ilo g r a m  o f  b o d y  w e ig h t  p e r  d a y  a n d  th e  
a v e r a g e  h y d r o ly s is  o f  u r e a  in  th e  g a s tr o 
in t e s t in a l  tr a c t  a s  c a lc u la t e d  u s in g  e q u a 
t io n  I a re  s h o w n  in  ta b le  4 . T h e r e  w a s  n o  
a p p a r e n t  d if f e r e n c e  in  th e  to ta l  u r in a r y  
u r e a  e x c r e t io n  b e t w e e n  t r e a tm e n ts ,  b u t  th e  
a n im a ls  g iv e n  th e  C h lo r te tr a c y c lin e  s u p p le 
m e n t  s h o w e d  a  m a r k e d  r e d u c t io n  in  u r e a  
h y d r o ly s is  a s  c o m p a r e d  w it h  e ith e r  th e  
c o n tr o l  a n im a ls  o r  th o s e  g iv e n  th e  r e s in  
s u p p le m e n t  ( P  <  0 . 0 5 ) .

T h e  q u a n t ity  o f  p r o te in  a n d  th e  c a lo r ie s  
o f  e n e r g y  c o n s u m e d  p e r  u n i t  o f  w e ig h t  
g a in  w e r e  c a lc u la te d  f o r  e a c h  tr e a tm e n t  
g r o u p  fr o m  th e  d a ta  o f  ta b le s  2  a n d  3  u s in g  
th e  c a lc u la t e d  c a lo r ic  a n d  p r o te in  c o n t e n t s  
o f  th e  d ie t  ( t a b le  1 ) .  C o r r e c t io n s  fo r  d e 
c r e a s e s  in  e n e r g y  a n d  p r o te in  c o n t e n t  w e r e  
u s e d  w h e n  c a r b o x y m e th y l  c e l lu lo s e  a n d  th e  
r e s in  w e r e  a d d ed . In  a l l  e x p e r im e n t s  th e  
c a lo r ie s  or  p r o te in  r e q u ir e d  p e r  g r a m  o f  
g a in  w e r e  g r e a te r  fo r  c o n tr o l  g r o u p s  th a n  
fo r  th o s e  f e d  C h lo r te tr a c y c lin e  or th e  r e s in .  
T h e s e  d if f e r e n c e s  w e r e  a ls o  o b s e r v e d  in  
d ie t  in ta k e  p e r  u n i t  o f  w e ig h t  g a in . G ro w th  
o f  th e  a n im a ls  in  th e  r e s in  e x p e r im e n t  w a s  
b e lo w  th a t  o f  c o m p a r a b le  g r o u p s  in  th e  
C h lo r te tr a c y c lin e  e x p e r im e n ts .  T h e  c a u s e  
fo r  th is  g r o w th  d if fe r e n c e  m a y  h a v e  b e e n  
th e  c a r b o x y m e th y l  c e l lu lo s e .

A c c o r d in g  to  p r e s e n t  k n o w le d g e  s y n 
t h e s is  o f  g lu ta m in e  i s  a  p r e r e q u is ite  s te p  in  
th e  fo r m a t io n  o f  u r e a , a n d  o n e  m o le  o f

TABLE 2
W eight gain and feed consumption of rats fed  a liquid diet  for 3 weeks  

and w ithout  250 p p m  of Chlortetracycline

Treatment Exp.
no.

Diet
consumed Weight gain Body w t1

Basal 1 (6 )  2
ml

360 ± 4 6  3
9

30 ±  5 4
g/100 ml 
8.1 ±  0.5

9
7 0 ±  7

2 (6 ) 447 ± 5 9 39 ± 4 8.8 ± 0 .7 72 ± 4
3 (6 ) 564 ±  54 46 ± 5 8.3 ± 0 .3 68 ± 5
Avg 457 ±  51 38 ± 5 8.4 ±  0.5 70 ± 5

Chlortetra
cycline 1 (6 ) 388 ± 3 6 42 ± 4 10.8 ± 0 .4 7 6 ±  5

2 (5 ) 523 ±  53 48 ± 5 11.0 ±  0.9 80 ± 6
3 (6 ) 634 ± 6 8 60 ± 8 9.3 ±  0.5 74 ± 6
Avg 515 ± 5 1 50 ±  6 5 10.4 ±  0.6 5 77 ± 6

1 (Final weight plus initial weight)/2.
2 Figures in parentheses indicate number of animals.
3 Average ±  s d .
4 I n i t i a l  w e ig h ts : co n tro l, r a n g e  45 to  55 g; C h lo rte tra cy c lin e , r a n g e  45 to  55 g.
5 The difference in weight gain between the 2 groups is consistent from experiment to experiment. 

The average difference in weight gain was 12 g. Statistical analysis verifies that this difference is 
significant at the 5% level. The same is true of the feed efficiency.
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TA BLE 3

W eight gain , feed consumption, and efficiency of feed utilization for rats fed  for 3 weeks  
a liquid diet  w i th  and  w ithout supplementation w i th  a polystyrene  

sulfonate cation exchange resin

Treatment Exp.
no.

Diet
consumed Weight gain Body w t1

ml 9 g/100 ml 9
Basal 4 (6 )  2 363 ± 3 2  3 1 8 ± 4 4.8 ± 0 .8 67 ±  6

5 (6 ) 381 ± 4 5 16 ± 5 4 .2 ±  1.0 60 ± 5
6 (6 ) 334 ± 4 2 20 ± 4 5.9 ±  0.7 5 5 ±  5
7 4( 15) 549 ± 4 9 30 ± 5 5.4 ± 0 .5 72 ± 4
Avg 407 ± 4 2 21 ± 5 5.1 ± 0 .8 64 ± 5

Resin 4 (6 ) 356 ± 3 8 25 ± 5  5 7.0 ± 0 .9  6 71 ± 5
5 (6 ) 342 ± 4 5 18 ± 3 5.2 ± 0 .6 62 ±  5
6 (6 ) 329 ± 3 3 25 ± 7 7 .6 ±  1.3 7 56 ± 6
7 4( 15 ) 523 ±  45 34 ± 8 6.4 ± 0 .8  6 73 ± 4
Avg 388 ± 4 3 26 ± 6 6 .6 ± 0 .7 66 ±  5

1 (F in a l  w e ig h t p lu s  in i t ia l  w e ig h t) /2 .
2 F ig u res  in  p a re n th e se s  in d ic a te  n u m b e r  o f a n im a ls .
3 A verage ±  sd.
4 E x p e rim en t 7 la s te d  4 w eeks.
3 P  <  0.01.
e P  <  0.001.
7 P  <  0.02.

TA BLE 4
Urinary urea excretion and hydrolysis of urea  

by rats tube-fed a l iquid basal diet  w i th  or w ithout  
Chlortetracycline (250 ppm ) or polystyrene sulfo
nate cation exchange resin (3.85%).

Treatment Urinary
urea

Hydrolysis 
of urea

mmole /k g /  day mmole/kg /  day
Basal (2 7 )  1 10.0 ±  1.66 2 3.60 ± 1 .4 2

Chlortetra-
cycline (2 3 ) 10.6 ±  1.59 2.67 ± 1 .0 6  3

Polystyrene sulfonate  
cation exchange 
resin (2 5 ) 10.5 ±  1.05 3.58 ± 1 .0 8

1 F ig u re s  in  p a re n th e se s  in d ic a te  n u m b e r  o f a n im a ls .
2 A verage +  sd.
3 P <  0.05.

u r e a  fo r m e d  w o u ld  u t i l iz e  6  m o le s  o f  A T P  
( 1 1 ,  1 2 ) .  W ith  3 8  m o le s  o f  A T P  fo r m e d  
f o l lo w in g  th e  c o m p le te  o x id a t io n  o f  o n e  
m o le  o f  g lu c o s e  ( 1 3 ) ,  th e  f o r m a t io n  o f  a  
m o le  o f  u r e a  in  m a m m a ls  w o u ld  d e m a n d  
a b o u t 1 1 5  k c a l  o f  d ie ta r y  e n e r g y . F r o m  
th e  tu r n o v e r  s tu d ie s  h y d r o ly s is  o f  u r e a  in  
th e  g a s t r o in t e s t in a l  tr a c t  w a s  0 .3 6  a n d  0 .2 6  
m m o l e / 1 0 0  g  o f  b o d y  w e i g h t / d a y  fo r  th e  
c o n tr o l  a n im a ls  a n d  th o s e  g iv e n  th e  C hlor
t e tr a c y c l in e  s u p p le m e n t ,  r e s p e c t iv e ly .  T h e  
c o r r e s p o n d in g  q u a n t it ie s  o f  N H 3 r e le a s e d  
w o u ld  h a v e  r e q u ir e d  0 .8 6  k c a l  a n d  0 .6 2  
k c a l in  3  w e e k s  fo r  d e to x if ic a t io n . T h e s e  
c a lc u la t io n s  a n d  th e  r e g r e s s io n  a n a ly s is  o f  
th e  g r o w th  d a ta  d e sc r ib e d  b e lo w , sh o w  th a t  
th e  e n e r g y  r e q u ir e d  to  d e t o x ify  a m m o n ia

a r is in g  fr o m  th is  so u r c e  w a s  l e s s  t h a n  1%  
o f  th e  a p p a r e n t  e n e r g y  sp a r e d  th e  a n im a ls  
g iv e n  th e  c h lo r te tr a c y c l in e - s u p p le m e n t  a n d  
a g r e e  w ith  d ir e c t  d e te r m in a t io n s  o n  r a ts  
f e d  u r e a  ( 1 4 ) .

R e m o v a l o f  a m m o n ia  b y  th e  r e s in  in  a  
r a t  c o n s u m in g  4 0 0  m l o f  d ie t  w o u ld  h a v e  
a p p r o x im a te d  4 6  m E q  i f  b in d in g  o f  a m 
m o n ia  e q u a le d  th e  c a p a c ity  o f  th e  r e s in  
( 3 .1  m E q / g ) .  R e m o v a l  o f  t h is  q u a n t ity  o f  
a m m o n ia  w o u ld  sp a r e  1 .7  k c a l  o f  d ie ta r y  
e n e r g y  fo r  th e  3 -w e e k  p e r io d . F r o m  th e  
k n o w n  p h y s io lo g ic a l  a c t io n s  o f  th e  r e s in  it  
is  r e a s o n a b le  to  p o s tu la te  th a t  b in d in g  a n d  
r e m o v a l o f  a m m o n ia  to o k  p la c e  ( 1 5 ,  1 6 )  
b u t th a t  th e  q u a n t ity  w a s  in s u f f ic ie n t  to  
c a u s e  a  s ig n i f ic a n t  d if fe r e n c e  in  u r in a r y  
u r e a  e x c r e t io n .  F u r th e r m o r e , th e  p r e s e n c e  
o f  r e s in  in  th e  d ie t  d id  n o t  a lte r  u r e a  h y 
d r o ly s is  in  th e  g a s tr o in te s t in a l  tr a c t  a s  d id  
c h lo r te tr a c y c l in e .  T h e s e  d a ta  in d ic a t e  th a t  
b a c te r ia l  p r o d u c t io n  o f  a m m o n ia  fr o m  
u r e a  a n d  th e  r e s u lta n t  p r o c e s s e s  o f  d e 
to x if ic a t io n  p la y  a  m in o r  r o le  in  d e p r iv in g  
th e  a n im a l  o f  e n e r g y  fo r  g r o w th . H o w e v e r ,  
th e y  d o  n o t  in v a l id a t e  p r e v io u s  d a ta  s u g 
g e s t in g  th a t  a m m o n ia  r e le a s e d  in  th e  g a s 
tr o in t e s t in a l  tr a c t  m a y  h a v e  a  s ig n i f ic a n t  
e f fe c t  u p o n  g r o w th  a n d  o th e r  p h y s io lo g ic a l  
p r o c e s s e s  in  th e  h o s t  ( 1 ,  4 ) .

A lth o u g h  th e  e x p e r im e n t s  w e r e  d e s ig n e d  
to  s tu d y  th e  in f lu e n c e  o f  c h lo r te tr a c y c l in e  
a n d  th e  r e s in  u p o n  u r e a  h y d r o ly s is  a n d  
g r o w th , th e  d a ta  w e r e  s u b je c te d  to  r e g r e s -
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s io n  a n a ly s is  fo r  p u r p o se s  o f  e v a lu a t in g  
d ie ta r y  r e q u ir e m e n ts  fo r  g r o w th  a n d  m a in 
t e n a n c e  a n d  fo r  a s s e s s m e n t  o f  p o s s ib le  
e f fe c t s  o n  n u tr ie n t  a b s o r p t io n . T h e  g r o w th  
d a ta  w e r e  p o o le d  b y  tr e a tm e n t  fr o m  th e  
e x p e r im e n t s  in  w h ic h  C h lo r te tr a c y c lin e  w a s  
f e d  a n d  r e g r e s s e d  v e r s u s  f e e d  in ta k e  a c 
c o r d in g  to  e q u a t io n  I I .18 F o r  th e  p u r p o se s  
o f  th e s e  c a lc u la t io n s  i t  w a s  a s s u m e d  th a t  
th e  e n e r g y  e q u iv a le n t s  o f  r e s p e c t iv e  g a in s  
w e r e  th e  s a m e  fo r  th e  c o n tr o l  a n d  s u p p le 
m e n te d  g r o u p s .

A c c o r d in g  to  s ta n d a r d  m e th o d s  o f  c o m 
p a r is o n  ( 2 0 ) ,  th e  l in e s  w e r e  p a r a lle l  b u t  
n o t  c o n g r u e n t  ( P  <  0 . 0 0 1 )  ( f ig .  1 ) .  T h e  
c o r r e la t io n  c o e f f ic ie n t s  w e r e  0 .8 5 4  ( P  <  
0 .0 0 1 )  fo r  th e  b a s a l  d ie t  a n d  0 .9 5 1  ( P  <  
0 .0 0 1 )  fo r  th e  b a s a l  d ie t  p lu s  C h lo rte tra 
c y c l in e .  T h e  e s t im a te d  d if fe r e n c e  in  d ie 
ta r y  in ta k e  fo r  e q u iv a le n t  g r o w th  w h e n  
C h lo r te tr a c y c lin e  w a s  a d d e d  w a s  6 4  m l  
w ith  9 5 %  c o n f id e n c e  b o u n d s  o f  3 6  a n d  9 3  
m l. A t a  c a lo r ic  c o n t e n t  o f  1 .6  k c a l /m l ,  
th is  r e p r e s e n ts  a  s p a r in g  o f  1 0 2  k c a l /a n i -  
m a l fo r  th e  e x p e r im e n t a l  p e r io d  w ith  95 %  
c o n f id e n c e  b o u n d s  o f  5 7  to  1 4 8  k c a l. W ith  
a c o n c e n tr a t io n  o f  2 8  m g / m l  o f  d ie t , th e

Fig. 1 Feed consum ption vs. w eight gain of 
m ale w eanling rats fed a liquid diet deficient in  
protein w ith and without Chlortetracycline sup
plem entation (250  ppm ) for 3 weeks.

9 5 %  c o n f id e n c e  b o u n d s  e n c o m p a s s  a  sp a r 
in g  o f  d ie ta r y  p r o te in  d u e  to  c h lo r te tr a -  
c y c l in e  s u p p le m e n t a t io n  r a n g in g  f r o m  1 .0  
to  2 .6  g / t h r e e  w e e k s  or  b e t w e e n  5 0  a n d  
1 2 5  m g / d a y ,  w ith  a n  a v e r a g e  o f  8 6  m g /  
d a y . S in c e  th e  r e g r e s s io n  l in e s  w e r e  p a r a l
le l  a n d  n o t  c o n g r u e n t ,  th e  r e g r e s s io n  a n a l 
y s i s  in d ic a t e s  th a t  th e  m a in  e f fe c t  o f  a n t i 
b io t ic  s u p p le m e n t a t io n  w a s  to  r e d u c e  th e  
m a in t e n a n c e  r e q u ir e m e n t  o f  th e  a n im a l  fo r  
e s s e n t ia l  n u tr ie n t s  or  e n e r g y  a n d  n o t  to  
e n h a n c e  a b s o r p t io n  o f  n u tr ie n t s .  W h e n  
g r o w th  v e r s u s  f e e d  c o n s u m p t io n  w e r e  r e 
g r e s s e d  fo r  e x p e r im e n t  7 , in  w h ic h  th e  
r e s in  w a s  f e d  ( f ig .  2 ) ,  th e  l in e s  o b ta in e d  
u s in g  a ll o f  th e  d a ta  fo r  e a c h  o f  th e  2  tr e a t 
m e n t s  h a v e  s ig n i f ic a n t ly  d if fe r e n t  s lo p e s  
( t a b le  5 ) .  T h e  b a s a l  g r o u p  h a d  a  r e g r e s 
s io n  s lo p e  o f  8 .9 2  m l  o f  d i e t / g  g a in e d ,  
w h e r e a s  th e  r e s p e c t iv e  v a lu e  fo r  th e  a n i 
m a ls  g iv e n  th e  r e s in  s u p p le m e n t  w a s  5 .3 4 .  
T h e  r e s p e c t iv e  c o r r e la t io n  c o e f f ic ie n t s  w e r e  
0 .8 9 5  a n d  0 .8 9 8 .  T h e  d if fe r e n c e  b e t w e e n  
th e s e  2  s lo p e s  w a s  s ig n i f ic a n t ly  d if fe r e n t  
fr o m  z ero  ( 0 .0 5  P  <  0 .0 2 5 ) .  T h e  r e g r e s 
s io n  c o n s t a n t s  v a r ie d  in v e r s e ly  a n d  n o t  
p r o p o r t io n a te ly  w ith  th e  r e g r e s s io n  s lo p e s .

12 E q u a tio n s  fo r  re g re s s io n  a n a ly s is :
T h e  g ro w th  d a ta  vs. th e  fe e d  in ta k e  w ere  reg re s se d  

a cc o rd in g  to  e q u a tio n  I,
f  =  b g  +  k  ( I I )

w h e re  f  is  th e  to ta l fe e d  in ta k e  fo r  th e  e x p e r im e n ta l  
p e rio d , g is  th e  to ta l  w e ig h t g a in , a n d  b a n d  k th e  
a p p ro p r ia te  re g re s s io n  p a ra m e te r s .  T h e  te rm  bg re p re 
sen ts  th e  en e rg y  o f g ro w th  a n d  k, th e  en e rg y  o f m a in 
te n a n ce . V a ria tio n s  in  b give a n  e s tim a te  o f th e  effec t 
o f ab so rp tio n  o n  g ro w th . T h e  e q u a tio n s  o f W ood a n d  
C ap s tic k  (1 7 ) ,  B rody  (1 8 ) ,  a n d  W in c h e s te r  a n d  
H e n d ric k s  (1 9 ) ,  w e re  a lso  e x am in ed  to  a s c e r ta in  th e  
e ffec t o f th e  v a r ia tio n  in  th e  av e rag e  w e ig h t on  th e  
a n a ly s is  of th e  d a ta . H ow ever, s in ce  th e  a n im a ls  w ere  
in  a  p e rio d  o f r a p id  g ro w th , th e se  te rm s  d id  n o t s ig 
n if ic a n tly  im p ro v e  th e  a n a ly s is  a n d  th e re fo re , e q u a 
tio n  I I  w as  used .

I f  th e  t re a tm e n t  does n o t a l te r  th e  en e rg y  n e ce ssa ry  
fo r  fo rm a tio n  o f body t is su e s  a n d  m a in te n a n c e  o f th e  
a n im a l fro m  a b so rb ed  n u tr ie n ts ,  th e n  th e  ab so rp tiv e  
e ffect c a n  be  e s tim a te d  by:

At f  =  b g  +  k  ( I I I )
w h e re  At is  th e  c o n s ta n t o f ab so rp tio n  fo r  e a c h  t r e a t 
m e n t,  t :  a n d  b a n d  k a re  th e  u n iv e rs a l  c o n s ta n ts  o f 
th e  re g re s s io n  e q u a t io n  fo r  a ll  t re a tm e n ts .  D iv id in g  
by  A t gives

f  =  ( b /A t ) g  +  k /A t ( IV )
T h e  q u a n ti t ie s  b/A t a n d  k /A t a re  re p re s e n te d  by 
bt a n d  ht, a n d  a re  d e riv ed  fro m  th e  re g re s s io n  co ef
fic ien ts  o f th e  o b serv ed  d a ta . Tw o tr e a tm e n ts ,  t l  a n d  
t2 ,  give c o n s ta n ts  fro m  th e  re g re s s io n  e q u a tio n  of 

bti =  b /A ti  a n d  k ti =  k /A t i  (V )
a n d

bt.2 =  b /A t2 a n d  k t2 =  k /A t2
D iv id in g  bti by  btz gives Atzf A ti, as does a  s im ila r  
d iv is io n  fo r  hti by  kts-

h ti/b t2  =  A t2 /A ti =  k t i /k t2 .  (V I)
T h u s  a te s t  fo r  th e  e ffec t on  ab so rp tio n  o f a  t re a tm e n t  
is  g iv en  by th e  s im u lta n e o u s  te s t  o f th e  n u l l  h y p o th 
esis  :

b ti — b t2 =  0 a n d  k «  — k t2 =  0 (V II )
I f  th e  co m p o site  n u l l  h y p o th e s is  c a n n o t be re je c ted , 
th e n  ab so rp tio n  is  n o t a  s ig n if ic a n t fa c to r  in  th e  ob
serv ed  d iffe ren ces. F u r th e r ,  th e  d iffe ren ces  in  th e  2 
re g re s s io n  coeffic ien ts  m u s t be in  th e  sam e  d ire c tio n  
to s a tis fy  e q u a tio n  VI.
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Fig. 2 Feed consum ption vs. w eight gain of m ale w eanling rats fed a liquid diet defi
cient in  protein w ith and w ithout supplem entation by a polystyrene sulfonate cation ex 
change resin (3.85%  ) for 4 weeks.

TA BLE 5

Regression coefficients for the comparison of 
growth of animals fed a liquid diet  w i th  and  
w ithout a polystyrene sulfonate cation exchange  
resin.1

Treatment Correlation
coefficient Slope

Constant of 
regression 
equation

Basal (1 5 )  2 0.895

ml diet/g 
gain 
8.920

ml diet 
283

Polystyrene 
sulfonate  
cation  
exchange  
resin (1 5 ) 0.898 5.342 3 355

1 D a ta  fro m  e x p e r im e n t 7.
2 F ig u re s  in  p a re n th e se s  in d ic a te  n u m b e r  o f an im a ls . 
2 0.05 >  P  >  0.025.

T h u s ,  t h e y  d o  n o t  s a t i s f y  th e  c o n d it io n s  o f  
e q u a t io n  V I a n d  in d ic a t e  th a t  a b s o r p t io n  
w a s  n o t  th e  p r im a r y  f a c to r  in  c a u s in g  th is  
d if fe r e n c e . T h e  q u a n t ity  o f  d ie ta r y  p r o te in  
c o n s u m e d  p e r  g r a m  o f  in c r e a s e  in  b o d y  
w e ig h t  fo r  th e  a n im a ls  o f  e x p e r im e n t  7  
w a s  c a lc u la t e d  f r o m  th e  r e g r e s s io n  s lo p e s  
d e r iv e d  a s  d e sc r ib e d  a b o v e . F o r  th e  c o n 
tro l a n im a ls  8 .9 2  m l  o f  d ie t  c o n t a in in g  
2 8  m g  o f  p r o t e in /m l  w o u ld  h a v e  p r o v id e d  
a b o u t  2 5 0  m g  o f  p r o t e in /g  o f  in c r e a s e  in  
b o d y  w e ig h t .  T h e  r e g r e s s io n  s lo p e  o f  5 .3 4  
m l o f  d i e t / g  o f  b o d y  w e ig h t  g a in  w o u ld

h a v e  p r o v id e d  th e  15  r e s in - s u p p le m e n te d  
a n im a ls  w it h  a b o u t 1 5 0  m g  o f  p r o t e in /g  
o f  g r o w th , w h ic h  i s  c o n s id e r a b ly  b e lo w  th e  
d ie ta r y  r e q u ir e m e n t  o f  2 1 6  m g  o f  p r o t e in /g  
o f  w e ig h t  g a in  in  r a ts  o f  c o m p a r a b le  s iz e  
a s  d e te r m in e d  b y  b o d y  c o m p o s it io n  ( 2 1 ) .  
T h e  v a lu e  c a lc u la t e d  fo r  th e  r e s in - s u p p le 
m e n t e d  g r o u p  s u g g e s t e d  a  m a r k e d  d if fe r 
e n c e  f r o m  c o n tr o l  in  b o d y  c o m p o s it io n  
w h ic h  a p p e a r e d  u n l ik e ly .  P lo t t in g  o f  th e  
o b se r v e d  fr e q u e n c y  o f  e f f ic ie n c ie s  o f  f e e d  
u t i l iz a t io n  s h o w e d  th a t  th e  a n im a ls  g iv e n  
th e  r e s in  s u p p le m e n t  w e r e  n o t  a  h o m o g e 
n o u s  p o p u la t io n . E x a m in a t io n  o f  th e  r e 
g r e s s io n  l in e s  in  f ig u r e  2  d e m o n s tr a te d  a  
c o n v e r g e n c e  o f  th e  c o n tr o l  a n d  r e s in  a n i 
m a ls  a t  th e  e n d  o f  th e  c u r v e  r e p r e s e n t in g  
th e  lo w e s t  f e e d  in ta k e s .  W h e n  r e g r e s s io n  
l in e s  ( f ig .  3 )  w e r e  c a lc u la t e d  o m it t in g  a ll  
o f  th e  a n im a ls  th a t  g a in e d  le s s  th a n  2 6  g , 
th e  r e g r e s s io n  s lo p e  fo r  th e  c o n tr o l  a n im a ls  
w a s  fo u n d  to  b e  8 .1 1  m l o f  d ie t  c o n s u m e d  
/ g  o f  w e ig h t  g a in e d  w it h  a  c o r r e la t io n  c o 
e f f ic ie n t  o f  0 .8 3 6 .  C o r r e sp o n d in g  v a lu e s  
fo r  th e  r e s in - fe d  a n im a ls  w e r e  8 .4 5  a n d  
0 .9 8 5 .  T h e  r e s id u a l  m e a n  sq u a r e s  o f  th e  
l in e s  w e r e  s ig n i f ic a n t ly  d if fe r e n t . C o m p a r i
so n  o f  th e  s lo p e s  ( 2 0 )  g a v e  a  t - f u n c t io n  
v a lu e  o f  1 .8 1 2  w h ic h  i s  n o t  s t a t i s t ic a lly  
s ig n if ic a n t .  T h e  l in e s  w e r e  t h e n  c o m p a r e d  
u s in g  th e  c o m b in e d  s lo p e  o f  8 .2 9  a s  w a s
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Fig. 3 Feed consum ption vs. w eight gain of m ale w eanling rats gaining more than 26 g 
w hen fed a liquid diet deficient in  protein w ith and without supplem entation by a poly
styrene sulfonate cation exchange resin (3.85%  ) for 4 weeks.

d o n e  in  e x p e r im e n t s  1 , 2  a n d  3  w it h  C hlor
te tr a c y c l in e .  A  d if f e r e n c e  o f  7 7  m l w a s  
c a lc u la t e d  w it h  th e  t - f u n c t io n  b e in g  2 6 .2  
fo r  1 4  d e g r e e s  o f  f r e e d o m  ( P  <  0 .0 0 1 ) .  
T h e  9 5 %  c o n f id e n c e  b o u n d s  w e r e  5 5  a n d  
1 0 0  m l  o f  d ie t  a n d  e n c o m p a s s  a  s p a r in g  o f  
d ie ta r y  p r o te in  r a n g in g  f r o m  5 5  to  1 0 0  
m g / d a y  o r  a n  a v e r a g e  o f  7 8  m g .

It i s  k n o w n  th a t  th e  p r e s e n c e  o f  b a c te r ia  
in  th e  g a s t r o in t e s t in a l  tr a c t  le a d s  to  a  th ic k 
e n in g  o f  th e  in t e s t in a l  w a l l  w h ic h  i s  r e 
d u c e d  b y  a n t ib a c te r ia l  s u b s t a n c e s  a n d  n o t  
o b s e r v e d  in  g e r m fr e e  a n im a ls  ( 2 ,  2 2 ,  2 3 ) .  
A  n u m b e r  o f  e x p e r im e n t s  h a v e  b e e n  r e 
p o r te d  o n  th e  tu r n o v e r  a n d  lo s s  o f  c e l lu la r  
s u b s t a n c e s  fr o m  th e  in t e s t in a l  m u c o s a  o f  
c o n v e n t io n a l  a n d  g e r m fr e e  a n im a ls  ( 2 3 ,  
2 4 ) .  T h e  m u c o s a  r e p r e s e n ts  a b o u t  2 5 %  
o f  th e  w e ig h t  o f  th e  s m a ll  in t e s t in e  ( 2 5 ,  
2 6 )  a n d  th e  s m a l l  in t e s t in e  c a n  e q u a l a s  
m u c h  a s  4%  o f  th e  to ta l  b o d y  w e ig h t  in  
y o u n g  r a ts  ( 2 7 ) .  T h u s ,  th e  s m a ll  in t e s t i 
n a l  m u c o s a  m a y  e q u a l o n e  g r a m  o f  t is s u e  
p e r  1 0 0  g  o f  b o d y  w e ig h t .  I f  th e  m u c o s a  o f  
th e  s m a l l  in t e s t in e  c o n t a in s  2 1 6  m g  o f  
p r o t e in /g  ( 2 1 )  a n d  th e  tu r n o v e r  r a te  i s  
2  d a y s  ( 2 3 ,  2 4 ) ,  th e n  1 0 8  m g  o f  p r o te in  
w o u ld  b e  r e q u ir e d  d a ily  to  m a in t a in  th e  
in te g r ity  o f  t h e  s m a ll  in t e s t in a l  m u c o s a .  
I f  a n t ib io t ic s  r e d u c e  b o th  th e  tu r n o v e r  t im e  
a n d  c e l lu la r  a r e a  o f  th e  m u c o s a  b y  3 0 %

( 2 ,  2 3 ,  2 4 ) ,  th e  p r o te in  r e q u ir e m e n t  fo r  
m a in t e n a n c e  o f  th is  tu r n o v e r  r a te  w o u ld  
b e  r e d u c e d  b y  5 8  m g / d a y .  T h is  v a lu e  a p 
p r o a c h e s  th e  9 5 %  c o n f id e n c e  a r e a  c a lc u 
la te d  fo r  th e  s p a r in g  o f  p r o te in  in  th e s e  
s tu d ie s .  T h e  v a lu e  o f  1 0 8  m g  o f  p r o te in  
r e q u ir e d  p e r  d a y  to  m a in t a in  t h e  s m a ll  
in t e s t in a l  m u c o s a  a s s u m e s  a  c o m p le te  lo s s  
o f  m u c o s a l  c e l l  p r o te in  th r o u g h  tu r n o v e r  
w h ic h  m a y  n o t  b e  tr u e . H o w e v e r , th is  
v a lu e  d o e s  n o t  g iv e  c o n s id e r a t io n  to  c e l lu 
la r  lo s s e s  i n  o th e r  s e g m e n t s  o f  th e  a l im e n 
ta r y  tr a c t  a n d  to  lo s s e s  in  e n te r ic  s e c r e 
t io n s .  T h e  o b s e r v a t io n s  a p p e a r  to  b e  in  
a g r e e m e n t  w it h  th e  h y p o t h e s is  w h ic h  is  
p r e s e n te d  fo r  fu r th e r  c o n s id e r a t io n . O th e r  
n u t r ie n t s  r e q u ir e d  fo r  m a in t e n a n c e  o f  
r a p id ly  r e p r o d u c in g  c e l l  p o p u la t io n s  h a v e  
b e e n  sp a r e d  or  th e ir  e f f ic ie n c y  o f  u t i l iz a 
t io n  in c r e a s e d  b y  a n t ib a c te r ia l  a g e n ts ,  
th e r e b y  s u g g e s t in g  th a t  th e  m e c h a n is m  d e 
sc r ib e d  a b o v e  i s  c o m m o n  to  o th e r  e x p e r i
m e n t a l  c o n d it io n s  ( 2 ) .

R e c e n t  e v id e n c e  o n  th e  m a g n it u d e  o f  
c e l lu la r  lo s s e s  a n d  tu r n o v e r  o f  g a s t r o in t e s 
t in a l  m u c o s a l  c e l ls  in d ic a t e  th a t  th e  a b o v e  
e s t im a te s  a re  c o n s e r v a t iv e .13 N a s s e t  ( 2 8 )  
a n d  a s s o c ia t e s  h a v e  s h o w n  t h a t  a  la r g e

13 A ltm a n n , G. G. 1964 C ell n u m b e rs  as  a m e a s 
u re  o f g ro w th  a n d  e x fo lia tio n  o f e p ith e liu m  o f th e  
s m a ll  in te s t in e  o f ra ts .  M. Sci. T h es is , M cG ill U n iv e r
sity .
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a m o u n t  o f  e n d o g e n o u s  n it r o g e n  i s  s e c r e te d  
in to  th e  g a s tr o in te s t in a l  lu m e n  a n d  th a t  
th e  q u a n t ity  m a y  b e  p r o fo u n d ly  in f lu e n c e d  
b y  d ie t . O th e rs  h a v e  s h o w n  th a t  p r o te in  
f r o m  c e l lu la r  m a te r ia l  i s  o f  s u b s ta n t ia l  s ig 
n i f ic a n c e  in  th is  c o n tr ib u t io n . A lth o u g h  th e  
r e g r e s s io n  a n a ly s is  m a y  s u g g e s t  a  c h a n c e  
r e la t io n s h ip ,  th e  p r e s e n t  r e s u lt s  a n d  th o s e  
p r e v io u s ly  o b ta in e d  s u g g e s t  th a t  a m m o n ia  
( 1 ,  2 , 4 )  n o r m a lly  r e le a s e d  b y  b a c te r ia  in  
th e  g a s tr o in te s t in a l  tr a c t  m a y  le a d  to  a  
t i s s u e  r e a c t io n  in  th e  w a l l  o f  th e  g a s tr o 
in t e s t in a l  tr a c t  w it h  a  r e s u lta n t  in c r e a s e  
in  n u tr ie n t  r e q u ir e m e n ts  or  a s e c o n d a r y  
lo s s  o f  e s s e n t ia l  s u b s t a n c e s  in  th e  f e c a l  
s tr e a m .
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Effects of B-Vitamin Deficiencies and of Starvation on 
Liver Enzyme Activities of Growing Rats '
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Departments of Anim al Husbandry and Physiological Sciences, 
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ABSTRACT  The feasibility of using enzym e assays to evaluate a specific vitam in  
deficiency in  the presence of m ultiple vitam in deficiencies was investigated in  a series 
of studies in  w hich rats were fed com plete, B-vitamin free, pyridoxine-deficient or 
thiam ine-deficient diets. The activities of alanine and aspartate am inotransferase, 
serine dehydratase, and the pentose phosphate-metabolizing system  were measured in  
liver hom ogenates. In a sim ple pyridoxine or thiam ine deficiency, the activities of 
enzym es requiring these vitam ins as co-factors were significantly lowered. The pentose 
phosphate-m etabolizing system  was also depressed in  a m ultiple B-vitamin deficiency. 
The response of the pyridoxine-dependent enzym es to a thiam ine deficiency and to a 
B-vitamin free diet was similar. The activities of serine dehydrates and alanine  
am inotransferase were increased, whereas aspartate amino transferase activity was 
som ewhat decreased. W ith the exception of aspartate am inotransferase, the response 
of the liver enzym es to fasting and to the vitam in-free diet was also sim ilar. It was 
concluded that m easurem ents of the pentose phosphate-metabolizing system  can pos
sibly be used to evaluate a thiam ine deficiency in  m alnutrition. However, the pyri
doxine-dependent enzym es cannot reliably be used to predict a pyridoxine deficiency 
when other B-vitamins are lim iting in  the diet because these enzym es are sensitive to 
changes in  food intake and to other B-vitamin deficiencies.

S e v e r a l  in v e s t ig a t o r s  h a v e  s u g g e s t e d  th a t  
n u tr it io n a l  d e f ic ie n c ie s  o f  p y r id o x in e  a n d  
th ia m in e  c a n  b e  e v a lu a t e d  b y  m e a s u r in g  
th e  a c t iv i t ie s  o f  e n z y m e  s y s t e m s  r e q u ir in g  
th e s e  v i t a m in s  a s  c o - fa c to r s  ( 1 - 4 ) .

T h e r e  i s  g e n e r a l  a g r e e m e n t  t h a t  a m in o 
tr a n s fe r a s e  a c t iv i ty  i s  d e p r e s s e d  in  th e  l iv e r  
a n d  b lo o d  s e r u m  u n d e r  c o n d it io n s  o f  p y r i
d o x in e  d e f ic ie n c y  ( 1 ,  5 , 6 )  a n d  th a t  th is  
d e p r e s s io n  c a n  o f t e n  b e  r e v e r s e d  b y  th e  
a d m in is tr a t io n  o f  p y r id o x in e . A la n in e  
a m in o t r a n s f e r a s e  a c t iv i ty  (g lu t a m ic - p y r u 
v ic  t r a n s a m in a s e )  a p p e a r s  to  b e  m o r e  s e n 
s it iv e  to  a  la c k  o f  p y r id o x in e  th a n  a sp a r ta te  
a m in o t r a n s f e r a s e  a c t iv i ty  ( g lu ta m ic -o x a l-  
a c e t ic  t r a n s a m in a s e )  ( 1 ) .

A th ia m in e  d e f ic ie n c y  in  r a ts  h a s  b e e n  
s h o w n  to  d e c r e a s e  th e  a c t iv i ty  o f  th e  p e n 
to s e  p h o s p h a te -m e ta b o l iz in g  e n z y m e  s y s 
te m  (m e a s u r e d  a s  t r a n s k e to la s e  a c t iv i t y )  
o f  b lo o d  e r y th r o c y te s  ( 3 ,  7 )  a n d  o f  o th e r  
t i s s u e s  in c lu d in g  l iv e r  ( 4 ) .  D e f ic ie n c ie s  o f  
p y r id o x in e , r ib o f la v in  a n d  p r o te in  h a v e  n o  
e f fe c t  o n  e r y th r o c y te  t r a n s k e to la s e  a c t iv ity  
in  th e  ra t ( 7 ) .

D e f ic ie n c ie s  o f  s in g le  v i t a m in s  w e r e  
s tu d ie d  in  th e  w o r k  m e n t io n e d  a b o v e , b u t  
m u lt ip le  v i t a m in  d e f ic ie n c ie s  are  fa r  m o r e  
c o m m o n  u n d e r  n a tu r a l  c o n d it io n s .  A n  e n 

z y m e  a s s a y  m ig h t  b e  u s e d  a s  a  p a r a m e te r  
o f  v i t a m in  in s u f f ic ie n c y  in  m a ln u t r i t io n  i f  
th e  a c t iv i ty  o f  th a t  e n z y m e  w e r e  s e n s it iv e  
to  a  s p e c if ic  v i t a m in  d e f ic ie n c y  a n d  r e la 
t iv e ly  in s e n s i t iv e  to  o th e r  v i t a m in  d e fi
c ie n c ie s  or  d ie ta r y  v a r ia b le s .  T h e  e f fe c t s  
o f  m u lt ip le  a n d  s in g le  B -v ita m in  d e f ic ie n 
c ie s  o n  th e  a c t iv i t ie s  o f  c e r ta in  p y r id o x in e -  
a n d  t h ia m in e -d e p e n d e n t  e n z y m e s  w e r e  i n 
v e s t ig a te d  in  th e  p r e s e n t  s tu d ie s .  In  a d d i
t io n , th e  b e h a v io r  o f  th e  e n z y m e s  d u r in g  
sh o r t  p e r io d s  o f  s ta r v a t io n  w a s  a s s e s s e d .

EXPERIMENTAL

T h e  r e s p o n s e  o f  l iv e r  e n z y m e  a c t iv i t ie s  
to  B -v ita m in  f r e e ,  p y r id o x in e -d e f ic ie n t  or  
th ia m in e - d e f ic ie n t  d ie t s  or  to  f a s t in g  w a s  
s tu d ie d  in  a  s e r ie s  o f  3  e x p e r im e n ts .  
W e a n l in g  r a ts  o f  th e  S p r a g u e -D a w le y  
s tr a in , o b ta in e d  c o m m e r c ia l ly ,5 w e r e  u s e d  
in  a ll  s tu d ie s .  T h e  r a ts  w e r e  h o u s e d  i n 
d iv id u a lly  in  w ir e -b o tto m  c a g e s  in  a  r o o m  
m a in t a in e d  a t  2 6  =  1 ° .  E a c h  ra t w a s  p r o 
v id e d  w it h  w a te r  ad  lib itu m .
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T h e  b a s ic  v i ta m in - fr e e  d ie t  f e d  to  th e  
r a ts  w a s  c o m p o s e d  o f  th e  f o l lo w in g  p a r ts  
b y  w e ig h t :  v i ta m in - fr e e  c a s e in ,  2 5 ;  m in 
e r a l  m ix t u r e ,  4 ; 4 s u c r o s e ,  6 5 ;  a n d  c o t to n 
s e e d  o i l ,  5 . T h e  v i t a m in iz e d  r a t io n  w a s  
p r e p a r e d  b y  a d d in g  c r y s ta l l in e  B -v ita m in s  
to  th e  v ita m in - fr e e  d ie t  ( 8 ) .  A  s o lu t io n  o f  
B -v ita m in s  w a s  m a d e  u p  in  d is t i l le d  w a te r  
s u c h  th a t  a  k n o w n  n u m b e r  o f  d r o p s c o n 
ta in e d  th e  s a m e  a m o u n ts  o f  B -v ita m in s  a s  
p r e s e n t  in  1 0  g  o f  th e  v it a m in iz e d  d ie t .  
T h is  s o lu t io n ,  m a d e  u p  f r e q u e n t ly  a n d  
s to r e d  u n d e r  r e fr ig e r a t io n ,  w a s  u s e d  fo r  
th e  o r a l v i t a m in  s u p p le m e n t a t io n  o f  th e  
r a ts .  A m p le  a m o u n t s  o f  v i t a m in s  A , D , E  
a n d  K in  c o t to n s e e d  o il  w e r e  a d m in is te r e d  
o r a lly  to  e a c h  r a t  a t  th e  b e g in n in g  o f  e a c h  
tr ia l  a n d  a t  w e e k ly  in te r v a ls .

T h e  p y r id o x in e - fr e e  a n d  th ia m in e - fr e e  
r a t io n s  w e r e  id e n t ic a l  in  c o m p o s it io n  to  
th e  f u l ly  v i t a m in iz e d  d ie t ,  e x c e p t  th a t  t h ia 
m in e  a n d  p y r id o x in e , r e s p e c t iv e ly ,  w e r e  
e x c lu d e d .

T h e  l iv e r  e n z y m e s  s tu d ie d  w e r e  a la n in e  
a n d  a sp a r ta te  a m in o t r a n s f e r a s e ,  s e r in e  
d e h y d r a ta s e  a n d  th e  p e n to s e  p h o s p h a te -  
m e ta b o l iz in g  e n z y m e  s y s te m .

A fte r  d e c a p ita t io n  a n d  e x s a n g u in a t io n  
o f  e a c h  r a t , th e  l iv e r  w a s  r a p id ly  a n d  c o m 
p le te ly  r e m o v e d , w e ig h e d  a n d  p la c e d  in  
ic e .  A  w e ig h e d  p o r t io n  o f  th e  c h i l le d  l iv e r  
w a s  a n a ly z e d  fo r  g ly c o g e n  u s in g  a  m e th o d  
b a s e d  o n  th e  tu r b id ity  o f  a q u e o u s -a lc o h o l  
s u s p e n s io n s  o f  g ly c o g e n  ( 9 ) .  A n o th e r  
w e ig h e d  p o r t io n  w a s  u s e d  to  p r e p a r e  a  
10%  h o m o g e n a t e  in  0 .1 4  m  KC1. T h e  h o 
m o g e n a te  w a s  c e n t r i f u g e d  a t z er o  to  4 °  fo r  
3 0  m in u t e s  a t  3 5 ,0 0 0  X g ,  a n d  th e  su p e r 
n a t a n t  w a s  a n a ly z e d  fo r  p r o te in  w it h  a  
b iu r e t  r e a g e n t  ( 1 0 )  a n d  a s s a y e d  fo r  e n 
z y m e  a c t iv ity .

E n z y m e  a c t iv i t ie s  w e r e  m e a s u r e d  a t 2 5 °  
o n  a  B e c k m a n  m o d e l  D U  s p e c tr o p h o to m 
e te r  c o u p le d  to  a  G ilfo r d  m o d e l  2 0 0 0  s a m 
p le  a b s o r b a n c e  r e c o r d e r . A la n in e  a m in o 
t r a n s fe r a s e  a c t iv i ty  w a s  m e a s u r e d  in  a  
s y s te m  s im ila r  to  th a t  d e sc r ib e d  b y  B o w e r s  
e t  a l. ( 1 1 ) .  T h e  a c t iv i ty  o f  th e  a sp a r ta te  
a m in o tr a n s fe r a s e  s y s te m  w a s  a s s a y e d  u s 
in g  a  m o d if ic a t io n  o f  th e  m e th o d s  o f  K ar
m e n  ( 1 2 )  a n d  o f  S te in b e r g  e t  a l. ( 1 3 ) ,  
a n d  s e r in e  d e h y d r a ta s e  a c t iv i ty  w a s  d e te r 
m in e d  a c c o r d in g  to  th e  m e th o d  o f  F reed -  
la n d  a n d  A v e r y  ( 1 4 ) .  A m in o tr a n s fe r a s e  
a n d  se r in e  d e h y d r a ta s e  a c t iv i t ie s  w e r e  e s t i 

m a t e d  b y  m e a s u r in g  th e  d is a p p e a r a n c e  o f  
N A D H  fr o m  th e  a s s a y  m ix t u r e s  b y  d e 
c r e a s e s  in  a b s o r p t io n  a t  3 4 0  m u . D e te r 
m in a t io n  o f  th e  a c t iv i ty  o f  th e  p e n to s e  
p h o s p h a te -m e ta b o l iz in g  e n z y m e  s y s t e m  b y  
th e  m e th o d  o f  B e n e v e n g a  e t  a l. ( 1 5 )  w a s  
a c c o m p lis h e d  b y  e s t im a t in g  t h e  r a te  o f  
fo r m a t io n  o f  N A D H .

D e t a i ls  o f  th e  e x p e r im e n t a l  d e s ig n  f o l 
lo w .

E x p e r i m e n t  1.  T w o  g r o u p s  o f  w e a n 
l in g  m a le  r a ts  w e r e  f e d  a d  l ib it u m  a  B - 
v i t a m in  fr e e  a n d  a  B -v ita m in  s u p p le 
m e n t e d  d ie t , r e s p e c t iv e ly .  T h r e e  r a ts  w e r e  
k il le d  o n  th e  f ir s t  d a y  o f  th e  tr ia l  a n d  e n 
z y m e  a c t iv i t ie s  d e te r m in e d . T w o  r a ts  f e d  
e a c h  d ie t  w e r e  k il le d  a t  w e e k ly  in te r v a ls  
fo r  a s s a y  o f  l iv e r  e n z y m e  a c t iv it ie s .

A n o th e r  g r o u p  o f  1 0  w e a n l in g  r a ts  w a s  
f e d  a  B -v ita m in  f r e e  d ie t  fo r  1 0  d a y s .  
E ig h t  o f  th e s e  r a ts  w e r e  t h e n  e a c h  g iv e n  
a  s in g le  o r a l d o s e  o f  B -v ita m in s ,  e q u iv a le n t  
to  th e  B -v ita m in  c o n t e n t  o f  10  g  o f  v i t a 
m in iz e d  d ie t . T w o  r a ts  r e c e iv in g  th e  s u p 
p le m e n t  a n d  tw o  th a t  d id  n o t  r e c e iv e  a n y  
s u p p le m e n t  w e r e  k il le d  1 2  h o u r s  la te r ;  th e  
r e m a in in g  r a ts  w e r e  k il le d  in  p a ir s  a t  d a ily  
in te r v a ls  to  d e te r m in e  th e  r e s p o n s e  o f  
e n z y m e  a c t iv i t ie s  to  a  s in g le  d o s e  o f  B- 
v i t a m in s .  T h is  p r o c e d u r e  w a s  r e p e a te d  
w it h  a n o th e r  g r o u p  o f  1 0  r a ts  w h ic h  w e r e  
f e d  th e  B -v ita m in  fr e e  d ie t  fo r  1 8  d a y s  b e 
fo r e  8  r a ts  w e r e  e a c h  g iv e n  a  s in g le  o r a l  
d o s e  o f  B -v ita m in s .

E x p e r i m e n t  2 .  T w e lv e  w e a n l in g  m a le  
r a ts  w e r e  f e d  th e  B -v ita m in  fr e e  d ie t  fo r  3  
d a y s , a f te r  w h ic h  6  r a ts  w e r e  c h a n g e d  to  
th e  v i t a m in iz e d  r a t io n  fo r  4  d a y s . F o o d  
w a s  t h e n  r e m o v e d  fr o m  3 r a ts  f e d  e a c h  
d ie t , b u t  w a te r  r e m a in e d  f r e e ly  a v a i la b le  
to  a l l  a n im a ls .  A t in te r v a ls  o f  2 4 ,  4 8 ,  a n d  
7 2  h o u r s  a f te r  th e  b e g in n in g  o f  s ta r v a t io n ,  
a  f e d  a n d  a  f a s t e d  r a t  o n  e a c h  tr e a tm e n t  
w e r e  k il le d  in  th e  u s u a l  m a n n e r  a n d  d i f 
f e r e n c e s  in  th e  a c t iv i t ie s  o f  th e ir  l iv e r  e n 
z y m e  s y s t e m s  w e r e  m e a s u r e d .

E x p e r i m e n t  3 .  A  g r o u p  o f  1 4  w e a n l in g  
m a le  r a ts  w a s  f e d  th e  v ita m in - fr e e  d ie t  fo r  
a  s ta n d a r d iz a t io n  p e r io d  o f  4  d a y s  a f te r  
w h ic h  2  r a ts  w e r e  k i l le d  a n d  l iv e r  e n z y m e  
a c t iv i t ie s  d e te r m in e d . T h e  r e m a in in g  1 2  
r a ts  w e r e  a l lo c a te d  to  4  g r o u p s  o f  3  r a ts  
e a c h  a n d  w e r e  p la c e d  o n  o n e  o f  th e  f o l 

4 P hillips, P. H., and  E. B. H art, J. Biol. Chem., 
109: 657, 1935.
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lo w in g  r e g im e n s :  ( A )  c o m p le te  d ie t;  ( B )  
p y r id o x in e - fr e e  d ie t ;  ( C )  p y r id o x in e - fr e e  
d ie t  +  0 .4  m g  d e o x y p y r id o x in e /d a y ,  in -  
t r a p e r ito n e a lly ;  ( D )  B -v ita m in  fr e e  d ie t  +  
0 .4  m g  d e o x y p y r id o x in e /d a y ,  in tr a p e r i-  
to n e a lly .  A f te r  7 , 1 4 , a n d  1 7  d a y s , o n e  ra t  
f r o m  e a c h  tr e a tm e n t  w a s  k i l le d  a n d  l iv e r  
e n z y m e  a c t iv i t ie s  w e r e  a s s a y e d .

In  a  s im ila r  m a n n e r  g r o u p s  o f  w e a n l in g  
r a ts  w e r e  a l lo c a te d  to  th e  f o l lo w in g  fo u r  
tr e a tm e n ts :  ( A )  c o m p le te  d ie t;  ( B )  t h ia 
m in e - fr e e  d ie t;  ( C )  t h ia m in e - fr e e  d ie t  +  
0 .1  m g  o x y t h ia m in e /d a y ,  in tr a p e r ito n -  
e a lly ;  ( D )  B -v ita m in  f r e e  d ie t  +  0 .1  m g  
o x y t h ia m in e /d a y ,  in tr a p e r ito n e a l ly .  T h e s e  
r a ts  w e r e  a ls o  k i l le d , o n e  r a t  fr o m  e a c h  
tr e a tm e n t ,  a t  in t e r v a ls  o f  7 , 1 4 , a n d  1 7  
d a y s  a n d  l iv e r  e n z y m e  a c t iv i t ie s  d e te r 
m in e d .

RESULTS

M u l t i p l e  B - v i t a m i n  d e f i c i e n c y .  C o m p a r i
s o n  o f  th e  c h e m ic a l  c o m p o s i t io n  o f  th e  
l iv e r s  o f  r a ts  f e d  v ita m in - fr e e  or  v i t a m in 
iz e d  d ie t s  ( e x p .  1 )  s h o w e d  th a t  th e  e x c lu 
s io n  o f  B -v ita m in s  fr o m  th e  d ie t  t e n d e d  to  
r e s u lt  in  r e d u c e d  g ly c o g e n  le v e ls  ( f ig .  1 ) .  
In  v i t a m in -d e f ic ie n t  r a ts ,  l iv e r  g ly c o g e n  
c o n t e n t  in c r e a s e d  m a r k e d ly  in  r e s p o n s e  
to  a  s in g le  d o s e  o f  th e  B -v ita m in s .  T h e  
g ly c o g e n  c o n t e n t  r e tu r n e d  r a p id ly  to  a  lo w  
le v e l ,  h o w e v e r . T h e  in c r e a s e d  g ly c o g e n  
l e v e l  m ig h t  h a v e  b e e n  r e la te d  to  a  m a r k e d  
s t im u la t io n  o f  fo o d  in ta k e  a f te r  th e  v ita 
m in  d o s e  r a th e r  th a n  to  a n y  m e ta b o l ic  
c o n s e q u e n c e s  o f  th e s e  v i t a m in s .  T h e  l iv e r

to a vitam in-free diet and single oral doses of a
B-vitamin m ixture. Complete diet O---------0> vita
min-free diet O------------ O, vitam in-free diet for
10 and 18 days before a single B-vitamin dose 
• ........ 9

g ly c o g e n  le v e ls  in  th is  a n d  s u b s e q u e n t  e x 
p e r im e n t s  c o n f ir m e d  th a t  th e  v ita m in -d e 
f ic ie n t  r a ts  w e r e  e a t in g  a n d  w e r e  n o t ,  b io 
c h e m ic a l ly ,  in  th e  s a m e  s ta te  a s  f a s t e d  
r a ts  w h ic h  in  e x p e r im e n t  2  h a d  n o  m e a s 
u r a b le  l iv e r  g ly c o g e n . N o  a p p r e c ia b le  d i f 
f e r e n c e s  in  l iv e r  p r o te in  p e r c e n t a g e s  w e r e  
r e c o r d e d  b e t w e e n  d if fe r e n t  t r e a tm e n ts  a n d  
e x p e r im e n ts .

T h e  l iv e r  e n z y m e  a c t iv i t ie s  o f  r a ts  fe d  
c o m p le te  a n d  B -v ita m in  fr e e  d ie t s  ( e x p .  
1 )  a re  s h o w n  in  f ig u r e  2 . T h e  e n z y m e  a c 
t iv i t ie s  w e r e  e x p r e s s e d  o n  a  b o d y  w e ig h t  
b a s is  to  r e la te  th e m  to  th e  f u n c t io n a l  n e e d  
o f  th e  a n im a l  a s  s u g g e s t e d  b y  W e b e r  a n d  
C a n te r o  ( 1 6 ) .  T h e  r a ts  f e d  th e  B -v ita m in  
fr e e  d ie t  h a d  in c r e a s e d  a c t iv i t ie s  o f  l iv e r  
a la n in e  a m in o tr a n s fe r a s e  a n d  o f  s e r in e  d e 
h y d r a ta s e ,  w h e r e a s  th e  p e n to s e  p h o sp h a te -  
m e ta b o l iz in g  s y s te m  w a s  d e p r e s s e d . T h e  
a c t iv ity  o f  a sp a r ta te  a m in o t r a n s f e r a s e  a lso  
t e n d e d  to  b e  b e lo w  th e  c o n tr o l  le v e l .  W h e n  
B -v ita m in  d e p le te d  r a ts  w e r e  g iv e n  a  s in g le  
d o s e  o f  B -v ita m in s ,  f iv e r  e n z y m e  a c t iv it ie s  
g e n e r a l ly  a p p r o a c h e d  c o n tr o l  le v e ls .  T h is  
r e s p o n s e  w a s  o f  sh o r t  d u r a t io n ;  a c t iv i t ie s  
t e n d e d  to  r e v e r t  r a p id ly  to  p r e -d o sa g e  
le v e ls .

E f f e c t s  o f  f a s t i n g .  T h e  d a ta  s h o w n  in  
f ig u r e  3  ( e x p .  2 )  d e m o n s tr a te  th a t  f a s t s  
la s t in g  4 8  a n d  7 2  h o u r s  c a u s e d  a p p r e c ia 
b le  in c r e a s e s  in  th e  a m in o t r a n s f e r a s e  a n d  
se r in e  d e h y d r a ta s e  a c t iv i t ie s  o f  r a ts  fe d  
c o m p le te  a n d  B -v ita m in  fr e e  d ie t s .  T h e  
a c t iv ity  o f  th e  p e n to s e  p h o s p h a te -m e ta b 
o l iz in g  s y s te m  w a s  s o m e w h a t  r e d u c e d .  
W ith  th e  e x c e p t io n  o f  a sp a r ta te  a m in o 
t r a n s fe r a s e ,  th e  r e s p o n s e  o f  th e  f iv e r  e n 
z y m e s  to  B -v ita m in  fr e e  d ie t s  a n d  s ta r v a 
t io n  w a s  s im ila r  in  n a tu r e . T h e  e n z y m e  
a c t iv i t ie s  o b s e r v e d  d u r in g  f a s t in g  te n d e d  
to  b e  lo w e r  w h e n  r a ts  w e r e  f e d  th e  v i t a 
m in - fr e e  in s t e a d  o f  th e  c o m p le te  d ie t ,  b e 
f o r e h a n d . A p p a r e n t ly , e n z y m e  a c t iv it ie s  
o b ta in e d  w it h  f a s t in g  r a ts  a re  in f lu e n c e d  
b y  th e  d ie t  f e d  p r e v io u s ly .

P y r i d o x i n e  d e f i c i e n c y .  A  s im p le  p y r i-  
d o x in e  d e f ic ie n c y  c a u s e d  a m in o t r a n s f e r a s e  
a n d  se r in e  d e h y d r a ta s e  a c t iv i t ie s  to  d e 
c r e a s e  w it h in  7  d a y s  ( f ig .  4 ) .  In  c o n tr a s t  
w it h  th e  o b s e r v a t io n s  o f  B r in  e t  a l. ( 1 ) ,  
a sp a r ta te  a m in o tr a n s fe r a s e  a p p e a r e d  to  b e  
d e c r e a s e d  m o r e  th a n  a la n in e  a m in o t r a n s 
f e r a s e  b y  th e  p y r id o x in e  d e f ic ie n c y . T h e  
a c t iv ity  o f  th e  p e n to s e  p h o sp h a te -m e ta b o -
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Fig. 2 Effect o f vitam in-free diet on liver enzym e activities expressed as /¿moles of 
NADH formed or ox id ized /m inute /100  g live weight. (A ) alanine am inotransferase; (B )  
aspartate am inotransferase; (C ) pentose phosphate-m etabolizing system ; (D )  serine de
hydratase. Complete diet O---------O, vitam in-free diet O -------------0> vitam in-free diet for 10
and 18 days before a single B-vitam in dose • ..........• .

l iz in g  s y s te m  w a s  a lso  s l ig h t ly  r e d u c e d  b u t  
d id  n o t  a p p e a r  to  b e  p a r t ic u la r ly  s e n s it iv e  
to  a  p y r id o x in e  d e f ic ie n c y . T h e  s l ig h t  r e 
d u c t io n  m ig h t  h a v e  b e e n  a  f u n c t io n  o f  d e 
c r e a s e d  fo o d  in ta k e . C o n c o m ita n t  tr e a t 
m e n t  w it h  d e o x y p y r id o x in e  d id  n o t  a p p e a r  
to  a c c e n t u a te  th e  v i t a m in  Bo d e f ic ie n c y .  
T h e  a c t iv i t ie s  o f  th e  a m in o t r a n s f e r a s e s  
w e r e  s l ig h t ly  r e d u c e d  b e lo w  th e  l e v e ls  o b 
s e r v e d  w it h  th e  p y r id o x in e -d e f ic ie n t  d ie t  
a lo n e . H o w e v e r , a f t e r  7  d a y s  o f  t r e a tm e n t  
w it h  d e o x y p y r id o x in e  th e  a c t iv i t ie s  o f  a ll  
e n z y m e s  in c r e a s e d  a b o v e  th is  le v e l  a l 
th o u g h  a m in o tr a n s fe r a s e  a c t iv i t ie s  n e v e r  
e x c e e d e d  th e  c o r r e s p o n d in g  v a lu e s  o b 
se r v e d  in  c o n tr o l  r a ts . T h e  a n t iv i t a m in  i n 
c r e a s e d  s e r in e  d e h y d r a ta s e  a c t iv i ty  th r o u g h 
o u t  th e  e x p e r im e n t .  H a r ts o o k  e t  a l. ( 1 7 )  
o b s e r v e d  th a t  th e  a d d it io n  o f  d e o x y p r id o x -  
in e  to  th e  d ie t  r e d u c e d  a sp a r ta te  a m in o 
tr a n s fe r a s e  a c t iv i ty  m o r e  m a r k e d ly  th a n  
a s im p le  p y r id o x in e  d e f ic ie n c y . H o w e v e r ,

C a ld w e ll  a n d  M c H e n r y  ( 1 9 )  r e p o r te d  th a t  
d e o x y p y r id o x in e  h a d  n o  s ig n if ic a n t  e f fe c t  
o n  a sp a r ta te  a m in o tr a n s fe r a s e  a n d  m a r k 
e d ly  in c r e a s e d  a la n in e  a m in o tr a n s fe r a s e  
a c t iv ity .  T h u s ,  a  p y r id o x in e  d e f ic ie n c y  
in d u c e d  b y  th e  a n t a g o n is t ,  d e o x y p y r id o x 
in e ,  m ig h t  n o t  d u p lic a te  in  v iv o  a  s im p le  
p y r id o x in e  d e f ic ie n c y . H o w e v e r , th e  p o s 
s ib il ity  o f  in c r e a s e d  t i s s u e  b r e a k d o w n  d u e  
to  a  lo w e r  fo o d  in ta k e  a f te r  th e  a d m in is 
tr a tio n  o f  d e o x y p y r id o x in e  m a y  p a r t ia lly  
e x p la in  th e  in c r e a s e  in  c e r ta in  o f  t h e s e  e n 
z y m e s  a s s o c ia te d  w ith  p r o te in  c a ta b o l is m .

S im ila r  r e s p o n s e s  w e r e  o b s e r v e d  fo r  d e 
o x y p y r id o x in e  t r e a tm e n ts  o f  r a ts  f e d  a 
v ita m in - fr e e  d ie t  e x c e p t  th a t  th e  p e n to s e  
p h o s p h a te -m e ta b o l iz in g  s y s te m  w a s  d e 
p r e s se d .

T h i a m i n e  d e f i c i e n c y .  T h e  d a ta  in  f ig 
u r e  5  d e m o n s tr a te  th a t  th e  a c t iv i ty  o f  th e  
p e n to s e  p h o s p h a te -m e ta b o h z in g  s y s t e m  
w a s  c o n s is t e n t ly  d e c r e a se d  b y  th e  e x c lu -
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Fig. 3 Effects of fasting on liver enzym e activities expressed as /¿moles of NADH formed 
or ox id ized /m inute /100  g live weight. (A ) alanine am inotransferase; (B )  aspartate 
am inotransferase; (C ) pentose phosphate-m etabolizing system ; (D )  serine dehydratase.
Complete diet, not fasted 0 ---------• ,  vitam in-free diet, not fasted 0 ------------ 0  complete
diet, fasted ©---------©. vitam in-free diet, fasted © —• — 0 .

s io n  o f  th ia m in e  f r o m  th e  d ie t  fo r  1 7  d a y s , 
w h e r e a s  s e r in e  d e h y d r a ta s e  a c t iv i ty  w a s  
c o n s i s t e n t ly  in c r e a s e d .  T h e  e f fe c t  o f  t h ia 
m in e  d e f ic ie n c y  o n  a m in o tr a n s fe r a s e  a c 
t iv ity  w a s  v a r ia b le . A s p a r ta te  a m in o tr a n s 
f e r a s e  a c t iv i ty  a p p e a r e d  to  b e  d e p r e s se d  
d u r in g  th e  f ir s t  2  w e e k s  o f  tr e a tm e n t .

T h e  a n t iv i t a m in  t r e a tm e n t  in  c o n j u n c 
t io n  w ith  e ith e r  th e  B -v ita m in  o r  t h ia m in e -  
fr e e  d ie ts  r e s u lte d  in  a  g r e a te r  r e d u c t io n  
o f  th e  p e n to s e  p h o s p h a te -m e ta b o l iz in g  s y s 
te m . W h e n e v e r  t h ia m in e  w a s  e x c lu d e d  
f r o m  th e  d ie t , th e  r e s u lta n t  d e p r e s s io n  o f

th e  p e n to s e  p h o s p h a te -m e ta b o l iz in g  s y s te m  
w a s  g r e a te r  th a n  d u r in g  f a s t in g .

DISCUSSION

T o  p r o v id e  a  u s e f u l  in d e x  o f  a sp e c if ic  
v i t a m in  d e f ic ie n c y , e n z y m e  a c t iv i t ie s  in  
m a ln u t r i t io n  m u s t  d e v ia te  r e l ia b ly  f r o m  a  
“n o r m ” a n d  m u s t  b e  r e la t iv e ly  in s e n s i t iv e  
to  o th e r  v i t a m in  d e f ic ie n c ie s  or  v a r ia t io n s  
in  d ie t . T h e  s u m m a r iz e d  r e s u lt s  o f  e x p e r i
m e n t s  1 a n d  3  ( t a b le  1 )  d e m o n s tr a te  th a t  
th e  e n z y m e s  s tu d ie d  s a t i s f y  th e  f ir s t  r e 
q u ir e m e n t .  A m in o tr a n s fe r a s e  a n d  se r in e
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Fig. 4 Effects of a pyridoxine deficiency and of deoxypyridoxine on liver enzym es of 
rats, expressed as mmoles of NADH formed or ox id ized /m inute /100  g live weight. (A )  
alanine am inotransferase, (B )  aspartate am inotransferase, (C ) pentose phosphate-metaboliz
ing system , (D )  serine dehydratase. Complete diet • ---------® vitam in B6-free diet
• ------------ vitam in B6-free diet +  deoxypyridoxine • ---------------• ,  vitam in-free diet +  de
oxypyridoxine • -----------£ .

d e h y d r a ta s e  a c t iv i t ie s  w e r e  s ig n if ic a n t ly  
d e p r e s s e d  b y  a  p y r id o x in e  d e f ic ie n c y  a s  
c o m p a r e d  w it h  a  “n o r m ” ( r a t s  f e d  a  c o m 
p le te  d ie t  a d  l ib i t u m ) .  T h e  a c t iv i ty  o f  th e  
p e n to s e  p h o s p h a te -m e ta b o l iz in g  s y s te m  
w a s  s ig n if ic a n t ly  r e d u c e d  in  a  th ia m in e  
d e f ic ie n c y .

T h e  o v e r a ll  e f fe c t s  o f  f e e d in g  a  m u lt ip le  
B -v ita m in  d e f ic ie n t  d ie t  fo r  2 1  d a y s  o n  th e  
4  e n z y m e s  s tu d ie d , h o w e v e r ,  w e r e  e x 
t r e m e ly  v a r ia b le . W ith  r e s p e c t  to  th e s e  e n 
z y m e s ,  r a ts  f e d  th e  B -v ita m in  fr e e  d ie t  d id  
n o t  d e v ia te  s ig n i f ic a n t ly  fr o m  r a ts  f e d  th e  
c o m p le te  d ie t .

T h e  e f fe c t  o f  a  m u lt ip le  B -v ita m in  d e 
f ic ie n c y  o n  e n z y m e  a c t iv it ie s  t e n d e d  to  r e 
s e m b le  th a t  o f  a  th ia m in e  d e f ic ie n c y  r a th e r  
th a n  a  p y r id o x in e  d e f ic ie n c y  e v e n  th o u g h  
th r e e  o f  th e  fo u r  e n z y m e s  s tu d ie d  r e q u ir e d  
p y r id o x in e  a s  a  c o -fa c to r . T h e  in f lu e n c e  o f  
a  t h ia m in e  d e f ic ie n c y  o n  th e  a c t iv i t ie s  o f  
th e  p y r id o x in e -d e p e n d e n t  e n z y m e s  m a y

n o t  b e  m e d ia te d  s o le ly  th r o u g h  a n  e f fe c t  
o n  fo o d  in ta k e . B a b c o c k  ( 5 )  a n d  C a ld w e ll  
a n d  M c H e n r y  ( 6 )  h a v e  s h o w n  in  s tu d ie s  
o f  p y r id o x in e  d e f ic ie n c y  th a t  s e r u m  a n d  
l iv e r  a m in o tr a n s fe r a s e  a c t iv i t ie s  o f  p a ir -  
f e d  c o n tr o l  r a ts  e x c e e d e d  t h o s e  o f  c o n tr o l  
r a ts  f e d  a d  l ib itu m . T h e s e  r e s u lt s  w e r e  in  
a g r e e m e n t  w it h  th e  o b s e r v a t io n  th a t  a m in o 
t r a n s fe r a s e  a s  w e l l  a s  se r in e  d e h y d r a ta s e  
a c t iv i t ie s  a re  e le v a te d  d u r in g  f a s t in g .  
T h e r e fo r e ,  i f  r e d u c e d  fo o d  in t a k e  w e r e  th e  
o n ly  c a u s e  o f  a l t e r a t io n s  in  th e  a c t iv i t ie s  
o f  p y r id o x in e -d e p e n d e n t  e n z y m e s ,  t h ia 
m in e -d e f ic ie n t  r a ts , w h ic h  h a d  fo o d  in t a k e s  
s im ila r  to  p y r id o x in e -d e f ic ie n t  a n im a ls ,  
w o u ld  b e h a v e  a s  p a ir - fe d  c o n tr o ls ,  w h o s e  
l iv e r  e n z y m e  a c t iv it ie s  sh o u ld  c o n s is t e n t ly  
b e  s o m e w h a t  a b o v e  th e  le v e l  o f  th e  c o n 
tr o ls  f e d  a d  l ib it iu m . T h is  e f fe c t  w a s  d* m -  
o n s tr a te d  fo r  s e r in e  d e h y d r a ta s e  ( t h e  n -  
z y m e  w h ic h  a p p e a r s  to  b e  m o s t  s e n s it iv e  
to  r e d u c e d  fo o d  in t a k e )  b u t  n o t  fo r  th e
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Fig. 5 Effects of a thiam ine deficiency and of oxythiam ine on the liver enzym e activities 
of rats expressed as mmoles of NADH formed or ox id ized /m in u te /100  g live weight. (A )  
alanine am inotransferase, (B )  aspartate am inotransferase, (C ) pentose phosphate-metaboliz
ing system , (D )  serine dehydrate. Complete diet • ---------• ,  thiam ine-free diet 0 -------------0 ,
thiam ine-free diet +  oxythiam ine • ----------- • ,  vitam in-free diet +  oxythiam ine 0 ----------- 0 .

TABLE 1

Mean liver enzym e ac tiv ity  during 17 to 21 days of treatm ent w ith  B-vitamin deficient diets

Deficiency
Alanine
amino

transferase
Aspartate

amino
transferase

Pentose
phosphate

metabolizing
enzymes

Serine
dehydratase

% o f . control value % o f . control value
Multiple B-vitamin 145.4 ± 4 8 .2 85.3 ± 2 7 .6 66.3 ± 3 3 .6 155.5 ± 3 7 .4
Pyridoxine 39.1 ±  5.3 1 32.3 ±  3.0 1,2 89.7 ±  3.4 55.1 ± 1 0 .3  h»
Thiam ine 159.0 ± 4 6 .8 81.9 ±  11.0 37.8 ±  7.4 h3 233.0 ±  8.3 lj*

1 M ean liver enzym e activity  differed significantly  from  contro l group (P  <  0.05).
2 Regression of enzym e activ ity  on days of trea tm en t differed significantly  from  contro l group 
P <  0.05).
3 D eviations from  control group th roughout trea tm en t were significant (P  <  0.05).

a m in o tr a n s fe r a s e s .  T h u s ,  i t  i s  p o s s ib le  
th a t  t h ia m in e  d e f ic ie n c y  c a n  in f lu e n c e  
a m in o t r a n s f e r a s e  a c t iv i t ie s  b y  m e c h a n is m s  
p a r t ia lly  in d e p e n d e n t  o f  fo o d  in ta k e . F or  
e x a m p le ,  th e  a c c u m u la t io n  o f  m e ta b o l it e s  
s u c h  a s  p y r u v ic  a c id  in  t h ia m in e -d e f ic ie n t  
a n im a ls ,  m a y  a f fe c t  a m in o t r a n s f e r a s e  a c 
t iv ity . C o n c o m ita n t  d e f ic ie n c ie s  o f  o th e r  
B -v ita m in s  a n d  th e  m e ta b o l ic  in te r a c t io n s

o f  th e  d e f ic ie n c y  s ta te s  c o u ld  a ls o  p r o d u c e  
e n z y m ic  r e s p o n s e s  w h ic h  m ig h t  o b s c u r e  
th e  r e s p o n s e  to  a  s im p le  p y r id o x in e  d e f i
c ie n c y .

P r e s e n t  k n o w le d g e  in d ic a t e s ,  th e r e fo r e ,  
th a t  a m in o tr a n s fe r a s e  a n d  se r in e  d e h y d r a 
ta s e  c a n n o t  b e  u s e d  r e l ia b ly  to  a s s e s s  p y 
r id o x in e  s t a t u s  in  th e  p r e s e n c e  o f  o th e r  B - 
v i t a m in  d e f ic ie n c ie s .  In  th is  r e s p e c t ,  th e
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u s e  o f  th e  p e n to s e  p h o s p h a te -m e ta b o l iz in g  
s y s t e m  to  e v a lu a te  a  t h ia m in e  d e f ic ie n c y  
s h o w s  m o r e  p r o m ise .  M o re  in f o r m a t io n  
c o n c e r n in g  fa c to r s  w h ic h  e x e r t  a n  e f fe c t  
u p o n  th e  u l t im a t e  a c t iv i ty  o f  a n  e n z y m e  
s y s t e m  is  r e q u ir e d  b e fo r e  e n z y m e  a c t iv it ie s  
c a n  b e  in te r p r e te d  w it h  c o n f id e n c e .
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In Vitro Studies of 59Fe Absorption by Everted 
Intestinal Sacs of the R at* 1

W. N. PEARSON A N D  MARTHA REICH
Divis ion of Nutrit ion, Departm ent of Biochemistry, Vanderbilt  
University  Medical School, Nashville, Tennessee

ABSTRACT  Iron-59 transport w as studied in  vitro using everted gut sacs or in tes
tinal segm ents. A definite concentration of iron in  the m ucosa was noted but there 
w as little  transfer into the inner pouch fluid. Saturation of the transport m echanism  
was not demonstrable over a wide range of iron concentrations. M ucosal uptake was 
significantly decreased by certain m etabolic inhibitors. Ascorbic acid increased  
uptake at low, but not high, iron concentrations. Both ferrous and ferric iron were 
concentrated at about the sam e rate by m ucosal cells. Under our experim ental condi
tions m uscosal and pouch fluid iron uptakes were not consistently altered in  rats w ith  
anem ia induced by phenylhydrazine injections or by dietary m eans.

D e s p ite  th e  la r g e  n u m b e r  o f  s tu d ie s  o f  
ir o n  a b s o r p t io n  r e p o r te d  i n  th e  l it e r a tu r e ,  
th e  m e a n s  b y  w h ic h  ir o n  i s  a b so r b e d  fr o m  
th e  in t e s t in e  i s  s t i l l  n o t  k n o w n . R e c e n t ly ,  
e v e r te d  g u t  s a c  s y s t e m s  h a v e  b e e n  u s e d  
in  a n  a t te m p t  to  d e f in e  th e  m e c h a n is m  o f  
ir o n  u p ta k e  b u t w it h  c o n tr a d ic to r y  r e s u lt s .  
B r o w n  a n d  J u s tu s  ( 1 ) ,  fo r  e x a m p le ,  fo u n d  
n o  e v id e n c e  fo r  a c t iv e  tr a n sp o r t  o f  ir o n  
u s in g  e v e r te d  s a c s  o f  r a t  in t e s t in e .  C o n 
v e r s e ly ,  D o w d le  e t  a l. ( 2 )  a n d  M a n is  a n d  
S c h a c h te r  ( 3 - 5 )  r e p o r te d  th a t  ir o n  u p ta k e  
w a s  th e  r e s u l t  o f  a n  e n e r g y -r e q u ir in g  a c t iv e  
tr a n sp o r t  p r o c e s s  w ith  f lo w  a g a in s t  a  c o n 
c e n tr a t io n  g r a d ie n t .  In  a n  a t te m p t  to  r e 
s o lv e  t h e s e  d iv e r g e n t  v ie w s  w e  h a v e  r e 
e x a m in e d  th e  u s e  o f  th is  t e c h n iq u e  in  s tu d 
i e s  o f  ir o n  a b so r p tio n .

METHODS

S in c e  i t  w a s  d e e m e d  d e s ir a b le  to  ca rry  
o u t  e x p e r im e n t s  u n d e r  c o n d it io n s  p e r 
m it t in g  m u lt ip le  s a m p lin g ,  th e  m e th o d  o f  
C r a n e  a n d  W ils o n  ( 6 )  w a s  u s e d  in it ia l ly .  
T h is  t e c h n iq u e  p r o v e d  to  b e  s u s c e p t ib le  to  
la r g e  e rr o rs  a t lo w  ir o n  c o n c e n t r a t io n s ,  
h o w e v e r ,  a n d  th e  “m u lt ip le  t r a n s fe r ” a p 
p r o a c h  d e ta i le d  b e lo w  w a s  d e v is e d . T h is  
p e r m it te d  p r e c is e  e s t im a t io n s  o f  u p ta k e  to  
b e  m a d e  b e c a u s e  th e  in i t ia l  a n d  f in a l  
c o u n t s  in  th e  in c u b a t io n  m e d iu m  c o u ld  b e  
d e te r m in e d  e a s i ly  w it h o u t  h a v in g  to  t r a n s 
f e r  fr o m  th e  in c u b a t io n  v e s s e l  to  c o u n t in g  
tu b e  w ith  i t s  c o n c o m it a n t  lo s s e s .

A lb in o  f e m a le  r a ts  ( 1 2 5  to  1 7 5  g )  o f  
th e  S p r a g u e -D a w le y  s t r a in  w e r e  f a s t e d  fo r

2 4  h o u r s  a n d  d e c a p ita te d . T h e y  w e r e  
m a in t a in e d  w it h  c o m m e r c ia l  r a t  c h o w  2 u n 
l e s s  o th e r w is e  n o te d . T h e  s m a l l  in t e s t in e  
w a s  c u t  a t th e  p y lo r u s  a n d  c e c u m  a n d  d i s 
s e c te d  f r e e  o f  th e  m e s e n te r y .  I t  w a s  t h e n  
p la c e d  in  a n  C h -sa tu ra ted  ic e -c o ld  0 .1 4 6  m  
N a C l - 0 .0 0 4  m  KC1 s o lu t io n  a n d  s a c s  or  
s e g m e n t s  w e r e  m a d e  f r o m  v a r io u s  p a r ts  o f  
th e  g u t  d e p e n d in g  u p o n  th e  s p e c if ic  e x p e r i 
m e n t .  T h e  in t e s t in a l  s e g m e n t s  w e r e  c u t ,  
t ie d  a t o n e  e n d ,  e v e r te d , a n d  r in s e d  i n  th e  
N a C l-K C l s o lu t io n . T h e  s a c s  w e r e  a p p r o x i
m a t e ly  6 .0  c m  lo n g  a n d  w e ig h e d  a n  a v e r 
a g e  o f  5 5 0  to  6 5 0  m g  b y  w e t  w e ig h t .  In  
m o s t  c a s e s  th e y  w e r e  f i l le d  w it h  m e d iu m  o f  
th e  f o l lo w in g  c o m p o s it io n :  0 .4 5  m  N a C l;  
0 .0 4  m  D -m a n n o se , 0 .0 0 4  m  tr is  3 b u f fe r  a t  
p H  7 .4 .  T h is  m e d iu m  is  a  m o d if ic a t io n  o f  
th a t  o f  M a n is  a n d  S c h a c h te r  ( 3 ) ,  o m it t in g  
C a C l2 a n d  s o d iu m  a sc o r b a te . A  b u b b le  o f  
0 2 w a s  p la c e d  in  e a c h  s a c  w h ic h  w a s  t h e n  
t ie d , w e ig h e d ,  a n d  p la c e d  in  a  p la s t ic  tu b e  
c o n t a in in g  3  m l  o f  m e d iu m  p lu s  s u f f ic ie n t  
59F e - la b e le d  C l2 4 a n d  s ta b le  ir o n  i f  n e c e s 
sa r y  to  g iv e  c o n c e n t r a t io n s  o f  0 .0 0 4  ug  
F e / m l  o r  h ig h e r . P r io r  to  th e  e x p e r im e n t ,  
o x y g e n  w a s  b u b b le d  th r o u g h  th e  m e d iu m  
in  e a c h  tu b e  fo r  2 0  s e c o n d s .  T h e  tu b e s

R eceived  fo r  p u b lic a tio n  A p ril 10, 1965.
1 S u p p o r ted  in  p a r t  by  P u b lic  H e a lth  S erv ice  R e

s e a rc h  G ra n t no . AM -08317 fro m  th e  N a tio n a l I n s t i 
tu te s  o f H e a lth . A p re lim in a ry  re p o r t  o f  th is  w o rk  
w as p re s e n te d  a t  th e  C an a d ia n -A m e ric a n  N u tr i t io n  
C o n fe ren ce , T o ro n to , S ep tem b e r 1964.

2 T h e  R a ls to n  P u r in a  C o m p an y , St. L ou is.
3 H y d ro x y m e th y la m in o m e th a n e . S igm a  C h em ica l 

C o m p an y , St. Louis.
4 (Obtained fro m  A bbo tt L a b o ra to r ie s , N o r th  C hicago , 

I llin o is .

J .  N u t r it io n , 8 7 : '6 5 1 1 7
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w e r e  th e n  s to p p e r e d  a n d  a n  in i t ia l  c o u n t  
o b ta in e d  in  a  w e ll- ty p e  s c in t i l la t io n  c o u n 
te r  5 p r io r  to  th e  in tr o d u c t io n  o f  th e  s a c  fo r  
in c u b a t io n .

E a c h  tu b e  c o n t a in in g  a  s a c  p lu s  5  a d d i
t io n a l  p r e -c o u n te d  tu b e s  c o n t a in in g  o x y 
g e n a te d  m e d iu m  w a s  a g ita te d  in  a  w a te r -  
b a th  a t  3 7 ° .  T h e  f o l lo w in g  p r o c e d u r e  w a s  
u s e d :  a  s a c  w a s  p la c e d  in  tu b e  1 fo r  3 0  
m in u t e s ,  t h e n  r e m o v e d  a n d  p la c e d  in  tu b e  
2  fo r  3 0  m in u t e s ,  t h e n  r e m o v e d  to  tu b e  3 
fo r  3 0  m in u t e s ,  e t c . ,  to  g iv e  a  to ta l  in c u b a 
t io n  t im e  o f  3  h o u r s . T r a n s fe r  w a s  r a p id ly  
e f fe c t e d  w it h  a  p a ir  o f  fo r c e p s .  A f te r  th e  
f in a l  in c u b a t io n  p e r io d  th e  s a c  w a s  r e 
m o v e d  fr o m  th e  tu b e  a n d  a n  in c is io n  w a s  
m a d e  o v e r  a c le a n  p la s t ic  tu b e  to  o b ta in  
th e  in n e r  p o u c h  f lu id . T h e  in c u b a t io n  
tu b e s  w e r e  t h e n  r e c o u n te d  a n d  th e  a m o u n t  
o f  ir o n  a b so r b e d  b y  th e  s a c s  w a s  c a lc u la te d  
f r o m  th e  d e c r e a s e  in  c o u n ts .  T h e  e m p ty  
s a c  w a s  re  w e ig h e d ,  d ig e s te d  in  3 m l  o f  5  n  
H N O s in  a  g la s s  t e s t  tu b e  in  a n  8 0  to  9 0 °  
w a te r  b a th  a n d  c o u n te d . T h is  g a v e  a  d ir e c t  
e s t im a t io n  o f  ir o n  a b s o r p t io n  w h ic h  a lw a y s  
a p p r o x im a te d  8 5  to  9 0 %  o f  th a t  d e te r 
m in e d  b y  d if f e r e n c e . In  s o m e  e a r ly  e x p e r i
m e n t s ,  u n t ie d  1- to  2 -c m  in t e s t in a l  s e g 
m e n t s  w e r e  u s e d  w it h o u t  e v e r s io n  a n d  th e  
u p ta k e  w a s  m e a s u r e d  fo r  a  o n e -h o u r  
p e r io d .

P la s t ic  tu b e s  w e r e  u s e d  fo r  in c u b a t io n  
b e c a u s e ,  in  e a r ly  e x p e r im e n ts ,  r a d io ir o n  
w a s  o b s e r v e d  to  b e  a d so r b e d  to  th e  P y r e x  
f la s k s  u s e d . In  a d d it io n , th e  u s e  o f  d is p o s 
a b le  p la s t ic  tu b e s  e l im in a t e d  th e  n e e d  fo r  
d e c o n t a m in a t io n  a n d  p e r m it te d  p r e -c o u n t
in g  o f  o u ts id e  m e d iu m .

In  so m e  c a s e s  th e  a m o u n ts  o f  ir o n  u p 
ta k e  w e r e  c o m p a r e d  b y  c a lc u la t in g  in d e x e s  
o f  m u c o s a l  a n d  p o u c h  f lu id  u p ta k e  in  a  
m a n n e r  s im ila r  to  th a t  o f  B r o w n  a n d  
J u s tu s  ( 1 ) .  T h a t  is :

Index of m ucosal 59Fe uptake =  

m u co sa l6 cpm
0.8 wt sac 7 in  g X in itia l c p m /m l incubation fluid 

Index of pouch fluid 59Fe uptake =

cp m /m l pouch fluid 
Initial cp m /m l incubation fluid

A n y  in d e x  > 1 . 0  in d ic a t e s  c o n c e n tr a t io n  
o f  iro n ; a n  in d e x  o f  Si 1 .0  is  c h a r a c te r is t ic  
o f  a d if fu s iv e  p r o c e s s .

RESULTS AND DISCUSSION

S in c e  th e  m e th o d  u s e d  in  o u r  g u t  sa c  
s tu d ie s  in v o lv e d  r e p le n is h m e n t  o f  th e  i n 
c u b a t io n  m e d iu m  a t f ix e d  in te r v a ls  d u r in g  
th e  e x p e r im e n t ,  c o m p a r is o n s  w e r e  m a d e  
w it h  a  c o n v e n t io n a l  m e th o d . T h e  p e r io d ic  
r e n e w a l  o f  th e  ir o n  c o n c e n t r a t io n  in c r e a s e d  
th e  a m o u n t  o f  ir o n  a v a i la b le  fo r  a b s o r p 
t io n  a n d , a s  e x p e c te d ,  m o r e  w a s  a b so rb ed .  
T h e  o b s e r v e d  d if fe r e n c e  in  a b s o r p t io n  b e 
t w e e n  a  s a c  in c u b a te d  i n  a  s in g le  tu b e  fo r  
3 h o u r s  a n d  a  s a c  tr a n s fe r r e d  to  n e w  
m e d iu m  a t  3 0 -m in u te  in te r v a ls  d u r in g  th e  
3 h o u r s  w a s  e x c lu s iv e ly  a  f u n c t io n  o f  ir o n  
c o n c e n t r a t io n  a s  d e te r m in e d  in  e x p e r i 
m e n t s  in  w h ic h  th e  e n e r g y  s o u r c e  a lo n e  
or  th e  ir o n  a lo n e  w a s  p e r io d ic a l ly  r e s to r e d  
to  i t s  in i t ia l  c o n c e n tr a t io n  le v e l .

T o  d e te r m in e  w h e t h e r  a  m a r k e d  a n a 
to m ic  g r a d ie n t  o c c u r r e d  in  th e  c a p a c it y  o f  
th e  g u t  to  a b so rb  ir o n , th e  e n t ir e  in t e s t in e  
o f  e a c h  o f  7  r a ts  w a s  c u t  in t o  2 .0 -c m  s e g 
m e n t s  ( ± 1 5 0  m g  w e t  w e i g h t )  a n d  p la c e d  
s e r ia l ly  in  1 0 -m l E r le n m e y e r  f la s k s  w it h  
3 m l o f  in c u b a t io n  m e d iu m  c o n t a in in g  
0 .5  pg 59F e + + +/ m l .  O d d  n u m b e r e d  s e g 
m e n t s  w e r e  in c u b a te d  u n d e r  o x y g e n  a n d  
th e  e v e n  n u m b e r e d  s e g m e n t s  w e r e  i n c u 
b a te d  u n d e r  n itr o g e n . T h e  ir o n  u p ta k e  w a s  
m e a s u r e d  o v e r  a  o n e -h o u r  p e r io d . T h e  o b 
se r v e d  p a t te r n s  o f  u p ta k e  are  s h o w n  in  
f ig u r e  1. U n d e r  b o th  o x y g e n  a n d  n i t r o g e n  
a n  a b s o r p t io n  p e a k  o c c u r r e d  in  th e  a r ea  
8- to  1 2 -c m  d is ta l  to  th e  d u o d e n u m . T h is  
w a s  f o l lo w e d  b y  a  1 0 -c m  a r ea  o f  r e d u c e d

LOCATION OF GUT SE C T IO N  IN CM FROM P Y L O R U S  

Figure 1

5 N u c le a r  C h icago  M odel DS5-5 S c in ti l la t io n  W ell 
C o u n te r a n d  a  M odel 132 A n a ly ze r-C o m p u ter.

6 T h is  re fe rs  to  th e  e n tire  in te s t in a l  s ac  w h ic h  
co n s is ts  la rg e ly  o f  m u co sa .

7 A p p ro x im a te ly  80%  o f th e  t r a n s f e r r in g  m u c o sa  
is  w a ter .
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a b s o r p t io n , a  3 0 -c m  a r e a  o f  g r e a te r  u p ta k e  
a n d  a  t e r m in a l  2 0 -c m  s e c t io n  o f  lo w e r  a b 
s o r p t iv e  c a p a c ity .  T h e  f ir s t  2 -c m  g u t  s e g 
m e n t  d is ta l  to  th e  p y lo r u s  s h o w e d  th e  lo w 
e s t  ir o n  a b s o r p t io n , b e in g  o n e - h a l f  th a t  o f  
th e  2 -c m  s e g m e n t  lo c a te d  1 0  c m  d is ta l  to  
th e  d u o d e n u m . T h e  a b s o r p t io n  o f  59F e  u n 
d er  a n it r o g e n  a t m o s p h e r e  w a s  s ig n i f i 
c a n t ly  le s s  th a n  th a t  u n d e r  o x y g e n  ( P  <  
0 .0 5 )  w h e n  a ll  s e g m e n t s  w e r e  c o n s id e r e d ,  
b u t s o m e  a r e a s  w e r e  m o r e  a f fe c te d  th a n  
o th e r s . Iro n  u p ta k e  u n d e r  n i t r o g e n  w a s  
p a r t ic u la r ly  d e p r e s s e d  in  th e  s e c t io n  o f  th e  
i le u m  ju s t  p r io r  to  th e  t e r m in a l  2  or 3  
s e g m e n ts .

In  s u b s e q u e n t  e x p e r im e n t s  u s in g  th e  
e v e r te d  g u t  s a c  te c h n iq u e  ( a s  o p p o se d  to  
th e  g u t  s e g m e n t  t e c h n iq u e  d e sc r ib e d  
a b o v e ) ,  i t  w a s  o b s e r v e d  th a t  th e  s a c  d e 
r iv e d  f r o m  th e  f ir s t  6 .0  c m  o f  g u t  d is ta l  
to  th e  p y lo r u s  a lw a y s  a b so r b e d  le s s  ir o n  
th a n  d id  a  s a c  m a d e  f r o m  th e  n e x t  6 .0 -c m  
s e g m e n t .  T h e  o b se r v e d  d if fe r e n c e  in  a b 
so r p t io n  u s u a l ly  a p p r o x im a te d  2 0 %  ( i .e . ,  
s e e  fig . 2 ) .  T h is  r e s u lt  i s  c o m p a t ib le  w ith  
th e  p a t te r n  s h o w n  in  f ig u r e  1 w h ic h  w a s  
o b ta in e d  w it h  in t e s t in a l  s e g m e n t s .  T h e  
s ig n i f ic a n t  d if fe r e n c e  in  u p ta k e  c o n s i s t 
e n t ly  o b s e r v e d  in  th e s e  2  s a c s  n o t  o n ly  
m a d e  th e ir  u s e  a s  e x p e r im e n t a l  p a ir s  im 
p r a c t ic a l  b u t  le d  to  e r r o n e o u s  c o n c lu s io n s  
in  e a r ly  e x p e r im e n ts .  O n  th e  o th e r  h a n d ,  
c o n s e c u t iv e  6 .0 -c m  j e ju n a l  s a c s  p r e p a r e d  
s t a r t in g  a t a  p o in t  6 .0  c m  fr o m  th e  p y lo r u s  
s h o w e d  r e m a r k a b ly  s im ila r  u p ta k e s  a n d  
w e r e  th u s  id e a lly  su ite d  fo r  c o n tr o l-e x p e r i
m e n ta l  p a ir s . S u c h  p a ir s  w e r e  u s u a l ly  u s e d  
in  th is  s tu d y .

INCUBATED WITH INCUBATED WITH 
OXYGEN NITROGEN

Figure 3

M u c o s a l  u p t a k e  a n d  s e r o s a l  t r a n s f e r .  
U s in g  th e  m u lt ip le  tr a n s fe r  t e c h n iq u e  w ith  
c o n s e c u t iv e  j e ju n a l  s a c s ,  a  r a p id  c o n c e n 
tr a tio n  o f  ir o n  w a s  o b s e r v e d  in  th e  m u c o s a ,  
b u t l i t t le  t r a n s fe r  o f  ir o n  in t o  th e  in n e r  
p o u c h  m e d iu m  c o u ld  b e  d e m o n s tr a te d .  
F ig u r e  3 s u m m a r iz e s  a n  e x p e r im e n t  w ith  
c o n s e c u t iv e  j e ju n a l  s a c s  w h ic h  d e m o n 
s tr a te d  c o n c e n tr a t io n  o f  ir o n  in  th e  m u c o s a  
( m u c o s a l  in d e x  >  1 .0 ) ,  th e  la c k  o f  c o n 
c e n tr a t io n  in  th e  p o u c h  f lu id  ( p o u c h  f lu id  
in d e x  <  1 .0 )  a n d  th e  in h ib it io n  o f  m u c o s a l  
u p ta k e  b y  n itr o g e n . T h e  la c k  o f  c o n c e n 
tr a tio n  o f  ir o n  in  th e  p o u c h  f lu id  w a s  o b 
se r v e d  u n d e r  a  v a r ie ty  o f  e x p e r im e n t a l  
c o n d it io n s  in  a ll s e c t io n s  o f  th e  g u t  u s in g  
b o th  m u lt ip le  t r a n s fe r  t e c h n iq u e  a n d  th e  
s in g le  s a c ,  3 -h o u r  in c u b a t io n  m e th o d .

E f f e c t  o f  i r o n  c o n c e n t r a t i o n .  S ix  c o n 
s e c u t iv e  j e ju n a l  s a c s  w e r e  in c u b a te d  u s in g  
th e  m u lt ip le  t r a n s fe r  t e c h n iq u e  a t in i t ia l  
ir o n  c o n c e n tr a t io n  le v e ls  o f  0 .0 0 4 ,  0 .0 4 ,  
0 .4 ,  4 .0 ,  4 0  a n d  4 0 0  u g /m l .  T h e  m u c o s a l  
a n d  p o u c h  f lu id  u p ta k e s  u n d e r  th e s e  c o n d i
t io n s  a re  p lo t te d  o n  a  lo g a r ith m ic  b a s is  in  
f ig u r e  4 . T h e  m u c o s a l  u p ta k e  o f  ir o n  w a s  
l in e a r ly  r e la te d  to  ir o n  c o n c e n t r a t io n  e v e n  
th o u g h  s a c s  in c u b a te d  a t th e  4 0 0  u g /m l  
l e v e l  b e c a m e  “r ig id ” a n d  a p p e a r e d  to  h a v e  
s o m e  ir o n  d e p o s ite d  o n  th e  m u c o s a l  su r 
fa c e .  T h e  a m o u n t  o f  t r a n s fe r  in to  th e  
p o u c h  f lu id  w a s  a lso  l in e a r ly  r e la te d  to  th e  
in i t ia l  ir o n  c o n c e n tr a t io n . T h e  m o r e  e r r a tic  
r e la t io n s h ip  o b se r v e d  in  th e  p o u c h  f lu id  is  
p a r t ly  a f u n c t io n  o f  th e  lo w  c o u n t in g  r a te s  
a t th e  lo w e r  ir o n  c o n c e n tr a t io n s .

I r o n  e f f lu x .  M e a s u r e m e n t  o f  th e  m a g 
n i t u d e  o f  th e  d i f fu s io n  o f  ir o n  fr o m  th e  g u t  
s a c  in to  th e  in c u b a t io n  m ix tu r e  w a s  c o n -
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LOG IRON CONCENTRATION ,ug/Ml. INCUBATION BUFFER
Figure 4

s id e r e d  to  b e  o f  c r i t ic a l  im p o r ta n c e  in  th e s e  
s tu d ie s  s in c e  t i s s u e  a c c u m u la t io n  o f  r a d io 
is o to p e  p e r  se  i s  n o t  n e c e s s a r i ly  e v id e n c e  
fo r  a  n e t  ir o n  c o n c e n tr a t io n .  A c c u m u la 
t io n  o f  is o to p e  m ig h t  b e  th e  r e s u lt  o f  a  u n i 
d ir e c t io n a l  f lu x  or  a n  e x c h a n g e  d if fu s io n .  
A c c o r d in g ly ,  2  ty p e s  o f  e ff lu x  e x p e r im e n ts  
w e r e  p e r fo r m e d . In  th e  f ir s t , th e  a b il ity  o f  
th e  a b so r b e d  59F e  to  d if fu s e  o u t  a g a in  in to  
th e  in c u b a t io n  m e d iu m  w a s  m e a s u r e d  in  
g u t  s a c s  th a t  w e r e  c a r r ie d  th r o u g h  th e  
u s u a l  tr a n s fe r  p r o c e d u r e  fo r  th e  f ir s t  h o u r  
a n d  w e r e  t h e n  tr a n s fe r r e d  a t  3 0 -m in u te  
in te r v a ls  th r o u g h  4  tu b e s  c o n t a in in g  ir o n -  
f r e e  m e d iu m . T h e  r e s u lt s  s h o w n  in  f ig u r e
2  r e v e a l  a n  ir o n  lo s s  o f  fr o m  10  to  2 5 %  
d u r in g  th e  f ir s t  h o u r  o f  in c u b a t io n  in  th e  
ir o n -fr e e  m e d iu m  b u t  l i t t le  lo s s  th e r e a fte r .  
T h is  s u g g e s t s  th a t  th e  b u lk  o f  th e  a b so rb ed  
ir o n  h a s  b e e n  c o n v e r te d  to  a  n o n -d if fu s ib le  
fo r m  ( i .e . ,  b y  b in d in g  to  p r o t e in ) .  T h is  is  
in  a g r e e m e n t  w it h  th e  in  v iv o  o b s e r v a t io n s  
o f  B r o w n  a n d  R o th e r  ( 7 )  w h o  r e p o r te d  th a t  
th e  b u lk  o f  th e  n o n -p a r t ic u la te  m u c o s a l  
ir o n  w a s  p r o te in -b o u n d  a f te r  o n e  h o u r .

B e c a u s e  i t  w a s  p o s s ib le  th a t  th e  la b e le d  
ir o n  w a s  n o t  u n ifo r m ly  d is tr ib u te d  a m o n g  
a ll th e  ir o n  c o m p a r tm e n ts  o f  th e  g u t  s a c  
u n d e r  th e  c o n d it io n s  o f  th e  e x p e r im e n t  
j u s t  d e sc r ib e d , a n o th e r  s tu d y  w a s  c a r r ie d  
o u t  in  w h ic h  th e  in t e s t in e  w a s  la b e le d  in  
v iv o  w it h  59F e . T h is  w a s  a c c o m p lis h e d  b y  
f e e d in g  4  r a ts  a  d ie t  c o n t a in in g  59F e  so  th a t  
th e ir  d a i ly  in t a k e  w a s  0 .1 7  ug o f  59F e  fo r
3 c o n s e c u t iv e  d a y s . A t e x p e r im e n t ,  th e  
a n im a ls  w e r e  k i l le d  a n d  j e ju n a l  g u t  s a c s  
p r e p a r e d . T h e y  w e r e  t h e n  p la c e d  in  ir o n -

fr e e  m e d iu m  a n d  th e  m u lt ip le  t r a n s fe r  
t e c h n iq u e  w a s  c a r r ie d  o u t  fo r  3  h o u r s . T h e  
r e s u lt s  ( f ig .  5 )  s h o w  a  p a t te r n  o f  59F e  lo s s  
s im ila r  to  th a t  in  th e  in  v itr o  e x p e r im e n t s .  
M o st  o f  th e  e ff lu x  (2 5 %  )  o c c u r r e d  d u r in g  
th e  f ir s t  h o u r  o f  in c u b a t io n  w it h  v ir tu a lly  
n o  lo s s  th e r e a f te r  ( ±  5%  ) .

In  th is  in  v iv o  s tu d y  th e  m a g n it u d e  o f  
th e  to ta l  59F e  lo s s  f r o m  e a c h  g u t  s a c  
a m o u n te d  to  3  to  5  ug d u r in g  th e  3 -h o u r  
in c u b a t io n  p e r io d . T h u s  in  o u r  in  v itr o  
s tu d ie s  a t  ir o n  c o n c e n tr a t io n s  o f  0 .0 0 4  a n d  
0 .0 4  u g /m l  ( f ig .  4 )  i t  m a y  b e  p r e s u m e d  
th a t  m o r e  ir o n  a c tu a l ly  d if fu s e d  o u t  o f  th e  
s a c  th a n  in t o  th e  sa c .  C o n v e r se ly , in  th e  in  
v itr o  s tu d ie s  a t ir o n  c o n c e n t r a t io n s  g r e a te r  
t h a n  0 .4  u g /m l ,  th e r e  w a s  a  n e t  a c c u m u la 
t io n  o f  ir o n  in  th e  g u t  sa c . S in c e  n o  g r o ss  
d e p a r tu r e  f r o m  l in e a r ity  o f  u p ta k e  a t th e  
lo w e r  c o n c e n tr a t io n s  w a s  a p p a r e n t ,  i t  i s  
p r o b a b le  t h a t  u p ta k e  a n d  e fflu x  w e r e  o p e r 
a t in g  in d e p e n d e n t ly .

E f f e c t  o f  m e t a b o l i c  p o i s o n s .  T o  d e te r 
m in e  w h e t h e r  ir o n  u p ta k e  i s  d e p e n d e n t  
u p o n  a n  e n e r g y -r e q u ir in g  p r o c e s s ,  t h e  e f 
f e c t s  o f  3  m e ta b o l ic  in h ib ito r s  w e r e  s t u d 
ie d . T h e  e f f e c t  o f  n i t r o g e n  o n  m u c o s a l  
ir o n  u p ta k e  o f  g u t  s e g m e n t s  w h e n  th e  ir o n  
c o n c e n t r a t io n  w a s  0 .5  u g /m l  h a s  a lr e a d y  
b e e n  n o te d . T h e  ir o n  u p ta k e  o f  j e ju n a l  
s a c s  w a s  c o n s is t e n t ly  d e p r e s s e d  b y  n it r o g e n  
a t  a n  ir o n  c o n c e n t r a t io n  o f  0 .0 0 4  u g /m l  
b u t n o t  a t  c o n c e n t r a t io n s  o f  4 .0  o r  4 0 0  
u g /m l .  T h is  o b s e r v a t io n  i s  s im ila r  to  th a t  
o f  B r o w n  a n d  J u s tu s  ( 1 )  w h o  r e p o r te d  th a t  
N 2 r e d u c e d  m u c o s a l  u p ta k e  o n ly  i f  th e  ir o n  
c o n c e n t r a t io n  w a s  lo w .
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T h e  e f fe c t s  o f  N a C N , 2 -4 -d in itr o p h e n o l  
( D N P )  a n d  N -e th y l  m a le im id e  o n  m u c o s a l  
ir o n  u p ta k e  are  s h o w n  in  ta b le  1. B o th  
c y a n id e  a n d  D N P  m a r k e d ly  in h ib it e d  ir o n  
u p ta k e  a t a l l  3  ir o n  c o n c e n t r a t io n s  u s e d  
b u t N -e th y l  m a le im id e  h a d  l it t le  or n o  
e f fe c t .  A  m a r k e d  e fflu x  o f  ir o n  fr o m  th e  g u t  
s a c s  d u r in g  th e  la s t  h o u r  o f  th e  3 -h o u r  
e x p e r im e n t  w a s  o b s e r v e d  w h e n  c y a n id e  or  
D N P  w a s  p r e s e n t .  It i s  p o s s ib le  th a t  d e a th  
o f  th e  t i s s u e s  a n d  a u to ly s is  m a y  h a v e  h a d  
s u c h  a  c o n s e q u e n c e .

A s c o r b i c  a c i d  a n d  i r o n  a b s o r p t i o n .  In  
t h e s e  s tu d ie s ,  th e  e f fe c t s  o f  a sc o r b ic  a c id  
o n  m u c o s a l  ir o n  u p ta k e  w e r e  d e te r m in e d .  
P a ir e d  j e ju n a l  s a c s  w e r e  f ir s t  in c u b a te d  fo r  
9 0  m in u t e s  in  th e  c o n v e n t io n a l  m e d iu m  
a n d  th e  e x p e r im e n t a l  s a c  w a s  t h e n  tr a n s 
fe r r e d  to  m e d iu m  c o n t a in in g  s u f f ic ie n t  
a sc o r b ic  a c id  to  m a k e  th e  f in a l  c o n c e n t r a 
t io n  8  X  1 0 _ 4 m . T h e  r e s u lt s  e x p r e s s e d  in  
ta b le  2  in d ic a t e  th a t  a sc o r b ic  a c id  e n 
h a n c e d  c o n s id e r a b ly  th e  m u c o s a l  u p ta k e

o f  b o th  f e r r o u s  a n d  fe r r ic  ir o n  w h e n  th e  
ir o n  c o n c e n t r a t io n  w a s  v e r y  lo w  ( 0 .0 0 4  
U g /m l) .  In  g e n e r a l  th e  a m o u n t  o f  r a d io 
a c t iv ity  n o te d  in  th e  in n e r  p o u c h  f lu id  o f  
th e  in t e s t in a l  s a c s  w a s  s o m e w h a t  le s s  in  
th e  p r e s e n c e  o f  a sc o r b ic  a c id  b u t n o  c o n 
s i s t e n t  e f fe c t  w a s  d e m o n s tr a b le .

E f f e c t  o f  a n e m i a  o n  i r o n  a b s o r p t i o n .  
T w o  s tu d ie s  w e r e  c a r r ie d  o u t  u s in g  in t e s t i 
n a l  s a c s  o b ta in e d  fr o m  r a ts  m a d e  a n e m ic  
b y  th e  in j e c t io n  o f  p h e n y lh y d r a z in e . In  
th e  f ir s t  tr ia l,  f e m a le  r a ts  ( 1 5 0  to  1 7 0  g )  
w e r e  m a d e  a n e m ic  b y  in tr a p e r ito n e a l  i n 
j e c t io n s  ( 8  m g / r a t / d a y )  o n  3  c o n s e c u t iv e  
d a y s . T h e  a n im a ls  w e r e  k il le d  o n  th e  
fo u r th  d a y  a n d  s a c s  w e r e  p r e p a r e d  fr o m  
v a r io u s  p a r ts  o f  th e  g u t. A t th is  t im e ,  th e  
a n im a ls  u s u a l ly  h a d  h e m o g lo b in  l e v e ls  in  
th e  r a n g e  o f  5  to  7  g / 1 0 0  m l. In  t h e  s e c 
o n d  tr ia l,  m a le  r a ts  ( 1 7 5  to  2 2 5  g )  w e r e  
m a d e  a n e m ic  in  th e  s a m e  w a y  b u t  w e r e  
th e n  k e p t  fo r  p e r io d s  o f  t im e  u p  to  o n e  
w e e k  to  p e r m it  a c t iv e  h e m a t o p o ie s is  to  be-

TABLE 1
Effects of metabolic  inhibitors on mucosal uptake of iron by everted gut sacs from rats 1

In d e x  o f m u c o sa l u p ta k e

I ro n  c o n c e n tra tio n , /¿g /m l

no. In h ib i to r 0.004 4.0 40.0

In h ib i to r  inh^ b°ito r In h ib i to r No
in h ib ito r In h ib i to r No

in h ib i to r

1 0.01 m  NaCN 4.7 12.8 7.4 15.7 3.5 18.4

2 0.02 M  2-4- 
Dinitrophenol 5.3 13.0 7.7 24.4 2.6 19.5

3 0.01 M  N-ethyl 
m aleim ide 12.1 13.5 15.6 17.7 18.3 19.7

1 Six co n secu tiv e  je ju n a l  sacs fro m e a c h  o f 2 ra ts w ere  u sed  fo r  e ach e x p erim en t. V a lu es  a re m e a n s  o f
2 sacs.

TABLE 2
Effect of ascorbic acid on mucosal uptake of ferrous and ferric iron by gut sacs from rats 1

In d e x  o f m u c o sa l u p ta k e
C o n d itio n s N o

asco rb ic  ac id
P iu s

a sco rb ic  a c id  2

Ferric chloride
(ferric iron cone, 0.004 ¿¿g/ml) 13.2 +  0.8 3 1 7 .7 + 1 .1

Ferrous sulfate 4
(ferrous iron cone, 0.004 p g /m l) 1 3 .8 + 1 .3 17.0 +  1.0

1 P a ire d  j e ju n a l  sacs  fro m  8 r a ts  w ere  u sed . T h e  sacs  w e re  f ir s t in c u b a te d  fo r  90 m in u te s  in  
th e  u s u a l  m e d iu m  a n d  th e n  th e  m e d iu m  w as  m a d e  8 x 1 0 - 4 m  in  a sco rb ic  a c id  fo r  th e  re m a in in g  
90 m in u te s  o f in c u b a tio n . In d e x e s  o f u p ta k e  w e re  c a lc u la te d  fo r  th e  3 -hou r p eriod .

2 N o a sco rb ic  a c id  vs. p lu s  a sco rb ic  ac id , P  <  0.01.
3 A ll re s u lts  a re  e x p re ssed  as av e rag es  ±  s e o f m ean .
4 F e rr ic  c h lo rid e  vs. fe r ro u s  s u lfa te  n o t s ig n if ic a n tly  d iffe ren t.
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TA BLE 3
Effect of  phenylhydrazine-induced anemia on mucosal iron uptake by everted gut sacs 

prepared from various sections of the in te s t in e 1

Loc ation No. of 
sacs

Index of mucosal uptake

of sac Controls Phenylhydrazine-
treated Significance

First duodenal 8
Experim ent 1 2 

15 .7±  1.2 3 1 6 .3 ±  1.4 ns 4
Second duodenal 8 19.4 ±  1.4 19.2 ± 2 .3 ns
Jejunal 11 18.1 ±  1.0 19.1 ± 1 .0 ns

First duodenal 9
Experim ent 2 5 

18.8 ± 1 .3 1 4 .4 ±  1.2 P <  0.01
Second duodenal 9 16.8 ± 0 .7 15.7 ± 1 .4 ns
Jejunal 18 19.2 ±  0.6 18.9 ± 0 .8 ns

1 I n  e x p e r im e n t 1, th e  tre a te d  r a ts  w ere  in je c te d  fo r  3 c o n secu tiv e  d ay s  (8  m g  p h e n y lh y d ra z in e ./ 
d a y )  a n d  w e re  s tu d ie d  o n  th e  fo u r th  d ay  (h e m o g lo b in  leve ls  w e re  5—7 g /1 0 0  m l) .  In  e x p e r im e n t 2, 
th e  ra ts  w e re  in je c te d  as in  e x p e r im e n t 1 b u t  w ere  th e n  re ta in e d  fo r  one w eek  to  p e rm it  re g e n e ra tio n  
o f h e m o g lo b in  to  leve ls  o f 9—12 g /1 0 0  m l. C o n tro l a n im a ls  h a d  h em o g lo b in  leve ls  of 1 3 -16  g /1 0 0  m l. 
I ro n  c o n c e n tra tio n  w as  0.004 f i g / m l  in c u b a tio n  m ed iu m .

2 E ig h t r a ts /g ro u p .
3 All re s u lts  a re  e x p re ssed  as av e rag es  ±  s e  o f m ean .
4 N o t s ig n ifican t.
5 N in e  ra ts /g ro u p .

g in . T h e  u s u a l  h e m o g lo b in  r a n g e  fo r  th e s e  
a n im a ls  a t  e x p e r im e n t  w a s  9  to  1 2  g / 1 0 0  
m l. T h e  d a ta  fr o m  t h e s e  2  s tu d ie s  are  
s h o w n  in  ta b le  3 . N e i t h e r  a n e m ic  a n im a ls  
n o r  a n e m ic  a n im a ls  w h o  w e r e  a c t iv e ly  r e 
g e n e r a t in g  h e m o g lo b in  s h o w e d  in c r e a s e d  
m u c o s a l  ir o n  u p ta k e . In  f a c t ,  in  th e  s e c o n d  
e x p e r im e n t  th e  f ir s t  d u o d e n a l  s a c s  fr o m  
c o n tr o l  r a ts  a b so r b e d  s ig n i f ic a n t ly  m o r e  
ir o n  th a n  d id  th o s e  f r o m  r a ts  tr e a te d  w ith  
p h e n y lh y d r a z in e .

Effect of diet on mucosal iron uptake. 
T o  in v e s t ig a t e  th e  r e la t io n s h ip  b e t w e e n  d ie 
ta r y  ir o n  a n d  th e  ir o n  u p ta k e  o f  g u t  s a c s ,  
15  w e a n l in g  r a ts  w e r e  f e d  a n  “a d e q u a te ” 
or “lo w ” ir o n  d ie t . T h e  la t t e r  c o n s is t e d  o f  
v ita m in - fr e e  c a s e in ,  1 8 % ; h y d r o g e n a te d  
c o t to n s e e d  o i l ,8 5 % ;  s u c r o s e ,  73 %  ; a d e 
q u a te  v i t a m in s  a n d  a n  ir o n -fr e e  s a lt  m ix 
tu re . T h e  f o l lo w in g  v i t a m in s  w e r e  a d d ed  
a t th e  l e v e ls  in d ic a t e d  p e r  1 0 0  g  o f  b a s a l  
d ie t :  v i t a m in  A , 4 0 0  IU ; v i t a m in  D , 4 0  IU ;  
( a n d  in  m i l l ig r a m s )  v i t a m in  E , 7 .0 ;  t h ia 
m in e ,  0 .5 ;  r ib o f la v in , 0 .8 ;  n ia c in ,  4 .0 ;  C a  
p a n to th e n a te ,  4 .0 ;  b io t in ,  0 .0 4 ;  f o l ic  a c id ,  
0 .2 0 ;  m e n a d io n e ,  0 .5 0 ;  in o s i t o l ,  1 0 0 .0 ;  
p y r id o x in e , 0 .5 ;  a n d  c h o l in e  c h lo r id e , 1 0 0 .0 .  
T h e  m in e r a l  m ix tu r e  w a s  d e s ig n e d  to  m e e t  
th e  in t a k e s  r e c o m m e n d e d  fo r  th e  r a t  b y  th e  
C o m m itte e  o n  A n im a l  N u tr it io n  o f  th e  N a 
t io n a l  R e s e a r c h  C o u n c il  ( 8 )  e x c e p t  fo r  
ir o n . It c o n ta in e d  ( i n  g r a m s  p e r  k g  o f  
d i e t ) :  C a H P O i, 2 0 .2 ;  N aH C C h, 2 .7 ;  M gSCh, 
1 .9 ; KC1, 3 .1 ;  K2C 0 3, 0 .5 ;  C u S 0 4, 0 .0 5 ;

M nSC h, 0 .1 1 ;  K I, 0 .0 7 ;  N a F , 0 .0 1 2 ;  Z n C l2, 
0 .0 2 5 .  G ro w th  w ith  th is  d ie t  w a s  s u p e r io r  
to  th a t  o b ta in e d  w ith  th e  d ie t  c o n t a in in g  
th e  ir o n -fr e e  s a lt  m ix tu r e  d e s c r ib e d  b y  
G u b le r  e t  a l. ( 9 )  a n d  w e a n l in g  r a ts  c o n 
s is t e n t ly  b e c a m e  a n e m ic  w ith  th e  lo w -ir o n  
d ie t  in  c o n tr a s t  to  r a ts  f e d  th e  G u b le r  d ie t .

T h e  “a d e q u a te ” ir o n  d ie t  w a s  p r e p a r e d  
b y  a d d in g  1 0 0  m g  o f  fe r r ic  c itr a te  p er  
1 0 0  g  o f  th e  “lo w ” ir o n  d ie t . T h e  lo w  ir o n  
d ie t  c o n t a in e d  1 7  ag  F e / g  d ie t  ( b y  a n a l 
y s i s )  a n d  th e  a d e q u a te  ir o n  d ie t  c o n ta in e d  
2 1 1  u g / g  ( b y  c a lc u la t io n ) .

T h r e e  a n im a ls  fr o m  e a c h  g r o u p  w e r e  
k il le d  a t  w e e k ly  in te r v a ls  f r o m  th e  th ir d  
th r o u g h  th e  s e v e n t h  w e e k  o f  th e  e x p e r i
m e n t .  F ir s t  d u o d e n a l ,  s e c o n d  d u o d e n a l ,  
a n d  j e ju n a l  s a c s  w e r e  s tu d ie d  u s in g  th e  
m u lt ip le  tr a n s fe r  t e c h n iq u e  a n d  a n  ir o n  
c o n c e n tr a t io n  o f  0 .0 0 4  p g /m l .

R a ts  fe d  th e  lo w  ir o n  d ie t  w e r e  a n e m ic  
b y  th e  e n d  o f  th e  s e c o n d  w e e k . S in c e  
n e i t h e r  th e  h e m o g lo b in  le v e ls  n o r  th e  
m u c o s a l  ir o n  u p ta k e s  s h o w e d  a n y  p a r t ic u 
la r  tr e n d  d u r in g  th e  e x p e r im e n t a l  p e r io d ,  
th e  d a ta  w e r e  a s s e m b le d  in to  2  g r o u p s  fo r  
th e  s t a t i s t ic a l  a n a ly s e s  s h o w n  in  ta b le  4 . 
F ir s t  d u o d e n a l  s a c s  a b so rb ed  s ig n if ic a n t ly  
l e s s  ir o n  th a n  d id  s e c o n d  d u o d e n a l  o r  j e j u 
n a l  s a c s .  D ie t  h a d  n o  a p p a r e n t  e f f e c t  o n  
u p ta k e  b y  th e  d u o d e n a l  s a c s  b u t  th e  j e ju n a l  
s a c s  fr o m  r a ts  fe d  th e  lo w  ir o n  d ie t  ab-

8 S n o w d rift, H u n t-W esso n  Sales C om pany , F u lle r to n , 
C a lifo rn ia .
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TABLE 4

Effect of dietary iron on mucosal iron uptake by everted gut sacs 
from various sections of the intestine 1

D iet M ean
H b

In d e x  o f m u c o sa l u p ta k e  2

1st
d u o d e n a l d u o d e n a l J e ju n a l

g / 1 0 0  m l
Adequate 15.6 1 5 .5±  1 .3 a'3 1 9 .8 ± 1 .8 b 1 7 .5 ± 1 .0 C
Low 8.3 1 3 .9± 0.8 a 1 9 .0 ± 1 .0 b 2 0 .3 ±  1 .0 c

1 I ro n  c o n c e n tra tio n  w as 0.004 /¿g /m l in c u b a tio n  m e d iu m ; a  vs. a  a n d  b  vs. b 
n o t s ig n if ic a n tly  d iffe ren t; c vs. c P  <  0.01.

2 F if te e n  ra ts /g ro u p .
3 A ll re s u lts  a re  e x p re ssed  as av e rag e s  ±  se o f m ean .

so r b e d  s l ig h t ly  m o r e  ir o n  th a n  d id  th o s e  
f r o m  r a ts  f e d  th e  a d e q u a te  ir o n  d ie t .

F in a lly ,  in  e x p e r im e n t s  n o t  d e ta i le d  h e r e ,  
n o  d e v ia t io n s  f r o m  th e  n o r m a l  in  th e  u p 
ta k e  o f  59F e  w e r e  o b s e r v e d  in  in t e s t in a l  s a c s  
ta k e n  fr o m  r a ts  s u f f e r in g  fr o m  o v e r t  d e 
f i c ie n c ie s  in d u c e d  b y  d ie ta r y  m e a n s  o f  
t h ia m in e ,  r ib o f la v in , p y r id o x in e  or  p r o te in  
r e s p e c t iv e ly .

DISCUSSION

O ur o b s e r v a t io n  th a t  th e  f ir s t  6 .0 -c m  g u t  
sa c  d is ta l  to  th e  p y lo r u s  a b so r b e d  le s s  ir o n  
th a n  d id  th e  n e x t  s a c  is  o f  in t e r e s t  b e c a u s e  
D o w d le  e t  a l. ( 2 )  a n d  M a n is  a n d  S c h a c h te r
( 3 )  h a v e  r e p o r te d  in  v itr o  tr a n sp o r t  to  b e  
m a x im a l  a t  th e  p y lo r u s . T h e s e  w o r k e r s  
d r e w  th is  c o n c lu s io n  la r g e ly  o n  th e  b a s is  
o f  a c t iv e  s e r o s a l  tr a n s fe r .  T h e ir  l im ite d  
d a ta  o n  m u c o s a l  u p ta k e  s u g g e s t  n o  m a r k e d  
d if fe r e n c e s .  In  g e n e r a l ,  o u r  d a ta  a g r ee  
w ith  th o s e  o f  B r o w n  a n d  J u s tu s  ( 1 )  a l 
th o u g h  th e s e  w o r k e r s  d id  n o t  e x a m in e  th e  
e n t ir e  g u t , a n d  th e  e x a c t  lo c a t io n s  o f  th e  
s e g m e n ts  s tu d ie d  are  n o t  c le a r . T h e r e  do  
n o t  a p p e a r  to  b e  r e m a r k a b le  in  v itr o  d i f 
f e r e n c e s  in  th e  c a p a c ity  o f  v a r io u s  a r e a s  o f  
th e  g u t  to  a b so rb  ir o n  —  a t le a s t  a t th e  
s in g le  ir o n  c o n c e n t r a t io n  u s e d  in  o u r  
s tu d ie s .

T h e  e x p e r im e n t s  d e sc r ib e d  h e r e  d e m o n 
s tr a te  th e  a b il ity  o f  th e  m u c o s a  a c t iv e ly  to  
c o n c e n tr a te  69F e , th u s  c o n f ir m in g  th e  r e 
p o r ts  o f  o th e r s  ( 2 ,  5 ) .  S in c e  ir o n  w a s  
ta k e n  u p  a g a in s t  a  c o n c e n t r a t io n  g r a d ie n t  
a n d  th e  u p ta k e  w a s  m a r k e d ly  r e d u c e d  b y  
in h ib ito r s  o f  o x id a t iv e  m e ta b o l is m  th e r e  
i s  n o  d o u b t  th a t  ir o n  p a s s a g e  in to  th e  
m u c o s a  i s  in  p a r t  a n  a c t iv e  p r o c e s s . O n  
th e  o th e r  h a n d ,  o u r  d a ta  s u g g e s t  th a t  th e  
o v e r a ll  p r o c e s s  m a y  a lso  c o n t a in  a  p a s s iv e  
c o m p o n e n t .  T h e  f a i lu r e  to  o b s e r v e  s a tu r a 

t io n  k in e t ic s  w ith  in c r e a s in g  ir o n  c o n c e n 
tr a tio n s  ( f ig .  4 )  s u g g e s t s  th a t  ir o n  e n te r s  
th e  c e l l  b y  d if fu s io n . B u t  it  i s  a lso  p o s s ib le  
th a t  w e  w e r e  o b s e r v in g  a n  a c t iv e  p r o c e s s  a t  
th e  lo w e r  c o n c e n t r a t io n s  a n d  a  d if fu s io n  
p r o c e s s  a t th e  h ig h e r  c o n c e n t r a t io n s  w ith  
n o  sh a r p  d e l in e a t io n  b e tw e e n  th e m . H a d  
w e  e x te n d e d  o u r  o b s e r v a t io n s  a t th e  lo w e r  
ir o n  c o n c e n tr a t io n s  ( i . e . ,  4 0  to  1 0 0  Mg) a 
s a tu r a t io n  e f fe c t  m ig h t  h a v e  b e e n  o b se r v e d .  
W h e b y  e t  al. ( 1 0 )  h a v e  r e p o r te d  a lte r a t io n  
o f  th e  k in e t ic s  o f  ir o n  a b s o r p t io n  fr o m  
e n z y m a t ic  to  d if fu s iv e  w h e n  a n  in  v iv o  
t e s t  d o s e  e x c e e d e d  5 0  pg in  n o r m a l  r a ts .  
S im ila r  r e s u lt s  h a v e  b e e n  r e p o r te d  b y  G it lin  
a n d  C r u c h a u d  in  th e  m o u s e  ( 1 1 ) .

R e te n t io n  w it h in  th e  c e l l  a p p e a r s  to  b e  
f a c i l i t a te d  b y  c o m b in a t io n  w it h  p r o te in  
s in c e  th e  b u lk  o f  th e  a b so r b e d  ir o n  d o e s  
n o t  m o v e  e a s i ly  in to  th e  in n e r  p o u c h  or th e  
in c u b a t io n  f lu id . A lth o u g h  C ro sb y  ( 1 2 )  
c o n s id e r s  th a t  fe r r it in  i s  th e  p r o te in  i n 
v o lv e d , b o th  B r o w n  a n d  R o th e r  ( 7 )  a n d  
M a n is  a n d  S c h a c h te r  ( 5 )  p r e s e n t  e v id e n c e  
to  th e  c o n tr a r y .

O ur f a i lu r e  to  o b se r v e  c o n c e n t r a t io n  o f  
ir o n  in  th e  p o u c h  f lu id  i s  a t  v a r ia n c e  w ith  
th e  r e s u lt s  o f  D o w d le  e t  a l. (2 )  e v e n  th o u g h  
w e  u s e d  th e ir  in c u b a t io n  m ix tu r e  a n d  a  
s im ila r  p r o c e d u r e . A lth o u g h  m o s t  o f  o u r  
e x p e r im e n t s  e m p lo y e d  j e ju n a l  s a c s ,  w e  
w e r e  a lso  u n a b le  to  d e m o n s tr a te  a c t iv e  c o n 
c e n tr a t io n  o f  ir o n  in  th e  p o u c h  f lu id  o f  sa c s  
ta k e n  fr o m  th e  d u o d e n u m  or th e  i le u m .  
W e  c a n n o t  a c c o u n t  fo r  th is  d is c r e p a n c y  b u t  
i t  sh o u ld  b e  a d d e d  th a t  n e i t h e r  d id  B r o w n  
a n d  J u s tu s  ( 1 )  d e m o n s tr a te  a c t iv e  t r a n s 
fe r  o f  ir o n  in to  th e  in n e r  p o u c h  flu id .

T h e  fa i lu r e  to  o b se r v e  a  c o n s is t e n t ly  e n 
h a n c e d  a b so r p t io n  in  r a ts  m a d e  a n e m ic  b y  
p h e n y lh y d r a z in e  in j e c t io n  or b y  d ie ta r y
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m e a n s  s u g g e s t s  th a t  th e  p r in c ip le  m e c h a 
n is m  c o n tr o ll in g  ir o n  a b s o r p t io n  d o e s  n o t  
r e s id e  in  th e  in t e s t in a l  m u c o s a  or  b e c o m e s  
n o n -o p e r a t iv e  u n d e r  in  v itr o  c o n d it io n s .  
A g a in  th e s e  r e s u lt s  d if fe r  f r o m  th o s e  o f  
M a n is  a n d  S c h a c h te r  ( 4 )  w h o  d e m o n 
s tr a te d  a n  u p ta k e -d e p r e s s in g  e f f e c t  o f  d ie 
ta r y  ir o n  o n  b o th  m u c o s a l  u p ta k e  a n d  
s e r o s a l  tr a n s fe r . H o w e v e r , th e s e  in v e s t i 
g a to r s  m a d e  th is  o b s e r v a t io n  o n ly  u n d e r  
c o n d it io n s  o f  r e la t iv e ly  h ig h  d ie ta r y  ir o n  
in t a k e s ,  i .e . ,  w h e n  c o m p a r in g  g r o u p s  o f  
r a ts  w h o s e  d a ily  in t a k e s  w e  c a lc u la t e  to  
b e  0 .6 ,  5 .6 ,  a n d  5 6 .0  m g  o f  ir o n , r e s p e c 
t iv e ly . W h e n  g r o u p s  c o n s u m in g  a b o u t 0 .0 1  
a n d  0 .6  m g  o f  ir o n  d a i ly  w e r e  c o m p a r e d ,  
n o  d if f e r e n c e s  in  a b s o r p t io n  w e r e  o b se r v e d  
e v e n  th o u g h  th e  f ir s t  g r o u p  w a s  m a r k e d ly  
a n e m ic .

T h e  r e la t iv e  in s e n s i t iv i t y  o f  a n  in  v itr o  
g u t  s a c  s y s te m  to  p h y s io lo g ic a l  c h a n g e s  
k n o w n  to  a lte r  ir o n  u p ta k e  d r a m a t ic a l ly  
in  v iv o , s u g g e s t s  t h a t  m u c o s a l  p a r t ic ip a 
t io n  in  ir o n  tr a n sp o r t  m a y  b e  u n d e r  e x tr a -  
m u c o s a l  c o n tr o l. I f  th is  i s  tr u e , t h e n  in  
v iv o  a p p r o a c h e s  to  th e  ir o n  tr a n sp o r t  m e c h 
a n is m  sh o u ld  p r o v e  to  b e  m o r e  p r o fita b le .
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Vitamin Bó Requirement of the Male Albino R at* 1
G. H. BEATON a n d  M. C. CHENEY
Departm ent of Nutrit ion, School of Hygiene, University of Toronto, 
Toronto, Canada

ABSTRACT  The vitam in B6 requirem ent of the m ale Wistar strain rat fed a 20% 
casein, 20% corn oil diet, was investigated in  experim ents designed to provide dose 
response curves over the range of 5 to 80 pg/day. Pyridoxine hydrochloride was 
adm inistered by subcutaneous injection, by daily oral dosing and by incorporation 
in  the diet. All routes gave comparable results. A linear relationship was noted 
between the logarithm  of the dose adm inistered and the body w eight gain and the 
erythrocyte transam inase activities over considerable portions of the dose response 
curves. For m axim al w eight gain, the requirem ent was between 40 and 80 ug pyri
doxine hydrochloride/day. For m axim al erythrocyte glutam ic-oxalacetic transam inase 
activity, the requirement was also in  the range of 40 to 80 pg/day; for the glutamic- 
pyruvic enzym e, the requirem ent was 80 pg or m ore/day. The 3 parameters provide 
comparable estim ates of vitam in B0 requirement. It is suggested that rat diets should  
provide about 100 pg pyridoxine hydrochloride/day, or 60 to 70 pg /10  g diet, to ensure 
the adequacy of the intake. This is considerably higher than the com m only accepted
vitam in Be requirem ent of the rat.

A fte r  r e v ie w in g  th e  a v a ila b le  e v id e n c e ,  
th e  C o m m itte e  o n  A n im a l  N u tr it io n  o f  th e  
N a t io n a l  R e s e a r c h  C o u n c il  ( 1 )  c o n c lu d e d  
th a t  1 2  pg o f  p y r id o x in e  h y d r o c h lo r id e /  
d a y  w e r e  a d e q u a te  to  m e e t  th e  r e q u ir e 
m e n t s  o f  g r o w in g , p r e g n a n t  or  la c t a t in g  
r a ts . T h e  C o m m it te e  n o te d  th a t  th e  in d i 
v id u a l  a u th o r s  c ite d  h a d  s u g g e s t e d  r e q u ir e 
m e n t s  v a r y in g  b e tw e e n  8  a n d  2 5  p g /d a y .

A fte r  a  s im ila r  r e v ie w  o f  th e  l it e r a tu r e  
a n d  s tu d ie s  m a d e  b y  C u th b e r tso n  ( 2 )  in  
h is  la b o r a to r y , h e  c o n c lu d e d  th a t  th e  v i t a 
m in  B 6 r e q u ir e m e n t  o f  th e  r a t  w a s  a b o u t  
2 0  p g / 1 0  g  d ie t . H e  o b s e r v e d  th a t  i n 
c r e a s in g  th e  le v e l  a b o v e  8 0  p g /1 0  g  d ie t  
d id  n o t  im p r o v e  th e  g r o w th  r a te  e v e n  
w h e n  th e  a n im a ls  w e r e  s u b je c te d  to  a  
v a r ie ty  o f  s tr e s s e s .

C h e n e y  a n d  B e a to n  ( 3 ) ,  a s  a  p a r t  o f  a  
s tu d y  o f  s p e c if ic i ty  o f  b io c h e m ic a l  a lte r a 
t io n s  in  B v i t a m in  d e f ic ie n c ie s ,  u n d e r to o k  
a n  e x p e r im e n t ,  h a v in g  a  f a c to r ia l  d e s ig n  
in  w h ic h  t h ia m in e  a n d  p y r id o x in e  w e r e  
a d m in is te r e d  a t 5  le v e ls  o f  d o s a g e  r a n g 
in g  f r o m  5 to  8 0  p g /d a y .  T h is  e x p e r im e n t  
s u g g e s t e d  th a t  in  th e  p r e s e n c e  o f  a d e q u a te  
th ia m in e  ( a p p r o x im a t e ly  2 0  p g / d a y ) ,  th e  
p y r id o x in e  h y d r o c h lo r id e  r e q u ir e m e n t  o f  
th e  r a t  fo r  m a x im a l  g r o w th  w a s  a t le a s t  
4 0  p g /d a y .  T h e  p r e s e n t  s tu d ie s  w e r e  
u n d e r ta k e n  to  c o n f ir m  a n d  e x t e n d  th is  o b 
se r v a t io n  to  in c lu d e  a  c o n s id e r a t io n  o f  th e  
p o s s ib le  e f fe c t  o f  th e  r o u te  o f  a d m in is tr a 

t io n  a n d  so u r c e  o f  th e  v ita m in .  S in c e  
W ill ia m s  a n d  B r ig g s  ( 4 )  h a d  c o m m e n te d  
u p o n  th e  in a d e q u a c y  o f  m a n y  m in e r a l  m ix 
tu r e s  in  c o m m o n  u s e ,  a n d  s in c e  i t  w a s  f e l t  
th a t  th is  m ig h t  a f fe c t  th e  g r o w th  r e s p o n s e ,  
th e  e f fe c t  o f  a  s e c o n d  s a l t s  m ix tu r e  w a s  
a lso  e x a m in e d .

MATERIALS AND METHODS
In  a ll  o f  th e  s tu d ie s  to  b e  r e p o r te d , m a le  

r a ts  o f  th e  W is ta r  s t r a i n 2 w e r e  h o u s e d  
in d iv id u a lly  in  s u s p e n d e d  sc r e e n -b o t to m  
c a g e s  in  a  r o o m  m a in t a in e d  a t  a p p r o x i
m a t e ly  2 4 ° .  F o o d  a n d  ta p  w a te r  w e r e  
o ffe r e d  a d  lib itu m .

T h e  b a s a l  d ie t  u s e d  c o n ta in e d  th e  f o l 
lo w in g  m a te r ia ls  p e r  1 0 0  g  d ie t :  v i ta m in -  
fr e e  c a s e i n , 3 2 0  g; s u c r o s e ,  5 4  g; c o r n  o il, 
2 0  g; c e l lu lo s e ,4 2  g; s a l t s  m ix tu r e  ( S t e e n -  
b o c k -N e ls o n  n o . 4 0 ( 5 ) ) ,  4  g ; c h o l in e ,  2 0 0  
m g ; a n d  in o s ito l ,  2 0 0  m g . V ita m in s  w e r e  
a d d e d  to  p r o v id e  th e  f o l lo w in g  a m o u n ts  
p e r  10  g  d ie t :  th ia m in e  • HC1, 5 0  pg; r ib o 
f la v in , 5 0  pg; C a  p a n t o t h e n a t e ,  2 0 0  
pg; n ic o t in ic  a c id , 2 0 0  pg; p -a m in o b e n -  
z o ic  a c id , 2 0 0  pg; b io t in ,  1 0  pg; f o l ic  a c id ,  
10  pg; m e n a d io n e ,  1 0  pg; v i t a m in  B ia, 0 .1

R eceived  fo r  p u b lic a tio n  A p ril 21, 1965.
1 T h is  re s e a rc h  w as  su p p o rte d  by  P u b lic  H e a lth  

R ese a rch  G ra n t  165-7-147, a n d  M ed ica l R ese a rch  
C o u n cil G ra n t M T725 fro m  th e  G o v e rn m e n t o f C an ad a .

2 C FN  s tra in ,  C a rw o rth  F a rm s  co lony , N ew  C ity, 
R o ck lan d  C oun ty , N ew  York.

3 N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d ; 
th e  c a s e in  c o n ta in e d  a p p ro x im a te ly  0.6 fig  v i ta m in  
B e/g  (p ro v id in g  a b o u t 1.2 f i g / 1 0  g  d ie t) .

4 A lp h ace l, N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n .

1 2 5J. N u t r it io n , 8 7 :  ’6 5
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Mg; v i t a m in  A , 3 0 0  IU , v i t a m in  D , 7 5  IU ;  
a n d  a -to c o p h e r y l a c e ta te ,  6 0 0  ug.

In  e x p e r im e n t  2 ,  o n e  h a l f  o f  th e  a n i 
m a ls  w e r e  p r o v id e d  w it h  a  d ie t  c o n t a in in g  
a s a l t s  m ix tu r e  b a s e d  u p o n  th a t  o f  B r ig g s  
a n d  W il l ia m s .5 T h e  m ix tu r e  w a s  m o d i
f ied  b y  th e  o m is s io n  o f  th e  c o p p e r  sa lt  
s in c e  th e  in c lu s io n  o f  a n y  o f  a  n u m b e r  o f  
c o p p e r  s a lt s  h a d  b e e n  o b s e r v e d  to  p r o d u c e  
r a n c id ity  in  th e  10%  f a t  d ie ts . R e c e n t ly  
C o sta  e t  a l .6 h a v e  c o m m e n t e d  u p o n  th e  
p r o d u c t io n  o f  r a n c id ity  w it h  th e ir  s a lt s  
m ix tu r e . T h e  a m o u n t  o f  c o p p e r  c o n tr ib u te d  
to  th e  d ie t  a s  a  c o n t a m in a n t  o f  o th e r  i n 
g r e d ie n ts  or  in  th e  ta p  w a te r  u s e d  fo r  
d r in k in g  i s  n o t  k n o w n .

P y r id o x in e  h y d r o c h lo r id e  w a s  a d m in is 
te r e d  b y  3  d if fe r e n t  r o u te s :  s u b c u ta n e o u s  
in j e c t io n ,  o ra l d o s in g , a n d  in c o r p o r a t io n  in  
th e  d ie t . T o  e n s u r e  th a t  th e  r e s u l t s  o b 
ta in e d  w e r e  n o t  a t tr ib u ta b le  to  th e  so u r c e  
o f  th e  v i t a m in s ,  2  s o u r c e s  7 o f  p y r id o x in e  
h y d r o c h lo r id e  w e r e  c o m p a r e d  in  o n e  s tu d y .

A t th e  e n d  o f  th e  f e e d in g  p e r io d , a n i
m a ls  w e r e  f a s t e d  fo r  18  h o u r s  a n d  a n e s 
th e t iz e d  w it h  e th e r . B lo o d  w a s  r e m o v e d  
b y  c a r d ia c  p u n c tu r e . T h e  r ed  c e l ls  w e r e  
se p a r a te d , w a s h e d  o n c e  w ith  s a l in e ,  th e n  
h e m o ly z e d  b y  d i lu t io n  w it h  2  v o lu m e s  o f  
d is t i l le d  w a te r  a n d  fr o z e n . E r y th r o c y te

g lu ta m ic -o x a la c e t ic  (G O T )  a n d  g lu ta m ic -  
p y r u v ic  ( G P T )  t r a n s a m in a s e  a c t iv i t ie s  
w e r e  d e te r m in e d  b y  th e  m e th o d s  p r e v io u s ly  
d e sc r ib e d  fo r  b lo o d  h e m o ly s a t e s  ( 6 ) .

T h e  r e s u lt s  w e r e  e x a m in e d  s t a t i s t ic a l ly  
b y  a n a ly s is  o f  v a r ia n c e .8

RESULTS

R e s p o n s e  to  i n j e c t e d  a n d  o r a l l y  a d m i n 
i s t e r e d  p y r i d o x i n e .  R a ts  h a v in g  a n  i n i 
t ia l  a v e r a g e  b o d y  w e ig h t  o f  1 5 7  g  w e r e  
d iv id e d  in to  1 0  g r o u p s  o f  5  r a ts  e a c h .  F iv e  
o f  th e  g r o u p s  w e r e  g iv e n  p y r id o x in e  h y d r o 
c h lo r id e  b y  d a ily  s u b c u t a n e o u s  in j e c t io n s .  
T h e  r e m a in in g  5  g r o u p s  r e c e iv e d  c o m p a r a 
b le  d o s e s  b y  d a ily  o r a l d o s in g . T h e  v i t a m in s  
w e r e  a d m in is te r e d  a t  5  l e v e ls  ( 5 ,  1 0 , 2 0 ,  
4 0  or  8 0  M g /d a y ) . T h e  d a ta  o n  b o d y  
w e ig h t  g a in ,  fo o d  in ta k e  a n d  e r y th r o c y te  
t r a n s a m in a s e  a c t iv i t ie s  a re  s h o w n  i n  ta b le  
1. S in c e  s t a t i s t ic a l  a n a ly s is  r e v e a le d  th a t  
th e  r o u te  o f  a d m in is tr a t io n  d id  n o t  a f fe c t

5 B riggs, G. M ., a n d  M. A. W illia m s  1963 A n ew  
m in e ra l  m ix tu re  fo r  e x p e r im e n ta l  r a t  d ie ts  a n d  e v a lu 
a tio n  o f o th e r  m in e ra l  m ix tu re s . F e d e ra tio n  P roc., 
2 2:  261 ( a b s t r a c t ) .

6 C osta , M. A., M. A. W illia m s  a n d  G. M. B riggs 
1965 M in e ra l m ix tu re s  a n d  v ita m in  s ta b i lity  in  
p u rif ie d  r a t  d ie ts . F e d e ra tio n  P ro c ., 24: 691 ( a b s t r a c t ) .

7 P y r id o x in e  h y d ro c h lo rid e  w a s  o b ta in e d  fro m  
B ritis h  D ru g  H ouses , L o n d o n , a n d  fro m  S igm a Cem - 
ic a l  C o m p an y , St. L ou is.

8 P ro ce ss in g  o f  d a ta  w a s  co n d u c ted  a t  th e  In s t i tu te  
o f C o m p u te r S c ience, U n iv e rs ity  o f T oron to .

TABLE 1
Response to injected  and oral pyridoxine hydrochloride

Route of 
administration Dosage 1 No. of 

rats
Body wt 

gain
Avg food 

intake 
(0-53 days)

Erythrocyte transaminase activity 2
Glutamic- Glutamic- 
oxalacetic pyruvic

M /day g/53 days 9/ day
Subcutaneous

injection 5 5 98 ±  3.96 3 12.1 943 ±  42.3 47.0 ±  4.25
10 5 129 ±  7.80 12.8 1290 ±  39.8 44.2 ±  5.30
20 5 181 ± 1 3 .9 13.2 1910 ± 2 6 5 9 4 .0 ±  14.4
40 5 198 ± 2 0 .0 14.1 2 4 0 0 ± 114 135 ± 1 6 .5
80 5 210 ± 2 4 .2 14.3 2 5 3 0 ±  110 216 ± 1 8 .0

Oral 5 5 104 ± 1 0 .3 11.5 838 ±  78.0 35.0 ±  5.35
10 5 149 ± 1 3 .5 12.7 1 1 7 0 ±  99.0 46.8 ±  6.62
20 5 160 ± 2 2 .1 13.3 1 6 9 0 ±  158 80.2 ± 1 4 .1
40 5 193 ±  13.1 13.8 2 5 1 0 ±  198 170 ± 1 2 .9
80 5 219 ±  14.2 14.3 2 5 5 0 ± 179 183 ± 1 6 .9

Combined
data 5 10 101 ±  5.30 11.8 891 ±  60.2 41.0 ±  3.76

10 10 139 ±  8.10 12.8 1230 ±  54.5 45.5 ±  4.04
20 10 171 ± 1 2 .8 13.2 1800 ± 149 87.1 ±  9.65
40 10 1 9 6 ±  11.3 14.0 2 4 5 0 ±  96.0 150 ± 1 1 .9
80 10 215 ±  13.2 14.3 2 5 4 0 ±  97.3 200 ±  12.9

1 As p y rid o x in e  h y d ro ch lo rid e .
2 A fte r 84 d a y s ’ fe e d in g ; ex p ressed  as f i g  p y ru v a te  fo rm ed  p e r m l h e m o ly sa te  p e r  ho u r.
3 M ean  ±  s e .
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th e  b o d y  w e ig h t  or t r a n s a m in a s e  a c t iv i t ie s  th e  d a ta  r e v e a le d  th a t  n e i t h e r  th e  s a l t s  m ix -  
e ith e r  w it h  r e s p e c t  to  g e n e r a l  d if f e r e n c e  tu r e  n o r  th e  so u r c e  o f  v i t a m in  B 6 h a d  a  s ig -  
or tr e n d s  w it h  d o s e ,  th e  d a ta  fo r  th e  2  n i f ic a n t  e f fe c t  u p o n  b o d y  w e ig h t  g a in  or  
r o u te s  o f  a d m in is tr a t io n  w e r e  p o o le d  b y  t r a n s a m in a s e  a c t iv i ty  o r  u p o n  th e  tr e n d  o f  
v i t a m in  B s d o s a g e  a n d  a r e  in c lu d e d  in  th e  r e s p o n s e  to  d o s a g e . T h e r e fo r e ,  th e  
f ig u r e s  1 , 2 ,  a n d  3 . d a ta  w e r e  p o o le d  b y  le v e l  o f  v i t a m in  ad-

R e s p o n s e  to  d i e t a r y  p y r i d o x i n e .  R a ts  m in is t r a t io n  a n d  a re  in c o r p o r a te d  in  f ig 
h a v in g  a n  in i t ia l  b o d y  w e ig h t  o f  1 1 4  g  u r e s  1, 2 ,  a n d  3; th e y  are  p lo t te d  b y  c a l-  
w e r e  d iv id e d  in t o  4  s e t s  o f  4  g r o u p s . E a c h  c u la te d  in ta k e  so  th a t  c o m p a r is o n  w ith  
s e t  w a s  o f fe r e d  a  d ie t  c o n t a in in g  6 , 1 2 , e x p e r im e n t  1 is  p o s s ib le .
2 4 , o r  4 8  pg p y r id o x in e  h y d r o c h lo r id e /10
g  d ie t . T h e  g r o u p s  w i t h in  e a c h  s e t  re- d i s c u s s i o n

c e iv e d  s a lt s  I a n d  p y r id o x in e  I, s a l t s  I a n d  F ig u r e s  1, 2 , a n d  3  p r e s e n t  th e  d a ta  
p y r id o x in e  II , s a l t s  II a n d  p y r id o x in e  I, o r  fr o m  e x p e r im e n ts  1 a n d  2 . F o r  p u r p o se s  
s a l t s  II a n d  p y r id o x in e  II a s  d e sc r ib e d  in  o f  c o m p a r is o n , d a ta  p r e v io u s ly  r e p o r te d  
ta b le  2 . ( 3 )  in  a  s tu d y  o f  c o n c u r r e n t  th ia m in e  a n d

T h e  d a ta  o n  fo o d  in ta k e  ( a n d  c a lc u la t e d  p y r id o x in e  a d m in is tr a t io n  are  in c lu d e d ,  
v i t a m in  i n t a k e ) ,  b o d y  w e ig h t  g a in  a n d  T h e  a n im a ls  s e le c t e d  f r o m  t h is  s tu d y  
e r y th r o c y te  t r a n s a m in a s e  a c t iv i ty  a r e  r e c e iv e d  2 0 ,  4 0 ,  o r  8 0  ug t h ia m in e  h y d ro -  
s h o w n  in  ta b le  2 . S t a t is t ic a l  a n a ly s e s  o f  c h lo r id e /d a y ;  in  o th e r  r e s p e c t s ,  t h e s e  a n i-

Fig. 1 Effect of vitam in Ba dosage on body w eight gain. Data have been pooled in  ex
perim ents 1 and 2. Previously reported data (3 )  are included for comparison. Dosage is 
plotted on a logarithm ic scale.
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pG. PYRIDOXINE.HCI / D A Y
Fig. 2 Effect of vitam in Be dosage on erythrocyte glutam ic-oxalacetic transam inase ac

tivity. Data have been pooled in  experim ents 1 and 2. Data on blood transam inase activity 
from  a previous study ( 3 )  are included for comparison. Dosage is plotted on a logarithm ic 
scale.

mals were treated in a m anner similar to 
those in  experim ent 1. There were 15 
rats for each level of pyridoxine hydro
chloride administered. The initial body 
weight was 154 g; feeding was continued 
for 84 days. In this study, whole blood 
rather than  erythrocyte transam inase ac
tivities were measured.

Visual inspection of these graphs indi
cates th a t a logarithm ic relationship 
existed between the dose of vitam in B6 
adm inistered and body weight increase 
(fig. 1), and erythrocyte GOT activity (fig. 
2 ), and erythrocyte GPT activity (fig. 3 ),

over a considerable range of dosage. The 
plots also reveal parallel responses in  each 
of the 3 experiments; the results are not 
attributable to the method of adm inis
tration.

Statistical exam ination revealed no sig
nificant departure from a linear (log scale) 
relationship between body weight gain and 
pyridoxine dosage in  experim ent 1. How
ever, in  experim ent 2, a significant 
(P <  0.05) departure from linearity was 
noted. Graphically, this departure from 
the linear relationship is apparent (fig. 1) 
in  the decreased weight response above



1 3 0 G. H . BEA TO N  AND M . C. C H E N E Y

9
TJ
-c
33e
<>

x

o
3)
2
m
o

CD
r
o
o
0  
\
1  
33

*
I
Ot~
m

œ
r
o
o
o

Fig. 3 Effect of vitam in B6 dosage on erythrocyte glutamic-pyruvic transam inase activity. 
Data have been pooled in  experim ents 1 and 2. Data on blood transam inase activity from a 
previous study ( 3 )  are included for comparison. Dosage is plotted on a logarithm ic scale.

the 40-ug dose level. A similar change in 
the dose response curve is evident in  the 
published data (3 ) . These data suggest 
that the pyridoxine hydrochloride require
m ent for maxim al weight gain is at least 
40 ag/day and may approximate 80 ag / 
day. W illiam s9 has reported that body 
weight gain increased with increasing pyri
doxine hydrochloride in the diet up to 
40 to 50 ag/10 g diet; increasing the level 
to 96 ag did not produce a further increase 
in body weight. These results are in agree
m ent with those of Heddle et al. (6 )  who 
observed little difference in body weight 
gain between rats given 50 ag pyridoxine 
hydrochloride/10 g diet (approximately 75 
ag /day) and those given 2000 ag/10 g diet 
(approximately 2800 ag /day). Morrison 
and Sarett showed a slightly (bu t not sig
nificantly) greater body weight response 
when the intake of vitam in B6 was in 
creased from 15 to 750 ag/10 g diet (7 )  
and from 20 to 1000 ag/day (8 ) . The data 
of Clarke and Lechycka (9 )  also show that

male rats had not achieved a m axim al 
weight response at a dosage of 32 ag/day 
although the slope of the dose response 
curve was m uch lower than with levels of 
1 to 8 ag/day. This study also suggested 
that the vitam in B6 requirem ent of the 
male ra t was higher than that of the fe
male. Beaton et al. (10 ) observed that dur
ing vitam in Bg deprivation the appearance 
of acrodynia was more frequent and more 
severe in  male rats than  in  females, thus 
suggesting that the male has a higher re
quirem ent than  the female.

The data for erythrocyte GOT activity 
(fig. 2 ) also show a logarithmic relation
ship to vitam in B6 dosage. Significant de
partures from linearity were noted in ex
perim ent 1 (cubic trend, P <  0.05) and 
experiment 2 .(quadratic and cubic trends, 
P <  0.01). The plotted data reveal that a

9 W illia m s , M. A. 1965 E v a lu a tio n  o f th e  p y r i
d o x in e  re q u ire m e n t o f th e  m a le  ra t .  F e d e ra tio n  P roc., 
24:  624  ( a b s t r a c t ) .  T h ese  s tu d ie s  w e re  c a r r ie d  o u t 
w ith  w e a n lin g  L ong-E vans r a ts  o ffered  a  20%  c ase in , 
6%  f a t  diet.
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pleateau of transam inase response exists 
above the 40-a g dose level. Therefore, the 
data suggest that m axim al erythrocyte GOT 
activity is produced with 40 to 80 ag pyri- 
doxine hydrochloride/day.

The response of erythrocyte GPT activity 
to pyridoxine dosage shows an initial ‘la g ” 
phase (fig. 3) at low dosage levels. This 
phenomenon has been noted previously
(3 ) . Above 10 ag/day, the response is 
linear (log scale) to the 80-ag dosage, sug
gesting that the vitam in B6 requirem ent for 
m axim al activity of this enzyme is at least 
80 ag/day. Statistical exam ination of this 
data confirmed the existence of significant 
departures from linearity in  both experi
m ents (P  <  0.01).

In the studies of Heddle et al. (6 ) , the 
blood GOT activity did not increase with 
the increase in  vitam in intake to 2000 
ag/10 g diet, whereas the blood GPT activ
ity increased slightly. Again these results 
are consistent with the present conclu
sions about the requirem ents for m axim al 
erythrocyte transam inase activities. Fur
thermore, the results of Heddle et al. 
dem onstrated that a 40-fold increase in 
pyridoxine hydrochloride adm inistration 
did not cause an in  vivo “induction” of 
enzyme activity which supports the con
tention th a t erythrocyte transam inase ac
tivity is a sensitive indicator of vitam in B6 
nutriture (3, 11). Beaton (1 2 ) has already 
commented upon the im plications of these 
results in  the definition of requirem ents 
for vitam in B6. Beaton and McHenry (13 ) 
reported that the liver vitam in B6 level in 
creased with vitam in B6 dosage (as free 
base) up to about 15 ag/day, but did not 
increase fu rther as the dosage was in 
creased to 25 ag/day. However, the body 
weight response was still increasing at the 
25-ag dose level. Cheney and Beaton (3 ) 
dem onstrated that liver GPT and GOT 
activities attained m axim al levels with a 
daily intake of 20 ag/day. In  contrast with 
these results, the present studies suggest 
that m axim al body weight gain and eryth
rocyte GOT activity require a dose of 40 
to 80 ag/day and m axim al erythrocyte 
GPT activity requires a dose of 80 ag or 
more of pyridoxine hydrochloride per day. 
The need to clearly state the criterion used 
in  describing vitam in requirem ents is ap
parent. These observations should also

raise questions about the suitability of cri
teria used in  the investigation of hum an 
vitam in requirements.

In the investigations of vitam in Ba re
quirem ents of the ra t cited by the Com
mittee on Animal N utrition (1 ) ,  the cri
terion used was body weight gain. Many 
of the early studies of nutrien t require
m ents were concerned with the develop
m ent of biological assays for the vitam ins 
(9, 14) and the authors were primarily 
interested in  searching for a linear re
sponse of body weight to dose at low levels 
of intake; no real attem pt was m ade to 
determine the m axim al weight gain or to 
define requirem ents. The early studies were 
also conducted before supplies of purified 
growth factors were available (14, 15); the 
crude diets used make interpretation diffi
cult. At least one study (1 6 ) provided only 
10 ag of thiam ine/day. Other reports pro
vide insufficient inform ation to judge the 
im portance of factors which m ight affect 
the interpretation of the results (2, 17).

In  conclusion, in  the present studies, 
using relatively long feeding periods and 
designed to determine the m axim al re
sponse obtainable, the requirem ent for 
body weight gain may be set at a value 
between 40 and 80 ag pyridoxine hydro
chloride/day; the requirem ent may approx
im ate the upper lim it of this range. This is 
3 to 4 times as high as the dosage required 
to produce maxim al liver vitam in B6 levels 
or liver transam inase activities. The re
quirem ent for m axim al erythrocyte GOT 
activity lies in the 40- to 80-ag range; the 
erythrocyte GPT activity responds to dos
ages as high as 80 ag/day but this level 
produces near-m axim al activity. Thus the 
body weight response and erythrocyte 
transam inase activities all support com par
able requirem ent figures; this is of im por
tance in considering the possible use of the 
erythrocyte transam inase activities as cri
teria of vitam in B6 nutriture.

On the basis of the present results, it 
is suggested that experim ental diets for 
rats should supply about 100 ag of pyri
doxine hydrochloride, or its equivalent in 
other forms of the vitam in, per ra t per day 
to ensure the adequacy of the diet. This 
would be equivalent to about 60 to 70 ag 
pyridoxine hydrochloride,/10 g diet. It 
should also be recognized that increasing
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the protein content of the diet above the 
20% level may increase the vitam in B6 re
quirem ent above the 100 pg intake sug
gested above.
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Invitation for Nominations for 1966
American Institute of Nutrition Awards

Nom inations are requested for the 1966 
annual awards adm inistered by the Ameri
can Institute of N utrition to be presented 
at the next annual meeting. Nom inations 
may be made by anyone, including m em 
bers of the Nom inating Committees and 
non-members of the Institute.

The following inform ation m ust be sub
m itted: (1 )  Name of the award for which 
the candidate is proposed. (2 )  A brief con
vincing statem ent setting forth  the basis 
for the nom ination. A bibliography and 
supporting letters are not to be submitted.
(3 )  Five copies of the nom inating letter 
m ust be sent to the chairm an of the appro
priate nom inating committee before Octo
ber 1, 196 5, to be considered for the 1966 
awards.

General regulations for A.I.N. awards. 
Membership in  the American Institute of 
Nutrition is not a requirem ent for eligibility 
for an award and there is no lim itation as 
to age except as specified for the Mead 
Johnson Award. An individual who has 
received one Institute award is ineligible to 
receive another Institute award unless it is 
for outstanding research subsequent to or 
not covered by the first award. A Jury of 
Award composed of A.I.N. members, which 
makes final selection and rem ains anony
mous, m ay recom m end tha t an  award be 
omitted in  any given year if in  its opinion 
the work of the candidates nom inated does 
not w arrant the award. An award is usu
ally given to one person, but, if circum 
stances and justice so dictate, a Jury of 
Award m ay recommend th a t any particu
lar award be divided between two or more 
collaborators in  a given research.

Presentation of awards will be m ade at 
the annual dinner at the annual meeting.

1966 Borden Award in Nutrition
The Borden Award in  N utrition, con

sisting of $1000 and a gold medal, is made 
available by the Borden Company Founda
tion, Inc. The award is given in  recogni
tion of distinctive research by investigators

in the United States and Canada which 
has emphasized the nutritive significance 
of milk or its components. The award will 
be made primarily for the publication of 
specific papers during the previous cal
endar year, but the Jury of Award may 
recommend that it be given for im portant 
contributions m ade over a more extended 
period of time not necessarily including 
the previous calendar year. Employees of 
the Borden Company are not eligible for 
this award nor are individuals who have 
received a Borden Award from another 
adm inistering association unless the new 
award be for outstanding research on a 
different subject or for specific accom
plishm ent subsequent to the first award.

Former recipients of this award are:
1944 — E . V. M cC ollum  
1 9 4 5 - H .  H. M itch e ll
1946 -  P. C. J e a n s  a n d

G enev ieve  S te a m s
1947 — L. A. M ay n a rd
1948 -  C. A. C ary
1949 -  H . J . D euel, J r.
1950 -  H. C. S h e rm a n
1951 -  P. G yörgy 
1 9 5 2 - M .  K le iber
1953 - H .  H . W illia m s
1954 — A. F . M o rg an  a n d

A. H . S m ith

1955 -  A. G. H o g an
1956 -  F . M. S tro n g
1957 -  n o  a w ard
1958 -  L. D. W rig h t
1959 -  H. S teen b o ck
1960 -  R. G. H a n se n
1961 — K. S ch w arz
1962 -  H . A. B a rk e r
1963 -  A r th u r  L. B lack
1964 -  G. K. D av is
1965 — A. E . H a rp e r

N o m in a t in g  C o m m it t e e :
L. D . W r ig h t , Chairman  
E . L. H ove 
P . H . W e s  w ig

Send nom inations to:
D r . L. D . W r ig h t  
Graduate School of Nutrit ion  
Savage Hall, Cornell  University  
Ithaca, N ew  York

1966 Osborne and Mendel Award
The Osborne and Mendel Award of 

$1000 and an inscribed scroll has been 
established by the N utrition Foundation, 
Inc., for the recognition of outstanding re
cent basic research accomplishments in  
the general field of exploratory research 
in the science of nutrition. It shall be 
given to the investigator who, in  the 
opinion of a Jury of Award, has m ade the
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A M ER IC A N  IN S T IT U T E  OF N U T R IT IO N

most significant published contribution in 
approximately the calendar year preceding 
the annual m eeting of the Institute, or 
who has published recently a series of 
papers of outstanding significance. Nor
mally preference will be given to research 
workers in  the United States and Canada, 
but investigators in  other countries, espe
cially those sojourning in  the United States 
or Canada for a period of time, are not ex
cluded from consideration.

Former recipients of this award are:
1949 -  W. C. Rose
1950 — C. A. Elvebjem
1951 -  E. E. Snell
1952 — Icie Macy Hoobler
1953 -  V. du Vigneaud
1954 -  L. A. Maynard
1955 -  E. V. McCollum
1956 -  A. G. Hogan
1957 -  G. R. Cowgill

1958 -  P. Gyorgy
1959 — Grace A. G oldsm ith
1960 — N . S. Scrim shaw
1961 -  M ax K. H orw itt
1962 -  W illia m  J. Darby
1963 -  Jam es B. A llison
1964 — L. E m m ett H olt, Jr.
1965 — D. M. H egsted

Form er recipients
1939 -  C. A. E lvebjem
1940 -  W. H. Sebrell, Jr.

J. C. K eresztesy
J. R. S tevens  
S. A. Harris 
E. T. Stiller
K. Folkers

1941 -  R. J. W illiam s
1942 -  G. R. Cow gill
1943 -  V. du V igneaud
1944 -  A. G. H ogan
1945 -  D. W. W oolley

of this award are:
1 9 4 6 - E .  E. Snell
1947 -  W. J. Darby

P. L. D ay
E. L. R. Stokstad

1948 -  F. L ipm an n
1949 -  M ary S. Shorb

K. Folkers
1950 -  W. B. C astle
1951 -  no  aw ard
1952 -  H. E. Säu berlich
1964 -  J. S. D in n in g
1965 -  J. G. B ieri

N o m i n a t i n g  C o m m i t t e e :
B .  C o n n o r  J o h n s o n , Chairman
P .  L .  D a y

A. R. K e m m e r e r

Send nom inations to:
D r . B .  C o n n o r  J o h n s o n  
University  of Oklahoma  
School of Medicine  
Oklahoma City, Oklahoma 73104

N o m i n a t i n g  C o m m i t t e e :
N e v i n  S c r i m s h a w , Chairman  
M. O. S c h u l t z e  
A l e x  B l a c k

Send nom inations to:
D r . N e v i n  S c r i m s h a w  
Departm ent of Nutrit ion and  

Food Science
Massachusetts Institu te  of 

Technology
Cambridge, Massachusetts 02139

1966 Mead Johnson Award for 
Research in  Nutrition

The Mead Johnson Award of $1000 and 
an inscribed scroll is m ade available by 
Mead Johnson and Company to an investi
gator who has not reached his 46th birth
day during the calendar year in  which the 
Award is given. Selection by the Jury of 
Award will be based prim arily on a single 
outstanding piece of research in  nutrition 
published in  the year preceding the annual 
meeting or on a series of papers on the 
same subject published w ithin not more 
than  the three years preceding the annual 
meeting.

1966 Conrad A. Elvehjem  Award for 
Public Service in Nutrition

The American Institute of N utrition is 
pleased to announce the establishm ent of 
the Conrad A. Elvehjem Award for Public 
Service in  Nutrition. It is to consist of 
$1000 and an inscribed scroll and will be 
made available annually by the W isconsin 
Alumni Research Foundation. The award 
is to be bestowed in  recognition of distin
guished service to the public through the 
science of nutrition. Such service, pri
marily, would be through distinctive activi
ties in  the public interest in  governmental, 
industrial, private, or international institu 
tions but would not exclude, necessarily, 
contributions of an investigative character.

N o m i n a t i n g  C o m m i t t e e :
B . S . S c h w e i g e r t , Chairman
E . E .  H o w e

F. W. Q u a c k e n b u s h

Send nom inations to:
D r . B . S . S c h w e i g e r t , Chairman  
Food Science Departm ent  
Michigan State University  
Fast Lansing, Michigan 48823



Invitation for Nominations for 1966
American Institute of Nutrition Fellows

The Fellows Committee of the American Institute of N utrition in 
vites nom inations for Fellows in the Society. Eligible candidates are 
active or retired members of the Society who have passed their sixty- 
fifth birthday (by the time of the annual m eeting) and who have had 
distinguished careers in  nutrition. Up to three Fellows will be chosen 
each year.

Nom inations may be m ade to the C hairm an of the Fellows Com
mittee by any m ember of the Society, including members of the Com
mittee.

Nom inations (in  5 copies) are due by October 1. A supporting 
statem ent giving the reason for the nom ination is desirable.

Final selection will be m ade by the Fellows Committee and a suit
able citation will be presented at the Annual Dinner in  April.

Fellows Committee:
Ch a r l o t t e  M. Y o u n g , Chairman 
W . D . S a l m o n  
S. L. H a n s a r d  
P a u l  E . J o h n s o n  
W . H . G r i f f i t h

Send nominations to:
D r . C h a r l o t t e  M. Y o u n g  
Cornell University 
Savage Hall
Ithaca, New York 14850

The following persons have been elected previously as Fellows 
of the Society:

J. B. Brown ( 1964)
Thorne M. Carpenter ( 1958) 
George R. Cowgill ( 1958) 
Henrik Dam  ( 1964)
Eugene F. DuBois ( 1958)
R. Adams Dutcher (1961 ) 
Ernest B. Forbes (1 9 5 8 )  
Casimir Funk (1 9 5 8 )  
W endell H. Griffith (1 9 6 3 )  
Paul Gyòrgy (1 9 6 5 )
Albert G. Hogan (19 5 9 )
Icie Macy Hoobler ( 1960) 
Paul E. Howe (1 9 6 0 )
J. S. H ughes (19 6 2 )
C. Glen King (1 9 6 3 )
Leonard A. Maynard (1 9 6 0 )

Elmer V. McCollum (1 9 5 8 )  
Harold H. M itchell (1 9 5 8 )  
Agnes Fay Morgan (1 9 5 9 )  
John R. M urlin (1 9 5 8 )
Leo C. Norris (1 9 6 3 )
Helen T. Parsons (1 9 6 1 )  
Lydia J. Roberts (1 9 6 2 )  
W illiam  C. Rose (1 9 5 9 )
W. D. Salmon (1 9 6 2 )  
Arthur H. Smith (1 9 6 1 )  
Genevieve Stearns (1 9 6 5 )  
Harry Steenbock (1 9 5 8 )  
Hazel K. Stiebeling (1 9 6 4 )  
Raymond W. Swift (1 9 6 5 )  
Robert R. W illiam s (1 9 5 8 )
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Invitation for
Nominations for Honorary Membership in the

American Institute of Nutrition
The Committee on Honorary Memberships of the American 

Institute of N utrition invites nom inations for Honorary Members.
Distinguished individuals of any country who are not members 

of the American Institute of N utrition and who have contributed to 
the advance of the science of nutrition shall be eligible for proposal 
as Honorary Members of the Society.

Nom inations may be made to the C hairm an of the Committee on 
Honorary Memberships by two members of the Society.

Nom inations (in  three copies) are due by October 1. A supporting 
statem ent giving the reason for the nom ination is desirable but not 
necessary.

Final selection of nominees will be made by the Council of the 
American Institute of Nutrition and such nom inations submitted 
to the Society at the spring meeting. Election requires a two-thirds 
majority of the ballots cast.

Honorary members pay no m em bership fees but are eligible to 
subscribe to the official jo u m al(s) at m em ber’s rates.

Committee on Honorary Memberships:

The following persons have been elected previously as Honorary 
Members of the Society:

P a u l  G y ö r g y , Chairman
P a u l  D a y

G r a c e  G o l d s m i t h

Send nominations to:
D r . P a u l  G y ö r g y  
University of Pennsylvania 
Pennsylvania General Hospital 
Philadelphia, Pennsylvania 19104

Kunitaro Arimoto 
W. R. Aykroyd 
Frank B. Berry 
Edward Jean Bigwood 
Frank G. Boudreau 
Robert C. Burgess 
Harriette Chick 
F. W. A. Clements 
David P. Cuthbertson

Herbert M. Evans 
Joachim  Kühnau 
Toshio Oiso
Lord John Boyd Orr 
Conrado R. Pascual
V. N. Patwardhan  
Em ile F. Terroine
Eric John Underwood 
Artturi I. Virtanen

1 3 6



Srivastava, U., A. Devi and N. K. Sarkar 1965 Biochemical 
changes in  progressive m uscular dystrophy. III. Nucleic acid, phos
phorus and creatine metabolism in the muscle, liver and brain of 
rabbits m aintained with a choline-deficient diet. J. N utrition, 86: 
298. The description of the diet should have included the inform a
tion that all rabbits, whether m aintained with a choline-supplemented 
diet or a choline-deficient diet, received 10 mg of a-tocopheryl acetate 
daily by oral adm inistration, as described by Hove and Copeland 
(J. N utrition, 53: 391, 1954).

To correct the description of the diet composition in  your copy 
of volume 86, num ber 3, please cut along lines of reprinted section 
below and paste at the bottom of page 299.

E R R A T U M

Column 1, lines 2 and 3 should read: L-cystine, 0.1; vitam in premix, 
5; and 10 mg a-tocopheryl (adm inistered orally); as recommended 
by Hove and Copeland (1 ).
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