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CYRUS EDWIN FRENCH
( 1 9 1 5 - 1 9 6 0 )



C Y R U S  E D W IN  F R E N C H



Cyrus Edwin French 
— A  B i o g r a p h i c a l  S k e t c h

(June 2, 1915—January 3, 1960)

The passing of Cyrus E. French at the 
peak of' his career was a shock to his many 
friends and a serious blow to the world
wide program of nutritional research in 
which he was actively engaged.

Born at Chesterfield, Maine, he was one 
of four children, the son of Joseph and 
Bertha Sykes French. His boyhood was 
spent in Boston, Massachusetts where he 
attended the Mechanic Arts High School 
prior to matriculation at the University of 
Massachusetts in 1934. Following his 
graduation from that institution in 1938, 
he accepted a position at the Pennsylvania 
State University in the Department of Ani
mal Nutrition and in December of that 
year married Doris Jenkins of Shrewsbury, 
Massachusetts.

Though a newcomer to the research group 
at Penn State, his potental leadership 
and superior competence soon became ap
parent. He received the Master of Science 
degree and the Ph.D. degree in Animal 
Nutrition from the Pennsylvania State Uni
versity in 1941 and 1947, respectively.

During the years at Penn State where he 
became Professor of Animal Nutrition he 
established an enviable record of accom
plishment. Among his most important con
tributions to the science of nutrition was a 
series of eight papers, all published in the 
Journal of Nutrition, which dealt with the 
various aspects of fat utilization. These 
studies included investigations of the rela
tionships between fat utilization and (1 ) 
calcium, (2 ) percentage of fat in the diet, 
(3 ) reproduction, (4 ) lactation, and (5 ) 
longevity.

His versatility and wide interest in nu
trition is further illustrated in six papers 
dealing with the nutritive requirements of 
the white-tailed deer. This work holds a 
high place in its field as it represents prac
tically the only controlled experimentation

on the nutrition of this important game 
animal.

Dr. French was in charge of a very ex
tensive project which involved a survey of 
the composition of forage crops in Penn
sylvania with respect to content of ten 
nutrient elements including manganese, 
copper, boron, zinc and cobalt. This proj
ect of several years’ duration involved 
many people and only French’s versatility, 
diplomacy and persistence made the un
dertaking a success. He was intensely in
terested in nutrition as applied to animals, 
plants or to man. He participated as co
author of a textbook, Energy Metabolism 
and Nutrition.

Much of his work required not only vigor 
and competence but also patience and a 
cooperative spirit in working with others. 
His ability to get along with his associates, 
his sparkling good humor endeared him to 
all. One of his pupils once remarked to 
me, “I learn so much from him and he 
doesn’t talk down to me.”

In addition to the position of leadership 
among his associates which developed na
turally, his counsel was also sought by 
workers in closely associated fields of 
study. His training in and appreciation of 
the priniciples of physiology, biochemistry, 
and nutrition resulted in a perspective that 
was a source of inspiration to his many as
sociates.

His interest and activities were by no 
means limited to his major field of work. 
His great versatility and enthusiasm were 
evident in his avocations of woodworking, 
fishing, hunting, and participation in local 
civic affairs. With his wife and two 
daughters, Judith Elizabeth and Martha 
Belle, the family was an asset to any com
munity. “He was a good neighbor.”

During World War II he served as Execu
tive Officer of the Nutrition Division, Army
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CYRUS E D W IN  FRENCH

M e d ic a l  C e n te r ,  W a s h in g to n ,  D . C . a n d  
la t e r  o c c u p ie d  th e  s a m e  p o s i t io n  a t  th e  
U .  S. A r m y  M e d ic a l  N u t r i t i o n  L a b o r a to r y ,  
C h ic a g o ,  I l l i n o is .  I n  M a r c h ,  1 9 4 5 , th e  d e 
f e a t  o f  th e  G e rm a n  a rm ie s  i n  th e  N e th e r 
la n d s  a p p e a re d  im m in e n t  a n d  a  re q u e s t  w a s  
m a d e  b y  th e  P u b ic  H e a l th  B r a n c h  o f  
S u p re m e  H e a d q u a r te r s  A l l ie d  E x p e d i t io n 
a ry  F o rc e s  f o r  a  n u t r i t i o n  s u rv e y  te a m  to  be  
d is p a tc h e d  to  t h a t  a re a . T h e s e  r a p id  s e r ie s  
o f  o n e -d a y  s u rv e y s ,  m a d e  a t  th e  h e e ls  o f  
th e  r e t r e a t in g  G e rm a n  a r m y ,  y ie ld e d  v a lu 
a b le  i n f o r m a t io n  a b o u t  lo c a l  fo o d  s u p p lie s  
a n d  th e  n u t r i t i v e  c o n d i t io n  o f  th e  p o p u la 
t io n .  F o r  h is  w o r k  i n  th e  N e th e r la n d s  D r .  
F r e n c h  w a s  d e c o ra te d  b y  th e  N e th e r la n d s  
G o v e rn m e n t .

M o re  e x te n s iv e  s tu d ie s  f o l lo w e d  d u r in g  
s u c c e e d in g  m o n th s  w h ic h  in c lu d e d  m a n y  
c l in ic a l  o b s e rv a t io n s  o f  th e  h a l f - s ta r v e d  
p e o p le  o f  H o l la n d  a n d  G e rm a n y .  T h e s e  
d ia g n o s t ic  s u rv e y s  i n  th e  w a r  t o r n  c o u n t r ie s  
w e re  o f  s p e c ia l v a lu e  i n  d e te r m in in g  w h a t  
fo o d  w o u ld  be  m o s t  s u ita b le  i n  b r in g in g  th e  
u n d e r n o u r is h e d  c iv i l i a n  p o p u la t io n  b a c k  to  
a s a t is fa c to r y  n u t r ie n t  in ta k e .

F o l lo w in g  W o r ld  W a r  I I ,  h e  a s s is te d  i n  
s u m m a r iz in g  a n d  p r e p a r in g  th e  s u rv e y  
d a ta  w h ic h  w a s  in c lu d e d  i n  th e  p u b l ic a t io n  
“ M a ln u t r i t i o n  a n d  S ta r v a t io n  i n  W e s te r n  
N e th e r la n d s , ”  e d ite d  b y  D r .  G . C . E . B u r g e r ,  
D r .  J . C . D r u m m o n d  a n d  D r .  H .  R . S a n d - 
s te a d .

A f t e r  h is  s e rv ic e  o v e rs e a s , h e  r e tu r n e d  to  
th e  P e n n s y lv a n ia  S ta te  U n iv e r s i t y  to  c o n 
t in u e  h is  d is t in g u is h e d  c a re e r .  A t  t h is  t im e  
h e  h a d  b e c o m e  w id e ly  k n o w n  a n d  r e 
s p e c te d  b y  h is  m a n y  c o lle a g u e s . O n  le a v e  
o f  a b s e n c e  i n  1 9 5 3  h e  s p e n t  a  y e a r  a t  
N o r th w e s te r n  U n iv e r s i t y  w i t h  th e  R h e u 
m a t ic  F e v e r  R e s e a rc h  I n s t i t u t e  w h e re  h e  
e s ta b lis h e d  a n u t r i t i o n  u n i t .  H is  w o r k  
th e re  in v o lv e d  e x te n s iv e  b io c h e m ic a l  s tu d 
ie s  o f  th e  a n t i - in f la m m a to r y  a c t iv i t y  o f  e g g  
y o lk  w i t h  g u in e a  p ig s .

A s  a  m a jo r  i n  th e  U . S. A r m y  R e s e rv e , 
h e  k e p t  a b re a s t  o f  th e  la te s t  d e v e lo p m e n ts  
b y  p a r t ic ip a t in g  e a c h  y e a r  i n  tw o  w e e k s ’ 
a c t iv e  d u ty  t r a in in g  as a  m o b i l iz a t io n  d e 
s ig n e e  to  th e  U . S. A r m y  M e d ic a l  R e s e a rc h  
a n d  N u t r i t i o n  L a b o r a to r y ,  F i t z s im o n s  G e n 
e r a l H o s p i ta l ,  D e n v e r ,  C o lo ra d o . H e re  h e  
m a d e  a m a jo r  c o n t r ib u t io n  b y  le c t u r in g  to  
o th e r  o ff ic e rs  o n  h is  e x p e r ie n c e  a n d  id e a s  
as a  p a r t  o f  th e  t r a in in g  p ro g ra m .

I n  1 9 5 5  h e  w a s  a p p o in te d  to  th e  c o n 
s u l t a n t  a d v is o ry  b o d y  o f  th e  n e w ly  o r g a n 
iz e d  I n te r d e p a r tm e n ta l  C o m m it te e  o n  N u 
t r i t i o n  f o r  N a t io n a l  D e fe n s e  ( I C N N D ) .  H e  
p a r t ic ip a te d  i n  th e  i n i t i a l  p la n n in g  a n d  
f o r m u la t io n  o f  th e  c o m m it te e ’s p r o g r a m  
d ir e c te d  to  im p r o v e  th e  n u t r i t i o n a l  h e a l th  
o f  th e  p e o p le s  o f  th e  d e v e lo p in g  c o u n t r ie s .  
H e  w a s  c o - e d ito r  o f  th e  c o m m it te e ’s “ M a n 
u a l  f o r  N u t r i t i o n  S u rv e y s ,”  I n t e r d e p a r t 
m e n t a l  C o m m it te e  o n  N u t r i t i o n  f o r  N a 
t io n a l  D e fe n s e , M a y ,  1 9 5 7 . I n  J a n u a r y ,  
1 9 5 6 , h e  s e rv e d  as  d ir e c to r  o f  th e  f i r s t  
I C N N D  n u t r i t i o n  s u rv e y ,  w h ic h  w a s  c o n 
d u c te d  i n  P a k is ta n ,  a n d  a ls o  s e rv e d  as 
d e p u ty  d ir e c to r  o f  th e  I r a n  s u rv e y ,  c o n 
d u c te d  a t  th e  s a m e  t im e .  H e re  a g a in  C y ’s 
p e rs o n a l d e d ic a t io n  a n d  lo g ic a l  a p p ro a c h  
e n a b le d  h im  to  re c e iv e  u tm o s t  c o o p e ra t io n  
f r o m  s p e c ia l is ts  i n  a  n u m b e r  o f  f ie ld s  s u c h  
as m e d ic in e ,  b io c h e m is t r y ,  n u t r i t i o n ,  fo o d  
te c h n o lo g y  a n d  a g r ic u l t u r a l  e c o n o m ic s ,  i n 
c lu d in g  P a k is ta n i ,  I r a n ia n s  a n d  A m e r ic a n s .  
H is  s in c e r i t y  a n d  ta c t  w o n  h im  th e  a d m ir a 
t io n  a n d  f r ie n d s h ip  o f  a l l  th e  te a m  m e m 
b e rs  a n d  g o v e r n m e n t  o f f ic ia ls  w i t h  w h o m  
h e  c a m e  i n  c o n ta c t .  H e  n e v e r  f o r g o t  h is  
m a n y  f r ie n d s  i n  P a k is ta n  a n d  I r a n  a n d  
c o n t in u e d  to  f o l lo w  t h e i r  p ro g re s s .  I n  th e  
f o l lo w in g  y e a rs  h e  re c e iv e d  re p e a te d  in v i t a 
t io n s  to  r e v is i t  b o th  c o u n t r ie s .  U n t i l  h is  
d e a th ,  C y  c o n t in u e d  i n  a c t iv e  p a r t ic ip a t io n  
w i t h  th e  IC N N D ,  r e v ie w in g  a n d  a d v is in g  
o n  th e  v a r io u s  c o u n t r y  s u rv e y  r e p o r ts  a n d  
s u g g e s t in g  p r a c t ic a l  m e a n s  o f  a s s is t in g  
th e s e  c o u n t r ie s  i n  u t i l i z i n g  t h e i r  o w n  fo o d  
re s o u rc e s  to  t h e i r  m a x im u m  a b i l i t y .

H is  o u ts ta n d in g  q u a l i f ic a t io n s  b y  t h is  
t im e  w e re  n a t io n a l ly  a n d  in t e r n a t io n a l ly  
k n o w n  a n d , a t  th e  u r g e n t  re q u e s t  o f  w o r ld  
le a d e rs  i n  n u t r i t i o n  i n  1 9 5 7  h e  a c c e p te d  th e  
p o s i t io n  o f  o f f ic e r  i n  c h a rg e  o f  e x p a n d e d  
a id  to  c h i ld  a n d  m a te r n a l  n u t r i t i o n  w i t h  th e  
U n i te d  N a t io n s  C h i ld r e n ’s F u n d  ( U N IC E F ) .  
T h e  a c c e p ta n c e  o f  s u c h  a n  a s s ig n m e n t  i n 
v o lv e d  a  r e a l iz a t io n  o f  i t s  t r e m e n d o u s  r e 
s p o n s ib i l i t y  a n d  th e  e x t re m e  d i f f ic u l t ie s  
w h ic h  la y  a h e a d , s u c h  as fo o d  h a b i ts ,  p o v 
e r ty  o f  s o i l  a n d  p e o p le  a n d  e v e n  r e l ig io n .  
D e d ic a te d  to  a  w o r th y  c a u s e , h e  a c c e p te d  
th e  c h a l le n g e  a n d  re s ig n e d  f r o m  th e  P e n n 
s y lv a n ia  S ta te  U n iv e r s i t y  J a n u a r y  1, 1 9 5 8 , 
to  b e g in  h is  n e w  a c t iv i t ie s  o n  a w o r ld - w id e  
sco p e  w i t h  a n  o ff ic e  a t  th e  U n i t e d  N a t io n s  
S e c r e ta r ia t  i n  N e w  Y o r k .  I n  s e le c t in g  D r .
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Effects of Saturated and Unsaturated Fats and Their 
Mixtures on the Lipid Metabolism of Monkeys1

GLADYS A. EMERSON, JANE B. WALKER a n d  SEETHA N. GANAPATHY 
Division of Nutritional Sciences in the School of Public Health,
University of California, Los Angeles, California

S a tu ra te d  a n d  u n s a tu r a te d  fa t s  a n d  
t h e i r  r o le  i n  l i p id  m e ta b o l is m  h a v e  b e e n  
th e  s u b je c t  o f  in n u m e r a b le  in v e s t ig a t io n s  
f o r  a lm o s t  a d e ca d e .

K in s e l l  a n d  c o -w o rk e rs  i n  1 9 5 2  re p o r te d  
t h a t  p a t ie n ts  r e c e iv in g  a  f o r m u la  d ie t  c o n 
t a in in g  f a t  o f  v e g e ta b le  o r ig in  h a d  lo w e r  
le v e ls  o f  s e ru m  c h o le s te r o l a n d  p h o s p h o 
l ip id s  th a n  p a t ie n ts  fe d  a m ix e d  d ie t  o r  
a  f o r m u la  d ie t  c o n ta in in g  b u t t e r  f a t  o r  
e g g  y o lk  f a t .  T h e s e  o b s e rv a t io n s  h a v e  
b e e n  re p e a te d ly  c o n f ir m e d  b y  A h r e n s  e t a l. 
( ’5 4 ) ,  B e v e r id g e  a n d  c o -w o rk e rs  ( ’5 5 ) ,  
B r o n te -S te w a r t  a n d  a s s o c ia te s  ( ’5 6 )  a n d  
o th e rs .

H e g s te d  e t a l.  ( ’5 7 )  h a v e  s u g g e s te d  t h a t  
e s s e n t ia l f a t t y  a c id s  ( l i n o le ic  a c id  a n d  
p e rh a p s  a r a c h id o n ic  a c id )  a c t  to g e th e r  
w i t h  th e  s a tu ra te d  f a t t y  a c id s  i n  p r o d u c in g  
lo w  s e ru m  c h o le s te r o l v a lu e s  i n  e x p e r i 
m e n ts  i n  w h ic h  r a ts  w e re  fe d  a d ie t  lo w  
i n  p r o te in  ( 1 0 %  c a s e in )  a n d  s u p p le 
m e n te d  w i t h  0 .4 5 %  e a c h  o f  c h o le s te r o l 
a n d  c h o l ic  a c id .  In v e s t ig a to r s  f r o m  th e  
s a m e  la b o r a to r y  ( P o r tm a n  e t a l. ,  ’ 5 6 ) ,  
u s in g  C ebu s  m o n k e y s ,  fe d  is o c a lo r ic  d ie ts  
c o n ta in in g  a f ix e d  r a t io  o f  p r o te in  a n d  c h o 
le s te ro l to  c a lo r ie s  b u t  w i t h  d i f f e r e n t  
a m o u n ts  o f  c o r n  o il .  S e ru m  c h o le s te ro l 
a n d  (3 - lip o p ro te in s  w e re  h ig h e r  w h e n  d ie ts  
c o n ta in in g  c o r n  o i l  s u p p l ie d  4 5  o r  3 2 %  
o f  th e  c a lo r ie s  th a n  w i t h  1 0 %  . H y d r o g e n 
a te d  c o t to n s e e d  o i l  p ro d u c e d  h ig h e r  c h o 
le s te r o l a n d  (3 - lip o p ro te in  v a lu e s  a t  a l l  
le v e ls  th a n  c o r re s p o n d in g  q u a n t i t ie s  o f  
n o n h y d r o g e n a te d  c o t to n s e e d  o il .  H e g s te d  
e t  a l.  ( ’5 7 )  fe d  g ra d e d  m ix tu r e s  o f  t u n g  o i l  
h ig h  i n  o le o s te a r ic  a c id  w i t h  lo w - p r o te in  
d ie ts  c o n ta in in g  1 %  o f  c h o l ic  a c id  a n d  
3 %  o f  c h o le s te ro l.  W h e n  c o r n  o i l  w a s  a d 
m ix e d  w i t h  t u n g  o i l ,  th e  lo w e r in g  o f  s e ru m  
c h o le s te r o l w a s  i n  p r o p o r t io n  to  th e  a m o u n t

o f  c o r n  o i l  a d d e d . K e y s  a n d  a s s o c ia te s  
( ’5 9 )  f o u n d  t h a t  i n  m a n  s l ig h t ly  m o re  
th a n  2  g m  o f  l in o le ic  a c id  c o u n te ra c ts  th e  
e f fe c t  o f  1 g m  o f  s a tu ra te d  f a t t y  a c id s  i n  
in c r e a s in g  s e r u m  c h o le s te ro l.  P e i fe r  a n d  
H o lm a n  ( ’5 9 )  re p o r te d  t h a t ,  w i t h  a n  a d e 
q u a te  in t a k e  o f  e s s e n t ia l f a t t y  a c id s ,  i n 
c re a s in g  th e  s a tu ra te d  f a t  s t im u la te d  th e  
g r o w th  r a te  o f  r a t s :  w i t h  a  d e f ic ie n c y  o f  
th e  e s s e n t ia l f a t t y  a c id s  th e  s a tu ra te d  f a t s  
w e re  n o t  u s e d  f o r  g r o w th .  I t  a p p e a rs , 
th e r e fo r e ,  t h a t  th e  e s s e n t ia l f a t t y  a c id s  
a re  n e c e s s a ry  f o r  p r o p e r  u t i l i z a t io n  o f  th e  
s a tu ra te d  f a t t y  a c id s . H e g s te d  a n d  c o 
w o r k e r s  ( ’5 9 )  r e c e n t ly  d e v is e d  a  re g re s 
s io n  e q u a t io n  r e la t in g  th e  a m o u n t  o f  f a t t y  
a c id s  ( s a tu r a te d ,  m o n o u n s a tu r a te d  a n d  
p o ly u n s a tu r a te d )  i n  th e  d ie t  to  th e  s e ru m  
c h o le s te r o l le v e ls .  T h e  c o e f f ic ie n t  f o r  th e  
m o n o u n s a tu r a te d  a c id  w a s  p o s it iv e  a n d  
f o r  th e  s a tu ra te d  a n d  p o ly u n s a tu r a te d  
a c id s  n e g a t iv e .  T h e s e  a u th o rs  s u g g e s t t h a t  
th e  m o n o u n s a tu r a te d  a c id  ra is e s  th e  se
r u m  c h o le s te r o l le v e l,  w h e re a s  th e  s a tu 
r a te d  a n d  p o ly u n s a tu r a te d  a c id s  re d u c e  
i t ,  th e  s a tu ra te d  a c id  b e in g  a b o u t  Vkth  as 
a c t iv e  as th e  p o ly u n s a tu r a te d  a c id .  A s  
p o in te d  o u t ,  c a u t io n  s h o u ld  b e  ta k e n  in  
a t t a c h in g  to o  m u c h  s ig n if ic a n c e  to  th e  
c a lc u la te d  c o - e f f ic ie n t  as o n ly  tw o  r a ts  
w e re  u s e d  in  e a c h  g ro u p .

T h e  s tu d y  h e r e in  re p o r te d  d e a ls  w i t h  
th e  e ffe c ts  o f  g ra d e d  le v e ls  o f  s a f f lo w e r  
o i l  o r  b u t t e r  f a t  fe d  s e p a ra te ly  a n d  c o m 
b in e d  u p o n  p la s m a  t o ta l  l ip id s ,  c h o le s te r o l,  
t o t a l  s te ro ls ,  a n d  p h o s p h o l ip id s  o f  y o u n g  
a d u l t  m a le  rh e s u s  m o n k e y s  m a in ta in e d  
o n  p u r i f ie d  d ie ts .  * 1

R e c e i v e d  f o r  p u b l i c a t i o n  J u l y  2 4 ,  1 9 6 1 .

1 T h i s  w o r k  w a s  s u p p o r t e d  b y  a  g r a n t  f r o m  t h e  N u 
t r i t i o n  F o u n d a t i o n ,  I n c . ,  N e w  Y o r k .

6 J . N u t r i t i o n , 7 6 : ’ 6 2
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EXPERIMENTAL

E le v e n  m a le  rh e s u s  m o n k e y s ,2 a p p r o x i
m a te ly  5  y e a rs  o f  a g e , w e re  s e g re g a te d  
in t o  g ro u p s  a n d  p la c e d  o n  e x p e r im e n ta l  
d ie ts  as in d ic a te d  i n  ta b le  1. B u t t e r  f a t 3 
a n d  s a f f lo w e r  o i l4,5 w e r e  fe d  s e p a ra te ly  
a n d  c o m b in e d .  T h e  s a f f lo w e r  o i l  u s e d  in  
th is  s tu d y  c o n ta in e d  7 6 %  o f  l in o le ic  a c id  
a n d  th e  b u t t e r  f a t ,  4 % .  I t  w a s  im p o s s ib le  
to  b a la n c e  th e  in ta k e s  o f  l in o le ic  a c id  a n d  
s a tu ra te d  f a t t y  a c id s  as  b o th  f a t s  c o n 
ta in e d  v a r y in g  p r o p o r t io n s  o f  th e  tw o  
ty p e s  o f  f a t t y  a c id s . T h e  b u t t e r  f a t  a n d  
s a f f lo w e r  o i l  w e re  fe d  a t  th e  2 0 %  le v e l 
( g r o u p s  1 a n d  2 )  as e x te n s iv e  o b s e rv a 
t io n s  h a d  b e e n  m a d e  i n  th is  la b o r a to r y ,  
(E m e r s o n  e t  a l. ,  ’6 0 )  w i t h  m o n k e y s  r e c e iv 
in g  th is  in t a k e  o f  th e s e  fa ts .  T h e  m ix e d  
f a t s  w e re  g iv e n  a t  tw o  le v e ls :  n a m e ly ,  ( 1 )  
a t  7 .5 %  o f  b u t t e r  f a t  to  1 3 %  o f  s a f f lo w e r  
o i l  w h ic h  c o n ta in e d  1 0 .1 %  o f  s a tu ra te d  
a n d  1 0 .4 %  o f  p o ly u n s a tu r a te d  f a t t y  a c id s  
( g r o u p  3 ) ;  a n d  ( 2 )  1 8 %  o f  b u t t e r  f a t  
to  1 .8 %  o f  s a f f lo w e r  o i l  w h ic h  f u r n is h e d  
1 7 .7 %  o f  s a tu ra te d  a n d  2 .3 %  o f  p o ly 
u n s a tu r a te d  f a t t y  a c id s  ( g r o u p  4 ) .  T h e  
m o n k e y s  w e re  m a in ta in e d  w i t h  t h e i r  r e 
s p e c t iv e  d ie ts  f o r  6  m o n th s .

D a i ly  fo o d  c o n s u m p t io n  a n d  m o n th ly  
w e ig h ts  w e re  o b s e rv e d  t h r o u g h o u t  th e  e x 
p e r im e n ta l  p e r io d .  T h e  f o l lo w in g  d e te r m i
n a t io n s  w e re  m a d e  o n  p la s m a  a t  m o n th ly  
in t e r v a ls :  t o t a l  l ip id s ,  f r e e  a n d  t o t a l  c h o 
le s te ro l,  t o t a l  s te ro ls  a n d  p h o s p h o l ip id s .  
T o ta l  l ip id s  w e re  e x t ra c te d  f r o m  p la s m a  
w i t h  d im e th o x y m e th a n e  a n d  m e th a n o l  i n  
a  r a t io  o f  4  to  1. T h e  f re e  a n d  t o ta l  c h o 
le s te r o l w a s  e s t im a te d  b y  th e  S p e r ry -W e b b  
( ’5 0 )  m o d i f ic a t io n  o f  th e  o r ig in a l  m e th o d  
o f  S c h o e n h e im e r -S p e r ry .  S te ro ls  a n d  p h o s 
p h o l ip id s  w e re  s e p a ra te d  b y  th e  p ro c e d u re  
o f  F i l le r u p  a n d  M e a d  ( ’5 3 )  u s in g  s i l ic ic  
a c id  c h r o m a to g ra p h y .

RESULTS

G en era l. T h e  a v e ra g e  d a i ly  fo o d  c o n 
s u m p t io n  w a s  h ig h e s t  f o r  th e  m o n k e y s  fe d  
th e  d ie ts  r i c h  i n  s a f f lo w e r  o i l  ( g r o u p s  2

-  T h e  m o n k e y s  u s e d  i n  t h i s  s t u d y  w e r e  a  g i f t  f r o m  
M e r c k  S h a r p  a n d  D o h m e  R e s e a r c h  L a b o r a t o r i e s ,  R a h 
w a y .  N e w  J e r s e y .

3 S u p p l i e d  b y  t h e  K n u d s e n  C r e a m e r y  C o m p a n y ,  L o s  
A n g e l e s ,  C a l i f o r n i a .

4  C o u r t e s y  o f  P a c i f i c  V e g e t a b l e  O i l  C o r p o r a t i o n ,  
R i c h m o n d ,  C a l i f o r n i a .

5 T h e  v i t a m i n s  o t h e r  t h a n  b i o t i n  w e r e  s u p p l i e d  b y  
M e r c k  S h a r p  a n d  D o h m e  R e s e a r c h  L a b o r a t o r i e s ,  R a h 
w a y ,  N e w  J e r s e y .  T h e  b i o t i n  w a s  f u r n i s h e d  b y  H o f f -  
m a n n - L a R o c h e ,  I n c . ,  N u t l e y ,  N e w  J e r s e y .

T A B L E  1

Composition of diets

G r o u p s

Butter fat 
Safflower oil 
Salts (Hegsted)
Casein
Sucrose

Saturated fatty acids 
Polyunsaturated fatty acids

Addendum
Inositol 0.04
p-Aminobenzoic acid 0.04
Choline-Cl 0.10
a-Tocopherol 0.015
Vitamin A and D (containing 1500 units

A, 150 units D ) 0.003 1

1 (2)1 2 (2) 3 (3) 4 (4)
gm/100 gm gm/100 gm

20.0 — 7.5 18.0
— 20.0 13.0 1.8
4.0 4.0 4.0 4.0

24.0 24.0 24.0 24.0
52.0 52.0 51.5 52.2

19.5 4.4 10.1 17.7
0.8 15.6 10.4 2.3

Fed sugar cubes daily

Mg
Thiamine-HC1 1
Riboflavin 1
Ca pantothenate 3
Niacinamide 5
Pyridoxine • HC1 2
Vitamin K (menadione) 1
Ascorbic acid 25

HB
Biotin 20
Folic acid 500
Vitamin B12 25

1 F i g u r e s  i n  p a r e n t h e s e s  i n d i c a t e  a n i m a l s / g r o u p .
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a n d  3 ) .  T h e  a n im a ls  i n  a l l  g ro u p s  m a in 
ta in e d  t h e i r  w e ig h ts  th r o u g h o u t  th e  e x 
p e r im e n ta l  p e r io d .  T h e  w e ig h t  c h a n g e s  
d id  n o t  c o r re s p o n d  to  th e  fo o d  in ta k e s  as 
th e  a n im a ls  r e c e iv in g  2 0 %  o f  b u t t e r  f f l t  
( g r o u p  1 )  g a in e d  0 .3 1  k g  o v e r  th e  6 - 
m o n th  p e r io d  w i t h  a  d a i ly  in t a k e  o f  2 1 7  
g m  o f  fo o d ,  w h e re a s  th e  m o n k e y s  r e c e iv 
in g  7 .5 %  o f  b u t t e r  f a t  a n d  1 3 %  o f  s a f 
f lo w e r  o i l ,  ( g r o u p  3 )  g a in e d  o n ly  0 .0 9  k g  
w i t h  a n  a v e ra g e  d a i ly  fo o d  in t a k e  o f  2 8 6  
g m  ( t a b le  2 ) .  I t  is  d i f f i c u l t ,  h o w e v e r ,  to  
m a k e  g e n e r a l iz a t io n s  f r o m  s m a l l  g ro u p s . 
A l l  m o n k e y s  w e re  i n  e x c e lle n t  c l in ic a l  c o n 
d i t io n  th r o u g h o u t  th e  te s t  p e r io d .  ( M o n 
k e y s  fe d  p u r i f ie d  d ie ts  o f  h ig h  f a t  c o n te n t  
h a v e  lo o s e  fe c e s . )

B io ch em ica l fin d in gs  T h e  to ta l  p la s m a  
l ip id s  w e re ,  as e x p e c te d ,  h ig h e s t  f o r  th e  
m o n k e y s  r e c e iv in g  th e  d ie t  c o n ta in in g  
2 0 %  o f  b u t t e r  f a t ,  ( g r o u p  1 )  a v e ra g in g  
9 0 4  m g  p e r  1 0 0  m l  a n d  lo w e s t  f o r  th e  
g ro u p s  fe d  7 .5 %  o f  b u t t e r  f a t  w i t h  1 3 %  
o f  s a f f lo w e r  o i l  ( g r o u p  3 )  a n d  2 0 %  o f  
s a f f lo w e r  o i l  a lo n e  ( g r o u p  2 )  a v e ra g in g  
5 5 7  a n d  6 0 6  m g  p e r  1 0 0  m l ,  r e s p e c t iv e ly .  
T h e  v a lu e  w a s  in te r m e d ia te  f o r  th e  m o n 
k e y s  r e c e iv in g  1 8 %  o f  b u t t e r  f a t  w i t h  
1 .8 %  o f  s a f f lo w e r  o i l  ( g r o u p  4 ) ,  n a m e ly  
7 2 0  m g  p e r  1 0 0  m l  ( f ig .  1 ) .

D e te r m in a t io n s  o f  f r e e  a n d  t o ta l  p la s m a  
c h o le s te r o l ( f ig .  2 )  w e re  m a d e  a t  m o n th ly  
in te r v a ls .  T h e  v a lu e s  f o l lo w e d  th e  s a m e  
p a t te r n  as th o s e  o f  th e  t o t a l  l ip id s  r a n g in g  
f r o m  a  h ig h  o f  2 2 4  m g  p e r  1 0 0  m l  ( t o t a l )  
f o r  th e  m o n k e y s  fe d  2 0 %  o f  b u t t e r  f a t  
( g r o u p  1 )  to  a  lo w  o f  1 5 7  m g  p e r  1 0 0  m l  
f o r  th e  g ro u p s  r e c e iv in g  th e  m ix t u r e  o f  
7 .5 %  o f  b u t t e r  f a t  w i t h  1 3 %  o f  s a f f lo w e r  
o i l  ( g r o u p  3 )  a n d  2 0 %  o f  s a f f lo w e r  o i l  
a lo n e  ( g r o u p  2 ) .  A n  in te r m e d ia te  f ig u r e  
( 1 7 0  m g  p e r  1 0 0  m l )  w a s  o b s e rv e d  w i t h

M g / 1 0 0  m l  
P l a s m a

2 0 %  2 0 %  7 . 5 %  18%
B . F .  S . O .  B . F .  B . F .

13% 1 . 0 %
S . O ,  S . O .

Fig. 1 Total plasma lipids, average of 6 monthly 
determinations; I  indicates range of averages for 
individual monkeys.

1 8 %  o f  b u t t e r  f a t  a n d  1 .8 %  o f  s a f f lo w e r  
o i l  ( g r o u p  4 ) .

T h e  t o t a l  s te ro l  e s te rs  f r a c t io n a te d  b y  
s i l ic ic  a c id  c h r o m a to g r a p h y  w e re ,  as e x 
p e c te d ,  s l ig h t ly  h ig h e r  th a n  c o u ld  b e  a c 
c o u n te d  f o r  b y  c h o le s te r o l a lo n e .  A g a in  
th e  s a m e  p a t t e r n  p r e v a i le d  ( f ig .  3 ) .  T h e  
p h o s p h o l ip id s  c o n s t i tu te d  a lm o s t  5 0 %  o f  
th e  t o t a l  l ip id s  f r o m  th e  p la s m a  o f  th e  
m o n k e y s  o n  e a c h  o f  th e  d ie ta r y  re g im e n s .  
T h e  p h o s p h o l ip id s  a ls o  f o l lo w e d  th e  p a t 
te r n  d e s c r ib e d  f o r  t o t a l  l ip id s ,  c h o le s te ro l 
a n d  t o ta l  s te ro ls  ( f ig .  4 ) .

DISCUSSION

S a f f lo w e r  o i l  c o n ta in in g  7 6 %  o f  l in o le ic  
a c id ,  w h e n  a d m ix e d  w i t h  b u t t e r  f a t  p r o 
d u c e d  a  lo w e r in g  o f  t o ta l  p la s m a  l ip id s ,  
t o t a l  s te ro ls ,  in c lu d in g  t o ta l  a n d  f r e e  c h o -

TABLE 2
Food intake and weights

Group Diet
Av. daily 

food
consumption

Initial
weight

Av. weight 
gain

gm kg kg
i 20% Butter fat 217 5.23 0.31
2 20% Safflower oil 325 4.95 0.33
3 7.5% Butter fat 

13% Safflower oil 286 6.52 0.09
4 18% Butter fat

• 1.8% Safflower oil 216 6.59 0.12
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M g / 1 0 G  ml 
P l a s m a M g / 1 0 0  m l  

P l a s m a

1 2 3 4
2 0 % 2 0 % 7 . 5 % 18%
B . F . S . O . B . F . B . F .

13% 1 . 8 %
S . O . S . O .

Fig. 2 Free and total plasma cholesterol, aver
age of 6 monthly determinations; J indicates 
range of averages for individual monkeys.

M g / 1 0 0  m l  
P l a s m a

2 0 %  2 0 %  7 . 5 %  18%
B . F .  S . O .  B . F .  B . F .

13% 1 . 8 %
S . O .  S . O .

Fig. 3 Sterol esters, average of 6 monthly 
determinations; J indicates range of averages for 
individual monkeys.

le s te ro l a n d  p h o s p h o l ip id s ,  w h e n  fe d  to  
y o u n g  a d u l t  m a le  rh e s u s  m o n k e y s .

T h e  v a lu e s  f o r  a l l  l i p i d  f r a c t io n s  w e re  
as lo w  w h e n  a  m ix t u r e  o f  a p p r o x im a te ly  
7 .5 %  o f  b u t t e r  f a t  a n d  1 3 %  o f  s a f f lo w e r  
o i l  ( r e p r e s e n t in g  a  1 to  1 r a t io  o f  s a tu 
ra te d  to  p o ly u n s a tu r a te d  f a t t y  a c id s )  w a s

2 0 %  2 0 %  7 . 5 %  18%
B . F .  S . O .  B . F .  B . F .

13% 1 . 8 %
S . O .  S . O .

Fig. 4 Phospholipids, average of 6 monthly 
determinations; I  indicates range of averages for 
individual monkeys.

fe d  as w i t h  2 0 %  o f  s a f f lo w e r  o i l .  T h e  
t o ta l  l ip id s  a n d  f r a c t io n s  c o n ta in e d  th e r e in  
w e re  lo w e re d  w h e n  1 .8 %  o f  s a f f lo w e r  o i l  
w a s  g iv e n  w i t h  1 8 %  o f  b u t t e r  f a t ,  ( r a t io  
o f  8  to  1 o f  s a tu ra te d  to  p o ly u n s a tu r a te d  
f a t t y  a c id s ) .  O n e  o f  th e  4  a n im a ls  i n  t h is  
g ro u p  h a d  h ig h e r  l i p id  v a lu e s  in  e a c h  o f  
th e  6  d e te r m in a t io n s  th a n  th e  o th e r  m o n 
k e y s  i n  th e  g ro u p . T h e  rh e s u s  m o n k e y  
w o u ld  a p p e a r  to  be  s e n s it iv e  to  a lo w  le v e l 
o f  u n s a tu r a te d  f a t  c o m b in e d  w i t h  a  h ig h  
le v e l o f  s a tu ra te d  f a t  i n  th e  lo w e r in g  o f  
p la s m a  c h o le s te ro l.  T h e  m a g n i tu d e  o f  th e  
e f fe c t  w a s  g re a te r  t h a n  t h a t  o b s e rv e d  b y  
H e g s te d  a n d  c o -w o rk e rs ,  ( ’5 7 )  w i t h  r a ts  
fe d  d ie ts  lo w  i n  p r o te in  a n d  c o n ta in in g  
m ix tu r e s  o f  t u n g  o i l  a n d  c o r n  o i l  a n d  s u p 
p le m e n te d  w i t h  c h o le s te r o l a n d  c h o l ic  
a c id . W h e n  1 0 %  o f  t u n g  a n d  1 0 %  o f  
c o r n  o i l  w e re  fe d ,  th e  s e ru m  c h o le s te r o l 
v a lu e s  w e re  a lm o s t  th r e e  t im e s  as h ig h  
as w i t h  2 0 %  o f  c o r n  o i l  a lo n e . W i t h  2 0 %  
tu n g  o i l  a lo n e  th e  v a lu e  w a s  4 .5  t im e s  t h a t  
f o r  2 0 %  o f  c o r n  o il .  K e y s  e t  a l.  ( ’5 9 )  r e 
p o r te d  t h a t  s l ig h t ly  m o re  th a n  2  g m  o f  
l in o le ic  a c id  c o u n te ra c te d  1 g m  o f  s a tu 
ra te d  f a t t y  a c id s  i n  m a n .  T h e  m o n k e y  
w o u ld ,  th e re fo re ,  a p p e a r  to  b e  m o re  s e n s i
t iv e  th a n  m a n  to  th e  e f fe c t  o f  p o ly u n s a tu 
ra te d  f a t t y  a c id s  u p o n  p la s m a  l ip id s .
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SUMMARY

Y o u n g ,  a d u l t  m a le  rh e s u s  m o n k e y s  
a b o u t  5  y e a rs  o f  a ge  w e re  m a in ta in e d  f o r  
6  m o n th s  w i t h  p u r i f ie d  d ie ts  c o n ta in in g  
2 0 %  o f  b u t t e r  f a t ,  2 0 %  o f  s a f f lo w e r  o i l  
o r  m ix tu r e s  o f  th e s e  fa ts .  T h e  m ix e d  fa t s  
w e re  fe d  o n  a  b a s is  o f  a p p r o x im a te ly  1 0 %  
o f  s a tu ra te d  a n d  1 0 %  o f  p o ly u n s a tu r a te d  
f a t t y  a c id s  a n d  1 8 %  o f  s a tu ra te d  a n d  2 %  
o f  p o ly u n s a tu r a te d  f a t t y  a c id s ,  re s p e c 
t iv e ly .  T h e  a n im a ls  w e re  m a in ta in e d  in  
g o o d  c o n d i t io n  a n d  a l l  g ro u p s  m a d e  s l ig h t  
w e ig h t  g a in s .  P la s m a  w a s  e x a m in e d  f o r  
t o t a l  l ip id s ,  f r e e  a n d  t o ta l  c h o le s te r o l,  t o ta l  
s te ro ls ,  a n d  p h o s p h o l ip id s .  T o ta l  l ip id s  
a n d  t h e i r  f r a c t io n s  w e re  h ig h e s t  f o r  th e  
g ro u p  fe d  2 0 %  o f  b u t t e r  f a t  i n  th e  d ie t .  
A v e ra g e  v a lu e s  f o r  p la s m a  l i p i d  c o n s t i t u 
e n ts  w e re  lo w e re d  b y  th e  fe e d in g  o f  as 
l i t t l e  as 1 .8 %  o f  s a f f lo w e r  o i l  to  1 8 %  o f  
b u t t e r  f a t  ( 2 .3 %  o f  p o ly u n s a tu r a te d  to  
1 7 .7 %  o f  s a tu ra te d  f a t t y  a c id s ) :  a  m a x i 
m a l  lo w e r in g  w a s  o b s e rv e d  w h e n  th e  m ix 
tu r e  c o n ta in in g  1 3 %  o f  s a f f lo w e r  o i l  a n d  
7 .5 %  o f  b u t t e r  f a t  ( 1 0 .1 %  o f  p o ly u n s a tu 
r a te d  to  1 0 .4 %  o f  s a tu ra te d  f a t t y  a c id s )  
w a s  fe d .  T h e  le v e ls  w i t h  th e  l a t t e r  w e re  
as lo w  as  o b s e rv e d  w h e n  s a f f lo w e r  o i l  w a s  
fe d  as th e  so le  f a t  a t  th e  2 0 %  le v e l.
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I t  h a s  b e e n  k n o w n  f o r  s e v e ra l y e a rs  t h a t  
th e  n u t r i t i v e  v a lu e  o f  a  d ie ta r y  p r o te in  is  
m a in ly  d e te r m in e d  b y  i t s  a m in o  a c id  c o n 
te n t .  N o t  a l l  a m in o  a c id s  p re s e n t  i n  a p r o 
te in ,  h o w e v e r ,  a re  a v a i la b le  to  th e  a n im a l,  
e s p e c ia lly  w h e n  th e  p r o te in  is  e i t h e r  f r o m  a 
v e g e ta b le  s o u rc e  o r  h a s  h a d  s o m e  o f  th e  
a m in o  a c id s  d e s tro y e d  o r  re n d e re d  u n a v a i l 
a b le  b y  p ro c e s s in g .

M e th io n in e  b a la n c e  s tu d ie s  b y  M e ln ic k  
e t a l.  ( ’4 6 )  s h o w e d  t h a t  4 9 %  o f  th e  m e th i 
o n in e  p re s e n t  i n  s o y b e a n  m e a l f e d  to  r a ts  
a p p e a re d  i n  th e  fe c e s  a n d  th e r e fo r e  w a s  
n o t  a v a i la b le  to  th e  a n im a l.  K u ik e n  ( ’5 2 )  
r e p o r te d  v a r ia t io n s  i n  a v a i la b i l i t y  o f  ly s in e  
a n d  m e th io n in e  i n  c o t to n s e e d  m e a l,  d e 
p e n d in g  o n  th e  c o n d i t io n s  o f  p ro c e s s in g .

W h e th e r  th is  re d u c e d  a v a i la b i l i t y  is  d u e  
to  d e s t r u c t io n  o f  th e  a m in o  a c id s  c a u s e d  b y  
th e  c o n d i t io n s  o f  p ro c e s s in g  o r  d u e  to  t h e i r  
p a r t i c u la r  l in k a g e  i n  th e  p r o te in ,  i t  w o u ld  
a p p e a r  t h a t  a  m e a s u re  o f  s u c h  a v a i la b i l i t y  
c o u ld  b e  d e te r m in e d  b y  th e  e x te n t  to  w h ic h  
th e y  a p p e a r  in t o  th e  b lo o d  s tre a m , b e in g  
th u s  re n d e re d  a v a i la b le  to  th e  a n im a l  a t 
th e  t is s u e  le v e l.

R ic h a r d s o n  e t  a l.  ( ’5 3 )  re p o r te d  t h a t  
p la s m a  a m in o  a c id s  i n  th e  c h ic k  d id  n o t  
p a r a l le l  th e  a m o u n ts  fe d  i n  th e  d ie t .  S o m e  
o f  th e  a m in o  a c id s  p re s e n t  i n  lo w  a m o u n ts  
s h o w e d  a n  u n e x p e c te d ly  h ig h  le v e l i n  th e  
b lo o d .  T h e s e  s a m e  a u th o rs ,  h o w e v e r ,  as 
w e l l  as C h a rk e y  e t  a l.  ( ’5 3 )  a n d  D e n to n  e t  
a l.  ( ’5 3 ) ,  p re s e n te d  e v id e n c e  t h a t  th e  c o n 
c e n t r a t io n  o f  a n y  o n e  a m in o  a c id  i n  th e  
b lo o d  is  u s u a l ly  i n  a g re e m e n t  w i t h  th e  r e la 
t iv e  c o n c e n t r a t io n  o f  t h a t  a m in o  a c id  i n  th e  
d ie t ;  a n d  t h a t  th e  a d d i t io n  o f  s u p p le m e n ta l 
a m in o  a c id s  to  th e  d ie t  r e s u lts  i n  a n  i n 
c re a s e  i n  th e  b lo o d  le v e l  o f  th e  c o r re s p o n d 
in g  a m in o  a c id .  A ls o ,  a  lo w e r in g  o f  th e  
c o n c e n t r a t io n  o f  a n y  o n e  a m in o  a c id  i n  th e

b lo o d  h a s  b e e n  o b s e rv e d  b y  th e s e  a u th o r s  to  
be  th e  r e f le c t io n  o f  a  d e f ic ie n c y  o f  t h is  p a r 
t i c u la r  a m in o  a c id  i n  th e  d ie t .

M o re  r e c e n t ly ,  L o n g e n e c k e r  a n d  H a u s e  
( ’5 9 )  re p o r te d  t h a t  th e  f r e e  a m in o  a c id  
le v e l i n  th e  p la s m a  o f  th e  d o g  re f le c ts  th e  
c o m p o s i t io n  o f  th e  d ie t .  T h e y  d e s c r ib e d  a  
p ro c e d u re  b y  w h ic h  th e  a m in o  a c id  a d e 
q u a c y  o f  a  d ie t  c a n  b e  e v a lu a te d  t h r o u g h  
th e  s tu d y  o f  th e  p la s m a  f r e e  a m in o  a c id s  
o f  a n  a n im a l  fe d  th e  p r o te in  b e in g  a ssa ye d .

T h e  p re s e n t  s tu d y  w a s  c o n d u c te d  to  
e s ta b lis h  th e  d if fe r e n c e  i n  b lo o d  p la s m a  
f r e e  a m in o  a c id s  o f  y o u n g  s w in e  fe d  d i f 
f e r e n t  s o u rc e s  o f  p r o te in ;  a ls o  to  o b ta in  i n 
f o r m a t io n  c o n c e r n in g  th e  a v a i la b i l i t y  o f  
s o m e  o f  th e  e s s e n t ia l a m in o  a c id s  w h e n  
p r o v id e d  b y  d i f f e r e n t  p r o te in s  as c o m p a re d  
to  m i l k  p r o te in s ,  w h ic h  a re  re g a rd e d  as 
g iv in g  o p t im a l  p e r fo r m a n c e  a n d  m o s t  s a t is 
f a c t o r y  g r o w th  re s p o n s e  i n  t h is  s p e c ie s .

EXPERIMENTAL

F o r t y  c ro s s b re d  p ig s  a v e ra g in g  1 1 .4  
p o u n d s  o f  b o d y  w e ig h t  a n d  2 2  d a y s  o f  
a g e  w e re  s e le c te d  a n d  r a n d o m ly  a s s ig n e d  
b y  w e ig h t  w i t h i n  l i t t e r  to  a  ra n d o m iz e d  
b lo c k  d e s ig n .  T w o  p e n s  o f  4  p ig s  p e r  p e n  
w e re  s u b je c te d  to  e a c h  o f  th e  5  t r e a tm e n ts .

F e e d  a n d  w a te r  w e re  c o n s u m e d  ad  
l ib i t u m .  W e ig h t  g a in s  a n d  fe e d  e f f ic ie n c y  
w e re  d e te r m in e d  w e e k ly  a n d  th e  e x p e r i 
m e n t  w a s  te r m in a te d  a f t e r  2 8  d a y s . T h e  
d ie ts  u s e d  c o n ta in e d  b y  w e ig h t  ( i n  p e r  
c e n t ) :  g r o u n d  y e l lo w  c o m ,  2 5 ;  la c to s e ,  2 5 ;  
s ta b i l iz e d  la r d ,  2 ;  c a lc iu m  c a rb o n a te ,  1 .5 ; * 1 2 3

R e c e i v e d  f o r  p u b l i c a t i o n  F e b r u a r y  2 7 ,  1 9 6 1 .

1 J o u r n a l  p a p e r  n o .  J - 4 0 6 9  o f  t h e  I o w a  A g r i c u l t u r a l  
a n d  H o m e  E c o n o m i c s  E x p e r i m e n t  S t a t i o n ,  A m e s .  
P r o j e c t  n o .  9 5 9 .

2 P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  B i o c h e m i s t r y ,
M a y o  C l i n i c ,  R o c h e s t e r ,  M i n n e s o t a .

3 P r e s e n t  a d d r e s s :  W a l n u t  G r o v e  P r o d u c t s  C o m 
p a n y ,  A t l a n t i c ,  I o w a .

J .  N u t r i t i o n ,  76: ’ 6 2 11
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d ic a lc iu m  p h o s p h a te ,  4 .0 ;  t ra c e  m in e r a l  
m ix t u r e , 4 0 .2 ,  io d iz e d  s a lt ,  0 .5 ;  a n d  v i t a 
m in  p r e m ix , 5 0 .3 , p lu s  th e  c o r re s p o n d in g  
a m o u n t  o f  th e  p r o te in  s o u rc e  a n d  c o r n  
s ta r c h  to  p ro v id e  a  2 0 %  p r o te in  d ie t .  T h e  
5  s o u rc e s  o f  p r o te in 6 u s e d  w e re  : d r ie d  s k im  
m i l k  ( D S M ) ,  s o y b e a n  m e a l ( S B M ) ,  f is h  
m e a l ( F M ) ,  m e a t  m e a l  ( M M )  a n d  c o t to n 
seed  m e a l ( C S M ) .

T h e  b lo o d  s p e c im e n s  w e re  c o lle c te d  a f t e r  
th e  e x p e r im e n ta l  d ie ts  h a d  b e e n  fe d  f o r  2 6  
d a y s , w i t h o u t  a n y  p r e v io u s  f a s t in g .  S ix  
m i l l i l i t e r s  o f  b lo o d  w e re  c o lle c te d  i n  h e p a r 

in iz e d  tu b e s  f r o m  th e  a n te r io r  v e n a  c a v a  o f  
e a c h  o f  th e  4  p ig s  i n  a p e n  a n d  th e  4  s a m 
p le s  p o o le d . T h e  p la s m a  w a s  o b ta in e d  i m 
m e d ia te ly  b y  c e n t r i f u g a t io n  a t  2 ,5 0 0  r p m .  
f o r  10  m in u te s ,  th e  p la s m a  p r o te in s  w e re  
re m o v e d  b y  t r e a tm e n t  w i t h  p ic r ic  a c id  a n d  
th e  s a m p le s  p re p a re d  f o r  c o lu m n  c h r o m a -

4 Contributed to diet, in ppm : Fe, 141; Cu, 10; 
Co, 3; Zn, 163; and Mn, 114.

5 Contributed to diet, per pound: vitamin A, IU, 
3,000; vitamin D2, IU, 1,000; riboflavin, 4.4 m g; Ca 
pantothenate, 7.0 m g; niacin, 24.0 m g; choline, 227.0 
m g; vitamin B12, 20.0 ßg-, and folic  acid, 500.0 ßg.

6 Protein content, per cent: DSM, 31.2; SBM, 50.4;
FM (m enhaden), 57.2; MM, 61.2 and CSM, 41.0.

TABLE 1
Free amino acid content of plasma1 and amino acid content of complete diets2 in 

pigs fed varying sources of protein

Dietary protein
acid DSM3 SBM3 FM5 CSM3 MM3

mg/100 ml mg/100 ml mg/100 ml mg/100 ml mg/100 ml
plasma plasma plasma plasma plasma

Taurine 0 . 9 7 0 . 3 9 0 . 5 3 0.84 0.58
Aspartic acid 0.41 0.26 ___ 4 0.14 ___ 4

Threonine 3.38 2.10 3 . 1 0 2.02 2.36
Serine5 3.02 3.74 2 . 8 8 3.34 4.46
Glutamic acid 3.34 2.20 3.28 1.90 1.72
Citrulline 0.98 1.46 1.55 1.06 1.38
Proline 9.50 3.10 3.25 2.92 4.00
Glycine 4.62 5.40 12.32 5.14 12.84
Alanine 5.56 4.17 5.36 4.24 3.02
Cystine 1.18 0.51 0.90 0.22 0.29
Valine 4.93 2.81 3.54 2.39 2.15
Methionine 1.13 __6 0.84 0.30 0.45
Isoleucine 2.12 1.72 1.76 0.89 0.87
Leucine 3.88 2.08 2.30 1.20 1.69
Tyrosine 3.32 1.68 1.10 1.26 0.99
Phenylalanine 1.52 1.02 0.81 1.72 1.47
Lysine7 7.44 5.33 5.06 3.58 3.64
Histidine 1.75 1.38 1.82 1.38 1.55
Arginine 2.55 2.13 3.27 4.72 2.02

% diet % diet % diet % diet % diet
Threonine 0 . 9 5 0.72 0 . 9 9 0.62 0.56
Glutamic acid 4.60 3.62 ___ 8 3.45 3.06
Glycine 0.22 1.03 1.35 1.15 2.09
Cystine 0.29 0.27 0.24 0.45 0.18
V  aline 1.39 0.98 1.23 0.93 0.80
Methionine 0.52 0.30 0.60 0.30 0.25
Isoleucine 1.30 0.96 1.37 0.76 0.57
Leucine 2.09 1.46 1.79 1.25 1.16
Tyrosine 1.01 0.67 0.72 0.64 0.36
Phenylalanine 1.03 0.88 0.95 0.98 0.62
L ysine 1.55 1.09 1.72 0.79 0.96
Histidine 0.53 0.45 0.55 0.48 0.31
Arginine 0.78 1.23 1.35 1.64 1.14

1 Average values o f two replications, one in MM, each 
same treatment.

replication being a pooled sample o f 4 pigs on the
2 According to literature values (Lym an et al., r56, ’ 58; Hubbell, ’60).
3 DSM indicates dried skim m ilk; SBM, soybean m eal; FM, fish meal; CSM, cottonseed meal; and MM, meat 

meal.
4 Less than 0.1 mg.
5 Not corrected for  asparagine nor glutamine.
6 Less than 0.15 mg.
7 Not corrected for  ornithine.8 Value unknown.
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to g ra p h y  as d e s c r ib e d  b y  S te in  a n d  M o o re  
( ’5 4 ) .  A t  t h is  p o in t  th e  s a m p le s  w e re  
s to re d  a t  — 1 0 ° C  i n  p o ly e th y le n e  b o t t le s  
u n t i l  a n a ly z e d .

T h e  c o n c e n t r a t io n  o f  a m in o  a c id s  i n  th e  
p r o te in - f r e e  p la s m a  w a s  d e te r m in e d  b y  io n  
e x c h a n g e  c h r o m a to g r a p h y  as d e s c r ib e d  b y  
M o o re  e t  a l.  ( ’5 8 ) .  C y s te in e  w a s  o x id iz e d  
to  c y s t in e  p r io r  to  a n a ly s is .  A  c o r r e c t io n  
f o r  a  1 0 %  lo s s  o f  m e th io n in e  o n  th e  c o l
u m n  w a s  m a d e  a n d  a l l  a m in o  a c id s  w e re  
c o r re c te d  f o r  c o lo r  y ie ld  u s in g  fa c to r s  g iv e n  
b y  M o o re  a n d  S te in  ( ’5 4 ) .  T r y p to p h a n  
w a s  n o t  d e te r m in e d  i n  a n y  o f  th e  s a m p le s .

RESULTS

P la s m a  a m in o  a c id  c o n c e n t r a t io n s  a re  
p re s e n te d  i n  ta b le  1. D u e  to  o v e r la p p in g  
b e tw e e n  s e r in e ,  a s p a ra g in e  a n d  g lu ta m in e  
in  th e  e f f lu e n t  c u r v e ,  th e  v a lu e s  f o r  s e r in e  
in c lu d e  th e s e  tw o  a m in e s ,  a lth o u g h  i t  is  
b e lie v e d  t h a t  th e  q u a n t i t y  o f  th e s e  p re s e n t  
i n  th e  p la s m a  is  v e r y  lo w .  A ls o ,  th e  v a lu e s  
f o r  ly s in e  in c lu d e  o r n i t h in e ,  s in c e  th e  
m e th o d s  u s e d  d id  n o t  s e p a ra te  th e  tw o ,  
b o th  a m in o  a c id s  e m e r g in g  i n  a  c o m m o n  
p e a k .

G r o w th  a n d  fe e d  e f f ic ie n c y  d a ta  a re  
s h o w n  i n  f ig u r e  1. T h e  p la s m a  v a lu e s  f o r  
u re a  a re  p re s e n te d  i n  th e  s a m e  f ig u r e  as 
th e y  a p p e a r  to  b e  in v e r s e ly  p r o p o r t io n a l  to  
th e  g a in  i n  b o d y  w e ig h t  a n d  fe e d  e f f ic ie n c y ,  
w h ic h  w o u ld  b e  e x p e c te d  o n  th e  b a s is  o f  
th e  a m in o  a c id s  f r o m  th e  u n b a la n c e d  p r o 
te in s  b e in g  c a ta b o liz e d  a n d  e x c re te d  v ia  
u re a .  T h e  a m in o  a c id  c o m p o s it io n  o f  th e  5 
d i f f e r e n t  d ie ts ,  b a s e d  o n  l i t e r a t u r e  v a lu e s  
a n d  e x p re s s e d  o n  a  p e rc e n ta g e  b a s is ,  is  
p re s e n te d  i n  ta b le  1.

I n  f ig u r e  2  th e  p la s m a  a m in o  a c id s  f r o m  
th e  a n im a ls  fe d  th e  v a r io u s  d ie ts  a re  c o m 
p a re d  w i t h  th e  a m o u n ts  p re s e n t  i n  th e  r e 
s p e c t iv e  d ie t .  N o te ,  f o r  th e  p ig s  fe d  S B M , 
th e  lo w  v a lu e s  f o r  c y s t in e ,  p h e n y la la n in e ,  
t y r o s in e ,  is o le u c in e  a n d  le u c in e .  T h e  v a l 
u e s  f o r  m e th io n in e  w e r e  so lo w  t h a t  th e y  
e s c a p e d  d e te c t io n  b y  th e  m e th o d  o f  a n a l
y s is  u se d .

W h e n  th e  p la s m a  a m in o  a c id  c o n c e n t r a 
t io n s  f r o m  th e  a n im a ls  fe d  th e  D S M  d ie t  
a re  g r a p h ic a l ly  p re s e n te d ,  a  m u c h  h ig h e r  
v a lu e  f o r  m o s t  a m in o  a c id s  is  e v id e n t ,  
e s p e c ia lly  f o r  th e  tw o  s u l f u r - c o n ta in in g  
a m in o  a c id s ,  c y s t in e  a n d  m e th io n in e .  T h e  
c o n c e n t r a t io n  o f  p h e n y la la n in e ,  1 .5 2  m g

20
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SOURCE

PROTEIN
SOURCE

U R E A  30  
mg. PER  

100 ml.

PLASMA io

PROTEIN
SOURCE DSM SBM FM CSM MM

Fig. 1 Growth, feed efficiency and blood 
plasma urea values of young pigs fed different 
sources of proteins. DSM indicates dried skim 
milk; SBM, soybean meal; FM, fish meal; CSM, 
cottonseed meal and MM, meat meal. Error mean 
square for testing treatment effects equals: 7.70 
for total gain; 2.59 for F/G .

p e r  1 0 0  m l ,  is  lo w  b u t  f a r  a b o v e  th e  v a lu e  
f o u n d  i n  th e  case  o f  th e  S B M -fe d  a n im a ls ,
1 .0 2  m g .  A ls o  a  h ig h  c o n c e n t r a t io n  o f  
g ly c in e  w a s  o b s e rv e d  i n  th e  b lo o d  o f  th e s e  
a n im a ls ,  c o n s id e r in g  th e  lo w  le v e l  p re s e n t  
i n  th e  d ie t  a n d  a p p a r e n t ly  in d ic a t in g  a n  
a c t iv e  p ro c e s s  o f  s y n th e s is .

P r a c t ic a l ly  th e  s a m e  a m in o  a c id s  a p p e a r 
in g  i n  th e  lo w e s t  c o n c e n t r a t io n  i n  th e  b lo o d  
o f  th e  p ig s  c o n s u m in g  th e  S B M  d ie t ,  s h o w  
a ls o  th e  lo w e s t  c o n c e n t r a t io n  i n  th e  ca se  
o f  th e  a n im a ls  fe d  th e  F M  d ie t .  A l t h o u g h  
p re s e n t  i n  h ig h e r  c o n c e n t r a t io n  t h a n  i n  
th e  b lo o d  o f  th e  a n im a ls  fe d  th e  S B M  d ie t ,  
m e th io n in e  is  s t i l l  lo w  as c o m p a re d  w i t h  
th e  le v e l  f o u n d  i n  th e  p la s m a  o f  th e  D S M - 
fe d  p ig s .  A lo n g  w i t h  lo w  c o n c e n t r a t io n s  o f  
m e th io n in e ,  is o le u c in e ,  t y r o s in e  a n d  le u 
c in e  th e  lo w e s t  v a lu e  f o r  p h e n y la la n in e  
w a s  o b ta in e d ,  0 .8 1  m g  p e r  1 0 0  m l .  T h e  
c o n c e n t r a t io n  o f  g ly c in e  w a s  v e r y  h ig h ,
1 2 .3  m g  i n  th e  in d iv id u a ls  fe d  th e  F M  d ie t ,  
w h ic h  is  i n  a g re e m e n t  w i t h  th e  h ig h  c o n 
te n t  o f  t h is  p a r t i c u la r  a m in o  a c id  i n  th is  
p r o te in  s o u rc e .



14 F. P U C H A L, V. W . H A Y S, V . C. SPEER, J . D. JONES AND D. V. CATRON

6 ly. Cys.  Met. His.  Arg . Thr. Tyr.  Phe. Iso. Vol .  Lys. Leu .  Glu.

Fig. 2 Blood plasma aminograms and amino acid content of the 5 experimental diets.

A  c o n c e n t r a t io n  o f  1 .7 2  m g  o f  p h e n y l 
a la n in e  p e r  1 0 0  m l ,  i n  th e  a n im a ls  fe d  
C S M , w a s  th e  h ig h e s t  p la s m a  le v e l f o r  t h is  
a m in o  a c id  th r o u g h o u t  th e  5  d i f f e r e n t  
t r e a tm e n ts ,  d e s p ite  th e  f a c t  t h a t  th e  c o n 
t e n t  o f  p h e n y la la n in e  i n  th e  C S M  d ie t  is  
lo w e r  th a n  t h a t  i n  th e  D S M  d ie t  ( 0 .9 8  a n d  
1 .0 3 %  r e s p e c t iv e ly )  in d ic a t in g  a  h ig h e r  
a v a i la b i l i t y  o f  t h is  a m in o  a c id  i n  c o t to n 
see d  o i l  m e a l.  T h e  v a lu e s  f o r  t y r o s in e ,  
h o w e v e r ,  d id  n o t  f o l lo w  th e  s a m e  t r e n d  
s in c e  th e  p la s m a  c o n c e n t r a t io n  o f  ty r o s in e  
a p p e a rs  to  b e  m u c h  h ig h e r ,  ( 3 . 3 2  m g  p e r  
1 0 0  m l )  i n  th e  b lo o d  o f  th e  p ig s  fe d  th e  
D S M  r a t io n  t h a n  i n  th e  case  o f  th e  C S M  
d ie t ,  ( 1 . 2 6  m g  p e r  1 0 0  m l ) ,  w h ic h  is  i n

c lo s e  a g re e m e n t  w i t h  th e  le v e ls  p re s e n t  i n  
th e  re s p e c t iv e  d ie ts .  B o th  c y s t in e  a n d  m e 
t h io n in e  w e re  c o n s is te n t ly  lo w ,  0 .2 2  m g  
a n d  0 .3 0  m g  p e r  1 0 0  m l ,  re s p e c t iv e ly ,  as 
w e re  is o le u c in e ,  0 .8 9  m g  a n d  le u c in e ,  1 .2 0  
m g  p e r  1 0 0  m l.

T h e  lo w e s t  c o n c e n t r a t io n s  f o r  p r a c t ic a l ly  
a l l  th e  a m in o  a c id s ,  w i t h  th e  e x c e p t io n  o f  
g ly c in e ,  w e re  n o te d  i n  th e  p la s m a  o f  th e  
a n im a ls  fe d  th e  M M  d ie t .  T h is  d ie t  a ls o  
g a v e  th e  p o o re s t  g r o w th  re s p o n s e  a n d  fe e d  
e f f ic ie n c y ,  as c o m p a re d  w i t h  th e  o th e r  4  
d ie ts .  T h is  p o o r  p e r fo r m a n c e  w i t h  th e  M M  
d ie t  m a y  b e  la r g e ly  a  r e f le c t io n  o f  t r y p t o 
p h a n  d e f ic ie n c y  t h a t  w a s  n o t  m e a s u re d  in  
th e s e  s tu d ie s .  A  v e r y  h ig h  c o n c e n t r a t io n
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o f  g ly c in e ,  1 2 .8  m g  p e r  1 0 0  m l ,  a c c o m 
p a n ie d  v e r y  lo w  v a lu e s  f o r  c y s t in e ,  m e th i 
o n in e ,  le u c in e ,  a n d  th e  lo w e s t  v a lu e  o b 
ta in e d  f o r  is o le u ç in e ,  0 .8 7  m g  p e r  1 0 0  m l  
o f  p la s m a .

A  m o re  d ir e c t  c o m p a r is o n  o f  th e  a m in o  
a c id s  le u c in e ,  p h e n y la la n in e ,  m e th io n in e ,  
h is t id in e ,  t h r e o n in e  a n d  a r g in in e  a m o n g  
th »  5  d i f f e r e n t  d ie ts  is  s h o w n  i n  f ig u r e  3. 
S o m e  a m in o  a c id s  a p p e a re d  i n  th e  p la s m a  
i n  a  u n i f o r m  w a y  w h ic h  se e m s  to  b e  p r e 
d ic ta b le ,  re g a rd le s s  o f  th e  n a tu r e  o f  th e  
p r o te in  p r o v id in g  th e m ,  n a m e ly ,  h is t id in e  
a n d  th r e o n in e ,  w h e re a s  i n  th e  ca se  o f  o th e r  
a m in o  a c id s , n a m e ly  m e th io n in e  a n d  p h e n 
y la la n in e ,  p la s m a  c o n c e n t r a t io n  se e m s  to  
be  d e te r m in e d  m o re  b y  th e  n a tu r e  o f  i t s  
d ie ta r y  c a r r ie r  t h a n  th e  a c tu a l a m o u n t  
p re s e n t i n  th e  p r o te in .

DISCUSSION

T h e s e  s tu d ie s  in d ic a te  t h a t  th e  p la s m a  
c o n c e n t r a t io n  o f  in d iv id u a l  a m in o  a c id s  de-

EZZ %  IN DIET □  M g ./100 ML. PLASMA

Pig. 3 Blood plasma free leucine, phenylala
nine, methionine, arginine, threonine and histi
dine versus the dietary content of these amino 
acids in pigs fed 5 different protein sources.

p e n d s  to  a  c e r ta in  d e g re e  u p o n  th e  a m o u n t  
p re s e n t  i n  th e  d ie t ,  w i t h  th e  e x c e p t io n  o f  
so m e  o f  th e  n o n e s s e n t ia l  a m in o  a c id s ,  s u c h  
as g ly c in e  a n d  g lu ta m ic  a c id .  I n  th e  c o m 
p a r is o n  a m o n g  th e  5 d i f f e r e n t  s o u rc e s  o f  
p r o te in ,  w h ic h  g a v e  a  t o t a l ly  d i f f e r e n t  
g r o w th  re s p o n s e  w h e n  fe d  to  b a b y  p ig s ,  th e  
c o n c e n t r a t io n  o f  f r e e  a m in o  a c id s  i n  th e  
b lo o d  p la s m a  s e e m s  to  b e  r e la te d  n o t  o n ly  
to  th e  a m o u n ts  p re s e n t  i n  th e  p r o te in  i n 
g e s te d  b u t  a ls o  to  th e  n a tu r e  o f  t h is  p r o te in .  
A ls o ,  a  h ig h e r  a n d  m o re  r e la t iv e ly  u n i f o r m  
c o n c e n t r a t io n  o f  f r e e  a m in o  a c id s  w a s  o b 
s e rv e d  in  th e  b lo o d  p la s m a  o f  th e  a n im a ls  
g r o w in g  a t  a fa s te r  ra te .  T h e  r e la t iv e  p r o 
p o r t io n  o f  th e s e  a m in o  a c id s  s e e m e d  to  be  
m o re  im p o r t a n t  t h a n  th e  t o t a l  c o n c e n t r a 
t io n ,  w h e n  p la s m a  a m in o  a c id  p a t te r n s  a n d  
g r o w th  re s p o n s e  o f  th e  a n im a l  w e re  c o m 
p a re d .  M o s t  o f  th e  p la s m a  a m in o  a c id s  i n  
th e  p ig s  fe d  s o y b e a n  m e a l,  c o t to n s e e d  
m e a l,  m e a t  m e a l a n d  f is h  m e a l a re  m a in 
ta in e d  a t  a m u c h  lo w e r  c o n c e n t r a t io n  th a n  
th o s e  i n  th e  d r ie d  s k im  m i lk ,  w h ic h  m a y  
in d ic a te  e i t h e r  a h ig h e r  u t i l i z a t io n  a t  th e  
t is s u e  le v e l o r  a p o o r  a b s o r p t io n  f r o m  th e  
g a s t r o in te s t in a l  t r a c t .

I n  v ie w  o f  th e  s e v e ra l f a c to r s  w h ic h  i n 
te r a c t  i n  th e  b lo o d  a m in o  a c id  p ic tu r e  
( a m in o  a c id  w i t h d r a w a l  f r o m  th e  b lo o d  b y  
th e  t is s u e s ,  a m in o  a c id  c a ta b o l is m  i n  th e  
l iv e r ,  d e g re e  o f  a b s o r p t io n  a t  th e  in t e s t in a l  
w a l l ,  e tc . )  i t  is  d i f f i c u l t  to  a s s ig n  a  d e f 
in i t e  s ig n if ic a n c e  to  th e s e  d i f f e r e n t  b lo o d  
p la s m a  le v e ls  as th e y  r e la te  to  th e  a m in o  
a c id  m a k e -u p  o f  th e  d ie ta r y  p r o te in s .  I t  is  
to  be  e x p e c te d ,  h o w e v e r ,  t h a t  th e  v a r ia t io n  
i n  th e  c o n c e n t r a t io n  o f  th e  e s s e n t ia l a m in o  
a c id s  i n  th e  p la s m a ,  as c o m p a re d  w i t h  th e  
a m o u n ts  p r o v id e d  b y  th e  d ie t ,  m a y  b e  p a r 
t i a l l y  d u e  to  a fa s t  r e m o v a l f r o m  th e  b lo o d  
s tre a m  b y  th e  t is s u e s , a lth o u g h  th e s e  d i f f e r 
e n ce s  r e f le c t  m o re  l i k e ly  a d if fe r e n c e  i n  th e  
d e g re e  o f  a v a i la b i l i t y  a t  th e  le v e l o f  th e  
d ig e s t iv e  t r a c t .  I t  is  th e r e fo r e  e v id e n t  t h a t  
n o t  a l l  th e  a m in o  a c id s  p re s e n t  i n  th e  d ie t  
a re  c o m p le te ly  a b s o rb e d , t h is  u n e q u a l  a b 
s o r p t io n  p r o d u c in g  th e  b r e a k in g  p o in ts  in  
th e  b lo o d  a m in o  a c id  p a t te r n  as c o m p a re d  
w i t h  th e  “ s ta n d a r d ”  p a t t e r n  n o te d  i n  th e  
a n im a ls  c o n s u m in g  m i l k  d ie ts .  A n  i n 
c re a s e d  c a ta b o l is m  o f  th e  e xc e ss  a m in o  
a c id s  i n  s o m e  o f  th e s e  d ie ts ,  as in d ic a te d  b y  
in c r e a s e d  b lo o d  u re a  v a lu e s ,  w o u ld  e x 
p la in  th e  p o o r  p e r fo r m a n c e  o b ta in e d  w i t h

U H ’.
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th e s e  d ie t s *  as m e a s u re d  b y  g r o w th  a n d  
fe e d  e f f ic ie n c y .

SUMMARY

P la s m a  a m in o  a c id  le v e ls  i n  th e  y o u n g  
p ig  h a v e  b e e n  d e te r m in e d  a n d  f o u n d  to  be  
r e la te d  to  th e  a m in o  a c id  c o m p o s i t io n  o f  
th e  d ie ta r y  p r o te in .  D i f f e r e n t  p la s m a  
a m in o  a c id  p a t te r n s  h a v e  b e e n  o b s e rv e d  
f o r  th e  5  d i f f e r e n t  p r o te in  s o u rc e s  a n a 
ly z e d ,  d r ie d  s k im  m i lk ,  s o y b e a n  m e a l,  f is h  
m e a l,  c o t to n s e e d  m e a l a n d  m e a t  m e a l.  
T h e s e  p la s m a  a m in o  a c id  p a t te r n s  in d ic a te ,  
b y  c o m p a r is o n  w i t h  th e  c o n c e n t r a t io n s  o b 
s e rv e d  i n  th e  a n im a ls  fe d  m i l k  p ro te in s ,  
s o m e  o f  th e  a m in o  a c id s  t h a t  m a y  be  r e 
s p o n s ib le  f o r  th e  i n a b i l i t y  o f  th e  y o u n g  p ig  
to  m a in t a in  a n  o p t im a l  r a te  o f  b o d y  g a in  
w h e n  fe d  a  r a t io n  w i t h  s o m e  o f  th e s e  p r o 
te in s  as th e  s o u rc e  o f  s u p p le m e n ta r y  p r o 
te in .
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The Mineral Requirements of the Dog* 1
III. THE M AGNESIUM  REQUIREMENT

G. E. BUNCE,2 K. J. JENKINS a n d  P. H. PHILLIPS
Department of Biochemistry, University of Wisconsin, Madison, Wisconsin

M a g n e s iu m  h a s  b e e n  s h o w n  to  be  a n  
e s s e n t ia l e le m e n t  a n d  i t s  r e q u ir e m e n t  h a s  
b e e n  s tu d ie d  i n  th e  r a t  ( T u f t s  a n d  G re e n 
b e rg ,  ’3 8 ;  K u n k e l  a n d  P e a rs o n , ’4 8 a ;  
H e g s te d  e t  a l. ,  ’ 5 6 ;  M c A le e s e  a n d  F o rb e s , 
’6 1 ) ,  p ig  ( M a y o  e t  a l. ,  ’5 9 ;  B a r t le y  e t  a l. ,  
’6 1 ) ,  g u in e a  p ig  ( O ’D e l l  e t  a l. ,  ’6 0 ) ,  r a b 
b i t  ( K u n k e l  a n d  P e a rs o n , ’4 8 b ) ,  c a l f  
( B la x te r  e t  a l. ,  ’5 4 ) ,  c h ic k  ( A lm q u is t ,  ’4 2 ) ,  
a n d  d u c k  ( V a n  B e e n  a n d  P e a rs o n , ’5 3 )  b u t  
n o t  i n  th e  d o g . A m o n g  th e  v a r io u s  s p e c ie s , 
m a r k e d  d if fe re n c e s  as  w e l l  as s im i la r i t ie s  
h a v e  b e e n  n o te d  i n  th e  p a th o lo g y  o f  m a g n e 
s iu m  d e f ic ie n c y  ( O ’D e l l ,  ’6 0 ) ,  b u t  a g a in  
o n ly  a  l i t t l e  in f o r m a t io n  ( O r e n t  e t  a l. ,  ’ 3 2 )  
is  a v a i la b le  c o n c e r n in g  th e  d o g . I t  th e r e 
fo r e  s e e m e d  w o r th w h i le  b o th  to  e s ta b l is h  
th e  m in im u m  d ie ta r y  r e q u ir e m e n t  o f  m a g 
n e s iu m  f o r  th e  w e a n l in g  d o g  a n d  to  d e 
s c r ib e  th e  p a th o lo g ic a l  c h a n g e s  w h ic h  a c 
c o m p a n y  m a g n e s iu m  in s u f f ic ie n c y  i n  t h is  
s p e c ie s .

EXPERIMENTAL

T h e  c o m p o s i t io n  o f  th e  lo w - m a g n e s iu m  
b a s a l r a t io n  ( n o .  5 8 - M )  f o r m u la te d  b y  u s  
f o r  u s e  i n  t h is  s tu d y  a p p e a rs  i n  ta b le  1. 
I t  c o n ta in e d  b y  a n a ly s is  8 0  p p m  o f  m a g n e 
s iu m  o n  a  d r y - w e ig h t  b a s is .  M a g n e s iu m  
s u p p le m e n ts  w e re  a d d e d  as  a n h y d ro u s  
m a g n e s iu m  s u lfa te .

J e n k in s 3 i n  p r e l im in a r y  s tu d ie s  o b s e rv e d  
b o th  p o o r  g r o w th  a n d  c o n v u ls io n s  i n  
w e a n l in g  m o n g r e l  p u p s  fe d  d ie t  5 8 -M . 
E q u a l  a n d  n o r m a l  g r o w th  a n d  d e v e lo p m e n t  
o c c u r re d ,  h o w e v e r ,  i n  p u p s  fe d  d ie t  5 8 -M  
s u p p le m e n te d  w i t h  e i t h e r  1 0 0 , 2 0 0 ,  4 0 0 ,  
o r  1 ,0 0 0  p p m  o f  m a g n e s iu m .  B a la n c e  s tu d 
ie s  in d ic a te d  t h a t  a b s o r p t io n  o f  m a g n e s iu m  
w a s  e x c e lle n t  f r o m  th is  d ie t  a n d  t h a t  4 5  to  
5 0 %  o f  th e  m a g n e s iu m  w a s  r e ta in e d  w h e n  
th e  d ie ta r y  c o n te n t  w a s  e i t h e r  8 0  o r  1 8 0  
p p m .  U s in g  th e s e  d a ta  as a n  in d ic a t io n  o f  
th e  p ro b a b le  ra n g e  o f  a d e q u a c y  o f  m a g n e 
s iu m ,  tw o  e x p e r im e n ts  w e re  p e r fo r m e d .

TABLE 1
Composition of low-magnesium basal ration, 58-M

%
Casein, extracted1 21.0
Sucrose 66.1
White grease, stabilized2 8.0
Salts3 4 g
Vitamins4 o.l

1 Extracted with hot ethanol.
2 Product o f Oscar Mayer and Company, Madison. 

W isconsin.
3 For 100 gm of ration: (in  grams) KC1, 1.14- 

iodized NaCl, 1.00; CaCOs, 1.50; Na2HPOi, anhydrous’,
;Ui5A ^ ‘L U n  m illigram s) Fe2(S 0 4) 3, 36.0; CuSO,
5 H2O, 2.15; M nS04-lH 20 , 1.54; ZnCl2 (d ry ) , 0.92; 
and CaCl2-6H20 , 0.88.
, * r ° r 100 gm o f ration: ( in  m illigram s) thiamine- 
HC1, 0.066; riboflavin, 0.176; nicotinamide, 0.900; Ca 
pantothenate, 0.200; pyridoxal-HCl, 0.088; fo lic  acid, 
0.030; d-biotin, 0.010; also vitamin Bi2, 2.2 j i g  and 
choline chloride, 0.123 gm; dl-a-tocopherol was added 
to halibut liver oil, and the mixture administered 
every 3 to 4 days, providing 1 m g o f tocopherol, 10 
to 15 IU o f vitamin A /pound o f body weight/day.

I n  th e  f i r s t  e x p e r im e n t ,  4  l i t t e r s  o f  w e a n 
l i n g  B e a g le  p u p s  w e re  d is t r ib u te d  a m o n g  
th r e e  d ie ta r y  lo ts  so  as to  p r o v id e  4  p u p s  
p e r  lo t .  T h e  b a s a l r a t io n  5 8 -M  ( 8 0  p p m  o f  
m a g n e s iu m )  w a s  fe d  to  lo t  1. T h e  c o n t r o l  
r a t io n  w h ic h  c o n ta in e d  a n  a d d i t io n a l  1 0 0  
p p m  o f  m a g n e s iu m  w a s  fe d  to  lo t  2 . A n 
o th e r  c o n t r o l  r a t io n 4 c o m p o s e d  o f  n a t u r a l  
fo o d  p ro d u c ts ,  p r o v id in g  b y  a n a ly s is  1 ,3 0 0  
p p m  o f  m a g n e s iu m  o n  a  d r y - w e ig h t  b a s is ,  
w a s  fe d  th e  p u p s  i n  l o t  3 . W e ig h t  c h a n g e s  
a n d  th e  p re s e n c e  o r  a b s e n c e  o f  t y p ic a l  m a g -

Received for  publication July 14, 1961.
1 Published with the approval o f the Director o f 

W isconsin Agricultural Experiment Station. Supported 
in  part by the National Dairy Council, Chicago. The 
crystalline vitamins were kindly provided by Merck, 
Sharp and Dohme Research Laboratories, Rahway, 
New Jersey.

2 Present address: U. S. Army M edical Research 
and Nutrition Laboratory, Fitzsimons General Hos
pital, Denver 30, Colorado.

3 Jenkins, K. J. 1958 A  study o f  some mineral 
requirements o f the dog. Ph. D. Thesis, University of 
Wisconsin.

4 This ration was formulated by Dr. Zoe Anderson, 
Director o f Nutrition Research for  the National Dairy
Council. It consisted o f  meat, dairy products, vege
table, fruit and cereal foods in the proportion usually 
recommended for human consumption. *The contents 
o f this ration were provided by the National Dairy 
Council and were m ixed and packaged by Albers M ill
ing Company, Jefferson, W isconsin.
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n e s iu m  d e f ic ie n c y  s y m p to m s  w e re  re c o rd e d  
f o r  1 4  w e e k s .

S in c e  th e  r e s u l ts  o f  th e  p r e l im in a r y  w o r k  
( J e n k in s ,  ’5 8 )  a n d  th e  f i r s t  e x p e r im e n t  i n 
d ic a te d  t h a t  th e  re s p o n s e  o f  th e  B e a g le s  
a n d  s im i la r - s iz e  m o n g re ls  w a s  c o m p a r a b le ,  
b o th  w e re  u s e d  i n  th e  s e c o n d  e x p e r im e n t .  
I n  th e  la t t e r ,  5  l i t t e r s  o f  w e a n l in g  p u p s  
( t w o  o f  m o n g re ls ,  th r e e  o f  B e a g le s )  w e re  
e a c h  d is t r ib u te d  a m o n g  5 lo ts  a n d  fe d  d ie t  
5 8 -M  w i t h  th e  f o l lo w in g  v a r ia t io n s  i n  m a g 
n e s iu m  c o n te n t :  l o t  1, 8 0  p p m ;  lo t  2 , 1 0 0  
p p m ;  lo t  3 , 1 2 0  p p m ;  lo t  4 , 1 4 0  p p m ;  a n d  
lo t  5 , 1 8 0  p p m .  E a c h  lo t  h a d  4  p u p s  e x 
c e p t  lo t  5  w h ic h  c o n ta in e d  o n ly  th re e .  T h e  
p u p s  f r o m  4  o f  th e  5 l i t t e r s  w e re  s a c r if ic e d  
a f t e r  7 to  8  w e e k s  o n  e x p e r im e n t  b u t  th e  
5 th  l i t t e r  ( t h r e e  p u p s ,  o n e  e a c h  f r o m  lo ts  
3 , 4 , a n d  5 )  w a s  a llo w e d  to  c o n s u m e  th e  
d ie t  f o r  10  w e e k s .

T h e  B e a g le  p u p s  w e re  f r o m  o u r  o w n  k e n 
n e ls ,  a n d  th e  m o n g re ls  w e re  p u rc h a s e d  
lo c a l ly .  T h e  la t t e r  w e re  im m e d ia te ly  
t r e a te d  to  c o n t r o l  p a ra s ite s .  A s  a  p re c a u 
t io n  a g a in s t  d is te m p e r ,  in f e c t io u s  h e p a t i t is ,  
a n d  L ep tosp ira  ca n ico la  in f e c t io n s ,  i m 
m u n e  s e r u m  w a s  a d m in is te r e d  to  a l l  e x 
p e r im e n ta l  a n im a ls  f r o m  6  u n t i l  1 2  w e e k s  
o f  a ge  a t  w h ic h  t im e  th e y  w e re  v a c c in a te d  
a g a in s t  th e s e  d is e a s e s .

A t  th e  t e r m in a t io n  o f  e a c h  e x p e r im e n t  
b lo o d  s a m p le s  w e re  c o lle c te d  a n d  a llo w e d  
to  c lo t .  S e ru m  w a s  a n a ly z e d  f o r  m a g n e 
s iu m ,  c a lc iu m ,  a n d  in o r g a n ic  p h o s p h o ru s .  
F o l lo w in g  th e  p o s tm o r te m  in s p e c t io n ,  th e  
t h o r a c ic  a o r ta  w a s  re m o v e d  a n d  a n a ly z e d  
f o r  t o ta l  a s h , c a lc iu m ,  p h o s p h o ru s  a n d  
m a g n e s iu m .

ANALYTICAL METHODS

T h e  a o r ta  s a m p le s  w e re  d r ie d ,  h e a te d  f o r  
18  h o u rs  a t  6 0 0  °C , a n d  th e  r e s u l t a n t  a lk a 
l in e  a sh  w a s  d is s o lv e d  i n  0 .6  n  H C 1. T h e  
m e th o d  o f  R o b in s o n  a n d  R a th b u n  ( ’5 9 )  i n 
v o lv in g  t i t r a t i o n  w i t h  E D T A  i n  a  b u f fe r e d  
s o lu t io n  o f  E r io c h r o m e  B la c k  T  w a s  u s e d  
f o r  d e te r m in a t io n  o f  th e  c a lc iu m  a n d  m a g 
n e s iu m  i n  a l iq u o ts  o f  th e  a o r ta  a s h  a n d  i n  
b lo o d  s e ru m . S e ru m  in o r g a n ic  p h o s p h o ru s  
a n d  a o r t ic  t o t a l  p h o s p h o ru s  w e re  m e a s u re d  
b y  th e  F is k e -S u b b a R o w  m e th o d  as o u t l in e d  
b y  H a w k  e t  a l.  ( ’5 4 ) .

RESULTS AND DISCUSSION

A  c h a r a c te r is t ic  s y n d ro m e  o f  m a g n e s iu m  
d e f ic ie n c y  a p p e a re d  i n  b o th  th e  f i r s t  a n d  
s e c o n d  e x p e r im e n ts  w h e n  th e  le v e l o f  d ie 
t a r y  m a g n e s iu m  w a s  b e lo w  1 4 0  p p m .  T h e  
s e v e r i ty  o f  th e  s y n d ro m e  a p p e a re d  to  be  
re d u c e d , h o w e v e r ,  i n  lo ts  2  ( 1 0 0  p p m )  a n d  
3 ( 1 2 0  p p m )  i n  th e  s e c o n d  e x p e r im e n t .  
A n o r e x ia  d e v e lo p e d  i n  th e  p u p s  fe d  th e  
lo w - m a g n e s iu m  r a t io n s  ( l o t  1 , e x p e r im e n t  
1 ; lo ts  1 , 2 , 3 , e x p e r im e n t  2 )  a f t e r  tw o  to  
th r e e  w e e k s  o n  e x p e r im e n t .  T h e  a n o r e x ia  
w a s  a c c o m p a n ie d  b y  a  g e n e ra l d e c l in e  i n  
w e ig h t  g a in  as c o m p a re d  w i t h  t h a t  i n  th e  
c o n t r o l  g ro u p s .  T h e  a v e ra g e  c u m u la te d  
w e ig h t  g a in s  p e r  w e e k  f o r  th e  f i r s t  e x p e r i 
m e n t  a re  p re s e n te d  i n  ta b le  2 . B y  th e  5 th  
w e e k ,  m u s c u la r  w e a k n e s s  w a s  e v id e n t .  
E x e rc is e  w a s  g e n e r a l ly  f o l lo w e d  b y  p r o 
lo n g e d  p e r io d s  o f  i n a c t iv i t y  a n d  h y p e r i r 
r i t a b i l i t y  i n  c o n t r a s t  w i t h  th e  r e a c t io n  o f  
v ig o r  a n d  g o o d  m u s c le  to n e  i n  th e  c o n t r o l  
p u p s . C o n t in u e d  m u s c u la r  w e a k n e s s  a n d  
a t r o p h y  re s u lte d  i n  a  r e la x a t io n  o f  th e

TABLE 2
Selected representative periodic weight gain data of the growing dog 

fed a low-magnesium diet

Average cumulated gain3L

hg kg kg
Magnesium content, ppm 80 180 1300
No. of animals/lot 4 4 4
Av. initial weight, kg 2.75 ±  0.091 2 .9 3 ±  0.211 2.64 ±  0.261

Weeks on experiment
2 0.89 ±0 .21 1.15 ±  0.19 0 .7 0 ±  0.11
5 1.33 ±  0.10 2.65 ± 0 .2 2 1.95 ± 0 .2 3

10 1.55 ±  0.18 3.80 ± 0 .2 0 3.88 ±0 .41
14, 1.31 ±  0.15 4.07 ±  0.11 4.53 ±0 .5 4

1 Mean +  standard error of the mean.
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Fig. 1 Left, typical phalanges relaxation in a 
growing dog fed a low-magnesium ration contain
ing 80 ppm of magnesium (12 weeks on experi
ment). Right, basal diet +  magnesium to supply 
180 ppm of magnesium.

m u s c le s  a n d  te n d o n s  in  th e  le g s , p a r t ic u 
la r l y  n o t ic e a b le  i n  th e  a re a  o f  th e  c a rp u s  
a n d  th e  p h a la n g e s  ( f ig .  1 ) .  T h e  h in d 
q u a r te r s  w e re  a lso  a ffe c te d  a n d  s h o w e d  e v i
d e n c e  o f  a ta x ia .  O n e  o r  m o re  c o n v u ls iv e  
a t ta c k s  w e re  o b s e rv e d  in  th e  m a jo r i t y  o f  
th e  d e f ic ie n t  p u p s .

M in e r a l  d e p o s it io n  w a s  e a s ily  v is ib le  
u p o n  in s p e c t io n  o f  th e  lu m e n a l  w a l l  o f  th e  
th o r a c ic  a o r ta  a t  n e c ro p s y  ( f ig .  2 ) .  T h e s e  
le s io n s  w e re  o b s e rv e d  in  a l l  o f  th e  lo t  1 
( 8 0  p p m  o f  m a g n e s iu m )  a n im a ls  i n  e x 
p e r im e n t  1 ; i n  7 o f  8  p u p s  i n  lo ts  1 a n d  2  
( 8 0  a n d  1 0 0  p p m ) ,  e x p e r im e n t  2 ;  a n d  in  
tw o  o f  4  p u p s  in  lo t  3 ( 1 2 0  p p m ) ,  e x p e r i 
m e n t  3 . N o  s u c h  le s io n s  w e re  n o te d  i n  th e  
p u p s  f r o m  th e  r e m a in in g  lo ts .  T h e  d e 
p o s its  fo r m e d  c le a r ly  d e f in e d  th ic k e n e d  
g r a y is h - w h ite  a re a s , th e  s u r fa c e s  o f  w h ic h  
a p p e a re d  ro u g h e n e d .  U p o n  m ic ro s c o p ic  
s e c t io n ,  th e y  w e re  o b s e rv e d  to  o c c u r  in  
b o th  th e  i n t im a l  a n d  m e d ia l  la y e rs  i n  as
s o c ia t io n  w i t h  h y a l in e  d e g e n e r a t io n  a n d  
in f la m m a to r y  n e c r o t ic  c h a n g e s . T h e s e  d e 
p o s its  w e re  o b s e rv e d  o v e r  a c o n s id e ra b le

Fig. 2 (a ) Normal thoracic aorta, obtained from a Beagle pup fed 180 ppm of mag
nesium. (b ) The thoracic aorta from a litter mate of the dog above fed the basal ration 
containing 80 ppm of magnesium.
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a re a  o f  th e  th o r a c ic  a o r ta  b u t  w e re  m a in ly  
c o n c e n tr a te d  in  th e  re g io n s  ju s t  a n te r io r  to  
th e  o p e n in g s  o f  th e  s m a ll  s u b s id ia r y  v e s 
se ls . A l th o u g h  th e  th o r a c ic  a o r ta  a p p e a re d  
to  be  a  m a jo r  s ite  o f  t h is  le s io n ,  s u b s e q u e n t 
e x a m in a t io n s  re v e a le d  s im i la r  d e p o s its  in  
th e  c a r o t id  a r te r y ,  t ra c h e a ,  k id n e y ,  a n d  
s p le e n . N o  s u c h  v is ib le  le s io n s  w e re  n o te d  
in  th e  c a r d ia c  o r  s k e le ta l m u s c le  o r  i n  th e  
l iv e r .

A o r t ic  a n a ly s is  ( t a b le  3 )  re v e a le d  a n  
a v e ra g e  th r e e fo ld  e le v a t io n  i n  t o t a l  a sh , a 
f o r t y - fo ld  e le v a t io n  i n  c a lc iu m ,  a n d  a  f o u r 
fo ld  e le v a t io n  i n  p h o s p h o ru s  i n  th e  g ro u p  
fe d  th e  lo w  m a g n e s iu m  i n  e x p e r im e n t  1 as 
c o m p a re d  w i t h  e i t h e r  o f  th e  p o s it iv e  c o n 
t r o l  g ro u p s . N o  a p p re c ia b le  c h a n g e , h o w 
e v e r, c o u ld  be  d e te c te d  i n  th e  c o n te n t  o f  
t o ta l  m a g n e s iu m .  T h e  la rg e  in c re a s e  in  
c a lc iu m  a n d  p h o s p h o ru s  as w e l l  as a sh  s u p 
p o r ts  th e  c o n c e p t t h a t  th e  m in e r a l iz a t io n  
w a s  e s s e n t ia l ly  c a lc i f ic a t io n  a n d  t h a t  th e  
p r im a r y  a n io n  w a s  p h o s p h a te .  T h e  a v e r 
a ge  d if fe re n c e  i n  m i l l ig r a m s  o f  c a lc iu m  
a n d  p h o s p h o ru s  p e r  1 0 0  g ra m s  o f  d r y  t is 
sue  b e tw e e n  th e  d e f ic ie n t  a n d  th e  c o n t r o l  
a n im a ls  w a s  1 ,6 8 5  a n d  7 7 5 , re s p e c t iv e ly ,  
a p p r o x im a te ly  th e  s a m e  2 :1  r a t io  n o te d  in  
th e  c o m m o n  c a lc iu m  p h o s p h a te  s a lts . 
Q u a l i t a t iv e  te s ts  ( F e ig l ,  ’4 6 )  w e re  n e g a 
t iv e  f o r  th e  p re s e n c e  o f  o x a la te  b u t  w e re  
p o s it iv e  f o r  th e  p re s e n c e  o f  c a rb o n a te .  I n  
e x p e r im e n t  2 , th e  a v e ra g e  a o r ta  c a lc iu m  
le v e ls  ( t a b le  3 )  w e re  e le v a te d  a b o u t  te n 
f o ld  w h e n  o n ly  8 0  to  1 0 0  p p m  o f  m a g n e 
s iu m  w e re  p re s e n t  i n  th e  r a t io n  a n d  e ig h t 
f o ld  a t  1 2 0  p p m . W h e n  th e  d ie ta r y  m a g n e 
s iu m  w a s  e ith e r  1 4 0  o r  1 8 0  p p m ,  h o w e v e r ,  
th e  a o r t ic  c a lc iu m  v a lu e s  w e re  e q u a l to  
th o s e  o f  th e  tw o  c o n t r o l  lo ts  f r o m  e x p e r i 
m e n t  1. A o r ta  t o ta l  a sh  a n d  p h o s p h o ru s  
v a lu e s  s h o w e d  a  s im i la r  t r e n d  a n d  a g a in  
n o  v a r ia t io n  i n  th e  a v e ra g e  a o r ta  m a g n e 
s iu m  c o n te n t  as a f u n c t io n  o f  th e  le v e l o f  
d ie ta r y  m a g n e s iu m  c o u ld  be  d e te c te d . T h is  
is  i n  a g re e m e n t  w i t h  th e  r e s u l t  o f  M a c 
I n t y r e  a n d  D a v id s o n  ( ’5 8 )  a n d  M c A le e s e  
a n d  F o rb e s  ( ’6 1 )  b o th  o f  w h o m  re p o r te d  a 
s l ig h t  d e c lin e  i n  m u s c le  m a g n e s iu m  f r o m  
d e f ic ie n t  a n im a ls  b u t  n o te d  n o  s u c h  lo ss  
f r o m  c a lc i f ie d  s o f t  t is s u e . T h e  g re a te r  a c 
c u m u la t io n  o f  a o r t ic  m in e r a l  i n  th e  a n i 
m a ls  f r o m  lo t  1, e x p e r im e n t  1, as c o m p a re d  
w i t h  th o s e  f r o m  lo t  1, e x p e r im e n t  2  w a s  
p re s u m a b ly  a r e s u l t  o f  th e  m o re  p ro lo n g e d
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intake of the low-magnesium diet by the 
former.

The average serum magnesium (table 4) 
was decreased to about 1.0 mg per 100 ml 
or less when the dietary magnesium level 
was below 120 ppm. At 120 ppm or higher, 
however, the average serum magnesium 
values were between 1.5 and 2.1 mg per 
100 ml. A decline in the serum cal
cium and an elevation in the serum inor
ganic phosphorus was observed to accom
pany the depression of serum magnesium. 
This trend was of interest since species 
variation and conflicting results have been 
reported previously concerning the be
havior of these substances during magne
sium deficiency (Kruse et al., ’32; Orent et 
al., ’32; Duncan et al., ’35; Blaxter et al., 
’54; MacIntyre and Davidson, ’58; May
nard et al., ’58). It appeared desirable, 
therefore, to obtain more data on this 
point. Consequently, the results from se
rum analyses of 40 weanling pups (20 fed 
diet 58-M, 80 ppm of magnesium; 20 lit- 
termates fed diet 58-M supplemented with 
an additional 100 ppm of magnesium) 
were compared. With the low intake of 
magnesium, the serum magnesium showed 
a highly significant depression (P <  0.001) 
from 1.8 ±  0.2 to 0.8 ±  0.2 mg per 100 ml 
(mean ±  standard error), the serum inor
ganic phosphorus showed a significant ele
vation (P <  0.05) from 7.7 ±  0.4 to 8.7 ±  
0.4 mg per 100 ml, and the serum calcium 
showed a highly significant depression 
(P <  0.001) from 11.4 ±  0.4 to 9.3 ±  0.4 
mg per 100 ml.5

The following criteria of the develop
ment of the deficiency syndrome and le
sions were used: weight gain; serum levels 
of magnesium; and aortic ash, calcium, 
and phosphorus content. The minimal 
magnesium requirement for the weanling 
dog was observed to be 140 ppm (dry- 
weight basis) in these studies.

SUMMARY

The minimal magnesium requirement of 
the weanling dog fed a semipurified diet 
was found to be approximately 140 ppm 
(dry weight basis).

Mineralized lesions were observed in the 
thoracic aorta of the animals fed the low

5 Probability determined with Student’s t test (Sne- 
decor, ’56).
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m a g n e s iu m .  U p o n  a n a ly s is ,  th e  m in e r a l  
w a s  o b s e rv e d  to  c o n s is t  la r g e ly  o f  c a lc iu m  
a n d  p h o s p h o ru s .  T h e  a m o u n t  o f  m in e r a l  
a c c u m u la t io n  i n  th e  a o r ta  a p p e a re d  to  be 
a  f u n c t io n  o f  th e  m a g n e s iu m  c o n te n t  a n d  
d u r a t io n  o f  in t a k e  o f  th e  d ie t .

A n  e le v a t io n  o f  b lo o d  s e ru m  in o r g a n ic  
p h o s p h o ru s  a n d  a  d e p re s s io n  o f  s e ru m  c a l
c iu m  a n d  m a g n e s iu m  a p p e a re d  i n  th e  lo w -  
m a g n e s iu m - fe d  ( 8 0  p p m )  w e a n l in g  d o g , 
b u t  n o  c h a n g e  in  a o r t ic  m a g n e s iu m  c o n 
t e n t  c o u ld  b e  d e te c te d .
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IV. EFFECT OF CERTAIN DIETARY AND PHYSIOLOGIC FACTORS 

UPON THE M AGNESIUM  DEFICIENCY SYNDROME

G. E. BUNCE,2 Y. CHIEMCHAISRI a n d  P. H. PHILLIPS
Department of Biochemistry, University of Wisconsin, Madison, Wisconsin

T h e  m in im a l  m a g n e s iu m  r e q u ir e m e n t  o f  
th e  w e a n l in g  d o g  h a s  b e e n  s h o w n  to  be  
1 4 0  p p m  ( B u n c e  e t  a l. ,  ’6 2 )  w h e n  th e  c a l
c iu m ,  p h o s p h o ru s ,  a n d  f a t  le v e ls  w e re  0 .6 , 
0 .4 ,  a n d  8 .0 %  , re s p e c t iv e ly .  E a c h  o f  th e s e  
n u t r ie n t s  a n d  a ge  h a v e  b e e n  r e p o r te d  to  
in f lu e n c e  th e  m a g n e s iu m  r e q u ir e m e n t .  
T u f t s  a n d  G re e n b e rg  ( ’3 8 )  f i r s t  o b s e rv e d  
t h a t  e le v a t io n  o f  d ie ta r y  c a lc iu m  a n d  p h o s 
p h o ru s  a g g ra v a te d  th e  s e v e r ity  o f  th e  m a g 
n e s iu m  d e f ic ie n c y  s y n d ro m e  i n  th e  r a t .  
I m p o r t a n t  in v e s t ig a t io n s  h a v e  b e e n  m a d e  
m o re  r e c e n t ly  i n  v a r io u s  s p e c ie s  b y  C o lb y  
( ’5 1 ) ;  C o n s ta n t  ( ’5 2 ) ;  H o g a n  e t a l. ( ’5 0 ) ;  
H o u s e  ( ’5 5 ) ;  H e g s te d  e t  a l.  ( ’5 6 ) ;  O ’D e l l  
( ’5 7 , ’6 0 ) ;  S e ly e  ( ’5 8 ) ;  S e lye  a n d  B a ju s z ,  
( ’5 8 ) ;  M a y n a r d  e t  a l.  ( ’5 8 )  a n d  M c A le e s e  
a n d  F o rb e s  ( ’6 1 ) .  E v id e n c e  w a s  p re s e n te d  
b y  V i ta le  e t  a l.  ( ’5 9 )  t h a t  th e  m a g n e s iu m  
r e q u ir e m e n t  o f  th e  y o u n g  r a t  w a s  in c re a s e d  
f o u r f o ld  b y  fe e d in g  a n  a th e r o g e n ic  d ie t  
c o n ta in in g  2 0 %  o f  f a t ,  1 %  o f  c h o le s te r o l 
a n d  0 .3 %  o f  c h o l ic  a c id .  O r e n t  e t  a l.  
( ’3 2 )  n o te d  t h a t  in c r e a s e d  a ge  r e ta r d e d  
th e  d e v e lo p m e n t  o f  m a g n e s iu m  d e f ic ie n c y  
s y m p to m s  i n  th e  y o u n g  d o g .

T h e  s tu d ie s  to  b e  r e p o r te d  h e re  w e re  
d e s ig n e d  to  in v e s t ig a te  th e  e f fe c t  o f  th e s e  
a n d  o th e r  fa c to r s  u p o n  th e  m a g n e s iu m  d e 
f ic ie n c y  s y n d ro m e  o f  th e  w e a n l in g  d o g .

EXPERIMENTAL

A  s e r ie s  o f  e x p e r im e n ts  w e re  c o n d u c te d  
i n  w h ic h  d o g s  w e re  fe d  a  s e m ip u r i f ie d ,  
lo w - m a g n e s iu m  b a s a l r a t io n  n o . 5 8 -M , ( 8 0  
p p m  o f  m a g n e s iu m )  o r  th e  s a m e  r a t io n  
f o l lo w in g  a p p r o p r ia te  m o d i f ic a t io n s  i n  th e  
c o n c e n t r a t io n  o f  o n e  o f  th e  n u t r ie n t s  u n d e r  
s tu d y .  A  p o s it iv e  c o n t r o l  w a s  p ro v id e d  b y  
a  g ro u p  fe d  th e  b a s a l r a t io n  c o n ta in in g  a n  
a d d i t io n a l  1 0 0  p p m  o f  m a g n e s iu m  as a n 
h y d ro u s  m a g n e s iu m  s u lfa te .  C r i t e r ia  u s e d

in c lu d e d  r a te  o f  d e v e lo p m e n t  a n d  s e v e r ity  
o f  th e  c h a r a c te r is t ic  m u s c u la r  a n d  n e u r a l  
s y m p to m s ;  w e ig h t  g a in ;  a n a ly s e s  o f  th e  
b lo o d  s e ru m  f o r  m a g n e s iu m ,  c a lc iu m ,  a n d  
in o r g a n ic  p h o s p h o ru s ,  a n d  o f  th e  a o r ta  f o r  
t o ta l  a sh , c a lc iu m ,  a n d  p h o s p h o ru s .  T h e  
e f fe c t  o f  lo w -m a g n e s iu m  in ta k e  u p o n  a o r t ic  
e th e r  e x t r a c t  a n d  s e r u m  t o ta l  c h o le s te r o l 
w a s  in v e s t ig a te d .  T h e  c o m p o s i t io n  o f  th e  
b a s a l r a t io n  a n d  th e  a n a ly t ic a l  p ro c e d u re s  
u s e d  h a v e  b e e n  d e s c r ib e d  ( B u n c e  e t  a l. ,  
’6 2 ) .

A p p r o x im a te ly  h a l f  o f  th e  p u p s  w e re  
B e a g le s  f r o m  o u r  k e n n e ls ,  a n d  th e  r e 
m a in d e r  w e re  m ix e d  S h e p h e rd -C o ll ie  a n d  
C h o w , p u rc h a s e d  lo c a l ly .  P re c a u t io n s  w e re  
ta k e n  to  p r o te c t  th e  a n im a ls  f r o m  d is te m 
p e r ,  in f e c t io u s  h e p a t i t is ,  a n d  L ep tosp ira  
ca n ico la  in f e c t io n s  a n d  f r o m  in t e r n a l  a n d  
e x te r n a l  p a ra s ite s .  T h e  d o g s  w e re  h o u s e d  
i n  e x p a n d e d  m e ta l-b o t to m  c a g e s  a n d  fe d  
th e  d ie ts  a n d  d is t i l le d  w a te r  a d  l ib i t u m .

RESULTS AND DISCUSSION

E ffe c t  o f  va ria tion  in  d ieta ry  ca lc iu m  
an d  p h osp h oru s  levels

N in e  l i t t e r s  o f  w e a n l in g  p u p s  w e re  d is 
t r ib u te d  a m o n g  6  lo ts  p r o v id in g  6  o r  7 p u p s  
p e r  lo t .  L o t  1 w a s  fe d  th e  lo w -m a g n e s iu m  
b a s a l r a t io n  w h ic h  c o n ta in e d  8 0  p p m  o f  
m a g n e s iu m ,  0 .6 %  o f  c a lc iu m ,  a n d  0 .4 %  o f  
p h o s p h o ru s .  L o t  2  w a s  fe d  th e  s a m e  r a t io n  
s u p p le m e n te d  to  c o n ta in  1 8 0  p p m  o f  m a g 
n e s iu m ,  a n  a d e q u a te  a m o u n t  f o r  th e  w e a n 
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l i n g  d o g . I * ) t s  3 a n d  4  w e re  fe d  a  lo w -m a g 
n e s iu m  b a s a l r a t io n  i n  w h ic h  th e  c a lc iu m  
h a d  e ith e r  b e e n  d e c re a s e d  to  0 .3 %  ( l o t  3 )  
o r  in c re a s e d  to  0 .9 %  ( l o t  4 )  w i t h  » th e  
p h o s p h o ru s  le v e l h e ld  c o n s ta n t  a t  0 .4 % .  
L o ts  5 a n d  6  w e re  fe d  a  b a s a l r a t io n  i n  
w h ic h  th e  p h o s p h o ru s  h a d  e it h e r  b e e n  d e 
c re a s e d  to  0 .2 2 %  ( l o t  5 )  o r  in c re a s e d  to  
0 .9 %  ( l o t  6 )  w i t h  th e  c a lc iu m  le v e l h e ld  
c o n s ta n t  a t  0 .6 % .  T h e  v a r ia t io n s  i n  th e  
d ie ta r y  c o n te n t  o f  m a g n e s iu m ,  c a lc iu m ,  
a n d  p h o s p h o ru s  w e re  a c h ie v e d  b y  a d ju s t 
in g  th e  q u a n t i t ie s  o f  d ie ta r y  a n h y d ro u s  
m a g n e s iu m  s u lfa te ,  c a lc iu m  c a rb o n a te ,  d i 
s o d iu m  p h o s p h a te ,  a n d  s u c ro s e . T h e  t im e  
o f  a p p e a ra n c e  o f  th e  a c u te  s ta g e  o f  th e  
m a g n e s iu m  d e f ic ie n c y  s y n d ro m e  v a r ie d  
b e tw e e n  l i t t e r s  i n  a  g iv e n  d ie ta r y  lo t  p r o b 
a b ly  as a  r e s u l t  o f  d if fe re n c e s  i n  s u c h  f a c 
to r s  as a v e ra g e  w e ig h t  a n d  a ge  a t  w e a n in g ,  
a n d  th e  e x p e c te d  s ize  a t  m a tu r i t y .  F o r  t h is  
re a s o n , th e  d u r a t io n  o f  in ta k e  o f  th e  e x p e r i 
m e n ta l  d ie ts  w a s  v a r ie d  b e tw e e n  5 to  11 
w e e k s , a n d  a n  e n t i r e  U t te r  w a s  s a c r if ic e d  
w h e n  th e  c o n d i t io n  o f  th e  m o s t  s e v e re ly  
a f fe c te d  p u p  in  th e  U t te r  w a s  ju d g e d  to  be  
a c u te .

T h e  c h a r a c te r is t ic  v is ib le  s y n d ro m e  o f  
lo w -m a g n e s iu m  in ta k e  i n  th e  w e a n h n g  
d o g , t h a t  is ,  a n o re x ia ,  m u s c le  w e a k n e s s , 
a n d  o c c a s io n a l a ta x ia  a n d  c o n v u ls io n s ,  
o c c u r re d  w i t h in  th r e e  to  s ix  w e e k s  i n  a l l  
p u p s  fe d  a  lo w - m a g n e s iu m  d ie t  in d e p e n d 
e n t  o f  th e  c a lc iu m  o r  p h o s p h o ru s  c o n te n t  
o f  th e  r a t io n .  T h e  r a te  o f  a p p e a ra n c e  o f  
th e s e  s y m p to m s  w a s  g e n e r a l ly  a c c e le r 
a te d  i n  th e  a n im a ls  i n  lo t  6  ( b a s a l  r a t io n ,  
0 .9 %  p h o s p h o r u s ) ,  a n d  r e ta r d e d  i n  lo t  5 
( b a s a l  r a t io n ,  0 .2 2 %  p h o s p h o r u s ) .  T h e  
r a te  o f  g a in  i n  w e ig h t  d id  n o t  v a r y  s ig n i f i 
c a n t ly  w i t h  v a r ia t io n s  i n  d ie ta r y  c a lc iu m  
a n d  p h o s p h o ru s  a lth o u g h  g r o w th  w a s  r e 
ta r d e d  i n  a l l  g ro u p s  c o m p a re d  to  lo t  2  ( 1 8 0  
p p m ) .

P o s tm o r te m  in s p e c t io n  o f  th e  a o r ta s  r e 
v e a le d  1 0 0 %  in c id e n c e  o f  le s io n s  in  a n i 
m a ls  t h a t  re c e iv e d  lo w  m a g n e s iu m  ( 8 0  
p p m  lo t  1 ) ,  lo w  m a g n e s iu m ,  h ig h  c a lc iu m  
( l o t  4 ) ,  a n d  lo w  m a g n e s iu m  a n d  h ig h  
p h o s p h o ru s  ( l o t  6 ) .  L e s io n s  w e re  o b s e rv e d  
i n  4  o f  6  p u p s  i n  lo t  3 ( b a s a l  r a t io n ,  lo w  
c a lc iu m ) ,  a n d  4  o f  7 i n  lo t  5  ( b a s a l  r a t io n ,  
lo w  p h o s p h o r u s ) .  I n  th e  la t t e r ,  b o th  th e  
s ize  a n d  n u m b e r  o f  th e  le s io n s  w e re  g re a t ly  
re d u c e d ,  a n  o b s e r v a t io n  s u p p o r te d  b y  th e

re s u lts  o f  c h e m ic a l  a n a ly s e s . N o  le s io n s  
w e re  d e te c te d  i n  th e  lo t  2  a n im a ls  fe d  1 8 0  
p p m  o f  m a g n e s iu m .

T h e  re s u lts  o f  th e  a o r ta  a n d  s e ru m  a n a l
yse s  a re  p re s e n te d  i n  ta b le  1. T h e  a v e ra g e  
a o r t ic  c a lc iu m  i n  th e  lo t  2  a n im a ls  w a s  
9 5  m g  p e r  1 0 0  g m  o f  d r y  t is s u e .  A  s ix f o ld  
in c re a s e  to  5 6 0  m g  p e r  1 0 0  g m  o f  d r y  t i s 
su e  w a s  o b s e rv e d  i n  t h e i r  l i t te r m a te s  i e d  
th e  lo w - m a g n e s iu m  b a s a l r a t io n .  R e d u c 
t io n  o f  th e  d ie ta r y  c a lc iu m  h a d  a  s l ig h t  
e f fe c t  s in c e  a n  a v e ra g e  f iv e fo ld  in c re a s e  
o v e r  th e  c o n t r o l  le v e l w a s  n o te d  i n  th e  lo t
3 a n im a ls  e v e n  th o u g h  v is ib le  le s io n s  h a d  
n o t  b e e n  d e te c te d  i n  tw o  o f  th e  6  p u p s  o f  
th e  lo t .  A  te n fo ld  in c re a s e  i n  a o r t ic  c a l
c iu m  w a s  o b s e rv e d  i n  th e  p u p s  o f  lo t  4  
fe d  lo w  m a g n e s iu m ,  h ig h  c a lc iu m .

V a r ia t io n  i n  th e  d ie ta r y  p h o s p h o ru s  le v e l 
p ro d u c e d  m o re  d r a m a t ic  re s u lts .  A l t h o u g h  
s m a l l  le s io n s  w e re  v is ib le  i n  th e  a o r ta s  o f
4  o f  7  p u p s  i n  lo t  5 ( b a s a l r a t io n ,  lo w  p h o s 
p h o ru s  ) ,  th e  a m o u n t  o f  c a lc iu m  a c c u m u la 
t io n  i n  th e  a o r ta  w a s  to o  s m a l l  to  ra is e  th e  
g ro u p  a v e ra g e  a b o ve  th e  n o r m a l  v a lu e  o f  
a sh  a n d  C a. E le v a t io n  o f  th e  d ie ta r y  p h o s 
p h o ru s  o f  th e  b a s a l r a t io n  to  0 .9 %  re s u lte d  
i n  a  1 3 - fo ld  in c re a s e  o v e r  n o r m a l  i n  th e  
a o r t ic  c a lc iu m  v a lu e s  o f  th e  a n im a ls  i n  lo t
6 . T h e  a v e ra g e  a o r t ic  t o t a l  a s h  a n d  p h o s 
p h o ru s  c o n te n t  v a r ie d  i n  th e  s a m e  d ir e c t io n  
as th e  c a lc iu m  v a lu e s  b u t  w i t h  le s s e r  o rd e rs  
o f  m a g n itu d e .  N o  c h a n g e s  w e re  d e te c te d  
in  th e  a v e ra g e  a o r t ic  e th e r  e x t r a c t .

T h e  a v e ra g e  s e r u m  m a g n e s iu m  le v e ls  
w e re  d e p re s s e d  i n  a l l  5  g ro u p s  fe d  a  lo w -  
m a g n e s iu m  r a t io n  b u t  n o  c o r r e la t io n  w a s  
see n  b e tw e e n  th e  t e r m in a l  s e r u m  m a g 
n e s iu m  a n d  a o r t ic  c a lc iu m  v a lu e s  w i t h  th e  
e x c e p t io n  o f  lo t  5  ( b a s a l  r a t io n ,  lo w  p h o s 
p h o r u s ) .  T h e  m a jo r i t y  o f  th e s e  a n im a ls  
h a d  s e ru m  m a g n e s iu m  v a lu e s  a b o ve  1 .0  m g  
p e r  1 0 0  m l  a n d  t h is  g ro u p  d is p la y e d  b o th  
th e  h ig h e s t  a v e ra g e  s e ru m  m a g n e s iu m  a n d  
th e  lo w e s t  a v e ra g e  a o r t ic  c a lc iu m  le v e l o f  
a n y  lo t  fe d  a lo w - m a g n e s iu m  d ie t .  A  s l ig h t  
e le v a t io n  o f  s e ru m  in o r g a n ic  p h o s p h o ru s  
a n d  d e p re s s io n  o f  s e ru m  c a lc iu m  a p p e a re d  
in  th e  a n im a ls  fe d  th e  lo w  m a g n e s iu m .  
T h e  a v e ra g e  c h a n g e s  w e re  g re a te s t  i n  th o s e  
g ro u p s  w h ic h  s h o w e d  th e  la r g e s t  a o r t ic  
m in e r a l  a c c u m u la t io n s  b u t  t h is  o b s e r
v a t io n  c o u ld  n o t  be  e x te n d e d  to  in d iv id u a l  
a n im a ls .  S e ru m  to ta l  c h o le s te r o l le v e ls
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TABLE 1
Effect of variation in dietary magnesium, calcium, and phosphorus on aortic, serum1 mineral and on

serum cholesterol content

Lot
No. of animals/lot 
Dietary magnesium, ppm 
Dietary calcium, % 
Dietary phosphorus, %

1
6

80
0.6
0.4

2
7

180
0.6
0.4

3
6

80
0.3
0.4

4
7

80
0.9
0.4

5
7

80
0.3
0.22

6
6
80
0.6
0.9

No of animals showing 
aortic lesions 6 0 4 7 4 6

Average ash,
% dry-weight 3.07 ± 0 .6 2

Aorta analyses2 

2.00 ± 0 .0 9  2.80 ± 0 .4 9 3.65 ± 0 .6 2 2.01 ± 0 .0 7 5 .3 2 ±  1.17
Average calcium, m g/ 

100 gm dry tissue 560 ± 2 5 5 95 ±  19 445 ±  202 950 ± 3 3 0 90 ± 3 0 1300 ± 2 8 0
Average phosphorus, m g/ 

100 gm dry tissue 690 ± 2 3 0 290 ± 2 2 530 ± 1 0 6 820 ± 1 4 3 3 7 0 ± 4 3 1030 ± 26 1
Average ether extract, 

% dry-weight 10 ±  2 1 2 ± 3 7 ±  3 6 ±  1 8 ±  2 10 ±  2

Average magnesium, 
m g/100 ml 1.2 ± 0 .2

Serum analyses2 

1 .8 ± 0 .2  0.7 ±  0.2 1.2 ±  0.2 1.4 ±  0.3 0 .9 ± 0 .1
Average calcium, 

m g/100 ml 10.5 ± 1 .4 11.7 ±  0.7 9.1 ± 0 .8 8.8 ± 0 .5 10.5 ±  0.9 8.5 ±  0.9
Average inorganic phos

phorus, m g/100 ml 8.8 ± 0 .6 7.3 ± 0 .6 8.6 ±  0.7 9.8 ±  0.7 7.9 ± 0 .4 9.8 ± 0 .5
Average total cholesterol, 

m g/100 ml 330 ± 2 4 340 ± 3 3 300 ± 3 4 270 ± 2 3 300 ± 4 4 250 ± 3 3

1 Terminal samples taken after 5 to 11 weeks on experiment.
2 Mean ±  standard error.

w e re  n o t  a f fe c te d  b y  c h a n g e s  i n  d ie ta r y  
m a g n e s iu m ,  c a lc iu m ,  o r  p h o s p h o ru s .

T h e s e  d a ta  in d ic a te  t h a t  th e  le v e l o f  
d ie ta r y  p h o s p h o ru s  e x e r te d  a  d e f in i t e  i n 
f lu e n c e  u p o n  th e  re s p o n s e  o f  th e  w e a n l in g  
d o g  to  a  lo w - m a g n e s iu n r  d ie t .  I t  is  r e a 
s o n a b le  to  s u g g e s t,  th e r e fo r e ,  t h a t  th e  m a g 
n e s iu m  r e q u i r e m e n t  o f  th e  p u p  v a r ie s  w i t h  
th e  le v e l  o f  d ie ta r y  p h o s p h o ru s  as h a s  b e e n  
r e p o r te d  to  o c c u r  i n  th e  g u in e a  p ig  ( O ’D e l l  
e t a l. ,  ’6 0 )  a l t h o u g h  a lte r n a t iv e  e x p la n a 
t io n s  a re  p o s s ib le .  A n  in c re a s e  i n  th e  d ie 
t a r y  c a lc iu m  le v e l f r o m  0 .6  to  0 .9 %  c a u s e d  
a n  in c r e a s e  i n  th e  a v e ra g e  a m o u n t  o f  a o r t ic  
a s h , c a lc iu m  a n d  p h o s p h o ru s ,  b u t  d id  n o t  
a f fe c t  o th e r  c r i t e r ia .  R e d u c t io n  o f  th e  c a l
c iu m  c o n te n t  o f  th e  lo w - m a g n e s iu m  r a t io n  
to  0 .3 %  w a s  o f  l i t t l e  b e n e f it .

E ffe c t  o f  va ria tion  in  d ieta ry  fa t 
an d  ch o le s te ro l

T h re e  l i t t e r s  o f  w e a n l in g  p u p s  w e re  d is 
t r ib u te d  in t o  5 g ro u p s  o f  4 , 4 , 3 , 4 , a n d  4  
a n im a ls  e a c h  f o r  t h is  in v e s t ig a t io n .  L o t  1 
a n im a ls  w e r e  fe d  th e  b a s a l r a t io n  c o n ta in 

in g  8 0  p p m  o f  m a g n e s iu m ,  8 %  o f  f a t ,  a n d  
n o  a d d e d  c h o le s te r o l o r  c h o l ic  a c id .  T h e  
r e m a in in g  g ro u p s  w e re  fe d  th e  b a s a l r a t io n  
w i t h  th e  f o l lo w in g  m o d i f ic a t io n s :  l o t  2 , 
2 0 %  o f  f a t ;  lo t  3 , 2 0 %  o f  f a t  +  1 %  o f  
c h o le s te r o l +  0 .3 %  o f  c h o l ic  a c id ;  l o t  4 , 
2 0 %  o f  f a t  + 1 8 0  p p m  o f  m a g n e s iu m ;  a n d  
lo t  5 , 1 8 0  p p m  o f  m a g n e s iu m .  T h e  f a t  w a s  
a d d e d  as s ta b i l iz e d  w h i t e  g re a s e 3 a t  th e  e x 
p e n s e  o f  s u c ro s e . T h e  a n im a ls  w e r e  k i l le d  
a f t e r  8  w e e k s  o f  a d  l i b i t u m  c o n s u m p t io n  
o f  th e  v a r io u s  r a t io n s ,  a n d  th e  b lo o d  a n d  
a o r ta s  a n a ly z e d .

T h e  p u p s  i n  lo ts  4  a n d  5  w e re  f re e  f r o m  
a l l  d e f ic ie n c y  s y m p to m s  a n d  s h o w e d  g o o d  
w e ig h t  g a in s  t h r o u g h o u t  th e  e n t i r e  e x p e r i 
m e n ta l  p e r io d .  A l l  h a d  m o re  th a n  d o u b le d  
t h e i r  a v e ra g e  i n i t i a l  w e ig h t  o f  3 ,0 0 0  g m  b y  
th e  8 th  w e e k . T h e  a n im a ls  fe d  th e  m a g 
n e s iu m - lo w  r a t io n  ( lo t s  1 ,2 ,  a n d  3 ) s h o w e d  
a n  in c re a s e  i n  w e ig h t  c o m p a r a b le  to  th e  
p o s it iv e  c o n t r o ls  f o r  th e  f i r s t  th r e e  w e e k s . 
A t  t h a t  t im e ,  h o w e v e r ,  t h e i r  w e ig h t  g a in

3 A product o f Oscar Mayer and Company, Madison, 
Wisconsin.
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p r a c t ic a l ly  c e a s e d  a n d  a  c o n s ta n t  w e ig h t  o f  
a p p r o x im a te ly  5 ,0 0 0  g m  w a s  m a in ta in e d  
a f t e r  th e  5 th  w e e k .  M u s c u la r  w e a k n e s s ,  
o c c a s io n a l c o n v u ls io n s  a n d  a ta x ia  w e re  
o b s e rv e d  i n  th e s e  g ro u p s ;  h o w e v e r ,  n o  
d if fe re n c e s  w e re  d e te c te d  b e tw e e n  th e  
g ro u p s  fe d  lo w  m a g n e s iu m  b u t  d i f f e r e n t  
le v e ls  o f  f a t  o r  c h o le s te ro l.

I n s p e c t io n  o f  th e  t h o r a c ic  a o r ta  r e 
v e a le d  th e  p re s e n c e  o f  th e  c h a r a c te r is t ic  
m in e r a l iz e d  le s io n s  i n  10  o f  th e  11 p u p s  
f r o m  lo ts  1 , 2 , a n d  3 ;  th e  o n e  e x c e p t io n  
o c c u r re d  i n  g ro u p  3 fe d  th e  h ig h  f a t ,  h ig h  
c h o le s te ro l.  N o  a b n o r m a l i t ie s  w e re  s e e n  i n  
th e  p o s it iv e  c o n t r o l  lo ts .  S ta in in g  o f  th e  
a o r ta s  w i t h  S u d a n  I V  f a i le d  to  d e m o n s t ra te  
th e  p re s e n c e  o f  a th e r o m a to u s  a re a s  b u t  a n  
e x p e r im e n ta l  p e r io d  i n  e xc e ss  o f  8  w e e k s  
is  g e n e r a l ly  r e q u ir e d  f o r  th e  p r o d u c t io n  o f  
s u c h  le s io n s  i n  th e  d o g  fe d  h ig h  f a t ,  h ig h  
c h o le s te ro l.

T h e  a v e ra g e  a o r t ic  c a lc iu m ,  p h o s p h o ru s ,  
a n d  p e rc e n ta g e  o f  a s h  ( t a b le  2 )  w a s  lo w e r  
i n  th e  a n im a ls  f r o m  lo ts  2  a n d  3  as c o m 
p a re d  w i t h  th o s e  i n  lo t  1. T h e  s ig n if ic a n c e  
o f  t h is  o b s e r v a t io n  is  d o u b t f u l  i n  v ie w  o f  
th e  s m a l l  n u m b e r  o f  a n im a ls  in v o lv e d  a n d  
th e  w id e  v a r ia t io n  i n  i n d iv id u a l  v a lu e s .  A  
d e p re s s io n  i n  b lo o d  s e ru m  m a g n e s iu m  a n d  
c a lc iu m  a n d  a n  e le v a t io n  o f  b lo o d  s e ru m

in o r g a n ic  p h o s p h o ru s  w a s  se e n  i n  th e  lo w -  
m a g n e s iu m  fe d  p u p s  b u t  th e s e  c h a n g e s  
w e re  n o t  a lte re d  b y  th e  d ie ta r y  f a t  c o n te n t .  
T o ta l  s e r u m  c h o le s te r o l v a lu e s  w e r e  e le 
v a te d  w i t h  th e  h ig h - f a t  d ie ts  a n d  ro s e  e v e n  
h ig h e r  w i t h  th e  c h o le s te r o l- s u p p le m e n te d  
d ie t  b u t  th e s e  c h a n g e s  a p p e a re d  to  b e  i n 
d e p e n d e n t  o f  th e  le v e l o f  d ie ta r y  m a g 
n e s iu m .

A n  e le v a t io n  o f  d ie ta r y  f a t  f r o m  8  to  
2 0  %  d id  n o t  a d v e rs e ly  a f fe c t  e i t h e r  th e  r a te  
o f  a p p e a ra n c e  o r  s e v e r ity  o f  th e  m a g n e 
s iu m  d e f ic ie n c y  s y n d ro m e  i n  th e  w e a n l in g  
d o g , n o r  th e  c h a n g e s  i n  s e r u m  a n d  a o r t ic  
m in e r a ls  a s s o c ia te d  w i t h  th e  d e f ic ie n c y .  
S u p p ly in g  1 8 0  p p m  o f  m a g n e s iu m  w a s  
f o u n d  to  y ie ld  n o r m a l  g r o w th  a t  b o th  le v e ls  
o f  d ie ta r y  f a t .

E ffe c t  o f  ch o le s te ro l and  a ge on  
m a g n es iu m  req u irem en ts  

in  dogs

Y o u n g  m a tu r e  B e a g le  d o g s  r a n g in g  f r o m  
7 to  8  m o n th s  o f  a g e  w e re  u s e d  i n  th e  f i r s t  
e x p e r im e n t .  T w o  g ro u p s  o f  th re e  d o g s  w e re  
fe d  8 0  p p m  a n d  1 8 0  p p m  o f  m a g n e s iu m  
a n d  tw o  g ro u p s  o f  4  w e re  fe d  r e p l ic a te s  o f  
th e  d ie ts  w i t h  th e  a d d i t io n  o f  2 %  o f  c h o le s 
te r o l  a n d  0 .3 %  o f  c h o l ic  a c id .  T h e s e  d o g s  
w e re  fe d  t h e i r  r e s p e c t iv e  d ie ts  f r o m  1 2  to

TABLE 2

Effect of variation in dietary fat and cholesterol on aortic, serum, mineral 
and serum cholesterol1 content

Lot 1 2 3 4 5
Dietary magnesium, ppm 80 80 80 180 180
Dietary fat, % 8 20 20 20 8
Cholesterol-cholic acid — — + — —

No. of animals per lot 4 4 3 4 3

No. of animals showing
aortic lesions 4 4 2 0 0

Aorta analyses2
Average ash, % dry-weight 
Average calcium, m g/100 gm

3.28 ±  0.50 2.58 ± 0 .4 0 2 .2 9±0 .1 3 2.27 ±  0.10 2.17 ±  0.08

dry tissue
Average phosphorus, m g/100 gm

526 ± 1 7 5 286 ± 1 3 5 178 ± 6 0 5 5 ±  10 56 ± 8

dry tissue 529 ± 1 5 3 341 ± 6 0 292 ± 3 5 256 ± 1 9 269 ±  15

Serum analyses2
Average magnesium, m g/100 ml 0.9 ± 0 .2 0.7 ±  0.1 0.9 ± 0 .1 1 .5 ±0 .1 1.6 ± 0 .1
Average calcium, m g/100 ml 
Average inorganic phosphorus

7.9 ± 0 .8 7.6 ± 0 .7 7.4 ± 0 .7 13.1 ±  0.3 1 2 .0 ± 0 .7

m g/100 ml 9.3 ± 0 .3 9.9 ±  0.2 9.9 ±  0.3 8.9 ± 0 .1 9.1 ±  0.1
Average total cholesterol, m g/100 ml 280 ± 2 0 330 ± 2 5 446 ±  28 376 ± 3 2 326 ±  27

1 Terminal samples taken after 8 weeks on experiment.
2 Mean +  standard error.
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TABLE 3
Effect of cholesterol and cholic acid on blood serum and aorta composition

in mature dogs

Lot no.
Serum1 Aorta1 Bone1

MgMg P Choles
terol Ca Mg P

mg/100 ml serum mg/100 gm dry aorta mg/100 gm

1 80 ppm Mg 0.5±0.1 7 .2 ±  0.3 238 ±5 1 72 ± 5 31 ± 2 314 ± 2 6 257 ± 6 4
2 80 ppm Mg +  choies-

terol and cholic acid 0.7 ±  0.1 5 .5±  1.7 476 ± 3 7 54 ± 1 0 3 8 ±  11 276 ± 1 4 363 ± 3 8
3 180 ppm Mg 2 .0 ±  0.7 5.8 ±  0.2 199 ±3 1 75 ± 5 34 ± 3 265 ± 2 357 ± 9 8
4 180 ppm Mg +  choies-

terol +  cholic acid 1.5 ±  0.4 5.8 ±0 .4 363 ±2 1 74 ± 2 35 ± 3 297 ± 1 9 434 ± 7 8
1 Mean ±  standard error.

2 3  w e e k s . W e a k n e s s  o f  th e  h in d  le g s  a n d  
c o n v u ls io n s  w e re  o b s e rv e d  o n ly  i n  d o g s  fe d  
th e  d ie t  c o n ta in in g  8 0  p p m  o f  m a g n e s iu m  
w i t h  th e  a d d i t io n  o f  c h o le s te r o l a n d  c h o l ic  
a c id  a f t e r  th e  1 7 th  w e e k .  T h e  a n a ly t ic a l  
d a ta  a re  p re s e n te d  i n  ta b le  3 . N o  a o r t ic  
a b n o r m a l i t y  o r  c a lc i f ic a t io n  w a s  o b s e rv e d  
in  a n y  o f  th e  d o g s . A o r t ic  a s h  p e rc e n ta g e s  
i n  a l l  4  lo ts  w e re  e s s e n t ia l ly  th e  s a m e . 
C h e m ic a l  a n a ly s is  s h o w e d  n o  c h a n g e  i n  
a o r t ic  c a lc iu m .

I n  th e  ca s e  o f  s e r u m  m a g n e s iu m ,  c o n 
t r o l  lo ts  fe d  8 0  p p m  o f  m a g n e s iu m  r e g is 
te re d  le ss  t h a n  0 .8  m g  p e r  1 0 0  m l  m a g n e 
s iu m ,  w h e re a s  th o s e  fe d  a d e q u a te  le v e ls  
a v e ra g e d  a p p r o x im a te ly  1 .5  to  2  m g  p e r  
1 0 0  m l.  S e r u m  p h o s p h a te  w a s  in c re a s e d  
i n  l o t  1 a n im a ls  w i t h  re s p e c t  to  th e  o th e r  
lo ts .  C h o le s te r o l- c h o l ic  a c id  s u p p le m e n ta 
t io n  in c r e a s e d  th e  s e r u m  c h o le s te r o l le v e l 
b y  t w o fo ld  i n  d o g s  fe d  a  lo w - m a g n e s iu m  
d ie t .  T h is  e f fe c t  w a s  re d u c e d  b y  a n  a d e 
q u a te  le v e l  o f  m a g n e s iu m .

T h e  re d u c e d  s e r u m  c h o le s te r o l i n  l o t  4  
a n im a ls  as  c o m p a r e d  to  th o s e  i n  l o t  2  a n d  
th e  a p p e a ra n c e  o f  m a g n e s iu m  d e f ic ie n c y  
s y m p to m s  o n ly  i n  l o t  2  a re  s u g g e s t iv e  o f  
a  r e la t io n s h ip  b e tw e e n  c h o le s te r o l- c h o l ic  
a c id  a n d  m a g n e s iu m  m e ta b o l is m  i n  th e  
m a tu r e  d o g .

A  s e c o n d  e x p e r im e n t  w a s  m a d e  u s in g  
tw o  g ro u p s  o f  d o g s  r a n g in g  i n  a ge  f r o m  1 .5  
y e a rs  to  7 y e a rs  o f  a ge . T h e  r a t io n s  w e re  
th e  s a m e  as u s e d  i n  o th e r  e x p e r im e n ts ,  th e  
lo w - m a g n e s iu m  o n e  c o n ta in in g  8 0  p p m  
a n d  th e  p o s i t iv e  c o n t r o l ,  1 8 0  p p m . T h e s e  
d o g s  w e re  fe d  t h e i r  e x p e r im e n ta l  d ie ts  f o r  
9  to  2 3  w e e k s . B o d y  w e ig h t  m a in te n a n c e  
w a s  d e p re s s e d  i n  th o s e  d o g s  fe d  th e  lo w -

m a g n e s iu m  d ie t .  S e v e n  a n im a ls  fe d  th e  
lo w - m a g n e s iu m  b a s a l r a t io n  h a d  a n  a v e r 
a ge  i n i t i a l  w e ig h t  o f  8 ,7 7 4  g m  c o m p a re d  
w i t h  6 ,3 3 6  a t  th e  t im e  th e  e x p e r im e n ts  
w e re  te r m in a te d .  T h e  i n i t i a l  w e ig h t  o f  th e  
7  c o n t r o l  d o g s  r e c e iv in g  1 8 0  p p m  o f  m a g 
n e s iu m  w a s  8 ,2 8 0  g m  o n  th e  a v e ra g e  as 
c o m p a r e d  w i t h  t h e i r  f i n a l  a v e ra g e  w e ig h t  
o f  7 ,3 6 0  g m . T h e r e  w a s  n o  d if fe r e n c e  i n  
th e  s e r u m  c a lc iu m  a n d  p h o s p h o ru s  o f  th e s e  
d o g s . T h e  m a g n e s iu m  c o n te n t  o f  th e  se
r u m  a v e ra g e d  0 .9 5  m g  p e r  1 0 0  m l  f o r  th e  
lo w - m a g n e s iu m  g ro u p  a s  c o m p a r e d  w i t h  a 
s e ru m  m a g n e s iu m  c o n te n t  o f  2 .7  m g  p e r  
1 0 0  m l  i n  th o s e  r e c e iv in g  1 8 0  p p m . L ik e 
w is e  th e  a v e ra g e  c h o le s te r o l w a s  h ig h  in  
th e  lo w - m a g n e s iu m - fe d  d o g s  ( 2 7 1  m g  p e r  
1 0 0  m l )  i n  c o m p a r is o n  w i t h  th e  a v e ra g e  o f  
th e  c o n t r o ls  ( 2 0 3  m g  p e r  1 0 0  m l ) .  T h e  
a o r t ic  a s h , c a lc iu m ,  a n d  p h o s p h o ru s  w a s  
s im i la r  i n  b o th  lo ts .  O n ly  o n e  a n im a l  o u t  
o f  th e  7  i n  th e  lo w - m a g n e s iu m  g ro u p  
s h o w e d  a n y  in d ic a t io n  o f  a o r t ic  a b n o r 
m a l i t ie s .  S h e  w a s  a  2 .5 -y e a r -o ld  d o g  in  
w h ic h  a  f e w  c a lc i f ie d  s p o ts  w e re  o b s e rv e d  
o n  th e  a o r ta .

S tudies w ith  o th er  n u tr ien ts

T h e  e f fe c t  u p o n  th e  m a g n e s iu m  d e f i
c ie n c y  s y n d ro m e  o f  s e v e ra l o th e r  s u b 
s ta n c e s  w a s  in v e s t ig a te d  i n  th e  s a m e  m a n 
n e r  as b e fo r e ,  u s in g  4  to  6  a n im a ls  p e r  lo t .  
T h e  a d d i t io n  o f  0 .1 7 %  o f  e i t h e r  in o r g a n ic  
o r  e le m e n ta l s u l f u r  w a s  w i t h o u t  e f fe c t  
u p o n  th e  p r e v io u s ly  l is te d  c r i t e r ia .  A  d a i ly  
s u p p le m e n t  o f  5 0  m g  o f  a s c o rb ic  a c id  o r  o f
2 .5  m g  o f  m e n a d io n e  p e r  a n im a l  w a s  a ls o  
w i t h o u t  e f fe c t .  E le v a t io n  o f  th e  p o ta s s iu m  
c o n te n t  o f  th e  lo w - m a g n e s iu m  d ie t  f r o m
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0 .6  to  1 .2 %  b y  a d d i t io n  o f  p o ta s s iu m  c a r 
b o n a te  lo w e re d  th e  a v e ra g e  a m o u n t  o f  
a o r t ic  c a lc iu m  a n d  p h o s p h o ru s  b u t  th e re  
w a s  w id e  in d iv id u a l  v a r ia t io n  a n d  th e  
b e n e f i t  d e r iv e d  f r o m  th is  s u p p le m e n t  w a s  
q u e s t io n a b le .  N o  e f fe c t  w a s  n o te d  u p o n  th e  
g e n e ra l c o n d i t io n  o r  w e ig h t  g a in  o f  th e  
p u p s  o r  o n  th e  re s u lts  o f  th e  s e r u m  d e te r 
m in a t io n s .

T h e  a d d i t io n  o f  2 5 0  p p m  o f  f lu o r in e  as 
s o d iu m  f lu o r id e  to  th e  lo w - m a g n e s iu m  
b a s a l r a t io n  c a u s e d  a  5 0  to  7 5 %  r e d u c t io n  
i n  w e ig h t  g a in  as c o m p a re d  w i t h  th e  
g r o w th  o f  l i t te r m a te s  fe d  th e  b a s a l r a t io n  
a lo n e  d u r in g  th e  f i r s t  th r e e  w e e k s  o n  e x 
p e r im e n t .  B o th  g ro u p s  f a i le d  to  g a in  a f t e r  
t h a t  t im e  w h e re a s  th e  g r o w th  o f  th e  p o s i
t iv e  c o n t r o l  a n im a ls  c o n t in u e d  in  a  n o r m a l  
p a t te r n .  A l th o u g h  c o n v u ls io n s  a n d  m u s c u 
l a r  w e a k n e s s  o c c u r re d  i n  th e  f lu o r id e - fe d  
a n im a ls  a n d  s e r u m  m a g n e s iu m  v a lu e s  
w e re  d e p re s s e d  to  1 .2  m g  p e r  1 0 0  m l ,  n o  
a o r t ic  le s io n s  w e re  o b s e rv e d  i n  th e s e  p u p s  
a n d  th e  c a lc iu m ,  p h o s p h o ru s  a n d  t o ta l  a sh  
c o n te n t  o f  th e  a o r ta s  w e re  a l l  w i t h i n  th e  
n o r m a l  ra n g e . I t  is  p o s s ib le  t h a t  th e  se ve re  
r e s t r ic t io n  o f  g r o w th  a n d  fo o d  in t a k e  in  
th e s e  a n im a ls  w a s  a n  im p o r t a n t  f a c t o r  i n  
p r e v e n t in g  th e  a c c u m u la t io n  o f  a o r t ic  m in 
e r a l t h a t  is  n o r m a l ly  a s s o c ia te d  w i t h  m a g 
n e s iu m  d e f ic ie n c y  i n  th e  w e a n l in g  p u p .

SUMMARY

T h e  e ffe c ts  o f  c e r ta in  d ie ta r y  fa c to r s  o n  
th e  m a g n e s iu m  d e f ic ie n c y  s y n d ro m e  o f  th e  
w e a n l in g  d o g  h a v e  b e e n  s tu d ie d .  B o th  e le 
v a t io n  o f  th e  d ie ta r y  c a lc iu m  f r o m  0 .6  to  
0 .9 %  a n d  e le v a t io n  o f  th e  d ie ta r y  p h o s 
p h o ru s  f r o m  0 .4  to  0 .9 %  w e re  n o te d  to  
in c re a s e  th e  s e v e r i ty  o f  th e  s y n d ro m e  w i t h  
th e  p h o s p h o ru s  e f fe c t  b e in g  th e  m o re  p r o 
n o u n c e d .  R e d u c t io n  o f  th e  d ie ta r y  p h o s 
p h o ru s  to  0 .2 2 %  w a s  o b s e rv e d  to  a l le v ia te  
th e  s y m p to m s  o f  m a g n e s iu m  d e f ic ie n c y  b u t  
n o  d if fe re n c e s  w e re  o b s e rv e d  f o l lo w in g  a  
r e d u c t io n  i n  th e  d ie ta r y  c a lc iu m  to  0 .3 %  .

S u p p le m e n ts  o f  v i t a m in  C , m e n a d io n e ,  
in o r g a n ic  s u lfa te ,  o r  e le m e n ta l  s u l f u r  w e re  
w i t h o u t  e f fe c t  o n  th e  m a g n e s iu m  d e f ic ie n c y  
s y n d ro m e .

A o r t ic  a s h , c a lc iu m ,  a n d  p h o s p h o ru s  
c o n te n t  w e re  s l ig h t ly  d im in is h e d  i n  th e  p u p  
b y  in c r e a s in g  th e  d ie ta r y  f a t  f r o m  8 to  
2 0 %  o r  b y  in c r e a s in g  th e  d ie ta r y  p o ta s 
s iu m  f r o m  0 .6  to  1 .2 %  . N o  r e l ie f  w a s  o b 

s e rv e d  w i t h  re s p e c t  to  th e  m u s c u la r  a n d  
n e rv o u s  s y m p to m s  o r  s e r u m  c h e m is t r y  
v a lu e s .  I n  m a tu r e  d o g s , th e  m a g n e s iu m  
r e q u ir e m e n t  a p p e a re d  to  f a l l  b e tw e e n  8 0  
a n d  1 8 0  p p m  a lth o u g h  a  m u c h  lo n g e r  d e 
p le t io n  p e r io d  w a s  n e c e s s a ry  t h a n  f o r  th e  
p u p .  T h e  d a ta  s u g g e s te d  a  r e la t io n s h ip  b e 
tw e e n  c h o le s te r o l- c h o l ic  a c id  a n d  m a g n e 
s iu m  m e ta b o l is m  i n  th e  m a tu r e  d o g .

A d d i t io n  o f  2 5 0  p p m  o f  f lu o r id e  to  th e  
lo w - m a g n e s iu m  b a s a l d ie t  r e s t r ic te d  fo o d  
in ta k e  a n d  g r o w th ,  a n d  p re v e n te d  th e  a p 
p e a ra n c e  o f  a o r t ic  le s io n s  a n d  th e  a c c u m u 
la t io n  o f  a o r t ic  m in e r a l ,  b u t  d id  n o t  p r e v e n t  
th e  o c c u r re n c e  o f  m u s c u la r  w e a k n e s s  a n d  
c o n v u ls io n s  o r  th e  d e p re s s io n  o f  s e ru m  
m a g n e s iu m .
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Liver Necrosis in Adult and Young Rats Fed a Protein- 
Free Diet Deficient in Vitarfiin E and the Effects of 
Certain Supplements and of Inanition* 1'2

MARIANNE GOETTSCH
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School of Medicine, San Juan, Puerto Rico

H ig h - p r o te in  d ie ts  h a v e  a  s t r ik in g  p r o 
te c t iv e  a c t io n  a g a in s t  h e p a to x ic  a g e n ts  
( M o is e  a n d  S m ith ,  ’2 4 ;  G o ld s c h m id t  e t  a l. ,  
’3 9 ) .  C y s t in e  a n d  m e th io n in e  a re  s p e c if ic  
f a c to r s  f o r  p r e v e n t in g  c h lo r o fo r m  l i v e r  i n 
j u r y  i n  p ro te in - d e p le te d  d o g s  ( M i l l e r  e t  a l. ,  
’4 0 ) .  V i t a m in  E  h a s  b e e n  r e p o r te d  (H o v e ,  
’4 8 )  to  p re v e n t  c a r b o n  te t r a c h lo r id e  p o is o n 
in g  i n  r a ts  r e c e iv in g  lo w - p r o te in  d ie ts .

W h e n  r a ts  t h a t  w e re  r a is e d  w i t h  a  v i t a 
m in  E - lo w  r a t io n  a re  fe d  c e r ta in  d ie ts  r e 
s t r ic te d  i n  p r o te in  a n d  v i t a m in  E ,  d ie ta r y  
l i v e r  d e g e n e r a t io n  d e v e lo p s . R a ts  t h a t  do  
n o t  d ie  w i t h  n e c r o t ic  l i v e r  d e v e lo p  c h r o n ic  
m u s c u la r  d y s t r o p h y  (G o e t ts c h ,  ’6 1 ) .  A lp h a -  
to c o p h e r o l p re v e n ts  b o th  l i v e r  a n d  m u s c le  
d is o rd e rs .  A m o n g  fa c to r s  w h ic h  p re v e n t  
l i v e r  n e c ro s is ,  b u t  n o t  m u s c u la r  d y s t ro p h y ,  
a re  s e le n iu m  (S c h w a r z  a n d  F o ltz ,  ’5 7 ) ,  c y s 
t in e ,  m e th io n in e  a n d  in c re a s e d  d ie ta r y  p r o 
te in .  T h e  m in im a l  a m o u n t  o f  p r o te in  r e 
q u ir e d  f o r  th e  in d u c t io n  o f  h e p a t ic  n e c ro s is  
is  u n k n o w n .

D u r in g  a  f a s t  o f  7 d a y s  i n  r a ts  ( A d d is  e t 
a l. ,  ’ 3 6 )  th e  l i v e r  lo s e s  4 0 %  o f  i t s  o r ig in a l  
p r o te in ,  w h e re a s  th e  lo sse s  f r o m  c a rc a s s  
( m u s c le ,  s k in  a n d  s k e le to n )  a re  o n ly  8 % .  
T h e  e f fe c t  o n  l i v e r  c y to p la s m  ( K o s te r l i t z ,  
’4 7 )  a n d  o n  m u s c le  f ib e rs  (R o c h e  a n d  H o e r -  
n e r ,  ’3 3 )  o f  f e e d in g  r a t s  a  p r o te in - f r e e  d ie t  
is  s im i la r  to  t h a t  o f  f a s t in g .  T h e r e  is  a t r o 
p h y  b u t  n o  c e l lu la r  d e g e n e ra t io n .

T h is  is  a r e p o r t  o n  th e  r a p id  in d u c t io n  o f  
d ie ta r y  n e c r o t ic  l i v e r  d e g e n e r a t io n  i n  a d u l t  
a n d  y o u n g  v i t a m in  E - d e f ic ie n t  r a ts  b y  p r o 
te in - f r e e  d ie ts ,  lo w  in  v i t a m in  E , th e  p r e 
v e n t io n  o f  t h is  c o n d i t io n  w i t h  c e r ta in  s u p 
p le m e n ts ,  a n d  th e  e f fe c t  o f  in a n i t io n .

EXPERIMENTAL

D iets . T h e  1 8 .4 %  c a s e in  d ie t  s h o w n  in  
ta b le  1, w h e n  s u p p le m e n te d  w i t h  v i t a m in

E , s u p p l ie d  th e  m in im a l  p r o te in  f o r  n o r m a l  
g r o w th ,  r e p r o d u c t io n  a n d  la c ta t io n  i n  th e  
r a t  (G o e t ts c h ,  ’6 0 ) .  T h e  p r o te in - f r e e  d ie t  
c o n ta in e d  m in e r a ls  a n d  v i t a m in s  b u t  n o  
a d d e d  p r o te in .  O n e  d ie t  c o n s is te d  o n ly  o f  
s u c ro s e . L -C y s t in e ,  D L - m e th io n in e  a n d  se
le n iu m  (a s  s o d iu m  s e le n i te )  w e re  in c o r 
p o ra te d  i n  th e  d ie ts  a n d  a - to c o p h e ry l a c e 
ta te ,  d is s o lv e d  i n  c o r n  o i l ,  w a s  g iv e n  o r a l ly .

P roced u re . T h e  p ro c e d u re  o f  G o e tts c h  
( ’6 1 )  w a s  fo l lo w e d .  T w o  g ro u p s  o f  y o u n g  
ra ts  w e re  fe d  th e  n e c ro g e n ic  d ie ts  f r o m  th e  
2 1 s t  d a y :  th o s e  o f  fe m a le s  re a r e d  a n d  b re d  
w i t h  th e  c o m m e r c ia l  p e l le t  r a t io n ;  a n d  
th o s e  o f  fe m a le s  re a r e d  w i t h  th e  c o m 
m e r c ia l  p e l le t  r a t io n  a n d  g iv e n  th e  v i t a 
m in  E - lo w  b r e e d in g  d ie t  ( c o n ta in in g  2 6 .6 %  
o f  c ru d e  c a s e in ,  1 6 .6 %  o f  y e a s t,  3 3 .3 %  o f  
c o r n s ta r c h ,  3 .4 %  o f  s a lt  m ix t u r e ,  1 8 .3 %  
o f  la r d  a n d  1 .8 %  o f  c o d  l i v e r  o i l )  d u r in g  
g e s ta t io n  a n d  la c ta t io n .  T h e  la t t e r  y o u n g  
c o n ta in e d  i n i t i a l  lo w  s to re s  o f  v i t a m in  E . 
A d u l t  v i t a m in  E - d e f ic ie n t  r a ts  v a r y in g  i n  
a ge  f r o m  6 5  to  1 2 0  d a y s  a n d  i n  b o d y  w e ig h t  
f r o m  7 0  to  2 0 0  g m , w e re  o b ta in e d  b y  p r o 
t e c t in g  y o u n g  r a ts  a g a in s t  n e c r o t ic  l i v e r  d e 
g e n e r a t io n  d u r in g  th e  e a r ly  g r o w th  p e r io d  
w i t h  c y s t in e  o r  m e th io n in e  s u p p le m e n ts  to  
th e  d ie ts  lo w  i n  b o th  v i t a m in  E  a n d  p r o te in  
o r  w i t h  th e  lo w  v i t a m in  E -a d e q u a te  p r o te in  
d ie t .

RESULTS AND DISCUSSION

P rep a ra tion  o f  ad u lt ra ts d e fic ien t in  
v ita m in  E. Y o u n g  v i t a m in  E - d e f ic ie n t  r a ts  
w e re  fe d  th e  lo w - p r o te in  d ie ts ,  w i t h  a n d  
w i t h o u t  s u p p le m e n ts  o f  L -c y s t in e  o r  o f  d l -
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m e th io n in e ,  a t  th e  c o n c e n t r a t io n s  s h o w n  
i n  ta b le  2 . T h e r e  w a s  a h ig h  in c id e n c e  o f  
n e c r o t ic  l i v e r  d e g e n e r a t io n  a m o n g  r a ts  fe d  
th e  u n s u p p le m e n te d  d ie ts  (G o e t ts c h ,  ’6 1 ) .  
T h e  s u l f u r - c o n t a in in g  a m in o  a c id s  p r o 
m o te d  g r o w th ,  p re v e n te d  l i v e r  n e c ro s is  i n  
tw o - th i r d s  o f  th e  a n im a ls  a n d  p ro lo n g e d  
th e  p e r io d  o f  s u r v iv a l  b e fo r e  th e  o n s e t  o f  
th e  l i v e r  d is o rd e r .  T h e  s u p p le m e n ts  w e re  
m o re  e f fe c t iv e  a t  h ig h e r  c o n c e n t r a t io n s  a n d  
c y s t in e  w a s  m o re  a c t iv e  th a n  m e th io n in e  
( W e ic h s e lb a u m ,  ’3 5 ;  G ly n n  e t  a l. ,  ’4 5 ) .  
T h e  l iv e r s  o f  r a t s  r e c e iv in g  c y s t in e  a p 

p e a re d  g ro s s ly  to  b e  m o re  f a t t y .  T e n  ra ts  
fe d  th e  1 8 .4 %  c a s e in  d ie t  g re w  n o r m a l ly  
(G o e t ts c h ,  ’6 0 ) .  C h r o n ic  m u s c u la r  d y s t r o 
p h y  a p p e a re d  a f t e r  6 0  d a y s  i n  a l l  o f  th e  
r a ts  t h a t  d id  n o t  d ie  w i t h  l i v e r  n e c ro s is .  
B o d y  w e ig h t  a n d  fo o d  in t a k e  d e c re a s e d  as 
th e  m u s c le  d is a b i l i t y  p ro g re s s e d .

O f  1 1 2  r a ts  ( t a b le  2 )  t h a t  re c e iv e d  th e  
s u l f u r - c o n t a in in g  a m in o  a c id s ,  3 9  d ie d  
w i t h  n e c r o t ic  l i v e r  d e g e n e r a t io n .  N in e 
te e n ,  o n e  o r  m o re  f r o m  e a c h  g ro u p ,  w e re  
u n d e r  o b s e r v a t io n  u n t i l  d e a th .  S in c e  th e  
a n im a ls  h a d  d i f f i c u l t y  i n  r e a c h in g  fo o d

TABLE 1
Composition of vitamin E-low diets

Constituents1
Adequate-

protein
18.4%
casein

Low-protein Protein-free, 
no added 
protein8.3% casein 15% yeast

parts parts parts parts
Crude casein2 18.4 8.3 — —

Yeast3 — — 15.0 —

Cornstarch 69.6 79.7 73.0 88.0
Salt mixture* 4.0 4.0 4.0 4.0
Lard5 6.0 6.0 6.0 6.0
Cod liver oil 2.0 2.0 2.0 2.0

1 Synthetic vitamins added as supplement to each kilogram o f adequate-protein (case in ), low- 
protein (casein ) and protein-free diets: ( in  m illigram s) thiam ine• HC1, 5; pyridoxine• HC1, 5; ribo
flavin, 10; niacin, 20; vitamin K, 5; PABA, 10; Ca pantothenate, 50; fo lic  acid, 4; and biotin, 0.4. 
H alf o f  the amount was added to the low-protein yeast diets.

2 Casein, Grade B-l-F Crude, Casein Company o f America, New York.
3 Types o f yeast used were Fleischmann, type 2019 and food yeast ( Torula utilis, no. 3, locally 

grown).
4 Salt mixture no. 2, USP, Nutritional Biochem icals Corporation, Cleveland.
5 Locally obtained lard that had obviously poor keeping qualities.

TABLE 2
Protective action of cystine, methionine or increased dietary protein against necrotic liver degeneration 

in young vitamin E-deficient rats fed low vitamin E, low-protein diets

Vitamin 
E-low diet

Supplement1
Number 
o f rats

Raits with necrotic liver 
Days o f survival

Substance % of 
diet Mean Range

15%  F le isch m a n n 0 16
%

100 10 5 -2 5
15%  F le isch m a n n L-cystine 0.30 26 35 26 1 1 -4 5
15%  F le isch m a n n L-cystine 0.60 6 17 19
15%  F le isch m a n n DL-m ethionine 0.37 12 75 38 2 5 -5 4
15%  F le isch m a n n DL-m ethionine 0.74 6 33 32 2 9 -3 4

15%  T oru la 0 9 100 13 5 -2 8
15%  T oru la L-cystine 0.15 7 57 46 2 0 -7 6
15%  T oru la L-cystine 0.30 9 11 74
15%  T oru la L-cystine 0.60 6 0
15%  T oru la DL-m ethionine 0.37 12 25 28 16 -3 3
15%  T oru la DL-m ethionine 0.74 6 33 26 2 4 -2 8

8 .3 %  C asein 0 12 92 10 5 -1 8
8 .3 %  C asein L-cystine 0.30 11 9 23
8 .3 %  C asein D L-m ethionine 0.37 11 64 29 1 9 -3 8

18 .4%  C asein 0 10 0

1 Concentrations o f L-cystine and DL-methionine on basis o f sulfur content.
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th e re  w a s  f r e q u e n t ly  a  t e r m in a l  p e r io d  o f  
in a n i t io n .  T h e  r a ts  d ie d  a f t e r  7 5  to  1 6 8  
d a y s  o f  fe e d in g ,  w i t h  n o r m a l  l i v e r  a n d  
s e v e re  m u s c u la r  d y s t ro p h y .  S u r v iv in g  Eats 
a n d  th o s e  fe d  th e  1 8 .4 %  c a s e in  d ie t  w e re  
o b s e rv e d  w i t h o u t  c h a n g e  i n  d ie t  f o r  6 5  to  
1 2 0  d a y s , a t  w h ic h  t im e  th e y  p re s e n te d  
m o d e ra te  c h r o n ic  m u s c u la r  d y s t ro p h y .  
T h e  b o d y  w e ig h t  o f  th e s e  a d u l t  v i t a m in  
E - d e f ic ie n t  r a t s  v a r ie d  f r o m  7 0  to  2 0 0  g m .

E ffe c t  o f  fe ed in g  th e  p ro te in -fr e e  d iet to  
ad ult ra ts, d e fic ien t in  v ita m in  E. T h e  
p r o te in - f r e e  d ie t ,  lo w  i n  v i t a m in  E  w a s  fe d  
to  th e  a d u l t  v i t a m in  E -d e f ic ie n t  ra ts .  M a n y  
o f  th e  r a ts  d ie d  i n  tw o  to  7 d a y s  ( t a b le  3 ) .  
T w e n ty - f iv e  o f  2 6  r a t s ,  g iv e n  c y s t in e  d u r in g  
th e  e a r ly  g r o w th  p e r io d ,  d ie d  a f t e r  a m e a n  
p e r io d  o f  5  ( 2  to  1 3 )  d a y s ;  o f  1 2  r a t s  t h a t  
h a d  b e e n  p ro te c te d  w i t h  m e th io n in e ,  a l l  
d ie d  a f t e r  2 8  ( 2  to  5 4  d a y s ) ;  8 o f  1 0  r a ts  
t h a t  h a d  b e e n  r e c e iv in g  th e  1 8 .4 %  c a s e in  
d ie t  d ie d  a f t e r  4 2  ( 1 2  to  6 1 )  d a y s . A t  
d e a th  th e  a n im a ls  p re s e n te d  m a r k e d  h e m 
o r r h a g ic  n e c ro s is  o f  th e  l i v e r  w i t h  m o d e r 
a te ly  f a t t y  c h a n g e s  a n d  se v e re  m u s c u la r  
d y s t ro p h y .

T h e  r e s u l ts  w i t h  th e  p r o te in - f r e e  d ie t  
d if f e r e d  f r o m  th o s e  o b s e rv e d  i n  r a ts  fe d  th e  
lo w - p r o te in  d ie ts  (G o e t ts c h ,  ’5 1 , ’6 1 ) .  W i t h  
lo w - p r o te in  d ie ts :  ( 1 )  th e  in c id e n c e  o f  
n e c r o t ic  l i v e r  d e g e n e r a t io n  w a s  o n ly  1 5 %  
i n  v i t a m in  E - d e f ic ie n t  r a t s  w i t h  a n  i n i t i a l  
b o d y  w e ig h t  o f  1 0 0  g m  a n d  th e  t im e  o f  
o n s e t  o f  th e  l i v e r  le s io n s  w a s  d e la y e d  to  a  
m e a n  o f  7 0  d a y s ;  ( 2 )  v i t a m in  E - d e f ic ie n t  
r a t s  t h a t  d id  n o t  d ie  w i t h  l i v e r  n e c ro s is  i n 
v a r ia b ly  d e v e lo p e d  se v e re  m u s c u la r  d y s t r o 
p h y  a n d  a t  d e a th  p re s e n te d  n o r m a l  l iv e r .

T h e  r a p id  d e v e lo p m e n t  o f  m a s s iv e  h e 
p a t ic  n e c ro s is  w a s  o b s e rv e d  b y  G ly n n  e t  a l.  
( ’4 5 )  i n  r a t s  fe d  a n  a m in o -a c id ,  s u l fu r - f r e e  
d ie t  a f t e r  th e  r a ts  h a d  ta k e n  a n  a m in o  a c id ,  
h ig h  m e th io n in e  o r  a  c a s e in  d ie t  f o r  a b o u t  
4  m o n th s .

S u p p lem en ta tion  o f  th e  p ro te in -fr e e  d iet 
w ith  c y s tin e  o r  m e th io n in e . S u p p le m e n ta 
t io n  o f  th e  p r o te in - f r e e  d ie t  w i t h  0 .3 0 %  o f  
L -c y s t in e  o r  0 .3 7 %  o f  D L - m e th io n in e  ( c o n 
c e n t r a t io n s  o n  th e  b a s is  o f  s u l f u r  c o n te n t )  
g a v e  l i t t l e  o r  n o  p r o te c t io n  to  a d u l t  v i t a 
m in  E - d e f ic ie n t  r a t s  ( ta b le  3 ) .  C y s t in e  a p 
p a r e n t ly  p ro te c te d  4  o f  11 r a t s  b u t  m e th io 
n in e  w a s  w i t h o u t  e f fe c t  i n  5 ra ts .  S e ve re  
m u s c u la r  d y s t r o p h y  w a s  n o te d  i n  a l l  o f  th e  
r a ts  a t  th e  t im e  o f  d e a th .  T h e s e  re s u lts  
in d ic a te  t h a t  u n d e r  th e  g iv e n  e x p e r im e n ta l  
c o n d i t io n s ,  h e p a t ic  n e c ro s is  i n  a d u l t  r a ts  is  
n o t  a s s o c ia te d  w i t h  th e  o m is s io n  o f  th e  
s u l f u r - c o n t a in in g  a m in o  a c id s  f r o m  th e  
d ie t .

N ecro t ic  liver  d eg en era tio n  in  y o u n g  
ra ts, d e fic ien t in  v ita m in  E , w ith  p ro te in -  
fr e e  d iets. A l l  o f  th e  r a ts  fe d  th e  p r o te in -  
f r e e  d ie ts  s h o w n  i n  ta b le  4  lo s t  b o d y  
w e ig h t .  T h e  in c id e n c e  o f  n e c r o t ic  l i v e r  d e 
g e n e r a t io n  a n d  th e  t im e  o f  s u r v iv a l  b e fo re  
th e  o n s e t  o f  le s io n s  w e re  s im i la r  to  th o s e  o f  
r a t s  r e c e iv in g  th e  lo w - p r o te in  d ie ts  ( ta b le  2 )  
a n d  w e re  d e p e n d e n t  u p o n  th e  i n i t i a l  s to re s  
o f  v i t a m in  E  i n  th e  y o u n g  r a t  (G o e tts c h ,  
’6 1 ) .  T w e lv e  r a ts ,  re a r e d  w i t h  p e lle ts ,  
d ie d  a f t e r  a  m e a n  p e r io d  o f  2 8  d a y s , w h e r e 
as 4 1  o f  4 3  y o u n g  r a ts  w i t h  lo w  i n i t i a l  
s to re s  o f  v i t a m in  E , d ie d  a f t e r  a m e a n  
p e r io d  o f  10  d a y s . T h e  l i v e r  p re s e n te d  
m a r k e d  h e m o r r h a g ic  n e c ro s is  w i t h  m o d e r -

TABLE 3

Effect of feeding the vitamin E-low protein-free diet, with and without supplements, to vitamin 
E-deficient adult rats that apparently had been protected against liver necrosis during the

early growth period

Protective agent 
during early 

growth period
Supplement to protein-free diet1 No. of 

rats

Rats with necrotic liver
Days of survival

Substance % of diet
Mean Range

%
Cystine 0 26 96 5 2-13
Methionine 0 12 100 28 2-54
Higher protein 0 10 80 42 12-61

Cystine L-cystine 0.30 11 64 27 5-41

Methionine DL-methionine 0.37 5 100 27 6-45

1 C oncen trations o f  L-cystine and DL-m ethionine on  basis o f  su lfu r content.
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TABLE 4

Effect upon young vitamin E-deficient rats of vitamin E-low protein-free diets, with and without
supplements, and of fasting

Diet
Supplement1

Substance % o f diet
No. of 
rats

Rats with necrotic liver 

Days o f survival 
Mean Range

Young reared with pellets•
Protein-free 0 12 100 28 21-35
Sucrose 0 12 0

Young with initial low stores of vitamin E
Protein-free 0 43 95 10 6-30
Sucrose 0 20 65 11 5-21
Protein-free a-tocopheryl acetate5 12 0
Protein-free selenium3 12 0
Protein-free L-cystine 0.30 9 78 21 12-34
Protein-free DL-methionine 0.37 9 100 28 11-47
Fasting 0 12 0

1 Concentrations of L-cystine and DL-methionine on basis of sulfur content.
2 Two milligrams per rat per week.
3 As sodium selenite, 0.5 ppm.

a te  f a t t y  c h a n g e s . A l th o u g h  p a re s is  h a d  
n o t  b e e n  n o te d  in  th e  y o u n g  r a ts  th e  m u s 
c le  w a s  d y s t r o p h ic .  T w o  o f  th e  4 3  r a t s  d ie d  
a f t e r  1 7  a n d  2 7  d a y s  w i t h  s e v e re  m u s c u la r  
d y s t r o p h y  a n d  n o r m a l  l iv e r .

S u c ro s e  w a s  fe d  to  y o u n g  r a ts  ( t a b le  4 ) .  
T w e lv e  ra ts ,  r e a r e d  w i t h  p e lle ts ,  d ie d  a f t e r  
a  m e a n  p e r io d  o f  2 8  d a y s  w i t h o u t  l i v e r  
n e c ro s is  o r  m u s c u la r  d y s t ro p h y .  O f  2 0  
y o u n g  r a ts  w i t h  i n i t i a l  lo w  s to re s  o f  v i t a 
m in  E , 13  d ie d  w i t h  t y p ic a l  h e p a t ic  n e c ro 
s is  a n d  7  s u r v iv e d  f o r  a  m e a n  p e r io d  o f  2 5  
d a y s  w i t h o u t  l i v e r  o r  m u s c le  le s io n s .  T h e  
r a ts  fe d  s u c ro s e  a te  le ss  th a n  th o s e  r e c e iv 
in g  th e  p r o te in - f r e e  d ie t .

S u p p lem en ta tio n  o f  th e  p ro te in -fr e e  d iet  
w ith  a -tocoph ero l. T w o  m i l l ig r a m s  o f  a- 
t o c o p h e r y l  a c e ta te  p e r  r a t  p e r  w e e k  ( ta b le
4 )  g a v e  c o m p le te  p r o te c t io n  a g a in s t  n e c ro 
t i c  l i v e r  d e g e n e r a t io n  i n  1 2  y o u n g  v i t a m in  
E - d e f ic ie n t  r a t s  fe d  th e  p r o te in - f r e e  d ie t .  
T h e y  s u r v iv e d  f o r  a  lo n g e r  t im e ,  3 2  to  5 6  
d a y s , t h a n  th e  r a t s  w i t h o u t  v i t a m in  E . 
T h e r e  w e re  m i ld  f a t t y  c h a n g e s  i n  th e  f iv e r  
a n d  s l ig h t  a t r o p h y  i n  th e  m u s c le  ( K o s te r -  
l i t z ,  ’4 7 ;  R o c h e  a n d  H o e m e r ,  ’3 3 ) .

S u p p lem en ta tio n  w ith  se len iu m . S u p 
p le m e n ta t io n  o f  th e  p r o te in - f r e e  d ie t  w i t h  
0 .5  p p m  o f  s e le n iu m  as  s o d iu m  s e le n ite  
( t a b le  4 )  p re v e n te d  n e c r o t ic  f iv e r  d e g e n e r 
a t io n  i n  1 2  y o u n g  v i t a m in  E - d e f ic ie n t  ra ts .  
T h e y  s u r v iv e d  f o r  2 2  to  3 2  d a y s  a n d  p r e 
s e n te d  n o r m a l  f i v e r  a n d  m u s c u la r  d y s t r o 

p h y  a t  d e a th .  T h e  re s u lts  w e re  s im i la r  to  
th o s e  w i t h  lo w - p r o te in  d ie ts  (G o e t ts c h ,  ’6 1 ) .

S u p p lem en ta tio n  w ith  c y s tin e  or  m e th i
on in e . S u p p le m e n ta t io n  o f  th e  p r o te in -  
f r e e  d ie t  w i t h  0 .3 0 %  o f  L -c y s t in e  o r  0 .3 7 %  
o f  D L - m e th io n in e  ( c o n c e n t r a t io n s  o n  th e  
b a s is  o f  s u l f u r  c o n t e n t )  ( t a b le  4 )  g a v e  
l i t t l e  o r  n o  p r o te c t io n  a g a in s t  n e c r o t ic  f iv e r  
d e g e n e r a t io n  to  y o u n g  v i t a m in  E - d e f ic ie n t  
ra ts .  S e v e n  o f  9  r a ts  r e c e iv in g  c y s t in e  a n d  
a l l  o f  th e  r a ts  ( 9 )  g iv e n  m e th io n in e  d ie d  in  
11 to  4 7  d a y s . H e m o r r h a g ic  f iv e r  n e c ro s is  
a n d  s e v e re  m u s c u la r  d y s t r o p h y  w e re  n o te d  
a t  d e a th .  T h e  f iv e r  o f  r a t s  fe d  c y s t in e  p r e 
s e n te d  m a r k e d  f a t t y  i n f i l t r a t i o n .  T h e  r e 
s u lts  w e re  s im i la r  to  th o s e  o b s e rv e d  in  
a d u l t  r a ts  ( t a b le  3 ) .

T h e  f a i lu r e  o f  c y s t in e  o r  o f  m e th io n in e  
to  p r e v e n t  f iv e r  n e c ro s is  i n  r a t s  fe d  th e  
p r o te in - f r e e  d ie t  w a s  n o t  i n  a g re e m e n t  
w i t h  th e  w e l l - k n o w n  p r o te c t iv e  a c t io n  o f  
th e  s u l f u r - c o n t a in in g  a m in o  a c id s  w i t h  c e r 
t a in  lo w - p r o te in  d ie ts  ( t a b le  2 ) .  T h e  p r o 
te c t iv e  e f fe c t  o f  c y s t in e  h a s  b e e n  a t t r ib u te d  
b y  S c h w a rz  a n d  c o -w o rk e rs  ( ’5 9 )  to  c o n 
t a m in a t io n  w i t h  t ra c e s  o f  a  F a c to r  3 -a c t iv e  
s e le n iu m  c o m p o u n d .  I t  is  p o s s ib le  t h a t  th e  
p r o te c t iv e  a c t io n  o f  c y s t in e  o r  m e th io n in e  
s u p p le m e n ts  to  th e  lo w - p r o te in  c a s e in  o r  
y e a s t  d ie ts  m a y  b e  a s s o c ia te d  w i t h  th e  i n 
c re a s e  i n  a v a i la b le  d ie ta r y  p r o te in .  R a ts  
fe d  th e  p r o te in - f r e e  d ie t  m e ta b o l iz e  b o d y  
p r o te in ,  w h ic h  th e o r e t ic a l ly  is  th e  id e a l
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p r o te in  f o r  th e  r a t .  A n  id e a l  p r o te in  w o u ld  
n o t  b e  s u p p le m e n te d  b y  th e  s u l f u r - c o n ta in 
in g  a m in o  a c id s . E v id e n c e  is  g iv e n  b y  
L e w is  a n d  F a ja n s  ( ’5 1 )  t h a t  i t  w a s  n o t  
p o s s ib le  to  in c re a s e  s ig n i f ic a n t ly  th e  ra te  
o f  g r o w th  o f  r a ts  fe d  lo w - p r o te in  d ie ts  
w h e n  e ith e r  L -c y s t in e  o r  D L - m e th io n in e  
w e re  a d d e d  as a  s u p p le m e n t  to  c o m m e r c ia l  
la c ta lb u m in .

E ffe c t  o f  fa stin g . T w e lv e  y o u n g  v i t a 
m in  E - d e f ic ie n t  r a ts  ( t a b le  4 )  w e re  s u b 
je c te d  to  f a s t in g  u n t i l  d e a th .  T h e  r a ts  s u r 
v iv e d  f o r  a  m e a n  p e r io d  o f  9 ( 4  to  1 1 )  
d a y s . A t  d e a th  th e y  p re s e n te d  a t r o p h y  o f  
l i v e r  ( K o s te r l i t z ,  ’4 7 )  a n d  o f  m u s c le .

S in c e  l i v e r  n e c ro s is  o c c u r re d  i n  r a t s  fe d  
th e  p r o te in - f r e e  d ie t ,  o r  s u c ro s e , b u t  n o t  i n  
th o s e  s u b je c te d  to  f a s t in g ,  i t  w o u ld  a p p e a r  
t h a t  th e  c a lo r ie  in ta k e  is  a n  im p o r t a n t  f a c 
t o r  i n  th e  in d u c t io n  o f  n e c r o t ic  l i v e r  d e 
g e n e r a t io n .

W i t h  c e r ta in  lo w - p r o te in  d ie ts ,  lo w  i n  
v i t a m in  E , r a ts  t h a t  d o  n o t  d ie  w i t h  n e c ro 
t ic  l i v e r  d e v e lo p  c h r o n ic  m u s c u la r  d y s t r o 
p h y .  T h e y  d ie ,  a f t e r  a  p e r io d  o f  fo o d  r e 
s t r ic t io n ,  w i t h  n o r m a l  l iv e r s  a n d  m u s c u la r  
d y s t r o p h y  (G o e t ts c h ,  ’6 1 ) .  P a r t ia l  i n a n i 
t io n  m a y  a c c o u n t  f o r  th e  o c c u r re n c e  o f  
n o r m a l  l i v e r  i n  th e s e  v i t a m in  E - d e f ic ie n t  
r a ts  w i t h  se v e re  m u s c u la r  d y s t ro p h y .

SUMMARY

D ie ta r y  p r o te in  is  n o t  e s s e n t ia l f o r  th e  
in d u c t io n  o f  n e c r o t ic  l i v e r  d e g e n e r a t io n  i n  
th e  v i t a m in  E - d e f ic ie n t  r a t .  W i t h  a p r o te in -  
f r e e  d ie t ,  lo w  i n  v i t a m in  E ,  h e p a t ic  n e c ro 
s is  a n d  m u s c u la r  d y s t r o p h y  a p p e a r  r a p id ly  
n o t  o n ly  i n  y o u n g  r a ts ,  b u t  a ls o  i n  a d u lts  
t h a t  h a v e  b e e n  p ro te c te d  d u r in g  th e  e a r ly  
g r o w th  p e r io d  w i t h  c y s t in e  o r  m e th io n in e  
s u p p le m e n ts  a d d e d  to  lo w - p r o te in  d ie ts ,  o r  
w i t h  in c re a s e d  d ie ta r y  p r o te in .

A d d i t io n  o f  s u p p le m e n ts  to  th e  p r o te in -  
f r e e  d ie t  h a d  th e  f o l lo w in g  e f fe c ts  :

1. A lp h a - to c o p h e r o l p re v e n ts  th e  l i v e r  
a n d  m u s c le  le s io n s .

2 . S e le n iu m  p re v e n ts  th e  l iv e r ,  b u t  n o t  
th e  m u s c le  le s io n s .

3 . L-cystine and DL-m ethionine h ave lit
tle or no protective action against liver or 
m u scle lesions.

L iv e r  n e c ro s is  a n d  m u s c u la r  d y s t r o p h y  
d o  n o t  o c c u r  i n  y o u n g  f a s t in g  r a ts  t h a t  a re  
d e f ic ie n t  i n  v i t a m in  E .
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Effects of Nonessential Amino Acids on the Growth 
of Vitamin B6-Depleted Rats* 1
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Berkeley, California

T h e  v i t a m in  Be r e q u ir e m e n t  o f  m ic r o 
o rg a n is m s  is  in c r e a s e d  b y  th e  o m is s io n  o f  
n o n e s s e n t ia l  a m in o  a c id s  f r o m  th e  g r o w th  
m e d iu m  ( S n e l l ,  ’ 5 6 ;  H o ld e n  e t  a l. ,  ’ 5 1 ;  L y 
m a n  e t  a l. ,  ’4 7 )  s in c e ,  u n d e r  th e s e  c o n d i
t io n s ,  n o n e s s e n t ia l  a m in o  a c id s  m u s t  b e  
s y n th e s iz e d  f r o m  t h e i r  h y d r o x y -  o r  k e to -  
a c id  p re c u rs o r s  b y  t r a n s a m in a t io n  o r  b y  
o th e r  v i t a m in  B o -d e p e n d e n t re a c t io n s .  P re 
s u m a b ly ,  a  d ie ta r y  la c k  o f  n o n e s s e n t ia l  
a m in o  a c id s  c o u ld  l ik e w is e  in c re a s e  th e  
n e e d  o f  a n im a ls  f o r  v i t a m in  B,-. b e c a u s e  o f  
th e  g re a te r  d e m a n d  u p o n  v i t a m in  Bo-de
p e n d e n t  r e a c t io n s  f o r  th e  e n d o g e n o u s  s y n 
th e s is  o f  a m in o  a c id s . I f  t h is  s h o u ld  b e  so, 
th e n  a  d ie t  c o n ta in in g  a  m ix t u r e  o f  n o n -  
e s s e n t ia l a m in o  a c id s  m ig h t  p e r m i t  g re a te r  
g r o w th  i n  v i t a m in  B o -d e p le te d  r a ts  f e d  a 
l im i t e d  a m o u n t  o f  p y r id o x in e  th a n  w o u ld  a 
d ie t  t h a t  c o n ta in e d  o n ly  a s in g le  n o n e s s e n 
t ia l  a m in o  a c id .

T h e  e x p e r im e n ts  re p o r te d  h e re  te s te d  th e  
e f fe c t  o f  d ie ta r y  n o n e s s e n t ia l  a m in o  a c id s  
u p o n  th e  g r o w th  o f  v i t a m in  B o -d e p le te d  
r a ts  fe d  l im i t e d  a m o u n ts  o f  p y r id o x in e .

EXPERIMENTAL

M a le  r a ts  o f  th e  L o n g - E v a n s  s t r a in ,  b re d  
in  o u r  c o lo n y ,  w e re  u s e d  i n  a l l  e x p e r i 
m e n ts .  O n e  w e e k  b e fo re  w e a n in g  o f  th e  
y o u n g ,  th e  d a m s  w e re  fe d  a  p u r i f ie d  p y r i -  
d o x in e - d e f ic ie n t  d ie t .2 A t  w e a n in g  ( th r e e  
w e e k s  o f  a g e )  th e  y o u n g  m a le  ra ts  w e re  
fe d  a  v i t a m in  B o -d e f ic ie n t  d ie t3 u n t i l  th e y  
w e re  d e p le te d  o f  v i t a m in  B 6 as ju d g e d  b y  
g r o w th  ( C la r k e  a n d  L e c h y c k a ,  ’4 3 ) ,  i .e . ,  
f a i lu r e  to  g a in  m o re  t h a n  3  g m  i n  o n e  
w e e k . P y r id o x in e  a n ta g o n is ts  w e re  n o t  
u se d . U n d e r  th e s e  c o n d i t io n s ,  tw o  to  th r e e  
w e e k s  w e re  r e q u ir e d  to  d e p le te  w e a n l in g  
m a le  r a ts  o f  p y r id o x in e .  U p o n  d e p le t io n ,  
th e  r a ts  w e re  im m e d ia te ly  t r a n s fe r r e d  to  
th e  d ie ts  c o n ta in in g  th e  a m in o  a c id  m ix 

tu r e s .  T h e s e  d ie ts  w e re  th e n  fe d  a d  l i b i t u m  
f o r  tw o  o r  th re e  w e e k s . V i t a m in  s u p p le 
m e n ts 4 w e re  p r o v id e d  i n  c a s to r  c u p s  th r e e  
t im e s  w e e k ly .  P y r id o x in e  w a s  s u p p l ie d  a t  
a  le v e l o f  3  ug  p e r  r a t  p e r  d a y ,  a n  in t a k e  
t h a t  is  a p p r o x im a te ly  l / 5 t h  o f  th e  a m o u n t  
n e e d e d  f o r  m a x im a l  g r o w th  ( C la r k e  a n d  
L e c h y c k a ,  ’4 3 ) .  T h e  r a ts  w e re  i n d iv id u a l l y  
c a g e d  i n  w ir e - b o t to m  c a g e s  a n d  w e re  
w e ig h e d  th r e e  t im e s  w e e k ly .

I n  a d d i t io n  to  th e  a m in o  a c id  m ix tu r e s ,  
a l l  th e  d ie ts  c o n ta in e d  th e  f o l lo w in g  p e r  
100 g m :  c o t to n s e e d  o i l ,  2 .0  g m ;  s a lts  
(U S P  1 4 , ’5 0 ) ,  4 .0  g m ;  a n d  p o w d e re d  s u 
c ro s e  to  1 0 0  g m . S u c ro s e  r a t h e r  th a n  d e x 
t r i n  o r  s ta r c h  w a s  u s e d  as th e  d ie ta r y  c a r 
b o h y d ra te  i n  o rd e r  to  re d u c e  v i t a m in  
s y n th e s is  b y  th e  in t e s t in a l  f lo r a .  D i f f e r -

Received for  publication June 27, 1961.
1 This investigation was supported in part by funds 

appropriated under the Research and Marketing Act 
o f 1946 as part o f the Western Regional Experiment 
Station Project W-57 and in  part by Grant A-1189 o f 
the National Institute o f Arthritis and Metabolic Dis
eases, National Institutes o f Health, Bethesda, Mary
land.

2 Composition, per 100 gm diet: “ vitamin-free”  ca
sein (Nutritional Biochemicals Corporation, Cleve
lan d), 36.0; fat (Primex, Procter and Gamble, Cincin
n ati), 8.0; salts (USP 14, ’ 50 ), 6.0; vitamins A, D, 
and E in cottonseed oil, 3.2; B-vitamins in  sucrose, 
2.0; powdered sucrose, 44.8. The follow ing amounts 
o f vitamins were supplied per 100 gm o f  diet: vita
m in A, 3200 IU; vitamin D2, 282 IU; and (in  m illi
grams) DL-a-tocopheryl acetate, 16; thiamine-HCl, 
0.86; riboflavin, 0.86; Ca D-pantothenate, 6.86; niacin, 
3.43; d-biotin, 0.17; folic  acid, 0.17; m enadione, 0.99; 
and vitamin B12, 4 ¡ig.

3 Composition, per 100 gm o f diet: “ vitamin-free” 
casein (Nutritional Biochemicals Corporation), 20.0; 
cottonseed oil, 5.0; salts (USP 14, ’ 50 ), 4.0; choline 
bitartrate, 0.18; powdered sucrose, 70.82. Vitamin sup
plements were the same as in  footnote 4, except that 
choline was omitted from  the B-vitamin m ix since it 
was incorporated into the diet.

4 Two milliliters o f  a 20% ethanol solution o f B- 
vitamins and menadione were fed  three times weekly 
to provide the follow ing intakes per rat per day: (in  
m icrogram s) thiamine-HCl, 43; riboflavin, 43; niacin, 
171; d-biotin, 8.5; folic  acid, 8.5; Ca D-pantothenate, 
513; vitamin B12, 0.21; m enadione, 50; and choline 
chloride, 11 mg. Pyridoxine was added at the desired 
levels. Two drops o f a solution o f vitamins A, D, and 
E in  cottonseed oil were fed  three times weekly to 
provide 32 IU o f vitamin A, 3.0 IU o f vitamin D2, 
and 162 /xg o f DL-a-tocopheryl acetate per rat per day.

J .  N u t r i t i o n ,  76: ’62 35
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ences in weight gain were evaluated by 
Student’s t test.

RESULTS

An essential amino acid mixture based 
on whole-egg protein (Orr and Watt, ’57) 
was used as the source of essential amino 
acids (table 1). Preliminary experiments 
with several mixtures of essential amino 
acids showed that the mixture patterned 
after egg protein was more satisfactory 
than the other mixtures tested.

This mixture of essential amino acids, 
which provided 0.95% N per 100 gm of

TABLE 1
Essential amino acids per 100 gm of diet

Milli
moles
avail
able1

Mole
ratios2

gm
L-LysineHCl 0.74 4.05 5.55
r-Histidine • HC1 ■ H2O 0.30 1.43 1.96
L-Arginine • HC1 0.73 3.46 4.74
L-Tryptophan 0.15 0.73 1.00
DL-Phenylalanine 0.53 3.21 4.40
L-Methionine 0.29 1.94 2.66
DL-Threonine 0.92 3.86 5.29
L-Leucine 0.81 6.17 8.45
L-Isoleucine (50% )

with D-alloiso-
leucine (50% ) 1.22 4.65 6.37

dl-V aline 1.37 5.85 8.01
NaHCOa3 0.75
Total N 0.95
N in L-isomers1 0.75
N in d- isomers1 0.20

1 Based on j> amino acids provided, except for dl- 
phenylalanine, whose d -  form was considered equiva
lent nutritionally to the l- form.

2 Mole ratios of l- amino acids to r-tryptophan as 
unity.

3 The NaHCC>3 added was equivalent to the HC1 
provided by lysine, histidine and arginine.

4 The N in D-phenylalanine is not included in this 
figure.

diet, was supplemented with 0.55% of N 
from different combinations of amino acids 
(table 2). The mixture of 7 nonessential 
amino acids provided in the proportions of 
egg protein (Orr and Watt, ’57) is shown 
as diet 101. In the other mixtures, each 
nonessential amino acid, with the excep
tion of glutamic acid, was added initially 
at the level provided in diet 101. Glutamic 
acid was then added to bring the total ni
trogen of each supplement to 0.55% . The 
results are presented in table 3.

Experiment 1. In the first experiment, 
the supplement of 7 nonessential amino 
acids (diet 101) allowed significantly 
greater growth in two or three weeks than 
the following supplements: glutamic acid 
alone (diet 104); cystine and glutamic 
acid (diet 105); or a mixture of serine, 
cystine, and glutamic acid (diet 106).

Analysis of the weekly gains, however, 
showed that the greater cumulative gains 
produced by the supplement of the 7 non- 
essential amino acids of diet 101 resulted 
chiefly from the greater weight gain during 
the first week. During the second and third 
weeks, the supplement of glutamic acid or 
the supplement of cystine and glutamic 
acid permitted gains which were almost 
twice as great as the gains with these mix
tures in the first week and which were 
comparable to the gain with the supple
ment of the 7 nonessential amino acids. 
On the other hand, the growth of the group 
fed the supplement of serine, cystine, and 
glutamic acid (diet 106) declined signifi
cantly during the second week in compari
son with the gain for the first week. In the 
first week, the gain with this mixture was 
significantly greater than the gain with the

TABLE 2
Mixtures of nonessential amino acids (gm per 100 gm of diet)1

Diet num ber

101 104 105 106 107 108 109 110 I l l 112 113 114

r -C y s t in e 0 .2 2 — 0 .2 2 0 .2 2 — — — — __ 0 .2 2 0 .2 2 __
D L-Serine 1 .55 — — 1.55 1 .55 — — 1.55 — — — 1.55
G ly c in e
L -G lu ta m ic

0 .3 3 — — — — 0 .3 3 m i 0 .3 3 2 .2 2 1.11 2 .2 2 0 .3 3

a c id
L -A sp a rtic

1 .14 5 .7 8 5 .4 8 3 .3 1 3 .5 7 5 .1 0 3 .5 7 2 .9 3 1 .43 3 .31 1 .13 1.40

a c id 0 .6 5 — — — — — — — — — — 0 .6 5
l -T  y ro s in e 0 .4 4 — — — — — — — — — — 0 .4 4
L -P ro lin e 0 .3 9 — — — — — — — — — — 0 .3 9

1 All combinations provide 0.55 gm of N per 100 gm of diet.
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TABLE 3
E ffect o f  nonessential am ino acids on  the g row th  resp on se o f  vita m in  B 6-depleted  rats to a daily

intake o f  3 yg  o f  pyridoxin e

Diet
no.

Av. weekly weight gain1
Av. total weight gainAverage

initial
weight

1st
week

2nd
week

3rd
week 2 Weeks 3 Weeks

gm gm gm gm gm gm
E x p e r im e n t  1

101 • 56 +  2>(10 y- 16±1 11 +  1 l i  +  i 28 +  2 40 +  2
104 65± 2 (10) 4 ±  1 10+1 l i  +  i 14 +  1 26 +  2
105 64± 1 (10) 5 +  2 9 +  1 l i  +  i 14 ±  2 24 +  2
106 60± 2 (10) 10+1 6 +  1 8 +  1 16+1 25+ 1

E x p e r im e n t  2
101 50 +  2 (7) 13 +  1 13 +  1 — 25 +  2 __
107 5 4 ± 2  (10) 7 + 1 7 + 1 — 14+1 __
108 53 ± 1 (9) 6 + 1 9 + 1 — 16 +  2 __
109 58± 2 (9) 10± 1 10 +  4 — 20 +  2 __
110 59± 2 (7) 7 +  2 10+1 — 17 +  2 —

E x p e r im e n t  3
101 53± 2 (9) 28 +  2 9 + 1 — 37 +  2 __
109 56 ± 1  (13) 16+1 9 + 1 — 25 ±  1 —
111 55 ± 1 (12) 15+1 8 +  3 — 22+1 __
112 54 +  2 (10) 14 +  2 9 +  1 — 23 +  2 __
113 57± 2 (8) 10 +  2 7 +  3 — 18 +  2 —

E x p e r im e n t  4
104 70± 2 (6) - 7  +  2 11 +  6 (4) — 5 +  5(4) —
107 73± 3 (7) 4 +  2 9 + 1 — 13 +  2 —
109 69± 6 (7) 7 +  3 10 +  2 — 18 +  3 —
114 76 ±  5 (6) 7 ± 2 13 +  2 — 20 +  2 —

1 Mean and standard error o f the mean.
2 Figure in  parentheses is the number o f rats/group.

supplement of glutamic acid or with the 
supplement of cystine and glutamic acid.

The similarity between the weekly gains 
with the supplement of glutamic acid (diet 
104) and the supplement of cystine and 
glutamic acid (diet 105) shows that a lack 
of cystine was not a primary limitation to 
growth under these conditions, despite the 
low level of methionine in the basal diet.

Experivient 2. In this experiment, the 
following supplements were tested: serine 
(1 .55% ) and glutamic acid (diet 107); 
glycine (0.33% ) and glutamic acid (diet 
108); glycine (1 .11% ) and glutamic acid 
(diet 109); serine, glycine (0.33% ), and 
glutamic acid (diet 110). The higher level 
of glycine (1 .11% ) in diet 109 is equi
molar with the level of DL-serine (1.55% ) 
in diet 107. The supplement of the 7 non- 
essential amino acids (diet 101) was used 
as a control.

In a two-week period, the gain (20 ±  
2 gm) produced by the supplement of gly
cine (1.11% ) and glutamic acid (diet 109)

was significantly greater than the gain 
(1 4 + 1  gm) with the supplement of serine 
and glutamic acid (diet 107), but was not 
significantly greater than the gains with 
the supplement of glycine (0.33% ) and 
glutamic acid (17 ±  2 gm). The gain pro
duced by the supplement of the 7 non- 
essential amino acids (25 ±  2 gm) was 
again significantly greater than the gains 
with the other supplements.

In the first week, the supplements of 
serine and glutamic acid, glycine (0.33% ) 
and glutamic acid, and serine, glycine 
(0 .33% ), and glutamic acid produced 
similar gains (6 to 7 gm). The gain with 
the supplement of glycine (1.11% ) and 
glutamic acid was significantly greater 
(10 + 1 gm) and did not differ signifi
cantly from the gain (13 ±  1 gm) with the 
supplement of 7 amino acids.

In the second week, the gain (10 ±  4 gm) 
with the supplement of glycine (1 .11% ) 
and glutamic acid was still superior to that 
(7 ±  1 gm) observed with the supplement
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of serine and glutamic acid, but was not 
significantly greater than the gains with 
the other two supplements (9 to 10 gm). 
The gain (13 ±  1 gm) with the supple
ment of the 7 amino acids was significantly 
greater than the gains with the other com
binations, with the exception of the mix
ture of glycine (1 .11% ) and glutamic acid 
(diet 109).

Experiment 3. The observation of the 
previous experiment that the weight gain 
with glycine (1.11% ) and glutamic acid 
was approximately 75% of that with the 
supplement of 7 nonessential amino acids 
suggested a need for glycine under these 
conditions. Hence, it was possible that a 
higher level of glycine might be even more 
effective. In this experiment, comparisons 
were made of supplements containing 1.11 
and 2.22% of glycine, with and without 
the addition of 0.22% of cystine.

Increasing the level of glycine from 1.11 
to 2.22% did not improve growth (diets 
109 and 111). The addition of 0.22% of 
cystine to 1.11% of glycine was also in
effective (diet 112). The addition of 0.22% 
of cystine to 2.22% of glycine significantly 
depressed growth (diet 113). The weight 
gains with each of the supplements for the 
first week were greater than the gains for 
the second week, in which the gains with 
all of the supplements were quite similar. 
The differences in gains for the two-week 
period reflect the differences in the gains 
for the first week.

In the first week, the gains with the sup
plement of the 7 amino acids and with the 
supplement of glycine (1.11% ) and glu
tamic acid were significantly greater than 
the gains with these supplements in the 
first week of the preceding experiment al
though the time required for vitamin B6 
depletion and the weights of the rats at 
depletion were similar in both experiments. 
The difference, which is assumed to repre
sent the relative need of these animals for 
these supplements in the first week, could 
not be related to the growth of the rats dur
ing the vitamin B0 depletion period.

Experiment 4. A 4th experiment com
pared the following amino acid supple
ments : glycine (1 .11% ) and glutamic acid 
(diet 109); glycine, serine, proline, tyro
sine, aspartic acid, and glutamic acid (diet

114); and serine (1 .55% ) and glutamic 
acid (diet 107). The supplement of glu
tamic acid alone (diet 104) was used as a 
control. The supplement of the 6 amino 
acids was based on the supplement of 7 
amino acids previously used (diet 101), 
but cystine was omitted, and additional 
glutamic acid was added to bring the level 
of nitrogen up to 0.55% .

With the supplement of glycine and 
glutamic acid (diet 109), the gain for two 
weeks (18 ± 3  gm) equaled the gain 
(20 ±  2 gm) produced by the supplement 
of 6 amino acids (diet 114). With the 
supplement of serine and glutamic acid 
(diet 107), the gain for two weeks (13 ± 
2 gm) was significantly less than the gain 
with the supplement of 6 amino acids. The 
difference in the gains with the supple
ment of serine and glutamic acid (diet 107) 
and the supplement of glycine and glu
tamic acid (diet 109) was not significant 
although the latter supplement allowed a 
greater gain in the first week.

The most striking observation in the 
first week was the very poor growth of the 
rats fed the supplement of glutamic acid 
alone (diet 104). None of the rats gained 
weight, and two rats died after the first 
week. In the second week, the weight 
gains of the 4 survivors were zero, 8, 8, and 
28 gm.

The group fed the supplement of serine 
and glutamic acid (diet 107) gained sig
nificantly more weight in the second week 
than in the first week. The other two 
groups (diets 109 and 114) also gained 
more weight in the second week than in 
the first week, but the difference was not 
significant.

These results indicate that provision of 
a mixture of nonessential amino acids in
cluding glycine and serine significantly in
creased the growth of vitamin Bc-depleted 
rats in the first week of pyridoxine reple
tion. Also, if comparison is made with the 
preceding experiments, it appears that the 
omission of cystine from the “complete” 
mixture of 7 nonessential amino acids sig
nificantly decreased the weight gain in the 
first week although the addition of the 
same amount of cystine to supplements of 
glutamic acid, glycine and glutamic acid, 
or serine and glutamic acid did not im
prove growth.
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DISCUSSION
The most interesting observation of 

these experiments is the difference in the 
weight gains produced by the different sup
plements during the first week and the 
lessening of this difference in the second 
and third weeks. For example, in the first 
experiment, comparison of the supplement 
of *7 nonessential amino acids with the 
supplement of glutamic acid shows that the 
greater weight gain in two weeks with the 
former supplement resulted chiefly from 
the larger gain in the first week (16 ± 
1 gm vs. 4 ±  1 gm). In the second and 
third weeks, comparable gains were ob
served with both supplements.

The larger gain produced by the supple
ment of 7 nonessential amino acids in the 
first week could be explained by any one or 
any combination of the following. (1 ) The 
presence of nonessential amino acids in the 
diet may have decreased the need for their 
endogenous synthesis by reactions requir
ing pyridoxal phosphate. Thus, since less 
of the limited amount of dietary pyridoxine 
was needed for these reactions, more was 
available for other functions requiring pyri
doxal phosphate, i.e., supplying nonessen
tial amino acids in the diet “spared” pyri
doxine. (2 ) The change from the 20% 
casein diet fed in the depletion period to 
the amino acid diet containing several non- 
essential amino acids may have required 
less enzymatic adaptation to the synthesis 
of nonessential amino acids than did the 
change to the diets containing fewer non- 
essential amino acids. (3 ) The addition of 
nonessential amino acids may have re
lieved an amino acid imbalance created by 
the omission of nonessential amino acids 
except glutamic acid (Kumta and Harper, 
’60). (4 ) Provision of nonessential amino 
acids in the diet may have altered the mi
crobial population of the intestine to pro
vide a more beneficial environment for the 
vitamin B6-depleted rat through increased 
synthesis of vitamin Bs or other unknown 
factors. The role of coprophagy cannot be 
evaluated. No special efforts were made to 
prevent coprophagy, and postmortem ex
amination invariably revealed fecal mate
rial in the stomach.

All of these effects are possible, and the 
data do not differentiate among them. On

the other hand, the quite comparable 
weight gains observed with all of the sup
plements in the second or third weeks show 
that the differences in the nonessential 
amino acid composition of the supplements 
had relatively little effect on growth after 
the first week.

It would be expected, from bacterial 
studies (Holden et al., ’51), that any diet 
that decreased the need for the synthesis 
of nonessential amino acids in an animal 
fed a limited amount of pyridoxine would 
“spare” pyridoxine for other functions, 
especially growth. The greater gains, how
ever, in the second and third weeks with 
the supplements containing only a few 
nonessential amino acids and the smaller 
gains with the supplement of 7 nonessen
tial amino acids suggests that the follow
ing conditions may have arisen after the 
first week. (1 ) Although the supplement 
of 7 nonessential amino acids was initially 
beneficial for the reasons previously men
tioned, an imbalance of essential amino 
acids in the basal diet may have nullified 
any possible benefit from the supplement 
after the first week. Since the pyridoxine 
provided by the vitamin supplement re
mained constant although food intake in
creased as the rats grew larger, an in
creased intake of an unbalanced amino 
acid mixture would increase the need for 
vitamin Ba in the catabolism of the amino 
acids supplied in excess. Similar studies 
with other mixtures of essential amino 
acids should help clarify the role of essen
tial amino acids in the effects observed 
here. (2 ) The amount of vitamin Ba pro
duced by microbial synthesis and available 
to the rat may have increased to a greater 
extent in the rats fed the supplement con
taining only a few nonessential amino 
acids. The pyridoxine intake of 3 ug per 
day was a primary limitation to growth in 
these experiments. Other experiments in 
this laboratory have shown that the weight 
gains of rats fed the basal diet with the 
supplement of 7 nonessential amino acids 
(diet 101) increase as the pyridoxine in
take increases, up to a daily intake of 10 
ug. A daily intake of 10 ng of pyridoxine 
will also produce nearly maximum weight 
gains in vitamin B6-depleted rats fed a 
20% casein diet (Clarke and Lechycka, 
’43).
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The greater gains with the supplements 
containing glycine or serine in combina
tion with glutamic acid, in comparison 
with the supplement of glutamic acid 
alone, may be another indication of the 
importance of glycine in the metabolism of 
the vitamin B6-deficient rat ( Gershoff and 
Faragalla, ’5 9 ). The somewhat smaller 
gain with DL-serine than with an equimolar 
amount of glycine could be the result of 
the less efficient use of the D-isomer of 
serine.

The apparent ineffectiveness of cystine 
in some of the supplements tested, despite 
the low methionine content of the basal 
diet, suggests that other inadequacies of 
the diet were more limiting than the need 
for cystine. This possibility is supported by 
a comparison of the supplement of 7 non- 
essential amino acids, including cystine 
(diet 101), with the supplement of 6 non- 
essential amino acids which lack cystine 
(diet 114). Although the levels of glu
tamic acid in the two supplements differ 
slightly, the greater gain with the former 
mixture in the first week may be attributed 
to the addition of cystine.

SUMMARY
Experiments were carried out to study 

the effect of the nonessential amino acid 
composition of the diet on the growth of 
rats fed a limited amount of pyridoxine. 
It was postulated that the growth of rats 
fed a diet supplemented with a single non- 
essential amino acid, together with a 
limited amount of pyridoxine, would be 
less than that observed in rats fed an iso- 
nitrogenous diet containing a mixture of 
nonessential amino acids, since presum
ably, the need for pyridoxine with the 
former diet would be increased by the 
greater demands placed upon reactions 
requiring pyridoxal phosphate for the en
dogenous synthesis of nonessential amino 
acids.

Male rats, previously depleted of vitamin 
Be, were fed ad libitum diets of purified l - 
and DL-amino acids which supplied 0.95%  
of nitrogen from essential amino acids 
and 0.55%  of nitrogen from nonessential 
amino acids. The essential amino acids 
were supplied in the ratios present in egg

protein. The intake of pyridoxine was 3 ug 
per rat per day.

During the first week of pyridoxine sup
plementation, a mixture of 7 nonessential 
amino acids, in the ratios present in egg 
protein (glutamic acid, aspartic acid, gly
cine, serine, cystine, proline and tyrosine), 
permitted the greatest weight gains. Glu
tamic acid alone allowed only poor growth. 
Serine and glutamic acid caused some im
provement over glutamic acid alone, but a 
combination of glycine and glutamic acid 
significantly improved growth. The com
bination of glycine and glutamic acid was 
as effective as a combination of glutamic 
acid, aspartic acid, glycine, serine, proline, 
and tyrosine. After the first week of pyri
doxine supplementation, however, growth 
was affected much less by variations in the 
nonessential amino acid composition of the 
diet.

The results suggest that nonessential 
amino acids may “spare” vitamin B6 under 
certain conditions.
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Lactose Diets and Cholesterol Metabolism
II. EFFECT OF DIETARY CHOLESTEROL, SUCCINYLSULFA- 

THIAZOLE AND MODE OF FEEDING ON 
ATHEROGENESIS IN THE RABBIT* 1

W. W. WELLS, R. QUAN-MA, C. R. COOK a n d  S. C. ANDERSON 
B ioch em istry D ep a rtm en t, U n iversity o f  Pittsburgh, School o f  M ed icin e, 
P ittsburgh, P ennsylvania

An elevation in serum and hepatic cho
lesterol concentration and potentiation in 
severity of atherosclerosis was observed 
in rabbits that received a 0.35% choles
terol-containing diet in which lactose 
(29.35% ) was substituted for an equal 
amount of sucrose (Wells and Anderson, 
’59). It then seemed worthwhile to deter
mine the effect on sterol metabolism of 
feeding rabbits varying amounts of cho
lesterol in sucrose- or lactose-containing 
diets. Studies conducted with the rat as 
the experimental animal supported the 
hypothesis that lactose acts by influencing 
bile acid metabolism. Thus, the size of the 
enterohepatic bile acid pool in the lactose- 
fed rat was observed to be larger than that 
of the sucrose-fed controls (Wells et al., 
’60; Portman, ’60). The effect of feeding 
lactose to experimental animals tended to 
parallel that obtained when antibiotics 
were added to the diet of rats (Lindstedt 
and Norman, ’56) or when these animals 
were reared in an environment free of 
germs (Gustafsson et al., ’57). Accord
ingly, the influence of lactose and suc- 
cinylsulfathiazole2 (SST) on the serum 
and liver cholesterol concentration and 
degree of atherosclerosis was compared in 
the rabbit.

During the course of our studies on the 
effect of adding various levels of dietary 
cholesterol to lactose- or sucrose-contain
ing diets, we investigated the effect of 
feeding rabbits basal diets containing 
either a moderate level of cholesterol or 
no cholesterol for alternate periods of 24 
hours. Another experiment was also con
ducted in which the number and length 
of the feeding periods were restricted.

These latter experiments were similar to 
those conducted by Cohn and Joseph ( ’60) 
in the rat except that our interest was in 
the response of cholesterol-fed rabbits to 
the restricted-eating schedule. Cohn and 
co-workers ( ’60) extended their experi
ments in the rat to the cholesterol-fed 
chicken and reported that the serum cho
lesterol level and atherogenesis of the re
stricted-fed chickens was significantly 
higher than that of the ad libitum-fed con
trols. Our present observations in the 
rabbit are in agreement with the previous 
observations in the chicken.

METHODS AND EXPERIMENTAL
Dietary cholesterol variation. Male rab

bits of the New Zealand White strain 
weighing 1,000 to 1,500 gm were divided 
into 12 groups of 5 to 8 animals and fed 
the lactose- or sucrose-containing diets re
ported previously (Wells and Anderson, 
’59). Although all groups in this series 
were not fed simultaneously, the lactose- 
fed groups were always tested experi
mentally with a comparable sucrose-fed 
group. For one series (two groups), the 
animals were fed only trace amounts of 
cholesterol (estimated as 0.05% by weight) 
derived from the dietary cod liver oil (2% ) 
for a period of 13 weeks. In other experi
ments of 8 weeks’ duration, the rabbits 
received the following amounts of choles
terol in their diets at the expense of cellu
lose:3 one series, 0.2%, two series, 0.35%

Received for  publication August 16, 1961.
1 This investigation was supported by research 

grant H-2458 (C 4 ) from  the National Institutes o f 
Health, U. S. Public Health Service.

2 Sulfasuxidine ®. Merck and Company, Rahway,
New Jersey. _

3 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.
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and two series, 0.5%. The rabbits were 
housed individually and fed water and 
diet, ad libitum. The diet intake and 
weekly body weight for each animal were 
recorded. Animals were electrocuted, the 
blood removed, and the serum and liver 
cholesterol concentrations and degree of 
thoracic arch atherosclerosis evaluated by 
methods previously reported (Wells and 
Anderson, ’59). The animals that re
ceived trace amounts of cholesterol in 
their diet were examined for serum choles
terol concentration only.

SST feeding. Two identical series were 
conducted to compare the effect of dietary 
lactose and SST on cholesterol-induced 
atherosclerosis in the rabbit. In the first 
series, 0.5% of SST was added at the ex
pense of cellulose, whereas in series 2, 
1.0% of SST was used. Each series con
sisted of 4 groups of 4 to 8 male rabbits 
of the New Zealand White strain weighing
1,000 to 1,200 gm. Groups A and B were 
fed the sucrose- or lactose-0.35% choles
terol diets, respectively, for a period of 
8 weeks (Wells and Anderson, ’59). 
Groups C and D were fed diets identical 
to those consumed by groups A and B, re
spectively, with the exception of the added 
SST. The animals were treated as de
scribed in the previous section and serum 
and hepatic cholesterol concentrations 
were determined in the usual manner.

Mode of feeding. Male rabbits of the 
New Zealand White strain weighing 1,000 
to 1,200 gm were divided into 9 groups of 
5 to 7 animals. The animals in series 1 
(5 groups) received the sucrose-contain
ing diet (0.35% cholesterol) previously 
described and the groups in series 2 re
ceived the basic lactose-containing diet 
(0.35% cholesterol) for 8 weeks. In both 
series, group A was the ad libitum-fed con
trol, group B and/or B-l (series 1 only) 
were restricted to two or three one-hour 
feeding periods, respectively. Diet was 
provided the group B animals between 
9:00 to 10:00 a m  and 5 to 6 p m  and to 
those in group B-l for an additional period 
at 12:00 to 1:00 p m . No attempt was 
made to pair-feed the experimental ani
mals but food intake was recorded in all 
experiments. In both series, the animals 
in groups C and D were given appropriate 
diets containing no cholesterol or 0.7% of 
cholesterol on a daily alternation schedule.

RESULTS
Dietary cholesterol variation. After 13 

weeks of ingesting diets essentially free 
of cholesterol, the total serum choles
terol values of the lactose-fed rabbits 
were somewhat higher than those ob
served in the sucrose-fed group (table 1, 
group 2, 113 ±  88 mg per 100 ml vs. group 
1, 72 ±  36 mg per 100 ml). When the level 
of dietary cholesterol was increased to 
0.2%, the difference in total serum and 
liver cholesterol content between sucrose- 
and lactose-fed rabbits was found to be 
more significant (table 1, group 3, serum, 
493 ±  68 mg per 100 ml and liver 24.4 
±  6.6 mg per gm4 vs. group 4, serum, 
722 ±  477 mg per 100 ml and liver, 36.3 
± 2 0 .4  mg per gm). The variation in the 
response of the two dietary groups reached 
a maximum when 0.35% of cholesterol 
was added to the diets (table 1, e.g., group 
5, serum, 685 ±  28 mg per 100 ml and 
liver, 26.6 ±  12.2 mg per gm vs. group 6, 
serum, 1921 ±  421 mg per 100 ml and 
liver, 110.6 ±  28 mg per gm). There was 
no distinction, however, in sterol values 
between those rabbits fed sucrose- or lac
tose-supplemented diets when the added 
cholesterol was increased to 0.5% of the 
diets (table 1, e.g., group 9, serum, 1,850 
±  514 mg per 100 ml and liver, 71.8 mg 
per gm vs. group 10, serum, 1,846 ±  365 
mg per 100 ml and liver, 71.7 ±  22.7 mg 
per gm). The atherosclerosis score was 
higher for the lactose-fed groups than for 
their corresponding sucrose-fed controls 
only when the cholesterol content of the 
diet was low or moderate (0.35% ). The 
difference in severity of atherogenesis due 
to the carbohydrate variation was not ob
served when 0.5% of cholesterol was 
added to the diet (table 1, groups 9-12).

SST feeding. The sterol economy of 
rabbits fed 0.5 or 1.0% of SST was noted 
to be similar to that of lactose-fed animals 
(table 2, e.g., series 1, total serum choles
terol, group A (sucrose), 585 ±  148 mg 
per 100 ml, group B (lactose) 1,249 ±  446 
mg per ml and group C (0.5% SST), 1,305 
± 1 0 4  mg per 100 ml). The effect of both 
lactose- and SST-feeding, (group D), re
sulted in slightly higher values than for 
either lactose or SST alone, 1,555 ±  292 
mg per 100 ml; however, the two supple-

4 Mg/gm indicates milligrams/gram of dry, fat-free 
tissue.
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ments did not produce an additive effect. 
Parallel results were observed in the case 
of total liver cholesterol concentrations; 
group A, 43.1 ±  8.5 mg per gm, group B, 
81.7 ±  6.3 mg per gm, group C, 65.3 ±  21 
mg per gm and group D, 73.9 ±  31 mg per 
gm. The atherosclerosis score was always 
found to be somewhat higher in the ani
mals fed SST than in those receiving lac
tose.

Mode of feeding. Rabbits receiving the 
sucrose-cholesterol-containing diet for two 
or three one-hour periods daily for 8 
weeks exhibited significantly higher serum 
and hepatic cholesterol concentration and 
atherogenesis than rabbits that were al
lowed free access to the diet (table 3), 
total serum cholesterol, group A (ad libi
tum) 685 ±  422 mg per 100 ml vs. group 
B, (two feeding periods), 1,390 ±  222 and 
group B-l (three feeding periods) 1,434 ±  
291 mg per 100 ml and total liver choles
terol concentration, group A, 26.6 ±  12.2 
mg per gm vs. group B, 44.9 ±  4.8 mg 
per gm and group B-l, 45.8 ±  4.3 mg per 
gm. The increased sterol levels resulting 
from this feeding procedure were not ob
served, however, when the diet contained 
lactose (table 3, series 2). The difference 
in the sterol metabolism of the groups fed 
0.0 and 0.7% cholesterol-containing diets 
alternately was not unlike that observed 
commonly for sucrose vs. lactose-fed rab
bits supplemented with a 0.35% dietary 
cholesterol (table 3, groups C and D vs. 
group A in both series). An exception was 
the serum cholesterol value for sucrose-fed 
rabbits (series 1, group C, 1,495 ±  687 mg 
per 100 ml and group D, 1,103 ±  670 mg 
per 100 ml vs. group A, 685 ±  422 mg per 
100 ml). The consumption of the 0.0 and 
the 0.7% cholesterol-containing diets by 
the animals in groups C and D was ap
proximately equivalent.

DISCUSSION

The greatest variation in cholesterol 
metabolism in the rabbits fed sucrose- or 
lactose-containing diets occurred at a cru
cial level of cholesterol in the diet, namely 
0.35% . Whether the absence of a “lactose 
effect” at the 0.5 % cholesterol level is due 
to the saturation of the absorption mecha
nism or the exhaustion of available bile 
salts in the lumen of the intestine or an
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alternate explanation is difficult to ascer
tain. Increased intestinal motility has been 
postulated as one of the mechanisms that 
could explain the hypercholesterolemia as
sociated with lactose-feeding (Wells and 
Anderson, ’59; Portman, ’60). A possible 
result of this mechanism might be an in
creased rate of enterohepatic circulation 
of bile acid. This effect combined with the 
decrease in the breakdown of bile acids by 
the intestinal flora could result in a con
servation of bile acids and thereby second
arily result in an increased absorption of 
dietary cholesterol. The influence of diet 
on intestinal microorganisms and the 
ability of certain microorganisms to mod
ify bile acid structure has been extensively 
studied by Lindstedt and Norman ( ’56), 
Gustafsson et al. ( ’57), Portman, et al. 
( ’55) and Portman ( ’60). If the ‘lactose 
effect” can be explained primarily on the 
basis of fecal excretion of bile acids, this 
effect ought to be lessened by conducting 
the experiment under germ-free condi
tions. Similarly, any lactose mechanism 
not related to intestinal microorganisms 
should function even in the presence of 
“intestinal antibiotics.” The failure to ob
serve an additive effect of lactose and SST 
on the cholesterol levels of rabbit serum 
and liver tissue tends to support a “lactose 
effect” mechanism associated with intes
tinal microorganisms. Pertinent results 
were obtained by Kritchevsky et al. ( ’59) 
for chickens reared under germ-free con
ditions. Thus, the hypocholesterolemic 
effect of feeding glucose or starch in a 
conventional environment was partially 
destroyed. An analogous effect was noted 
when an antibiotic was added to glucose- 
cholesterol diets (Kritchevsky et al., ’58). 
Elevated serum cholesterol levels have 
been reported to occur as a result of feed
ing neomycin sulfate to rats5 6 and to rabbits 
(Fisher, ’60). The opposite effect resulted 
from the addition of neomycin to the diet 
of human subjects (Samuel and Steiner, 
’59).

In the present study, rabbits were given 
the opportunity to develop reduced cho
lesterol concentrations by consuming a 
cholesterol-free diet every other day. The 
results suggest that the rabbit is unable 
to benefit from the omission of dietary 
cholesterol for only 24 hours. This obser

vation may be explained in part by no 
attempt having been made to prevent 
coprophagy.

Cohn ( ’60) has suggested a significant 
role for the daily pattern of ingestion of 
a diet in the regulation of body metabo
lism. Further communications (Cohn et 
al., ’60)° have revealed that atherosclerosis 
in the chicken was more pronounced when 
the atherogenic diet was eaten under re
stricted conditions than when it was fed 
ad libitum. Cox et al. ( ’58) reported that 
the development of atherosclerosis in the 
monkey was enhanced by feeding the ani
mals once daily. Okey et al. ( ’60) ob
served that meal-eating female rats had 
higher serum cholesterol levels than nib- 
blers eating the same cholesterol-rich 
diet. The results for the rabbits fed a su
crose-containing diet are essentially equiv
alent to those reported by Cohn for the 
chicken; however, if lactose was added 
to the diet, the mode of eating the diet 
was of little consequence to serum and 
liver cholesterol concentrations and athero- 
genesis.

SUMMARY

1. Rabbits were fed sucrose- or lactose- 
containing diets and cholesterol varying 
from trace amounts to 0.5% of the diet for 
8 to 13 weeks. The maximal difference in 
cholesterol metabolism and atherosclerosis 
between the groups fed sucrose or lactose 
was observed when 0.35% of cholesterol 
was added to the diet. Essentially no dif
ference in serum and liver cholesterol val
ues and atherosclerosis was obtained when 
0.5% of cholesterol was added to the 
sucrose- and lactose-containing diets.

2. The addition of 0.5 or 1% of suc- 
cinylsulfathiazole (SST) to a 0.35% cho- 
lesterol-sucrose-containing diet fed to male 
rabbits for 8 weeks resulted in serum and 
hepatic cholesterol levels and atherogen- 
esis comparable to that of the lactose- 
supplemented 0.35% cholesterol-contain
ing diet. The supplementation of both 
SST and lactose in the diet produced essen

5 Broitman, S. A., D. Kinnear, L. S. Gottlieb, A. 
Bezman, J. J. Vitale and N. Zamchek 1959 Effect 
o f neom ycin suppression o f intestinal flora and dietary 
magnesium on the hypercholesteremia and valvular 
sudanophilia induced by cholesterol and cholate diets. 
Federation Proc., 18: 471 (abstract).

6 Cohn, C., R. Pick and L. N. Katz 1959 Effect o f 
rate o f ingestion o f diet ( “ meal eating”  vs. “ nibbling” ) 
on atherogenesis in chickens. Circulation, 20: 969 
(abstract).
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tially the same response in the rabbit as 
that obtained with either component alone 
added to the diet.

3. During an 8-week experimental pe
riod. the restriction of the feeding pattern 
of rabbits given a 0.35% cholesterol-su
crose-containing diet for two or three one- 
hour intervals daily resulted in higher 
serum and liver cholesterol values and 
degree of atherosclerosis than the corre
sponding values of the ad libitum-fed con
trols. This effect was not observed if the 
diet contained 29.35% of lactose in place 
of sucrose. Sucrose- or lactose-containing 
diets consisting of either a trace or 0.7% 
of cholesterol were fed to rabbits on a 
daily alternation schedule for 8 weeks. 
Serum and liver cholesterol content and 
atherogenesis was comparable to that ob
served in rabbits fed the corresponding 
carbohydrate diets containing 0.35% of 
cholesterol continuously. The serum cho
lesterol values of the sucrose-alternate-fed 
groups, however, were higher than the 
corresponding values for the sucrose- 
0.35% cholesterol-fed rabbits.
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The absorption of dietary cholesterol 
was observed to be increased by the con
current feeding of lactose to rats (Wells 
and Cooper, ’58) and rabbits (Wells and 
Anderson, ’59). The ingestion of lactose 
was associated with an increase in the 
excretion of bile acids from the bile duct 
of cannulated rats (Wells et al., ’60). Fur
ther support for a relationship between 
dietary lactose and bile acid metabolism 
was presented by Portman ( ’60) who re
ported that the half-life of isotopic cholic 
acid in rats fed lactose was longer than 
that of comparable rats fed sucrose. The 
bile acid pool size of the lactose-fed rats 
was calculated to be greater than that of 
the sucrose-fed controls.

Dietary cholic acid inhibited the biosyn
thesis of liver cholesterol from acetate-1- 
C14 (Beher and Baker, ’59) by blocking 
some early stages of the process. Whether 
the cholic acid acts directly on the en
zymatic steps between acetate and cho
lesterol or whether the inhibition is pro
duced secondarily by the elevated liver 
cholesterol concentration resulting from 
feeding cholic acid is not clear. In view 
of the increased liver bile acid pool size 
reported to result from feeding lactose, it 
seemed worthwhile to study the incorpora
tion of labeled acetate and mevalonate 
into rat liver and intestinal cholesterol. 
The present study indicated that the addi
tion of 40% of lactose to the diet of the 
rat resulted in the inhibition of cholesterol 
synthesis from acetate-l-C14 in the liver 
but not in the small intestine. A parallel 
inhibition of acetate incorporation into 
liver sterols was also observed when the

basal diet was supplemented with 1% of 
succinylsulfathiazole3 4 5 (SST). In contrast, 
these dietary changes had little effect on 
the incorporation of mevalonate-2-C“ in 
either rat liver or intestine.

METHODS AND EXPERIMENTAL

Three experimental series were con
ducted in which either acetate-l-C14 4 or 
mevalonate-2-C14 5 served as the cholesterol 
precursor in the rat. Each series consisted 
of three dietary groups: diet A, sucrose 
control, was composed of (per cent): su
crose, 62.8; casein, 18; Wesson (’32) salts, 
4; cottonseed oil, 15; choline chloride, 0.1; 
vitamin mixture, 0.1; and ample supple
ments of a-tocopheryl acetate in cod liver 
oil. Diets B and C were identical to diet A 
except that 40% of lactose and 1% of 
SST, respectively, were added at the ex
pense of sucrose. Each group consisted 
of 8 male rats of the Holtzman strain 
(125 to 150 gm) housed in individual 
cages and fed the respective diets for 5 
days, ad libitum. At this time, the animals 
of series 1 and 2 were each injected intra- 
peritoneally with 50 ijc of sodium acetate- 
l-C14 dissolved in 0.25 ml of saline. The 
third series was conducted exactly as the

Received for  publication August 16, 1961.
1 This investigation was supported by research grant 

H-2458 (C 4) from  the National Institutes o f Health, 
U. S. Public Health Service.

2 A preliminary report o f this study was presented 
in  part before the American Society o f  Biological 
Chemists, Chicago, April 15, 1960: W ells, W. W ., S. C. 
Anderson and R. Quan Ma 1960 The effect o f 
lactose-containing diets on sterol metabolism in the 
rat. Federation Proc., 19: 237 (abstract).

3 Sulfasuxidine ®. Merck and Company, Rahway, 
New Jersey.

4 Both radioactive precursors were obtained from  
Nuclear-Chicago Corporation.

5 See footnote 4.
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first two with the exception that the pre
cursor was 1 nc of mevalonic acid-2-C14-<5- 
lactone dissolved in 0.5 ml of 20% Tween-
80.6 The rats were placed immediately 
into a metabolism cage that was con
nected to several post absorbers contain
ing 2 n  NaOH. After one hour, the ani
mals were decapitated. The liver and 
intestine were quickly removed, washed 
and frozen until analyzed.

TISSU E A N A LYSIS

Individual liver or intestine samples 
were weighed and saponified with 8.5 ml 
per gm of 20% KOH in 85% ethanol 
under nitrogen for two hours. The saponi
fied mixture was extracted with diethyl 
ether, the ether extract washed thoroughly 
with water and transferred to a suitable 
volumetric flask (50- or 100-ml) with ace
tone. Appropriate aliquots were pipetted 
onto planchets for determination of total 
nonsaponifiable fraction radioactivity.7 4 Ad
ditional aliquots were removed, the solvent 
evaporated under a stream of nitrogen 
and 2 ml of acetone: absolute ethanol 
(1 :1 ) were added. The sterols (chiefly 
cholesterol) were precipitated with digi-

tonin as described in the Sperry-Webb 
( ’50) procedure. For the determination 
of radioactivity, one aliquot was filtered 
onto a Whatman no. 540 filter paper and 
counted as above. Another sample was 
analyzed for mass by colorimetric anal
ysis of the Lieberman-Burchard reaction, 
Moore and Baumann ( ’52).

RESULTS

Liver cholesterol biosynthesis. In both 
series, the incorporation of acetate-l-C14 
into the nonsaponifiable and cholesterol 
fractions of rat liver was significantly less 
in either the lactose- or SST-fed rats than 
in the corresponding sucrose-fed controls 
(table 1, nonsaponifiable fraction, e.g., 
series 1, 79,040 count/min vs. 23,590 
count/min and 29,320 count/min for su
crose-, lactose- and SST-fed animals, re
spectively). The relative amount of radio
activity in the cholesterol fraction of the 
livers was analogous to that in the non
saponifiable fraction. Thus, the specific

6 Polyoxyethylene sorbitan monooleate, Atlas Powder 
Company.

7 Gas flow thin end window counter, Tracerlab Inc. 
Corrections were made for self-absorption when neces
sary.

TABLE 1
E ffect o f  dietary lactose and SST1 on  the incorporation o f  a ceta te-l-C 14 or m eva lon a te-2 -C 14

into the cholesterol o f  rat liver

Total
average

nonsaponifiable
fraction-C14

Total cholesterol-X-C14
Group2 Diet3

Weight Specific
activity

count/min. mg count/ m in . /  mg
Series 1 
(a ce ta te )

A Sucrose 79,040 14.7 ±  1.2J 544 ±  249“
B L actose 23 ,590 18.4 ±  2.8 169 ± 4 5
C SST 29,320 15.1 ±  3 .2 280 ± 1 4 4

Series 2  
(a ce ta te )

A Sucrose 56,900 17.9 ±  2.5 539 ± 3 0 7
B L actose 11,080 1 8 .6 ± 2 .1 169 ± 8 0
C SST 20,040 18.8 ±  3 .7 1 9 6 ±  111

Series 3 
(m e v a lo n a te )

A Sucrose 53,290 21 .6 ±  3 .0 1,521 ± 4 1 8
B L actose 52,360 29 .5 ±  5.7 908 ± 4 4 0
C SST 42 ,190 19.8 ±  2.5 1 ,1 1 4 ± 2 2 1

1 Succinylsulfathiazole. ,
2 Rats in series 1 and 2 received 50 /¿g o f acetate-l-C14 in 0.25 m l o f saline intrapentoneally. Rats 

in series 3 received 1 /¿c o f m evalonic acid-5-lactone-2-C14 in 0.5 m l o f 20% Tween-80 by the same 
route. Each series consisted o f 8 male rats^ (125 to 150 gm ) o f the Holtzman strain.

3 See text for  description o f diet composition.
4 Standard deviation, a = *\/ ̂ X2 -  -   ̂ ,/N  — 1.
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activity of liver cholesterol for the sucrose,- 
lactose- and SST-fed rats was 544 ±  249 
count/min/mg, 169 ±  45 count/min/mg 
and 280 ±1 4 4  count/min/mg, respec
tively (table 1). When mevalonate-2-C14 
was the cholesterol precursor, only minor 
variations were observed in the recovery 
of the isotope in the liver nonsaponifiable 
fraction (table 1, series 3, 53,290 count/ 
min and 52,360 count/min vs. 42,190 
count/min for the sucrose-, lactose- and 
SST-fed rats, respectively. Inspection of 
the appropriate specific activities reveals 
that only moderate inhibition of radioac
tive mevalonate incorporation into liver 
cholesterol occurred (table 1, sucrose-fed, 
1521 ±  418 count/min/mg vs. lactose-fed, 
908 ±  440 count/min/mg and SST-fed, 
1114 ±  221 count/min/mg).

Intestinal cholesterol biosynthesis. In 
contrast with the observations in the liver, 
no changes were noted in the incorpora
tion of acetate-l-C14 into either the total 
nonsaponifiable fraction or the cholesterol 
of the intestine when the basal sucrose 
diet was supplemented with lactose or 
SST (table 2, e.g., series 1, for groups A, 
B, and C, the total nonsaponifiable frac- 
tion-C14 was 76,590 count/min, 73,850

count/min and 71,610 count/min and the 
specific activity of cholesterol was 2045 ±  
845 count/min/mg, 2,107 ±911  count/ 
min/mg and 1913 ±  428 count/min/mg, 
respectively). When acetate-l-C14 was the 
precursor, the specific activity of the in
testinal cholesterol was over three times 
that of the liver cholesterol from the same 
animals (e.g., series 1, group A, 2045 ±  
845 count/min/mg vs. 544 ±  249 count/ 
min/mg). But, when mevalonate-2-C14 
was the cholesterol precursor, an average 
of 40.2% of the injected radioactivity was 
located in the liver after one hour while 
only ca. 2.0% of the C14 was found in the 
intestine. Furthermore, dietary alterations 
had essentially no influence on the extent 
of incorporation of mevalonate into intes
tinal cholesterol (table 2, series 3, sucrose, 
lactose and SST were 81 ±  37, 75 ±  33, 
and 98 ±  35 count/min/mg respectively).

DISCUSSION

Dietary lactose and SST may be added 
to a growing list of agents, which, under 
certain conditions, contribute to the inhibi
tion of hepatic cholesterol biosynthesis 
from acetate in the rat (Kritchevsky and 
Staple, ’60). In the present studies, the

TABLE 2
E ffect o f  dietary lactose and SST1 on  the incorporation o f a ceta te-l-C 14 or 

m eva lon a te-2 -C 14 into the cholesterol o f  rat sm all intestine

Total
average

nonsaponifiable
fraction-C14

Total cholesterol-X-C14
Group2 Diet3

Weight Specific
activity

count/m in. mg count/ min. /  mg
Series 1 
(acetate)

A Sucrose 76,590 13.8 ± 2 .8 4 2,045 ± 8 4 5 “
B Lactose 73,850 12.8 ± 1 .8 2,107 ± 91 1
C SST 71,610 12.6 ±  2.7 1,913±428

Series 2 
(acetate)

A Sucrose 62,140 1 5 .5±  1.1 1,369 ±2 8 2
B Lactose 51,185 13.7 ± 1 .8 1,286 ± 3 9 2
C SST 47,955 14.4 ± 1 .6 1,771 ± 4 4 3

Series 3 
(mevalonate)

A Sucrose 1,917 13.5 ±  2.3 81 ±  37
B Lactose 2,108 12.4 ±  0.9 75 ± 3 3
C SST 3,147 16 .2±2 .3 98 ± 3 5

1 Succinylsulfathiazole.
2 Rats in series 1 and 2 received 50 /ic o f acetate-l-C14 in 0.25 m l o f saline intraperitoneally. Rats 

in  series 3 received 1 fie o f m evalonic acid-5-lactone-2-C14 in  0.5 m l o f 20% Tween-80 by the same 
route. Each series consisted o f 8 male rats (125 to 150 gm ) o f the Holtzman strain.

3 See text for  description o f diet composition.
4 Standard deviation, see footnote 4, table 1.
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magnitude of the inhibition of hepatic cho
lesterol from acetate-l-C14 resulting from 
consumption of lactose and SST, namely 
69 and 49%, respectively, closely resem
bles that reported as a consequence of 
cholic acid feeding (ca. 65% inhibition, 
Beher and Baker, ’59). The action of 
dietary lactose and SST on liver choles
terol biosynthesis may be attributed to the 
elevated enterohepatic bile acid pool size 
observed in rats fed these supplements 
(Portman, ’60). In contrast with the find
ings in the liver, the failure to observe an 
inhibition of intestinal cholesterol synthe
sis from either acetate or mevalonate by 
feeding lactose or SST may indicate that 
other factors such as the short life span 
of intestinal epithelial cells (Leblond and 
Stevens, ’48; Wells et al., ’55) are more 
influential in controlling the rate of sterol 
synthesis in this tissue.

The smaller inhibition of hepatic cho
lesterol biosynthesis from mevalonate-2-C14 
in the present study (30 to 26% ) is also 
comparable to that inhibition noted by 
Beher and Baker ( ’59) as a result of feed
ing cholic acid to rats (25% inhibition). 
The high yield of liver radioactive choles
terol from mevalonate-2-C14 agrees with 
the original work by Tavormina et al. (’56). 
The liver, a prominent member of the 
reticulo-endothelial system, appears to 
have a much greater affinity for the non
polar mevalonic acid-S-lactone-2-C14 than 
the small intestine. This observation is 
consistent with the known ability of the 
liver to remove nonpolar substances or 
foreign bodies from the circulation (Fried
man et al., ’54).

SUMMARY

Male rats were fed diets containing 
40% of lactose or 1% of succinylsulfa- 
thiazole (SST) for 5 days. In two experi
ments hepatic cholesterol biosynthesis 
from acetate-l-C14 was inhibited by 69% 
for the lactose-fed rats and between 49 to 
64% for the rats fed SST when compared 
with sucrose-fed controls. When meva
lonic acid-S-lactone-2-C14 was used as the 
liver cholesterol precursor, inhibitions of 
only 30 and 26% for lactose and SST-fed 
rats, respectively, were observed. Choles

terol biosynthesis in the small intestine 
from both precursors was not affected by 
the alterations of the diet. The magnitude 
of the incorporation of acetate-l-C14 into 
the small intestine cholesterol was over 
three times that observed in the liver cho
lesterol. In contrast, the amount of radio
active cholesterol in the liver derived from 
mevalonic-S-lactone-2-C14 was ca. 19 times 
greater than that isolated from the in
testine.
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Although epoxy fatty acids have been 
known for some time to occur as a product 
of catalytic autoxidation of unsaturated 
fatty acids (Ellis, ’36) it was not until re
cently that Gunstone ( ’54) described their 
natural occurrence in plants. Epoxy acids, 
previously known as oxido-acids, are char
acterized by having an oxirane group 

/ 0 \
(-C H - CH-) in the fatty acid chain. 
This group reacts readily with both organic 
and inorganic acids and care must be taken 
to avoid prolonged exposure to acids dur
ing its isolation from natural sources. Ex
posure to strong acid in the course of the 
usual procedure for preparation of fatty 
acids converts the epoxy acid to hydroxy 
acids. Therefore the high contents of hy
droxy acids reported formerly for some 
seed oils were largely artefacts produced 
from the epoxy acids present.

Since Gunstone ( ’54) described the oc
currence of cis 12:13 epoxyoleic acid or 
vemolic acid (II)4 in the seed oil of Ver- 
nonia anthelmintica which has presumed 
anthelmintic properties, various reports 
have appeared in the literature showing its 
presence in other seed oils (Bharucha and 
Gunstone, ’56; Chisholm and Hopkins. ’57; 
Hopkins and Chisholm, ’59). Three other 
naturally occurring epoxy acids have been 
described lately, the structural isomer of 
vernolic acid or cis 9:10 epoxy octadec-12- 
enoic acid (III) (Smith et al., ’60), cis 
15:16 epoxylinoleic acid (IV) (Gunstone 
and Morris, ’59) and cis 9:10 epoxystearic 
acid (I) (Chisholm and Hopkins, ’59) 
which has been found also in the spore oils 
of some plant rusts (Tullach and Leding- 
ham, ’60). In all epoxy acids that have so 
far been described, the oxirane ring occurs 
in the same position as would otherwise be 
occupied by a double bond in common nat
urally occurring unsaturated fatty acids 
(table 1). Hence the suggestion was made

that epoxy acids may play a role in the 
biogenesis of unsaturated acids (Ellis, ’36; 
Morris et al., ’61) or conversely be meta
bolic products of the latter (Smith et al., 
’60). The relationships in structure be
tween common unsaturated acids and 
epoxy acids found in nature are given in 
table 1.

The present study of the effect of feed
ing Vernonia oil, which contains about 
69% of 12, 13 epoxyoleic acid, to the rat 
was undertaken in an effort to ascertain 
whether dietary epoxy acids are incorpo
rated into animal tissue and what effects 
these acids may have on the animal.

EXPERIMENTAL

The experiments summarized here were 
performed in two parts. A preliminary ex
ploration of the problem (part 1) was un
dertaken to determine whether epoxy acids 
could survive the digestive tract and ap
pear in animal tissues when administered 
in the diet. When this was qualitatively 
demonstrated, the second part of the ex
periment was undertaken to describe the 
phenomenon quantitatively and systemati
cally.

Experiment 1. In the preliminary ex
ploration 10 male albino rats weighing 
about 200 gm each were divided into two 
groups. Both groups received diets contain
ing (in per cent) oil, 10; casein, 16; sucrose, 
64; a-cellulose, 4; salt mixture, 4; and 
1% of a casein-choline chloride mixture 
providing 0.115% of choline in the final

Received for publication August 18, 1961.
1 Supported in  part by grants from  the Hormel 

Foundation, Life Insurance M edical Research Fund 
and National Institutes o f Health (A -4524).

2 Life Insurance M edical Research Fund Fellow 
(W ashington University) and Guest at the Hormel 
Institute during the nutritional and chem ical phases 
o f this investigation, 1960.

3 Present address: Brunei College o f Technology, 
W oodlands Avenue, Acton, W. 3, London, England.

4 The Roman numerals refer to the epoxy acids in 
table 1.
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food mixture,5 and the other necessary 
vitamins and food factors (Aaes-J0rgensen 
and Holman, ’58). One group received 
10% of Vernonia oil and the other, 10% 
of corn oil. After 10 to 15 days on this die
tary regimen, the animals were decap
itated. Tissue lipids were extracted in a 
Waring Blendor with chloroform-methanol 
(2: l ) , 6 saponified with 7 to 10% ethanolic 
KOH, and the unsaponifiable material re
moved by washing the hydrolysate several 
times with light petroleum ether. The 
aqueous solution of the soaps was then 
carefully neutralized with 2 n  HC1 and im
mediately extracted with ether to prevent 
the cleavage of the epoxide groups. After 
drying over anhydrous sodium sulfate, the 
fatty acids were converted to their methyl 
esters with diazomethane and chromato
graphed on thin layers of silica gel G 
(Merck) (Stahl, ’58; Mangold and Malins, 
’60; Malins and Mangold, ’60; Morris et al., 
’61) spread on glass plates. The eluting 
solvent used was diethyl ether and light 
petroleum ether (15:85 v /v ). The extrac
tion, saponification, methylation, and chro
matography were conducted within 24 
hours and, when practicable, under an at
mosphere of nitrogen to avoid oxidation. 
The methyl esters from some of the animals 
were subsequently treated with anhydrous 
ethereal HC1 to convert the epoxy acids to 
the chlorohydrins and rechromatographed 
on plates to detect possible chlorohydrins. 
The near infrared spectra of esters or 
esters treated with HC1 were measured us
ing a Beckman DK-2 recording spectro
photometer with fused silica cells of 1 cm 
path length, and the appearance of hy
droxyl absorption at 2,795 mu after treat
ment with HC1 was observed as a measure 
of the original epoxy acid content (Morris 
et al., ’61; Morris and Holman, ’61).

Two rats fed Vernonia oil and two fed 
corn oil were killed after 10 days and 
the viscera, excluding the gastrointestinal 
tract, were examined for the presence of 
epoxy acids. The remaining three rats 
from each group were killed after 15 days 
and several tissues from each were ex

5 One per cent used o f a mixture made by adding 
13 gm o f choline chloride to 100 gm o f casein.

6 Folch, J., M. Lees and G. H. Sloane-Stanley 1954
A simple method for preparation o f total pure lipide 
extracts from  brain. Federation Proc., 13: 209
( abstract).
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amined for their epoxy content. The treat
ments and analyses performed on various 
samples from this preliminary and ex
ploratory experiment are listed in table 2.

Experiment 2. The second portion of 
the experiment was designed to find mor
phologic changes that might be produced 
by feeding vemolic acid and to examine its 
effect upon tissue fatty acid. Accordingly

24 male weanling rats of the Sprague- 
Dawley strain were divided into two groups 
of 12 animals each. Both groups received 
diets similar in composition to those de
scribed above. One was prepared with 
10% of Vemonia seed oil and the other 
with 10% of olive oil. By gas-liquid chro
matography and near-infrared spectrom
etry the fatty acid composition of the

TABLE 2

A n a lyses p erform ed  in  exp erim en t 1 to detect ep ox y  fa tty  acids in  tissues o f  rats 
fed  V e m o n ia  oil or corn oil

Thin-layer chromatography Near infrared
analysis

Dietary fat Days Rat
no. Sample

Epoxy
Chlor-
hydrin
after
HC1

Hydroxy 
Hydroxy after 

HC1

Vernonia oil 10 i Viscera + -f — +
Gastric content +  +  +
Feces +

10 3 Viscera + -j- _ _i_
Gastric content +  +  +
Feces -L

15 5 Liver +
Kidney +
Heart
Brain
Gastric content +  +  +  +
Feces +

15 7 Epididymal fat +
Liver +
Kidney _  _
Heart + _
Brain ± _______ ±:

15 9 Epididymal fat +
Liver +
Kidney +
Heart
Brain

Corn oil 10 2 Viscera
Gastric content _
Feces _

10 4 Viscera
Gastric content _
Feces _

15 6 Liver
Kidney _
Heart _
Brain _

15 8 Epididymal fat _
Liver _
Kidney _
Heart _
Brain _

15 10 Epididymal fat _
Liver
Kidney _
Heart
Brain
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Vernonia seed oil was:7 16:0, 21%; 18:0, 
0.9%; 18:1, 1.8%; 18:2, 10.5%; epoxy- 
oleate, 69.3% ; and hydroxy acids, 14.4% . 
The olive oil consisted of: 16:0, 10.2%; 
16:1, 0.9%; 18:0, 2.4%; 18:1, 81.1%; 
18:2, 4.5% ; and 20:0, 0.8% . The animals 
fed olive oil were pair-fed, each being 
offered and each consuming an amount of 
food equal to that eaten by its mate in 
the Vernonia group the day before. The 
weights of all rats were recorded daily.

The animals were maintained with these 
diets for 28 days, killed by ether anesthesia 
and autopsied. Weights of livers, hearts, 
kidneys and epididymal fat bodies were 
recorded, and sections were taken from 
these tissues as well as from spleens, pan
creases, skeletal muscle, testes and adre
nals. The tissues were fixed in Zenker- 
formol and 10% formalin. Sections from 
these tissues were stained with hema
toxylin and eosin. Oil red O stain for lipid 
was applied to paraffin and frozen sections 
of livers and kidneys. Epididymal fat bod
ies and portions of livers were quickly im
mersed in normal saline and frozen for 
chemical analyses. Determinations of the

polyunsaturated acid content of livers were 
made by alkaline isomerization (Holman 
and Hayes, ’58). The epididymal adipose 
tissue of 5 rats in the Vernonia group and 6 
rats in the olive oil group were extracted, 
saponified, carefully acidified and methy
lated with diazomethane. Because of the 
possibility of alteration of the oxirane ring 
during gas-liquid chromatography, the 
epoxy fatty acid contents of these esters 
were determined in aliquots of the sam
ples by near-infrared spectrometry after 
conversion to the corresponding chlorohy- 
drin (Morris and Holman, ’61). The re
mainder of the samples were analyzed by 
gas chromatography, and the compositions 
expressed as area per cent.

RESULTS AND DISCUSSION

Experiment 1. In two rats fed Vernonia 
oil, whose total visceral lipids were ex
amined, a spot was present which migrated 
with methyl 12, 13 epoxyoleate standard 
on a thin-layer chromatograph (fig. 1). No

7 First number indicates chain length and the num 
ber follow ing the colon indicates number o f double 
bonds.

NON-OX Y 
ESTERS

EPOXY ESTERS 
—  CHLOR HYDRINS

I 2  3  4  5  6  7

Fig. 1 Demonstration of the presence of epoxy esters in the methyl esters of fatty acids derived from 
tissue of rats fed Vernonia  oil for 10 days. (1) Esters of tissue fatty acids from control rat; (2) esters of 
tissue fatty acids from rats fed Vernonia  oil; (3) methyl esters of the V ernonia  oil sample fed to rats; 
(4) purified methyl epoxyoleate; (5) chlorhydrins from purified methyl epoxyoleate; (6 ) esters of tissue 
fatty acids from rat fed Vernonia  oil after treatment with HC1; (7) esters of tissue fatty acids from con
trol rat after treatment with HC1. Spots 1, 2, 6 and 7 are grossly overloaded with respect to non-oxy- 
genated esters to show the absence of epoxy esters in the control rat.
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maxima at 2.795 u (hydroxy groups) were 
noted in the near-infrared spectra. After 
treatment of the fatty acid esters with dry 
ethereal HC1, the spot attributed to epoxy 
ester was absent and one attributed to 
chlorohydrin appeared. This treatment 
also generated an absorption maximum at 
2.795 u (hydroxyl) in the near infrared 
spectrum, confirming the presence of 
epoxyoleate in the lipids of the viscera.

These and other qualitative tests for the 
presence of epoxy acids in lipids of various 
tissues are presented in table 2. It is clear 
that epoxy acids survive contact with HC1 
in the stomach and that they appear in 
both tissues and feces of rats fed Vernonia 
oil. The presence of epoxy acids in the 
brains of these animals is equivocal. 
Epoxy acids were not demonstrated in any 
samples or tissues from rats fed corn oil, 
suggesting that epoxy acids are not formed 
from linoleate by intestinal bacteria or 
by tissue metabolism in any detectable 
amount. Gastric contents of rats fed Ver
nonia oil contained relatively more epoxy 
acid than did feces, indicating disappear
ance during transit through the gastro
intestinal tract. Present evidence does not 
allow decision whether this is due to ab
sorption alone or is complicated by bac
terial action.

Experiment 2. The growth curves of 
the rats that had been maintained with 
diets containing the Vernonia oil or olive oil 
showed very similar patterns, and the dif
ferences in the weight gain of the two 
groups was not significant at the end of the 
experiment. Although the kidneys, livers, 
hearts and epididymal fat bodies of the ani
mals of the olive oil group tended to weigh 
more than those of the Vernonia oil group, 
the difference was not significant.

Structural lesions were absent in all or
gans studied but stainable fat (oil red O 
treated frozen sections) was observed in 
some organs. Livers from animals in 
both groups contained a slight-to-moderate 
amount of lipid droplets ranging from 1 to 
2 to 8 to 10 per hepatic cell. The fat ap
peared most prominently in the peripheral 
zones of the hepatic lobules adjacent to 
the portal areas. In livers from those ani
mals fed olive oil, lipid droplets were more 
frequent than in livers of animals fed the 
Vernonia oil. In sections of kidneys of the

olive oil group, fat was prominent in proxi
mal convoluted tubules and the difference 
in this respect between the two groups was 
more definite than for their livers. Where
as very little stainable lipid could be dem
onstrated in the sections from the animals 
fed Vernonia oil, a small but significant 
amount of oil red O stainable material 
was present in proximal tubules of the kid
neys of the rats from the olive oil group. 
The fat was present in the form of droplets 
about the size of nucleoli, and was char
acteristically present between nucleus and 
that aspect of the cell towards the base
ment membrane. Not all proximal tubules 
contained stainable lipid, but when pres
ent, it was observed in several adjacent 
sections of tubules separated by others in 
which it was absent. Oil red 0  stainable 
material (ceroid) was not noted in paraf
fin sections of either livers or kidneys.

In table 3 are summarized the analyses 
of selected lipids from animals of experi
ment 2. Polyunsaturated fatty acid con
tents of livers were determined by alkaline 
isomerization. Similar analysis of pure 
epoxyoleate indicated apparent diene and 
tetraene contents of 24.7 and 16.5%. 
Therefore, the actual diene and triene val
ues recorded for the fiver samples should 
be lower because the fiver lipids contained 
some epoxyoleate. Analyses for individual 
fatty acids in the epididymal fat bodies 
were determined by gas chromatography, 
except for epoxy acids which were deter
mined by near infrared spectra.

In this relatively short-term experiment, 
the diet was well tolerated by the animals, 
and in the rats fed the diet high in epoxy- 
oleic acid, no morphologic or biochemical 
lesions characteristic of a deficiency in es
sential fatty acids could be demonstrated. 
In the adult rats fed the Vernonia seed oil 
for 10 to 15 days the epoxy fatty acid was 
noted to make up about 2% of the total 
fatty acids in the adipose tissue, whereas 
the levels in the fiver, heart, kidneys and 
brain ranged from 1 to 0.2% or less. In 
weanling rats fed the seed oil for 28 days 
the level had risen to a mean of 14.1%. 
Whether the animal is able to utilize the 
stored epoxyoleate as a source of energy or 
of essential fatty acid cannot be ascer
tained at this stage. Similarly no conclu
sions can be drawn whether the epoxy-



EPOXY FATTY ACIDS IN RATS 57

TABLE 3

C om position  o f  the fa tty  acids from  liver and ep ididym al fat from  rats
fed  Vernonia  oil and olive oil1

Fatty acid Vernonia oil group Olive oil group
Liver

Dienoic
Trienoic
Tetraenoic
Pentaenoic
Hexaenoic
Trienoic:tetraenoic ratio

6 rats 
212.6 ± 2 1  

80.4 ±  9.2 
377.5 ± 2 7

77.6 ±  5.9
61.6 ±  4.9 

0.21 ±  0.02

6 rats
99.6 ±  3.7 

154.7 ± 1 1 .4  
234.9 ± 1 3

41.4 ±  2.2
73.5 ±  5.1 

0.65 ±  0.15
Epididymal fat

Palmitic
Palmitoleic
Stearic
Oleic
Linoleic
Epoxyoleic

5 rats
29.0 ±  3.3

9.6 ±  1.6 
3.3 ±  1.2

36.7 ±  3.7
4.7 ±  1.4

14.1 ±  1.1

6 rats
21.5 ±  1.1 

6.1 ±  0.95 
2.6 ±  0.6 

65.8 ±  0.7 
2.0 ±  0.6 

0
1 Data for liver is expressed as m g /100 gm o f tissue, and for epididymal fat as area percentage 

in  a gas-liquid chromatogram o f the methyl esters.

oleate might have a deleterious effect on 
general body metabolism if it were allowed 
to reach higher concentrations in the tis
sues by long-term feeding experiments.

The composition of liver fatty acids of 
the group fed Vernonia oil indicated no es
sential fatty acid deficiency. Although 
epoxyoleic acid was fed at a level of ap
proximately 7% of the diet, no interfer
ence with the utilization of linoleate (1% 
of the diet) was apparent. The triene: 
tetraene ratio in the liver fatty acids of rats 
fed Vernonia oil was low indicating a nor
mal essential fatty acid status (Holman, 
’60; Hill et al., ’61). On the other hand, 
the present data do not allow evaluation of 
possible substitution of epoxyoleate for 
linoleate, for the 1% of linoleate fed in the 
diet containing Vernonia oil was of itself 
adequate to induce a normal pattern of 
polyunsaturated fatty acids. The composi
tion of the fat of the epididymal fat pad 
reflected the unique aspects of the dietary 
fats as might be expected. Thus, high con
tents of palmitate, linoleate and epoxy
oleate in Vernonia oil were reflected by 
high levels of these components in the epi
didymal fat of rats fed this oil. Conversely, 
the epididymal fat of rats fed olive oil had 
a higher content of oleate which is char
acteristically high in olive oil.

The triene: tetraene ratio of the livers of 
the olive oil group, however, strongly sug
gests an early stage or low degree of essen
tial fatty acid deficiency (Holman, ’60). 
This possibility is supported by the presence

of more stainable fat in livers and kidneys 
of the animals receiving olive oil in the 
diet (Borland and Jackson, ’31; Rice and 
Jackson, ’34; Funch et al., ’57; Alfin-Slater 
and Bernick, ’58). The level of linoleic 
acid supplied by the olive oil would have 
been adequate to induce a normal tissue 
pattern of polyunsaturated acids when an 
otherwise fat-free diet was fed, but because 
of the high oleic acid content of the diet, 
the requirement of linoleic acid in those 
animals may have been raised, as demon
strated recently by Dhopeshwrarker and 
Mead ( ’61).

Although limited, these experiments per
mit conclusion that epoxyoleic acid is ab
sorbed and deposited in tissue lipids, and 
that it does not interfere with the metabo
lism of linoleate, to which it is closely re
lated by structure. Its possible substitution 
for linoleate cannot be evaluated from 
these experiments. No harmful effect, 
either upon gross or histological aspects of 
tissue morphology, or upon biochemical 
composition of tissue lipids has been ob
served when 10% of Vernonia oil was fed 
for one month. Thus, amounts of epoxy 
acids that may be encountered in natural 
diets are probably not deleterious to indivi
duals consuming them for that period.

SUMMARY

In a preliminary experiment Vernonia oil 
containing 69% of epoxyoleic acid was fed 
to 5 adult rats as 10% of the diet. After
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10 days two rats were killed and the lipids 
extracted from the viscera minus the gas
trointestinal tract. The fatty acids of the 
lipids therein were converted to methyl 
esters and examined for epoxy acid con
tent by thin-layer chromatography and 
near-infrared spectrophotometry. Epoxy 
acids were observed to be present. Three 
other adult rats were fed the same diet 15 
days and epoxy acids were noted in adipose 
tissue, liver, kidneys and heart of these 
animals. No epoxy acids were demon
strable in comparable samples from rats 
fed 10% of corn oil in a similar diet.

The contents of the gastrointestinal tract 
and feces contained epoxy acids when 
Vernonia oil was fed, demonstrating that 
the epoxy group survived the digestive sys
tem. No epoxy acid was demonstrable in 
comparable samples from the rats fed com 
oil.

In a second experiment 12 weanling rats 
were fed a diet containing 10% of Vernonia
011 for 28 days, and 12 controls were fed a 
similar diet containing olive oil. Analysis 
of the liver lipids demonstrated that the 
pattern of polyunsaturated acids was nor
mal, suggesting that epoxyoleic acid does 
not interfere with utilization of linoleate. 
Analysis of the epididymal fat revealed 
14.1% of epoxyoleic acid. Thus, this un
usual dietary acid survives digestion and 
is deposited as other acids are.

Administration of Vernonia oil in the diet 
of rats showed no adverse effect upon gross 
or microscopic anatomy of the animals. 
Thus, it is not toxic in the level fed (7% 
of the diet) for the period of 28 days.
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Studies concerning the effect of thia
mine deficiency on reproduction in chick
ens (Ellis et al., ’33) provided only partial 
quantitative information on this vitamin 
deficiency. These authors showed that the 
composition of the diet can influence thia
mine levels in yolk, indicated that chicks 
from hens fed diets low in thiamine die 
from polyneuritis soon after hatch, and 
confirmed the observation (Chick and 
Roscoe, ’29) that egg white contains little 
or no thiamine. Other than this, informa
tion concerning thiamine deficiency in the 
hen is limited to the knowledge that light 
breed chicks (White Leghorns) have a 
greater resistance to thiamine deficiency 
than heavy breeds (Nichita and Iftimesco, 
’34; Lamoreux and Hutt, ’39). This was 
attributed to a higher thiamine concentra
tion in the yolks of light breeds by Scrim
shaw et al. ( ’45), whose observation was 
later substantiated by others (Mayfield et 
ah, ’55; Howes and Hutt, ’56).

Amprolium2 [ 1 - ( 4-amino-2-n-propyl-5- 
pyrimidinylmethyl)-2-picolinium chloride• 
hydrochloride] has anti-thiamine activity 
(Rogers et al., ’60; Ott et al., ’60). When 
fed to White Leghorn hens at feed con
centrations in excess of 700 ppm for three 
weeks a decrease occurs in feed intake, 
egg production, hatchability and chick 
viability at hatch (Polin et ah, ’61).

The data presented in this report will 
show that amprolium, per se, was not toxic 
at the high levels fed, but adversely influ
enced reproduction by its anti-thiamine 
effect.

EXPERIMENTAL PROCEDURES

Data on feed intake, egg production, 
hatchability and chick viability at hatch 
were obtained according to procedures 
previously reported (Polin et al., ’61). 
White Leghorn hens in their first year of

production were kept in single cages of 
three-deck batteries in a constant-tempera
ture room (21 °C). Fertile eggs were ob
tained from the hens by use of artificial 
insemination with semen from roosters 
fed a commercial breeder ration (5.8 ppm 
of thiamine by thiochrome assay). The 
hens received this diet ad libitum except 
in the experiments on pair-feeding. Either 
amprolium or thiamine hydrochloride 
(USP) or both were incorporated into the 
breeder ration at the concentrations de
sired.

Experiments were 4 weeks in duration, 
except those involving hens pair-fed with 
medicated birds. During the first week, 
control data were obtained on each group 
which contained 4 or 5 hens randomly 
assigned to a prospective treatment. Be
cause reproductive capacity may vary 
widely among groups of randomly-selected 
birds, data accumulated during the third 
week on treatments (4th week of experi
ment) were compared to results obtained 
during the control week and reported as 
“% of control.” This equated any change 
caused by treatment to initial values of 
100%. A nonmedicated group of hens 
was included in each experiment. All per
centage values were converted to arcsin 
transformation (Snedecor, ’56) before 
comparisons or statistical analyses were 
performed.

Hens were injected subcutaneously with 
emulsions prepared by mixing 22 ml of 
aqueous thiamine solution with 2.75 ml 
of sesame oil and 0.25 ml of Triton X-45.3 
The emulsion was used to prolong absorp
tion of the vitamin. Fresh solutions were

Received for publication July 19, 1961.
1 Preliminary report presented at the Poultry Science 

49th Annual Meeting at Davis, California, 1960.
2 Coccidiostat from  Merck and Co., Inc., Rahway, 

New Jersey.
3 Obtainable from  Rohm and Haas, Philadelphia.
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prepared weekly and stored under refrig
eration. All of the hens received placebo 
injections of emulsion during the control 
week.

Embryonating eggs, incubated for 8 
days, were injected with thiamine in 
sterile phosphate-sodium chloride buffer 
solution at pH 7.8 (Gortner, ’49) or with 
the buffer alone. The vitamin was weighed 
from the stock bottle and transferred to 
sterile vials with a minimum of exposure 
to air. The eggs were swabbed at the 
larger end with 95% ethanol and drilled 
with an ethanol-washed Vs inch dental 
bit. Solutions were injected into the al
bumen with a sterile 5.0-ml hypodermic 
syringe and a no. 24 gauge, one-inch 
needle. The hole in the shell was covered 
with cellophane tape, sealed with paraf
fin, and the eggs returned to the incubator.

Yolk samples consisting of 3 to 4 pooled 
yolks were collected during the third week 
on test diets and analyzed for free thia
mine and amprolium. Free thiamine was 
determined by the thiochrome procedure 
(Snell and Snell, ’54) and amprolium by 
the method previously described (Polin 
et al., ’61).

Yolk samples of 15 gm were weighed 
on tared aluminum squares, and trans
ferred to test tubes containing 15 ml of 
18% trichloroacetic acid. After thorough 
mixing of the contents, the tubes were 
allowed to stand 10 minutes, centrifuged, 
and the supernatants poured off through 
washed cotton plugs into clean tubes. One 
milliliter aliquots of the filtered solutions 
were used for the determination of free 
thiamine. After the development of thio
chrome, it was extracted into 3 ml of iso
butanol; 2 ml of the extract were trans
ferred to a small test tube containing 0.5 
ml of absolute ethanol and mixed. The 
solution was read in an Aminco Bowman 
spectrophotofluorometer using an activa
tion wave length of 375 mu and fluores
cence wave length of 465 mu. One milli
liter aliquots of 9% trichloroacetic acid, 
containing zero to 1 ug per ml of thiamine, 
were treated exactly as yolk filtrates, and 
provided blank and standard fluorescence 
readings. When amprolium was present 
in the yolks, drug standards were also run, 
and all samples including yolks, thiamine 
and amprolium standards were read in the

fiuorometer at the wave lengths for both 
thiamine (activation 375 mu; fluorescence 
465 mu) and amprolium (activation 400 
mu; fluorescence 510 mu). Thiamine con
centrations in the yolks were calculated by 
means of the following equation:

T. _  (Ra — bA)FAT — (Rt — bT)FAA ii \ 
Ft a Fat — Ftt Faa

where R represents fiuorometer readings 
of yolk samples, b represents readings of 
blanks (i.e., trichloroacetic acid). Single 
subscripts are read as follows: A, “at the 
amprolium wave lengths,” T, “at the thia
mine wave lengths.” F’s are standard fac
tors; e.g., Fta is the factor for thiamine 
at the amprolium wave lengths, Fat is the 
factor for amprolium at the thiamine wave 
lengths, etc.

These factors are calculated as follows:

StT — t>T, t - StA — t)AT TT — ------o -------  T TA — ----- n--------
L/T '-'T

where Saa reads “fiuorometer reading for 
standard amprolium (i.e., in trichloro
acetic acid) at the amprolium wave 
lengths,” Ca is the concentration of ampro
lium, ug/ml, in the standard solution, bA 
has the same meaning as above, etc.

Fat is very small, and the product 
FtaFat is much less than FttFaa, so that 
no appreciable error is introduced by omit
ting FtaFat in the denominator of (1),  
which then becomes:

rr, _ (Rt -- t>T)Faa — (Ra -- 1>A )Fat ( 0..
1 —  1? 17 \ ^ )■F tt-F aa

When little amprolium is present, (2 ) re
duces further to

T = O)
By this procedure, 1 ug of thiamine 

added per gram of yolk was recovered 
100% [control yolk 2.02 ug per gm ±  
0.014 ( s d ) ;  with added thiamine 3.02 ug 
per gm ±  0.063]; in the presence of 3 ug 
per gm of amprolium, recovery of thia
mine was 97.6% (with added thiamine 
and amprolium, found 3.00 ug per gm ±  
0.120).

It is possible by means of a similar equa
tion, i.e.,

a _ (Ra — bA)FTT — (Rt — RtIFta ,a,
FaaFtt — FatFta

to calculate amprolium concentrations in 
the presence of thiamine. However, since 
thiamine interferes more with the determi
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nation of amprolium than is the reverse 
case, the absolute method for amprolium 
(Polin et al., ’61) is preferred.

RESULTS

Feeding hens a diet containing 4,000 
ppm of amprolium resulted in declines of 
both feed intake and egg reproduction 
(fig. 1). Feed intake decreased after about 
4 days on medication, but egg production 
was not influenced until about the 11th 
day on medication.

1. Oral thiamine vs. oral amprolium. 
Feed intake was 32 and 12% of control 
during the third week hens were fed diets 
containing 4,000 and 8,000 ppm of ampro
lium, respectively (table 1). Thiamine 
added at 4 to 8 ppm to the breeder ration 
counteracted to some extent the decrease 
in feed intake. Ten parts per million of 
the vitamin were needed to completely 
counteract the effect on feed intake by
4,000 ppm of amprolium, whereas 100 
ppm of thiamine almost returned feed in
take to normal in birds fed 8,000 ppm of 
amprolium (table 1).

Egg production was improved by adding 
thiamine to rations containing amprolium. 
It was normal or almost normal when 50 
ppm of thiamine were added to counter
act 4,000 and 8,000 ppm of amprolium. 
Hatchability was returned to control val
ues when at least 10 ppm of the vitamin 
were added to counteract the drug.

Yolk concentrations of amprolium in
creased when thiamine was added to ra
tions containing amprolium at 4,000 and
8.000 ppm (table 1). The diets containing 
100 ppm of added thiamine, however, 
were no more effective in increasing yolk 
concentrations of amprolium than those 
with the added 2 ppm, although there 
was almost a threefold difference in food 
intake. Free thiamine concentrations in 
the yolk, which were as low as 0.3 ppm 
in some of the groups fed amprolium with 
no added thiamine, were normal or almost 
normal when 100 ppm of thiamine were 
added to the amprolium diets.

At amprolium levels of 10,000 and
20.000 ppm, the adverse effects on feed 
intake and reproductive performance were

D A Y S  O N  A M P R O L I U M  A T  4000 p p m

Fig. 1 The effect of feeding amprolium at 4,000 ppm for 21 days on the feed intake and 
egg production of hens. The parabola describing feed intake is based on the arithmetic 
plot of the equation Y =  2.119 — 0.0376X, where X =  days on amprolium and Y =  log of 
feed intake. The equation for egg production is Y =  86.67 — 3.95X, where X =  days on 
amprolium and Y =  angle from arcsin transformation of per cent egg production.
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prevented by the addition of thiamine to 
the ration (table 2). Furthermore, it was 
noted that hatchability was not influenced 
although amprolium was observed in the 
yolk at approximately 48 ppm (table 2). 
Also, free thiamine concentrations in the 
yolk were lower when both amprolium and 
thiamine were added than when only sup
plemental thiamine was used (table 2).

2. Parenteral thiamine vs. oral ampro
lium. The adverse effect on feed intake 
and reproduction from feeding ampro
lium can also be counteracted by inject
ing thiamine subcutaneously into hens. 
This is the more effective route of admin
istration. As shown in table 3, 50 to 100 
ug of thiamine per hen injected daily for 
three weeks prevented the adverse effects 
of the diet containing 4,000 ppm of ampro
lium. Comparable results were obtained 
when 1,000 ug of thiamine were ingested 
daily, an amount supplied by the diet con
taining 10 ppm of the vitamin (table 1). 
The increased chick viability at hatch, 
which was described in an earlier report 
(Polin et al., ’61), was not completely 
counteracted by the highest parenteral 
dosage used. Presumably, the low yolk 
thiamine concentrations associated with 
the treatments (table 3) may have ac
counted for this.

3. Thiamine injection into eggs vs. em
bryo mortality caused by feeding ampro
lium. A hatch of 88% was obtained in 
eggs from nonmedicated hens as com
pared with a value of 56% of eggs from 
hens fed a ration containing 2,000 ppm 
of amprolium (table 4). Manipulation of 
the eggs in the injection experiments re
sulted in lower hatches, and it was these

values that were used in comparing the 
results from thiamine injection into eggs. 
As shown in table 4, thiamine at 0.1 to
10.0 mg per embryonating egg had no 
effect on the hatch of control eggs or on 
the viability of the chicks that hatched. 
On the other hand, thiamine injected into 
the eggs from medicated hens improved 
the hatch from 29% to an average value 
of 46% for all medicated eggs injected 
with thiamine and markedly reduced the 
number of weak and dead chicks at hatch.

4. Pair-feeding experiments. The re
gression curve for egg production of hens 
pair-fed to those fed a diet containing
4.000 ppm of amprolium was almost iden
tical to the one obtained from feeding the 
drug ad lib (fig. 2).

The percentage of normal chicks (total 
chicks hatched less weak or dead chicks 
at time of hatch) from the fertile eggs of 
hens receiving amprolium, or pair-fed 
with the medicated birds was similar to 
the percentage of normal chicks in control 
hatches during the first week of the ex
periment (table 5). Hatches from the 
treated hens during the second and third 
weeks, however, were markedly below nor
mal, particularly those of the group re
ceiving amprolium (table 5). In the latter 
case, chicks from eggs obtained during 
the third week on medication died soon 
after hatching (table 6). No weak or 
dead chicks were found in the pair-fed or 
ad libitum fed groups (table 6). Control 
eggs showed greatest mortality during the 
late stage of incubation, 18.2%, rather 
than during the first 7 days of incubation, 
4.5% . Embryo mortality in the eggs from 
hens fed amprolium was increased during

TABLE 4

H atchability and chick viability at hatch a fter in jecting thiam ine into 8-day em bryonatin g  
eggs from  hens fed  am prolium  at 2 0 0 0  p p m  in the diet

Hatchability Chicks weak or dead at hatch

Egg injection Amprolium Amprolium
in hen diet in hen diet

None 2000 ppm None 2000 ppm

% % % %
No. injection (3 2 )1 88 (25) 56 (28 y  0 (14) 35
Buffer solution, 0.2 ml (43) 65 (41) 29 (28) 0 (12) 33
Thiamine, 0.1 mg (20) 55] (36) 44] (11) 0 (16) 0
Thiamine, 0.5 mg (10)

72 59
(19) 37( 4fi 
(41) 54 1 46

(4 ) 0 (7 ) 0
Thiamine, 1.0 mg (36) (26) 0 (22) 5
Thiamine, 10.0 mg (10) 40J (10) 40j (4 ) 0 (4 ) 0

1 Number o f fertile eggs injected.
2 Number o f chicks hatched.
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Fig. 2 Egg production during 21 days that hens were fed amprolium at 4,000 ppm or 
pair-fed to those receiving medicated diets. The regression equation of egg production for 
pair-fed hens is Y =  82.95 — 3.72X, and that for the medicated birds is Y =  86.67 — 3.95X, 
where X =  number of days on experiment, and Y =  angle from arcsin transformation of 
per cent egg production.

TABLE 5
E ffect on hatchability (norm al chicks from  fertile eggs) o f  eggs from  hens pair-fed  to 

th ose fe d  a diet containing 4 0 0 0  p p m  o f  am prolium

Normal chicks from  fertile eggs1 
Time on experiment

M edication Feeding method Week 1 Week 2 Week 3

1 None Ad libitum (control)
%

(4 0 )z 80.0
%

(3 2 ) 75.0
%

(39) 74.4
2 Amprolium, 4000 ppm Ad libitum (7 8) 85.9 (48) 12.5 (9 ) 0
3 None Pair-fed to group 2 (108) 83.3 (7 2 ) 61.1 (15) 40.0

1 Total chicks hatched less number o f chicks weak and dead.
2 Number o f fertile eggs.

TABLE 6
E m b ryo  m ortality during incu bation  and at hatch resulting from  pair-feeding hens to those fed  a diet

containing 4 0 0 0  p p m  o f  am prolium

Stage o f 
incubation

On
experiment 

Week no.

Embryo and chick mortality
Treatment

Ad lib. 
(control)

Amprolium, 
4000 ppm Pair-fed

% % %
Days 0 -7 1 (4 0 )1 2.51 (78) 5.1 (108) 4.6

2 (32) 6.3 4.5 (48) 29.2 (72) 23.6
3 (38) 5.3j (9 )  22.2 (1 5 ) 40.0

Days 8-21 1 (40) 17.51 (78) 9.0 (108) 12.0
2 (32) 18.8 ( 18.2 (48) 29.2 (72) 15.3
3 (38) I 8 .4 J (9 ) 44.4 (1 5 ) 20.0

At hatch 1 (40) 0 Ì (78) 1.3 (108) 0
2 (32) 0 [ 0 (48) 29.2 (72) 0
3 (38) 0 1 (9 ) 33.3 (15) 0

1 Number o f fertile eggs.
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both stages of incubation. This occurred 
as early as the second week of the experi
ment. Increases in mortality of the 
embryos from the pair-fed hens were 
observed during the first 7 days of incuba
tion, and as early as the second week of 
the experiment.

DISCUSSION

The data presented in this and the 
preceding report (Polin et al., ’61) are 
the first to quantitatively characterize the 
effect of marginal and submarginal thia
mine deficiency on reproduction in hens. 
Others (Ellis et al., ’33) have character
ized the deficiency syndrome, but their 
data lacked yolk analyses for thiamine 
and the corresponding relationship to 
hatchability or mortality data of chicks 
at hatch, or both. Furthermore, an advan
tage is gained with the use of amprolium 
because a specific thiamine deficiency is 
produced while using a practical-type 
breeder ration.

This report shows that the adverse ef
fects of amprolium on feed intake, egg 
production, embryo development and chick 
viability (Polin et al., ’61) are not a result 
of drug toxicity per se but are indeed 
caused by a thiamine deficiency. The 
lower feed intake and egg production of 
hens which results from feeding high 
levels of amprolium are reversible by sup
plemental treatment with thiamine, either 
orally or parenterally. The high percentage 
of embryo mortality during the late stages 
of incubation and the poor chick viability 
at the time of hatch are associated with 
low concentrations of yolk thiamine, and 
as the latter is increased by treatment of 
hens with thiamine the hatchability re
turns to normal. Also, injecting eggs from 
medicated hens with thiamine overcomes

the effect of amprolium on embryo devel
opment and chick viability.

Hens tolerated up to 20,000 ppm of the 
drug in the diet without any adverse ef
fects if sufficient thiamine was provided. 
The egg yolks from these hens contained 
about 48 ppm of amprolium but no inter
ference with thiamine metabolism of the 
embryo was apparent. In an earlier report 
(Polin et al., ’61) it was demonstrated that 
the hatch was significantly below normal 
when amprolium was fed at 2,000 ppm, 
yet the yolks from these hens contained 
as little as 4 ppm of amprolium. Thus, 
the tolerance of hens to amprolium (up 
to 20,000 ppm) depends on the amount 
of thiamine provided, as established in the 
present experiments.

The lower production of eggs caused by 
feeding amprolium to hens appeared to 
be a result of lower feed intake induced 
by a thiamine deficiency. This was ap
parent from the pair-feeding experiment.

When diets containing 2,000 ppm of 
amprolium are fed to hens, embryo mor
tality increases during the late stage of 
incubation and at hatch. No increase in 
mortality occurs during the first 7 days of 
incubation, and the hens laying these eggs 
show a reduction in feed intake of about 
20% (Polin et al., ’61). When diets con
taining 4,000 ppm of amprolium are fed, 
however, an increase in embryo mortality 
is observed during the early stages of incu
bation in addition to the mortality at the 
later stages. This early peak of embryo 
mortality is attributed to the marked re
duction in feed intake that is character
istic of hens receiving 4,000 ppm of am
prolium in the diet. It was presumably 
not due to a thiamine deficiency because 
yolks from the pair-fed hens had normal 
thiamine concentrations (table 7), and

TABLE 7
Y olk  thiam ine and am prolium  con centrations in eggs collected  during th e third w eek  hens  

w ere fed  4 0 0 0  p p m  o f am prolium  or pair-fed  to m edicated  birds

Treatment
Yolk concentration

Amprolium Thiamine (free )

ppm ppm
None (ad lib.) 0 Ç15 ) 1 3.6 ±  0.14
Amprolium, 4000 ppm (7 ) 7.4 ± 0 .9 6 (7 )  0.3 ±  0.14
Pair-fed to amprolium 0 ( 2 >3.'8J 3 '4

1 Number o f pooled yolk samples.
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also because the mortality peak was not 
observed in thiamine deficient eggs from 
hens fed 2,000 ppm of amprolium (Polin 
et al., ’61).

One other consideration is the fact that 
the lower feed intake caused by high levels 
of amprolium was produced by a thiamine 
deficiency and not a distaste for the feed. 
The latter was excluded as a reason when 
it was demonstrated that hens fed high 
levels of the medicant maintain a normal 
feed intake when injected with sufficient 
thiamine. This fact is most important be
cause the inanition response by the hen 
to thiamine deficiency appears to be the 
primary symptom, and presumably occurs 
from depressed physiological function of 
brain center(s) which regulate the desire 
for food consumption.

SUMMARY

The coccidiostat, amprolium [l-(4-ami- 
no-2-n-propyl-5-pyrimidinylmethyl)-2-pico
linium chloride-hydrochloride], when fed 
in the diet at 2,000 ppm or more to lay
ing hens, produced lowered feed intake, 
decreased rate of lay, increased embryo 
mortality, and lowered chick viability at 
hatch. Associated with the subnormal 
hatches were markedly depressed free thi
amine concentrations in the yolk, in some 
instances to barely detectable amounts. 
All of the adverse effects were counter
acted by oral or parenteral administration 
of thiamine, which in turn, also elevated 
yolk thiamine concentrations. The latter 
route of administration was more effective 
in counteracting 4,000 ppm of amprolium 
in the diet. An injection of 50 to 100 ug 
of the vitamin was required as compared 
with the 1 to 10 mg ingested via the 
daily intake of 100 gm of diet containing 
10 to 100 ppm of supplemental thiamine, 
respectively.

High concentrations of amprolium in 
yolks had no adverse effect on the hatch, 
and as much as 20,000 ppm of amprolium 
in the diet were tolerated by the hen pro
vided sufficient thiamine was adminis
tered.

A reduction in food intake comparable 
to that caused by the feeding of ampro
lium produced similar losses in rate of lay. 
Amprolium increased embryo mortality 
during the first 7 days of incubation, dur

ing the later stage of incubation, and at 
hatch. Pair-feeding experiments revealed 
that inanition accounted for the higher 
embryo mortality during the first 7 days 
of incubation.

In view of the lack of toxicity of am
prolium per se, and the ability of thiamine 
to counteract the adverse reproductive ef
fects, the symptomatology attributed to 
feeding high concentrations of amprolium 
to laying hens is considered reflective of 
an induced thiamine deficiency.
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Degossypolized Cottonseed Meal as a Source of 
Plant Protein in Rabbit Feeds

R. B. CASADY,* 1 D. 0 . EVERSON,2 W. R. HARVEY3 a n d  A. E. SUITOR4 
U. S. D epartm ent o f  Agriculture, Fontana, California and 
Beltsville, Maryland

T h e  s e n s it iv i t y  o f  n o n r u m in a n t s  to  to x ic  
c o t to n s e e d  m e a l r a t io n s  h a s  b e e n  re c o g 
n iz e d  a n d  in v e s t ig a te d  f o r  s e v e ra l d e c a d e s . 
C o n c e r n in g  th e  r a b b i t ,  V o r is  e t  a l.  ( ’4 0 )  
n o te d  in t e s t in a l  s ta s is ,  c e c a l im p a c t io n ,  
b lo a t in g ,  a n d  d e a th  i n  a n im a ls  fe d  c o t to n 
seed  o i l  c a k e  p e l le ts  p lu s  a n  e q u a l w e ig h t  
o f  a l f a l f a  h a y .  M o re  re c e n t  s tu d ie s  b y  
H o l le y  e t  a l.  ( ’5 5 )  d e m o n s t ra te d  h e m o r 
rh a g e  o f  th e  s m a l l  in te s t in e s ,  lu n g s  a n d  
b r a in ,  e n la rg e d  g a l l  b la d d e rs ,  e d e m a , a n u 
r ia ,  a n d  im p a c t io n  o f  th e  la r g e  in te s t in e  
i n  r a b b i ts  r e c e iv in g  c o t to n s e e d  m e a ls  a t  
le v e ls  o f  2 0  a n d  2 5 %  o f  th e  r a t io n .  C o t to n 
seed  m e a l c o n ta in in g  0 .0 4 %  o f  f r e e  goss- 
y p o l  p ro v e d  to  b e  to x ic  w h e n  fe d  as 2 0 %  
o f  th e  d ie t ,  a n d  m o r t a l i t y  o c c u r re d  in  
s o m e  a n im a ls  w h e re  th e  c a lc u la te d  i n d i 
v id u a l  in t a k e  w a s  n o t  m o re  th a n  1 0 0  m g  
o f  f r e e  g o s s y p o l.  T h e  re s u lts  o f  th e s e  
w o r k e rs  in d ic a te d  t h a t  g o s s y p o l is  a b 
s o rb e d  s lo w ly  b y  r a b b i t s  a n d  a c ts  as a 
c u m u la t iv e  p o is o n ,  th e  h a b i t  o f  c o p ro p h -  
a g y  a p p a r e n t ly  in c r e a s in g  th e  s e n s it iv i t y  
o f  th e  r a b b i t  to  t h is  t o x ic  s u b s ta n c e . M a n y  
c o m m e r c ia l  m i l l i n g  c o m p a n ie s  a re  in c lu d 
in g  d e g o s s y p o liz e d  c o t to n s e e d  m e a l i n  r a b 
b i t  p e l le ts  a t  a n  u n d is c lo s e d  le v e l.  A p p a r 
e n t ly ,  i t  is  s e r v in g  as a  s a t is fa c to r y  s o u rc e  
o f  p r o te in  a n d ,  d u r in g  m o s t  s e a so n s  o f  th e  
y e a r ,  is  o n e  o f  th e  le a s t  e x p e n s iv e  s o u rc e s  
o f  p la n t  p r o te in  a v a ila b le .

T h e  p u rp o s e  o f  t h is  e x p e r im e n t  w a s  to  
s tu d y  th e  to le ra n c e  o f  th e  r a b b i t  f o r  d e 
g o s s y p o liz e d  c o t to n s e e d  m e a l a n d  to  e v a lu 
a te  i t s  u se  as a  r e p la c e m e n t  f o r  o th e r  
p la n t  p r o te in  s o u rc e s  i n  r a b b i t  r a t io n s .

MATERIALS AND METHODS

D esig n . A  s p l i t - p lo t  r a n d o m iz e d  b lo c k  
d e s ig n  w a s  fo l lo w e d .  T h i r t y  m a tu r e  N e w  
Z e a la n d  W h i t e  fe m a le s  ( d o e s )  w e re  b re d  
to  6  u n r e la te d  b u c k s ,  f o r m in g  6  h a l f - s ib  
b lo c k s .  T h e  5 d oe s  w i t h i n  e a c h  b lo c k

w e re  r a n d o m ly  a s s ig n e d  to  o n e  o f  th e  5 
r a t io n s  w h ic h  w e re  fe d  t h r o u g h o u t  4  s u c 
c e s s iv e  l i t t e r s .  W h e re  s is te rs  w e re  a v a i l 
a b le  th e y  w e re  a s s ig n e d  to  d i f f e r e n t  b lo c k s  
a n d  re c e iv e d  d i f f e r e n t  ra t io n s .

F eed in g . F iv e  r a t io n s  w e re  u s e d , o n e  
c o n t r o l  a n d  4  e x p e r im e n ta l  ( t a b le  1 ) .  T h e  
b a s ic  s to c k  r a t io n  i n  u se  a t  th e  U . S. R a b 
b i t  E x p e r im e n t  S ta t io n  s e rv e d  b o th  as th e  
c o n t r o l  a n d  as th e  b a s is  o f  th e  o th e r  4  
r a t io n s .  D o e s  re c e iv e d  th e  v a r io u s  r a t io n s  
t h r o u g h o u t  p re g n a n c y  a n d  la c ta t io n  u n t i l  
th e  y o u n g  w e re  w e a n e d . R a t io n s  w e re  
a v a i la b le  to  th e  y o u n g  f r o m  th e  t im e  th e y  
l e f t  th e  n e s t  b o x  a t  a p p r o x im a te ly  th re e  
w e e k s  o f  a g e , u n t i l  w e a n in g .  A l l  r a t io n s  
w e re  fe d  f re e  c h o ic e .

G en era l. A l l  a n im a ls  w e r e  h o u s e d  i n  
a l l - m e ta l ,  s e lf - c le a n in g  h u tc h e s  e q u ip p e d  
w i t h  a u to m a t ic  w a te r e r s .  D o e s  w e re  r e 
b re d  5 2  to  5 3  d a y s  f o l lo w in g  p a r t u r i 
t io n  a n d  p a lp a te d  f o r  p r e g n a n c y  1 2  d a y s  
f o l lo w in g  b re e d in g .  T h e y  w e re  w e ig h e d  
w h e n  p la c e d  o n  te s t  a n d  w h e n  e a c h  o f  
t h e i r  l i t t e r s  w a s  w e a n e d . Y o u n g  w e re  
w e ig h e d ,  w e a n e d  a n d  re m o v e d  f r o m  e x 
p e r im e n t  a t  5 6  d a y s  o f  a ge . A s  f a r  as  p o s 
s ib le ,  l i t t e r s  w e re  e q u a liz e d  a t  8  y o u n g  
e a c h  w i t h i n  th re e  d a y s  f o l lo w in g  p a r t u r i 
t io n .  T h e  o r ig in a l  n u m b e r  i n  a  l i t t e r  w a s  
th e n  r e fe r r e d  to  as th e  “ n u m b e r  r e ta in e d . ”  
I l ln e s s  o f  d oe s  a n d  y o u n g ,  a n d  a n y  t r e a t 
m e n ts  a d m in is te r e d ,  w e re  re c o rd e d . A l l  
a n im a ls  t h a t  d ie d  o n  te s t  w e re  w e ig h e d  
a n d  a u to p s ie d  to  d e te r m in e  c a u s e  o f  d e a th .  
F e e d  c o n s u m p t io n  w a s  d e te r m in e d  f r o m  
p a r t u r i t i o n  to  w e a n in g .
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3 See footnote 2.
4 See footnote 1.
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TABLE 1

Com position and chem ical analyses1 o f rabbit rations

Rations
1

( Control ) 2 3 4 5

% % % % %
Suncured alfalfa meal 40.0 40.0 40.0 40.0 40.0
Soybean meal (expeller) 18.0 15.0 13.0 11.0 9.0
Linseed meal (expeller) 4.0 4.0 4.0 4.0 4.0
Barley 18.5 18.5 18.5 18.5 18.5
Oats 4.0 4.0 4.0 4.0 4.0
Wheat mixed feed (millrun) 15.0 15.0 15.0 15.0 15.0
Salt 0.5 0.5 0.5 0.5 0.5
Degossypolized cottonseed meal2 0.0 3.0 5.0 7.0 9.0
Crude protein 21.74 19.76 20.62 20.18 20.63
Ether extract 3.14 3.14 3.09 2.99 2.88
Crude fiber 14.62 14.98 14.40 15.16 14.76
N. F. E. 45.16 46.80 47.14 47.13 46.59
Ash 7.74 7.50 6.96 7.04 7.13

1 Determined on an air-dry basis.
2 Free gossypol, 0 .016% ; total gossypol, 0.79%. Supplied by San Joaquin Cotton Oil Company, Los Angeles.

A n a lysis  o f  data. R e s u lts  w e re  e v a lu 
a te d  o n  th e  b a s is  o f  a v e ra g e  k in d l in g  
w e a n in g  w e ig h t  p e r  l i t t e r ,  t o t a l  l i t t e r  
w e a n in g  w e ig h t ,  m o r t a l i t y ,  a n d  fe e d  c o n 
v e r s io n  as d e te r m in e d  b y  a m o u n t  o f  fe e d  
re q u ir e d  to  p ro d u c e  a p o u n d  o f  w e ig h t  a t  
w e a n in g .

T o ta l  l i t t e r  w e a n in g  w e ig h t  a n d  a v e ra g e  
k in d l in g  w e a n in g  w e ig h t  w e re  a n a ly z e d  
w i t h  n u m b e r  w e a n e d  a n d  r a b b i t  fe e d in g  
d a y s  u s e d  as m u l t ip le  c o v a r ia te s .

E x a m in a t io n  o f  th e  m e a n s  o f  m a le  a n d  
fe m a le  w e a n in g  w e ig h ts  s h o w e d  n o  se x  
d if fe re n c e .  T h e  m e a n  w e a n in g  w e ig h ts  
a n d  s ta n d a rd  e r ro rs  w e re  3 .8 8  ±  0 .0 3  
p o u n d s  a n d  3 .8 7  ±  0 .0 4  p o u n d s  f o r  th e  
m a le s  a n d  fe m a le s ,  re s p e c t iv e ly .  S in c e  tw o  
l i t t e r s  h a d  n o  a v e ra g e  w e a n in g  w e ig h ts ,  
d u e  to  l i t t e r  m o r t a l i t y  p r io r  to  w e a n in g ,  
m is s in g  d a ta  w e re  c o m p u te d  a f t e r  F e d e re r  
( ’5 5 ) ,  a n d  th e  a n a ly s is  o f  v a r ia n c e  c o m 
p u te d .

F e e d  c o n v e rs io n  d a ta  w e re  a n a ly z e d  b y  
a n a ly s is  o f  c o v a r ia n c e  w i t h  fe e d in g  d a y s  
as th e  c o v a r ia te  (F e d e r e r ,  ’5 5 ) ,  a f t e r  e s t i 
m a t in g  o n e  m is s in g  p lo t .

M o r t a l i t y  d a ta  w e re  s u b je c te d  to  a n a l
yse s  o f  v a r ia n c e  o f  b o th  p e rc e n ta g e  o f  
m o r t a l i t y  a n d  th e  a r c s in  t r a n s fo r m a t io n  
o f  p e rc e n ta g e  o f  m o r t a l i t y  (F e d e r e r ,  ’5 5 ) .

T h e  a n a ly s is  o f  v a r ia n c e  d e te r m in e d  th e  
s ig n if ic a n c e  o f  b lo c k  a n d  r a t io n  d if fe re n c e s  
o v e r  w h o le  p lo ts ;  a n d  l i t t e r ,  b lo c k  X l i t t e r  
a n d  r a t io n  X l i t t e r  d if fe re n c e s  o v e r  s u b  
p lo ts .

RESULTS AND DISCUSSION
I n  ta b le  2  a re  s h o w n  th e  r a t io n  m e a n s  

f o r  a v e ra g e  k in d l in g  w e a n in g  w e ig h t  p e r  
l i t t e r ,  t o t a l  l i t t e r  w e a n in g  w e ig h t ,  fe e d  
c o n v e rs io n  a n d  p e rc e n ta g e  o f  m o r t a l i t y .  
T h e  a n a ly s is  o f  v a r ia n c e  o f  t o t a l  l i t t e r  
w e a n in g  w e ig h t  r a t io n  m e a n s  in d ic a te d  
n o  s ig n i f ic a n t  d if fe re n c e s  a m o n g  r a t io n s .  
H o w e v e r ,  th e  l in e a r  a n d  q u a d r a t ic  r e 
s p o n s e s  o f  t o t a l  l i t t e r  w e a n in g  w e ig h t  to  
a d d i t io n a l  c o t to n s e e d  m e a l w e re  f o u n d  to  
be  s ig n i f ic a n t  a t  th e  0 .0 5  le v e l.  N o  o th e r  
s ig n i f ic a n t  r a t io n  re s p o n s e s  w e re  f o u n d  
in  th e  a n a ly s e s  o f  a v e ra g e  k in d l in g  w e ig h t  
p e r  l i t t e r ,  fe e d  c o n v e rs io n ,  p e rc e n ta g e  o f  
m o r t a l i t y  o r  th e  a r c s in  t r a n s f o r m a t io n  o f  
p e rc e n ta g e  o f  m o r t a l i t y .

T h e  s ig n i f ic a n t  q u a d r a t ic  re g re s s io n  o f  
u n a d ju s te d  t o t a l  w e a n in g  w e ig h t  o n  p e r 
c e n ta g e  o f  c o t to n s e e d  m e a l w a s  c a u s e d  
b y  b e t te r  g r o w th  w i t h  th e  3 a n d  5 %  r a 
t io n s  ( t a b le  2 ) .  T h e  s ig n i f ic a n t  l in e a r  
re g re s s io n  o f  u n a d ju s te d  t o t a l  w e a n in g  
w e ig h t  o n  p e rc e n ta g e  o f  c o t to n s e e d  m e a l 
re f le c ts  a n  in c r e a s in g ly  h a r m f u l  e f fe c t  
w h e n  m o re  th a n  th e  o p t im a l  le v e l o f  c o t 
to n s e e d  m e a l is  in c lu d e d  in  th e  r a t io n .  
W h e n  th e  r a t io n  m e a n s  w e re  a d ju s te d  to  
a  c o n s ta n t  n u m b e r  w e a n e d  a n d  a  c o n s ta n t  
n u m b e r  o f  r a b b i t  fe e d in g  d a y s  p e r  l i t t e r  
a le s s  n e g a t iv e  l in e a r  re s p o n s e  w a s  n o te d .  
T h is  w o u ld  be  e x p e c te d  s in c e  th e  c o r r e la 
t io n  b e tw e e n  th e  t o t a l  l i t t e r  w e a n in g  
w e ig h t  a n d  n u m b e r  w e a n e d  w a s  +  0 .9 5 ,  
th e  c o r r e la t io n  b e tw e e n  t o ta l  l i t t e r  w e a n in g
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T A B L E  2

Ration m eans and standard errors

Ration
Average kindling 
weight per litter

Total litter 
weaning weight Feed

conversion Mortality No.
weaned

Rabbit
feeding

daysUnadjusted Adjusted1 Unadjusted Adjusted1

pounds pounds pounds pounds %
1 3.97 4.01 ± 0 .0 8 20.06 20.78 ± 0 .3 7 3.96 26.9 5.1 2042 3.81 3.82 ± 0 .0 8 22.54 20.29 ± 0 .4 0 3.70 19.4 5.8 220
3 3.93 3.93 ± 0 .0 7 21.24 20.58 ± 0 .3 7 3.98 25.5 5.4 209
4 3.79 3 .7 4± 0 .0 8 19.68 18.85 ± 0 .3 8 3.81 24.8 5.4 202
5 3.86 3 .8 6 ±  0.09 16.61 19.63 ± 0 .4 3 4.36 37.1 4.4 184

Standard
error 0.09 1.26 0.21 4.6 0.3 13
1 Adjusted for covariance o f number rabbits weaned and rabbit feeding days. In this type o f analysis 

standard errors w ill differ among rations.

w e ig h t  a n d  r a b b i t  fe e d in g  d a y s  w a s  +  0 .7 8 ,  
a n d  th e  c o r r e la t io n  b e tw e e n  n u m b e r  
w e a n e d  a n d  r a b b i t  fe e d in g  d a y s  w a s  +  
0 .8 7 .  T h e r e fo r e ,  w h e n  th e s e  d a ta  a re  a d 
ju s te d  f o r  e i t h e r  n u m b e r  w e a n e d  o r  r a b b i t  
fe e d in g  d a y s  th e y  a re  a u to m a t ic a l ly  a d 
ju s te d  to  a  la r g e  e x te n t  f o r  th e  o th e r .

T h e  c o r r e la t io n  b e tw e e n  a v e ra g e  k i n 
d l in g  w e a n in g  w e ig h t  p e r  l i t t e r  a n d  n u m 
b e r  w e a n e d  w a s  — 0 .2 4  a n d  th e  c o r r e la t io n  
b e tw e e n  r a b b i t  fe e d in g  d a y s  a n d  a v e ra g e  
k in d l in g  w e a n in g  w e ig h t  p e r  l i t t e r  w a s
— 0 .4 8 .  T h e  la r g e r  th e  l i t t e r  s ize  th e  le ss  
m i l k  e a c h  k in d l in g  w o u ld  re c e iv e ,  o n  th e  
a v e ra g e . H e n c e , in d iv id u a l  g r o w th  w o u ld  
b e  re ta r d e d .  L ik e w is e  w i t h  m o re  t o ta l  
r a b b i t  f e e d in g  d a y s  p e r  l i t t e r  th e re  w o u ld  
s t i l l  b e  le s s  p e r  in d iv id u a l  i n  th e  la r g e r  
l i t te r s .  S in c e  th e  c o r r e la t io n s  w e re  s m a lle r  
b e tw e e n  th e  in d e p e n d e n t  v a r ia b le s  a n d  
a v e ra g e  k in d l in g  w e a n in g  w e ig h t  p e r  l i t t e r  
t h a n  b e tw e e n  th e s e  s a m e  v a r ia b le s  a n d  
t o ta l  w e a n in g  w e ig h t ,  th e  c o v a r ia n c e  a n a l
y s is  m a d e  le s s  a d ju s tm e n t  i n  th e  a v e ra g e  
k in d l in g  w e a n in g  w e ig h t  p e r  l i t t e r  t h a n  
f o r  t o t a l  U t te r  w e a n in g  w e ig h t .  T h is  a g a in  
m a y  b e  t ra c e d  b a c k  in d i r e c t l y  to  p e r c e n t 
a ge  o f  m o r t a l i t y ,  th e  c o r r e la t io n  b e tw e e n  
p e rc e n ta g e  o f  m o r t a l i t y  a n d  a v e ra g e  k i n 
d l in g  w e a n in g  w e ig h t  b e in g  +  0 .1 0 ,  w h e r e 
as th e  c o r r e la t io n  b e tw e e n  p e rc e n ta g e  o f  
m o r t a l i t y  a n d  t o t a l  l i t t e r  w e ig h t  w a s
— 0 .5 0 .  T h e r e fo r e  i t  se e m s  t h a t  th e  h a r m 
f u l  e f fe c t ,  i f  a n y ,  o f  in c re a s e d  c o t to n s e e d  
m e a l o n  g r o w th  w a s  c o u n te rb a la n c e d  to  a  
la r g e  e x te n t  ( f o r  in d iv id u a l  k in d l in g  w e a n 
in g  w e ig h t )  b y  th e  b e n e f ic ia l  e f fe c t  o f  m a k 
in g  a v a i la b le  m o re  m i l k  to  th e  s u r v iv o rs  
o f  th e  l i t t e r .

A l t h o u g h  th e  p e rc e n ta g e  o f  m o r t a l i t y  
w a s  n o t  f o u n d  to  d i f f e r  s ig n i f ic a n t ly  a m o n g  
r a t io n s ,  th e  d a ta  i n  ta b le  2  s u g g e s t t h a t  
th e  9 %  o f  c o t to n s e e d  m e a l m a y  in c re a s e  
th e  p e rc e n ta g e  o f  m o r t a l i t y  a n d  th u s  d e 
p re s s  t o t a l  l i t t e r  w e ig h t .

S tu d ie s  b y  C a b e ll a n d  E a r le  ( ’5 6 ) ,  S te 
v e n s o n  a n d  E a r le  ( ’5 7 ) ,  a n d  H a le  a n d  
L y m a n  ( ’5 7 )  s u g g e s t t h a t  r e la t iv e ly  h ig h  
p r o te in  le v e ls  te n d  to  p r e v e n t  th e  to x ic  
e f fe c ts  o f  f r e e  g o s s y p o l. S in c e  th e  c ru d e  
p r o te in  le v e ls  i n  th e  r a t io n s  u s e d  i n  th e s e  
in v e s t ig a t io n s  a p p r o x im a te d  2 0  to  2 2 %  
( t a b le  1 ) ,  i t  is  p o s s ib le  t h a t  g o s s y p o l t o l 
e ra n c e  a n d  a m in o  a c id  b a la n c e  m ig h t  be  
m o re  c r i t i c a l  u s in g  r a t io n s  c o n t a in in g  15 
to  1 8 %  o f  p r o te in ,  s u c h  as th o s e  c o m 
m o n ly  u s e d  i n  c o m m e r c ia l  r a b b i t  p r o d u c 
t io n .  F u r t h e r  s tu d ie s  in v o lv in g  c o n tro U e d  
p r o te in  le v e ls  a re  n e e d e d  to  a n s w e r  t h is  
q u e s t io n .

SUMMARY

D e g o s s y p o liz e d  c o t to n s e e d  m e a l w a s  fe d  
to  3 0  m a tu r e  fe m a le  r a b b i t s  t h r o u g h o u t  
4  s u c c e s s iv e  l i t t e r s ,  u s in g  a  s p l i t  p lo t ,  r a n 
d o m iz e d  b lo c k  d e s ig n .  W h e n  u s e d  as a 
r e p la c e m e n t  f o r  s o y b e a n  o i l  m e a l,  a t  le v e ls  
o f  3 , 5 , 7  a n d  9 %  o f  th e  r a t io n s ,  n o  s ig 
n i f i c a n t  r a t io n  re s p o n s e s  w e re  f o u n d  in  
th e  a n a ly s e s  o f  a v e ra g e  k in d l in g  w e a n in g  
w e ig h t  p e r  l i t t e r ,  p e rc e n ta g e  o f  m o r t a l i t y ,  
o r  fe e d  c o n v e rs io n .  T h e  l in e a r  a n d  q u a d 
r a t ic  re s p o n s e s  o f  t o t a l  l i t t e r  w e a n in g  
w e ig h t  to  a d d i t io n a l  c o t to n s e e d  m e a l w e re  
s ig n i f ic a n t  a t  th e  0 .0 5  le v e l.  I n d ic a t io n s  
o f  a  d e p re s s in g  e f fe c t  o n  t o t a l  l i t t e r  w e a n 
in g  w e ig h t  w e re  f o u n d  a t  th e  7  a n d  9 %  
le v e ls .  R e s u lts  in d ic a te  t h a t ,  a t  le v e ls  o f
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3 a n d  5 %  , d e g o s s y p o liz e d  c o t to n s e e d  m e a l 
is  a  s a t is fa c to r y  s o u rc e  o f  p la n t  p r o te in  i n  
r a b b i t  r a t io n s .
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Influence of High and Low Caloric Intakes on Fat 
Deficiency of Dogs* 1

H IL D A  F . W IE S E , A R IL D  E . H A N S E N  a n d  E D M U N D  C O O N
Bruce Lyon Memorial Research Laboratory, Children’s Hospital o f the 
East Bay, Oakland, California

T h e  c l in ic a l  o b s e r v a t io n  t h a t  th e  y o u n g  
r a p id ly  g r o w in g  h u m a n  i n f a n t  is  l i k e ly  to  
d e v e lo p  a  d r y  a n d  s c a ly  s k in  w i t h  t h ic k e n 
in g  w h e n  fe d  m i l k  m ix tu r e s  e x t re m e ly  
lo w  in  f a t  c o n te n t  ( H a n s e n  e t a l. ,  ’ 5 8 )  
p ro m p te d  f u r t h e r  s tu d y  o f  th e  p o s s ib le  
r e la t io n s h ip  b e tw e e n  c a lo r ic  in ta k e  a n d  
m a n ife s ta t io n s  o f  f a t  d e f ic ie n c y .  H e r e to 
fo r e ,  m o s t  s tu d ie s  c o n c e r n in g  v a r ia t io n s  in  
c a lo r ie  in ta k e  h a v e  t e e n  d e v o te d  to  th e  
e ffe c ts  o f  r e s t r ic te d  in ta k e  o n  b o d y  s ize  
(M c C a y ,  ’3 5 ;  J a c k s o n , ’3 7 ; S c h u ltz e ,  ’5 5 ; 
B e rg ,  ’6 0 )  o r  l i f e  s p a n  a n d  d is e a s e  ( M c 
C a y  e t  a l. ,  ’4 3 ;  B e rg  a n d  S im m s ,  ’6 0 )  o r  
i n  r e la t io n  to  th e  u t i l i z a t io n  o f  p r o te in  
(B o s s h a r d t  e t  a l. ,  ’4 8 ;  H e g s te d  a n d  H a f fe n -  
r e f fe r ,  ’4 9 ;  R o s e n th a l a n d  A l l is o n ,  ’5 1 ; L e v -  
e r to n  e t  a h , ’5 1 ;  R o s e n th a l,  ’5 2 ;  C a llo w a y  
e t a l. ,  ’ 5 5 ) .  B e rg  ( ’6 0 )  a n d  B e rg  a n d  
S im m s  ( ’6 0 )  h a v e  e x te n d e d  th e  s tu d ie s  
c o n c e r n in g  lo n g e v i t y  a n d  o n s e t o f  d ise a se  
in  th e  r a t  i n  r e la t io n  to  fo o d  in ta k e  g iv in g  
p a r t ic u la r  e m p h a s is  to  th e  p a th o lo g ic  
c h a n g e s  i n  v a r io u s  t is s u e s . H is to lo g y  o f  
th e  s k in  w a s  n o t  d is c u s s e d .

T h e  p u rp o s e  o f  th e  p re s e n t  s tu d y  w a s  
to  e v a lu a te  th e  in f lu e n c e  o f  lo w ,  n o r m a l  
a n d  h ig h  c a lo r ic  in ta k e s  o n  th e  d e v e lo p 
m e n t  o f  f a t  d e f ic ie n c y  s ig n s  a n d  s y m p to m s  
in  y o u n g  p u p p ie s  w h ic h  s u b je c ts  a re  
k n o w n  to  be  p a r t ic u la r ly  s u s c e p t ib le  to  a 
d ie ta r y  d e f ic ie n c y  o f  l in o le ic  a c id .

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

A t  7 to  11 w e e k s  o f  age  2 7  B e a g le  p u p 
p ie s  w e re  g iv e n  e ith e r  a d ie t  lo w  in  f a t  o r  a 
c o n t r o l  d ie t  in  w h ic h  f a t  re p la c e d  p a r t  o f  
th e  c a r b o h y d ra te  c a lo r ie s .  F o r  2 0  a n im a ls ,  
p r o te in  d e r iv e d  f r o m  s k im  m i l k  p o w d e r  
a n d  c a s e in  p ro v id e d  1 5 %  o f  th e  c a lo r ie s  
a n d  f o r  7 a n im a ls ,  2 0 %  o f  th e  c a lo r ie s .  
I n  th e  lo w - fa t  a n d  c o n t r o l  d ie ts ,  c a rb o 
h y d ra te  o th e r  th a n  t h a t  f u r n is h e d  b y  th e

s k im  m i l k  w a s  g iv e n  as s u c ro s e . F re s h  
s te a m -d is t i l le d  la r d 2 w h ic h  p ro v id e d  1 5 %  
o f  th e  c a lo r ie s  as f a t  i n  th e  c o n t r o l  d ie t  
f u r n is h e d  a p p r o x im a te ly  2 %  o f  th e  c a l
o r ie s  as l in o le ic  a c id . M in e r a ls  w e re  g iv e n  
in  th e  f o r m  o f  a n  a r t i f i c ia l  b o n e  a s h  m ix 
tu r e  a n d  C o w g i l l ’s ( ’2 3 )  s a lt  m ix t u r e .  
E a c h  d a y ’s d ie t  w a s  s u p p le m e n te d  w i t h  
c e llu lo s e 3 4 a n d  a m u l t i v i t a m in  p re p a ra 
t i o n . 1 T h e  s k im  m i l k  p o w d e r  w a s  n o t  v i t a 
m in - f r e e .

S ix te e n  p u p p ie s  w e re  fe d  th e  lo w - fa t  
d ie t  a n d  11 p u p p ie s  s e rv e d  as c o n tro ls .  
I n  b o th  g ro u p s ,  l i t te r m a te s  w e re  g iv e n  
w e ig h e d  a m o u n ts  o f  fo o d  t h a t  w e re  c o n 
s id e re d  to  be  a t  lo w ,  n o r m a l a n d  h ig h  
c a lo r ic  le v e ls .  T h e s e  re p re s e n te d  in ta k e s  
o f  1 0 0 , 1 5 0  a n d  2 0 0  C a l. p e r  k g  p e r  d a y  
f r o m  6  w e e k s  to  4  m o n th s  o f  age . F r o m  
4  to  6  m o n th s  o f  a g e , th e  in ta k e s  w e re  
d e c re a s e d  b y  1 5 % ,  p r o v id in g  8 5 , 1 2 7  a n d  
1 7 0  C a l. p e r  k g  p e r  d a y . I t  w a s  n o t  p o s 
s ib le  to  d e c re a s e  th e  in ta k e s  p r o p o r t io n 
a te ly ,  t h e r e a f te r ,  b e c a u s e  a n im a ls  i n  th e  
h ig h - c a lo r ie  g ro u p  re fu s e d  to  e a t a l l  o f  th e  
fo o d  o f fe re d  a n d  th o s e  in  th e  lo w -c a lo r ie  
g ro u p  a p p e a re d  to o  e m a c ia te d  to  a t te m p t  
f u r t h e r  r e d u c t io n  in  e n e rg y  in ta k e .  B y  
t h is  t im e ,  d e p e n d in g  u p o n  th e  a m o u n t  o f  
fo o d  c o n s u m e d , p ro n o u n c e d  e ffe c ts  o n  
g r o w th ,  c l in ic a l  c o n d i t io n ,  h is to lo g y  o f  th e  
s k in  a n d  b lo o d  l ip id s  w e re  n o te d .  I n  th e  
p r e s e n ta t io n  o f  r e s u lts  f o r  th e  a n im a ls  
r e c e iv in g  th e  lo w ,  n o r m a l  a n d  h ig h  c a lo r ic  
in ta k e s ,  th e s e  w i l l  be  d e s ig n a te d  as th e
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1 0 0 , 1 5 0  a n d  2 0 0  C a l.  p e r  k g  p e r  d a y  
g ro u p s .

A l l  a n im a ls  w e re  f re e  f r o m  in t e s t in a l  
p a ra s ite s  a n d  w e re  h o u s e d  in  s e p a ra te  
m e ta l  ca g e s  in  a n  a ir - c o n d i t io n e d  ro o m  
m a in ta in e d  a t  2 3 .5 C,C. F o r  th e  f i r s t  tw o  
w e e k s  a f t e r  w e a n in g ,  y o u n g  p u p p ie s  w e re  
fe d  o n e -h a lf  o f  t h e i r  r a t io n s  tw ic e  d a i ly .  
T h e r e a f te r ,  a l l  a n im a ls  w e re  fe d  o n c e  
d a i ly .  C a re  w a s  ta k e n  to  o b s e rv e  w h e th e r  
a l l  fo o d  w a s  c o n s u m e d  e a c h  d a y . A t  
w e e k ly  in te r v a ls  th e  a n im a ls  w e re  w e ig h e d  
b e fo re  fe e d in g .

S k in  b io p s ie s  w e re  ta k e n  f r o m  th e  in t e r 
s c a p u la r  a re a  a n d  d o rs a l s u r fa c e  o f  th e  
th ig h .  F o r  h is to lo g ic  e x a m in a t io n ,  sec 
t io n s  w e re  s ta in e d  w i t h  h e m a to x y l in  a n d  
e o s in . B lo o d  s a m p le s  w e re  ta k e n  f r o m  a l l  
d o g s  a f t e r  a n  o v e r n ig h t  fa s t .  T o ta l  p r o 
te in s  o f  b lo o d  s e ru m  w e re  d e te r m in e d  b y  
a m o d i f ic a t io n  o f  th e  K in g s le y  m e th o d  
( ’4 2 ) .  B lo o d  s e ru m  a n a ly s e s  f o r  l ip id s  
in c lu d e d  th e  a m o u n t  o f  th e  to ta l  f a t t y  
a c id s  w i t h  th e  d is t r ib u t io n  o f  th e  s a tu ra te d  
a n d  u n s a tu ra te d  f a t t y  a c id s . T o ta l ,  d i-  t r i -

a n d  te t ra e n o ic  a c id s  w e re  d e te r m in e d  b y  
th e  m e th o d  o f  W ie s e  a n d  H a n s e n  ( ’5 3 )  
u s in g  a  B e c k m a n  r a t io - r e c o r d in g  s p e c tro 
p h o to m e te r  f o r  d e n s ity  re a d in g s  o f  th e  
is o m e r iz e d  soa ps . D is t r ib u t io n  o f  th e  s a t
u ra te d  a n d  u n s a tu r a te d  f a t t y  a c id s  w a s  
d e te r m in e d  b y  g a s - l iq u id  c h r o m a to g r a p h y  
u s in g  th e  B e c k m a n  G C -2  in s t r u m e n t  w i t h  
a  1 2 ’ d ie th y le n e  g ly c o l s u c c in a te  c o lu m n  
a t  a  te m p e r a tu re  o f  2 2 0 °C a n d  h e l iu m  as 
th e  c a r r ie r  gas.

RESULTS

E ffec ts  on  grow th . G a in  i n  w e ig h t  a n d  
s ize  w i t h  re s p e c t to  h e ig h t ,  le n g th ,  a n d  
b re a d th  w e re  c o n s id e re d  as c r i t e r ia  f o r  
ra te  o f  g ro w th .  I n  f ig u r e  1 a re  p re s e n te d  
t y p ic a l  w e ig h t  c u rv e s  a t  tw o  to  7 m o n th s  
o f  age  f o r  th re e  l i t te r m a te s  fe d  th e  c o n 
t r o l  d ie t  c o n ta in in g  la r d  a n d  f o r  th re e  
l i t te r m a te s  s u p p lie d  w i t h  th e  lo w - fa t  d ie t  
a t  le v e ls  o f  1 0 0 , 1 5 0  a n d  2 0 0  C a l. p e r  k g  
p e r  d a y . O n  th e  b a s is  o f  1 0 0  C a l.  p e r  k g  
p e r  d a y , th e re  w a s  e s s e n t ia l ly  n o  c h a n g e  
in  w e ig h t  f o r  e ith e r  th e  p u p p ie s  fe d  th e

Fig. 1 Growth curves for littermates at 100, 150, 200 Cal./kg/day (2 to 7 months).
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d ie t  w i th o u t  f a t  o r  th o s e  t h a t  re c e iv e d  
la r d .  A t  th e  le v e l o f  1 5 3  C a l. p e r  k g  p e r  
d a y , w h ic h  is  g e n e r a l ly  c o n s id e re d  a d e 
q u a te  f o r  y o u n g  g r o w in g  p u p p ie s  a f t e r  
10  w e e k s  o f  a ge  ( A l l i s o n ,  ’5 5 ) ,  th e  ra te  
o f  g a in  i n  w e ig h t  w a s  s a t is fa c to r y  f o r  b o th  
g ro u p s  a lth o u g h  th e re  w a s  a t r e n d  f o r  th e  
ra te  o f  g r o w th  to  le v e l o f f  a t  6 m o n th s  o f  
a ge  in  th e  a n im a ls  th a t  d id  n o t  re c e iv e  
fa t .  F o r  b o th  g ro u p s  a t  th e  2 0 0  C a l. p e r  
k g  p e r  d a y  le v e l,  th e  r a te  o f  w e ig h t  g a in  
d e f in i t e ly  w a s  a c c e le ra te d  o v e r  t h a t  a t  1 5 0  
C a l. p e r  k g  p e r  d a y . T h e  g a in  i n  w e ig h t  
w a s  s o m e w h a t  g re a te r  f o r  th e  a n im a ls  
t h a t  re c e iv e d  f a t  t h a n  f o r  th o s e  t h a t  r e 
c e iv e d  th e  lo w - fa t  d ie t .

D if fe re n c e s  in  th e  s ize  o f  th e s e  6 a n i 
m a ls  a re  a p p a r e n t  f r o m  f ig u re s  2  a n d  3.

C lin ica l e f fe c ts .  F o r  th e  c o n t r o l  a n i 
m a ls  r e c e iv in g  f a t ,  e x c e p t f o r  v a r ia t io n s  
in  ra te  o f  g r o w th ,  n o  g ro s s  c l in ic a l  d i f f e r 
e n ce s  a t th e  th re e  c a lo r ic  le v e ls  w e re  n o te d . 
T h e  s k in  r e m a in e d  s m o o th  a n d  s o f t  a n d  
th e  h a i r  g lo s s y  in  a p p e a ra n c e . I n  th e  lo w -  
f a t  g ro u p , h o w e v e r ,  d e v e lo p m e n t  o f  f a t  
d e f ic ie n c y  s ig n s  d e f in i t e ly  w a s  re la te d  to

th e  a m o u n t  o f  fo o d  c o n s u m e d . P u p p ie s  
fe d  th e  h ig h  c a lo r ic  in ta k e  b e g a n  to  s h o w  
c o a rs e , d r y  h a i r  a n d  d e s q u a m a t io n  o n  th e  
v e n t r a l  s u r fa c e  a f t e r  tw o  to  th re e  m o n th s  
a n d  w e re  s e v e re ly  d e f ic ie n t  a f t e r  4  to  5 
m o n th s  ( 6  to  7 m o n th s  o f  a g e ) .  A t  a n o r 
m a l  c a lo r ic  in ta k e  ( 1 5 0  C a l.  p e r  k g  p e r  
d a y )  e a r ly  s ig n s  o f  f a t  d e f ic ie n c y  b e g a n  
to  a p p e a r  a p p r o x im a te ly  o n e  m o n th  la t e r  
th a n  f o r  th e  l i t te r m a te s  o n  th e  h ig h - c a lo r ie  
in ta k e .  E v e n  a t 7 m o n th s  o f  age  n o  s ig n s  
o f  s k in  in v o lv e m e n t  w e re  e v id e n t  i n  p u p 
p ie s  re c e iv in g  1 0 0  C a l. p e r  k g  p e r  d a y  
o f  th e  lo w - fa t  d ie t .  D e s q u a m a t io n  w i t h  
c o a rs e  h a i r  i n  a  6 -m o n th -o ld  d o g  fe d  a 
h ig h - c a lo r ie ,  lo w - fa t  d ie t  is  i l lu s t r a te d  in  
f ig u r e  4.

H isto log ic  a ltera tion s. M ic ro s c o p ic  se c 
t io n s  ta k e n  f r o m  th e  in te r s c a p u la r  a re a  
a n d  d o rs a l s u r fa c e  o f  th e  t h ig h  s h o w e d  
s im i la r  p a t te r n s  w h ic h  c o r re la te d  w e l l  
w i t h  th e  g ro s s  a p p e a ra n c e  o f  th e  a n im a ls .  
H is to lo g ic a l ly ,  th e re  w a s  n o  d if fe re n c e  b e 
tw e e n  th e  s k in  o f  c o n t r o l  l i t te r m a te s  r e 
c e iv in g  1 0 0 , 1 5 0  a n d  2 0 0  C a l. p e r  k g  p e r  
d a y . H o w e v e r ,  l i t te r m a te s  t h a t  re c e iv e d

Fig. 2 Littermates fed control diet containing lard at 100, 150, 200 Cal./kg/day (top to bottom).
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Fig. 3 Littermates fed low-fat diet at 100, 150,200 Cal./kg/day (top to bottom).

Fig. 4 Low-fat diet at 200 Cal./kg/day for 4 months.

th e  lo w - fa t  d ie t  a t th e  th re e  c a lo r ic  le v e ls  
s h o w e d  m a r k e d  d if fe re n c e s .  A t  7 m o n th s  
o f  a ge , th e  s k in  o f  p u p p ie s  fe d  th e  lo w -  
f a t ,  lo w -c a lo r ie  d ie t  w a s  e s s e n t ia l ly  n o r 
m a l  i n  a p p e a ra n c e , s h o w in g  a t h in  e p i
d e rm is  o f  tw o  to  th re e  c e lls  in  th ic k n e s s  
w i t h  a la c e l ik e  k e r a t in  la y e r .  O n  th e  o th e r

h a n d ,  th e  s k in  o f  l i t te r m a te s  w h ic h  c o n 
s u m e d  1 5 0  o r  2 0 0  C a l. p e r  k g  p e r  d a y  
s h o w e d  a th ic k e n e d  e p id e rm is  w i t h  d e 
ra n g e d  k e r a t in iz a t io n  o f  th e  e p id e r m a l 
la y e r .  T h e  th ic k n e s s  o f  th e  e p id e r m a l 
la y e r  v a r ie d  f r o m  4 to  6 o r  10 to  12  c e lls  
d e p e n d in g  o n  th e  s e v e r ity  o f  th e  f a t  de-
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Fig. 5 Photomicrographs of skin of littermate dogs (age 6 months) fed low-fat diet at 200 Cal./ 
kg/day (left) and 100 Cal./kg/day (right).

f ic ie n c y  s ta te . I n  th e  a d v a n c e d  s ta te  o f  
d e f ic ie n c y ,  p a ra k e r a to s is  w a s  e v id e n t  as 
w e l l  as i n f i l t r a t i o n  o f  c e lls  i n  th e  d e rm is .  
I n  f ig u r e  5 a re  i l lu s t r a te d  t y p ic a l  h is to lo g ic  
s e c t io n s  o f  s k in  f r o m  l i t te r m a te s  w h ic h  
h a d  re c e iv e d  2 0 0  a n d  1 0 0  C a l. p e r  k g  p e r  
d a y  o f  th e  lo w - fa t  d ie t  f o r  4V2 m o n th s  
(a g e  61/a m o n th s ) .

B lood  seru m  p ro te in . N o  s ig n i f ic a n t  
d if fe re n c e s  w e re  n o te d  b e tw e e n  l i t te r m a te s  
in  s e ru m  le v e ls  f o r  t o ta l  p r o te in  t h a t  c o u ld  
be  c o r re la te d  w i t h  c a lo r ic  in ta k e  o r  th e  
f a t  in ta k e .  A l th o u g h  th e  p u p p ie s  r e c e iv in g  
th e  1 0 0  C a l. p e r  k g  p e r  d a y  d ie ts  c o n 
s u m e d  o n ly  h a l f  as m u c h  p r o te in  ( g m  p e r  
k g  p e r  d a y )  as t h e i r  l i t te r m a te s  a t  th e  
2 0 0  C a l. p e r  k g  p e r  d a y  le v e l,  th e  a n im a ls  
a t th e  lo w e r  in ta k e  w i t h  1 5 %  o f  th e  c a l
o r ie s  as p r o te in  w e re  in g e s t in g  3 .7  g m  
p e r  k g  p e r  d a y  o f  p r o te in  w h ic h  A l l is o n  
( ’5 5 )  h a s  c o n s id e re d  a d e q u a te  f o r  p u p p ie s  
a f t e r  10  w e e k s  o f  a ge  u n d e r  la b o r a to r y  
c o n d it io n s .  T h e  m e a n  s e ru m  p r o te in  le v e ls  
w e re  4 .7 0 ,  4 .9 2  a n d  4 .9 4  g m  p e r  1 0 0  m l

f o r  th e  lo w - ,  n o r m a l-  a n d  h ig h - c a lo r ie  
g ro u p s ,  re s p e c t iv e ly .

B lood  seru m  lipids. A s  p re v io u s ly  r e 
p o r te d  (W ie s e  e t a l. ,  ’5 7 )  th e  m e a n  to ta l  
f a t t y  a c id  le v e ls  w e re  d e f in i t e ly  lo w e r  f o r  
a l l  th e  a n im a ls  fe d  th e  lo w - fa t  d ie t  th a n  
f o r  th o s e  w h ic h  re c e iv e d  la r d  i n  th e  d ie t .  
I n  th e  p re s e n t  s tu d y ,  h o w e v e r ,  c a lo r ic  
le v e l d id  n o t  a p p e a r  to  in f lu e n c e  th e  s e ru m  
le v e ls  o f  th e  to ta l  f a t t y  a c id s  f o r  e ith e r  
g ro u p . G r a p h ic  r e p r e s e n ta t io n  o f  th e  d is 
t r ib u t io n  o f  th e  p r in c ip a l  s a tu ra te d  a n d  
m o n o e n e  f a t t y  a c id s  is  s h o w n  in  f ig u r e  6. 
E a c h  b a r  re p re s e n ts  th e  m e a n  v a lu e  f o r  
th re e  to  6 a n im a ls  in  e a c h  g ro u p . P a lm i t ic  
a n d  s te a r ic  a c id s  w e re  c o n s is te n t ly  lo w e r  
i n  th e  s e ru m  o f  p u p p ie s  t h a t  re c e iv e d  th e  
lo w - fa t  d ie t  t h a n  i n  th e  a n im a ls  t h a t  re 
c e iv e d  f a t .  T h e  le v e ls  f o r  th e s e  f a t t y  a c id s  
w e re  q u ite  c o n s ta n t  f o r  e a c h  g ro u p  r e g a r d 
le ss  o f  c a lo r ic  in ta k e .  T h e  m o n o e n e  f a t t y  
a c id s ,  p a lm i t o le ic  a n d  o le ic  a c id s ,  h o w 
e v e r,  w e re  c o n s is te n t ly  g re a te r  i n  th e  
g ro u p  fe d  th e  lo w - fa t  d ie t  t h a n  in  th e
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L- " I I  L O W  FAT  D I E T
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C a l o r i c  I n t a k e  ( C a l / K g / D a y )
Fig. 6 Saturated and monoene fatty acids in blood serum of young Beagles (age 5 to 7 months).

c o n t r o l  g ro u p  a n d  a g a in  w e re  s t r ik in g ly  
c o n s ta n t  a t  th e  th re e  c a lo r ic  le v e ls .  I n  
a d d i t io n  to  th e  s a tu ra te d  a n d  m o n o e n e  
f a t t y  a c id s  i l lu s t r a t e d  in  f ig u r e  6 , s e ru m  
o f  a l l  p u p p ie s  s h o w e d  s m a l l  a m o u n ts  ( 1 %  
o r  le s s )  o f  m y r is t ic  a n d  m y r is to le ic  a c id s  
w h ic h  w e re  s l ig h t ly  h ig h e r  f o r  th e  lo w - fa t  
g ro u p s  th a n  f o r  th e  c o n tro ls .

L in o le ic  a n d  a r a c h id o n ic  a c id s  w e re  th e  
o n ly  d i-  a n d  te t ra e n o ic  a c id s  fo u n d  b y  gas- 
l i q u id  c h r o m a to g r a p h y  a n d  a re  d e s ig n a te d  
as s u c h  in  f ig u r e  7. I n  so m e  in s ta n c e s ,  
p a r t ic u la r ly  in  th e  case  o f  th e  a n im a ls  fe d  
th e  lo w - fa t ,  lo w - c a lo r ie  d ie t ,  tw o  a d ja c e n t  
p e a k s  a p p e a re d  o n  th e  c h r o m a to g ra m s  
w h ic h  w e re  a s s u m e d  to  be  th e  tw o  t r ie n o ic  
a c id s  d e r iv e d  f r o m  p a lm i to le ic  a n d  o le ic  
a c id s  a n d  id e n t i f ie d  b y  M e a d  a n d  S la to n  
( ’5 6 ) ,  M e a d  ( ’5 7 )  a n d  F u lc o  a n d  M e a d  
( ’5 9 )  i n  t is s u e s  o f  l in o le ic  a c id  d e f ic ie n t  
r a ts  as 7, 1 0 , 13 a n d  5, 8 , 1 1 -e ic o s a tr ie n o ic  
a c id s . W h e n  f a t  d e f ic ie n c y  s ig n s  w e re  
e v id e n t  g ro s s ly  a t th e  1 5 0  a n d  2 0 0  C a l. 
p e r  k g  p e r  d a y  le v e ls ,  th e  a m o u n t  o f  t r i 
e n o ic  a c id  i n  th e  s e ru m  w a s  g re a t ly  i n 

c re a s e d  a n d  a p p e a re d  o n  th e  c h r o m a to 
g ra m s  as o n e  la r g e  p e a k .

T h e  a m o u n ts  o f  th e  d i-  t r i -  a n d  t e t r a 
e n o ic  a c id s  e x p re s s e d  as p e rc e n ta g e  o f  th e  
to ta l  f a t t y  a c id s  i n  s e ru m  o f  f a t - d e f ic ie n t  
p u p p ie s  w e re  re la te d  to  th e  c a lo r ic  in ta k e s  
( f ig .  7 ) .  L in o le ic  a n d  a r a c h id o n ic  a c id s  
w e re  c o n s id e ra b ly  h ig h e r  f o r  th e  p u p p ie s  
t h a t  d id  n o t  g ro w  a t  1 0 0  C a l. p e r  k g  p e r  
d a y  c o m p a re d  w i t h  l i t te r m a te s  a t 1 5 0  a n d  
2 0 0  C a l. p e r  k g  p e r  d a y . A ls o  a p p re c ia b ly  
le ss  t r ie n o ic  a c id  w a s  s y n th e s iz e d  b y  th e  
p u p p ie s  t h a t  w e re  n o t  g a in in g  w e ig h t  a n d  
t h a t  d id  n o t  s h o w  c l in ic a l  o r  h is to lo g ic  
e v id e n c e  o f  f a t  d e f ic ie n c y .  F o r  th e  c o n t r o l  
a n im a ls  t h a t  d id  n o t  g ro w  a t  1 0 0  C a l. p e r  
k g  p e r  d a y , l ik e w is e ,  th e  s e ru m  le v e l f o r  
l in o le ic  a c id  w a s  d e f in i t e ly  h ig h e r  th a n  
f o r  l i t te r m a te s  t h a t  w e re  g a in in g  w e ig h t .  
T h e  c o n t r o l  lo w -c a lo r ie  p u p p ie s  d id  n o t  
s y n th e s iz e  as m u c h  t r ie n o ic  o r  a r a c h id o n ic  
a c id  as l i t te r m a te s  re c e iv in g  th e  h ig h e r  
c a lo r ic  in ta k e s .  A l l  c o n t r o l  a n im a ls  r e 
c e iv e d  a b o u t  2 %  o f  t h e i r  c a lo r ie s  as l i n 
o le ic  a c id  a n d  th e re  w e re  n o  e v id e n c e s  o f  
g ro s s  o r  h is to lo g ic  s k in  a b n o r m a li t ie s .
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Fig. 7 Di- tri- and tetraenoic acids in blood serum of young Beagles (age 5 to 7 months).

DISCUSSION

A lt h o u g h  s k in  c h a n g e s  t y p ic a l  o f  f a t  
d e f ic ie n c y  h a v e  n o t  b e e n  re p o r te d  i n  a d u l t  
s u b je c ts ,  B a r k i  a n d  a s s o c ia te s  ( ’4 7 )  n o te d  
th e  d e v e lo p m e n t  o f  f a t  d e f ic ie n c y  s y m p 
to m s  i n  m a tu r e  ra ts  f o l lo w in g  a d  l i b i t u m  
fe e d in g  o f  f a t - f r e e  d ie ts  to  a n im a ls  th a t  
h a d  lo s t  o n e - h a lf  t h e i r  w e ig h t  as a r e s u l t  
o f  r e s t r ic te d  in ta k e s .  N o  s y m p to m s  o f  f a t  
d e f ic ie n c y  w e re  n o te d  in  th e s e  r a ts  b e fo re  
th e  a d  l i b i t u m  fe e d in g  b e g a n . A f t e r  6 6  
d a y s , h o w e v e r ,  th e re  w a s  s p o n ta n e o u s  d is 
a p p e a ra n c e  o f  d e f ic ie n c y  s ig n s  w h ic h  s u g 
g e s te d  to  th e  a u th o rs  so m e  s y n th e s is  o f  
e s s e n t ia l f a t t y  a c id  b y  th e  a n im a ls .  I t  is  
n o t  c le a r  h o w  m u c h  o f  th e  g a in  i n  w e ig h t  
o f  th e  m a tu r e  r a ts  w a s  d u e  to  g r o w th  in  
th e  sen se  t h a t  n e w  t is s u e  w a s  b e in g  
fo r m e d  a n d  h o w  m u c h  w a s  d u e  to  a n  i n 
c re a s e  in  b o d y  f a t .  I f  a n im a ls  a re  a b le  to  
s y n th e s iz e  s m a l l  a m o u n ts  o f  l in o le ic  a c id ,  
w h ic h  m a y  be  s u f f ic ie n t  f o r  m a in te n a n c e  
o f  a n  a d u l t  a n im a l ,  i t  is  n o t  a d e q u a te  f o r  
g ro w th .  T h is  w a s  c le a r ly  d e m o n s tra te d  
b y  th e  ra te  o f  d e v e lo p m e n t  o f  f a t  d e f i
c ie n c y  s ig n s  a n d  s y m p to m s  f o r  B e a g le  
p u p p ie s  d u r in g  th e  p e r io d  o f  m o s t  r a p id  
g r o w th  ( t w o  to  7 m o n th s  o f  a g e )  w h e r e in  
th e  ra te  o f  g r o w th  w a s  in f lu e n c e d  b y  th e  
c a lo r ic  in ta k e  o f  th e  d ie t .

I t  is  w e l l  k n o w n  t h a t  b ic c h e m ic a l  f in d 
in g s  f o r  b lo o d  o r  t is s u e  c o m p o s it io n  f o r  
o n e  o r  m o re  c o m p o n e n ts  c a n  be  e x t r e m e ly  
v a lu a b le  i n  a s s e s s in g  n u t r i t i o n a l  s ta tu s  
e v e n  th o u g h  o v e r t  c l in ic a l  s y m p to m a to l
o g y  m a y  n o t  be  e v id e n t .  I n  th is  s tu d y  a 
c o m b in e d  a p p ro a c h  in c lu d in g  o b s e rv a t io n s  
o n  r a te  o f  g r o w th ,  g ro s s  a n d  h is to lo g ic  
a p p e a ra n c e  o f  th e  s k in  a n d  b io c h e m ic a l 
c h a n g e s  i n  th e  f a t t y  a c id  c o m p o n e n ts  o f  
b lo o d  s e ru m  w a s  u n d e r ta k e n .  F a i lu r e  to  
n o te  c l in ic a l  s ig n s  o f  f a t  d e f ic ie n c y  i n  th e  
p u p p ie s  t h a t  f a i le d  to  g ro w  w a s  c o n f ir m e d  
b y  th e  h is to lo g ic  e x a m in a t io n  o f  th e  s k in  
w h ic h  s h o w e d  a  n o r m a l  s t r u c tu r e .  D is t r i 
b u t io n  o f  u n s a tu r a te d  f a t t y  a c id s  o f  b lo o d  
s e ru m  a ls o  c o r re la te d  w e l l  w i t h  th e  ra te  
o f  g r o w th  a n d  th e  ra te  o f  d e v e lo p m e n t  o f  
th e  f a t  d e f ic ie n c y  s ta te . T h e  o b s e r v a t io n  
o f  in c re a s e d  a m o u n ts  o f  p a lm ito le ic ,  o le ic ,  
a n d  t r ie n o ic  a c id s  in  th e  s e ru m  o f  p u p p ie s  
d e p r iv e d  o f  d ie ta r y  f a t  c o m p a re d  w i t h  
th o s e  in  l i t te r m a te s  r e c e iv in g  f a t  i n  th e  
d ie t  c o n f i r m s  th e  f in d in g s  c f  M e a d  ( ’5 7 )  
w h o  d e m o n s t ra te d  m o re  o f  th e s e  f a t t y  
a c id s  i n  t is s u e s  o f  r a ts  m a in ta in e d  w i t h  
d ie ts  lo w  in  f a t  th a n  in  c o n t r o l  ra ts .  W i l 
l ia m s  a n d  S c h e ie r  ( ’6 1 )  a ls o  re p o r te d  t h a t  
th e s e  f a t t y  a c id s  in c re a s e d  in  a m o u n t  in  
th e  l i v e r  o f  y o u n g  ra ts  a f t e r  th e  a d m in i 
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stration of pyridoxine to animals that had 
been deprived of both vitamin B,; and 
essential fatty acids. Although the pyri- 
doxine-supplemented rats receiving a diet 
low in fat did not show visible dermal 
symptoms of fat deficiency, they had 
gained in weight.

In our study, the serum levels for the 
di- tri- and tetraenoic acids were of par
ticular significance in relation to the ca
loric intakes of both young dogs main
tained on a diet low in fat and those fed 
a diet containing lard. Serum values for 
these fatty acids as determined by alkal
ine conjugation of the total fatty acids 
checked exceedingly well with those found 
by gas-liquid chromatography.

SUMMARY

Observations made on 27 Beagle pup
pies during their rapid growth period (two 
to 7 months of age) indicate that the rate 
of development of fat deficiency signs and 
symptoms was related directly to the rate 
of growth which in turn was dependent 
on the caloric intake of the low-fat diet.

1. Puppies that did not grow at 100 
Cal. per kg per day levels with a diet very 
low in fat content showed neither gross 
nor histologic evidences of fat deficiency 
during a 5-month period (7 months of 
age). Littermates receiving 150 Cal. per 
kg per day of the same diet had satisfac
tory growth rates and in three to 4 months 
developed gross and histologic evidences 
of fat deficiency. Littermates consuming 
200 Cal. per kg per day showed acceler
ated rates of growth and fat deficiency 
signs, grossly and histologically, about one 
month sooner than puppies at the normal 
intake of 150 Cal. per kg per day.

2. Blood serum levels for palmitic and 
stearic acids were consistently lower for 
all puppies fed the low-fat diet regardless 
of caloric intake compared with those of 
littermates receiving approximately 2 % of 
their calories as linoleic acid in the form 
of fresh lard.

3. The monoene fatty acids, palmit- 
oleic and oleic, were consistently higher in 
blood serum of the animals fed low fat 
than in the control group, again, regard
less of caloric intake.

4. Linoleic and arachidonic acids in 
blood serum of dogs fed the low-fat, low-

calorie diet did not decrease to the low 
levels observed for littermates that re
ceived normal or high caloric intakes. 
Also there was less trienoic acid synthe
sized by the puppies that failed to grow.

5. In control littermates that received 
dietary fat containing linoleic acid, growth 
response was similar to that of animals 
fed the low fat, at the same caloric levels 
but the skin and hair remained normal in 
appearance.

6 . Linoleic and arachidonic acid levels 
in blood serum were significantly higher 
for the control than for the low-fat group 
receiving the same caloric intakes. There 
was some indication that control puppies 
that failed to grow utilized less linoleic 
acid than their rapidly growing litter
mates.
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Dental Caries in Rats Given Various Diets and W ater  
with a  Low Concentration of Fluoride* 1

CAREY D. MILLER
Foods and N utrition  D epartm en t, U niversity o f  H aw aii, Agricultural 
E xp erim en t Station, H onolulu , H awaii

Most authors report that relatively high 
levels of F~ as sodium fluoride in the drink
ing water are required to obtain as much 
as 50% reduction in experimental caries 
in the albino rat (Hein, ’55).

Rats and hamsters differ in their reac
tion to fluorides. Hein ( ’55) noted that to 
produce maximal inhibition of dental car
ies 125 ppm of F“ as sodium fluoride in the 
drinking water was required for albino 
rats, but only 12 ppm for hamsters.

Wuthier and Phillips ( ’59), in a study of 
long-time administration (approximately 
90 to 360 days) of low levels of fluoride, 
found that 1.2 and 3.2 ppm of F~ in the 
drinking water had “no significant protec
tive effect against dental caries.” Wynn 
and Haldi ( ’55), desiring to establish the 
effect of natural water supplies or of fluo
ridated water, found that drinking water 
containing 0.7 to 1 ppm of F- given to rats 
after weaning had no more protective in
fluence on experimental dental caries in 
albino rats than did distilled water. Mc
Clure et al. ( ’59) produced smooth surface 
caries by a diet consisting largely of skim 
milk powder, cornstarch and 18% of glu
cose, that was inhibited by 25 and 50 ppm 
of F-.

The aim of the experiments reported 
here was to determine whether a relatively 
low concentration of fluoride (3 ppm of 
F ") in the form of NaF as contrasted with 
tap water (0.05 ±  0.01 ppm of F~) would 
be effective in reducing caries in suscepti
ble albino rats fed several types of diets. 
(Hawaii has a high per capita sugar con
sumption, a high dental caries rate, and 
the water supplies are low in fluorides.) 
It was reported in 1958 (Miller, ’58) that a 
susceptible strain of rats developed little or 
no caries when fed a semi-natural diet and 
tap water, but that the rats showed severe 
caries when the diet was modified to in

clude 17% of sugar by weight. This caries- 
producing diet is similar to a diet simulat
ing a typical American diet containing 
17% of sugar which was used by Zepplin 
et al. ( ’50). These workers reported that 
this diet caused as severe carious lesions 
in the cotton rat as a cariogenic diet with 
67% of sucrose.

EXPERIMENTAL

The mothers of all rats received semi
natural diet 15 consisting of the following 
in grams: skim milk powder, 350; whole 
wheat flour, “fine grind,” 650; commeal, 
150; white flour (enriched), 150; brown 
rice flour, 150; soybean flour, 100; yeast, 
30; cotttonseed oil,2 46; cod liver oil, 4; 
salt mixture, 10; and iodized salt, 10 ; all 
ground to pass a 28-mesh sieve (Miller and 
Schlack, ’58).

Two experiments were conducted. For 
experiment 1, 8 litters of rats were used. 
Rats from 5 litters were weaned at 21 days 
and divided randomly into two groups of 
21 rats each, so that each contained about 
the same number of males and females of 
approximately the same weights. Animals 
in group 1 received tap water and diet 18 
(same as diet 15 except that 17% of the 
whole wheat flour was replaced by pow
dered sugar) .3 All ingredients of the ex
perimental diets were ground to pass 
through a 48-mesh sieve. Rats in group 2 
received the same diet but were given tap 
water containing NaF to supply 3 ppm of 
F~ in addition to the fluorine present nat
urally — 0.05 ±  0.01 ppm. Group 3 was 
made up of rats from three litters, also
Received for publication July 24, 1961.1 Published with the approval of the Director of the Hawaii Agricultural Experiment Station as Technical Paper no. 537.2 Wesson Oil, The Wesson Oil Company, New Orleans, Louisiana.3 The powdered sugar used in these experiments, as well as those previously reported, was sucrose containing 3% of cornstarch.
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weaned at three weeks of age but all the 
mothers were given fluoridated water (3 
ppm of F ") the last two weeks of preg
nancy and throughout lactation. These 
rats were bred and the young raised during 
the same period as the rats in groups 1 
and 2 .

Because there was a definite improve
ment in the dental conditions of the rats 
given tap water with 3 ppm of F- added, a 
second experiment was carried out with 
three groups fed different diets and given 
water with and without added NaF as be
fore.

For experiment 2, 15 litters of rats 
weaned at 21 days were divided into 6 
groups of 20 each. Groups la  and lb were 
fed diet 15 (ingredients passed through 
48-mesh sieve). Groups 2a and 2b were 
fed diet 19 in which 12% of the whole 
wheat flour of diet 15 was replaced by 
powdered sugar,4 and for groups 3a and 
3b, diet 18 with 17% of the whole wheat 
flour replaced by powdered sugar. Groups 
la, 2a, and 3a received only tap water; 
groups lb, 2b, and 3b received tap water 
with 3 ppm of F" added in the form of 
NaF. The diets were of the same degree 
of fineness as for experiment 1.

After the rats had received the experi
mental diets for 100 days, all were sacri
ficed. The treatment of the jaws, and the 
technique of examining and scoring the 
teeth were the same as reported earlier 
(Miller and Schlack, ’58).

The methods of statistical analyses used 
for these experiments were those previ

ously reported from this laboratory (Miller 
and Schlack, ’58). Prior to subjecting the 
data to evaluation by the analysis of vari
ance the original observations were, in 
all instances, subjected to transformation 
(Snedecor, ’57, pp. 314-321). The specific 
transformations used were (n +  % ) 1/2 for 
the number (n ) of defective teeth and for 
the number of carious areas, and the log.a 
(s +  1 ) for the caries scores (s).

RESULTS AND DISCUSSION

The data for experiment 1 are sum
marized in table 1 and for experiment 2 in 
table 2 .

For this susceptible strain of rats the re
sults for experiment 1 showed a highly 
significant reduction in dental caries when 
3 ppm of F" were added to the drinking 
water as judged by three criteria — num
ber of teeth affected, number of carious 
areas, and extent of the carious lesions 
(caries score). There was no significant 
difference between the two groups receiv
ing fluoride, so that in this instance pro
viding 3 ppm of F_ during the period of 
tooth development was no more effective 
than giving it only postweaning.

Shaw and Sognnaes ( ’55) reported that 
6 ppm of F" had no effect in reducing 
caries whether given during tooth develop
ment and postweaning or only after wean
ing. When 25 ppm of F~ were given 
during tooth development a statistically 
significant reduction in the number and 
extent of carious lesions was achieved, but

4 See footnote 3.
TABLE 1

R esu lts o f  giving w a ter w ith  and w ithout fluoride to rats fed  a cariogenic diet (exp . 1)

Category of interest Group 1 Group 2 Group 3

Diet no. 18 18 18
Water tap water tap water tap water

+  3 ppm F- +  3 ppm F -
No. of rats 21 21 21
Rats with caries 21 19 18
Carious teeth (total no.) 117 79 69
Carious teeth/rat 5.57 3.761 3.281
Carious areas (total) 211 130 109
Carious areas/rat 10.05 6.191 5.191
Carious scores (total) 338 201 167
Caries score/rat 16.10 9.571 7.95>
Mean weight, males, gm 369 382 370
Mean weight, females, gm 244 245 230

> Values significantly less than for group 1 (P < 0.01).
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TABLE 2
R esults o f feeding three groups o f  rats three different diets w ith  and w ithout 

fluoridated w ater (exp . 2)

Category of interest Group 1 Group 2 Group 3

Diet no. 15
(no sugar)

19
(12%  sugar)

18
(17%  sugar)

Water tap water 3 ppm F " tap water 3 ppm F " tap water 3 ppm F
No. of rats 20 20 20 20 20 20
Rats with caries 12 11 19 17 20 19
Carious teeth 

(total no.) 44 40 117 64 125 89
Carious teeth/rat 2.20 2.00 5.85 3.20* 6.25 4.45
Carious areas (total) 65 56 196 92 226 148
Carious areas/rat 3.25 2.80 9.80 4.60* 11.30 7.402
Carious scores (total) 97 74 332 135 383 255
Caries score/rat 4.85 3.70 16.60 6.751 19.15 12.75
Mean weight, 

males, gm 356 350 359 354 357 351
Mean weight, 

females, gm 228 231 225 235 247 247

1 Values significantly less (P < 0.01) than for littermates receiving tap water.2 Value significantly less (P < 0.05) than for littermates receiving tap water.
the change in number of carious molars 
was not significant even with this relatively 
high level of fluoride.

In experiment 2, one may note the effect 
of 3 ppm of F- in the drinking water after 
weaning when diets with zero, 12, and 
17% of sugar were fed to littermate rats 
in contrast with those receiving tap water 
(table 2). For the semi-natural diet 15, 
there were some improvements in dental 
conditions when 3 ppm of F~ were added 
to the drinking water of the rats, but the 
results did not prove to be statistically sig
nificant using the usual three criteria. 
For diet 18, containing 17% of sugar by 
weight, there was an improvement in den
tal conditions when F~ was added to the 
water, but only for carious areas was it 
sufficient to be statistically significant (P 
< 0.05). In this experiment, the changes 
for teeth and caries score were not quite 
great enough to be statistically signifi
cant. Fluoride in the drinking water 
had the greatest influence in improving the 
dental conditions when the diet contained 
12% of sugar (table 2). For these rats 
there was a significant difference (P < 
0 .01 ) as judged by all three criteria — 
number of carious teeth, number of car
ious areas, and the caries score.

When rats were fed a relatively good 
diet, little or no improvement in dental 
conditions resulted from furnishing water 
with about 3 ppm of F~. If the diet was

made highly cariogenic by the addition of 
17% of sugar, water with the same amount 
of fluoride reduced the detrimental effect 
of the diet, but the dental condition was 
well below that of the control diet. With 
a smaller amount of sugar ( 12% by 
weight), a distinct improvement in dental 
conditions resulted when 3 ppm of F” were 
added to the tap water.

Comparing only the rats receiving fluo
ridated water at a level of 3 ppm of F- , the 
results may be summarized as follows. 
There was a significant difference (P < 
0 .0 1 ) in the condition of the teeth as 
judged by the usual three criteria between 
those fed the semi-natural diet (15) and 
the diet containing 17% of sugar (18); 
but the differences between the two diets 
containing sugar, and between diets 19 and 
15 were not great enough to be statistically 
significant.

These results show that a low level of 
fluoride (3 ppm of F~) added to the drink
ing water had an effect upon the teeth of 
rats depending upon the type of diet fed. 
It is possible that this would also be true 
for humans consuming fluoridated water, 
especially if the diets are high in sugar.

SUMMARY

Two groups of littermate rats susceptible 
to dental caries were fed a semi-natural 
cariogenic diet (17% of sugar by weight) 
after weaning with tap water and with
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fluoridated water (3 ppm F~). A third 
group was given the same low level of 
fluoride during the developmental period 
and also postweaning. There was a 
marked improvement ( P < 0 .0 1 ) in the 
dental conditions of both groups receiving 
the fluoride, but no significant difference 
between the two.

A semi-natural diet without sugar and 
two cariogenic diets (12 and 17% of 
sugar) were fed to 6 groups of littermate 
rats given water without and with added 
fluoride (3 ppm of F~). Dental caries of 
rats fed the semi-natural diet showed little 
or no improvement with fluoridated water, 
and the highly cariogenic diet showed some 
improvement. For the rats given the lesser 
amount of sugar, there was a statistically 
significant ( P < 0 .01 ) decrease in dental 
caries, as judged by the number of carious 
teeth and of areas, as well as the caries 
score.

These experiments suggest that for hu
mans, the nature of the diet might well in
fluence the improvement that could be ex
pected when fluoridated water is used.

ACKNOWLEDGMENTS

The author gratefully acknowledges the 
work of J. G. Darroch in recommending 
and checking the statistical treatment of

the results, and the technical assistance of 
Mrs. Mildred Ige.

LITERATURE CITED
Hein, J. W . 1955 Effect of various agents on 

experimental caries: a resume. In Advances in 
Experimental Caries Research, ed., R. F. Sogn- 
naes. American Association for the Advance
ment of Science, Washington. D. C., p. 197.

McClure, F. J., J. E. Folk and J. D. Rust 1959 
Smooth surface caries in white rats. Effects of 
fluoride, iodoacetate, penicillin, Crisco, butterfat 
and a salt mixture. J. Am. Dent. A., 53: 1.

Miller, C. D. 1958 The dental caries response 
of rats fed cariogenic and non-cariogenic diets 
for different periods of time. J. Nutrition, 66: 
113.

Miller, C. D., and C. A. Schlack 1958 Dental 
caries in two strains of rats fed diets of two 
degrees of fineness. Ibid., 66: 105.

Shaw, J. H., and R. F. Sognnaes 1955 Develop
mental factors in experimental animal caries. 
In Advances in Experimental Caries Research, 
ed., R. F. Sognnaes. American Association for 
the Advancement of Science, Washington, D. C.,
p. 82.

Snedecor, G. W. 1957 Statistical Methods, ed. 
5. Iowa State College Press, Ames.

Wuthier, R. E., and P. H. PhiUips 1959 The 
effects of long-time administration of small 
amounts of fluoride in food or water on caries- 
susceptible rats. J. Nutrition, 67: 581.

Wynn, W ., and J. Haldi 1955 Dental caries in 
the albino rat on fluoridated and distilled water. 
Ibid., 55: 235.

Zepplin, M., J. K. Smith, H. T. Parsons, P. H. 
Phillips and C. A. Elvehjem 1950 Dental 
caries in the cotton rat. XI. The effect of feed
ing a natural diet comparable to a human diet. 
Ibid., 40: 203.



A vian  Disease Virus and Nutrition Relationships
III. EFFECT OF NEWCASTLE DISEASE VIRUS ON NITROGEN 

RETENTION IN THE IMMATURE FOW L* 1'2
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T he State U niversity , N ew  B runsw ick , N ew  Jersey

The adverse effect of infection on nitro
gen retention has been reported for ma
laria (Barr and DuBois, ’ 18), pneumonia, 
and streptococcal infections (DuBois,’27), 
and other infections common to man 
(Coleman et al., ’22; Coleman and Gep- 
hart, ’15; McCann and Barr, ’20; Nar- 
singa-Rao and Gapalan, ’58).

There are a number of phenomena as
sociated with disease infection that may 
be related to an adverse retention of nitro
gen. Studies in our laboratories (Squibb, 
’61) have shown that Newcastle disease 
virus (NDV) infection in White Leghorn 
cockerels increases mortality and signifi
cantly reduces feed intake. The experi
ments reported here were undertaken to 
study the relation of NDV infection to 
dietary nitrogen intake and retention in 
immature fowl.

METHODS AND RESULTS

In each of the nitrogen balance trials, 
day-old White Leghorn cockerels from the 
same source were provided water ad libi
tum and a stock diet containing 21% of 
crude protein (Squibb, ’61) for a 35-day 
preliminary period. This interval was se
lected to deplete the birds of any parental 
immunity to the NDV. The chicks were 
matched on the basis of weight gains dur
ing the preliminary period and then ran
domly assigned to blocks; each block con
tained all treatments. While on balance, 
infected and noninfected chicks were kept 
in individual stainless steel wire cages in 
isolated air-conditioned rooms. Prepara
tion of the NDV, inoculation procedures, 
confirmation of infection, and manage
ment of the chicks were those previously 
described (Squibb, ’61).

The stock diet fed in the preliminary 
period was also used for the balance trials; 
water was provided ad libitum. Fecal col
lections of individual birds were made 24 
hours prior to NDV inoculation and there
after every 48 hours during a 12-day bal
ance period. These collection intervals 
were chosen to coincide with incubation of 
the virus (2 to 3 days); active involve
ment (3 to 4 days); and initiation of re
covery (4 days) (Squibb, ’61). Total feces 
of each individual chick for each col
lection period were pooled, the nitrogen 
determined, and retention calculated ac
cording to procedures outlined by Sans- 
lone and Squibb ( ’62). Data were ana
lyzed according to Snedecor ( ’57).

Experiment 1. This experiment used a 
total of 70 chicks in two balance trials. In 
the first trial there were three treatments 
per block: ( 1 ) noninfected controls fed 
ad libitum; ( 2 ) noninfected controls with 
feed intake restricted to that of the NDV- 
infected birds; and (3) NDV-infected birds 
fed ad libitum. In the second trial the 
same three treatments were repeated, and 
a 4th group, which was NDV-infected and 
force-fed as well as given feed ad libitum, 
was added. Force-feeding was accom
plished by preparing a slurry composed 
of 100 gm of the stock diet and 160 ml of 
water. An average of 70 gm of this mix
ture was placed in an infected bird’s crop 
at intervals dictated by the emptying of 
the crop.

At the end of the experiment the data 
of each trial were combined; the data of
Received for publication August 9, 1961.1 Paper of the Journal Series, Rutgers, the State University, New Brunswick, New Jersey.2 The work was supported in part by grants from the U. S. Public Health Service (E-3645) and Cooperative Grange League Federation, Ithaca, New York.
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the birds which survived were grouped 
and analyzed apart from those which had 
succumbed to the infection.

Nitrogen intake and retention of the 
NDV-inoculated birds that failed to sur
vive the infection, and that of the non- 
infected controls, are presented in table 
1. As would be expected, the noninfected 
ad libitum-fed birds, representing normal, 
growing chicks, remained in positive bal
ance and showed a gradual increase in 
N retention. The infected birds retained 
more N than their respective controls dur
ing the incubation period of the virus 
(<  5% ) .3 This was followed by a rapid 
decline into negative balance until death 
occurred (<  1 % ). When N intake of non

infected controls was restricted to that of 
the infected chicks fed ad libitum, N re
tention declined in the same manner as 
in the NDV-infected animals (<  1% ). Al
though force-feeding had no effect on mor
tality, there was a slight increase in N 
intake during the incubation and start of 
the active involvement periods over that 
observed in the NDV-infected birds fed 
ad libitum. Nitrogen retention, however, 
was similar to that of the other infected 
chicks.

The data of the NDV-inoculated chicks 
that survived, and the controls in the same 
blocks, are shown in table 2. Nitrogen 
retention in the feed-restricted and ad

3 Snedecor ( ’57) F values.

TABLE 1
E xp erim en t 1 : A verage nitrogen intake and reten tion  o f  im m a tu re W h ite  L egh orn  cockerels that 

failed to su rvive in fection  w ith  N ew ca stle d isease virus w h ile on  various feedin g regim ens

Treatment
Days post-inoculation

0 2 4 6 8 10 12
gm gm gm gm gm gm gm

Nitrogen intake
Control, ad libitum 2.09C13)1 2.87(13) 3 .04(13) 2.78(13) 3 .2 8 (8 )2 — —

Control, restricted 2.22(15) 2.65(15) 2 .10(15) 0.72115) 0.17(9) 0.03(3) —
NDV, ad libitum 2.32(15) 2.68(15) 1.50(15) 0.25(14) 0.04(8) 0 .03(2) —
NDV, ad libitum,

force-fed 2.34(7) 3.07(7) 1 .72(7) 0.48(5) — — —
Nitrogen retention

Control, ad libitum 0.86(13) 1.14(13) 1.30(13) 1.22(13) 1.28(8) — —

Control, restricted 0.87(15) 0.99(15) 0 .44(15) - 0 ,38(15) --0 .9 2 (9 ) - 1 .4 7 ( 3 )  —
NDV, ad libitum 0.85(15) 1.40(15) 0 .23(15) - 0.64(14) --0 .8 1 (8 ) - 0 .4 3 ( 2 )  —
NDV, ad libitum,

force-fed 0.87(7) 1.52(7) 0 .0 0 (7 ) 0.44(5) — — —

1 Number of chicks indicated in parentheses.
2 Upon death of an NDV-infected chick, the noninfected mates in the same block were removed.

TABLE 2
E xp erim en t 1 : A verage nitrogen  intake and reten tion  o f im m ature W h ite  Leghorn cockerels that

survived  in fection  w ith  N ew ca stle disease virus w hile on various feedin g regim ens

Days post-inoculation
chicks 0 2 4 6 8 10 12

gm gm gm gm gm gm gm
Nitrogen intake

Control, ad libitum 7 2.59 3.02 3.09 3.02 3.47 3.49 3.61
Control, restricted 5 2.41 2.88 2.26 1.67 1.05 2.18 2.83
NDV, ad libitum 5 2.54 2.93 2.21 1.07 1.66 2.56 2.95
NDV, ad libitum,

force-fed 3 2.55 2.63 2.23 1.32 1.04 2.34 3.13

Nitrogen retention
Control, ad libitum 7 0.98 1.21 1.35 1.21 1.48 1.47 1.50
Control, restricted 5 1.00 1.06 1.02 0.14 - 0 .1 6 0.65 1.17
NDV, ad libitum 5 1.17 1.60 0.76 - 0 .2 7 0.39 1.29 1.49
NDV, ad libitum,

force-fed 3 0.88 1.10 0.54 0.01 0.22 1.62 2.01
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libitum fed-controls followed the same pat
tern as that of the noninfected controls 
shown in table 1. Again, during the incu
bation period of the virus, N retention was 
higher in the NDV-infected chicks than 
in the controls, without a corresponding 
increase in N intake (<  5% ). The initial 
rise was followed by decreased N retention 
during the active involvement stage of 
the NDV (< 1 % ) .  The decline, which 
was also shown by the feed-restricted non
infected controls, was not of the same ex
tent as that observed in the NDV-infected 
birds that died (table 1). In the last two 
collection periods, which coincided with 
recovery from the infection, the increase 
in N retention in the infected as well as 
the noninfected feed-restricted chicks was 
equal or greater than that of the ad libi
tum fed-controls. Force-feeding did not 
increase N intake, but the same rise and 
fall in N retention was noted in the birds 
so treated as in the ad libitum-fed infected 
chicks during the incubation and active 
involvement periods of the NDV. In the 
course of recovery from the infection, how
ever, N retention in these birds surpassed 
that of all other groups, including the non
infected ad libitum-fed controls.

Experiment 2. From the data of ex
periment 1, it appeared that N retention 
during NDV infection was more heavily 
influenced by lower dietary N intake due 
to inappetence than the disease per se. 
Therefore, experiment 2 was designed to 
observe the effect of NDV infection on N 
retention without the confounding of 
anorexia. This was accomplished by re
ducing the viral potency of the inoculum 
from 1CV3 to 10~9. Standardization of the 
“H” strain of NDV in this laboratory

showed that this concentration of virus 
would produce 100% the symptoms of 
NDV in susceptible chicks and result in 
immunization without reducing feed in
take. Each block contained two treat
ments: ( 1 ) noninfected controls; and ( 2 ) 
NDV-infected birds. The blocks were repli
cated, making a total of 10 birds per treat
ment. All birds were given feed and water 
ad libitum.

When the virulence of the infection was 
reduced by infecting the chicks with an 
inoculum of lower viral concentration, N 
retention was not depressed (table 3). 
Moreover, the N retained by the infected 
birds showed the same initial rise above 
the controls as that noted in experiment 
1 (< 1%); N retention, however, remained 
above that of the controls until the end 
of the balance period.

DISCUSSION

Newcastle disease virus (NDV) infec
tion of the immature White Leghorn cock
erels in these experiments followed the 
same syndrome of incubation, active in
volvement, and initiation of recovery from 
the disease as that previously described 
(Squibb, ’61).

The pattern, but not the degree, of N 
retention during the incubation and active 
involvement stages of NDV was the same 
for birds that survived as for those that 
succumbed to the infection. In each case 
there was an initial rise in N retention 
above that of the noninfected controls dur
ing the incubation phase of the virus, a 
phenomenon which was not related to an 
increased intake of dietary N. The initial 
rise was followed by a rapid decline in N 
retention during the active involvement

TABLE 3
E xp erim en t 2 : A verage nitrogen intake and reten tion  o f im m ature W h ite  L eghorn  cockerels  

im m u n ized  w ith  N ew ca stle disease virus and fed  ad libitum

Treatment No. of 
chicks

Days post-inoculation
0 2 4 6 8 10 12

gm gm gm gm gm gm gm
Nitrogen intake

Control 10 1.56 2.55 2.73 2.78 3.03 3.31 3.23
Infected 10 1.56 2.75 2.37 3.03 3.51 3.35 3.50

Nitrogen retention
Control 10 0.71 0.95 1.11 1.12 1.09 1.16 1.08
Infected 10 0.68 1.26 1.39 1.42 1.30 1.48 1.02
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stage of the disease. In all cases the de
cline, which was greater in the birds that 
succumbed, was related to a depressed 
intake of dietary N, as shown by the data 
of the feed-restricted noninfected controls.

Force-feeding failed to provide a con
tinuous increase in N intake or influence 
N retention during the active involvement 
stage of the disease. In the recovery phase, 
however, the infected birds on this regi
men showed greater retention of N than 
the ad libitum fed noninfected controls.

Additional evidence that dietary N in
take was the principal influence on N re
tention during NDV infection was dem
onstrated in the birds that were inoculated 
with an immunizing level of the virus 
(10-9). In these chicks, dietary N intake 
was not depressed. Nitrogen retention 
showed the same initial rise observed in 
the groups with a greater concentration of 
the virus (10~3). With the lower virus 
concentration, however, N retention re
mained higher than that of the controls 
until the recovery stage of the NDV. This 
phenomenon was similar to that observed 
by Luca and Constantinescu ( ’58) in chil
dren infected with poliomyelitis.

The initial rise in N retention in the in
fected birds was apparently the result of 
less N excretion via the urine, since com
parison with the controls revealed similar 
N intake for both groups at this time. It 
is possible that this apparent conservation 
of body N is related to defense mecha
nisms.

SUMMARY

Newcastle disease virus (NDV) infec
tion of immature White Leghorn cockerels 
on ad libitum, restricted, and force-fed 
regimens, increased nitrogen retention 
during incubation of the disease and de
pressed retention in the active involve
ment stage. The extent to which the in
fection influenced N retention was related

to the virulence of the disease which, in 
turn, affected dietary N intake.

Only during the recovery stage of the 
disease, when dietary N intake returned 
to normal, did N retention approach that 
of the noninfected controls.
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The classic experiments of Orent et al. 
( ’34) showed that bone magnesium is de
pleted in rats maintained with magnesium- 
deficient diets. Knoop et al. ( ’39) subse
quently found that soft tissues were not 
appreciably depleted of magnesium even 
under the most severe conditions of defi
ciency. Duckworth and Godden ( ’41) sug
gested that under conditions of deficiency, 
bone magnesium supplied the needs of the 
soft tissues. These interpretations were 
based on chemical analyses of tissues for 
their content of magnesium.

The dynamics of magnesium transfer 
in tissues can best be studied by the use 
of a radioactive isotope of this element as 
a tracer, and Aikawa et al., ( ’59) have pre
viously demonstrated the sensitivity of this 
new tool. McAleese et al. ( ’61) have re
cently used Mg28 to investigate the effects 
of a magnesium-deficient diet in lambs. 
The purpose of the present experiment 
was to study the effect of a magnesium- 
deficient diet on the tissue uptake of Mg28 
and on the exchangeable magnesium con
tent in the rabbit. This study is one phase 
of a project aimed at determining the 
various factors regulating the metabolism 
of magnesium.

EXPERIMENTAL

Twelve male, adult rabbits were placed 
in individual stainless steel metabolism 
cages and were given without restriction 
throughout the experiment tap water 
which contained 0.6 mEq per liter of mag
nesium.

The basal diet used for rats by Macken
zie and Mackenzie ( ’59) was supple
mented by the salt mixture of Hubbell et 
al. ( ’37), except that the magnesium salts 
were omitted.

The composition of this diet, expressed 
in grams per kilogram, was as follows:

vitamin-free casein, 200 ; sucrose, 668 ; 
lard,3 100; vitamin mix, 10; choline chlo
ride, 2 ; and magnesium-free salt mixture, 
20. Menadione, 2.5 mg and oleum per- 
comorphum, 10 drops, were added to each 
kilogram of the mixture. This diet was 
made up fresh weekly, and was supple
mented each week by 20 mg of a-tocoph- 
erol given orally with a medicine dropper. 
Each kilogram of this Mg-deficient diet 
contained 6.6 mEq of Mg; the stock diet4 
contained 172 mEq.

Mg28 was received as MgCl2 in concen
trated HC1. Magnesium was precipitated 
as Mg(OH) 2 with an excess of In  NaOH. 
The precipitate was dissolved with In  
H2SO4, and the Mg was diluted in distilled 
water to a final concentration of 0.4 mEq 
per ml. This solution was used without 
sterilization.

Before the rabbits were fed each morn
ing, the body weight, total food consump
tion, and 24-hour urine volume were meas
ured in order to follow the external balance 
of magnesium. Since the Mg content of 
the tap water was small compared with its 
content in the Mg-deficient diet, the intake 
of Mg in water was not taken into consid
eration in the calculation of the external 
balance.

The exchangeable magnesium content, 
Mge was measured as follows. Each ani
mal was given 5 ml of the Mg28 solution 
intravenously ( a total of 2 mEq of Mg and 
10 ire of Mg28). A pooled specimen of urine 
was then collected from each animal over
Received for publication August 11, 1961.1 This study was supported by Contract no. AT (11- l)-282 between the U. S. Atomic Energy Commission and the University of Colorado.2 Mg2f was supplied by the Brookhaven National Laboratory, Upton, Long Island, New York, on allocation from the U. S. Atomic Energy Commission.3 Cudahy Rex, Cudahy Packing Company, Denver, Colorado.4 Albers Rabbit Breeder Ration, Albers Milling Company, Fort Lupton, Colorado.
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a period of 20 hours. Two spot specimens 
were collected by catheterization at 22 and 
24 hours and their specific activities were 
determined. The exchangeable magnes
ium content of the body was calculated in 
the manner previously described (Aikawa 
et ah, ’59).

Samples of plasma, urine, and tissues 
were assayed for gamma ray activity 
with a Nuclear-Chicago model DS-3 well- 
type scintillation counter which was con
nected to a Packard Auto-Gamma Sample 
Changer. All determinations were cor
rected for physical decay.

The magnesium concentration in urine 
and serum (Aikawa and Rhoades, ’59) 
and in tissues (Stutzman, ’52) was de
termined by a modification of the molyb- 
divanadate method for phosphate.

The experiment was conducted as fol
lows. During a control period of three 
days the 8 animals in the test group were 
fed a balanced stock diet of compressed 
pellets, containing 172 mEq of Mg per kilo
gram. Baseline data for body weight, se
rum Mg concentration, and urinary excre
tion of Mg were obtained daily. On the 4th 
day each animal’s Mge was determined.

After fasting overnight, the animals 
were then given free access to the Mg- 
deficient diet for 30 days. The body weight, 
food consumption, and urinary volume 
were recorded daily. Mge and serum Mg 
determinations were made on the 8th, 
14th, 22nd, and 30th days of the experi
mental period. On the 31st day, 24 hours 
after the last intravenous dose of Mg28, the 
animals were killed by air embolism and 
the following tissues were assayed for

radioactivity and magnesium content: 
plasma, skin, bone, kidney, appendix, 
heart, liver, lung, and muscle.

The 4 rabbits in the control group were 
maintained with the stock diet. They, too, 
were killed by air embolism 24 hours after 
the administration of Mg28, and the same 
tissues were assayed for relative radioac
tivity and magnesium content.

In the statistical analysis of the external 
balance data, each animal served as its 
own control. After the differences be
tween the baseline values and the values 
obtained during each week had been cal
culated for each animal, the mean differ
ences for the whole group at each time 
interval were obtained. The significance 
of the mean differences was determined 
by the use of the t test (Snedecor, ’46), a 
P of less than 0.01 being considered sig
nificant.

The mean relative activity (see footnote 
of table 2) and magnesium content of 
each type of tissue were determined for 
both the test and control groups, and the 
significance of the differences between 
group means was tested (Snedecor, ’46).

RESULTS

By the end of the first week that the 
rabbits received the Mg-deficient diet, body 
weight had decreased significantly; after 
the second week the animals began to gain 
slightly, but did not approach their base
line weights ( table 1). With the intake of 
Mg abruptly decreased to less than 0.3 
mEq per day, the renal excretion of Mg 
fell below 0.8 mEq per day. By the end 
of the second week the urine volume had

TABLE 1
E ffect o f m agn esiu m -deficien t diet on  external balance and exchangeable con ten t o f  m agn esiu m

in  8 rabbits

Mean
baseline
values

Mean values at end of
Week l i Week 22 Week 33 W eek 44

W eigh t, kg 1.769 1.596* 1.604* 1.637* 1.622
Serum  M g, m E q /1 2.0 1.2* 1.2* 1.3* 1.2*
E xch an gea ble  M g con ten t, m E q 58.0 21.0* 13.2* 10.8* 9.5*
E xch an gea b le  M g con ten t, m E q /k g 33.0 13.2* 8.2* 6.6* 6.0*
M g intake, m E q /d a y 21.9 0.17 0.19 0.22 0.13
U rine v o lu m e, m l /d a y 138 105 61* 36* 31*
U rine M g ex cretion , m E q /d a y 10.8 0.79* 0.35* 0.30* 0.54*

1 Fed Mg-deficient diet for  8 days.
2 Fed Mg-deficient diet for 14 days.
3 Fed Mg-deficient diet for 22 days.
4 Fed Mg-deficient diet for 30 days.
* Statistically significant difference when compared with mean baseline value.
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decreased significantly. The serum mag
nesium concentration dropped to 1.2 mEq 
per liter by the end of the first week, and 
remained low. The Mgc had decreased to 
one-third of the control value at the end 
of the first week; it continued to decline 
progressively, and at 30 days was less than 
20% of the control value.

The animal’s appearance and behavior 
was normal until the 4th week, when two 
rabbits began to lose hair from the back, 
hind legs, and tail. The coat lost its luster 
and appeared ragged. At no time did any 
animal become hyperirritable.

Only in the skin and bone of animals 
in the test group was there a significant 
decrease in relative radioactivity (table 2). 
The magnesium content was significantly 
decreased in the lung and bone of rabbits 
on the Mg-deficient diet (table 3).

TABLE 2
E ffect o f  m agnesiu m -deficient diet on  relative 

radioactivity o f  tissues in  rabbits

Tissue
Relative radioactivity1

Control group2 Test group3
Muscle 2.06 ±  0.164 1.42± 0.15
Skin 3.28 ±  0.13 1.95 ±0.24*
Kidney 8.16 ±  0.38 10.61 ±1.14
Heart 9.46 ±0.55 12.25± 1.29
Liver 10.02± 0.62 11.49± 1.24
Appendix 12.26±0.67 13.28 ±  1.52
Bone 33.73 ±2.47 20.70 ±2.59*

1 Relative radioactivity = cou n t/m in ./gm  tissue 24
coun t/m in ./m l plasma 

hours after intravenous injection o f M g28.
2 Mean values in 4 rabbits fed a stock diet.
3 Mean values in 8 rabbits fed  a magnesium- 

deficient diet for 30 days.
4 Mean +  standard error.
* Statistically significant difference when compared 

with control group.
TABLE 3

E ffect o f  m agnesiu m -deficient diet on  tissue  
con ten t o f  m ag n esiu m  in  rabbits

Magnesium content 
(m E q /k g  wet weight)

Control group1 Test group2
Muscle 21.49 ±  0.153 17.90 ±  1.02
Skin 6.35 ±0.27 5.37 ±0.32
Kidney 12.23 ±0.66 11.66 ±0.39
Heart 12.96 ±0.40 13.44 ±0.58
Liver 12.35 ±0.50 12.88 ±0.80
Appendix 16.40 ±0.90 16.74 ±1.43
Lung 11.75 ±  0.76 8.74 ±0.45*
Bone 298.10 ±10.20 251.80±3.89*

1 Mean values in 4 rabbits fed  a stock diet.
2 Mean values in 8 rabbits fed a magnesium- 

deficient diet for  30 days.
3 Mean +  standard error.
* Statistically significant difference when compared 

with the control group.

DISCUSSION

The results of the external balance study 
in the present experiment confirm those 
previously reported by Orent et al. ( ’34), 
Watchorn and McCance (’37), Knoop et al. 
( ’39), Duckworth and Godden ( ’41), 
Blaxter and Rook ( ’54), Smith ( ’59), and 
Martin and Wilson ( ’60). Although the 
urinary excretion of Mg decreased as the 
intake of this ion was reduced, the net out
put exceeded the intake. Consequently, 
the body store of Mg was progressively de
pleted, and body weight decreased. An 
abrupt decrease in serum magnesium con
centration occurred and persisted through
out the experimental period.

Despite the deficient diet, a significant 
reduction in tissue Mg content was noted 
only in bone and lung; because of the rel
ative size of these two organs, it appears 
likely that the greatest deficiency of Mg 
must have occurred in bone.

The data on relative radioactivity sug
gest that the soft tissues continue to take 
up Mg even when animals are maintained 
with a Mg-deficient diet for as long as a 
month; these data confirm those of Mc
Aleese et al. ( ’61) who found that tissues 
of Mg-deficient lambs had a higher con
centration and total amounts of the isotope 
as compared with control lambs. Our data 
also suggest that the uptake of Mg is sig
nificantly lowered only in the bone and 
skin. The low Mg content and decreased 
relative radioactivity in bone confirm the 
previous impression that the bone serves 
as the labile store of magnesium in the 
body. The decrease in the relative radio
activity of the skin may be a factor in pro
ducing the edema and hyperemia of the 
skin associated with Mg deficiency.

That vasodilatation and hyperirritabil
ity, characteristic clinical manifestations 
of magnesium deficiency, did not develop 
in the animals in the present study may be 
explained by the diet, which was not as 
low in Mg as those used in some previous 
studies, such as that of Orent et al. ( ’34).

The largest pool of magnesium in the 
body is in muscle and bone. Since the 
relative radioactivity and Mg content of 
muscle were not significantly altered un
der the conditions of the present experi
ment, the explanation for the progressive 
decrease in Mge observed in the study lies
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primarily in depletion of the labile ex
changeable pool of magnesium in bone; a 
low serum level of Mg may suggest deple
tion of this labile pool.

SUMMARY
Eight rabbits were fed a magnesium- 

deficient diet containing 6.6 mEq of Mg 
per kilogram. As the intake of Mg was 
decreased, the urinary excretion of Mg 
dropped to less than 0.8 mEq daily. By 
the end of the first week the body weight 
had decreased significantly and the serum 
magnesium concentration had dropped to
1.2 mEq per liter, where it remained 
through the 30th day. The exchangeable 
magnesium content decreased to one- 
third of the baseline value by the end of 
the first week, and continued to decrease 
thereafter. After the animals had received 
the diet for one month, the magnesium 
content of most soft tissues was un
changed; only lung and bone showed a 
significant reduction. At the same time, 
study of the relative radioactivity content 
of tissues showed that most soft tissues 
also continued to accumulate Mg at the 
usual rate. Relative radioactivity was 
significantly decreased only in skin and 
bone. Bone apparently serves as the res
ervoir from which magnesium is drawn 
during the ingestion of a Mg-deficient diet.
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