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G u s ta fs s o n  a n d  L a u r e l l  ( ’5 8 )  o b s e rv e d  
s o m e w h a t  h ig h e r  le v e ls  o f  s e ru m  a lb u m in  
in  g e rm fr e e  r a ts  th a n  in  c o n v e n t io n a l  a n i 
m a ls  m a in ta in e d  w i t h  th e  sa m e  d ie t ,  b u t  
n o te d  s ig n i f ic a n t ly  lo w e r  b e ta -  a n d  g a m m a 
g lo b u l in  le v e ls  i n  th e  g e rm fr e e  a n im a ls .  
T o ta l  s e ru m  p r o te in  le v e ls  o f  th e  tw o  
g ro u p s  w e re  f a i r l y  s im i la r  a lth o u g h  th e  
m e a n  f o r  th e  g e rm fr e e  a n im a ls  w a s  a  l i t t l e  
le ss  th a n  t h a t  f o r  th e  c o n v e n t io n a l  o n e s , 
a p p r o x im a te ly  5 .5  a n d  5 .9  g rn  p e r  1 0 0  m l,  
r e s p e c t iv e ly .  R e c e n t ly ,  W o s tm a n n  a n d  
G o rd o n  ( ’6 0 )  re p o r te d  to ta l  p r o te in  le v e ls  
w h ic h  w e re  e s s e n t ia l ly  th e  s a m e  f o r  g e rm 
f re e  r a ts  as th o s e  in  c o n v e n t io n a l  a n im a ls .  
B u t  th e  g e rm fr e e  a n im a ls  h a d  p r o p o r t io n 
a te ly  h ig h e r  le v e ls  o f  a lb u m in  th a n  th e  
c o n v e n t io n a l  a n im a ls ,  a lo n g  w i t h  s ig n i f i 
c a n t ly  lo w e r  le v e ls  o f  th e  v a r io u s  g lo b u l in s  
w i t h  th e  e x c e p t io n  o f  a f r a c t io n  r e fe r r e d  to  
as a lp h a -1 .  I n  c h ic k e n s  ( W o s tm a n n ,  ’5 9 ) ,  
th e  p r in c ip a l  d if fe re n c e  o b s e rv e d  b e tw e e n  
g e rm fr e e  a n d  c o n v e n t io n a l  a n im a ls  w a s  a 
re d u c e d  g a m m a - g lo b u l in  le v e l i n  th e  
fo r m e r .  T h is  d if fe re n c e  w a s  m o re  m a rk e d  
i n  o ld e r  t h a n  i n  y o u n g e r  a n im a ls .

T h e r e  is  l i t t l e  p u b l is h e d  in f o r m a t io n  r e 
g a rd in g  s e ru m  p ro te in s  i n  g e rm fr e e  g u in e a  
p ig s . M iy a k a w a  ( ’5 5 )  re p o r te d  o n  4  g e rm 
f re e  a n im a ls  r a n g in g  in  a ge  f r o m  2 0  to  1 5 0  
d a y s . H e  o b s e rv e d  lo w e r  g a m m a - g lo b u l in  
le v e ls  i n  g e rm fr e e  th a n  i n  c o n v e n t io n a l 
a n im a ls ,  a lth o u g h  a l l  th e  v a lu e s  se e m e d  
u n u s u a l ly  h ig h .  T o ta l  p r o te in  f ig u re s  
ra n g e d  f r o m  5 .9  to  6 .7  g m  w i t h  11 to  
1 3 .7 %  re c o rd e d  as g a m m a - g lo b u l in ,  i n  th e  
g e rm fr e e ;  w h e re a s ,  v a lu e s  f o r  c o n v e n t io n a l  
a n im a ls  ra n g e d  f r o m  4 .8  to  5 .8  g m  a n d
1 3 .1  to  1 9 .4 %  to ta l  p r o te in  a n d  g a m m a 
g lo b u l in ,  r e s p e c t iv e ly .  A s  th e  a u th o r  p o in ts  
o u t ,  th e  p a u c i t y  o f  d a ta  w a r r a n ts  l i t t l e  in  
th e  w a y  o f  c o n c lu s io n .  W o s tm a n n  ( ’5 9 )  
re p o r te d  o n  4  o n e -y e a r-o ld  g u in e a  p ig s

s h o r t ly  a f t e r  th e y  h a d  b e c o m e  c o n ta m i
n a te d .  A l th o u g h  n o  n u m e r ic a l  v a lu e s  w e re  
p re s e n te d ,  i t  w a s  re p o r te d  t h a t  th e  “ s lo w e r  
m o v in g  ( g a m m a )  g lo b u l in  f r a c t io n s ”  w e re  
e n t i r e ly  m is s in g .

O n  th e  b a s is  o f  th e s e  l im i t e d  o b s e rv a 
t io n s  o n  g u in e a  p ig s  a n d  th e  e x p e r ie n c e  
w i t h  o th e r  s p e c ie s , w e  m ig h t  h a v e  a n t ic i 
p a te d  lo w e re d  g a m m a - g lo b u l in  v a lu e s  in  
g e rm fr e e  g u in e a  p ig s .  I t  w a s  e s s e n t ia l,  
h o w e v e r ,  to  d e te r m in e  th e  ra n g e  o f  th e s e  
v a lu e s  as a  b a s e lin e  f o r  a s e ro lo g ic  s tu d y  
w h ic h  w e  w e re  c o n d u c t in g  i n  c o n n e c t io n  
w i t h  in d u c e d  in f e c t io n s  i n  th e s e  a n im a ls .  
D u r in g  th e  c o u rs e  o f  t h is  s tu d y ,  c e r ta in  
in te r e s t in g  r e la t io n s h ip s  w e re  n o te d  b e 
tw e e n  th e  a b s e n c e  o f  a f lo r a  a n d  th e  g e n 
e ra l n u t r i t i o n a l  s ta te  o f  th e  g e rm fre e  
g u in e a  p ig ,  as g a u g e d  b y  w e ig h t  g a in  a n d  
s e ru m  p r o te in  le v e ls .

MATERIALS AND METHODS

G e rm fr e e  g u in e a  p ig s  ( G F )  w e re  o b 
ta in e d  b y  C a e s a re a n  s e c t io n  o f  c o n v e n 
t io n a l  p re g n a n t  fe m a le s  f r o m  th e  N a t io n a l  
I n s t i t u t e s  o f  H e a l th  “ h y b r id ”  c o lo n y ,  a n d  
w e re  m a in ta in e d  in  R e y n ie rs  G e rm fre e  
S y s te m  u n i t s ,  e s s e n t ia l ly  a c c o rd in g  to  p r o 
c e d u re s  a n d  s te r i l i t y  c h e c k s  d e s c r ib e d  p r e 
v io u s ly  (R e y n ie r s  e t a l. ,  ’4 6 ;  P h i l l ip s  e t  a l. ,  
’5 9 ) .  P e r io d ic a l ly ,  s a m p le s  o f  f r e s h  fe c e s , 
fo o d ,  b e d d in g ,  e t c e te ra ,  w e re  e x a m in e d  
m ic r o s c o p ic a l ly  a n d  in o c u la te d  in t o  v a r io u s  
m e d ia .  F a i lu r e  to  d e m o n s t ra te  th e  p re s 
e n c e  o f  v ia b le  o rg a n is m s  c o n s t i tu te d  th e  
b a s is  f o r  c a l l in g  th e  a n im a ls  “ g e rm fr e e . ”  
A  m o d i f ic a t io n  o f  d ie t  L -4 4 5 , re c o m m e n d e d  
b y  P h i l l ip s  e t a l. ( ’5 9 ) ,  w a s  u se d . T h e  a n i-
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m a ls  w e re  o ffe re d  a l l  th e y  w o u ld  e a t  w i t h in  
a b o u t  a n  h o u r ,  tw ic e  a d a y , as th e s e  
a u th o rs  re c o m m e n d .  D ie t  L -4 4 5  is  s te a m - 
s te r i l iz e d  a n d  is ,  f o r  th e  m o s t  p a r t ,  a n  e q u a l 
m ix t u r e  o f  g ro u n d  c o m m e r c ia l  la b o r a to r y  
c h o w 4 a n d  r o l le d  o a ts , w i t h  v i t a m in  s u p p le 
m e n ts .  T h is  d ie t ,  w i t h  so m e  m o d if ic a t io n s ,  
h a s  b e e n  th e  o n e  m o s t  c o m m o n ly  u s e d  f o r  
r e a r in g  g e rm fr e e  g u in e a  p ig s ,  as n e a r ly  as 
c a n  be  d e te r m in e d  f r o m  th e  s p a rs e  l i t e r a 
tu r e  o n  t h is  s u b je c t .  O u r  m o d i f ic a t io n  h a s  
b e e n  a s u b s t i t u t io n  o f  th e  s to c k  c o m m e r 
c ia l  g u in e a  p ig  p e l le ts 5 f o r  c o m m e r c ia l  
la b o r a to r y  c h o w ,6 a n d  th e  a d d i t io n  o f  k a le  
a n d  c a r ro ts  ( W a r r e n  a n d  N e w to n ,  ’5 9 ) .  I n  
a d d i t io n ,  s o m e  o f  th e  s u p p le m e n ts  ( a s 
c o r b ic  a c id  a n d  t h ia m in e )  a re  s te r i l iz e d  b y  
f i l t r a t i o n  r a t h e r  t h a n  b y  s te a m .

E a c h  u n i t  c o n ta in e d  th e  l i t t e r s  f r o m  
th re e  fe m a le s ,  u s u a l ly  a t o t a l  o f  9 to  10 
g u in e a  p ig s . I n  o n e  s e r ie s  o f  c o m p a r is o n s ,  
a n im a ls  f r o m  e a c h  l i t t e r  w e re  re m o v e d  
f r o m  a u n i t  a t  th e  ages o f  o n e , tw o ,  a n d  
th re e  w e e k s . I n  a n o th e r  s e r ie s , in v o lv in g  
o ld e r  a n im a ls ,  a l l  th e  a n im a ls  w e re  r e 
m o v e d  f r o m  th e  u n i t  a t  th e  age- o f  12 
w e e k s . S e v e ra l b lo o d  s a m p le s  w e re  ta k e n  
f r o m  e a c h  a n im a l  b y  p u n c t u r in g  th e  h e a r t  
a n d  a l lo w in g  th e  b lo o d  to  f lo w  in t o  s m a ll  
m e l t in g - p o in t  c a p i l la r y  tu b e s  a p p r o x i
m a te ly  1 .5  X 1 0 0  m m . T h e  s e ru m  w a s  
s e p a ra te d  f r o m  th e  c lo t  a n d  lo o s e  re d  c e lls  
b y  c e n t r i f u g a t io n  a n d  f r o z e n  u n t i l  u se d . 
W h e n  th e  b lo o d  w a s  o b ta in e d  i n  t h is  m a n 
n e r  h e m o ly s is  r a r e ly  o c c u r re d ;  a n y  s a m p le  
s h o w in g  h e m o ly s is  w a s  d is c a rd e d .

T w o  g ro u p s  o f  c o n v e n t io n a l  a n im a ls  o b 
ta in e d  f r o m  th e  s a m e  g u in e a  p ig  c o lo n y  a t 
th e  age  o f  tw o  to  4  d a y s  w e re  u se d  f o r  c o m 
p a r is o n  a n d  w e re  m a in ta in e d  in  a n  o r d i 
n a r y  a n im a l  ro o m . O n e  g ro u p  ( C V )  w a s  
fe d ,  a d  l ib i t u m ,  th e  u s u a l n o n s te r i l iz e d  
s to c k  d ie t  o f  c o m m e r c ia l  g u in e a  p ig  p e lle ts  
s u p p le m e n te d  w i t h  k a le  a n d  c a r ro ts .  A s  a 
c o n t r o l  f o r  th e  g e rm fr e e  a n im a ls ,  th e  o th e r  
g ro u p  ( C V D )  w a s  m a in ta in e d  w i t h  th e  
s a m e  a u to c la v e d  r a t io n  g iv e n  th e  g e rm fre e  
a n im a ls .  T h e  fo o d  w a s  s e a le d  im m e d ia te ly  
a f t e r  s te r i l iz a t io n  a n d  k e p t  r e f r ig e r a te d  in  
s m a l l  c o n ta in e r s  u n t i l  g iv e n  to  th e  a n i 
m a ls .  T h e  C V D  a n im a ls  w e re  a ls o  o ffe re d  
a l l  th e y  w o u ld  c o n s u m e  in  a b o u t  a n  h o u r ,  
tw ic e  a d a y . T h is  fe e d in g  s c h e d u le  w a s  
a d o p te d  in  a n  e f f o r t  to  d u p l ic a te  th e  fo o d

c o n s u m p t io n  a n d  e a t in g  h a b its  o f  th e  g e rm 
f re e  a n im a ls .

A s id e  f r o m  c o n ta in in g  l i v i n g  m ic r o o r 
g a n is m s ,  th e  c o n t r o ls  a ls o  d if fe r e d  f r o m  th e  
g e rm fr e e  a n im a ls  i n  t h a t  th e y  w e re  d e 
l iv e r e d  n o r m a l ly  a n d  h a d  s u c k le d  f o r  a 
fe w  d a y s  b e fo re  b e in g  w e a n e d . A s  h a s  b e e n  
o b s e rv e d  b e fo re  ( P h i l l ip s  e t  a l. ,  ’ 5 9 ; N e w 
to n  e t a l. ,  ’6 0 ) ,  h o w e v e r ,  th e s e  v a r ia b le s  
h a v e  b e e n  d i f f i c u l t  to  c o n t r o l  b e c a u s e  i t  
h a s  n o t  b e e n  p o s s ib le  to  k e e p  C a e s a re a n - 
b o rn ,  n o n s u c k le d  g u in e a  p ig s  a liv e  f o r  a p 
p re c ia b le  p e r io d s  w i t h  a n y  c o n s is te n c y  o u t 
s id e  th e  g e rm fr e e  s ys te m .

T h e  s e ru m  p r o te in  d e te r m in a t io n s  w e re  
c a r r ie d  o u t  o n  a S p in c o  M o d e l R  p a p e r  
e le c t ro p h o re s is  a p p a ra tu s  a c c o rd in g  to  
s ta n d a rd  te c h n iq u e s .  S c h le ic h e r  a n d  
S c h u e ll 2 0 4 3 A -m g l p a p e r  s t r ip s  a n d  a 
b a r b i tu r a te  b u f f e r  s o lu t io n  (0 .1  N ,  p H  8 .6 )  
w e re  u se d . M ig r a t io n  o f  th e  p r o te in  c o m 
p o n e n ts  w a s  in d u c e d  b y  a p p ly in g  a  c o n 
s ta n t  c u r r e n t  o f  5 m a  f o r  16  h o u rs .  
S ta in in g  w a s  w i t h  b r o m p h e n o l b lu e  a n d  
e v a lu a t io n  w a s  m a d e  s p e c t r o p h o to m e t r i-  
c a l ly  w i t h  th e  M o d e l R B  A n a ly t r o l ,  f i t t e d  
w i t h  a B -5  c a m .

F o u r  f r a c t io n s  w e re  id e n t i f ie d  o n  th e  
s ta in e d  s t r ip s  a n d  i n  th e  d e n s ito m e te r  
s c a n n in g s .  I n  o rd e r  o f  d e c re a s in g  m o b i l i t y ,  
th e y  w i l l  be  r e fe r r e d  to  as a lb u m in ,  a lp h a -  
g lo b u l in s ,  b e ta - g lo b u l in s ,  a n d  g a m m a -g lo b 
u l in s ,  re s p e c t iv e ly .  T h e  m o b i l i t ie s  o f  th e s e  
f r a c t io n s  w e re  s im i la r  to  th o s e  o f  c o m p a r 
a b le  f r a c t io n s  o f  h u m a n  s e ru m .

T o ta l  s e ru m  p r o te in  c o n c e n tr a t io n s  w e re  
d e te r m in e d  s p e c t r o p h o to m e t r ic a l ly  u s in g  
th e  u l t r a m ic r o  te c h n iq u e  o f  C a ra w a y  a n d  
F a n g e r  ( ’5 5 ) .

RESULTS AND DISCUSSION
I n  f ig u r e  1 a re  p re s e n te d  a t y p ic a l  s t r ip  

a n d  a n a ly s is  o f  a s e ru m  s a m p le  f r o m  o ne  
o f  th e  o ld e r  c o n v e n t io n a l g u in e a  p ig s  fe d  
th e  o r d in a r y  s to c k  d ie t .  T h e  4  f r a c t io n s  
w h ic h  w e  f e l t  w e  c o u ld  id e n t i f y  c o n s is t 
e n t ly  a re  in d ic a te d ,  a n d  f o r m  th e  f r a m e 
w o r k  f o r  c a lc u la t in g  th e  v a lu e s  o b ta in e d .  
S e ru m  p r o te in  d e te r m in a t io n s  w e re  p e r 
fo r m e d  o n  a to ta l  o f  o v e r  1 0 0  a n im a ls  in  
th e  th re e  g ro u p s ,  a n d  th e  re s u lts  a re  s h o w n

1 Purina Laboratory Chow, The Ralston-Purina 
Company, St. Louis.

5 Sherwood Mills, Baltimore Feed and Grain 
Company, Baltimore, Maryland.

“ See footnote 4.
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Fig. 1 Typical electrophoretic pattern o f se
rum from  a 12-week-old conventional guinea pig.

i n  f ig u r e  2. T h e  v a lu e s  f o r  th e  tw o -w e e k -  
o ld  a n im a ls  w e re  s im i la r  to  th o s e  o f  th e  
th re e -w e e k -o ld  g ro u p  a n d  h a v e  b e e n  o m i t 
te d  to  f a c i l i t a t e  c o m p a r is o n s .  E a c h  b a r  
re p re s e n ts  a n  a v e ra g e  b a s e d  o n  9 to  10 
a n im a ls .  T h e  d a ta  w e re  a n a ly z e d  s ta t is t i 
c a l ly  b y  th e  a n a ly s is  o f  v a r ia n c e  m e th o d . 
A n  a r r o w  c o n n e c t in g  tw o  b a rs  in d ic a te s  
th a t  th e re  w a s  a  s ig n i f ic a n t  d if fe re n c e  b e 
tw e e n  th e s e  a v e ra g e  s e ru m  p r o te in  v a lu e s  
a t  th e  1 %  le v e l.  D a ta  w e re  a n a ly z e d  f o r  
“ s te r i l iz e d  d ie t  e f fe c t ”  a m o n g  c o n v e n t io n a l 
a n im a ls  ( C V  vs . C V D )  a n d  “ g e n n f re e  e f 
f e c t ”  ( C V D  vs. G F ) .  D if fe re n c e s  o c c u r r in g  
b e tw e e n  C V  a n d  G F  w e re  n o t  c o n s id e re d  
f o r  p u rp o s e s  o f  c o m p a r is o n  in a s m u c h  as 
th e s e  g ro u p s  d if fe r e d  i n  a t le a s t  tw o  v a r i 
a b le s .

T u r n in g  f i r s t  to  th e  a n a ly s is  f o r  p o s s ib le  
s te r i l iz e d  d ie t  e ffe c t ,  th e re  w a s  n o  s ig n i f i 
c a n t  d if fe re n c e  in  th e  le v e ls  o f  to ta l  p r o 

te in ,  a n d  o f  m o s t  o f  th e  in d iv id u a l  s e ru m  
c o m p o n e n ts ,  b e tw e e n  th e  C V  a n d  th e  C V D . 
T h e r e  w a s  a s l ig h t  g r a d u a l in c re a s e  i n  b o th  
g ro u p s ,  u p  th r o u g h  th e  age  p e r io d  s tu d ie d .  
S o m e  d if fe re n c e s  w e re  o b s e rv e d  in  g a m m a 
g lo b u l in  le v e ls ,  h o w e v e r .  T h e  le v e ls  i n  th e  
o n e -w e e k -o ld  a n im a ls  w e re  th e  h ig h e s t .  
P re s u m a b ly  t h is  w a s  a r e f le c t io n  o f  t r a n s 
p la c e n ta l  t r a n s m is s io n .  I n  th e  tw o -  a n d  
th re e -w e e k -o ld  a n im a ls  th e  le v e ls  h a d  
d ro p p e d  in  b o th  g ro u p s ,  m o re  m a r k e d ly  in  
th e  C V  th a n  i n  th e  C V D . I n  th e  1 2 -w e e k -o ld  
a n im a ls ,  th e  g a m m a - g lo b u l in  le v e ls  o f  th e  
C V  a n im a ls  s h o w e d  a n  in c re a s e  o v e r  th o s e  
o f  th e  th re e -w e e k -o ld  g ro u p ,  w h e re a s  th o s e  
o f  th e  C V D  g ro u p  c o n t in u e d  th e  d o w n w a r d  
t re n d .  A l th o u g h  th e  n u m e r ic a l  v a lu e s  w e re

♦♦ = Significant 
difference 
at 1% level
cv

UZZA CVD
t-rxxji G p

Fig. 2 Mean serum protein values o f guinea 
pigs of different ages. CV indicates conventional 
animals fed stock diet; CVD, conventional ani
mals fed germfree type diet; GF, germ free ani
mals. Statistical analysis between CV vs. CVD, 
and CVD vs. GF, only.
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lo w  i n  b o th  g ro u p s ,  th is  d if fe re n c e  p ro v e d  
to  be  s ig n i f ic a n t  a t th e  1 %  le v e l.

W h e th e r  s u c h  lo w  le v e ls  w o u ld  p e rs is t  
in  o ld e r  c o n v e n t io n a l  ( c o n ta m in a te d )  
g u in e a  p ig s  fe d  th e  s te r i l iz e d  d ie t  r e m a in s  
to  be  see n . O n  th e  b a s is  o f  th e  f in d in g s  
w i t h  th e s e  1 2 -w e e k -o ld  a n im a ls ,  h o w e v e r ,  
o n e  c a n  c o n c lu d e  t h a t  s te r i l iz a t io n  o f  th e  
d ie t  w a s  a  f a c t o r  c o n t r ib u t in g  to  th e  m a in 
te n a n c e  o f  lo w e r  g a m m a - g lo b u l in  le v e ls  in  
th e s e  o th e r w is e  “ c o n ta m in a te d ”  a n im a ls .  
A s  m e n t io n e d  e a r l ie r ,  th e  fo o d  f o r  th e  C V D  
a n im a ls  w a s  k e p t  s te r i le  u n t i l  o f fe re d  to  
th e m ,  a n d  w a s  c o n s u m e d  r a t h e r  q u ic k ly .  
T h is  u n d o u b te d ly  re d u c e d  to  a c o n s id e r 
a b le  e x te n t  b o th  th e  n u m b e r s ,  a n d  p e r 
h a p s  th e  k in d s ,  o f  l i v i n g  o rg a n is m s  i n 
g e s te d  b y  th e s e  a n im a ls .  T h is ,  i n  t u r n ,  
c o u ld  h a v e  h a d  a n  e f fe c t  o n  th e  s t im u la 
t io n  o f  g a m m a - g lo b u l in  p r o d u c t io n .  T h is  
a p p a r e n t  r e la t io n s h ip  m u s t  b e  e x p lo re d  
f u r t h e r  b e c a u s e  o f  i t s  in t e r e s t in g  im p l ic a 
t io n s .

I n  a n  a n a ly s is  o f  p o s s ib le  g e rm fr e e  e f fe c t  
( C V D  vs . G F )  o n  s e ru m  p ro te in s ,  th e re  w a s  
e s s e n t ia l ly  n o  d if fe re n c e  b e tw e e n  th e  tw o  
g ro u p s  a m o n g  th e  o n e -w e e k -o ld  a n im a ls .  
S u c h  a n  e f fe c t  w a s  n o te d ,  h o w e v e r ,  i n  a n i 
m a ls  as y o u n g  as tw o  to  th re e  w e e k s , a n d  
in  th e  1 2 -w e e k -o ld  g ro u p . G e n e ra lly ,  w i t h  
a n  in c re a s e  i n  a ge , t o ta l  p r o te in ,  a lb u m in ,  
a n d  a lp h a - g lo b u l in  le v e ls  g r a d u a l ly  i n 
c re a s e d  in  th e  C V D , w h e re a s  th e  le v e ls  r e 
m a in e d  a b o u t  th e  sa m e  in  g e rm fr e e  a n i 
m a ls .  T h u s ,  i n  th e  o ld e s t  a n im a ls ,  th e re  
w e re  d if fe re n c e s ,  w h ic h  w e re  s ig n i f ic a n t  a t 
th e  1 %  le v e l,  b e tw e e n  th e  G F  a n d  th e  C V D  
g ro u p s  i n  th e s e  p ro te in s .  A l th o u g h  th e  
b e ta - g lo b u l in s  a ls o  a p p e a re d  to  s h o w  th e s e  
t re n d s ,  th e  d if fe re n c e s  w e re  n o t  s ig n i f ic a n t  
i n  th is  s tu d y .

T h e  y o u n g e s t  a n im a ls  s h o w e d  th e  h ig h 
e s t v a lu e s  f o r  th e  g a m m a -g lo b u l in s .  W i th  
a n  in c re a s e  i n  a ge  o f  a n im a ls ,  th e s e  p r o 
te in s  g r a d u a l ly  d e c re a s e d  i n  b o th  g ro u p s  
u p  t h r o u g h  12  w e e k s . G a m m a -g lo b u l in  
le v e ls  i n  th e  C V D  g ro u p  te n d e d  to  a v e ra g e  
s o m e w h a t  h ig h e r  th a n  th o s e  in  th e  g e rm 
f re e ,  b u t  n o t  s ig n i f ic a n t ly  so. A s  m e n t io n e d  
e a r l ie r ,  th e re  m ig h t  be  g re a te r  d if fe re n c e s  
b e tw e e n  C V D  a n d  g e rm fr e e  g u in e a  p ig s  in  
o ld e r  a n im a ls ,  as o b s e rv e d  i n  c h ic k e n s  b y  
W o s tm a n n  ( ’5 9 ) .  I n  a n im a ls  12  w e e k s  o f  
a ge , h o w e v e r ,  w e  w e re  u n a b le  to  d e m o n 
s tra te  a s ig n i f ic a n t  d if fe re n c e  i n  g a m m a 

g lo b u l in  le v e ls  b e tw e e n  a n im a ls  w i t h o u t  a n  
in t e s t in a l  f lo r a  a n d  a n im a ls  m a in ta in e d  
in  a “ c o n ta m in a te d ”  e n v ir o n m e n t  b u t  fe d  
a  s te r i l iz e d  d ie t.

O f  p a r t ic u la r  in te r e s t  w a s  th e  m a rk e d  
d if fe re n c e  in  t o ta l  p r o te in  le v e ls  b e tw e e n  
th e  c o n v e n t io n a l  ( “ c o n ta m in a te d ” ) g u in e a  
p ig s  a n d  th e  g e rm fre e .  V a lu e s  o b ta in e d  
w i t h  b o th  th e  C V  a n d  C V D  g ro u p s  w e re  
s im i la r  to  th o s e  r e p o r te d  i n  th e  r a th e r  
s p a rs e  l i t e r a t u r e  o n  g u in e a  p ig  s e ru m  p r o 
te in  le v e ls .  T h o s e  o f  th e  g e rm fr e e  w e re  
2 5 %  lo w e r ,  h o w e v e r .  T h is  d if fe r e n c e  w a s  
re p re s e n te d  p r im a r i l y  i n  th e  a lb u m in  a n d  
a lp h a - g lo b u l in  p o r t io n s .  I t  is  k n o w n  t h a t  
n u t r i t i o n ,  e s p e c ia lly  p r o te in  in ta k e ,  c a n  
a f fe c t  s e ru m  p r o te in  le v e ls  (A lb a n e s e ,  ’5 9 ; 
Y o s h im u r a ,  ’6 1 ) .  T h u s ,  th e  q u e s t io n  a ro se  
as to  w h e th e r  th e  lo w  v a lu e s  in  th e  g e r m 
f re e  a n im a ls  m a y  h a v e  b e e n  th e  r e s u l t  o f  
a  n u t r i t i o n a l  in a d e q u a c y  o f  th e  d ie t ,  a n  
in a d e q u a te  fo o d  in ta k e ,  o r  b o th .  I n  ta b le  1 
a re  p re s e n te d  s o m e  d a ta  o n  w e ig h t  g a in s  
a n d  fo o d  c o n s u m p t io n  o f  th e  a n im a ls  c o m 
p r is in g  th e  1 2 -w e e k -o ld -g ro u p , f r o m  th e  
t h i r d  w e e k  o n .

A  c o m p a r is o n  o f  m a le  w e ig h ts  in d ic a te s  
t h a t  b o th  g ro u p s  o f  th e  c o n v e n t io n a l  a n i 
m a ls  re a c h e d  c o n s id e ra b ly  la r g e r  s ize s  t h a n  
th e  g e rm fr e e ,  a n d  t h a t  th e  l a t t e r  w e re  u n 
d e rn o u r is h e d  a t  le a s t  f r o m  th is  p o in t  o f  
v ie w .  M o re o v e r ,  r e s u lts  w i t h  th e  C V D  a n i 
m a ls  in d ic a te  t h a t  th e  s te r i l iz e d  d ie t  a l 
lo w e d  f a i r l y  g o o d  g r o w th  i n  c o n v e n t io n a l  
a n im a ls  ( n a m e ly ,  th o s e  w i t h  a f l o r a ) ,  a l 
th o u g h  n o t  as g o o d  as t h a t  s h o w n  b y  th e  
a n im a ls  a llo w e d  to  e a t th e  s to c k  d ie t  ad  
l ib i t u m  ( C V ) a n d  as r e p o r te d  n o r m a l  b y  
R e id  ( ’5 8 ) .  C o h n  a n d  J o s e p h  ( ’6 0 )  h a v e  
s h o w n  th a t ,  a lth o u g h  th e  fe e d in g  s c h e d u le  
( a d  l i b i t u m  v e rs u s  t im e d  m e a ls )  m a y  a f 
f e c t  f a t  d e p o s it io n  a n d  o th e r  m e ta b o l ic  
p ro c e ss e s , w e ig h t  g a in s  a re  a b o u t  th e  sa m e  
w h e n  t o ta l  q u a n t i t ie s  o f  th e  fo o d  in g e s te d  
a re  th e  sa m e . I t  is  l i k e ly  t h a t  h a d  th e  C V D  
a n im a ls  b e e n  g iv e n  m o re  o p p o r tu n i t ie s  to  
fe e d , a p p ro a c h in g  a n  a d  l i b i t u m  s c h e d u le ,  
th e y  w o u ld  h a v e  c o n s u m e d  m o re  w i t h i n  a 
2 4 -h o u r  p e r io d ,  a n d  t h e i r  w e ig h ts  m ig h t  
h a v e  m o re  c lo s e ly  a p p r o x im a te d  th o s e  o f  
th e  C V  a n im a ls .  ( I n  fa c t ,  i n  a  s u b s e q u e n t 
s tu d y ,  c o n v e n t io n a l m a le  g u in e a  p ig s  
w h ic h  w e re  m a in ta in e d  w i t h  t h is  s a m e  
s te r i l iz e d  d ie t ,  b u t  w h ic h  w e re  a llo w e d  to  
e a t m o re  f r e q u e n t ly ,  d id  c o n s u m e  m o re
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fo o d  p e r  d a y  a n d  a t ta in e d  w e ig h ts  o f  5 5 0  
to  6 0 0  g m  a t  1 2  w e e k s  o f  a g e .)  T h u s ,  i t  
w o u ld  a p p e a r  f r o m  b o th  w e ig h t  g a in  a n d  
t o t a l  s e r u m  p r o te in  le v e ls  i n  th e  C V D  
g ro u p  t h a t  th e  n u t r i t i o n a l  a d e q u a c y  o f  th e  
s te r i l iz e d  d ie t  p e r  se  w a s  n o t  th e  e s s e n t ia l  
re a s o n  f o r  th e  p o o re r  r e s u l t s  o b ta in e d  w i t h  
th e  g e rm fr e e  a n im a ls .

T h e  a m o u n ts  o f  fo o d  c o n s u m e d  c o u ld ,  
o f  c o u rs e ,  h a v e  b e e n  a  f a c to r .  W h i le  b o th  
th e  g e rm fr e e  a n d  th e  C V D  a n im a ls  w e re  
c o n s u m in g  a b o u t  th e  s a m e  a m o u n t  o f  fo o d  
a t  m e a lt im e s  a t  th e  s ta r t ,  as th e y  b e c a m e  
o ld e r  i t  w a s  a p p a r e n t  t h a t  th e  C V D  a n i 
m a ls  c o u ld  e a t  g r a d u a l ly  m o re  t h a n  th e  
g e rm fr e e .  T h u s ,  re c o rd s  o f  th e  a p p r o x i 
m a te  a m o u n ts  e a te n  b y  b o th  th e  g e rm fr e e  
a n d  th e  C V D  g ro u p s  w e re  k e p t  a f t e r  th e  5 th  
w e e k . A v e ra g e  d a i ly  d r y - w e ig h t  fo o d  c o n 
s u m p t io n  p e r  a n im a l  d u r in g  th e  1 1 th  
w e e k  is  s h o w n  i n  ta b le  1. T h e s e  f ig u re s  
in c lu d e  b o th  se xe s , w i t h  a b o u t  a n  e q u a l 
d is t r ib u t io n  i n  e a c h  g ro u p .  T h e  C V D  a n i 
m a ls  a te  3 5 %  m o re  th a n  th e  g e rm fr e e  d u r 
in g  th e  1 1 th  w e e k . W h e n  a v e ra g e  fo o d  
c o n s u m p t io n  is  r e la te d  to  a v e ra g e  b o d y  
w e ig h t ,  h o w e v e r ,  th e  tw o  g ro u p s  w e re  e a t 
in g  a t  a b o u t  th e  s a m e  ra te .  E a c h  w a s  c o n 
s u m in g  a p p r o x im a te ly  6 %  o f  i t s  b o d y  
w e ig h t  p e r  d a y  a t  t h is  t im e .  T h is  w a s  
s o m e w h a t  le s s  t h a n  w h a t  h a s  b e e n  e s t i 
m a te d  as n o r m a l  f o r  g u in e a  p ig s  fe d  a 
s to c k - ty p e  d ie t  a d  l i b i t u m — 8 .3 %  o f  b o d y

w e ig h t  p e r  d a y ,  a c c o r d in g  to  R e id  ( ’5 8 ) —  
a n d  m a y  a c c o u n t  i n  p a r t  f o r  w e ig h ts  lo w e r  
t h a n  th o s e  o f  th e  C V  g ro u p ,  as d is c u s s e d  
p r e v io u s ly .  I t  w o u ld  a p p e a r ,  h o w e v e r ,  t h a t  
w e ig h t  d if fe re n c e s  b e tw e e n  th e  C V D  a n d  
th e  g e rm fr e e  a n im a ls  c a n n o t  b e  e x p la in e d  
b y  d if fe re n c e s  i n  fo o d  c o n s u m p t io n .

F u r t h e r  a n a ly s is  o f  th e  fo o d  c o n s u m p 
t io n  e m p h a s iz e s  t h is  p o in t ,  as s h o w n  b y  th e  
f ig u re s  a t  th e  b o t to m  o f  th e  ta b le .  A t  
n e c ro p s y  a t  12  w e e k s , a p p r o x im a te ly  o n e - 
t h i r d  o f  th e  t o t a l  b o d y  w e ig h t  o f  th e  g e rm 
f re e  a n im a l  c o n s is te d  o f  c e c u m  a n d  c o n 
te n ts  ( p r im a r i l y  th e  l a t t e r ) ,  as c o m p a re d  
w i t h  m u c h  lo w e r  f ig u re s  f o r  th e  o th e r  a n i 
m a ls .  T h e  la r g e  c e c u m , o f  c o u rs e ,  h a s  
b e e n  o b s e rv e d  b y  a l l  w h o  h a v e  w o r k e d  w i t h  
th e  g e rm fr e e  a n im a l.  T h e s e  v a lu e s  p o in t  
u p  th e  f a c t  t h a t  th e  g e rm fr e e  a n im a ls  w e re  
a c tu a l ly  c o n s u m in g  m o re  fo o d  i n  r e la t io n  
to  o v e r a l l  c a rc a s s  s iz e  th a n  w e re  th e  C V D  
a n im a ls .  T h e  c e c u m  a n d  c o n te n ts  o f  th e  
l a t t e r  te n d e d  to  w e ig h  a  l i t t l e  m o re  t h a n  
th o s e  o f  th e  a n im a ls  r e c e iv in g  th e  u n s t e r i 
l iz e d  s to c k  d ie t .  T h e  d if fe re n c e s  w e re  
s m a ll ,  h o w e v e r ,  a n d  i t  is  f e l t  t h a t  a  s tu d y  
in v o lv in g  m o re  a n im a ls  w o u ld  b e  re q u ir e d  
to  e s ta b lis h  th e  v a l i d i t y  o f  s u c h  a  d i f f e r 
e n c e .

O b s e rv a t io n s  o n  th e  m o r t a l i t y  o f  th e  
g e rm fr e e  a n im a ls  a re  o f  l im i t e d  v a lu e  i n 
a s m u c h  as m o s t  w e re  s a c r i f ic e d  a t  a  f a i r l y  
e a r ly  age . T h e r e  w a s  a  lo s s  o f  a p p r o x i-

TABLE 1
Comparative w eight gains, food  consum ption and cecal size o f germ free and 

conventional guinea pigs

Age in 
weeks

Germfree
(GF)

Conventional,
fed

“ germfree”
diet

(CVD)

Conventional, 
fed stock 

diet 
(CV)

Average weight,1 gm
3 154 209 236
6 233 270 337
9 277 377 442

12 337 459 577

Average daily food  consum ption,2 gm  dry weight
11-12 20 ( 6 ) 3 27 (6 ) ad libitum  ( 8 ) 4

Average weight o f cecum  and contents/total body weight2
12 32% 7% 4 -5 %

(2 5 -3 7 %  ) (6 -1 0 %  )

1 Males only, 5 animals.
2 Both sexes, 9 to 10 animals.
3 Figures in  parentheses indicate percentage o f  body weight.
4 According to Reid ( ’5 8 ).
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m a te ly  1 5 %  . M o s t  o f  th e  d e a th s  o c c u r re d  
w i t h i n  th e  f i r s t  w e e k  f o l lo w in g  C a e s a re a n  
d e l iv e r y ,  a n d  i n  th e  la r g e r  l i t t e r s .

I n  a  c o m p a r is o n  o f  th e  w e ig h ts  o f  th e  
g e rm fr e e  g u in e a  p ig s  i n  t h is  s tu d y  w i t h  
th o s e  o b ta in e d  b y  P h i l l ip s  e t  a l.  ( ’5 9 )  w i t h  
d ie t  L -4 4 5 ,  10  g e rm fr e e  a n im a ls ,  p re s u m 
a b ly  o f  m ix e d  s e xe s , w e ig h e d  a n  a v e ra g e  
o f  1 3 3  g m  a t  2 0  d a y s  i n  t h e i r  s tu d y ;  a 
s im i la r  g ro u p  a v e ra g e d  1 51  g m  a t  2 1  d a y s  
i n  o u r  s tu d y .  A t  th e  ages o f  3 0  d a y s  a n d  
2 8  d a y s , th e  a v e ra g e  w e ig h ts  w e re  1 6 0  a n d  
1 7 4  g m , i n  t h e i r  a n d  o u r  g ro u p s ,  re s p e c 
t iv e ly .  B e y o n d  th is  a ge  th e re  a re  n o t  
e n o u g h  d a ta  s u ita b le  f o r  c o m p a r is o n .  
W h i le  th e  b o d y  w e ig h ts  i n  th e  p re s e n t  
s tu d y  te n d e d  to  r u n  a l i t t l e  h ig h e r  th a n  i n  
t h a t  o f  P h i l l ip s  e t  a l. ,  th e y  w e re  re a s o n a b ly  
s im i la r ,  a n d  i n  b o th  s tu d ie s  w e re  b e lo w  
w h a t  a re  c o n s id e re d  n o r m a l  f o r  th e  c o n 
v e n t io n a l  ( c o n t a m in a te d )  a n im a ls .

I t  w o u ld  s e e m , th e r e fo r e ,  t h a t  th e  la c k  
o f  a  f lo r a  c o n t r ib u te d  i n  a  la r g e  m e a s u re  to  
th e  s u b s ta n d a r d  n u t r i t i o n  o f  th e  g e rm fre e  
g u in e a  p ig s .  T h is  in a d e q u a te  n u t r i t i o n  
m a y ,  i n  t u r n ,  h a v e  a f fe c te d  s e r u m  p r o te in  
le v e ls .  P e rh a p s  w i t h  th e  c ru d e  d ie t  ( g r a in -  
g ra s s -v e g e ta b le  m ix t u r e s ) ,  b a c te r ia  a re  
n e e d e d  to  p e r f o r m  d ig e s t iv e  o r  o th e r  e n z y 
m a t ic  f u n c t io n s  w h ic h  p r o v id e  th e  g u in e a  
p ig  w i t h  c e r ta in  im p o r t a n t  n u t r i t i v e  e le 
m e n ts .  S o m e  o f  th e s e  m a y  n o t  e v e n  h a v e  
b e e n  d e te r m in e d  as y e t ,  in a s m u c h  as m o s t  
o f  th e  in f o r m a t io n  o n  th e  n u t r i t i o n a l  r e 
q u ir e m e n ts  o f  th e  g u in e a  p ig  h a s  b e e n  o b 
ta in e d  o n  a n im a ls  w i t h  a  f lo r a .  H o r to n  a n d  
H ic k e y  ( ’6 1 ) ,  u s in g  a n  i r r a d ia t io n - s te r i l iz e d  
s e m is y n th e t ic  d ie t  s u p p le m e n te d  w i t h  a m i
n o  a c id s ,  v i t a m in s  a n d  m in e r a ls ,  a p p e a re d  
to  b e  g e t t in g  a  l i t t l e  b e t te r  g r o w th  i n  g e rm 
f re e  g u in e a  p ig s .  B u t  e v e n  w i t h  t h is  h ig h ly  
f o r t i f i e d  d ie t ,  g r o w th  o f  th e  g e rm fr e e  a n i 
m a ls  w a s  s t i l l  o n ly  a b o u t  7 5 %  o f  t h a t  o f  
c o n v e n t io n a l  ( c o n t a m in a te d )  a n im a ls  r e 
c e iv in g  th e  s a m e  s te r i l iz e d  d ie t ,  a t  8  w e e k s .

T h e  u n u s u a l ly  e n la rg e d ,  t h in - w a l le d  c e 
c u m  m u s t  b e  c o n s id e re d  a ls o . T h is  a re a  o f  
th e  in t e s t in e  a p p e a rs  to  be  a  c o m p a r a t iv e ly  
im p o r t a n t  o n e  i n  th e  g u in e a  p ig  ( H a g e n  
a n d  R o b in s o n ,  ’5 3 ) ,  a n d  a b n o r m a l i t ie s  
c o u ld  in t e r f e r e  w i t h  p r o p e r  a b s o r p t io n  o f  
c r i t i c a l  e le m e n ts .

SUMMARY

S e ru m  p r o te in  le v e ls  w e re  c o m p a re d ,  b y  
p a p e r  e le c t ro p h o re s is ,  i n  g e rm fr e e  a n d  c o n 
v e n t io n a l ly - r e a r e d  g u in e a  p ig s  u p  to  th e  
a ge  o f  12  w e e k s . T h e  a n im a ls  w e re  m a in 
ta in e d  w i t h  a  c ru d e  d ie t  o f  g u in e a  p ig  
p e lle ts ,  r o l le d  o a ts , k a le  a n d  c a r ro ts ,  b o th  
s te a m -s te r il iz e d  a n d  u n s te r i l iz e d .  W e ig h ts  
a n d  fo o d  c o n s u m p t io n  w e re  re c o r d e d  d u r 
in g  th e  g r o w th  o f  th e  o ld e r  a n im a ls .

G a m m a - g lo b u l in  le v e ls  i n  1 2 -w e e k -o ld  
g e rm fr e e  g u in e a  p ig s  w e re  s im i la r  to  th o s e  
i n  c o n v e n t io n a l  a n im a ls  m a in ta in e d  w i t h  
th e  s a m e  s te r i l iz e d  d ie t ;  h o w e v e r ,  le v e ls  i n  
b o th  g ro u p s  w e re  b e lo w  th o s e  i n  c o n v e n 
t io n a l  a n im a ls  m a in ta in e d  w i t h  th e  u n 
s te r i l iz e d  d ie t .  G e rm fr e e  a n im a ls  h a d  2 5 %  
lo w e r  t o t a l  s e ru m  p r o te in  le v e ls  t h a n  c o n 
v e n t io n a l  a n im a ls  fe d  th e  s a m e  s te r i l iz e d  
d ie t .  M o s t  o f  th e  d if fe r e n c e  w a s  i n  th e  
a lb u m in  a n d  a lp h a - g lo b u l in  le v e ls .

G e rm fr e e  g u in e a  p ig s  d id  n o t  g ro w  as 
w e l l  as c o n v e n t io n a l  a n im a ls  fe d  th e  s a m e  
s te r i l iz e d  d ie t  o n  th e  s a m e  fe e d in g  s c h e d 
u le .  W e ig h ts  a v e ra g e d  o n ly  7 4 %  o f  th o s e  
o f  th e  c o n v e n t io n a l  a n im a ls  a t  1 2  w e e k s ;  
i n  a d d i t io n ,  2 5  to  3 7 %  o f  th e  w e ig h ts  o f  
th e  g e rm fr e e  g u in e a  p ig s  c o n s is te d  o f  c e 
c u m  a n d  c o n te n ts ,  as c o m p a r e d  w i t h  a n  
a v e ra g e  o f  7 %  i n  th e  c o n v e n t io n a l  a n i 
m a ls .  C a lc u la t io n s  in d ic a te d  t h a t  th e  
g e rm fr e e  a n im a ls  a c tu a l ly  h a d  a  h ig h e r  
d a i ly  fo o d  c o n s u m p t io n  o n  a  b o d y - w e ig h t  
b a s is ,  e x c lu d in g  th e  w e ig h t  o f  th e  c e c u m  
a n d  c o n te n ts ,  t h a n  d id  th e  c o n v e n t io n a l  
a n im a ls .

I t  w o u ld  a p p e a r ,  th e re fo re ,  t h a t  th e  la c k  
o f  a  b a c te r ia l  f lo r a  a f fe c te d  a d v e rs e ly  th e  
n u t r i t i o n  o f  g e rm fr e e  g u in e a  p ig s  fe d  a 
c ru d e  d ie t .  T h e  lo w e r  t o t a l  s e r u m  p r o te in  
le v e ls  c o u ld  h a v e  b e e n  a  r e f le c t io n  o f  t h is  
in a d e q u a te  n u t r i t i o n .
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Caloric Requirements of Man in the Antarctic

F. A. MILAN a n d  K. RODAHL'
Arctic Aerom edical Laboratory, Fairbanks, Alaska

A  p e r u s a l o f  th e  n u t r i t i o n a l  l i t e r a t u r e  
in d ic a te s  t h a t  th e  e f fe c ts  o f  lo w  e n v i r o n 
m e n ta l  te m p e r a tu re s  p e r  se o n  th e  c a lo r ic  
r e q u ir e m e n ts  o f  a d e q u a te ly  c lo th e d  m e n  i n  
th e  A r c t ic  a re  s m a l l  w h e n  c o m p a r e d  w i t h  
th e  g re a te r  e f fe c ts  o f  in c r e a s e d  p h y s ic a l  
a c t iv i t y ,  th e  h o b b l in g  e f fe c ts  o f  c o ld  
w e a th e r  c lo t h in g  a n d  th e  in c r e a s e d  e n e rg y  
c o s t o f  w a lk in g  t h r o u g h  s n o w  ( G r a y  e t  a l. ,  
’5 1 ;  R o d a h l,  ’5 8 ;  I a m p ie t r o  e t  a l. ,  ’5 8 ) .  
R o d a h l ’s ( ’5 4 )  r e v ie w  o f  n u t r i t i o n a l  s tu d 
ie s  i n  th e  A r c t i c  s h o w s  t h a t  th e s e  c a lo r ic  
r e q u ir e m e n ts  d o  n o t  d e v ia te  m a te r ia l ly  
f r o m  th o s e  o f  m e n  o f  s im i la r  b o d y  s ize , 
e n g a g e d  i n  c o m p a r a b le  a c t iv i t ie s  i n  m o re  
te m p e r a te  c l im a te s .  T h is  c o n c lu s io n  is  
s u p p o r te d  b y  m o re  r e c e n t  s tu d ie s  ( W e lc h  
e t  a l. ,  ’ 5 8 ;  M a s te r to n  e t  a l. ,  ’ 5 8 ;  P o n o m a r e v  
a n d  S o k o lo v a , ’5 9 ) .

A l t h o u g h  o n e  s h o u ld  e x p e c t  a  s im i la r  
s i t u a t io n  i n  th e  A n t a r c t ic ,  l i t t l e  s p e c if ic  
in f o r m a t io n  is  a v a i la b le  p e r t a in in g  to  c a l 
o r ic  r e q u ir e m e n ts  i n  th is  r e g io n  w h e re  
c l im a t ic  c o n d i t io n s  a re  m u c h  m o re  se ve re  
t h a n  i n  th e  A r c t ic .  A v a i la b le  in f o r m a t io n  
re fe r s  to  t r a i l  r a t io n s ,  t h e i r  c o m p o s it io n  
a n d  c a lo r ic  c o n te n t ,  w i t h o u t  re c o rd s  o f  
fo o d  a c tu a l ly  c o n s u m e d  a n d  i t s  e f fe c t  o n  
b o d y  w e ig h t  (H a y e s ,  ’2 8 ;  L o c k h a r t ,  ’4 5 ) .  
I n  v ie w  o f  th e  t re m e n d o u s  lo g is t ic  p r o b 
le m s  in v o lv e d  i n  s u p p o r t in g  h u m a n  o p e ra 
t io n s  i n  th e  A n t a r c t ic ,  a n d  th e  in c r e a s e d  
im p o r ta n c e  o f  t h is  d is t a n t  a re a  i n  h u m a n  
a f fa i r s ,  e x a c t  d a ta  p e r t a in in g  to  c a lo r ic  
r e q u ir e m e n ts  o f  m e n  o n  A n t a r c t ic  s e rv ic e  
a re  o f  c o n s id e ra b le  p r a c t ic a l  im p o r ta n c e .  
I t  is  u n s o u n d  to  p r o v id e  m o re  fo o d  t h a n  
re q u ir e d  to  m a in t a in  n o r m a l  b o d y  w e ig h t ;  
o v e r fe e d in g  le a d s  to  o v e r w e ig h t  a n d  th e  
c o n c o m ita n t  d e c re a s e  i n  p h y s ic a l  f i tn e s s  is  
u n d e s ira b le .

T h e  p u rp o s e  o f  t h is  p a p e r  is  to  r e p o r t  
th e  re s u lts  o f  a  s e r ie s  o f  d ie ta r y  s u rv e y s  
c a r r ie d  o u t  a t  L i t t l e  A m e r ic a  V  ( l a t .  7 8 °  
1 1 ' S, lo n g .  1 6 2 °  1 0 ' W )  i n  th e  A n t a r c t ic

d u r in g  1 9 5 7 . T h e  s u b je c ts  w e re  I n t e r 
n a t io n a l  G e o p h y s ic a l Y e a r  ( I G Y )  s c ie n t is ts  
a n d  U . S. N a v y  s a ilo rs  w h o  l iv e d  a t  t h is  
is o la te d  s ta t io n  f o r  1 2  m o n th s .  T h e  c l i 
m a te  o f  t h is  r e g io n  is  c h a ra c te r iz e d  b y  lo w  
e n v i r o n m e n ta l  te m p e r a tu re s  a n d  w in d s  o f  
h ig h  v e lo c i t y ;  th e re  a re  4  m o n th s  o f  d a r k 
n e s s  i n  w in te r .  C l im a t ic  c o n d i t io n s  a re  
i l lu s t r a t e d  g r a p h ic a l ly  i n  f ig u r e  1.

MATERIALS AND METHODS

T h e s e  s u rv e y s  in c lu d e d  9  IG Y  s c ie n t is ts  
( m e a n  a g e  3 3  y e a rs ,  w e ig h t  8 2  k g ,  h e ig h t  
1 8 1  c m )  a n d  4  U . S. N a v y  p e rs o n n e l 
( m e a n  a g e  2 8  y e a rs ,  w e ig h t  8 1  k g ,  h e ig h t  
1 7 6  c m ) .  F iv e  o f  th e  s c ie n t is ts  w e r e  
s tu d ie d  i n  M a r c h  ( a u s t r a l  f a l l ) ,  4  i n  J u n e  
( w in t e r )  a n d  4  i n  S e p te m b e r  ( s p r in g ) .  
T h e  4  N a v y  p e rs o n n e l w e r e  s tu d ie d  i n  
S e p te m b e r . T h e  d ie ta r y  s u rv e y s  la s te d  f o r  
6 , 5 , 6  a n d  5  d a y s , re s p e c t iv e ly .

T h e  e x p e r im e n ta l  p r o to c o l  w a s  as  f o l 
lo w s .  S u b je c ts  w e re  a l lo w e d  to  s e le c t fo o d  
as u s u a l  i n  u n l im i t e d  q u a n t i t ie s .  E a c h  
fo o d  i t e m  w a s  c o lle c te d  i n  a  s e p a ra te  p la te  
o r  c u p  a n d  w e ig h e d  o n  a  d ie ta r y  s c a le . A t  
th e  e n d  o f  th e  m e a l e a c h  p la te  o r  c u p ,  to 
g e th e r  w i t h  th e  r e m a in in g  u n c o n s u m e d  
fo o d ,  w a s  a g a in  w e ig h e d  a n d  th e  fo o d  c o n 
s u m p t io n  re c o r d e d  f o r  e a c h  in d iv id u a l  
s e p a ra te ly .  B e tw e e n  - m e a l  c o n s u m p t io n  
w a s  re c o r d e d  o n  s e p a ra te  s h e e ts  b y  th e  
s u b je c ts .  F o r  th e  c o m p u ta t io n  o f  th e  r e 
s u lts  th e  v a lu e s  o f  th e  fo o d s tu f f s  w e re  
ta k e n  f r o m  W a t t  a n d  M e r r i l l  ( ’5 0 ) ,  M a t t ic e  
( ’5 0 ) ,  M c C a n c e  a n d  W id d o w s o n  ( ’4 7 )  a n d  
th e  U . S. W a r  D e p a r tm e n t  T M  8 -5 0 0  ( ’4 5 ) . * 2

E n e rg y  e x p e n d i tu r e  o f  th e  s u b je c ts  w a s  
e s t im a te d  o n  th e  b a s is  o f  t im e - a c t iv i t y
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2 W ooster, H. A., and F. C. B lanch 1949 N u

tritional Data. Heinz Nutritional Research Divi
sion, Mellon Institute, Pittsburgh.
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Fig. 1 Frequencies o f w ind velocities (H achure) and dry bulb temperatures March to 
October, 1957, Little Am erica V.

d a ta ,  as i l lu s t r a t e d  g r a p h ic a l ly  i n  f ig u r e  2 . 
T h e  f ig u r e s  c o m p i le d  b y  P a s s m o re  a n d  
D u r n in  ( ’5 5 )  f o r  e n e rg y  e x p e n d i tu r e  o f  
v a r io u s  a c t iv i t ie s  w e r e  u s e d  i n  th e s e  e s t i 
m a t io n s .  I n  a d d i t io n ,  th e  m e ta b o l ic  c o s t o f  
c e r ta in  o u ts id e  a c t iv i t ie s  s u c h  as w a lk in g  
a t  d i f f e r e n t  sp e e d s  a n d  o n  d i f f e r e n t  s n o w  
s u r fa c e s  w a s  m e a s u re d .  E x p ir e d  a i r  v o l 
u m e s  w e re  m e a s u re d  o n  a n  in s u la te d  a n d  
a r t i f i c ia l l y  w a r m e d  r e s p i r a t io n  G a s u h r  d e 
v e lo p e d  b y  th e  M a x  P la n c k  I n s t i t u t e  f o r  
w o r k  p h y s io lo g y  ( L e h m a n ,  ’5 3 ;  M o n to y e  
e t  a l. ,  ’ 5 8 ) ,  w h ic h  th e  s u b je c t  c a r r ie d  o n  
h is  b a c k .  A l iq u o t  s a m p le s  o f  e x p ir e d  a ir  
c o l le c te d  i n  p u n c h in g  b a g  b la d d e rs  w e re  
a n a ly z e d  f o r  o x y g e n  c o n te n t  o n  a  M o d e l C 
B e c k m a n  A n a ly z e r .  G a s  v o lu m e s  w e re  r e 
d u c e d  to  s ta n d a r d  te m p e r a tu r e  a n d  p re s 
s u re -d ry ,  a n d  e n e rg y  c o s ts  o f  th e s e  a c t iv 
i t ie s  w e r e  c a lc u la te d  b y  th e  m e th o d  o f  
W e i r  ( ’4 9 ) .

A l l  m e m b e rs  o f  th e  e x p e d i t io n  l iv e d  a 
r e g u la te d  e x is te n c e .  R e v e il le ,  m e a l t im e  
a n d  “ l ig h t s  o u t ”  o c c u r re d  a t  s e t h o u rs .

RESULTS AND DISCUSSION
A f t e r  tw o  m o n th s  i n  th e  A n t a r c t ic ,  th e  

f i r s t  s u r v e y  s h o w e d  t h a t  5  s c ie n t is ts  w e re  
e x p e n d in g  a n  a v e ra g e  o f  a b o u t  3 7 7 5  C a l. 
a n d  c o n s u m in g  3 4 0 0  C a l.  p e r  d a y . T h e  r e 
s u lts  o f  th e  w in t e r  s u rv e y  s h o w e d  t h a t  4  
s c ie n t is ts  e x p e n d e d  a n  a v e ra g e  o f  3 3 7 0  
C a l.  a n d  c o n s u m e d  4 3 9 6  C a l.  p e r  d a y . 
O v e r  th e  in t e r v e n in g  4  m o n th s  th e s e  s u b 
je c ts  g a in e d  a n  a v e ra g e  o f  3 .7  k g . I n  th e  
s p r in g  4  s c ie n t is ts  e x p e n d e d  4 1 7 5  C a l.  a n d  
c o n s u m e d  4 2 8 5  C a l.  p e r  d a y . T h e  a v e ra g e  
w e ig h t  g a in  f o l lo w in g  th e  p re v io u s  s u rv e y  
w a s  1 .3  k g .

T h e  s c ie n t is ts  s p e n t a n  a v e ra g e  o f  1 3 %  
o f  th e  t im e  ( r a n g e  6  to  1 9 %  )  w o r k in g  o u t 
s id e  i n  th e  f a l l  ( M a r c h ,  ’5 7 ) .  I n  w in t e r  
( J u n e ,  ’5 7 )  o n ly  6 %  o f  th e  t im e  w a s  
s p e n t  o u ts id e  ( r a n g e ,  z e ro  to  1 2 %  )  w h e r e 
as 1 5 %  ( r a n g e ,  z e ro  to  3 6 %  )  o f  th e  t im e  
w a s  s p e n t  o u ts id e  i n  th e  s p r in g  (S e p te m 
b e r ,  ’5 7 ) .

T h e  re s u lts  o f  a  d ie ta r y  s u r v e y  u n d e r 
ta k e n  o n  4  s a ilo rs  i n  th e  s p r in g  s h o w e d
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C A L /M IN

W R IT IN G ................................................................................................ 2 0
READING............................................................................................ 2 .0

CONVERSING ............................................... 2 .0

DRIVING SNOW CAT.........................................................  2 4

SHOVELING SNO W ........................................................ 6 .0

LYING ON B U N K ........................................................  1 -4

WORKING IN GARAGE.......................................  5 .0

E A T IN G .................................................................. 2 0

MODERATE WORK O U T S ID E ................ 7 .5

S TA N D IN G ...................................................  2  5

DR IVIN G  T R A C T O R .........................  2 4
WALK INSIDE T U N N E L S .............  5 .0

S IT T IN G  .......................................... 2 -0

S L E E P IN G .................................  I ' 2

HARD WORK O U TSID E- 10.0
I I I

10 0  I 3 0 0  I 5 0 0  I 7 0 0  I 
2 0 0  4 0 0  6 0 0  8 0 0

CALORIES E X P E N D E D

NO HRS 

0.1 
0.1 
0.1 
0 .4  

0.2 
0-8 
0 .4  

1.2 
0 .5  

1.8
2 .7  

1.5

4 .8  

8 .3  

1.2

Fig. 2 Average 24-hour energy expenditure o f  4 U. S. sailors determined over a 5-day 
period in  the austral spring at Little Am erica V. The num ber o f hours were derived from  
a time-activity study com piled by the subjects. Energy cost in  calories per minute was 
obtained by actual m easurement and from  the tables com piled by Passmore and Durnin ( ’ 5 5 ).

t h a t  th e y  e x p e n d e d  a n  a v e ra g e  o f  3 6 6 0  C a l.  
a n d  c o n s u m e d  4 9 2 5  C a l.  ( t a b le  1 ) .  T h e  
11 m o n th s ’ a v e ra g e  w e ig h t  g a in  i n  th e s e  
s u b je c ts  w a s  4 .6  k g .  T h e s e  N a v y  s u b je c ts  
w e re  a c t in g  as s u p p o r t  p e rs o n n e l a n d  th e y  
a v e ra g e d  2 0 %  o f  th e  t o t a l  t im e  o u ts id e  
( r a n g e ,  9  to  3 1 %  ) .

T h e  v a lu e s  f o r  th e  p e rc e n ta g e s  o f  c a l
o r ie s  f u r n is h e d  b y  p r o te in ,  f a t  a n d  c a rb o 
h y d r a te  i n  th e  fo o d s  w e re  d e te r m in e d  b y  
u s in g  s ta n d a rd  n u t r i t i o n a l  ta b le s  ( t a b le  1 ) .  
T h e s e  p e rc e n ta g e s  w e re  n o t  s ig n i f ic a n t ly  
d i f f e r e n t  f r o m  th o s e  i n  th e  d ie t  o f  U n i t e d  
S ta te s  t ro o p s  e a t in g  a  g a r r is o n  r a t io n  e ls e 
w h e re .  T h e r e  w a s  n o  a p p re c ia b le  in c re a s e  
i n  f a t  c o n s u m p t io n  o v e r  th e  y e a r .  A b o u t  
3 3  to  3 7 %  o f  th e  c a lo r ie s  i n  th e  d ie t  o f  
th e  s c ie n t is ts  w e re  o b ta in e d  f r o m  f a t .  T h is  
is  c lo s e  to  th e  f ig u re s  f o r  f a t  in t a k e  b y  i n 
f a n t r y  s o ld ie rs  i n  A la s k a  ( R o d a h l ,  ’5 4 )  o r  
s o ld ie rs  e a t in g  a  g a r r is o n  r a t io n  i n  te m 
p e ra te  o r  t r o p ic a l  c l im a te s  ( J o h n s o n  a n d  
K a r k ,  ’4 6 ;  S w a in  e t  a l. ,  ’4 9 ) .  I n  th e  s a i lo r s ’ 
d ie t  4 3 %  o f  th e  c a lo r ie s  w e r e  d e r iv e d  f r o m  
f a t .  T h is ,  h o w e v e r ,  is  n o  h ig h e r  t h a n  th e  
f ig u re s  re p o r te d  b y  M c C a y  ( ’4 5 )  f o r  U . S.

N a v y  p e rs o n n e l i n  a  te m p e r a te  e n v i r o n 
m e n t  ( 4 4 %  )  o r  c o n t in e n ta l  U . S. A r m y  
p e rs o n n e l ( 4 3 %  )  r e p o r te d  b y  S c h o r  a n d  
S w a in  ( ’4 8 ) ,  o r  th e  4 2 %  r e p o r te d  m o re  r e 
c e n t ly  b y  C o n s o la z io  e t  a l.  ( ’5 9 ) .

P a s s m o re  a n d  D u r n in  ( ’5 5 )  c o n s id e r  
t h a t  th e  e s t im a t io n  o f  e n e rg y  e x p e n d i tu r e  
is  a t  le a s t  as a c c u ra te  as th e  e s t im a t io n  o f  
c a lo r ic  in t a k e  i f  th e  t im e  o f  th e  a c t iv i t y  is  
a c c u r a te ly  d e te r m in e d .  T h e y  h a v e  f u r t h e r  
c o n c lu d e d  t h a t  th e  e s t im a t io n  b y  d ie ta r y  
s u rv e y  o f  th e  c a lo r ic  in t a k e  o f  e v e n  a  r e la 
t iv e ly  h o m o g e n e o u s  g ro u p  o f  p e rs o n s  is  
s u b je c t  to  s o m e  e r r o r ,  to  w h ic h  th e  u s e  o f  
ta b le s  o f  fo o d  a n a ly s e s  c o n t r ib u te s .  W o o l f  
( ’5 4 )  h a s  e s t im a te d  t h a t  a  1 0 %  p ro b a b le  
e r r o r  i n  e s t im a t in g  c a lo r ic  in t a k e  o c c u rs  
e v e n  u n d e r  th e  b e s t  c o n d i t io n s .  U n f o r t u 
n a te ly ,  i t  w a s  n o t  p o s s ib le  to  c o m p a r e  
a n a ly z e d  a n d  c a lc u la te d  v a lu e s  i n  t h is  s u r 
v e y  f o r  p r a c t ic a l  re a s o n s .

T h e s e  A n t a r c t ic  r a t io n s  w e re  p r o v id e d  
b y  th e  U . S. N a v y  S u b s is te n c e  O ff ic e .  A n  
“ a v e ra g e ”  d a i ly  r a t io n  w e ig h e d  2 .1  k g  a n d  
p r o v id e d  5 9 4 4  C a l.  E le v e n  p e r  c e n t  o f  
th e s e  c a lo r ie s  w e re  d e r iv e d  f r o m  p r o te in ,
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41  %  f r o m  f a t  a n d  4 8 %  f r o m  c a r b o h y d ra te .  
O f  th e  a p p r o x im a te  7 3  C a l. p e r  k g  o f  b o d y  
w e ig h t  p e r  d a y  t h e o r e t ic a l ly  p r o v id e d  i n  th e  
m e s s , b e tw e e n  4 1  a n d  5 3  C a l.  p e r  k g  w e re  
c o n s u m e d  b y  th e  s c ie n t is ts  a n d  61  C a l. 
p e r  k g  b y  th e  s a ilo rs .  T h e  e n e rg y  r e q u ir e 
m e n t  o f  th e  s c ie n t is ts  r a n g e d  b e tw e e n  
a b o u t  41  a n d  51  C a l. p e r  k g  a n d  t h a t  o f  th e  
s a ilo rs  w a s  a p p r o x im a te ly  4 5  C a l.  p e r  k g . 
C o n s e q u e n t ly  a l l  s u b je c ts  g a in e d  w e ig h t  
o n  t h is  d ie ta r y  r e g im e n .  I t  m a y  th e r e fo r e  
b e  c o n c lu d e d  t h a t  th e  d ie t  s u p p l ie d  to  th e  
A n t a r c t ic  p e rs o n n e l w a s  m o re  t h a n  a d e 
q u a te  i n  t o t a l  c a lo r ie s  to  m e e t  r e q u i r e 
m e n ts .

B ro z e k  a n d  M ic k e ls e n  ( ’4 9 )  h a v e  d is 
c u s s e d  th e  im p o r t a n t  p s y c h o lo g ic a l a s p e c ts  
o f  o v e re a t in g  i n  th e  t o t a l  b e h a v io r  o f  s u b 
m a r in e  p e rs o n n e l c o n f in e d  to  c ra m p e d  
q u a r te r s  u n d e r  t r y in g  c ir c u m s ta n c e s  f o r  
lo n g  p e r io d s .  I t  a p p e a rs  t h a t  p s y c h o lo g ic a l 
f a c to r s  m a y  p la y  a s im i la r  ro le  a m o n g  o v e r 
w in t e r in g  p e rs o n n e l i n  th e  A n ta r c t ic .
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SUMMARY AND CONCLUSIONS 
D ie ta r y  s u rv e y s  a n d  e s t im a te s  o f  e n e rg y  

e x p e n d i tu r e  w e re  m a d e  i n  a  s m a l l  b u t  r e p 
re s e n ta t iv e  s a m p le  o f  I n t e r n a t io n a l  G e o 
p h y s ic a l  Y e a r  ( I G Y )  s c ie n t is ts  a n d  N a v y  
p e rs o n n e l a t  L i t t l e  A m e r ic a  V  i n  th e  A n t 
a r c t ic  d u r in g  th e  I n t e r n a t io n a l  G e o p h y s ic a l 
Y e a r ,  1 9 5 7 - 5 8 .  F o r  th e  IG Y  p e rs o n n e l 
th e  a v e ra g e  d a i ly  e x p e n d itu r e  w a s  a b o u t  
3 7 7 5  C a l.  a n d  th e  c o n s u m p t io n  3 4 0 0  C a l. 
p e r  m a n  i n  M a r c h ,  3 3 7 0  a n d  4 3 9 6 ,  re s p e c 
t iv e ly ,  i n  J u n e ,  a n d  4 1 7 5  a n d  4 2 8 5 ,  re s p e c 
t iv e ly ,  i n  S e p te m b e r . T h e  N a v y  p e rs o n n e l 
e x p e n d e d  3 6 6 0  C a l.  a n d  c o n s u m e d  4 9 2 5  
C a l.  p e r  d a y  i n  S e p te m b e r . O n  t h is  r e g im e n  
a l l  o f  th e  s u b je c ts  g a in e d  w e ig h t  d u r in g  
th e  A n t a r c t ic  s ta y . I t  m a y  th e r e fo r e  b e  
a s s u m e d  t h a t  th e  c a lo r ic  in ta k e s  re p o r te d  
h e re  a re , o n  th e  w h o le ,  i n  e xc e ss  o f  a c tu a l  
c a lo r ic  r e q u ir e m e n ts  u n d e r  th e s e  c o n d i
t io n s .  T h e  v a lu e s  f o r  th e  p e rc e n ta g e s  o f  
t o t a l  c a lo r ie s  c o n s u m e d  f u r n is h e d  b y  p r o 
te in ,  f a t  a n d  c a r b o h y d ra te  a re  n o t  d i f f e r e n t  
f r o m  th o s e  r e p o r te d  f o r  U n i t e d  S ta te s  
t ro o p s  e a t in g  a  g a r r is o n  r a t io n  i n  A r c t ic  
o r  te m p e r a te  c l im a te s .
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Effect of Dietary Fatty Acids and Cholesterol on 
Growth and Fatty Acid Composition of the Chicken* 1

L. J. MACHLIN a n d  R. S. GORDON
Laboratory o f  B iochem istry and Nutrition, M onsanto Chem ical Company, 
St. Louis, Missouri

A f t e r  6  to  8  w e e k s  th e  g r o w th  o f  c h ic k 
e n s  fe d  d ie ts  a lm o s t  f r e e  o f  u n s a tu r a te d  
f a t t y  a c id s  w i l l  in c re a s e  i f  c o r n  o i l  is  a d d e d  
to  th e  d ie t  ( B ie r i  e t  a l. ,  ’5 6 ) .  T h is  s u g 
g e s ts  t h a t  th e  c h ic k e n  re q u ire s  e s s e n t ia l 
f a t t y  a c id s  (E F A ) .  I t  is  n o t  k n o w n  w h e th e r  
i t  is  th e  l in o le ic  p lu s  th e  l in o le n ic  a c id  o r  
l in o le ic  a c id  a lo n e  i n  th e  c o r n  o i l  w h ic h  
re s u lts  i n  a  g r o w th  re s p o n s e , o r  w h e th e r  
o th e r  d ie ta r y  v a r ia b le s  c a n  a f fe c t  th e  r e 
q u ir e m e n t  o f  th e  c h ic k e n  f o r  E F A .  S tu d ie s  
w i t h  th e  r a t  h a v e  d e m o n s t ra te d  t h a t  a d d i
t io n  o f  c h o le s te r o l to  d ie ts  c o n ta in in g  f a t  
( H o lm a n  a n d  P e i fe r ,  ’6 0 ;  G a m b e l a n d  
Q u a c k e n b u s h ,  ’6 0 )  w i l l  d e p re s s  g r o w th  
a n d  a c c e le ra te  E F A  d e f ic ie n c y  s y m p to m s .  
S a tu ra te d  f a t s  a ls o  in h ib i t e d  g r o w th  o f  
E F A  d e f ic ie n t  r a t s  ( D e u e l  e t  a l. ,  ’ 5 1 ;  
F u n c h  e t  a l. ,  ’ 5 7 ;  P e i fe r  a n d  H o lm a n ,  
’5 9 ) .  T h e s e  e ffe c ts  h a v e  n o t  b e e n  d e m 
o n s t r a te d  i n  th e  c h ic k e n  a n d  h a v e  n o t  
b e e n  a d e q u a te ly  e x p la in e d  i n  th e  r a t .  T h e  
f o l lo w in g  e x p e r im e n ts  w e re  d e s ig n e d  to  
d e te r m in e  w h e th e r  c h o le s te r o l a n d  s a tu 
r a te d  f a t t y  a c id s  ( S F A )  a f fe c t  th e  o n s e t 
o r  d e v e lo p m e n t  o f  E F A  d e f ic ie n c y  d is e a s e  
i n  th e  c h ic k e n s  a n d  w h e th e r  g r o w th  d i f 
fe re n c e s  o b s e rv e d  c o u ld  b e  r a t io n a l iz e d  o n  
th e  b a s is  o f  a lte r a t io n s  i n  f a t t y  a c id  c o m 
p o s i t io n  o f  c r i t i c a l  t is s u e s .

D a m  e t a l.  ( ’5 6 ) ,  D a m  a n d  N ie ls e n  
( ’5 7 ) ,  a n d  H p lm e r  e t  a l.  ( ’6 0 )  h a v e  d e m 
o n s t ra te d  w i t h  th e  a lk a l in e  is o m e r iz a t io n  
m e th o d  t h a t  a d d i t io n  o f  c h o le s te r o l to  th e  
d ie t  d e c re a s e d  th e  te t ra e n e  c o n te n t  o f  th e  
l i v e r  o f  c h ic k e n s .  N o  e ffe c ts  o n  g r o w th  
w e re  re p o r te d ,  h o w e v e r .  T h e  a lk a l in e  is o 
m e r iz a t io n  p ro c e d u re  d o e s  n o t  d i f f e r e n 
t ia te  b e tw e e n  u n s a tu r a te d  f a t t y  a c id s  o f  
d i f f e r e n t  c h a in  le n g th s  a n d  m a y  b e  i n  
e r r o r  b e c a u s e  o f  th e  a r b i t r a r y  m e th o d  o f  
c a lc u la t io n .  T h e r e fo r e  i n  s tu d ie s  re p o r te d  
h e re  th e  e f fe c t  o f  c h o le s te r o l o n  th e  f a t t y

a c id  c o m p o s it io n  o f  v a r io u s  t is s u e s  w a s  
r e - in v e s t ig a te d  u s in g  g as c h r o m a to g r a p h y .  
T h e  e f fe c t  o f  th e  a d d i t io n  o f  s a tu ra te d  a n d  
u n s a tu r a te d  f a t t y  a c id s  to  fa t - f r e e  d ie ts  o n  
t is s u e  f a t t y  a c id  c o m p o s it io n  o f  g r o w in g  
c h ic k e n s  w a s  a ls o  d e te r m in e d .

I n  th e  r a t  l in o le ic  a c id  is  a n  E F A ,  
w h e re a s  th e  u s u a l  is o m e r  o f  l in o le n ic  a c id  
( 9 ,1 2 ,1 5 - o c ta d e c a t r ie n o ic  a c id )  c a n n o t  be  
c o n v e r te d  to  e i t h e r  l in o le ic  a c id  o r  a ra c h i-  
d o n ic  a c id  (S te in b e r g  e t  a l. ,  ’ 5 7 )  a n d  is  
o n ly  s l ig h t ly  a c t iv e  ( H u m e  e t  a l. ,  ’4 0 ;  
G re e n b e rg  e t  a l. ,  ’ 5 0 ;  T h o m a s s o n ,  ’ 5 3 )  as 
a n  E F A .  C o m p a ra b le  s tu d ie s  h a v e  n o t  
b e e n  c o n d u c te d  w i t h  th e  c h ic k e n .  B a s e d  
o n  f a t t y  a c id  a n a ly s is  w i t h  th e  a lk a l in e  
is o m e r iz a t io n  p ro c e d u re  R e is e r  ( ’5 0 , ’5 1 )  
c o n c lu d e d  t h a t  th e  c h ic k e n  c a n  c o n v e r t  
l in o le n ic  a c id  to  p o ly u n s a tu r a te d  f a t t y  
a c id s  h a v in g  f r o m  tw o  to  6  d o u b le  b o n d s ,  
th u s  s u g g e s t in g  t h a t  l in o le n ic  a c id  m a y  
h a v e  E F A  a c t iv i t y  i n  th e  c h ic k e n .  I t  w a s  
th e r e fo r e  o f  in te r e s t  to  d e te r m in e  w h e th e r  
l in o le ic  o r  l in o le n ic  a c id  o r  b o th  c a n  p r o 
m o te  g r o w th  o f  c h ic k e n s  fe d  fa t - f r e e  d ie ts .

EXPERIMENTAL

T h e  b a s a l d ie ts  u s e d  i n  th is  e x p e r im e n t  
a re  g iv e n  i n  ta b le  1. T h e  d ie ts  c o n ta in  
n o t  m o re  t h a n  0 .0 0 5 %  o f  l in o le ic  a c id . 
S a f f lo w e r  o i l  w a s  fe d  as a  s o u rc e  o f  l i n o 
le ic  a c id  i n  e x p e r im e n ts  o n e  a n d  tw o . 
D ie ts  w e re  fe d  a d  l ib i t u m .  V i t a m in  A  w a s  
s u p p l ie d  i n  th e  d r in k in g  w a te r  ( B i e r i , ’5 9 )  
a t  10  a n d  2 0  d a y s . A t  th e  e n d  o f  4  w e e k s , 
p o o le d  s a m p le s  o f  l iv e r s  f r o m  c h ic k e n s  in  
e a c h  t r e a tm e n t  w e re  o b s e rv e d  to  c o n ta in  
7 0 0  to  1 6 0 0  I U  o f  v i t a m in  A  p e r  g m . 
T h e r e fo r e ,  w e  a re  c o n f id e n t  t h a t  th e  s tu d -

Received for publication May 15, 1961.
1 A prelim inary report has been presented in  

Federation Proc., 19, 222, 1960 (abstract).

J .  N u t r i t i o n , 7 5 :  ’ 6 1 157
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TABLE 1
Com position o f experim ental diets

C-21 C-21-A

% %
Vitamin-free casein1 21.000 21.000
L-Glutamic acid 5.000 5.000
1 .-Arginine ■ HC1 0.600 0.600
MHA2 0.200 0.200
Glycine 2.000 2.000
Glycerol — 0.500
Methyl myristate 1.000 —
Methyl laurate — 10.000
Salt mixture F-J3 5.400 5.400
Vitamin mixture4 0.500 0.500
Santoquin5 0.015 0.015
Choline chloride 0.200 0.200
Vitamin A concentrate (50,000 IU /g m ) 0.050 0.050
d a-Tocopheryl acetate — 0.010
Vitamin D concentrate (7,500 IC U /gm ) 0.020 0.020
Penicillin concentrate (50 %  ) 0.002 0.002
Furazolidone concentrate (22%  ) 6 0.050 —
Glucose7 q.s. 100 q.s. 100

1 “ Vitamin-Free”  Casein, Nutritional Biochem icals Corporation, Cleveland, Ohio.
2 Registered trademark o f the M onsanto Chem ical Com pany for calcium  di-2-hydroxy, 

4-methylthiobutyrate.
3 This will supply as percentage o f the diet: Ca3(P 0 4 ) 2, 2.8; K2HPO4, 0.90; MgS0 4 -7 H 20 , 

0.25; F e(C 6H50 7)-6 H 20 , 0.14; Z n C 03, 0.015; KI, 0.004; CuS04-5H20 , 0.002; H 3BO3, 0.0009; 
CoSO.,-7H20 , 0.001; M nS04, 0.065; NaCl, 0.88; N a2S e03-5H20 , 0.0001; cornstarch, 0.0229.

4 This w ill supply in m illigram s/kilogram  o f finished diet: vitam in B i2, 0.02; biotin, 0.30; 
m enadione, 1.0; pyridoxine-HCl, 8.0; fo lic  acid, 4 .0; riboflavin, 16.0; Ca pantothenate, 20.0; 
thiam ine-HCl, 24.0; n icotin ic acid, 100.0.

5 Registered trademark o f the M onsanto Chem ical Com pany for the antioxidant, 6-ethoxy, 
1,2-dihydro, 2,2,4-trimethyl-quinoline.

6 NF-180, Hess and Clark, Inc., Ashland, Ohio.
7 Cereiose, Corn Products Refining Com pany, New York.

ie s  w e re  n o t  c o m p lic a te d  b y  a  v i t a m in  A  
d e f ic ie n c y .

A l l  s tu d ie s  w e re  c o n d u c te d  w i t h  N ic h o ls  
1 0 8  c o c k e re ls  re a r e d  i n  e le c t r ic a l ly  h e a te d ,  
w ir e - f lo o r  c a g e s , m a in ta in e d  i n  a n  a ir -  
c o n d i t io n e d  r o o m  p r o v id e d  w i t h  c o n t in u 
o u s  i l l u m in a t io n .  T h e  b a s a l d ie t  w a s  fe d  
to  a l l  b ir d s  f o r  6  o r  7  d a y s . T h e  b ir d s  
c lo s e s t to  th e  m e a n  w e ig h t  w e re  d iv id e d  
in t o  e x p e r im e n ta l  g ro u p s  o f  12  b ir d s  e a c h , 
re p l ic a te d  th r e e  t im e s  a n d  fe d  th e  e x p e r i 
m e n ta l  d ie ts .

F a tty  acid  an alysis. C h ic k e n s  w e re  
fa s te d  f o r  1 4  to  16  h o u rs ,  k i l le d ,  a n d  th e  
t is s u e s  w e re  d is s e c te d  a n d  f r o z e n  r a p id ly  
b y  p re s s in g  th e m  a g a in s t  a lu m in u m  f o i l  
h e ld  a g a in s t  s o l id  c a r b o n  d io x id e .  T h e  
t is s u e s  o f  5  b ir d s  f r o m  e a c h  t r e a tm e n t  
w e re  p o o le d  a n d  s to re d  a t  — 1 5 ° C . T h e  
p o o le d  s a m p le s  w e re  s a p o n if ie d ,  a n d  th e  
r e s u l t in g  s o a p s  c o n v e r te d  to  f a t t y  a c id s  
w h ic h  w e r e  e x t ra c te d  a n d  c o n v e r te d  to  
m e th y l  e s te rs . T h e  m e th y l  e s te rs  w e re  
th e n  a n a ly z e d  b y  g a s  c h r o m a to g r a p h y .

D e ta i ls  o f  th e s e  p ro c e d u re s  h a v e  b e e n  d e 
s c r ib e d  p r e v io u s ly  ( M a r c o  e t  a l. ,  ’6 1 ) .  T h e  
re s u lts  a re  e x p re s s e d  as p e r  c e n t  b y  w e ig h t  
o f  t o t a l  f a t t y  a c id s  e x c lu d in g  a n y  w i t h  a  
r e te n t io n  t im e  h ig h e r  t h a n  e ic o s a p e n ta -  
e n o ic  a c id  ( 2 0 : 5 ) . 2

RESULTS

I n  c o n t r a s t  w i t h  p re v io u s  o b s e rv a t io n s  
o f  th e  c h ic k e n ,  o r  o th e r  a n im a ls ,  a  g r o w th  
re s p o n s e  w a s  o b s e rv e d  a f t e r  a  v e r y  s h o r t  
fe e d in g  p e r io d  ( o n e  w e e k  w i t h  b a s a l d ie t  
C -2 1  a n d  o n e  w e e k  w i t h  th e  s u p p le m e n te d  
d ie t ,  ta b le  2 ) .  T h e r e  w a s  a  s ig n i f ic a n t  
g r o w th  d e p re s s io n  f r o m  th e  a d d i t io n  o f  
S F A  to  E F A - d e f ic ie n t  d ie ts  a n d  a  f u r t h e r  
d e p re s s io n  a t  2 7  d a y s  w h e n  c h o le s te r o l 
w a s  a d d e d  to  th e  d ie ts  c o n ta in in g  th e  
S F A . A l t h o u g h  th e  e f fe c t  o f  c h o le s te r o l 
w a s  n o t  s ta t is t ic a l ly  s ig n i f ic a n t  i n  t h is  
s tu d y ,  i n  th e  f o l lo w in g  a n d  s u b s e q u e n t

2 Carbon chain length : num ber o f  double
bonds.
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s tu d ie s  ( t a b le  5 )  a  s ig n i f ic a n t  d e p re s s in g  
e f fe c t  o f  c h o le s te r o l o n  g r o w th  w a s  o b 
s e rv e d . C h o le s te r o l h a d  n o  e f fe c t  w h e n  
a d d e d  a lo n e .

A f t e r  f e e d in g  th e  c h ic k e n s  b a s a l d ie t  
C -2 1  f o r  7 d a y s  a n d  th e  s u p p le m e n te d  
d ie ts  f o r  4 3  d a y s , s e v e ra l r e p r e s e n ta t iv e  
t is s u e s  w e re  e x c is e d  a n d  a n a ly z e d  f o r  f a t t y

a c id s  b y  g a s  c h r o m a to g r a p h y .  T h e  f a t t y  
a c id  c o m p o s it io n  o f  th e  l i v e r  is  g iv e n  in  
ta b le  3 . A d d i t io n  o f  2 %  o f  s a f f lo w e r  o i l  
m a r k e d ly  in c r e a s e d  th e  c o n c e n t r a t io n  o f  
l in o le ic  a c id  ( 1 8 : 2 )  a n d  a r a c h id o n ic  a c id  
( 2 0 : 4 )  a n d  d e c re a s e d  p a lm i t o le ic  a c id  
( 1 6 : 1 ) ,  o le ic  a c id  ( 1 8 : 1 )  a n d  a C -2 0  t r ie n e  
( 2 0 : 3 ) .  T h e  a d d i t io n  o f  a m ix t u r e  o f

TABLE 2
Effect o f fatty acids and cholesterol on groivth

Supplements to diet C-21
7—14 Days 7-27 Days

Laurate + 
added 

myristate1
Cholesterol Sa® ° f er Gain3 Gain Feed

conversion

% % % gm gm gm feed/ 
gm gain

0 0 0 62 259 1.91
8 0 0 54 217 2.07
0 2 0 60 252 1.92
8 2 0 51 185 2.06
0 0 2 74 301 1.90
8 0 2 68 285 1.88
0 2 2 70 306 1.81
8 2 2 66 279 1.79

1 5%  Methyl laurate, 3%  methyl myristate added in place o f glucose.
2 Added isocalorically by replacing 3.8% glucose withi cellulose in  these treatments.
3 Average weight was 84 gm at 7 days. According to a regression analysis the effect o f

safflower oil and o f  the laurate-myristate m ixture significantly (P  <  0.01) affected gain
in both the 7 to 14-day and 7 to 27-day periods.

TABLE 3
E ffect o f diet on fatty acid com position  o f liver fa t1

Laurate + % of the diet
myristate2 8 8Cholesterol2 

Safflower oil2 0
0

2
0

0
0

2
0

0
2

2
2

0
2

2
2

% o f liver fat
Fatty acid4

12:0 0.1 0.0 0.2 0.3 0.1 0.2 0.5 0.4
14 :0 0.5 0.6 2.4 2.8 0.6 0.5 2.2 2.9
16 :0 17.0 16.3 16.1 14.7 21.5 18.4 20.1 17.3
16: l 5 6.1 18.9 6.3 7.1 0.8 1.7 2.0 1.6
18 :0 20.2 6.6 19.9 16.1 27.6 24.1 25.7 26.6
18:1 40.7 42.3 39.3 45.1 12.4 19.9 12.8 18.8
18 :2 1.1 0.0 1.1 2.0 16.2 17.3 18.7 18.1
18:3 0.8 0.0 0.7 0.9 0.0 0.3 0.0 0.1
2 0 :33 11.3 13.7 11.9 8.0 0.0 0.7 0.0 0.0
20 :4 2.2 1.7 2.3 1.7 20.7 15.1 17.4 12.5

Rem ainder 0.0 0.0 0.0 1.3 0.1 1.8 0.6 1.7

1 Chickens were fed  diet C-21 from  zero to 7 days and supplem ented diets from  7 to 50 
days. These data were tested hy analysis o f variance using the three factor interaction as 
the error term. W hen P <  0.05 was taken as the necessary level o f  significance, it was 
found that addition o f  safflower oil to the diet increased 18 :2  and 2 0 :4  and decreased 
16 :1 , 18:1 and 2 0 :3 ; dietary methyl laurate increased 14 :0 ; cholesterol decreased 20 :4 . 
Other effects were not significant.

2 Dietary supplements.
3 5.0% Methyl laurate and 3.0%  m ethyl myristate added to diet C-21 w hich contains 

1.0% m ethyl myristate.
4 First num ber is chain length, second the num ber o f  double bonds.
5 Identification is tentative.
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methyl laurate (12 :0 ) and methyl my- 
ristate (14 :0 ) increased the concentra
tion of these acids, particularly 14:0, but 
had no effect on 18:2 or 20:4. Addition 
of cholesterol decreased 20:4, confirming 
the observation of Dam et al. ( ’56), and 
Dam and Nielsen ( ’57). Cholesterol had 
no significant effect on fatty acid compo
sition of depot fat, heart, testis or cere
brum and therefore the data from groups 
with and without cholesterol were aver
aged in table 4. These results show that 
there is a much greater incorporation of 
dietary 12:0 and 14:0 in depot fat than 
in the other tissues studied.

Addition of safflower oil increased 18:2 
in all tissues and increased 20:4 in all 
tissues studied except the depot fat. Al
though the composition of the tissues was 
markedly affected by diet, each tissue had 
different fatty acid patterns with the low- 
fat diets, and reflected the fatty acid com
position of the dietary fat to different 
degrees. For example, the testis was the 
only tissue with appreciable amounts of 
an unidentified fatty acid with a retention 
time consistent with a 20:5 structure 
(eicosapentaenoic acid). This is in agree
ment with a recent study with the rat.3 
Both testis and cerebrum contain signifi
cant amounts of a fatty acid which had 
a retention time comparable to a hepta- 
decenoic acid (17 :1 ). Heart and liver con
tained some 18:2 with the low-fat diets, 
whereas in both testis and cerebrum this 
acid was not present. The cerebrum con

tained more 20:4 with low-fat diets than 
other tissues. The percentage of 14:0 in
creased from 1.8 to 7.3% in the testis 
when methyl myristate was added to the 
basal diet, whereas in the heart the in
crease was only from 1.5 to 3.3%.

The effects of cholesterol and safflower 
oil on growth were confirmed in the sec
ond study (table 5). In addition, the 
feeding of pure 18:2 established that the 
effect of safflower oil was a consequence 
of its 18:2 content.

In the third study (table 6) it was 
found that addition of 1.50% 18:2 (as 
methyl linoleate) resulted in a significant 
improvement in growth when measured 
over a 7-day (days 6 to 13) or 13-day 
(days 6 to 20) period, whereas 0.15% 
18:2 had no effect. This would indicate 
that the requirement for 18:2 is more 
than 0.15% of the diet. When 1.50% 
18:3 (as methyl linolenate) was added 
there was no significant effect on growth 
during the 6- to 13-day period.

In contrast with our studies, Bieri et al. 
( ’56) reported that chickens fed fat-free 
diets grow as well as chickens fed corn 
oil-supplemented diets for 6 to 8 weeks. 
In order to determine whether the differ
ence in diets used was influencing the 
rapidity of response to unsaturated fatty 
acids, the diet used by Bieri and co-work- 
ers was fed in the third experiment (table

3 Kirschman, J. D., and J. G. Coniglio 1960 
Polyunsaturated fatty acids in normal growing 
rats. Federation Proc., 19: 221 (abstract).

TABLE 5

Effect of unsaturated fatty acids and cholesterol on growth

Supplements to diet C-21-A
Gain1

Cholesterol Safflower
OÍ12

Methyl
linoleate3

conversion

% % % gm gm feed /  
gm gain

0 0 0 198 1.92
2 0 0 155 2.09
0 2 0 257 1.77
0 5 0 259 1.81
2 2 0 253 1.73
2 5 0 274 1.70
2 0 1.55 238 1.75

1 From 7 to 28 days, the least significant (P < 0 .0 5 ) difference between means is 26 gm.
2 Added isocalorically by replacing 3.8% glucose with cellulose.
3 Prepared by the Hormel Institute, Austin, Minnesota; this contained 96.9% linoleate, 

2.5% oleate, 0.60% linolenate.
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TABLE 6
Effect of methyl linoleate and methyl linolenate on early growth response in the chicken

Supplement
Average gain1

6-13 days2 6—20 days3
gm. gm

None (diet C-21) 62 168
0.15% Methyl linoleate 63 172
1.50% Methyl linoleate4 69 192
1.50% Methyl linolenate4 62 ---  3
0.5% L-Arginine■ HCl (Arg) 66 173
2.0%  Safflower oil 71 194
0.5% Arg +  2.0%  safflower oil 73 205
None (diet C-20-G-8)6 60 165
Same+  4.0% safflower oil 72 205

1 Triplicate groups of 12 birds each. All birds were fed the appropriate basal diet for 
6 days. They weighed 81 gm at this time.

2 Differences over 6 gm are significant (P <  0.05).
3 Differences over 19 gm are significant (P <  0.05).
4 Obtained from the Hormel Institute, Austin, Minnesota. The methyl linoleate contained 

96.9% linoleate; the methyl linolenate contained 99.3% linolenate.
5 This treatment discontinued at 13 days.
6 Bieri et al. ( ’56). This diet contains 20% casein and 8%  gelatin.

6 ) .  S in c e  t h e i r  d ie t  w a s  h ig h e r  i n  a r g i 
n in e ,  t h is  a m in o  a c id  w a s  a ls o  s tu d ie d  as 
a  v a r ia b le .  T h e  re s u lts  o f  t h is  e x p e r im e n t  
s h o w e d  t h a t  th e  r a p id i t y  a n d  e x te n t  o f  
th e  re s p o n s e  to  u n s a tu r a te d  f a t t y  a c id s  
w a s  c o m p a r a b le  f o r  a l l  o f  th e  d ie ts .

DISCUSSION

C h o les tero l

C h o le s te ro l fe e d in g  c a u s e d  a  d e c re a s e  
i n  2 0 : 4  f a t t y  a c id  c o n c e n t r a t io n  i n  l i v e r  
b u t  i n  n o n e  o f  th e  o th e r  t is s u e s  a n a ly z e d . 
I t  is  p o s s ib le  t h a t  th e  g r o w th  o f  th e  
c h ic k e n  is  e x t r e m e ly  s e n s it iv e  to  v a r ia t io n s  
i n  2 0 : 4  le v e l i n  s p e c if ic  t is s u e s ,  s u c h  as 
th e  l iv e r .  A n  a lte r n a t iv e  e x p la n a t io n  m a y  
be  b a s e d  o n  a  s h i f t  i n  th e  lo c a t io n  o f  2 0 : 4  
w i t h i n  th e  c e ll .  W h e n  c h o le s te r o l is  fe d  
to  r a ts ,  th e  c h o le s te r o l e s te r  p o r t io n  o f  th e  
l i p i d  i n  th e  l i v e r  in c re a s e s  ( R id o u t  e t  a l. ,  
’ 5 2 ;  P a t i l  a n d  M a g a r ,  ’6 0 ) ,  w h e re a s  th e  
p h o s p h o l ip id  p o r t io n  d e c re a s e s  ( P a t i l  a n d  
M a g a r ,  ’6 0 ) .  M o re o v e r  c h o le s te r o l is  p r e f 
e r e n t ia l ly  e s te r i f ie d  w i t h  u n s a tu r a te d  f a t t y  
a c id s  ( S w e ll  a n d  T r e a d w e l l ,  ’ 5 5 ; R i le y  
a n d  N u n n ,  ’6 0 ) .  I t  is  p o s s ib le  th e re fo re  
t h a t  th e  p h o s p h o l ip id  c o n c e n t r a t io n  a n d  
th e  E F A  c o n te n t  i n  th e  p h o s p h o l ip id  is  
re d u c e d  w i t h  c h o le s te r o l fe e d in g .  I f  i t  is  
a s s u m e d  t h a t  th e  p r im a r y  n e e d  f o r  E F A  
is  as a  c o m p o n e n t  o f  p h o s p h o l ip id s ,  th e n  
th e  n e t  e f fe c t  o f  c h o le s te r o l f e e d in g  w o u ld  
b e  a  r e d u c t io n  i n  th e  E F A  c o n te n t  a t

c r i t i c a l  s ite s  o f  E F A  f u n c t io n  ( p r o b a b ly  
m i t o c h o n d r ia )  w i t h  a r e s u l t a n t  r e d u c t io n  
i n  g r o w th .

S atu rated  fa tty  acid s

B a s e d  o n  th e s e  s tu d ie s  i t  is  u n l i k e ly  
t h a t  th e  g ro w th - d e p r e s s in g  e f fe c t  o f  s a tu 
ra te d  f a t t y  a c id s  c a n  be  e x p la in e d  o n  th e  
b a s is  o f  th e  i n h ib i t i o n  o f  1 8 :2  o r  2 0 : 4  
d e p o s it io n  o r  s y n th e s is .  A l t h o u g h  th e  p e r 
c e n ta g e  o f  t is s u e  S F A  in c r e a s e d  w h e n  
S F A  w e re  a d d e d  to  th e  d ie t  th e re  w a s  n o  
d e c re a s e  i n  E F A  p e rc e n ta g e  i n  t is s u e s ,  
r a t h e r  th e re  w a s  d e c re a s e  i n  th e  m o n o -  
e n o ic  a c id s . A d d i t io n  o f  s a tu ra te d  f a t t y  
a c id s  m a y  r e s u l t  i n  a  s h i f t  i n  E F A  c o n 
c e n t r a t io n  w i t h i n  th e  c e l l  f r o m  a c t iv e  es
te rs  (a s  p h o s p h o l ip id )  to  t r ig ly c e r id e s .  A l 
t e r n a t iv e ly ,  th e  in c re a s e  i n  1 2 :0  a n d  1 4 :0  
c o n c e n t r a t io n  i n  t is s u e s  m a y  b e  a f fe c t in g  
th e  s t r u c tu r e  o f  c r i t i c a l  l ip id s  s u f f ic ie n t ly  
to  a l t e r  th e  s a m e  m e ta b o l ic  f u n c t io n  i n f l u 
e n c e d  b y  E F A .  W h e th e r  fe e d in g  o f  1 6 :0  
o r  1 8 :0  w o u ld  p ro d u c e  s im i la r  e ffe c ts  
n e e d s  f u r t h e r  s tu d y .

L in o lea te , lin o len a te , an d  a ra ch id on a te  
as essen tia l fa tty  acid s

T h e  re s u lts  o f  th e  p re s e n t  s tu d ie s  s h o w  
t h a t  1 8 :2  b u t  n o t  1 8 :3  w i l l  s t im u la te  
g r o w th  o f  c h ic k e n s  fe d  d ie ts  f r e e  o f  u n 
s a tu ra te d  f a t t y  a c id s . T h is  is  i n  a g re e 
m e n t  w i t h  s tu d ie s  w i t h  th e  r a t  ( H u m e
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et al., ’40; Greenberg et al., ’50; Thomas- 
son, ’53) demonstrating little EFA activity 
from the usual isomer of linolenate and 
extends the concept (Olsen, ’59) that only 
those unsaturated fatty acids containing 
the configuration CH3-(C H 2)4 (CH =  CH 
-C H 2) 2-R  can function as EFA.

Arachidonate (2 0 :4 ) has been reported 
to be more potent than linoleic in curing 
EFA deficiency in rats (Turpeinen, ’38; 
Smedley-McLean and Nunn, ’40; Green
berg et al., ’51). In our studies (table 4 ) 
18:2 could not be detected in cerebrum 
and testis from chickens fed EFA-free 
diets for 50 days, whereas appreciable 
amounts of 20:4 could still be measured. 
Histological examination indicated that 
these tissues were normal. The apparent 
normal functioning of a tissue containing 
no detectable 18:2 suggests that there is 
no specific metabolic requirement for 18:2 
and that the metabolic requirement for 
EFA may be limited to a requirement for 
CH3(CH2) 4 (CH =  CH-CH2) 4-R  (a struc
ture found in 20:4, 22:4 and 22 :5 ).

Early growth response
These studies indicated that the young 

chicken has an acute requirement for 
EFA. The response to dietary 18:2 as 
early as two weeks of age suggests that 
a rapid depletion of EFA from the tissues 
occurs. In addition growth apparently 
can be affected if the percentage 18:2 or 
20:4  is only slightly lowered in critical 
lipid structures involved in metabolic re
actions or in transport. The discrepancy 
between the present studies and that of 
Bieri et al. ( ’56) cannot be explained on 
the basis of diet. In our experiments 
chickens fed Bieri’s diet grew at a rate of 
12 gm per day rather than 9 gm per day 
as reported by Bieri. This more rapid 
growth rate could have been a reflection 
of either a different genetic potential or a 
different environment or both. Our re
sults suggest that the EFA requirement 
may be related to rapid growth rate. The 
depletion of 18:2 and 20:4  in the liver 
and heart of chickens used in the present 
studies was also more rapid than that 
reported by Bieri et al. ( ’57). Depletion 
rate may be controlled by genetics and

may also contribute to the difference be
tween studies.

SUMMARY

Addition of safflower oil or methyl lin- 
oleate, but not methyl linolenate, to puri
fied diets free of unsaturated fatty acids 
resulted in an immediate (within 7 days) 
growth response in chickens. Addition of 
a mixture of methyl myristate and methyl 
laurate depressed growth, and addition of 
cholesterol to these saturated fatty acids 
depressed growth further. These growth
depressing effects were largely overcome 
by addition of a source of linoleic acid.

Analysis of depot fat, heart, liver, testis 
and cerebrum using gas-liquid chromatog
raphy revealed that dietary linoleic acid 
profoundly affected the fatty acid com
position of tissues analyzed. In tissues of 
chickens fed linoleic acid-free diets the 
level of fatty acid tentatively identified as 
a C-20 triene was elevated and the linoleic 
and arachidonic acid content was very 
low; there was no detectable ( < 0 . 1 % )  
linoleic acid in testis, cerebrum, or depot 
fat, whereas all tissues except depot fat 
contained at least 1.5% of arachidonic 
acid. Methyl laurate and methyl myristate 
supplementation increased tissue levels of 
these fatty acids but had no effect on the 
per cent linoleic acid or arachidonic acid. 
Addition of linoleic acid resulted in a de
crease in percentage of C-20 triene and 
an increase in the linoleic and arachidonic 
acid in all tissues analyzed.
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Various bioassays have shown the rela
tive biopotency of d, versus dl,a-tocopheryl 
acetate to be 1.34 using the precise chick 
liver-storage bioassay (Pudelkiewicz et al., 
’60), 1.36 using fetal resorption in the 
rat (Harris and Ludwig, ’49a), and 1.47 
using percentage of hemolysis in the rat 
(Friedman et al., ’58). The similar rela
tive values for d, and dZ,a-tocopherol are 
1.31 using chick liver-storage (Pudelkie
wicz et al., ’60), 1.22 using cure of mus
cular dystrophy in the rabbit (Hove and 
Harris, ’47), and 1.3 using percentage of 
hemolysis in the rat (Rose and Gy orgy, 
’52; Friedman et al., ’58). cZ,a-Tocopheryl 
succinate was 1.14 times more active than 
dl,a-tocopheryl acetate for the rat (Fried
man et al., ’58). The potency of this ester, 
however, which is available in an easily 
weighed powder form, needs to be deter
mined for the chick.

The free a-tocopherol was as biologically 
active as the ester forms of the respective 
natural and synthetic preparations for the 
chick by liver-storage (Pudelkiewicz etal., 
’60), and for the rat by fetal resorption 
(Gottlieb et al., ’43) and by percentage 
of hemolysis (Friedman et al., ’58). How
ever, dl,a-tocopherol was about 1.35 times 
more active than the dl,a-tocopheryl ace
tate for adult human beings, using blood- 
levels of tocopherol (Week et al., ’52), and 
for rats fed high-fat diets in a fetal resorp
tion bioassay (Gottlieb et al., ’43).

Although the chick liver-storage bio
assay is precise and gives results that are 
in good agreement with other bioassay 
methods using other animals, this, to
gether with the analytical procedures 
which use molecular distillation, is time 
consuming. Therefore, it seemed desirable 
to investigate shortening the bioassay by 
reducing the repletion period of two weeks

to one similar to that developed by Ames 
and Harris ( ’56) for bioassay of vitamin 
A; also to study a chromatography method, 
such as that using secondary magnesium 
phosphate (Bro-Rasmussen and Hjarde, 
’57a), with respect to its precision and 
ability to remove interfering substances 
from liver extracts.

EXPERIMENTAL

Day-old, White Plymouth Rock, male 
chicks were reared in electrically heated, 
wire batteries and fed the low-fat, low- 
tocopherol diet (Singsen et al., ’54) for 
14 days to deplete the chicks of their to
copherol stores. Then the smallest and 
largest chicks were discarded and the re
maining 60% were distributed randomly 
by weight into groups of 8 chicks each, 
wingbanded, and weighed by groups. The 
dietary treatments were randomly as
signed to the pens of chicks.

Equimolar amounts of the pure d, and 
dl, a-tocopheryl acetate5 samples and the
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d, a-tocopheryl acid succinate5 powders 
were weighed into flasks, dissolved in 50 
ml of warm 95% ethanol, poured onto the 
respective weighed amounts of basal diet 
and the flasks rinsed out onto these feeds 
three times with a total of 50 ml of 95% 
ethanol. The fine gelatin-sugar beadlets6 
were weighed, according to the concen
tration of tocopheryl acetate found by ceric 
sulfate titration, into beakers, mixed with 
part of the weighed amount of basal diet, 
and then poured onto the rest of the basal 
diet. The basal diets and the basal diets 
containing beadlets were also mixed with 
100 ml of 95% ethanol each. The diets 
were mixed 10 minutes in a Hobart mixer.

In the long chick-liver storage bioassay, 
each group within an experiment re
ceived the basal diet supplemented with 
the molar-equivalent of zero, 8, or 16 mg 
of a-tocopheryl acetate per pound of diet. 
The groups of chicks were fed on an equal
ized basis for 14 days, all lots within the 
experiment being limited to the amount 
of feed consumed by that lot eating the 
least.

In order to develop the short chick liver- 
storage bioassay, a dose-response experi
ment was undertaken. The groups of 
chicks were fed equal amounts of diets 
supplemented with zero, 40, 80, 160, or 
320 mg of tocopheryl acetate7 per pound 
of diet for three days and then were fed 
equal amounts of basal diet during a three- 
day stabilization period. As the levels se
lected for this dose-response study were 
satisfactory, an experiment was under
taken to determine the time for maximal 
liver storage after feeding a-tocopherol. 
The chicks were fed equal amounts of a 
diet supplemented with 80 mg of tocoph
eryl acetate per pound for three days. 
Then the respective experimental groups 
were fed equal amounts of the basal diet 
for one, two, three, 4, 5, 6, and 8 days. Be
cause maximum concentration of tocoph
erol in the liver occurred one day after 
the supplement was withdrawn from the 
diet, as would be expected from the work 
of Voth et al. ( ’58), the dose-response 
study was repeated. This time the chicks 
were fed equal amounts of the basal diet 
supplemented with zero, 40, 80, or 160 
mg of tocopheryl acetate per pound of feed

for three days and then the basal diet for 
one day.

As the concentration of tocopherol in 
the chick livers was linearly related to the 
milligram dosage of tocopheryl acetate in 
the diet, short, chick liver-storage bioassay 
experiments were undertaken. Each group 
within an experiment received the basal 
diet supplemented with the molar-equiva
lent of zero, 40, or 80 mg of a-tocopheryl 
acetate per pound of diet. The groups of 
chicks were fed equal amounts of these 
diets for three days and then the basal 
diet for another day. Chicks consumed 
20 gm of supplemented ration per bird 
the first day and up to 25 gm of basal ra
tion the 4th day.

At the end of the experimental periods, 
the groups of chicks were weighed and the 
chicks decapitated to exsanguinate the 
livers. The livers from each group were 
pooled, refrigerated, weighed, and homog
enized in a Dumore blender. Approxi
mately 8-gm samples of homogenate were 
weighed into extraction thimbles and 
stored in separate rubber-stoppered, plas
tic tubes at —20°.

METHODS
All pooled livers were analyzed in dupli

cate by the combination of extraction, 
molecular distillation, chromatography 
through Florex XXS8 and colorimetric 
measurement of tocopherol with ferric 
chloride-dipyridyl as first used in this lab
oratory by Bunnell,9 and described in de
tail by Pudelkiewicz et al. ( ’60).

All tocopherol and tocopheryl acetate 
gelatin-sugar beadlets were analyzed for 
tocopherol by the combination of extrac
tion, sulfuric acid hydrolysis of only the 
acetate esters, and ceric sulfate titration 
(Lehman, ’57).

The pooled livers from each of the 
groups in 4 experiments were analyzed in

6 See footnote 5.
7 Vitamin E concentrate was Myvamix, which 

is a proprietary product manufactured by Distil
lation Products, Inc., Rochester, New York, guar
anteed to contain 20,000 I.U. of natural vitamin 
E per pound.

8 The authors are indebted to the Floridin Com
pany, Tallahassee, Florida, for the Florex XXS.

9 Bunnell, R. H. 1955 The effect of fish oil 
and diphenyl-p-phenylene-diamine on the vitamin 
E metabolism of the chick. Ph.D. thesis, Univer
sity of Connecticut, Storrs.
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duplicate by the combination of extraction 
(Pudelkiewicz et al., ’60), saponification 
(Pudelkiewicz et al., ’60), chromatography 
through secondary magnesium phosphate 
(Bro-Rasmussen and Hjarde, ’57a), and 
colorimetric measurement with ferric chlo- 
ride-dipyridyl (Pudelkiewicz et al., ’60). 
As this method of liver analysis for tocoph
erol consists of procedures taken from var
ious publications, the complete method is 
presented here.

R ea g en ts

S kelly so lve  B and a b so lu te  e th a n o l  were 
purified and p o ta ss iu m  h yd rox id e , 2 ,2 ' b i
p yrid in e , and ferr ic  ch lorid e  solutions were 
prepared as described by Pudelkiewicz et 
al. ( ’60).

P etro leu m  e th er . Bottled, reagent grade 
benzin boiling over a range of 30 to 60°C 
was used. If the reagent grade was pur
chased in cans, it had to be purified. The 
method for purification of Skellysolve B 
(Pudelkiewicz et al., ’60) proved satisfac
tory.

E th yl e th er . The anhydrous, analyzed 
reagent10 was rendered peroxide-free by 
allowing to stand over a half-cup of Norit 
A and up to 100 gm of potassium hydrox
ide pellets in a 2-liter distillation flask and 
distilling before use.

S econ d a ry  m a g n es iu m  p h o sp h a te . The 
method of Bro-Rasmussen and Hjarde 
( ’57a) was used. A 580-gm sample of 
chemically pure,11 secondary magnesium 
phosphate trihydrate was dried at 180°C 
for 24 hours and cooled over concentrated 
sulfuric acid in a desiccator. The 400 gm 
of remaining anhydrous salt was slowly 
added to an already boiling solution of 
32 gm of anhydrous secondary sodium 
phosphate in 3200 ml of distilled water. 
The mixture was boiled for 15 minutes, 
cooled somewhat, filtered on a Buchner 
funnel through Whatman no. 2 paper, and 
washed three times with about 700 ml of 
distilled water each time. The hydrated 
salt was dried for at least 48 hours (easier 
to grind if 72 hours) at about 180°C. The 
dried salt was then cooled in a desiccator 
over concentrated sulfuric acid, ground in 
a ball mill for about 15 minutes, sieved to 
120 mesh with the aid of the balls from 
the ball mill and mechanical shaking, and

stored in a tightly capped, brown bottle at 
room temperature.

The charged secondary magnesium 
phosphate was checked for activity by the 
method described by Bro-Rasmussen and 
Hjarde ( ’57a) which involves: chroma
tographing a 100- to 400-ug sample of 
pure a-tocopherol; eluting with 100 ml of 
petroleum ether, then with 100 ml of a 
mixture of 0.5% ethyl ether in petroleum 
ether; and finally with 250 ml (instead of 
125 ml, Bro-Rasmussen and Hjarde, ’57a) 
of a mixture of 2% ethyl ether in petro
leum ether. No charges were used that 
passed tocopherol by elution with 0.5% 
(or less) of a mixture of ethyl ether in 
petroleum ether or that did not show com
plete elution of the pure tocopherol by 
250 ml of 2% ethyl ether in petroleum 
ether.

The activity of some charges checked by 
this method, although satisfactory by this 
criteria, failed to adsorb all the interfering 
reducing substances in the extract of a 
liver sample which was being purified. Be
cause of this difficulty, the activated sec
ondary magnesium phosphate was also 
checked by chromatographing an aliquot 
of the eluate from a column on paper. The 
column of adsorbent was washed with 50 
ml of petroleum ether and then the a-to
copherol of the liver extract was eluted 
with 250 ml of a mixture of 2% ethyl 
ether in petroleum ether. This eluate was 
evaporated to dryness under nitrogen and 
the residue dissolved in 0.5 ml of etha
nol. More than 0.1 ml of this was spotted 
on paraffin-impregnated chromatography 
paper and the chromatograms developed 
with 75% ethanol (Analytical Methods 
Committee, ’59). The papers were sprayed 
with a mixture of equal amounts of 0.5% 
a,a-dipyridyl and 0.2% ferric chloride so
lutions in ethanol. The presence of more 
than the one a-tocopherol spot expected 
indicated that the adsorbent was not suffi
ciently active. Recoveries of pure tocoph
erol added to the impure samples and the 
stability of the colorimetric readings with 
ferric chloride-dipyridyl are also indicative

10 Baker Chemical Company, Phillipsburg, New 
Jersey.

11 Amend Drug and Chemical Company, New 
York 10.
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of the completeness of the removal of in
terfering substances by the adsorbent. 
Hence, these checks can be used to indi
cate charges that should be discarded and 
to determine the amounts of extracts that 
can be purified by the adsorbent.

Extraction and saponification
Liver samples were extracted in Soxhlet- 

type apparatus for 20 hours with 75 ml 
of absolute ethanol, aldehyde-free (Pudel- 
kiewicz et al., ’60). After 20 hours of ex
traction, each flask in turn was lowered 
from its condenser, 2 ml of the concen
trated potassium hydroxide solution was 
quickly added, the flask and condenser 
were immediately connected, and boiling 
was continued for another half-hour. Im
mediately after saponification, 70 to 75 
ml of distilled water containing 1 ml of 
concentrated sulfuric acid were added to 
neutralize the excess alkali. The mixture 
was cooled and extracted with exactly 40 
ml of purified Skellysolve B as described 
by Pudelkiewicz et al. ( ’60).

Chromatography
The method used was essentially that 

described in detail by Bro-Rasmussen and 
Hjarde ( ’57a). Approximately 12 gm of 
activated secondary magnesium phosphate 
per column were suspended in petroleum 
ether. This mixture was run into 12 by 
240-mm chromatography tubes that had 
previously been plugged with glass wool. 
The chromatography column had a 6 by 
120-mm delivery tube and an eluant-reser
voir with capacity for more than 200 ml 
of fluid and with an opening for a no. 4 
rubber stopper. The column was packed 
by about two pounds per inch2 of pressure 
from a nitrogen cylinder connected to the 
opening of each column. When more than 
200 mm of the effective length of the 
chromatography tube was packed with 
adsorbent, the adsorbent was covered with 
about 5 mm of anhydrous sodium sulfate.

An aliquot (10 ml) of the saponified, 
Skellysolve B liver-extract was pipetted 
into a 50-ml Erlenmeyer flask and evapo
rated to dryness on a steam bath under 
nitrogen. The residue was dissolved in 
5 ml of petroleum ether and poured onto 
the column. The eluant was forced through

by two to 8 pounds per inch2 of pressure 
from a nitrogen tank to give a flow rate 
of two to 4 ml per minute. The column 
of adsorbent was never allowed to go dry. 
After the liver extract was washed onto 
the column, the column was washed 
with 50 ml of petroleum ether, the re
ceiver was changed, and the a-tocopherol 
was eluted with a total of 250 ml of a mix
ture of 2% ethyl ether in petroleum ether. 
This 200-mm column of secondary mag
nesium phosphate could absorb only the 
non-tocopherol reducing substances in less 
than 15 ml of the 40 ml of Skellysolve B 
extract of about 8 gm of liver. Perhaps 
this fact can explain why this method has 
given nonreproducible results in some 
laboratories. As little as 5 ag of tocopherol 
were chromatographed when the livers of 
chicks fed the basal diets were analyzed.

The eluate was evaporated to dryness 
under nitrogen on a steam bath and dis
solved in 10 ml, or more, of absolute etha
nol, aldehyde-free. Enough ethanol was 
added to insure that the solution con
tained less than 60 ag of tocopherol in an
8-ml aliquot. Color was developed by the 
addition of 1 ml of 0.5% dipyridyl solution 
and 1 ml of 0.2% FeCL solution. Exactly 
15 seconds after the addition of the FeCL, 
the solution was read in an Evelyn colorim
eter at 515 ma (Pudelkiewicz et al., ’60).

Feed
Basal diets were analyzed by either of 

the methods used for liver. If tocopheryl 
esters were added to the basal diet, the 
supplemented feeds were saponified with
4.5 ml of the concentrated potassium hy
droxide solution in the vapors of ethanol, 
after extraction as described above for 
liver analysis. Hence, after 30 minutes of 
saponification, the mixture was acidified 
with 2 ml of concentrated sulfuric acid in 
70 to 75 ml of water.

The method of chromatography through 
secondary magnesium phosphate proved 
satisfactory for determining both a- and 
non-a-tocopherols in feed . After the a-to
copherol had been eluted with 250 ml of 
mixture of 2% ethyl ether in petroleum 
ether, the other tocopherols were eluted 
by 250 ml of a mixture of 7% ethyl ether 
in petroleum ether (Bro-Rasmussen and
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Hjarde, ’57b), and measured colorimetri- 
cally with ferric chloride-dipyridyl exactly 
as for a-tocopherol. Here again the 200- 
mrn column could purify only up to half 
the extract from 8 to 1 0  gm of feed.

STATISTICAL ANALYSIS

With the long, chick liver-storage bio
assay, 10 experiments were undertaken to 
determine the relative biopotency of d, 
versus dl, a-tocopheryl acetate as well as 
to determine the biopotency of d- a-tocoph- 
eryl acid succinate. Six of these experi
ments were replicates in time, for the 
same tocopherol samples (lot numbers) 
were used in each. For the same reason, 
the other 4 experiments were replicates in 
time. With the short, chick liver-storage 
bioassay, 4 experiments that were repli
cates in time were undertaken to deter
mine the relative biopotencies of the d, 
and dl, a-tocopheryl acetates, a-tocoph- 
erols, and d, a-tocoperyl acid succinate. 
These respective series of experiments were 
grouped together for analysis of variance 
and for the multiple slope-ratio assay de
scribed by Finney ( ’52). The equations 
for this analysis were solved by the abbre
viated Doolittle method described by An
derson and Bancroft ( ’52). This statisti
cal approach makes it possible to deter
mine simultaneously the slopes of the 
dose-response relation for each of the to
copherol samples assayed in a given series 
of experiments. The multiple slope-ratio 
assay is valid if the dose-response rela
tions for each of the samples studied are 
linear and if the slopes for these dose- 
response relations converge, preferably at 
the basal level point.

The dose-response studies were statis
tically analyzed by standard procedures of 
regression and analysis of variance as out
lined by Snedecor ( ’56).

The duplicate variance for 46 samples 
analyzed in duplicate by the two methods 
of analysis of liver for tocopherol were 
compared by the Pitman-Morgan test for 
correlated mean squares (Cochran, ’45). 
Hence, it is possible to compare the preci
sion of results obtained from two methods 
used to analyze a series of samples.

RESULTS

The average concentration of tocopherol 
in the livers from chicks in the different 
dietary groups for the 4 long bioassay ex
periments, and the 4 short bioassays are 
presented in table 1. These data show the 
direct relationship between the level of 
tocopherol fed and the level of tocopherol 
observed in the liver. This relationship 
was found to be linear. The slopes of these 
lines converged at a Y-intercept (table 1) 
which was essentially identical to the 
amount of tocopherol present in the livers 
of those chicks fed the basal diet (table 1).

The average liver weight for all the 
chicks used in the 4 long bioassay experi
ments was 9.8 gm per liver, with a range 
of 8.9 to 11.2. These chicks consumed on 
the average 414 gm of supplemented feed 
per chick, with a range of 393 to 423 for 
the 4 experiments. In the 4 short bioassay 
experiments, the average liver weight was
6.7 gm per liver with a range of 6.2 to
7.5. These chicks consumed on the aver
age 66 gm of supplemented feed per chick, 
with a range of 63 to 69 for the 4 experi
ments. The basal diet contained total to- 
copherols equivalent to 7 to 12 mg of 
tocopheryl acetate (which was present in 
the feed as the free form) and the equiva
lent of three to 4 mg of a-tocopheryl ace
tate per pound of feed.

The mean a-tocopherol values for these 
respective groups of experiments with 
their standard errors and coefficients of 
variation are also presented in table 1. 
The mean for the series of 6 long bioassay 
experiments, not presented in table 1, was
9.5 ng per gm of liver with a standard 
error of ±  0.1 and a coefficient of variation 
of 9.3% . From the coefficient of variation 
of these three series of bioassay experi
ments, it can be inferred that these bio
assay methods are relatively precise and 
that the long and the short bioassay can 
be executed with essentially the same de
gree of precision.

The slopes for the respective tocoph
erol samples studied, with their standard 
errors, and the relative biopotencies for 
the forms of tocopherol studied in both 
the long and short bioassay are summar
ized in table 2. For each sample studied 
in each of these series of bioassay experi-
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TABLE 1
Comparison of two methods of bioassay of a-tocopherol (average liver tocopherol)

Tocopherol
sample

Long bioassay1 Short bioassay2
Molarequivalents, mg a-tocopheryl acetate/pound of feed

0 8 16 0 40 80
Liver tocopherol treatment means3 (fig/gm)

dZ,a-Tocopheryl acetate4
Pure 1 2.4 7.5 12.6 2.9 — —
Pure 2 2.2 7.5 11.8 2.4 — —
Beadlet 3 — 8.3 12.6 — 14.8 24.6
Pure 4 — — — — 14.1 27.8
Beadlet 4 — — — — 14.6 28.6
Beadlet 5 — — — — 13.6 25.7

dZ,a-Tocopherol-beadlet 
d,a-Tocopheryl acetate4

— — — — 14.3 25.5

Pure 1 — 7.9 13.6 — — —
Beadlet 2 — 8.1 15.4 — — —
Pure 3 — — — — 16.1 32.1

d,a-Tocopherol-beadlet 
d,a-Tocopheryl acid succinate

---- — — — 18.0 32.4

Powder 1 — 5.9 9.8 — 10.8 16.9

Y-intercept 2.4 — — 2.6 — —
Mean of the experiments — 8.9 — — 18.3 —
Standard error of the mean — ± 0 .1 — — ±  0.2 —

Coefficient of variation — 12.4% — — 10.3% —

1 Long bioassay involved two weeks of tocopherol supplementation.
2 Short bioassay involved three days of tocopherol supplementation followed by one day 

of feeding basal diet.
3 Four experiments that were replicates in time for each of the two bioassay procedures 

were statistically analyzed together.
4 These numbers represent different lot numbers of the respective forms of tocopherol 

fed in the bioassay experiments.

merits, the relative values were determined 
by dividing the slope of the dose-response 
relation for each of the respective samples 
studied by the average of the slopes of the 
dose-response relation obtained for dl, a- 
tocopheryl acetate. Hence, these data pre
sented in table 2 show that the d, a-tocoph- 
eryl acid succinate is poorly utilized by the 
chick, whereas the d, a-tocopheryl acetate 
was the most available form, as expected 
from the work of Pudelkiewicz et al. ( ’60).

In the dose-response study undertaken 
to shorten the bioassay, the chicks were 
fed zero, 40, 80, 160, or 320 mg of tocoph- 
eryl acetate per pound of diet for three 
days and then the basal diet for three days. 
The equation for the relation of micro
grams of tocopherol per gram of liver to 
the milligrams of tocopheryl acetate per 
gram of feed was: y = 1 .9  +  0.155 X, 
with ±  1.0 and +  0.006 as the standard 
error of the y-intercept and of the slope, re
spectively. In the dose-response studies in 
which the chicks were fed zero, 40, 80, or 
160 mg of tocopheryl acetate per pound

of diet for three days and then the basal 
diet for one day, the equation for the re
lationship of micrograms of tocopherol per 
gram of liver to the milligrams of tocoph
eryl acetate per gram of feed was: y =  2.9 
±  0.8 +  (0.366 ±  0.003) X (liver analyzed 
for total tocopherol by molecular distilla
tion followed by Florex-chromatography) 
and y =  3.3 ±  0.9 +  (0.355 ±  0.003) X 
(liver analyzed for a-tocopherol by sa
ponification followed by chromatography 
through secondary magnesium phosphate). 
As maximum concentration of tocopherol 
in the liver occurs within one day after 
tocopherol supplementation is stopped, 
the liver-storage of tocopherol was much 
more related to intake of tocopherol 
(steeper slope) if livers were taken after 
one day of withdrawal than after three 
days of withdrawal of tocopherol supple
mentation.

Since the variability among groups fed 
the same level of tocopherol in the dose- 
response studies increased with increasing 
concentration of tocopherol in the liver,
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TABLE 2
Comparison of two methods of bioassay of a-tocopherol (relative values)

Tocopherol
sample

Long bioassay1
C1___ Relative
S1°Pe value3

Series of experiments4 
A B A B

Short bioassay2 

Slope “ e

dl,a-Tocopheryl acetate5
Pure 1 0.671 0.639 0.96 1.01 — —

Pure 2 0.682 0.600 0.98 0.95 — —

Beadlet 3 0.731 0.660 1.05 1.04 0.281 0.94
Pure 4 — --- — — 0.309 1.03
Beadlet 4 — — — — 0.319 1.07
Beadlet 5 — — — — 0.285 0.96
Pure 6 0.701 — 1.01 — — —

dZ,a-Tocopherol-beadlet — — — — 0.287 0.96
d,a-Tocopheryl acetate5

Pure 1 0.812 0.700 1.17 1.10 — —
Beadlet 2 — 0.794 — 1.25 — —
Pure 3 — — — — 0.362 1.21

d,o-Tocopherol-beadIet — — — — 0.375 1.25
d,a-Tocopheryl acid succinate5

Powder 1 — 0.462 — 0.73 0.183 0.61
Powder 2 0.539 — 0.77 — — —

Standard error of the slope ± 0 .025 ± 0 .0 38 — — ± 0 .013 —

1 Long bioassay involved two weeks of tocopherol supplementation.
2 Short bioassay involved three days of supplementation followed by one day of feeding 

basal diet. Four experiments that were replicates in time were undertaken.
3 Slope of the response from the respective sample divided by the average slope of the 

response from all the di,a-tocopheryl acetate samples studied in each series of experiments 
that were replicates in time.

4 Series A involved 6 experiments that were replicates in time, and series B involved 
4 experiments that were replicates in time.

5 These numbers represent different lot numbers of the respective forms of tocopherol 
fed in the bioassay experiments.

it seemed desirable to transform the liver 
tocopherol concentrations for these ex
periments to their respective logarithms 
(base 10) (Bunnell, ’55) for a repetition 
of the regression analysis. As this mini
mizes differences in the variability asso
ciated with the level of tocopherol intake, 
a more valid estimate of the error variance 
can be obtained. Since more than 99% of 
the variability between the levels in these 
dose-response experiments was accounted 
for by the linear regression of tocopherol 
concentration in the liver on tocopherol 
intake, both the tocopherol concentration 
in the liver and the tocopherol intake 
needed to be transformed to the respective 
logarithms. Using the equivalents of a- 
tocopheryl acetate found in the diet by 
analysis, the levels of a-tocopherol fed 
were 4, 41, 78, or 151 mg of a-tocopheryl 
acetate per pound of feed. Linear regres
sion of the logarithms of the liver tocoph
erol concentration (ag per gm) on the

logarithms of the a-tocopheryl acetate 
intake (mg per pound) for the three- 
day supplementation, one-day stabilization 
period, gave the following equations: 
y =  -0 .10  ±  0.02 +  (0.854 ±  0.015) X 
(liver analyzed for total tocopherol by 
molecular distillation plus Florex-chroma- 
tography) and y =  —0.10 ±  0.03 +  (0.852 
±0 .016 ) X (liver analyzed for a-tocoph
erol by saponification plus secondary mag
nesium phosphate-chromatography ).

These linear regression equations, the 
slopes of the lines for the respective to
copherol samples studied in one short, 
chick liver-storage bioassay experiment 
(table 3), and the duplicate variances for 
the two methods of tocopherol analysis 
(table 4) indicate the similarity of the re
sults obtained by either molecular distilla
tion plus Florex-chromatography or sa
ponification plus secondary magnesium 
phosphate-chromatography. All of the first 
of the duplicate samples for each experi-
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TABLE 3
Comparison of two methods of purification of liver extracts (relative utilization 

of tocopherol in the biossay)

Tocopherol
sample

Molecular distillation Saponification
Florex-chromatography MglIPO.i-chr ornato graplly

Slope Relative
value1 Slope Relative

value1

One short, chick liver-storage bioassay experiment
dl,a-Tocopheryl acetate2

Beadlet 3 0.286 0.91 0.308 0.96
Pure 4 0.318 1.01 0.330 1.02
Beadlet 4 0.367 1.17 0.366 1.14
Beadlet 5 0.283 0.90 0.282 0.88

cii,a-Tocopherol-beadlets 0.278 0.89 0.307 0.96
d,a-Tocopheryl acetate2

Pure 3 0.432 1.38 0.423 1.31
d,a-Tocopherol-beadlet 0.426 1.36 0.421 1.32
d,a-Tocopheryl acid succinate2

Powder 1
Standard error of the slope

0.202
± 0 .0 18

0.64 0.244
± 0 .0 18

0.76

1 Slope of the response from the respective sample divided by the average slope of the 
response from the four di,alpha-tocopheryl acetate samples studied in this experiment.

2 These numbers represent different lot numbers of the respective forms of tocopherol fed 
in the bioassay experiments.

TABLE 4
Comparison of two methods of purification of liver extracts (precision of 

these analytical methods)

Molecular distillation 
Florex-chromatography

Total
tocopherol

Saponification
MgHPOé-chromatography

a-Tocopherol

Range 2.3-67.9
lig/gm liver

2.2-63.3
Mean 22.1 22.6
No. of samples 46 46
Duplicate variance1 2.533 2.176
Correlation coefficient 
Coefficient of variation 7.2%

0.992
6.5%

1 Duplicate variance =
S(d Dup.2) 

2N
; N =  number of samples, in this case 46; d Dup.

=  difference between duplicate analyses.

ment were analyzed by both methods be
fore the second of the duplicate samples 
from this experiment were analyzed. In 
the case of secondary magnesium phos
phate-chromatography, each of the dupli
cate samples was always passed through 
batches of this adsorbent charged at dif
ferent times. Most of the secondary mag
nesium phosphate used was from one lot 
number. For all 46 samples analyzed by 
both methods (table 4), the duplicate vari
ance for the method of saponification fol
lowed by secondary magnesium phosphate- 
chromatography was less (P <  0.01 by the 
Pitman-Morgan test for correlated mean

squares, Cochran, ’45) than for the meth
od of molecular distillation followed by 
Florex-chromatography.

In the analysis for total tocopherol, the 
extract from 5 to 6 gm of fiver was passed 
through the molecular distillation plus 
Florex-chromatography procedure, where
as in the analysis for a-tocopherol, the ex
tract from only 2 gm of fiver was passed 
through the column of secondary mag
nesium phosphate. Hence, the final etha
nol solution after Florex-chromatography 
contained more than 12 ug of tocopherol, 
whereas only 5 ug of tocopherol were 
present in the final ethanol solution after
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chromatography through secondary mag
nesium phosphate. Although 5 ug of to
copherol can be measured colorimetrically, 
this is close to the minimum level of to
copherol that can be detected. Hence, the 
colorimetric measurements are less pre
cise when 5 ag of tocopherol are present 
than when 12 ag of tocopherol are present.

It was observed that when more than 
half of the extract of about 8 gm of liver 
was put on a column, the mixture of 2% 
ethyl ether in petroleum ether caused the 
elution of yellow substances and sub
stances that reacted with ferric chloride- 
dipyridyl. Paper chromatography of these 
eluates showed a large amount of yellow 
or reducting substances or both, at the 
origin plus the expected a-tocopherol spot. 
When 1/4 th of the extract of about 8 gm 
of liver was put on the column, the mix
ture of 2% ethyl ether in petroleum ether 
apparently caused only the elution of a- 
tocopherol. At least paper chromatograms 
showed only the expected spot of a-tocoph- 
erol. Therefore, it was concluded that 
secondary magnesium phosphate has a 
limited adsorptive ability.

DISCUSSION

The results of both the long and the 
short bioassays indicated that the d, and 
dl, a-tocopheryl acetates were utilized to 
essentially the same relative extent under 
the two sets of conditions. These relative 
biopotencies are similar to those obtained 
previously for the chick, using the long 
bioassay (Pudelkiewicz et al., ’60), and 
to those reported for the rat, using per
centage of hemolysis (Friedman et al., 
’58) and using fetal resorption (Harris 
and Ludwig, ’49a). Likewise, the free and 
acetate forms of the respective d, and dl, 
a-tocopherols were as well utilized by the 
chick in this short bioassay as by the chick 
in the long bioassay (Pudelkiewicz et al., 
’60), as by the rat in the percentage of 
hemolysis bioassay (Friedman et al., 
’58), and as by the rat fed a low-fat diet 
in a fetal resorption bioassay (Gottlieb 
et al., ’43).

Both the long and the short bioassays 
show that the a-tocopheryl acid succinate 
is poorly utilized by the chick. As the rat 
bioassays by fetal resorption (Harris and

Ludwig, ’49b) and by percentage of he
molysis (Friedman et al., ’58) showed the 
natural succinate to be equal to or slightly 
less well utilized than the natural acetate, 
it would appear that the chick is much 
more limited than the rat in its ability to 
hydrolyze the succinate ester. Perhaps the 
esterase(s) in the chick’s gut is more ac
tive with monocarboxylic acid esters, or 
perhaps the free carboxyl group of the 
tocopheryl acid succinate reacts with other 
substances in the gut to form an insoluble 
complex, with the result that the succinate 
is poorly utilized. The succinate form ap
peared to be relatively less well utilized 
by the chick, using the short bioassay than 
using the long bioassay, but further work 
is needed to confirm this.

The method of saponification and chro
matography through secondary magne
sium phosphate, developed by Bro-Ras- 
mussen and Hjarde ( ’57a) for analysis of 
oils, foods, and feedstuffs for a-tocopherol, 
has been shown in this study to be a pre
cise substitute for the method of molecular 
distillation plus Florex-chromatography, 
which Bunnell ( ’55) showed to be superior 
to Florex-chromatography for purifying 
liver extracts for the determination of 
total tocopherol. Secondary magnesium 
phosphate, however, was limited in its 
ability to adsorb substances in liver ex
tracts. Hence, smaller amounts of liver 
extracts must be purified and livers con
taining very low levels of tocopherol are 
analyzed with less precision by this meth
od than by the older method.

SUMMARY

The results of both a long (two-week 
supplementation) multiple slope-ratio chick 
liver-storage bioassay and a short (three- 
day supplementation, one-day stabiliza
tion) bioassay to tocopherol indicated that 
the different forms of a-tocopherol were 
utilized to the same relative degree under 
the two sets of conditions. The d,a-tocoph- 
eryl acid succinate in relation to the dl,a- 
tocopheryl acetate was only 0.61 (short 
bioassay) to 0.73 and 0.77 (long bioassay) 
as well utilized by the chick.

The method of Bro-Rasmussen and 
Hjarde ( ’57a), when modified as to the 
saponification procedure, with the same
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procedure of chromatography through sec
ondary magnesium phosphate, and with 
a modified method of reading with ferric 
chloride-dipyridyl, was shown to be a pos
sible substitute for the method of molecu
lar distillation and Florex-chromatography 
for analysis of liver for a-tocopherol. 
Limitations of the method of saponifica
tion followed by secondary magnesium 
phosphate-chromatography were reported.
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The metabolism of citric acid in higher 
animals is now known to be influenced by 
vitamin D (Dickens, ’41; Nicolaysen and 
Nordbd, ’43; Harrison and Harrison, ’52; 
Freeman and Chang, ’50; Waasjo and Eeg- 
Larsen, ’51; Beilin and Steenbock, ’52; 
Steenbock and Beilin, ’53; Carlsson and 
Hollunger, ’54) and by parathyroid hor
mone (Dickens, ’41; Freeman and Chang, 
50; Alwall, ’44; Neuman et al., ’56; Fir- 
schein et al., ’58). These relationships 
prompted further investigation of the pos
sible role played by vitamins other than 
vitamin D in regulating tissue and urinary 
citrate levels. Such information might 
shed considerable light on the mechanism 
of citrate accumulation after vitamin D 
administration and be of value in studying 
the relationship between the effect of vita
min D on citrate and on Ca metabolism. 
In this respect, it has been reported that 
cortisol prevents the action of vitamin D 
on bone and serum citrate without affect
ing the action of vitamin D on Ca and P 
metabolism (Harrison et al., ’57, ’58).

The possibility that certain vitamin de
ficiencies might greatly affect citrate me
tabolism seemed quite likely from their 
known metabolic functions. For example, 
thiamine and pantothenic acid could be 
expected to alter citrate levels because of 
their coenzymic role in pyruvate and ace
tate metabolism, respectively. Sober et al. 
( ’40) reported that thiamine deficiency 
resulted in a diminished urinary citrate. 
Smith and Meyer (’41), however, presented 
evidence that this was due to inanition.

To our knowledge, no further system
atic investigations of the influence of vita
min deficiencies on citrate metabolism 
have been reported. In the present paper 
are presented the results of a study of the 
effect of deficiencies of pantothenic acid,

thiamine, biotin, vitamin A and vitamin 
Be on urinary and tissue citrate.

METHODS

Young, male weanling rats of the 
Sprague-Dawley strain were used in all 
experiments. The diet fed was essentially 
that used by Steenbock and Herting ( ’55) 
and consisted of the following: (in per 
cent) protein, 18; cottonseed oil,2 10; 
roughage,3 3; Ca- and P-free salts, 2; vita
mins; CaC03, 1.09; equimolar mixture of 
KH2PO4 and K2HPO4 to give 0.3% of P and 
glucose monohydrate4 to 100% . The pro
tein source was generally vitamin-test 
casein5 plus 0.2% of L-cystine, except in 
the case of biotin deficiency when it was 
raw egg white, and in thiamine deficiency 
when we used steamed egg white. The 
control diet for the biotin experiment also 
contained steamed egg white as the pro
tein source. The salt mixture has been de
scribed previously (Beilin and Steenbock, 
’52). The vitamin addition supplied the 
following milligram quantities per kilo
gram of diet: thiamine, 5; riboflavin, 5; 
pyridoxine, 5; Ca pantothenate, 28; nico
tinic acid, 20; biotin, 0.1; inositol, 100; 
folic acid, 0.2; choline, 500; and vitamin 
B12, 0.02. In addition, the rats received 
every three days a supplement of fat-solu-
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ble vitamins in cottonseed oil6 which sup
plied 70 ng of (3-carotene, 105 ug of 2- 
methyl, 1,4-naphthoquinone and 875 ug of 
a-tocopherol weekly. Where indicated each 
rat received 75 IU of vitamin D2 every 
three days as a solution of crystalline cal
ciferol in cottonseed oil.

In each experiment the rats were di
vided equally into 4 groups. Group 1 re
ceived the basal diet (deficient both in 
vitamin D and the vitamin being tested); 
group 2, basal diet plus the vitamin being 
tested; group 3, basal diet plus vitamin D; 
and group 4 (control group), basal diet, 
plus vitamin D and the test vitamin. The 
animals were housed in individual over
hanging screen-bottom cages for 6 days 
and were then transferred to circular me
tabolism cages for the collection of urine. 
Rats had access to unlimited quantities of 
food for 4 one-hour periods daily in the 
experiments dealing with thiamine, panto
thenic acid and biotin deficiences. In all 
other experiments they had access to food 
at all times. At the end of each experi
ment, the rats were killed by a sharp blow 
on the head followed by decapitation. 
Blood was collected and the serum used 
for citrate analysis following deprotein- 
ization with trichloroacetic acid. Tissues 
were quickly removed and quick-frozen in 
liquid air. They were ground and ex
tracted in a mortar containing cold 10% 
trichloroacetic acid and ignited sand. The 
residue was re-extracted and the combined 
filtrates were analyzed for citrate. Femurs 
were removed, cleaned of adhering tissue, 
extracted with diethyl ether for 24 hours, 
ground to a powder and extracted 4 times 
with 1 N sulfuric acid. The combined sul
furic acid extract was analyzed for citric 
acid content. All citric acid analyses were 
carried out according to the method of 
Speck et al. ( ’46).

Growth and food consumption data 
were obtained in all experiments. To con
serve space, these are reported only for 
experiments in which they were of critical 
importance. The growth data in all cases 
were in agreement with previous observa
tions (Steenbock and Herting, ’55). The 
expected vitamin deficiency symptoms 
were noted in each case, namely, reduced 
growth (all vitamins), loss of hair (bio
tin), dermatitis (vitamin Be), xerophthal

mia (vitamin A) and anorexia (vitamin 
Bi) (Robinson, ’51). In each instance the 
deficiency symptoms could be reversed by 
the specific vitamin in question.

In the experiments in which oxidation 
studies were carried out, kidneys were 
quickly removed from the animals and 
chilled in ice-cold isotonic KC1. Ten per 
cent homogenates were prepared at 0°C in 
isotonic KC1 with a Potter-Elvehjem ho- 
mogenizer fitted with a Teflon pestle. Oxy
gen consumption was measured by stand
ard Warburg techniques at 37°C with air 
as the gas phase. The reaction mixture 
contained 0.2 ml of homogenate, 40 
nmoles of PCb buffer, pH 7.3, 6 nmoles of 
ATP, 15 nmoles of pyruvate, 10 nmoles of 
oxalacetate, 0.08 nmoles of cytochrome C, 
10 nmoles of MgCh, and isotonic KC1 to 
3 ml. The center well contained 0.2 ml 
of 10% KOH absorbed on a 2-cm2 filter 
paper. The oxidations were continued for 
30 minutes and the results are expressed 
as microliters of oxygen consumed per 
hour per milligram of dry tissue (Qo2)- 
Dry tissue weights were arbitrarily taken 
as 20% of the fresh tissue weights.

RESULTS

Pantothenic acid and thiamine deficien
cies were expected to affect citrate excre
tion because of their known metabolic 
functions. In agreement with this, a lack 
of pantothenic acid was observed to de
press urinary citrate excretion almost to 
the same degree as a lack of vitamin D 
(fig. la ); but although the feeding of a 
thiamine - deficient ration depressed uri
nary citrate in agreement with the obser
vations of others (Sober et al., ’40; Smith 
and Meyer, ’41), this occurred only after 
a severe decrease in food consumption 
(fig. lb ). When the food intake was 
maintained at the level of intake of defi
cient rats and thiamine was given, no in
crease in citrate excretion was noted (table
1). Furthermore, paired feeding of thia- 
mine-fed rats with the thiamine-deficient 
rats resulted in comparable urinary citrate 
values (table 1). When excretion and 
tissue levels of citrate in the thiamine-de
ficient animals were examined after a 15- 
day depletion period and when food con-

6 See footnote 2.
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Fig. 1 Urinary citrate during vitamin defi
ciency; ( la )  pantothenic acid, ( lb )  thiamine, 
( lc )  pyridoxine, (Id ) biotin, and ( le )  vitamin 
A. The values in parentheses represent food con
sumption in grams per day for the last day of 
the experiment except where otherwise indicated. 
There were usually 6 and at least 4 rats in each 
group.

sumption had not yet decreased appreci
ably, no effect of thiamine deficiency was 
noted (fig. lb, tables 1 and 3). Evidence 
that at this stage a deficiency of the vita
min prevailed is provided by the data on 
the oxidation of pyruvate by kidney ho
mogenates (table 2). They show that in 
the deficient animals pyruvate oxidation 
was drastically reduced and that further 
depletion (namely, after receiving the diet 
for 21 days instead of 15 days) resulted in 
no further diminution of oxidative activ
ity. These results showing that a lack of 
thiamine has no direct effect on tissue and 
urinary citrate levels agree with the con
clusions of Smith and Meyer ( ’41). In 
deficiencies other than thiamine (except 
that of vitamin A, in which instance no 
metabolic effect of a deficiency was ob
tained) no complication due to food con
sumption was encountered. All these ani
mals consumed food in proportion to body 
weight (fig. 1).

Of the remaining deficiencies studied, 
only vitamin B6 deficiency reduced urinary 
citrate markedly (fig. lc ). Metabolically 
this reduction is difficult to rationalize on 
the basis of what is known. It is possible 
that with a decrease in the activity of the 
transaminases that certain key amino 
acids feed into the tricarboxylic acid cycle 
at a reduced rate as for example at the 
a-ketoglutarate, pyruvate and oxalacetate 
stages. Another possibility is that vitamin
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TABLE 1
Effect of vitamin Bi and food restriction on citrate content1

Group
Citrate

Urine Kidney Serum

(1 ) No vitamin Bi

mg /  day/100 
gm of rat 

2.5
jig mg /100 ml

27.0 3.0

(2 ) Vitamin Bi, 1 mg/day on days 18-24, food 
restricted to that of days 15-18 2.9 26.0 2.5

(3 ) Plus vitamin Bi throughout, pair-fed 
with group 1 1.4 16.3 2.4

(4 ) Plus vitamin Bi throughout 15.3 36.1 4.0
1

21
Four rats/group; fed their respective diets for 
to 24.

24 days. Urine was collected on days

TABLE 2
Pyruvate oxidation1 by kidney homogenates from vitamin Bi -deficient rats

15 Days2 21 Days2

No vitamin Bi, no vitamin D 
No vitamin Bi 
No vitamin D
Plus vitamin Bi, plus vitamin D

Qo2
27.8 ± 4 .1 3 
26.1 ± 6 .2  
69.0 ± 3 .0  
69.6 ± 2 .8

0.O2
2 6 .7 ± 4 .8 3 
23.7 ± 5 .1  
79.3 ± 4 .6  
71 .6±6 .8

1 Reaction mixture described in text.
2 Days fed the diet.
3 Standard error of the mean calculated for 4 rats/group.

B6 plays a role in the synthesis of co
enzyme A (Yamada et al., ’56) although 
this remains to be established on a definite 
basis. Finally the permeability of cell and 
mitochondrial membranes cannot be over
looked. Pyridoxine has already been shown 
to be involved in amino acid transport 
(Christensen et al., ’54) although this is 
of an active type and not a question of 
simple permeability. It seems possible that 
the level of extracellular citrate might well 
be controlled by membrane phenomena 
rather than by metabolic means. The ef
fect of vitamin D on citrate oxidation by 
isolated kidney mitochondria now appears 
related to changes in the membrane or 
structural system of these particles (De 
Luca et al., ’60).

Deficiencies of vitamin A and biotin 
were without definite effect on urinary and 
tissue citrate (fig. Id, le and table 3). 
There is a slight trend to higher citrate 
levels in vitamin A deficiency, but the 
change is not significant.

In all the experiments dealing with thia
mine and biotin very high urinary citrate

values were obtained. This was due to the 
use of egg white instead of casein in these 
diets. Casein diets supplemented with 
0.2% of L-cystine have always given much 
lower urinary citrate values than egg white 
diets have.

In general, within each experiment, the 
effects of the vitamin deficiencies on kid
ney and serum citrate were similar to 
those observed in urine. Vitamin D defi
ciency reduced serum and kidney citrate 
levels, as was expected from previous re
sults (Steenbock and Beilin, ’53). Panto
thenic acid and pyridoxine deficiencies 
also depressed serum and kidney citrate 
content although in kidney, the depression 
with the pyridoxine experiment was not 
great with either vitamin B6 or vitamin D 
deficiency. Kidney citrate, like urine cit
rate levels, was high when egg white diets 
were fed. In addition, tissue citrate values 
for rats fed the same diet were noted to 
vary somewhat from one experiment to 
another, thereby preventing a critical com
parison of absolute citrate values from 
different experiments. Heart citrate values
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TABLE 3

Vitamin deficiency and tissue citrate1

Group Heart Kidney Bone Serum
gg/gm gg/gm rag/gm m g/100 ml

No vitamin D 22.2 ± 1 .3 2 11.3 ±  1.42 2.72 ±  0.042 2.1 ±  0.12
No pantothenic acid 18.6 ±  2.9 11.9 ±  1.4 5.08 ± 0 .2 0 2.4 ± 0 .2
Plus vitamin D, plus 

pantothenic acid 2 4 .6 ±  1.3 2 9 .3±4 .1 5.53 ± 0 .2 7 3 .2 ± 0 .1

No vitamin D 40.0 ± 3 .2 32.8 ± 4 .4 — 2.9 ± 0 .1
No biotin 35.7 ± 5 .6 52.0 ± 5 .4 — 2.9 ± 0 .3
Plus vitamin D, plus biotin 32.4 ± 5 .2 57.7 ± 3 .1 — 3.7 ±  0.2

No vitamin D 33.4 ± 4 .4 18.8 ± 2 .8 2.59 ± 0 .3 4 2.2 ± 0 .1
No vitamin B6 25.2 ± 5 .4 17.9 ±  4.2 4.49 ± 0 .2 0 2.4 ± 0 .2
Plus vitamin D, plus 

vitamin B6 26.7 ± 4 .1 24.2 ±  4.5 5.60 ± 0 .3 8 3 .0 ± 0 .1

No vitamin D — 31.3 ± 4 .1 — 2 .2 ±  0.2
No vitamin A — 51.9 ±  3.6 — 4.0 ±  0.1
Plus vitamin D, plus 

vitamin A — 40.0 ±  4.8 — 3.6 ±  0.3

No vitamin D — 57.0 ±  5.2 — 2.8 ± 0 .1
No vitamin Bi — 82.1 ± 6 .8 — 3.8 ±  0.2
Plus vitamin D, plus 

vitamin Bi — 77.8 ± 7 .3 — 4.4 ± 0 .2

'R a ts  were fed their respective diets for 21 days except for the vitamin A (18  days), 
vitam in Bi (15  days) and biotin (30  days) experiments. There were 4 to 10 rats in  each 
group.

2 Standard error o f the mean, calculated for 4 rats in  each group.

showed no effect of either vitamin D or 
any of the other vitamins tested. Although 
biotin deficiency apparently depressed se
rum citrate and had no effect on urinary 
citrate (fig. 1) this observation requires 
further verification before any significance 
can be attached to it.

Bone citrate values appeared very re
sistant to change by the vitamin deficien
cies except that of vitamin D. Only a slight 
depression was noted with vitamin B6 de
ficiency and little or no depression with 
pantothenic acid deficiency. The citrate of 
bone, largely, is not part of the metabolic 
pool and is found associated with the bone 
mineral (McLean, ’55). Because extra
cellular levels of citrate were depressed in 
the two B-vitamin deficiencies, however, it 
is unexpected to find bone citrate only 
slightly depressed. It is possible that the 
citrate of bone is synthesized by cells of 
the bone which may possess somewhat 
different metabolic systems or which may 
be subject to different metabolic controls.

For simplicity, in some experiments 
data from the animals deficient in both

vitamin D and the respective vitamin being 
studied are not presented; the citrate levels 
in these instances were always similar to 
those noted with the animals deficient in 
vitamin D alone.

SUMMARY

The effect of various vitamin deficien
cies on urinary and tissue citrate levels 
has been compared with that of vitamin D 
deficiency. Pantothenic acid and vitamin 
B6 deficiencies significantly depressed the 
levels of urinary, serum, and kidney cit
rate comparable to those found in vitamin 
D deficiency. They affected bone citrate 
only slightly, however, whereas vitamin D 
deficiency reduced this value greatly. 
Vitamin A and biotin deficiencies were es
sentially without effect. Although a severe 
thiamine deficiency depressed urinary cit
rate, this apparently was due to inanition, 
because with a mild though definite thia
mine deficiency, as indicated by a reduc
tion in pyruvate oxidation by kidney ho
mogenates, urinary and tissue citrate 
values were unchanged.
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The suggested relationship between the 
essential fatty acids and the genesis of 
atherosclerosis has received considerable 
attention in recent years (Sinclair, ’56). 
A number of studies (Luddy et al., ’58; 
Tuna et al., ’58; Wright et al., ’59; Bott- 
cher et al., ’60; Swell et al., ’60a, b; Mead 
and Gouze, ’61) have been carried out 
dealing with the fatty acid composition of 
the lipid fractions of human tissues, and 
in particular, serum versus aorta. The 
several reports are at variance with one 
another and suggest either an increase, 
decrease, or no change in the level of 
polyunsaturated fatty acids in the lipid 
fractions of the atherosclerotic lesion as 
compared with serum. Limited informa
tion is available regarding the changes oc
curring in tissue lipid fatty acid composi
tion in animals during the production of 
experimental atherosclerosis. Fisher et al. 
( ’59) and Fisher and Feigenbaum ( ’60) 
reported that the dienoic and tetraenoic 
fatty acid concentrations of the lipids from 
the plaque areas were lower than those of 
the clear areas of the aorta and that 
aortic fat was more saturated than plasma 
fat in atherosclerotic chickens. Blomstrand 
and Christensen ( ’61) reported that there 
was a marked increase in the proportion 
of oleic acid in the cholesterol ester frac
tion of the aorta of cholesterol-fed cockerels 
versus the aorta of normal animals. Zilver- 
smit et al. ( ’61) noted that the cholesterol 
ester and phospholipid fatty acid composi
tion of plasma and aorta from cholesterol- 
fed rabbits were markedly different.

Another finding related to the possible 
role of the essential fatty acids in athero- 
genesis was made in a recent study ( Swell 
et al., ’60c) in which it was shown that

the level of arachidonic acid in the serum 
cholesterol ester fraction of different spe
cies was correlated with susceptibility to 
atherosclerosis. Species which are known 
to be resistant to atherosclerosis (rat and 
dog) were observed to have high levels of 
arachidonic acid ( ’50 and 17% ) in their 
serum cholesterol ester fraction, whereas 
species susceptible to the disease, such as 
the chicken, rabbit, pig, guinea pig, goose 
and man, had low levels (1.0 to 7.0%). 
Those findings suggested that susceptibility 
to atherosclerosis may be related to the 
ability of each species to synthesize and 
utilize arachidonic acid. Arachidonic acid 
is ingested in negligible quantities in the 
diet and is synthesized in the body from 
linoleic acid. Pyridoxine may be involved 
directly or indirectly in that process (Wit
ten and Holman, ’52; Swell et al., ’61).

Kleinsorge and Zielke (’59) reported that 
feeding linoleic acid and pyridoxine or 
arachidonate in a high-cholesterol diet to 
rats prevented lipid deposition in the aorta. 
Martens and Hoskins ( ’58) administered 
pyridoxine parenterally to rabbits fed a 
cholesterol-rich diet and did not note any 
effect of the vitamin in preventing the de
velopment of atherosclerosis. The purpose 
of the present investigation was to ascer
tain in a species susceptible to athero
sclerosis (rabbit), (a ) whether arachidonic 
acid or linoleic acid and pyridoxine could 
influence the course of atherogenesis, and 
(b ) what changes occur in the fatty acid 
composition of the tissue lipid fractions 
during the development of atherosclerosis.
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Animals and diets. Zealand white male 
rabbits weighing 2.5 to 3.0 kg were divided 
into 4 groups of 5 each and one group of 
6. Each of the groups received, in the 
morning, 50 gm of powdered commercial 
rabbit pellet chow2 containing 1 gm of 
cholesterol with either one of the follow
ing: group A, 150 mg of olive oil; group 
B, 150 mg of linoleic acid; group C, 150 
mg of linoleic acid plus 3 mg of pyridoxine 
hydrochloride in aqueous solution given 
orally at the time of the morning feeding; 
and group D, 150 mg of ethyl arachido- 
nate.3 A control group received 50 gm of 
powdered pellet chow without additions. 
The animals consumed their meal in the 
morning, and in the afternoon were given 
an additional 75 gm of unground pellet 
chow. The cholesterol diets were prepared 
by dissolving 10 gm of cholesterol and 1.5 
gm of the fat or fatty acid in 200 ml of 
ether. This ether solution was added 
slowly in a mixing bowl to 500 gm of 
powdered pellet chow. The diet was 
thoroughly mixed until the ether had evap
orated. Preparation of the diet in this man
ner gave uniform distribution of choles
terol. Water was available to the animals 
ad libitum. The diets were fed for 9 
weeks. At the end of that period the ani
mals were fasted overnight and then sacri
ficed under pentobarbital sodium anes
thesia by exsanguination and the aorta and 
liver removed. The aorta was carefully 
cleared of adherent fat, sliced longitudi
nally and graded for atherosclerosis on a 
scale from zero to 4 + : zero representing 
the absence of visible atherosclerosis; 1 + , 
minimal but visible plaques; 4 + , exten
sive coverage of most of the aorta with 
numerous raised confluent plaques; and 
2 +  and 3 + , intermediate states. Tissues 
were weighed and extracted according to 
procedures described earlier (Swell et al., 
’60b). Free and total cholesterol of the 
serum and tissue lipid extracts were deter
mined by the method of Sperry and Webb 
( ’50). The cholesterol esters, triglycerides 
and phospholipids were separated on silicic 
acid columns and the fatty acid composi-

ifc■o»

HhJ«<H

AAÖ

£
[■g
'S

o

2 P u r i n a  R a b b i t  C h o w ,  T h e  R a l s t o n - P u r i n a  C o m 
p a n y ,  S t .  L o u i s .

3 K i n d l y  s u p p l i e d  b y  H o f f m a 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 .

3
‘ f t w CO rH CM i o

c i c i rH d
'o
A +1 +1 +1 +1 +1
A CM q o CO in
0 CO d CO c o

A
A

rH rH CM rH

to o i n CO q q
c i in CO CO

« CM
o
>> +1 +1 +1 +1 +1

q in 05
'in d d CO c i i n
H *  * CM CM CO r_l

O ’ H 
U  g

to
to + + + +

a  g C32 in rH rH q

<  o
to c i c i rH rH

g
03 CO CO i n q CM

c i c i rH rH d

S +1 +1 +1 +1 +1
i n rH i n CM

in CO CO r "'

00 CO CM q rH
rH rH rH rH d
+1 +1 +1 +1 +1
CO CO IN q rH
c i c i rH CO d

q 00 CO CM
rH d d d d
+1 +1 +1 +1 +1
q CO IN CO rH
rH c i rH c i rH

a
o

oÖ _a m

o
3
o

3oCÖ
+ + +d

Ü 1
-M

CO 'S 
O "T

O
<U 
cn <D
A
V

o
H
<L>
+J
CO
CD
O w

A  A

< pq O Q

ö.2
+->

’>
CDT3
T3Mcd
T3Öcd

A

o®
ooS V)

N ch

S ° 5 C
m cd s+H 0)
►.B
s s
o  r i

T3 § <L> w 
T 3 0> 
cd h
& & M

<d a A>



LIPID  F A T T Y  ACID C O M PO SITIO N  IN  ATHEROSCLEROSIS 183

tion of the isolated lipid fractions deter
mined by gas-liquid chromatography as 
previously described (Swell et al., ’60a, b). 
The triglyceride and phospholipid levels 
were determined by weighing the appro
priate silicic acid column fractions. Statis
tical analyses were carried out by the t 
test and values of P <  0.01 were con
sidered to be significant.

RESULTS

Aorta lipid levels (table 1). The ani
mals of all groups fed cholesterol showed 
moderate atherosclerosis. On the basis of 
visual grading, group C, which received the 
linoleic acid and vitamin Br, supplement, 
had the lowest degree of atherosclerosis of 
the experimental groups. The aortas of all 
groups showed more than normal amounts 
of cholesterol; this excess was predomi
nantly in the esterified fraction. Group C 
had a lower aorta cholesterol level than 
any of the remaining cholesterol-fed 
groups. When the cholesterol levels in the 
aortas of the different experimental groups 
were compared by statistical tests, how
ever, no significant differences were found. 
Further studies will be necessary to ascer
tain whether the linoleic acid and pyri- 
doxine combination in a low-fat diet re
tards the development of atherosclerosis. 
There were also increases in the trigly
ceride and phospholipid levels of the aorta 
of all experimental groups. No significant 
differences were found between the levels 
of those lipid fractions in the aorta of the 
several groups.

Tissue lipid levels (table 2). At the 
time of sacrifice all groups had high total 
blood cholesterol levels. There were no 
significant differences between the blood 
cholesterol levels of the experimental 
groups. The serum triglyceride level 
showed no significant change from the 
control value, but an increase occurred in 
the serum phospholipid level of the cho
lesterol-fed groups. The fiver cholesterol 
level was high in all experimental groups 
as compared with the control group; the 
increase was predominantly in the esteri
fied fraction. The triglyceride concentra
tion was significantly lower in the experi
mental groups and the liver phospholipid 
levels did not change as a result of choles
terol feeding.

Serum lipid fatty acids 
Cholesterol esters (table 3). Normal 

rabbit serum cholesterol esters were char
acterized by a high proportion (39.6% ) 
of linoleic acid (18 :2 ) and a low percent
age (1 .5% ) of arachidonic acid (20 :4 ). 
Linoleic acid constituted the major fatty 
acid of the serum cholesterol ester frac
tion. There was a striking change in the 
pattern of the serum cholesterol ester fatty 
acids in the animals with atherosclerosis. 
A significant decline occurred in the level 
of linoleic acid, with a corresponding in
crease in oleic acid when compared with 
the control group. In groups A to D, oleic 
acid (18 :1 ) became the major acid (35 
to 40% ) of the serum cholesterol ester 
fraction. No significant changes in any

TABLE 2
Serum and liver lipid levels of rabbits fed different diets

Group1
Cholesterol

Triglyceride Phospholipid
Free Ester Total

A 322 ±  1122
Serum, m g /100 ml 

969 ± 3 7 2  1291 ± 4 8 3 238 ±  82 560 ± 1 9 3
B 320 ±  66 873 ± 1 5 7 1193±213 168 ± 3 2 512 ± 5 8
C 259 ± 6 7 749 ±  272 1008 ± 3 3 3 131 ±  9 391 ± 1 0 1
D 435 ± 6 7 1149±213 1584 ± 2 7 6 185 ±  61 517 ±  94

Control 30 ± 1 0 57 ±  18 87 ± 2 4 131 ±  29 78 ± 2 2

A 3 .9 ±  1.7
Liver, m g/gm  fresh tissue 

1 0 .6±6 .4  14 .5±9 .1 8.6 ± 1 .9 32.3 ± 2 .8
B 3.9 ± 1 .0 10.9 ± 5 .2 14.8 ± 6 .0 6.7 ±  0.7 3 1 .4 ± 4 .9
C 4.7 ± 1 .6 13.1 ±  3.8 17.8 ± 5 .3 9.1 ±  1.1 30.4 ± 3 .9
D 4.3 ± 1 .3 12.2 ± 3 .5 1 6 .5 ± 4 .7 9 .0 ± 2 .4 30.6 ± 5 .2

Control 1.8 ± 0 .3 0 .6 ± 0 .1 2.4 ± 0 .4 14.1 ± 2 .3 35.3 ± 2 .5

1 See table 1 for description of groups.
2 Values represent the mean of 5 to 6 rabbits ±  standard deviation.
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of the remaining cholesterol ester fatty 
acids were noted. The addition of the es
sential fatty acid supplements (groups B, 
C and D) did not produce any differences 
with respect to the cholesterol ester fatty 
acid spectrum.

Triglycerides (table 4). The triglyceride 
fatty acids of normal rabbit serum were 
characterized by a high level of saturated 
fatty acids (46.8% ), of which the major 
one was palmitic acid (16 :0). The poly
unsaturated fatty acids (27.0% ) and the

mono-unsaturated fatty acids (26.2% ) 
were present in the same amounts. The 
serum triglyceride fatty acids of the several 
groups were very close in composition to 
that of the control animals. The only 
group which showed a change as compared 
with the control was group C (linoleic acid 
and pyridoxine) which had a lower per
centage of linoleic acid. This difference 
was found to be significant.

Phospholipids (table 5). Normal rabbit 
serum phospholipids were characterized by

TABLE 3
Serum cholesterol ester fatty acids of rabbits fed different diets

Fatty acid1
---------------------  Group2

Chain
length

carbons
No.

double
bonds

Control A B C D

6 to 15 3.1 ±  l . l 3 2.1 ± 0 .9
% Total fatty acids 

2.1 ± 0 .5 2.3 ± 0 .5 2.1 ± 0 .5
16 0 21.3 ± 2 .1 20.5 ± 2 .2 1 8 .3 ± 2 .4 20.3 ± 3 .6 22.2 ± 2 .4
16 1 4.7 ± 2 .4 5.4 ± 0 .9 4 .4 ±  1.2 5.3 ± 0 .9 5.0 ±  0.8
16 2 0.5 ± 0 .2 0.6 ± 0 .3 0.7 ± 0 .2 0.7 ±  0.1 0 .7 ± 0 .1
17 0 1.1 ± 0 .2 1.0 ±  0.2 1 .2 ± 0 .2 0.9 ± 0 .2 1 .2 ±  0.2
18 0 3.9 ± 1 .3 4.3 ±  1.4 3.1 ±  0.9 4 .1 ± 0 .8 3.9 ±  0.5
18 1 2 3 .2 ±  5.3 40.6 ± 6 .1 3 8 .2 ± 2 .4 4 2 .0 ± 3 .8 3 5 .2 ±  1.3
18 2 39.6 ± 5 .0 22.3 ± 4 .8 27.8 ±  1.9 20.9 ± 2 .7 25.4 ± 2 .9
18 3 0.7 ± 0 .4 1.9 ± 0 .3 3.1 ±  0.3 2.3 ± 0 .5 3.1 ± 0 .9
20 0 0.4 ± 0 .1 0.5 ± 0 .2 0.4 ± 0 .2 0 .5 ± 0 .1 0 .5 ± 0 .1
20 4 1.5 ±  0.4 0.8 ± 0 .2 0.7 ±  0.2 0 .7 ± 0 .3 0 .7 ± 0 .1

Saturated 29.4 28.2 24.9 27.8 29.7
Mono-unsaturated 28.3 46.2 42.8 47.6 40.4
Polyunsaturated 42.3 25.6 32.3 24.6 29.9

1 Represents the principal fatty acids determined; small amounts of others were also detected.
2 See table X for description of groups.
8 Values represent the mean of 5 to 6 rabbits ±  standard deviation.

TABLE 4
Serum triglyceride fatty acids of rabbits fed different diets

Fatty acid1
Group2

Chain
length

carbons
No.

double
bonds

Control A B c D

6 to 15 2.5 ±  1.4s 3.0 ± 0 .8
% Total fatty acids 

5 .0 ±  1.3 3.5 ± 0 .7 4 .0 ±  1.4
16 0 38.0 ± 2 .6 4 1 .3 ± 3 .1 38.4 ± 3 .8 40.1 ± 2 .5 39.8 ±  1.1
16 1 2 .6 ±  1.0 2.5 ± 0 .4 3.2 ± 0 .9 3 .5 ±  0.8 2.9 ± 0 .8
16 2 0.2 ± 0 .1 0 .2 ±  0.1 0 .2 ± 0 .1 0 .2 ±  0.1 0 .2 ± 0 .1
17 0 0.6 ± 0 .2 0.7 ±  0.2 0.8 ± 0 .2 0 .8 ± 0 .3 0.8 ± 0 .4
18 0 5 .6 ±  1.9 6.8 ± 1 .6 4.5 ± 0 .9 5 .8 ±  1.1 5 .7 ±  1.5
18 1 23.4 ± 2 .7 25.8 ± 4 .1 2 4 .6 ± 2 .9 28.7 ± 3 .6 25.7 ±  1.7
18 2 2 5 .2 ± 4 .9 18.0 ±  5.1 20.7 ±  2.5 15.4 ± 2 .8 18.8 ± 1 .9
18 3 1.1 ±  0.3 1.2 ± 0 .4 1.8 ± 0 .3 1.3 ± 0 .3 1 .2 ± 0 .4
20 0 0 .3 ± 0 .1 0 .2 ±  0.1 0.4 ± 0 .2 0.3 ± 0 .1 0 .4 ±  0.1
20 4 0.5 ± 0 .2 0.3 ± 0 .1 0 .4 ± 0 .1 0.4 ± 0 .2 0 .5 ±  0.1

Saturated 46.8 51.8 48.9 50.3 50.5
Mono-unsaturated 26.2 28.5 28.0 32.4 28.8
Polyunsaturated 27.0 19.7 23.1 17.3 20.7

*'2'3 See footnotes to tables 1 and 3.
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a high percentage of saturated fatty acids 
(52.3% ) and a small amount of poly
unsaturated fatty acids (21.2% ). The 
major fatty acid of that serum fraction was 
palmitic acid (32.9% ). With the develop
ment of atherosclerosis there was a signifi
cant increase in the proportion of linoleic 
acid in the serum phospholipid fraction of 
all experimental groups and a drop in the 
proportion of oleic acid. Group D which 
received the arachidonate supplement had 
a significantly greater amount of arachi-

donic acid in its serum phospholipid frac
tion than any of the other experimental 
groups.

Aorta lipid fatty acids
Cholesterol esters (table 6 ). Normal 

rabbit aorta contained only traces of cho
lesterol ester and therefore it was not pos
sible to obtain adequate amounts for fatty 
acid analysis; the values reported in table 
6 represent those esters deposited in the 
aorta as a result of cholesterol feeding.

TABLE 5
Serum phospholipid fatty acids of rabbits fed different diets

Fatty acid1
Group2

Chain ] 
length do 

carbons be
uble
>nds

Control A B C D

% Total fatty acids
6 to 15 2 .0 ± 0 .7 3 1 .5 ±  0.3 1.9 ±  0.3 1 .7 ± 0 .9 1.4 ± 0 .5

16 0 32.9 ± 3 .0 3 6 .5 ± 3 .1  3 7 .2 ± 4 .9  3 7 .5 ± 4 .2 40.5 ± 2 .0
16 1 1 .2 ± 0 .3 1 .5 ±  0.5 1 .4 ±  0.4 1 .6 ±  0.4 1.1 ± 0 .4
17 0 1.5 ±  0.5 1.3 ± 0 .4 1.3 ±  0.4 1 .0 ± 0 .3 1.1 ±  0.5
18 0 15.1 ±  4.5 15.2 ±  1.9 12 .9 ± 2 .7  12 .7±2 .4 13.8 ± 1 .4
18 1 25.3 ± 3 .4 15.0 ±  2.0 12 .9±1 .1  15.1 ± 2.6 13.8 ± 0 .7
18 2 1 5 .6±2 .5 24.0 ±  3.0 27.5± 2.0 2 4 .9 ± 2 .3 20.9 ± 3 .3
18 3 0.3 ± 0 .1 0.4 ± 0 .2 0 .2 ± 0 .1  0.3 ±  0.1 0.3 ± 0 .1
20 0 0.8 ± 0 .2 0.5 ± 0 .3 0.5 ±  0.2 0.7 ±  0.1 0.6 ± 0 .2
20 4 2.4 ± 0 .9 1.5 ±  1.0 1 .4 ±  0.8 1.5 ± 0 .5 3 .2 ±  1.0
224 2.9 ± 0 .8 2 .6 ±  0.5 2.8 ± 0 .5  3 .0 ±  0.6 3.3 ± 0 .7

Saturated 52.3 55.0 53.8 53.6 57.4
Mono-unsaturated 26.5 16.5 14.3 16.7 14.9
Polyunsaturated 21.2 28.5 31.9 29.7 27.7

L2.3 See footnotes to tables 1 and 3.
4 Represents long-chain polyunsaturated fatty acids, 22 carbons and longer.

TABLE 6
Aorta cholesterol ester fatty acids of rabbits fed different diets

Fatty acid1
— ~ —;-------- Group2

Chain
length double A B C D

carbons bonds
% Total fatty acids

6 to 15 3.9 ±  1.73 3 .5 ±  1.5 4.8 ± 1 .9 3 .2±  0.7
16 0 3 1 .0 ± 6 .5 2 9 .6 ±  5.6 38.1 ±  8.5 36.2 ±  11.1
16 1 4.1 ± 1 .1 2 .9 ±  1.0 3.0 ± 0 .9 3.5 ±  0.7
16 2 1.4 ± 0 .9 1 .3 ±  0.6 1.6 ±  0.6 1.2 ±  0.3
17 0 0 .2 ± 0 .1 0 .2 ±  0.1 0 .2 ±  0.1 0 .2 ±  0.1
18 0 6.7 ± 1 .2 5 .2 ±  1.6 7.9 ± 2 .7 4.8 ±  0.8
18 1 39.4 ± 7 .9 39.8 ±  5.4 33.6 ± 7 .6 36.8 ±  7.7
18 2 11.8 ±  3.4 15.3 ±  4.5 8 .0 ±  3.3 11.9 ±  4.0
18 3 0.7 ± 0 .2 1.0 ±  0.5 1.0 ± 0 .4 1.2 ±  0.4
20 0 0.5 ±  0.2 0.8 ± 0 .3 0.7 ±  0.3 0.6 ±  0.3
20 4 0 .3 ±0 .1 0.4 ± 0 .1 1.1 ±  0.6 0.4 ±  0.2

Saturated 42.3 39.1 51.5 44.8
Mono-unsaturated 43.5 42.9 36.8 40.5
Polyunsaturated 14.2 18.0 11.7 14.7

1’2*3 See footnotes to tables 1 and 3.
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There were no significant differences in 
the cholesterol ester fatty acid composition 
between the several experimental groups. 
The aorta cholesterol ester fatty acids of the 
experimental groups were characterized by 
a high percentage of saturated and mono- 
unsaturated fatty acids which occurred in 
approximately equal proportions and a 
very low level of polyunsaturated fatty 
acids (12 to 18% ). The major acids were 
palmitic and oleic acids which were pres
ent in approximately equal quantities. The 
arachidonic acid in this fraction was ex
ceedingly low (0.3 to 1% ).

Triglycerides (table 7). Normal rabbit 
aorta triglyceride fatty acids consisted pre
dominantly of palmitic, oleic and linoleic 
acids. Cholesterol feeding did not alter 
the aorta triglyceride fatty acid composi
tion.

Phospholipids (table 8 ). The phospho
lipid fatty acids of normal rabbit aorta had 
a high proportion of saturated fatty acids 
(56.6% ) and a low percentage of polyun
saturated fatty acids (14.0% ). Cholesterol 
feeding did not alter the aorta phospholipid 
fatty acid composition.

TABLE 7
Aorta triglyceride fatty acids of rabbits fed different diets

Fatty acid1
Group2

Chain
length

carbons
No.

double
bonds

Control A B c D

% Total fatty acids
6 to 15 3.1 ±  1.1s 4.3 ± 1 .4 4.0 ± 1 .2 3.3 ± 0 .8 4.1 ± 1 .2

16 0 38.8 ± 4 .8 3 7 .6 ±  2.8 39 .0±3 .1 43.2 ± 2 .9 37.4 ± 2 .2
16 1 2.9 ± 0 .8 3 .2 ±  0.7 3.1 ± 0 .5 3.5 ±  0.8 3.6 ± 1 .4
16 2 0.2 ± 0 .1 0 .2 ±  0.1 0.2 ± 0 .1 0.2 ± 0 .1 0 .2 ±  0.1
17 0 0.5 ± 0 .2 0 .3 ±  0.1 0.2 ± 0 .1 0 .2 ± 0 .1 0.2 ± 0 .1
18 0 5.2 ± 0 .6 5.4 ± 0 .2 5.7 ±  1.2 5 .6 ± 0 .7 5.3 ± 0 .8
18 1 28.1 ± 3 .6 24.8 ± 2 .1 25.9 ± 2 .0 2 7 .5 ±  1.3 24.0 ± 1 .7
18 2 19.1 ± 4 .7 2 2 .0 ±  4.1 1 9 .9±2 .7 14 .9±4 .4 22.9 ± 1 .3
18 3 1 .5 ± 0 .6 1 .5 ±  0.7 1 .5 ± 0 .8 1 .0 ±0 .1 1 .7 ± 0 .3
20 0 0.3 ± 0 .1 0.5 ± 0 .2 0.3 ± 0 .1 0.3 ± 0 .1 0.3 ± 0 .1
20 4 0 .3 ± 0 .1 0 .2 ±  0.1 0.2 ± 0 .1 0.3 ± 0 .1 0.3 ± 0 .2

Saturated 47.9 47.9 49.0 52.4 47.1
Mono-unsaturated 31.0 28.2 29.2 31.2 27.8
Polyunsaturated 21.1 23.9 21.8 16.4 25.1

1A3 See footnotes to tables 1 and 3.

TABLE 8
Aorta phospholipid fatty acids of rabbits fed different diets

Fatty acid1
Group2

length double Control A B C D
carbons bonds

% Total fatty acids
6 to 15 2 .0 ± 0 .3 3 2 .5 ±  1.0 2 .8 ±  1.0 3 .4 ±  1.4 2.3 ± 0 .6

16 0 4 2 .3 ± 2 .5 41.5 ±  5.0 4 1 .0 ± 3 .8 4 7 .0 ± 8 .4 4 5 .0 ± 4 .4
16 1 1.3 ± 0 .3 1.8 ± 0 .6 1.6 ±  0.5 2.3 ± 0 .8 1 .6 ± 0 .8
17 0 0.5 ± 0 .4 0 .5 ±  0.2 0.6 ± 0 .2 1 .0 ±  0.5 0.5 ± 0 .2
18 0 11.1 ± 1 .5 1 4 .0±  1.5 13.1 ±  1.7 9 .0 ±  1.8 10 .2±3 .0
18 1 28.1 ± 4 .4 27.7 ±  5.8 27.8 ± 3 .7 2 7 .7 ± 5 .5 29.2 ± 1 .8
18 2 9.1 ± 3 .2 7.6 ± 2 .1 8 .7 ±  2.2 5.3 ± 2 .8 6 .0 ±  1.8
18 3 0.7 ± 0 .3 0.4 ± 0 .1 0.8 ± 0 .4 0.6 ± 0 .3 0.9 ± 0 .4
20 0 0.7 ± 0 .3 0.9 ± 0 .5 0.5 ± 0 .4 0.4 ± 0 .2 0.7 ±  0.2
20 4 1.7 ±  0.8 0.8 ± 0 .3 0 .6 ± 0 .1 0.9 ± 0 .2 0.9 ± 0 .4
22“ 2.5 ± 1 .0 2.3 ± 0 .9 2.5 ± 0 .5 2.4 ± 0 .4 2.7 ±  0.6

Saturated 56.6 59.4 58.0 60.8 58.7
Mono-unsaturated 29.4 29.5 29.4 30.0 30.8
Polyunsaturated 14.0 11.1 12.6 9.2 10.5

1 .2,3 ,4  gee footnotes to tables 1, 3 and 5.
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Serum versus aorta lipid, fatty acids
Cholesterol esters. The fatty acid com

position of the cholesterol ester fraction of 
the serum (table 3) was different from 
that fraction of the aorta (table 6) in the 
several groups. The serum cholesterol ester 
fraction of all groups had significantly 
more linoleic acid and less palmitic acid 
than that fraction in the aorta. These dif
ferences were more pronounced in the con
trol group than in the cholesterol-fed 
groups.

Triglycerides. The triglyceride fatty 
acid composition of the serum (table
4) and aorta (table 7) were very similar 
in all groups.

Phospholipids. Although there was an 
increase in the amount of linoleic acid in 
the serum phospholipid fraction (table 5) 
of the animals receiving the high choles
terol diets, there was no marked change in 
the aorta phospholipid fatty acid composi
tion (table 8). That fraction in the serum 
and the aorta of the control animals was

TABLE 9
Liver cholesterol ester fatty acids of rabbits fed different diets

Fatty acid1
Group2

Chain
length

carbons
No.

double
bonds

Control A B c D

6 to 15 2.4 ±  0.73 2.3 ± 0 .7
% Total fatty acids 

2.5 ± 0 .8 2.0 ± 0 .6 2.3 ± 0 .9
16 0 28.3 ± 2 .2 25.3 ± 2 .7 22.5 ±  1.4 23.1 ± 3 .1 22.6 ± 2 .6
16 1 2.9 ± 0 .5 3.3 ±  0.8 5 .2 ±  1.7 6.7 ±  1.9 4.6 ± 1 .0
16 2 0 .2 ± 0 .1 0 .2 ±  0.1 1 .0 ± 0 .3 0.7 ± 0 .3 0 .7 ± 0 .2
17 0 1 .1 ± 0 .1 1.1 ±  0.2 1.5 ±  0.1 1 .1 ± 0 .2 1 .0 ±  0.2
18 0 18 .0±4 .8 9 .2 ±  2.1 6.2 ± 1 .4 5.3 ±  0.7 6.0 ± 0 .9
18 1 29.4 ± 3 .6 40.3 ± 3 .8 42.8 ± 3 .8 47.1 ± 4 .9 44.5 ± 5 .8
18 2 15 .2±2 .6 1 5 .8 ±  1.2 15.2 ±  1.4 11.8 ± 2 .3 15 .3±4 .9
18 3 1 .0 ± 0 .2 1 .2 ±  0.3 1.7 ±  0.3 1.2 ± 0 .4 1 .4 ± 0 .5
20 0 0 .7 ± 0 .2 0.5 ±  0.2 0.6 ± 0 .2 0 .5 ± 0 .1 0.6 ± 0 .1
20 4 0.8 ± 0 .3 0.8 ± 0 .4 0.8 ± 0 .2 0 .5 ± 0 .1 1 .0 ±  0.5

Saturated 50.3 37.9 32.8 31.7 32.1
Mono-unsaturated 32.5 44.1 48.5 54.1 49.5
Polyunsaturated 17.2 18.0 18.7 14.2 18.4

us.* See footnotes to tables 1 and 3.

TABLE 10
Liver triglyceride fatty acids of rabbits fed different diets

Fatty acid1
Group2

Chain
length

carbons

No.
double
bonds

Control A B c D

% Total fatty acids
6 to 15 2 .4 ± 0 .6 3 3 .0 ±  0.9 4 .5 ±  0.7 4.5 ± 1 .6 3.2 ± 0 .5

16 0 37.6 ± 2 .6 43.4 ± 2 .6 41.4 ±  5.2 40.4 ± 3 .2 46.0 ±  1.7
16 1 2 .0 ±  0.4 3.1 ±  1.1 4.1 ±  0.8 4.8 ± 1 .0 3.1 ±  0.6
16 2 0 .2 ± 0 .1 0 .2 ±  0.1 0.2 ± 0 .1 0 .2 ± 0 .1 0 .2 ± 0 .1
17 0 0 .6 ± 0 .1 0.7 ±  0.1 1.1 ± 0 .4 0.6 ± 0 .2 0 .6 ± 0 .1
18 0 4.4 ± 0 .8 4.5 ±  0.5 4.8 ± 1 .3 5 .2 ±  1.9 5 .0 ±  1.8
18 1 20.5 ± 2 .1 2 6 .0 ±  4.9 2 8 .4 ± 4 .2 31.2 ±  3.1 2 5 .2 ± 4 .7
18 2 30.2 ± 3 .4 1 7 .5 ± 3 .7 13.7 ± 1 .7 11 .0±2 .3 15.1 ±  4.5
18 3 1.5 ±  0.3 0.8 ± 0 .3 0.8 ± 0 .2 0 .9 ±  0.2 0.9 ± 0 .2
20 0 0 .3 ± 0 .1 0.4 ± 0 .1 0.6 ± 0 .2 0.6 ± 0 .4 0 .5 ±  0.3
20 4 0.3 ± 0 .1 0.4 ± 0 .2 0.4 ± 0 .1 0.6 ± 0 .3 0 .2 ±  0.1

Saturated 45.1 51.8 52.0 50.9 55.1
Mono-unsaturated 22.7 29.3 32.9 36.4 28.5
Polyunsaturated 32.2 18.9 15.1 12.7 16.4

!>2'3 See footnotes to tables 1 and 3.



1 8 8 LEON S W E L L , M . D. L A W , P . E. SCHOOLS, JR . AND C. R . T R EA D W E LL

also different in fatty acid composition. 
The changes occurring in the serum frac
tion may reflect the greater abundance of 
a specific phospholipid.

Liver lipid fatty acids
Cholesterol esters (table 9). The cho

lesterol ester fraction of the liver of all 
groups was characterized by a low percent
age of polyunsaturated fatty acids, and in 
particular, linoleic acid. No significant dif
ferences were observed in the liver choles
terol ester fatty acid composition among 
the groups fed the cholesterol and fatty 
acid-supplemented diets. There was, how
ever, a significant reduction in the propor
tion of stearic acid (18 :0 ) and an increase 
in the level of oleic acid in the experimental 
groups as compared with the control ani
mals.

Triglycerides (table 10). The liver tri
glyceride fraction of the several cholesterol- 
fed groups had significantly less linoleic 
acid than that of the control animals. That 
decline in linoleic acid was made up by 
proportionate increases in the levels of 
oleic and palmitic acids.

Phospholipids (table 11). The fiver 
phospholipid fraction showed the most 
marked differences with respect to the 
effect of the essential fatty acid-supple
mented diets. The most notable effect on

the fatty acid composition was in group D 
which received arachidonate. Group D had 
significantly more arachidonic acid and 
linoleic acid than groups A, B and C. Group 
C which received the linoleic acid and vita
min Be supplement also showed a higher 
proportion of linoleic acid than groups A 
and B, although not as high as group D 
which received arachidonate.

DISCUSSION

In interpreting the results of the present 
study the following points are pertinent. 
Ethyl arachidonate fed at a level of 150 mg 
per day was a large amount in terms of the 
total body arachidonic acid level of the 
rabbit. The addition of the small amounts 
of fatty acids (150 mg), however, did not 
substantially alter the proportion of fat in 
the diets of the animals. The rabbit pellet 
chow fed was previously analyzed and 
contained only 2.4% of fat (Swell et al., 
’60c). Thus, the changes occurring in the 
tissue lipid fatty acids reflect the effect of 
a high-cholesterol low-fat diet. The feed
ing of arachidonate did not alter the course 
of atherosclerosis, nor, with the exception 
of the phospholipid fraction in the serum 
and fiver, were there any elevations in the 
percentage of arachidonate in any of the 
tissue lipid fractions when compared with 
the other groups fed the high-cholesterol,

TABLE 11
Liver phospholipid fatty acids of rabbits fed different diets

Fatty acid1
Group2No.

length
carbons

double
bonds

Control A B C D

6 to 15 0 .9 ± 0 .5 3 1.5 ± 0 .5
% Total fatty acids 

2.1 ± 0 .4 1.8 ±  0.7 1 .2 ±  0.5
16 0 2 3 .5 ± 4 .2 3 5 .0 ± 8 .8 4 0 .4 ± 4 .7 35.0 ± 8 .8 29.6 ± 3 .2
16 1 1 .0 ±  0.5 1.8 ± 0 .8 1 .7 ± 0 .6 2.1 ± 0 .6 1 .2 ±0 .1
16 2 0 .2 ± 0 .1 0.2 ± 0 .1 0 .2 ±  0.1 0.5 ± 0 .2 0.2 ± 0 .1
17 0 1 .0 ± 0 .3 2 .7 ±  1.5 1.5 ± 0 .4 1.5 ± 0 .6 0.7 ± 0 .1
18 0 25.7 ± 3 .2 23.0 ± 4 .3 22.8 ± 1 .1 1 5 .2±6 .7 17.0 ±  1.5
18 1 9.6 ± 3 .5 15.9 ± 4 .7 15.4 ± 2 .4 1 8 .0±3 .7 13 .6±  1.7
18 2 2 6 .6±6 .1 11 .1±2 .9 8 .4 ± 3 .0 16.4 ± 3 .4 23.0 ± 1 .0
18 3 0.6 ± 0 .2 0.6 ± 0 .3 0.5 ± 0 .1 0.7 ± 0 .2 0 .6 ± 0 .1
20 0 0.3 ± 0 .1 0.3 ± 0 .1 0 .4 ±  0.1 0.5 ± 0 .3 0.4 ± 0 .1
20 3 0 .2 ± 0 .1 0.2 ± 0 .1 0.2 ± 0 .1 0 .3 ± 0 .1 0 .2 ±  0.1
20 4 4 .5 ±  1.0 2 .4 ±  1.1 1.7 ±  0.3 2 .6 ±  1.7 5.8 ± 2 .7
224 6.0 ± 1 .5 5 .3 ±  1.1 4.7 ± 0 .9 5.4 ± 1 .5 6.5 ± 2 .0

Saturated 51.2 62.3 67.0 53.8 48.7
Mono-unsaturated 10.8 17.9 17.3 20.3 15.0
Polyunsaturated 37.9 19.8 15.7 25.9 36.3

i,2 ,3 ,4  gee footnotes to tables 1, 3 and 5.
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fatty acid-supplemented diets. It thus ap
pears, that, even though a relatively large 
amount of arachidonate was fed, the com
position of the tissue lipid fractions was 
not appreciably altered. In view of the 
previously described relationship ( Swell et 
ah, ’60c) between arachidonic acid in the 
serum cholesterol esters and species sus
ceptibility to atherosclerosis, these results 
suggest that arachidonate synthesis and 
utilization is well regulated in the rabbit 
and not readily susceptible to alteration. 
Such inherent species differences in arach
idonate metabolism, and in particular, 
cholesterol ester metabolism, may provide 
some important information regarding the 
pathogenesis of atherosclerosis. None of 
the remaining diets had any significant ef
fect on the course of the disease nor on the 
lipid levels in the tissues. The effect of 
the linoleic acid and pyridoxine diet is 
equivocal and further studies are needed to 
ascertain whether such regimens have a 
beneficial effect. A recent study (Swell et 
al., ’61) has shown that pyridoxine may 
not play a direct role in arachidonate bio
synthesis.

Data on the lipid fatty acid composition 
of rabbit aorta, serum and liver indicate 
that distinct changes occur in tissue lipid 
fatty acid composition as a result of cho
lesterol feeding. The most notable changes 
occurred in the serum and tissue choles
terol ester fractions. The cholesterol esters 
of the aorta in all groups with athero
sclerosis showed a significantly larger pro
portion of saturated and oleic acids and 
significantly less linoleic acid than that 
fraction in the serum of normal animals. 
These observations are in agreement with 
our earlier reports in man (Swell et al., 
’60a, b) and provide added support for the 
concept that a derangement of essential 
fatty acid metabolism, and, in particular, 
of cholesterol ester metabolism may be an 
important factor in the etiology of athero
sclerosis. The changes in the serum and 
tissue phospholipid fatty acid composition 
are difficult to interpret because the phos
pholipid fraction is heterogenous and 
changes may have occurred in only one of 
the phospholipid fractions. However, while 
the polyunsaturated fatty acid level in the 
serum cholesterol ester fraction decreased 
upon cholesterol feeding, the polyunsatu

rated fatty caids of the serum phospholipid 
fraction increased. At the same time, the 
aorta phospholipid fatty acid composition 
did not change. These observations may 
be interpreted to indicate that the aortic 
phospholipid fraction is derived from syn
thesis within the tissue in agreement with 
Zilversmit and McCandless ( ’59) or that 
only specific phospholipids are deposited in 
the aorta from serum.

Observations with respect to the liver 
cholesterol ester fatty acid composition 
confirm our earlier findings in the rat 
(Swell et al., ’60d) and man (Swell et al., 
’60a) and indicate that the liver cholesterol 
esters of the normal animal contain a 
much higher proportion of saturated fatty 
acids than the serum cholesterol ester frac
tion. The feeding of cholesterol increased 
the proportion of oleic acid in the liver cho
lesterol esters. Similar observations have 
been made by Evans et al. ( ’59) who fed 
rabbits cholesterol with tallow. In the cho
lesterol-fed rabbits, however, the liver cho
lesterol ester was decidedly different in 
fatty acid composition from the aorta or 
the serum. The non-homogeneity of the 
cholesterol ester fraction in the liver and 
other tissues further supports the view 
(Swell et al., ’58; Field et al., ’60) that se
rum cholesterol esters may not be directly 
derived from the liver, but perhaps through 
a process of exchange with other lipids as 
well as through direct esterification of cho
lesterol in other tissues.

SUMMARY

Rabbits were fed a normal stock diet 
supplemented with 1 gm of cholesterol per 
day plus either one of the following: 150 
mg olive oil, 150 mg linoleic acid, 150 mg 
linoleic acid plus 3 mg pyridoxine, and 
150 mg ethyl arachidonate. A control 
group fed the stock diet was run in parallel. 
The animals were sacrificed after 9 weeks, 
the aorta graded visually and the tissues 
analyzed for lipids and lipid fatty acid 
composition by gas-liquid chromatography. 
All of the cholesterol-fed groups showed 
moderate degrees of atherosclerosis. There 
did not appear to be any differences with 
respect to the effect of the various diets on 
the development of atherosclerosis with 
the possible exception of the group receiv
ing linoleic acid and pyridoxine. The cho
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lesterol, triglycerides and phospholipids of 
the aorta were elevated in all experimental 
groups above the control. Increases in the 
liver and serum cholesterol occurred, but 
no differences were noted among the cho
lesterol-fed groups. There were marked 
differences in tissue lipid fatty acid com
position between the several cholesterol- 
fed groups and the control animals. The 
serum cholesterol ester fraction of the rab
bits with atherosclerosis had substantially 
more oleic acid and less linoleic acid than 
that fraction in the serum of normal ani
mals. The cholesterol esters deposited in 
the aorta of the cholesterol-fed groups con
tained a significantly greater proportion of 
saturated and oleic acids and significantly 
less linoleic acid than that fraction in the 
serum of normal animals. No significant 
differences occurred in the fatty acid com
position of the aorta triglyceride and phos
pholipid fractions between normal and 
atherosclerotic animals. In the animals 
with atherosclerosis, however, there was 
an increase in the proportion of linoleic 
acid in the serum phospholipid fraction. 
The group fed ethyl arachidonate had 
significantly more of that acid in the 
liver phospholipid fraction than the other 
fatty acid-supplemented groups. The re
sults of this study provide further evidence 
that the essential fatty acids may play an 
important role in the pathogenesis of 
atherosclerosis, and in particular that 
arachidonic acid and cholesterol ester me
tabolism require further investigation.
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Growth and Dietary Pattern of Rats Fed Self-Selection 
Diets Following Whole-Body Irradiation* 1

FRANK KONISHI
V. S. Naval Radiological Defense Laboratory, San Francisco, California

Animals living in their natural environ
ment instinctively select diets adequate 
enough to maintain growth and reproduc
tion. The laboratory rat also has demon
strated the ability to select an adequate 
diet from a variety of nutrients offered in 
separate containers (Osborne and Mendel, 
T8; Richter et al., ’38).

Cravings for various foods by animals 
are often attempts to overcome certain 
nutritional deficiencies or disorders. For 
example, rats supplied with diets deficient 
in either thiamine, riboflavin, or pyridox- 
ine will tend to select those diets contain
ing the respective vitamins (Scott and 
Quint, ’46). Increased nutritional demands 
during pregnancy and lactation also elicit 
abnormal cravings for calcium and pro
tein (Richter and Barelare, ’38).

The present study was designed to in
vestigate further the apparent ability of 
rats to voluntarily select a diet according 
to the needs of the body and to detect pos
sible metabolic derangements or deficien
cies resulting from exposure to moderate 
doses of x-irradiation.

EXPERIMENTAL

Male rats of the Sprague-Dawley strain 
were obtained at weanling age from the 
Naval Radiological Defense Laboratory’s 
(NRDL) pathogen-free colony and used 
in this study. Each of the 44 rats was in
dividually housed and fed in large, wire- 
bottom cages. All animals initially were 
fed a basal diet composed of the following 
in per cent: crude casein, 24; corn oil, 10; 
sucrose, 57; dried brewer’s yeast, 4; min
eral mix,2 4; and cod liver oil, 1. Follow
ing a 14-day adjustment period, 28 rats 
were placed on a self-selection regimen 
and the remaining 16 rats continued to 
be fed the basal diet. The rats on the self
selection regimen were offered the above

ingredients and distilled water ad libitum 
in separate containers except the corn oil 
and cod liver oil which were combined in 
a 10:1 ratio. The dry ingredients were 
offered in pint-size, wide-mouth mason 
jars that were converted to feeding con
tainers. The corn oil-cod liver oil and dis
tilled water were offered in glass vials and 
bottles, respectively, with glass drinking 
tubes. The jars and bottles were rotated 
in the cages every other day in a random, 
predetermined manner in one-half of the 
rats supplied with self-selected diets. The 
rats receiving basal diets also were allowed 
ad libitum quantities of the basal, pre
mixed diet and distilled water. Daily 
measurements of food and water intakes 
and body weights were obtained.

Following a 21-day period on the experi
mental regimen, all the rats receiving self- 
selected diets and one-half of the rats 
maintained with the basal diet were ex
posed to a single dose of 375-rad x-irradia
tion3 and three weeks later, to a second 
375-rad dose.

The relative proportions of nutrients 
consumed were converted to calories using 
the average physiological fuel values of 
4, 9, and 4 Cal. per gm of protein, fat and 
carbohydrate, respectively.

RESULTS

During the pre-irradiation period, two 
rats obviously were unable to select an ade
quate diet; and two other rats died quite

Received for publication June 10, 1961.
1 The opinions and assertions contained herein 

are those of the author and are not to be con
strued as official or reflecting the views of the 
Navy Department.

2 Salt Mixture, H.M.W., Nutritional Biochem
icals Corporation, Cleveland.

3 X-rays, 250 kvp, 15 ma, filters; 0.5 mm Cu 
+  1 mm Al (HVL, 1.4 mm Cu), target distance, 
40 inches; dose rate, 28 rad per minute.
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TABLE 1

Variability in average daily food intake of an individual rat and in a group of rats on 
self-selection diets during pre-irradiation period1

Animals No. of Diet ingredient
animals Casein Yeast Sucrose Fat Minerals

Individual
Range

1
gm/day 
3 .0 ± 0 .8  

(2.0—5.0)

gm/day
1.3X 0.9
(0 -3 .0 )

gm/day
13 .3±1 .8

(10.0 -16.0)

gm/day
0.1X 0.1

(0 -0 .4 )

gm/day 
0.4 ± 0 .4  

(0 -1 .0 )

Group
Range

18 4 .0 ± 2 .0  
(1 .1 -7 .5 )

3 .6 ±  1.5 
(1 .4 -6 .5 )

6 .8X 3.0
(1 .4-11 .5)

1.0X1.0  
(0 .1 -3 .7)

0 .2X 0 .2  
(0 .1 -0 .7 )

1 Including standard deviation.

suddenly of unknown causes and are, 
therefore, excluded from the results to be 
presented. The remaining 24 rats on the 
self-selection regimen were able to select 
a diet that resulted in growth equal to that 
of rats fed the basal diet. Rotation of the 
food and water containers did not influ
ence the selections or growth rates. Statis
tical analysis of growth rates, total food 
intake and efficiences of food utilization 
prior to the irradiation showed no signifi
cant differences between rats fed basal or 
self-selected diets. In general, the patterns 
of food intake were quite variable between 
rats but relatively consistent for any given 
animal, particularly for the casein and 
sucrose, as shown in table 1.

Within 4 days after the initial 375-rad 
x-irradiation, 4 rats had died. Gross find
ings upon autopsy indicated that two died 
with urethral proteinaceous plugs and two 
with internal hemorrhaging. By the 14th 
day post-irradiation, two additional rats 
died, presumably from the effects of radi
ation. All rats that died had been supplied 
with self-selected diets and 5 of the 6 were, 
at one time or another, high-fat consum
ers, selecting as much as 75% of their 
total calories as fat. The apparent appetite 
for fat, however, may have reflected a dis
like for casein or the other ingredients.

The mean differences in body weight 
between the two irradiated groups and the 
nonirradiated control group fed the basal 
diet are illustrated in figure 1. As shown, 
rats fed the basal diet lost significantly 
more body weight after both radiation 
doses than the rats that selected their own 
diet. It required 7 days for the rats receiv
ing the self-selection diet and 12 days for 
those supplied with the premixed diet to re-
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Fig. 1 Mean daily differences in body weight 
between control rats fed a basal diet and ir
radiated rats supplied with self-selection or basal 
diets. Zero reference line indicates non-irradi- 
ated, basal diet; solid line, irradiated, self-selec
tion diet; dotted line, irradiated, basal diet. 
Number of animals per group in parentheses.

gain the weight observed at the time of the 
first radiation. The differences in body 
weight are not attributable entirely to the 
variance in weight of water consumed be
tween the two groups since they never 
approached that of body weight differ
ences (fig. 2). The apparent polydipsia de
picted in figure 2, one-day post-irradiation, 
was due primarily to excessive intakes by 
one or two rats in each group; otherwise, 
the intake of water was similar before and 
after the exposure.

The relatively uniform daily food in
takes by the nonirradiated group fed the 
basal diet permitted daily comparisons of 
nutrient intake and subsequent patterns 
of intake between the various groups. The 
relative proportions of nutrient intake ex
pressed in calories are shown in figures 2 
and 3. During the pre-irradiation period, 
the intakes by rats receiving self-selection 
diets approximated the levels of intake
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| DAYS |

375 rad 375 rad
Fig. 2 Mean daily differences in total cal

ories, minerals and water intake between control 
rats fed a basal diet and irradiated rats receiv
ing self-selection or basal diets. See figure 1 
for code.

of the control group only in total calories 
and calories from sucrose. The intakes of 
casein, yeast and water were greater, 
whereas fat (corn oil-cod liver oil) and 
minerals were considerably below the 
levels fed rats supplied with premixed 
diets. After the first irradiation, selection 
and intake of casein returned to pre
irradiation levels by the third day (fig. 3) 
and continued to increase during the post
irradiation period. Following the second 
x-ray dose, the intake again increased sub
sequent to the initial drop immediately 
after the irradiation.

The selections of yeast and corn oil re
mained essentially unchanged during the 
post-irradiation period. The selection and 
intake of sucrose following irradiation de
creased, however, and never returned to 
pre-exposure levels. Similar results were 
noted after the second exposure.

The mean total caloric intakes of the 
irradiated rats receiving basal and self- 
selected diets returned to pre-irradiation 
levels by the 5th day (fig. 2). The mean 
caloric intake of the rats fed the self-selec
tion diet immediately after the x-ray was 
greater than similarly treated rats receiv-

f d a y s  I
375 rad 375 rad

Fig. 3 Mean daily differences in calories 
from casein, yeast, fat and sucrose between 
control rats fed a basal diet and irradiated rats 
supplied with self-selection or basal diets. See 
figure 1 for code.

ing the basal diet. On the third day after 
irradiation, the difference was over 20 Cal., 
suggesting that the rats allowed free 
choice selections of the diet ingredients 
were either recovering from the anorectic 
response sooner or their appetite, particu
larly for protein, was enhanced, or both.

The intake of salts also increased on 
the third day after the first irradiation 
from an average of 0.24 to 1.25 gm per rat 
per day, or over 5 times the pre-irradiation 
level. The high intake was not paralleled 
by a concomitant increase in water intake. 
The mineral intake was not modified after 
the second exposure (fig. 2).

DISCUSSION

If an animal can voluntarily select a 
diet pattern conducive to normal growth
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then, conversely, if normal growth occurs, 
the diet selected must be an adequate one. 
The majority of the rats in this study 
exhibited normal growth and thus, appar
ently were able to select an adequate diet. 
As expected, some of the rats were unable 
to make adequate selections due, in part, 
to the limited number of foods offered and 
to unpalatability of one or more of the 
ingredients. Scott ( ’46) also noted that 
many rats failed to select an adequate 
diet when offered a limited number of 
purified foods. He also observed wide vari
abilities in appetite between rats as in the 
present study (table 1). This character
istic prevented the calculation of mean
ingful averages and standard errors of 
nutrient intake in the present study but 
allowed the delineation of average intake 
patterns. This was accomplished by: (a ) 
converting the intakes of each ingredient 
to calories; (b ) depicting the relative pro
portions of intake for a group as daily 
differences from a control group; and (c )  
by including control values obtained prior 
to the irradiation, thus, allowing intra
group comparisons. Then, if the general 
trend of a pattern is modified subsequent 
to a given stress, the resultant change may 
reflect certain metabolic derangements or 
imbalances. Such a change was noted 
with the mineral and casein intakes. The 
high intake of minerals on the third day 
after the first irradiation suggested an in
creased craving probably aggravated by 
excess electrolyte loss from the body. This 
is in accordance with the observations of 
Jackson et al. ( ’58), who noted that the 
excretion of potassium and sodium in
creased on the third day after irradiation 
in fasting rats. It is recognized, however, 
that the apparent craving in the present 
study may not represent appetite for 
either sodium or potassium alone, since 
the mineral mix also contained other salts. 
It is perhaps significant that the minerals 
were voluntarily selected even though the 
salt mixture was composited for inclusion 
In a mixed diet and not necessarily for 
isolated consumption.

The slight and gradual but sustained 
Increase in the intake of casein following 
irradiation may represent greater demands 
for protein as growth progressed although

such an increase was not observed in sim
ilar studies by Richter and Barelare ( ’39). 
The relatively early preference for casein 
in this study was of interest and may be 
indicative of an early attempt to replenish 
loss of protein after the irradiation. That 
losses do occur after irradiation was 
clearly shown in studies by Gustafson and 
Koletsky ( ’52) with rats exposed to 660 r 
x-irradiation and was presumed to be due, 
in part, to tissue destruction and to prob
able alteration in metabolism. At any 
rate, the increase in casein intake would 
be consistent with experimental evidence 
that high levels of protein facilitate re
generation of damaged tissues, particu
larly in situations of concurrent calorie 
deficit (Pollack and Halpern, ’52).

The early selection of casein also may 
be related to the variation in body weight 
between the rats supplied with self-se
lected and premixed diets. Another factor 
to be considered is the greater total intake 
of protein by the rats selecting their own 
diet. It is not unreasonable to suppose 
that under conditions of high-protein in
take, loss of weight following irradiation 
may be modified to some extent by virtue 
of differences in excretion and retention of 
water. That rats consume greater quanti
ties of water when fed high-protein diets 
is well known (Maynard and Loosli, ’56) 
and also was observed in the present study 
(fig. 2). Although an increase in water 
intake is normally associated with a cor
responding increase in excretion, this may 
not occur in the irradiated animal. The 
subject invites further investigation with 
particular attention to the evaluation of 
weight loss and recovery in rats fed high- 
protein diets and when fasted for various 
periods after exposure to a moderate dose 
of x-irradiation.

The results of this study indicate the 
applicability of allowing rats free-choice 
selections of their diets to demonstrate 
possible metabolic derangements or im
balances following irradiation as revealed 
by their subsequent patterns of nutrient 
intake. The technique should also be con
sidered in other studies where nutritional 
disorders are suspected concomitant with 
disease.
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SUMMARY

The apparent ability of rats to volun
tarily select a dietary according to the 
needs of the body was used in this study 
to detect possible metabolic derangements 
subsequent to a dose of 375-rad whole- 
body x-irradiation. The animals were al
lowed free choice selections of various 
foodstuffs offered in separate containers 
and the relative amounts of food intake 
as well as body weights were measured 
daily.

The majority of the rats were able to 
select diets sufficiently adequate to sup
port normal growth. Upon irradiation at 
the level used, rats fed a basal premixed 
diet lost significantly more body weight 
than similarly treated rats selecting their 
own diet. In the overall pattern, the pro
portion of casein selected increased pro
gressively, whereas that of sucrose de
creased subsequent to the irradiation. The 
selections of yeast and com oil remained 
essentially the same. On the third day 
only, after irradiation, the intake of min
erals increased to over 5 times the pre
irradiation level. The selection and intake 
of casein returned to pre-irradiation levels 
by the third day, whereas the total caloric 
intake of irradiated rats fed basal and 
self-selected diets returned to normal levels 
by the 5th day. Possible explanations for

the apparent craving for casein and min
erals after the level of irradiation used 
are discussed briefly.
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Length of Life and Nutrition in the Rat* 1

MORRIS H. ROSS
Biochemical Research Foundation, Newark, Delaware

A longevity study of the rat was under
taken to test the concept that enzymatic 
activity levels and patterns are related to 
aging processes, and that these patterns 
are modifiable by nutritional means. This 
concept further evisions that these modi
fied enzyme patterns result in changing 
incidences of organic disease and in 
changing patterns of mortality. Data ob
tained during the course of this longevity 
study, which will be presented in succes
sive papers, relate nutritional state and 
chronological age to growth, senescence, 
biochemical patterns (particularly he
patic enzyme activity), hepatic cytological 
changes and the development, incidence 
and severity of organic disease.

This paper will present data allowing 
an assessment of the effect of uniform life
long dietary regimens upon length of life. 
Four semisynthetic diets were fed on both 
a restricted and an unrestricted basis and 
were designed to define the influence upon 
the parameters studied during lifelong 
feeding of precise amounts of casein and 
of sucrose in otherwise adequate diets.

MATERIALS AND METHODS
Animals and animal care. The more 

than 1000 male weanling rats used in two 
series of lifetime studies were purchased 
from the Charles River Breeding Labora
tories. The Charles River SD rats (Sprague- 
Dawley descendants) were selectively bred 
for rapidity of growth and relative freedom 
of disease. All breeding rats were rou
tinely vaccinated for Salmonella enteriditis 
and S. typhomurium.

Inasmuch as the environment of a large 
animal population may have definite bear
ing upon the data obtained in long-term 
studies, handling, housing and mainte
nance will be described in detail. Each 
cage, housing one animal, was of the slid
ing drawer type, made of galvanized metal 
with wire-mesh bottom and front, measur

ing 7 X 7 X 9  inches. An 8-ounce inverted 
bottle with glass tip was mounted on the 
front of the cage for water and a food 
bottle was secured by a metal band within 
the cage to prevent tipping. Five-foot high, 
mobile racks accepting 30 cages to a side 
in rows of 6 were used to hold cages se
curely and maintain their separation.

All rats were housed in one room which 
afforded more than 10 cubic feet of air 
space per animal. Temperature was main
tained between 73 to 75°F by 4 air condi
tioners and two dehumidifiers in warm 
weather, and by 5 hot water radiators in 
colder weather. Circulation of air was 
maintained by an exhaust system and a 
battery of continuously running, small- 
bladed fans placed near the ceiling. Day
light entered the room through large, 
frosted-glass windows and artificial light 
was supplied only during caretaker work
ing hours ( 8  a m  to 5 p m )  by fluorescent 
lamps and fixtures suspended from the 
ceiling. Seven ultra-violet lamps were 
evenly spaced in the room, and continu
ously irradiated the ambient air above cage 
level but did not irradiate the animals 
directly.

Unnecessary noise was avoided and 
traffic by personnel not directly associated 
with this project was restricted. At inter
vals, cage position was changed within 
the room. Housekeeping chores were per
formed daily and cages and water bottles 
were washed when necessary.

All rats were delivered by the supplier 
at exactly 21 days of age and, upon arri
val, were weighed, examined for well
being and assigned individual cages. 
Thereafter, all rats were weighed to the 
nearest gram at weekly intervals, at the 
same time of day, and examined for the

Received for publication May 26, 1961.
1 This study was supported in part by research 

grant RG-6050 from the National Institutes of 
Health, U. S. Public Health Service.
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presence of external and possible internal 
abnormalities. Handling of all animals in 
all groups was the same. No therapeutic 
measure was undertaken for any animal 
other than the shortening of excessively 
long incisors.

Postmortem examination and food prep
aration, weighing and storage were per
formed in laboratories isolated from the 
animal quarters. Amounts of food suffi
cient for one week were prepared and 
stored in tightly covered cans at room tem
perature. Daily food allotments, manually 
weighed to the nearest 0.1 gm, were made 
between 8  and 9 a m  each day. Fresh 
water was given all animals every second 
day, unless necessary at shorter intervals.

Diets and feeding methods. This lon
gevity study may be divided conveniently 
into two series: one, to be referred to as 
the “restricted series,” consisted of 5 
groups of rats, 4 of which were allotted 4 
semisynthetic diets on a restricted basis, 
whereas rats in the 5th group ( “controls” ) 
were maintained unrestricted with com
mercial rations;2 the other study, which 
will be referred to as the “unrestricted 
series,” consisted of 4 groups of rats re
ceiving the same 4 experimental diets 
used in the former series, but allotments 
were made on an unrestricted basis. The 
daily allotment to rats and the consump

tion by them of every dietary component 
were known throughout fife for all diets 
used in both studies. The purpose of main
taining one group of rats with an unre
stricted intake of commercial ration was 
to permit other workers to compare their 
data with ours and, in addition, to pro
vide reference points from which to better 
assess the relative changes exerted by the 
8 experimental nutritional regimens. Table 
1 shows the composition of each diet.

A. Restricted series. The 4 semisyn
thetic diets were designed to afford differ
ent intakes only of casein and of sucrose. 
This was accomplished by restricting 
the allotment of each diet by different 
amounts. The intake of each component 
in the 4 diets is shown in table 2; these 
intakes obtained at a time when rats re
ceiving diets A and C were alloted 10 gm 
of food per day. The precise amounts of 
food, of calories and of casein at times 
other than when rats fed diets A and C 
received 10 gm, have been presented ear
lier (Ross, ’59). Allotments of casein were 
identical and high in two diets (A and B) 
and casein allotments were identical and 
low in the other two. In one of each of 
these pairs of diets the sucrose allotments 
were identical and low.

2 Purina Laboratory Chow, Ralston-Purina
Company, St. Louis.

TABLE X
Semisynthetic diets

Ingredients Diet A Diet B Diet C Diet D
% % % %

Composition
Casein1 30.0 50.85 8.0 21.62
Sucrose 61.0 33.90 83.0 54.05
Corn oil2 5.0 8.47 5.0 13.52
Salt mixture (USP 12) 4.0 6.78 4.0 10.81
Vitamins and trace elements3

Caloric values
Calories/gm 4.09 4.15 4.09 4.24
Calories supplied by casein, % 29.3 49.0 7.8 20.4

1 Vitamin-free Test Casein, 89% protein nitrogen, General Biochemicals, Inc., Chagrin 
Falls, Ohio.

2 Mazola, Corn Products Refining Company, New York.
3 Vitamin content of diets adjusted to afford identical allotments each day to each rat 

of the restricted series: thiamine-HCl, 20 /xg; riboflavin, 25 /xg; pyridoxine, 20 /xg; Ca 
pantothenate, 0.1 mg; niacin, 0.1 mg; folic acid, 20 /xg; vitamin Bi2, 0.3 /xg; menadione, 20 /xg; 
choline chloride, 10 mg; a-tocopherol, 1 mg. Vitamins A and D supplied separately by 
addition of 5 drops of cod liver oil to food bottle once a week. Trace element content of 
diets adjusted to afford identical allotments each day to each rat of the restricted series: 
MnS04-4H20 , 40 /xg; CuS04-5H20 , 40 /xg; ZnCL, 40 /xg; CoCl2-6fLO, 0.4 /xg.
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TABLE 2
Restricted food allotments of semisynthetic diets1

Ingredients Diet A Diet B Diete Diet D
gm/day/rat

Casein 3.0 3.0 0.8 0.8
Sucrose 6.1 2.0 8.3 2.0
Com oil 0.5 0.5 0.5 0.5
Salt mixture (USP 12) 0.4 0.4 0.4 0.4
Vitamins and trace elements2 --- - — — —
Total food allotted 10.0 5.9 10.0 3.7

1 Relative allotments; actual amounts at different chronological ages, 10% below amount 
consumed by “pilot” rats maintained with diet C ad libitum.

2 For vitamins and trace elements, see footnote of table 1.

To be sure that the daily food allotment 
to each rat in the 4 groups would be com
pletely consumed during the longevity 
study, measurements were made of the 
intakes of rats given these 4 diets on 
an unrestricted basis in a pilot study. In 
this pilot study individual, daily weighed 
amounts of food (based on previous ex
perience) were offered to these rats in 
excess of their normal ad libitum con
sumption and the amount consumed in 
24 hours was determined. The rats re
ceiving diet C consumed the least amount 
of food, and were continued as the “pilot” 
group for which daily intakes of each of 
the 25 rats were recorded throughout life. 
Variations in intakes of individuals, as 
well as of the group, from day to day were 
smoothed out by using overlapping, two- 
week, least square trends. An allotment 
10% below each two-week trend was then 
given to rats receiving diet C and to rats 
receiving diet A, thus assuring isocaloric 
intakes of these two groups. Rats fed diet 
B received 59%, whereas rats supplied 
with diet D received 37% of this amount. 
Intakes of rats receiving restricted rations 
may be characterized as follows: diet A, 
high casein-high sucrose; diet B, high 
casein-low sucrose; diet C, low casein-high 
sucrose; diet D, low casein-low sucrose. 
Intakes of fat,3 minerals, vitamins,4 and 
trace elements were kept constant, regard
less of group.

The number of rats chosen from differ
ent litters at random, used in this series, 
were 210, 210, 120, 210 and 195 for com
mercial ration, diet A, diet B, diet C and 
diet D, respectively. Except for those rats 
chosen at random and sacrificed for bio
chemical assays, all rats were observed

until their death dates. Actuarial tables 
were calculated (Dublin et al., ’49) on a 
basis of 100-day periods by the use of the 
number of animals for each group enter
ing that period and by correcting for ani
mals killed during that period. The first 
period, of necessity, includes the first 21 
days of life even though none of the ani
mals were on test, and it is assumed that 
no deaths occurred. Deaths were classified 
natural, sacrificial and accidental. The 
last classification (approximately 1% of 
the entire population) included only those 
animals dying as a result of handling mis
haps.

B. Unrestricted series. The same 4 
semisynthetic diets used in the preceding 
series were given on an unrestricted basis 
to 4 groups of 25 rats per group. The in
takes of these rats, as well as of those 
maintained with the commercial diet, are 
shown in table 3. No animals were sacri
ficed for biochemical assays. The actuarial 
table was constructed as in the restricted 
series.

RESULTS

Mortality data obtained from rats fed 
commercial diet. Mortality distribution is 
shown in figure 1; the distribution curve is 
nearly symmetrical. The mean and mode 
almost coincide at 730 days. Approxi
mately 70% of the rats in this group died 
between 600 and 900 days of age, the 
last one dying at 1072 days.

3 All corn oil used in these experiments was 
donated by the Corn Products Refining Company, 
New York.

4 The author acknowledges the substantial sup
plies of vitamins donated by Hoffman-LaRoche, 
Inc.; Lederle Laboratories, Division of American 
Cyanamid Company; and Merck and Company.
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T A B L E  3

Unrestricted consumption of commercial and semisynthetic diets

Average
increment/ Maximal intake

Dietary
group

Initial mta.ke day
( between 

ages 
21-70 
days)

Average
food/day

Average
Cal./day

Average
casein/

day
Food Cal. Casein

gru gm gm gm gm
Commercial 6.5 20.41 — 0.79 25.0 78.5 —

A 4.2 17.2 1.26 0.30 17.4 71.2 5.22
B 4.9 20.3 2.49 0.33 18.8 78.1 9.56
C 4.8 19.6 0.38 0.07 15.0 61.4 1.20
D 5.2 22.1 1.12 0.28 19.6 83.2 4.24

1 Metabolizable energy (3.14 Cal./gm ) as estimated by the Ralston-Purina Company.

The survival curve is shown in figure Life expectancy for this control popula- 
2 and indicates that the 50% survival tion is shown in figure 3 and is character
time is approximately 760 days. ized by an approximately constant, nega-

Complete mortality rates are shown in tive slope for the first 700 days, 
table 4. When these data are expressed Mortality data obtained from rats on 
graphically the mortality rate is almost ex- restricted intakes of semisynthetic diets. 
ponential for approximately 600 days but Mortality rates of rats maintained with all 
subsequently this accelerating rate de- 4 semisynthetic diets are shown in table 4. 
creases. Although the mortality rates of the group

%

AGE
( 100-D ay Periods )

Fig. 1 Mortality in 100-day periods as percentage of each of 4 populations (corrected 
for rats not dying natural deaths) maintained on restricted intakes of semisynthetic diets, 
and as percentage of one population (similarly corrected) maintained ad libitum with 
commercial diet. Key: • ,  commercial laboratory chow; O, high casein-high sucrose intake; 
A, high casein-low sucrose intake; □ ,  low casein-high sucrose intake; A , low casein-low 
sucrose intake.
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%

AGE
( 100 -D ay  Periods)

Fig. 2 Percentage of survivors at successive 100-day periods of 4 groups of rats main
tained on restricted intakes of semisynthetic diets and of one group of rats maintained 
ad libitum with a commercial diet. Key: • ,  commercial laboratory chow; O, high casein- 
high sucrose intake; A , high casein-low sucrose intake; □ ,  low casein-high sucrose intake; 
A , low casein-low sucrose intake.

TABLE 4
Mortality rate (q o f  rats maintained on restricted intakes of semisynthetic diets

Age period
Dietary group

Commercial A B C D

days Qx Qx Qx Qx Qx
2 1 - 99 0 0 0 0 0.016

100- 199 0.005 0 0 0.005 0.006
20 0 - 299 0.005 0.005 0 0 0
30 0 - 399 0.018 0.011 0 0.038 0.006
4 0 0 - 499 0.034 0 0.012 0.018 0.020
500- 599 0.099 0.063 0.024 0.103 0.048
60 0 - 699 0.201 0.064 0.096 0.100 0.062
700- 799 0.443 0.132 0.079 0.154 0.101
80 0 - 899 0.642 0.224 0.184 0.284 0.174
90 0 - 999 0.600 0.348 0.257 0.447 0.275

1000-1099 1.000 0.408 0.300 0.464 0.245
1100-1199 0.690 0.571 0.667 0.405
1200-1299 0.889 0.333 1.000 0.636
1300-1399 1.000 0.750 0.500
1400-1499 1.000 0.500
1500-1599 0.500
1600-1699 1.000

1 qx (mortality rate) is the ratio of the number of rats dying within each 100-day period 
to the number of live rats entering that period.
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AGE
( 100-Day Periods )

Fig. 3 Complete expectation of life at successive 100-day periods of 4 groups of rats 
maintained on restricted intakes of semisynthetic diets and of one group of rats maintained 
ad libitum with commercial diet. Key: • ,  commercial laboratory chow; O, high casein- 
high sucrose intake; A , high casein-low sucrose intake; □ ,  low casein-high sucrose intake; 
▲ , low casein-low sucrose intake.

of rats fed diet D during the initial periods 
were higher than that group of rats sup
plied with commercial ration, at all later 
periods mortality rates of rats fed the 4 
semisynthetic diets were consistently lower 
than those of the control group. No deaths 
occurred during the first 400 days for 
rats maintained on intakes high in casein 
and low in sucrose (diet B) and for the 
next two periods the mortality rates of 
that group of rats were less than those of 
the other groups. After the first year of 
life the group of rats maintained with 
diets low in casein and high in sucrose 
(diet C) had the highest mortality rate of 
the 4 groups. After 900 days the group of 
rats maintained on low intakes of casein 
and of sucrose (diet D) had the lowest 
mortality rate of all.

The changes in mortality rate of each 
group of rats fed all 5 diets are shown in 
figure 4. All 5 groups show nonlinearity of 
the mortality rate-change curve. After 600 
days, however, these changes, when ex
pressed graphically as a function of the 
reciprocal of age, become linear beyond 
this time period. Hence, the mortality rate 
may be characterized as an inverse func
tion of the reciprocal of age.

Reduction in the acceleration of mor
tality (see fig. 4) of the group on low in
takes of casein and of sucrose (diet D) is 
the greatest of all the 5 groups. This is 
evidenced by its least slope in the later age 
periods, when compared with earlier peri
ods and also when compared with the 
other groups. The slopes of the mortality 
rate curves of the three groups fed diets 
A, B and C during later periods, are simi
lar to each other and indicate similarity of 
reduction in the acceleration of mortality.

The beneficial or detrimental influ
ences of the various nutritional regimens 
upon the rat may be seen also in mortality 
ratios. Values of mortality ratios for each 
of the 4 experimental groups are given at 
two time periods, before and after 700 
days of age (table 5). A value of this ratio 
less than unity (or less than 100 when ex
pressed as per cent) indicates the bene
ficial effect of the experimental diet over 
that of the control in terms of mortality 
expectation, and in each experimental 
group such an effect was obtained. The 
influence of diet D in early life on mortal
ity rate of rats is not as beneficial as is 
that of diet B.
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Fig. 4 Complete mortality rates at successive ages of 4 groups of rats maintained on 
restricted intakes of semisynthetic diets and of one group of rats maintained ad libitum 
with commercial diet. Mortality rates calculated on the basis of 100-day periods using the 
number of rats dying within a period against the number of rats alive in the total popula
tion of each group entering that period (corrected for rats sacrificed during that period). 
•Key: • ,  commercial laboratory chow; 0> high casein-high sucrose intake; A> high casein- 
iow sucrose intake; □ ,  low casein-high sucrose intake; A , low casein-low sucrose intake.

TABLE 5
Mortality ratio1 of rats maintained on restricted 

intakes of semisynthetic diets

Age periods
Dietary group

A B c D

% % % %
First 700 days 48 35 75 46
After 700 days 34 23 44 22

1 Mortality ratio (expressed as per cent) com
puted as number of actual against expected 
deaths. Expected death rate equals mortality rate 
at each time period of control population x  ex
posure of experimental population.

The beneficial effect of the semisyn
thetic diets as contrasted with the effect 
of the commercial diet upon mortality, is 
seen in the mortality distribution patterns 
shown in figure 1. The mode value of each 
group approaches closely the values of the 
average life span, which for rats on diets 
A, B, C and D are, respectively, 904, 935, 
818 and 929 days. The longest-lived rat

in each group died at 1322, 1480, 1287 
and 1638 days on diets A, B, C and D, 
respectively.

The percentage survival curve (fig. 2) 
indicates a population half-life of 940, 
990, 880 and 990 days for rats on diets 
A, B, C and D, respectively. The percent
age of survivors to successive age periods 
for the different groups of rats remained 
approximately the same for the first three 
age periods although deaths in the early 
part of the first period for rats in group D 
separate this group from the others in 
early periods.

Rats fed the commercial diet and rats 
with intakes low in casein and high in 
sucrose (diet C) have similar survival 
values for the next three periods. After 
this time, however, the lesser slope of this 
curve indicates the beneficial effect of this 
diet over the control diet. Rats fed diets 
A, B and D had a consistently higher sur
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vival rate after the first three periods, and 
for the first population half-life the great
est number of survivors were found in 
groups of rats with intakes high in casein 
and low in sucrose (diet B) and on in
takes low in casein and low in sucrose 
(diet D). Similar survival patterns for 
these two groups were seen for the next 
4 periods, but rats fed diet D finally had 
the greatest survival.

When fife expectation curves, (fig. 3), 
are examined, the increased efficacy of 
the semisynthetic diets as compared with 
that of the commercial diet is again ap
parent. In order of decreasing advantage 
to expectation of life, were diets D, B, A 
and C. With the exception of the overlap
ping of curves B and D in the first period, 
there is a decreasing slope for the first 6 
or 7 periods; subsequently the slopes of 
all 4 groups are parallel to that of the con
trols, indicating that the rate of decrease 
in life expectation is common to all groups 
even though expectation is different at any 
one period for each group. Evidence of 
the relative extension of life expectancy 
by use of the various semisynthetic diets 
is also seen in the differences in time at 
which the parallelism of the curves begins 
to change and at the time when life ex
pectancy approaches zero.

The improvements in life expectancy of 
the experimental populations over the 
controls up to and including the 10th 
period are shown in table 6. No indica-

TABLE 6
Life expectation of rats maintained on restricted 

intakes of semisynthetic diets

Age period
Increase in life  expectancy1

A
Dietary group 

B C D
days % % % %

21-99 24 28 12 27
100-199 28 33 14 35
200-299 32 38 17 42
300-399 39 45 19 50
400—499 49 54 29 62
500-599 61 71 37 84
600-699 86 94 61 117
700-799 113 145 86 163
800-899 108 142 75 170
900-999 78 122 48 148

1000-1099 160 250 142 302

1 Computed as percentage increase with respect 
to life expectation of rats consuming commercial 
rations.

tion of the increased advantage beyond 
the 10th period is given for the various 
diets because of the death of all the con
trol rats. The actuarial table accents the 
prospect for survival of rats after this 
time, particularly those on intakes low in 
casein and low in sucrose.

The life expectancy curves for the rats 
fed semisynthetic diets have marked simi
larities in shape to that of the curve of the 
control rats. It was possible, therefore, to 
adjust the ordinates and abscissae of the 
curve of each group receiving semisyn
thetic diets to the ordinate and abscissa of 
the curve of the control group. The ad
justment is shown in figure 5 and the re
sulting, practically indentical cluster of 
the points of all 5 curves suggests the use 
of the adjustment factors as indexes of 
efficacy of each experimental diet in ex
tending life expectation over that of the 
control population. These adjustment fac
tors are listed in figure 5, and the value 
of unity has been assigned the life ex
pectation pattern of the control group as 
a point of reference.

Mortality data of rats on unrestricted 
intakes of semisynthetic rations. The life 
span data of rats consuming the same 4 
semisynthetic diets on an unrestricted 
basis were, with the exception of one 
group (diet C), markedly different and of 
shorter duration than those observed when 
rats were maintained with these diets on 
a restricted basis.

The average life span of rats supplied 
with diets A, B, C and D are, respectively, 
305, 596, 832 and 600 days. The 50% 
survival times of rats fed these same diets 
are 305, 680, 910 and 650 days, respec
tively. The longest-lived rats in the group 
died at 347, 810, 1251 and 895 days, re
ceiving diets A, B, C and D, respectively, 
and the average life-time mortality ratios, 
expressed as per cent, for these same 
groups are 5000, 246, 56 and 210, res
pectively.

The mortality rates and life expect
ancies of this series are given in table 7. 
The shortness of life of rats consuming 
diet A has been confirmed by repeated 
studies. The average life spans for rats 
supplied with diets B and D are almost 
identical and, although mortality rates are
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Fig. 5 Patterns of adjusted life expectancy-adjusted age period. Life expectancy curves 
of 4 groups of rats maintained with semisynthetic diets (see fig. 4 )  were adjusted to that 
of the curve of rats maintained with commercial diet by using two adjustment factors 
(see also fig. 4 ) . The factors for each curve were obtained by dividing the value of the 
life expectancy of each of the 4 experimental populations during the first period, into the 
value of the life expectancy (ordinate) of the control population for the same period; 
similarly, the value of the last age period of each of the experimental populations was 
divided into the value of the last age period (abscissa) of the control population. All data 
of life expectancy and of age periods for each of the 4 experimental groups were multiplied 
by these two quotients in order to make final adjustment. Values for the control popula
tion are identical with those in figure 3. Key; • ,  commercial laboratory chow; O, high 
casein-high sucrose intake; A , high casein-low sucrose intake; □ ,  low casein-high sucrose 
intake; A , low casein-low sucrose intake.

TABLE 7
Mortality rate (qx)‘ anl life expectancy (ex)2 of rats maintained on unrestricted intakes of

semisynthetic diets

Mortality rate Life expectancy in days
Age period

A
Dietary group 
B C D A

Dietary group 
B C D

days Qx qx qx Qx ex ex ex ex
21-99 0.076 0 0 0 288 583 830 598

100-199 0.042 0.089 0 0 208 483 730 498
200-299 0.348 0 0 0 115 423 630 398
300-399 1.000 0.136 0.080 0.200 50 323 530 298
400^199 0 0 0.200 266 472 260
500-599 0.263 0.087 0.125 166 372 213
600-699 0.500 0.095 0.429 107 302 136
700-799 0.857 0.158 0.500 64 229 100
800-899 1.000 0.375 1.000 50 163 50
900-999 0.500 130

1000-1099 0.600 110
1100-1199 0.500 100
1200-1299 1.000 50

1 See footnote 1, table 4.
2 e* is the average future lifetime of rats at age period indicated.
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different in nearly all periods, the small 
number of rats in each group precludes 
any analysis for significance. The rats 
supplied with diet C are the only group 
which had a mortality ratio less than 
unity, thus indicating the beneficial effect 
of this diet on an unrestricted basis as 
compared with that of the control diet.

An adjustment factor for the life ex
pectation slopes cannot be presented with 
sufficient accuracy because of the small 
number of rats involved.

DISCUSSION

The experimental extension of life span 
of rats by the restriction of intake of total 
food or of calories has been correlated 
with retardation of growth for limited 
periods of time, notably by McCay and his 
associates ( ’52), although others have 
questioned this relationship. In the more 
recent studies on mortality by Berg and 
Simms ( ’60), who used two levels of re
striction of a commercial diet over an 800- 
day period, a trend toward lower mortality 
rates was indicated. Except for isolated 
reports which have been reviewed earlier 
(Ross, ’59, ’60), little direct information 
is available concerning the long range con
sequences of nutritional imbalance such 
as overnutrition or undernutrition of basic 
food elements. Furthermore, the unique 
but ever-changing requirements of age 
rarely have been considered.

In the studies presented here several 
fundamental differences from those of 
other workers obtain: (a ) a single nutri
tional state, both qualitative and quanti
tative, was maintained for life; (b ) evalu
ation was made of two levels of protein 
(two groups each) with varying levels of 
carbohydrate and, also, of one level of 
carbohydrate (two groups) with varying 
levels of protein; (c )  identical daily in
takes of fat, minerals, vitamins and trace 
elements were assured for each rat in the 
restricted series throughout life; and (d ) 
a comparison was made between unre
stricted and restricted feeding of all ex
perimental diets.

From the data presented, life span is 
definitely a function of the lifelong dietary 
regimen. In general, the semisynthetic 
diets result in longer life spans when fed

on a restricted basis than when fed on an 
unrestricted basis. The only exception to 
this observation is the diet low in protein 
and high in carbohydrate (diet C) which, 
when fed ad libitum, is equally as effec
tive in enhancing life span as when fed 
on a restricted basis. This exception may 
be the result of the relative proportions of 
the ingredients in the diet or of the rela
tively small level of restriction imposed, 
or both. Unfortunately, there are no pub
lished data which indicate either the maxi
mal level of restriction required for opti
mal benefits to life span, or which indicate 
the minimal level of restriction which just 
begins to enhance life span. The rela
tionship between beneficial effects and de
gree of caloric restriction was indicated by 
Tannenbaum and Silverstone ( ’53) who 
correlated the incidence of tumors ( as pro
bits) in the mouse, to the logarithm of the 
caloric intake.

When administered on an unrestricted 
basis, a diet low in protein and high in 
carbohydrate (diet C) is shown to be su
perior to those diets with higher levels of 
protein or those with lower levels of car
bohydrate by all actuarial techniques used. 
When these latter diets are given on a re
stricted basis, however, this superiority of 
diet C on an unrestricted basis is lost, 
since even longer life spans are produced 
by the other diets. Under unrestricted 
conditions, however, the total intake of 
food is higher for groups of rats on diets 
A, B and D than for the group on diet C. 
Hence, this self-imposed limitation in food 
consumption, or reduced desire for food, 
which is generally seen in rats fed diets 
with levels low in protein and high in car
bohydrate, may account for the relatively 
longer life span. Probably related to this 
phenomenon of reduced desire for food 
are the small but consistent differences in 
mortality of rats maintained upon a re
stricted basis with diets A and C. Since 
these diets were isocaloric in value and 
in intake, there must have been a consider
ably greater restriction for those rats with 
the greater desire for food (diet A). In a 
similar way, life spans were enhanced 
when externally imposed restrictions upon 
mice with a genetic propensity for over
eating (obese), limited their weight to
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the “normal” (nonobese), when compared 
with both the control obese mice with ad 
libitum intakes and with the “normal” 
nonobese mice. (Lane and Dickie, ’58).

In the unrestricted series of our study, 
small differences in intake of calories or 
of total food cannot explain the remark
able differences in life span between those 
rats maintained with diet A and those 
supplied with diet B or D. Since dietary 
composition influences appetite, the rela
tive degree of “internal restriction” must 
be taken into account in evaluating die
tary influence upon life span. Greater re
striction in total intake of diet C might 
have resulted in longer-lived rats but the 
design of this study, in which similar in
takes of protein were essential, would not 
allow further restriction in the allotment 
of this diet because of the severe limita
tion that would be imposed upon the rats 
allotted diet D.

Although growth data are usually con
sidered in the presentation of experi
mental studies of life span, in this study 
there are multiple correlations of growth 
with the other parameters mentioned 
above and investigated in the course of 
the larger, longevity study. Hence, growth 
alone cannot be considered in this paper 
and will be discussed in a later communi
cation. In view of McCay’s correlation 
between retardation in growth and length 
of life, however, it might appear that there 
would be a relationship also between max
imum weight attained by each group and 
the length of life. Although this relation
ship obtains for rats on restricted intakes, 
(maximum weight being 440, 282, 394 
and 167 gm for dietary groups A, B, C 
and D respectively), it does not for those 
consuming food on an unrestricted basis, 
(maximum weights being 610, 366, 606, 
455 and 610 for dietary groups, commer
cial diet A, B, C and D, respectively). 
Relationships between nutritional states 
and growth patterns, namely, efficiency of 
food utilization, do have some bearing on 
life span. In our experience5 those groups 
of rats on restricted intakes with extended 
life spans require at least 2.5 times more 
protein to double their weight at 50 gm 
than is required for the other, shorter-

lived groups, including those receiving 
commercial rations.

In evaluating the effect of nutritional 
regimens upon life span the value for 
average length of life affords less infor
mation than other aspects of mortality 
data do. For instance, the values for the 
average life span of rats maintained on 
restricted intakes of the 4 semisynthetic 
diets are not strikingly different, but the 
difference in patterns of the mortality rate 
curve is distinctive. This divergence in 
mortality rate pattern has its counterpart 
in every analysis made, including life ex
pectancy, percentage of survivors, change 
in acceleration of mortality and in the 
mortality ratios.

In early life a particular diet may be 
found satisfactory for development and 
maintenance of the organism, but in later 
life this diet may be unsatisfactory in re
spect to the development of disease and 
its effect upon the length of life. Sim
ilarly, a diet which may not be conducive 
in early life to maximal growth potential 
may, on continued feeding, lead to the 
lengthening of life span. This is evident 
when comparing the effects of the same 
diet fed on an unrestricted or on a re
stricted basis, and when comparing the 
effects of two different diets. For example, 
the average life span of rats whose re
stricted intake was high in protein and 
in carbohydrate (diet A) was similar to 
that of rats whose intake was low in 
protein and in carbohydrate (diet D). As 
early as the first year, however, there was 
noted the beginning of a consistent trend 
wherein the mortality rate of those rats 
fed the latter diet decreased, with a re
sultant increase in number of survivors 
and, as time progressed, the difference 
between these two groups was dramatic. 
Thus life spans for individual rats, far 
beyond any so far recorded, have been 
obtained when use was made of a protein 
nitrogen allotment of slightly more than 
one gram per kilogram of body weight 
and a reduced intake of carbohydrates and 
of calories.

The differences in changes of mortality 
rate between the various populations in

5 Ross, M. H., unpublished data.
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the restricted series were most evident in 
late life. During this phase of life the 
mortality rate curves of each of these 
populations approached linearity when 
plotted as a function of the reciprocal of 
the age. The slopes of these lines for rats 
supplied with diets A, B and C are nearly 
identical and greater in value than that 
found for rats maintained with diet D. 
Thus, this last population with the rela
tively lesser slope during the log phase, 
is further favored during the terminal 
phase. Even though a few rats died early 
in life in this group, the diminishing 
slope in late life suggests that the nutri
tional requirements are being met more 
suitably at these ages than heretofore. 
Common environmental conditions, in
cluding time and random genetic consti
tution, preclude the argument that selec
tive deaths early in life influenced the 
population-age characteristics later in life.

Although no reference has been made 
to the state of health throughout life, in
cluding incidence and type of organic dis
ease, those physiologic and pathologic 
processes that are inimical to life unques
tionably have been retarded for the rats 
consuming diet D (Ross, ’59). Had it not 
been for formation of trichobezoars, the 
cause of 45% of deaths during the third 
and fourth year of life, it is reasonable to 
suppose that life spans of rats in this 
group would have been extended even 
further.

The differences in caloric intake be
tween pairs of groups of rats of the re
stricted series maintained on identical 
amounts of protein (diets A and B, and 
diets C and D) make it difficult to assess 
the influence on longevity of the precise 
amounts of protein consumed. In both 
cases where the intake of protein was iden
tical, high or low, the one group of each 
pair restricted in carbohydrate intake and 
therefore in caloric intake, had longer life 
spans, and the longest-lived rats were ob
tained when the protein and the carbo
hydrate intake was the lowest. Although 
that group allotted the higher level of pro
tein sustained no deaths for some 500 
days, this was not the case for those rats 
allotted low intakes of protein. These 
deaths early in life for rats fed diet D,

while not susceptible to statistical treat
ment, nevertheless lead one to suspect 
that they were directly related to the 
stress of the severe dietary deprivation in 
the first few weeks of study (continuous 
loss in weight, and intestinal impaction 
as the common cause of death). Even 
with this adverse beginning, beneficial in
fluences of continued feeding of this diet 
became evident after some 700 days and 
continued in evidence until some 160 days 
after the last rat had died in all other 
groups.

When these same semisynthetic diets 
were fed on an unrestricted basis the 
spectrum of life span patterns was quite 
different from that obtained when they 
were fed on a restricted basis. Of particu
lar interest was the unexpected, sudden 
demise of the population of rats main
tained with diet A, since total food con
sumption levels and weight-gain patterns 
of these rats were not greatly different 
from those receiving diets. B and D. Fur
thermore, there was no apparent relation
ship between length of life and the pro
tein or caloric intake, in that both these 
intakes were found to be intermediate to 
those of rats fed diets B and D. Under 
conditions of restriction, whether sponta
neous or administered, enhancement of 
life span may be accomplished by the 
reduction in intakes of total dietary com
ponents, whereas under unrestricted con
ditions the relationship of the dietary con
stituents to each other assume a larger 
role.

In earlier short-term studies (Ross ’54a, 
b, ’56, ’57) it was shown that certain 
quantitative relationships existed among 
hepatic enzyme activity patterns, protein- 
carbohydrate relationships, and aging. It 
was possible by modification of the pro
portion of the protein and carbohydrate 
components in the diet of rats fed on an 
unrestricted basis, to alter the activity 
patterns which were characteristic of the 
age and the diet, to patterns characteristic 
of other chronological ages. In correlating 
these observations with those made on 
length of life of rats maintained on an 
unrestricted basis, it was found that a 
direct relationship existed between the he
patic enzyme activity response to the diet
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and the average length of life of the rat. 
Those rats maintained with diet A had 
an enzymatic response similar to that ob
served in older rats and the shortest aver
age life span, whereas rats maintained 
with diet C had an enzymatic activity 
pattern more like that of the young rat 
and had the longest average life span. 
For rats supplied with diets B and D, 
which contained 22% and 51% protein, 
respectively, the average life spans were 
the same, and the enzyme activity re
sponses of rats maintained on such diets 
were not only similar to each other but 
were intermediate to those obtained in 
rats fed A and C.

Uniformity in life expectancy patterns 
among the different groups of rats on re
stricted intakes suggests that under the 
conditions of this study and for this strain 
of rats, there may be a basic mortality 
pattern which differs only in its rate of 
development. Had these studies on the 
rats with restricted intakes been termi
nated at 500 days, it would have been 
difficult to extrapolate earlier observations 
in order to estimate the full effect of diet 
on length of life. The pattern noted after 
700 days leaves no doubt as to the bene
ficial influences of restriction. Whether 
this delay in change in mortality trend is 
the result of the cumulative nutritional 
status prior to this age, or whether the 
animal must reach a specific age before 
the nutritional state exerts its dominant 
effect remains to be determined.

The potential life expectancy of each 
population can be considered to have been 
identical at the time of initiating this pro
gram, but the potential was not as fully 
expressed in the shorter-lived rats as in 
the longer-lived ones. The phrase “exten
sion of life span” is generally considered 
to mean an increase in the length of life 
beyond the average demographic “norm.” 
The upper limit of the potential life span 
of these rats, however, is not yet known. 
Rather it can be assumed that it may be 
considerably longer than any so far ob
served, especially when the organism is 
presented with optimal environmental con
ditions in addition to optimal nutritional 
conditions. For this reason, it may be 
erroneous to state that rats with the long

est life span are those that have had their 
length of life extended. The longer-lived 
populations may be approaching their po
tential expectancy, whereas the shorter- 
lived ones in actuality have had their life 
expectancy decreased by the effects of the 
diet.

In these studies only one nutritional 
scheme was used for each population. 
Furthermore, each population has been 
limited to the influences of quantitative 
variation in one protein, one carbohydrate 
and in calories; but the role of fat, min
erals, vitamins and other essential food 
substances, as well as of the biological 
value and physical properties of the total 
food, must be considered in this complex 
relationship.

The question of “adequacy” must be 
re-examined in view of the possibility that 
nutritional requirements as they change 
with advancing age, may make it neces
sary not only to continuously alter dietary 
components quantitatively but also to alter 
them qualitatively in order to attain max
imal extension of life expectancy.

SUMMARY

The effect of uniform lifelong dietary 
regimens on the mortality patterns of rats 
has been investigated. More than 1000 
male rats divided into 8 groups received 
one of 4 experimental diets per group 
which were allotted on a restricted as well 
as on an unrestricted basis. The various 
dietary regimens were begun at weaning 
age. The influence upon mortality pat
terns of precise intakes of protein ( casein) 
and of carbohydrate (sucrose) and of 
variation in the ratios between these two 
components in an otherwise “adequate” 
diet, has been assessed.

Actuarial tables have been constructed 
for each of the populations and include 
determination of mortality distribution, 
mortality rates, survival pattern and life 
expectancy at successive ages. Mortality 
ratios and life expectancy indexes of the 
populations consuming semisynthetic diets 
have been computed.

The effects obtained by restriction of 
intake of the experimental diets were, in 
general, more beneficial for all length-of- 
life parameters measured than when the
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diets were administered on an unrestricted 
basis. Restricting the intake of the pro
tein component only, in two diets allotted 
on an isocaloric basis had little effect. 
Restricting the intake of carbohydrate 
only with simultaneous restriction of cal
oric intake enhanced life expectancy. Re
stricting the intake of both protein and 
carbohydrate with simultaneous restric
tion of caloric intake, though showing no 
pronounced effects early in life, enhanced 
life expectancy to the greatest degree be
cause of the beneficial effects later in life.

When these same diets were fed on an 
unrestricted basis there were greater dif
ferences in mortality patterns between 
each population than were found when 
feeding was restricted. Under unrestricted 
conditions a relationship between length 
of life and intake of protein, carbohydrate, 
and the proportion of these components 
of the diet, was found for only one group. 
Rats in this group which received a diet 
low in protein and high in carbohydrate 
restricted their own intake and therefore 
their total intake of calories and had the 
longest life span.

Length of life has been found to be 
influenced not only by quantitative dietary 
restrictions but also by the ratio of the 
protein and carbohydrate components in 
the diets.
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E. W . KIENHOLZ, D. E. TURK,2 M. L. SUNDE a n d  W. G. HOEKSTRA 
Department of Poultry and Department of Biochemistry,
University of Wisconsin, Madison, Wisconsin

Several reports have appeared in recent 
years concerning the effects of zinc defi
ciency in the diets of young chicks and 
poults. Few reports have considered the 
effects of zinc deficiency in diets of ma
ture birds. Supplee et al. ( ’58) reported 
that zinc, added to a diet containing iso
lated soybean as the protein component, 
improved hatchability of fertile eggs and 
slightly increased shell thickness. Ed
wards et al. ( ’59) observed that chicks 
produced by hens fed a zinc-deficient diet 
grew more slowly than normal. Turk et 
al. ( ’59) reported that hatchability was 
decreased when hens were fed a soy pro
tein diet of low-zinc content (8 to 9 ppm) 
and that the chicks hatched were weak, 
poorly feathered, and usually died within 
a few days. Blamberg et al. ( ’60) reported 
that, in addition to the previously de
scribed deficiency symptoms, impaired em
bryonic development resulted from zinc- 
deficient maternal diets.

In view of the lack of information on 
the effects of zinc deficiency on hens and 
their progeny, and our inadequate knowl
edge of the zinc requirement of hens, two 
experiments were conducted. The first ex
periment (1958-59) was designed to test 
the difference between casein and isolated 
soybean protein in a low-zinc diet, and 
the effects of dietary calcium level on 
zinc deficiency. The second experiment 
(1959-60) was designed to study the na
ture of the embryo abnormalities produced 
by the low-zinc, soy protein diet.

EXPERIMENT

Experiment 1. Thirty Single Comb 
White Leghorn hens were divided into 
6 groups of 5 birds each and placed in a 
plastic-coated hen battery. Distilled water 
was provided in a plastic and stainless 
steel watering system. Feed was provided 
ad libitum in aluminum feeders. The diets

used are shown in table 1. Lots 1 and 2 
received the casein-sucrose diet, adapted 
from the chick diets of Morrison et al. 
( ’56) but containing 4.0% of calcium. 
This basal diet (lot 1) contained 15 ppm 
of zinc, by analysis, for the first 26 weeks 
of the experiment, but after a change in 
casein source the zinc content decreased 
to 10 ppm for the remainder of the ex
periment. Lot 2 received approximately 
55 ppm of additional zinc as zinc car-

TABLE 1 
Basal diets

Ingredient Casein Soy
protein5

Sucrose
gm/kg
604.3

gm/kg
630.3

Crude casein 182.0 —

Soy protein1 — 200.0
Cellulose2 30.0 30.0
Choice white grease 50.0 50.0
Vitamin mix3 2.5 2.5
Choline chloride (70%  ) 2.2 2.2
a-Tocopheryl acetate 0.025 0.025
Mineral mix4 70.0 70.0
CaC03 59.0 15.0

1 ADM C-l Assay Protein, Archer-Daniel-Mid- 
land Company, Cincinnati.

2 Alphacel, Nutritional Biochemicals Corpora
tion, Cleveland.

3 Provides in m g/kg: thiamine-HC1, 10; ribo
flavin, 10; niacin, 50; Ca pantothenate, 20; pyri- 
doxine-HCl, 4.5; biotin, 0.2; folic acid, 4 ; mena
dione, 0.5; vitamin B12, 2 yg; vitamin A, 7500 IU; 
vitamin D3, 1500 ICU.

4 Provides/kg: (in grams) CallPO,, 21.51;
CaC03, 28.2; K2HP04, 11.12; NaCl, 6 ; MgS04, 
2.5; and (in milligrams) ferric citrate, 333; 
MnS04, 333; KI, 2.6; CuS04-5H20 , 16.7.

5 The high-calcium, soy protein diet contained 
59 gm of calcium carbonate and 586.3 gm of 
sucrose in place of the values shown here.
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bonate. The other 4 groups were fed the 
isolated soybean protein3-sucrose diets that 
were also adapted from those of Morrison. 
The normal-calcium, soy protein basal diet 
(lot 3) contained 2.25% of calcium and 
10 ppm of zinc and the high-calcium, soy 
protein diet, 4.0% of calcium (lot 4). 
These two diets were also fed with 55 ppm 
of supplemental zinc as the zinc carbonate 
(lots 5 and 6). After 26 weeks the zinc 
content of the diet fed lot 4 was increased 
to 18 ppm (by analysis) by the addition 
of ZnC03. The zinc content reported for 
each diet represents an average obtained 
by the analysis of each batch of feed. 
Distilled water, used as drinking water, 
contained an insignificant amount of zinc.

All hens were artificially inseminated 
at weekly intervals with pooled semen 
from New Hampshire males fed commer
cial-type diets. Eggs were collected daily 
and incubated weekly. All eggs were iden
tified as to dam and all chicks that 
hatched were identified as to dam with 
a wing band. Some of the resulting chicks 
were used in the zinc-injection trials. All 
live chicks were placed in galvanized elec
trically heated batteries after being wing 
banded, and were fed a practical-type 
chick starter ration and tap water. Chicks 
from hens fed normal and high-calcium, 
soy protein basal diets were given intra- 
peritoneal injections of a 1.4% solution 
of zinc chloride in water, or were given 
an oral dose of the same solution. Dilu
tions of the zinc solution were made with 
0.9% zinc-free saline solution to keep the 
injection solution isotonic. The normal 
chicks used to establish zinc tolerance 
were either chicks from the zinc-supple
mented experimental lots or chicks pro
duced by similarly mated hens that had 
been fed practical-type rations. There was 
no difference in tolerance to zinc injec
tion or to oral zinc due to chick source.

Two and 32 weeks after initiation of 
the experiment, 6 eggs from each lot were 
separated into yolk and white and then 
frozen for zinc analysis. Within each 
treatment, the 6 yolks were pooled and 
mixed prior to freezing. Whites were han
dled similarly. Thickness of 12 to 18 egg 
shells from each treatment was deter
mined at the same time.

After 38 weeks on experiment, the hens 
were killed and tissue samples removed 
and frozen for analysis. All zinc analyses 
were made according to the method of 
Vallee and Gibson ( ’48) as modified by 
Hoch and Vallee ( ’49). Blood samples 
were drawn by heart puncture into a zinc- 
free citrated syringe. Each sample was 
centrifuged and the plasma and red cells 
were separated by decantation. Separated 
red cells and plasma were then frozen. 
These samples were thawed just before 
analysis and 10 ml of plasma or 2 gm 
of red cells were ashed at 700 °C for 16 
hours in a platinum crucible. The ash 
was then taken up in 6  n  HC1 and the 
method of Hoch and Vallee followed from 
this point.

Experiment 2. This experiment was 
conducted the following year in the same 
environment. The hens used were from 
the same line of stock. Diets 3 and 4 
were used with and without 55 ppm of 
supplemental zinc. Dithizone method of 
zinc assay showed the diet to contain 
10 ppm of zinc, and 68 to 74 ppm (air- 
dry basis) after addition of ZnC03. Egg 
production, embryo, and chick growth were 
studied. Photographs and color slides were 
made of abnormal embryos.

RESULTS AND DISCUSSION

Experiment 1. Hens receiving the soy 
protein-type diet failed to gain normally 
when fed lower levels of either calcium 
or zinc, but gained significantly (P <  0.01) 
more when fed the higher levels of cal
cium and zinc simultaneously. Hens re
ceiving 4% of calcium in a casein-type 
diet gained the same regardless of zinc 
level in the diet. It is apparent that the 
isolated soybean protein introduces a com
plicating factor. This product interferes 
with the utilization of zinc (Kratzer et al., 
’59), and it may interfere with the utili
zation of calcium (table 2, lots 5 and 6). 
Egg production (table 3) was quite mark
edly decreased in the low-zinc groups. The 
addition of extra calcium to the soy pro
tein diets appeared to depress the egg 
production irrespective of zinc level. No 
significant differences of shell thickness

3 ADM C-l Assay Protein, Archer-Daniel-Mid- 
land, Cincinnati.



ZINC DEFICIENCY OF HENS 213

TABLE 2
Gain in iveiglit of hens as affected by interrelationships of dietary zinc, 

calcium and protein source (exp. 1)

Dietary treatment Hen weight

Lot Protein
source Ca Zn Initial

weight
After

26
weeks

Gain1
0-26

weeks
% ppm gm gm gm

i Casein 4.00 15 1783 2060 277 ab ajS
2 Casein 4.00 70 1680 1930 250 be a/3
3 Soy protein2 2.25 10 1585 1660 75 c /3
4 Soy protein 4.00 10 1554 1598 44 c fl
5 Soy protein 2.25 65 1795 1815 20 c p
6 Soy protein 4.00 65 1722 2180 458 a a

1 Latin letters in column refer to significance at the 5% level and Greek letters to sig
nificance at the 1% level. Treatments with a common letter are not significantly different 
at the level indicated. Treatments without a common letter are significantly different at 
the levels indicated.

2 ADM C-l Assay Protein.

TABLE 3
Effect of type of diet and zinc level on egg production and shell thickness (exp. 1 )

Lot Diet
Av.

production 
hen-day 

0-38 weeks

Av. shell 
thickness 

at
32nd week 
(10-3 in.)

i Casein, 4.0% Ca, 15 ppm Zn1 
(10 ppm after 26th week)

%

46.3 ll.O 2

2 Casein, 4.0% Ca, 70 ppm Zn 
(65 ppm after 26th week) 60.0 11.2

3 Soy protein,3 2.25% Ca, 10 ppm Zn 49.5 10.7

4 Soy protein, 4.0% Ca, 10 ppm Zn
0-26th week. 18 ppm Zn 26-38th week 36.5 12.0

5 Soy protein, 2.25%. Ca, 65 ppm Zn 57.5 11.4

6 Soy protein, 4.0%. Ca, 65 ppm Zn 52.0 12.1

■By analysis; air-dry basis (feed containing 2% H:>0).
2 No significant (P <  0.05) differences among treatments.
3 ADM C-l Assay Protein.

resulted from variation of either zinc or 
calcium in the diet. The number of egg 
yolks analyzed for zinc content was too 
few to allow definite conclusions, but there 
was some indication that zinc concentra
tion was lowered in the yolks by withhold
ing zinc from the maternal diet contain
ing soy protein. The amount of zinc in 
the white of the egg was so low that it 
could not be accurately measured by the 
method of analysis used.

Results of hen blood analyses for zinc 
and hemoglobin are shown in table 4. No 
difference due to treatment was observed 
in the amount of zinc in red cells. Plasma

levels of zinc varied more between groups, 
and more between individuals within a 
group, than did the red cell zinc. The 
zinc concentration in the plasma appeared 
to decrease with the addition of excess 
calcium to the diet, but concentration of 
plasma zinc appeared little affected by die
tary zinc level.

An increase in hemoglobin levels in 
chicks suffering from zinc deficiency has 
been reported by Norris and Ziegler ( ’58), 
who found it to be a normocytic poly
cythemia. In the present study with hens, 
no significant hemoglobin difference was 
observed (table 4). Furthermore, our
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TABLE 4
E ffec t  o f  su p p lem en ta l d ietary z in c  on  

blood from  hens
zin c and h em oglob in  con ten t  
(exp . 1)'

Of

Diet No.
birds

Plasma
zinc

Red cell 
zinc Hemoglobin

Soy protein,2 2.25 % Ca, 10 ppm Zn 4
ppm
4.783

ppm
12.3:{

gm/100 ml 
9.6:i

Soy protein, 4.0% Ca, 10 ppm Zn
0—26 weeks, 18 ppm Zn after 26 weeks 5 2.95 12.2 8.2

Soy protein, 2.25% Ca, 65 ppm Zn 4 4.34 11.8 7.4

Soy protein, 4 .0% Ca, 65 ppm Zn 5 3.30 12.5 8.1

Difference needed for 
significance (P <  0.05) 1.91 1.67 2.6

1 All measurements made at 38 weeks. Data are average of surviving hens.
2 ADM C-l Assay Protein.
3 No significant (P <  0.05) differences among treatments.

data show a subnormal hemoglobin level 
in newly hatched zinc-deficient chicks 
(table 5).

Results of the hatchability studies are 
shown in figure 1. For clarity, results from 
only three of the soy protein diets are 
shown. The normal-calcium, soy protein 
diet with added zinc and both of the ca
sein diets gave hatchability results indis
tinguishable from those observed for birds 
fed the zinc-supplemented, high-calcium, 
soy protein diet. Zinc deficiency in the 
two soy protein diets markedly reduced 
hatchability after a 6-week depletion peri
od. With the high-calcium, soy protein 
diet, hatchability soon dropped nearly to 
zero and remained there until the 26th 
week, when 10 ppm of zinc was added to

TABLE 5
H em oglob in  levels in the blood o f  day-old ch icks  

hatch ed  from  hen s fe d  z in c-su p p lem en ted  
and u n su p p lem en ted  diets

Maternal diet
Hemoglobin 

in 100 ml 
of blood

gm
Casein, 4.0 Ca, 15 ppm Zn 7.5*
Casein, 4.0% Ca, 70 ppm Zn 7.6
Soy protein,1 2 2.25% Ca, 10 ppm Zn 8.8*3
Soy protein, 4.0% Ca, 10 ppm Zn 6.6*
Soy protein, 2.25% Ca, 65 ppm Zn 8.1
Soy protein, 4.0% Ca, 65 ppm Zn 8.0

1 Average of individual determinations on 6 
chicks in each lot, from eggs laid the 23rd and 
24th week of the experiment.

2 ADM C-l Assay Protein.
3 Starred numbers are significantly (P <  0.05) 

different.

the diet. Within two weeks hatchability 
returned to the control level. Hatchability 
decreased much less in the lot of zinc- 
deficient hens fed a normal calcium level. 
The addition of 55 ppm of zinc to either 
the high-calcium or to the normal-calcium, 
soy protein diets maintained normal hatch- 
ability, which was also true for the hens 
fed casein-containing diets, with or with
out supplemental zinc. As pointed out, 
the source of casein used for the first 26 
weeks contained more zinc than the iso-

........................  L  OW  CALCIUM D IE T

W E E K S

Fig. 1 Experiment 1. Effect of calcium level 
in zinc-deficient hen diets on hatchability of the 
eggs. Percentage of hatchability is plotted against 
the time interval.
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lated soy protein; in fact, the casein-con
taining diets used in the early part of the 
experiment supplied nearly as much zinc 
as was curative in the high-calcium, soy 
protein diet. Therefore, it could not be 
stated from this experiment whether the 
zinc requirement of hens fed casein dif
fered from that of hens fed the purified 
soybean protein.

All eggs that failed to hatch were 
opened and the embryos examined. No 
characteristic time peaks of mortality were 
observed. Most of the embryos that failed 
to hatch appeared normal on gross exami
nation, but in the high-calcium, soy pro
tein lot, about 5% of the eggs set produced 
embryos that after 21 days of incubation 
had completely formed heads and necks 
with complete viscera attached. However, 
there was often no skeleton except for 
skull and some vertebrae; no body wall, 
wings, legs or feet. Lungs, liver, heart, 
intestines, and all other internal organs 
were present and fully developed. In both 
low-zinc, soy protein groups, a large water 
blister-like structure formed on the neck 
and thorax anterior to the wing attach
ment on some of the dead embryos. Such 
structures were seen in 2 to 3% of the 
embryos that failed to hatch and in occa
sional chicks that hatched. None of these 
abnormalities were seen in any group re
ceiving supplemental zinc or casein-con
taining diets. These abnormalities did not 
appear in the high-calcium, soy protein 
groups after the addition of 10 ppm of 
zinc to the ration of the hens. Other ran
dom abnormalities were more common in 
the low-zinc groups, particularly in the 
high-calcium, soy protein lot, but these 
same abnormalities occasionally occurred 
in the zinc-supplemented and the casein- 
fed groups as well.

Zinc-deficient chicks began to appear in 
the hatch of the 13th week of the first 
experiment. These chicks were very weak, 
and not able to stand. Their breathing 
rate was much more rapid than normal 
and was labored. When these chicks were 
disturbed, the respiratory symptoms be
came more severe, and in many cases 
death resulted immediately. These chicks 
would not eat or drink, and seldom lived 
more than 3 to 4 days if placed in a 
starting battery with feed and water and

left undisturbed. Feather development at 
hatching was retarded. In the high-cal
cium, soy protein group, such chicks were 
observed only for a short period because 
later only an occasional chick hatched 
and the embryo abnormalities described 
above appeared. In the normal-calcium, 
soy protein group, deficient chicks con
tinued to hatch regularly, but showed 
considerable variation in the severity of 
symptoms within any one hatch and large 
variations in the relative weakness of the 
chicks from hatch to hatch. There was 
no difference in the initial weights of the 
chicks due to treatments.

To attempt zinc therapy on the zinc- 
deficient chicks, the tolerance of the chick 
for zinc salts given by injection or by 
instillation into the crop was determined. 
Because the deficient chicks would not eat 
or drink, these two routes of administra
tion of supplementary zinc could not be 
used. The results of the zinc tolerance 
studies using normal chicks are shown 
in table 6. Chicks tolerated an oral dose 
of 7.0 mg of zinc ( as ZnCl.) without show
ing any ill effects, but levels above this 
were fatal to some chicks. Normal chicks, 
however, could tolerate only 1.4 mg of 
zinc when injected intraperitoneally as an 
isotonic solution of ZnCL. Results of the 
zinc therapy are shown in table 7. The 
chicks receiving the oral zinc treatment 
died at about the same time as chicks 
receiving no treatment, and the percent
age of survivors was about the same; the 
number of chicks receiving this treatment

TABLE 6

Tolerance of normal chicks to zinc chloride1

Intraperitoneal injection Oral administration
Survivors Survivors

Zn at 72 Zn at 72
hours hours

mg mg
14 0 /5 14 2 /6

7 6 /16 7 5 /5
5.6 6 /16 1.4 5 /5
4.2 0 /5 0.7 5 /5
2.8 1/10 0.14 5 /5
1.4 14/15 0.07 5 /5
1.3 4 /5
1.1 5 /5
0.7 5 /5
0.28 5 /5

1 T reatm ent adm in istered  on ce  approx im ately  
one day after hatch in g.
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TABLE 7
Effects of zinc chloride therapy on survival of 

zinc-deficient chicks

Treatment Survivors
Average 
survival 
of dead 
chicks
h o u r s

Injection, mg Zn
1.4 ( l x ) 0/3 4 6
0.7 ( l x ) 1/4 72
0.7 ( 5 X ) 14/18 129

Oral, mg Zn
2.8 (3 X ) 2/8 78
None 7/24 86

was small. These results suggest that zinc 
is rather poorly absorbed from the diges
tive tract of young chicks even if they 
are seriously deficient in this element. In
jection of the maximal tolerable dose of 
zinc for normal chicks was fatal to the 
zinc-deficient chicks in a short time. In
jection of 0.7 mg of zinc apparently was 
not effective as a single treatment; if this 
dose was given in 5 successive daily treat
ments, a much higher percentage of the 
chicks survived. The average survival 
time for those that died during the treat
ment period was increased. Chicks that 
survived both the deficiency and treatment 
periods, began to eat and drink and the 
deficiency symptoms disappeared. These 
chicks grew and after 4 to 5 weeks 
weighed approximately the same as the 
chicks from hens fed zinc-supplemented 
or casein diets. The only symptom that 
remained in these treated chicks was the 
frizzled appearance of the feathers (fig. 2), 
which was apparent until the feathers 
either broke off or were molted and re
placed. The feathers appearing after the 
early set was molted were essentially nor
mal. None of these chicks were main
tained beyond 10 weeks of age; therefore, 
no data were available on their subse
quent behavior.

Blood was drawn from some freshly 
hatched chicks of all groups and the 
blood hemoglobin concentration deter
mined (table 5). The chicks from hens 
fed the low-zinc, soy protein diets were 
showing definite symptoms of zinc defi
ciency. With the significant (P < 0 .0 5 ) 
exception of blood hemoglobin differences 
in chicks from hens fed the two calcium

levels, maternal diet had no effect on blood 
hemoglobin concentration. This appears 
to contrast with the results of Norris et al. 
( ’58) and O’Dell et al. ( ’58) which showed 
hemoconcentration in growing chicks that 
had developed zinc deficiency symptoms 
subsequent to normal hatching from hens 
fed a complete breeding hen diet. Perhaps 
effects of food and water intake on hemo
concentration that occurred in such chicks 
was not to be reflected in the present work.

It can be inferred from the first experi
ment that the hen’s requirement expressed 
as parts per million of the total diet for 
zinc in an isolated soybean protein diet is 
less than the chick’s requirement. In this 
study 18 ppm of zinc were adequate for 
normal embryonic development. O’Dell et 
al. ( ’58), Norris and Zeigler ( ’58), Rober
son and Schaible ( ’58) and others have 
reported a zinc requirement of 30 to 35 
ppm of zinc for chicks fed isolated soy
bean protein diets.

Deficiency symptoms observed in the 
newly hatched chicks from zinc-deficient 
hens were very simliar to those described 
by O’Dell et al. ( ’58) and Norris and 
Zeigler ( ’58) for older chicks made zinc- 
deficient after hatching. The only differ
ence was the lack of hemoconcentration 
in the newly hatched chicks.

This experiment did not demonstrate 
an effect on zinc requirement due to the 
source of dietary protein. As discussed 
previously, however, an adequate compari
son between casein and soy protein could 
not be made because of difference in the 
dietary zinc content. Excess dietary cal
cium aggravated the zinc deficiency, which 
is in agreement with some other studies 
of calcium and zinc interactions in the 
nutrition of swine and poultry reviewed 
by Forbes ( ’60).

Experiment 2. Egg production differ
ences were not as great as in the first 
experiment (fig. 3), but again showed a 
decreased egg production when low-zinc 
soy protein diets were fed. As contrasted 
with the previous year, increased calcium 
level appeared to increase egg production 
irrespective of zinc level in the diet. Again, 
no zinc deficiency symptoms were appar
ent in the hens fed low-zinc diets for 
6 months.
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Fig. 2 Experiment 1. Effect of zinc in maternal diet on resultant feather growth of 
the chick. Feathers of representative 6-week-old chicks from hens fed the zinc-supplemented 
(top) and the zinc-deficient diets (lower). Chicks were fed identical diets after hatching.
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H 10H CALCIUM DIET 
LOW “

Fig. 3 Experiment 2. Effect of zinc on egg 
production from two dietary calcium levels. Per
centage of production is plotted against time in
terval of the experiment.

Zinc content of yolks decreased from 
above 23 ppm of zinc early in the experi
ment to below 18 ppm of zinc (fresh- 
weight basis) in all of the eggs assayed 
from hens fed zinc-deficient diets. Hens 
producing the greatest number of abnor
mal embryos produced yolks with a zinc 
content as low as 5 ppm. This reduction 
in zinc content of the yolk is in agreement 
with a recent report by Blamberg et al. 
( ’60). Tabulation of the results of zinc 
assay of egg yolk showed a wide variation 
among individual hens in the rate of zinc 
depletion from the yolk. Also the amount 
of zinc in eggs laid after hens had been 
fed the low-zinc diet for 6 months, varied 
widely between hens. The level of calcium 
did not appear to affect the concentration 
of zinc in the yolks. The concentration 
of zinc in yolks from hens receiving sup

plemental zinc was remarkably constant 
at about 30 ppm (fresh-weight basis).

The maternal diet had a great effect 
on the ability of the chick to survive. Al
though chicks from hens fed the low-zinc 
diets, often appeared normal after hatch
ing, they grew poorly and many died when 
fed a commercial-type chick diet (table 
8). First-week weight gains of chicks, 
after the 6th week of the hen experiment, 
became meaningless because practically 
no chicks from the zinc-deficient groups 
survived to one week of age. Although 
most of the zinc deficiency symptoms in 
the chicks became apparent after the 6th 
week, certain hens showed more rapid de
creases in the zinc content of their eggs 
and produced abnormal embryos before 
the 6th week.

The effect of dietary calcium level on 
production of abnormal embryos is pre
sented in figure 4. Only 13 days were re
quired to produce the first abnormal em
bryo with the high-calcium diet, whereas 
36 days were required with the normal 
level of calcium. Twenty-nine abnormal 
embryos (16.5% of all fertile eggs) were 
produced by hens fed the high-calcium 
diet, whereas only 14 such embryos (8.4% 
of all fertile eggs) were produced by hens 
fed the low-calcium diet. Ninety per cent 
of all hens (9 of 10 hens) receiving the 
high-calcium diet produced one or more 
abnormal embryos during the 6-month 
period compared with 50% of the hens 
receiving the low-calcium diet (5 out of 
10). No embryo abnormalities were noted 
when identical diets were supplemented 
with an additional 55 ppm of zinc. These 
results again lead to the conclusion that a

TABLE 8

F i r s t  w e e k ’ s g r o w t h  o f  c h i c k s  a s  h a t c h i n g  s e a s o n  p r o g r e s s e d  ( e x p .  2 )

Hen diet varied 
Calcium

as follows 
Zinc 2nd week 

hatch

Growth the first week1
4th week 

hatch
6th week 

hatch

% p p m g m g m g m

4.00 10 19 (2.0)2 12 (12) 3 (2)
2.25 10 16 (16) 16 (15) 13 (2)
4.00 65 16 (16) 16 (13 ) 16 (14 )
2.25 65 17 (19) 16 (11) 20 (9)

1 Eggs were set to hatch weekly.
2 Numbers in brackets show number of chicks included in each average weight.
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Fig. 4 Experiment 2. Effect of calcium in 
maternal hen diet on production of abnormal 
chick embryos. The number of abnormal em
bryos hatched each week is plotted against time 
interval of the experiment. (A total of 14 abnor
mal embryos from 168 fertile eggs (8%  ) and 
29 abnormal embryos from 176 fertile eggs 
(1 6 % )  was observed from hens receiving the 
2.25% and 4.0%  calcium diets, respectively.)

high-calcium level in a maternal diet of 
the kind used intensified zinc deficiency 
symptoms in chick embryos.

Examples of abnormal embryos were 
photographed; two of these are included 
here (fig. 5). As was typical, both em
bryos lived until the latter stages of incu
bation. Since visceral tissues were normal 
in all abnormal embryos observed, the 
viscera were removed so that skeletal ab
normalities might be viewed more clearly. 
The embryo with limbs exhibits micro
melia, dorsal curvature of the spine, and 
abnormally shortened and fused thoracic 
and lumbar vertebrae. This embryo had 
two toes on each lower limb, whereas nor
mal chicks have 4 toes. An edematous 
swelling of the neck muscles was also com
monly observed. The other photograph 
shows an embryo with no lower skeleton 
or limbs; again the viscera were normal. 
Many kinds of structural abnormalities 
were observed involving head, limbs and 
vertebrae. Many of the first abnormal em
bryos were “rumpless” (absence of caudal 
vertebra and associated structures). In 
addition to skeletal disorders, eyes were 
sometimes absent or underdeveloped.

The abnormal embryos observed ap
peared to be similar in many respects to

Fig. 5 Experiment 2. Typical abnormal em
bryos from hens fed a zinc-deficient diet. Both 
embryos were alive at normal hatching time (21 
days’ incubation). Skin is removed to better ex
pose the total skeleton of each individual. Upper 
embryo exhibits phocomelia, micromelia, lordosis, 
shortened abnormal thorax and pelvic skeleton, 
and edematous pipping muscle. The lower em
bryo shows extreme ectrodactyly, and absence of 
any skeleton posterior from the cervical vertebra. 
Eye was also very underdeveloped.

those caused by insulin injection into the 
egg during incubation or a lack of those 
vitamins and minerals (Landauer, ’48) 
needed for carbohydrate metabolism.

Landauer ( ’48) found that eggs injected 
with insulin before the third day of in
cubation developed into normal chicks ex
cept that the tail structures were missing 
(rumplessness). When eggs were injected 
after the third day, insulin caused abnor
mal smallness of limbs (micromelia). In
sulin-induced rumpless embryos developed
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exactly the same way as the genetic ab
normality, termed recessive rumplessness. 
Another worker, Zwilling ('48), demon
strated that hypoglycemia was caused by 
the insulin injection into the egg, which 
resulted in micromelia or rumplessness. 
Addition of pyruvate to the insulin in
jection greatly reduced the resultant ab
normality. This was evidence that a 
carbohydrate metabolism disturbance was 
caused by insulin and resulted in abnor
mality of the skeleton. It has been well 
established that zinc is an integral part of 
a number of enzymes using DPN as a co
enzyme (Vallee, ’59); certain of these are 
involved in carbohydrate metabolism. In 
view of the widespread occurrence of mi
cromelia and rumplessness in the pres
ent study, the possible relationship of zinc 
deficiency to the insulin effect, especially 
as it affects carbohydrate metabolism, 
merits further study.

Regardless of the biochemical reason 
for the abnormality, some defects appar
ently prevented the normal placement of 
cartilagenous tissue prior to calcification 
when zinc was limited in the maternal 
diet. It is not now known whether zinc 
deficiency in other animals or in humans 
could also produce abnormal embryonic 
growth. Sterility has been observed in 
male laboratory rats severely restricted in 
dietary zinc (Millar et al., ’58). Other 
aspects of reproduction, however, espe
cially with diets not so severely limited in 
zinc, have not been investigated. The role 
of zinc requires further study in this re
spect.

SUMMARY

Two experiments, conducted with White 
Leghorn hens housed to exclude zinc 
from the environment and fed semipuri- 
fied diets, led to the following conclusions:

1. Young hens receiving isolated soy 
protein-type diets (10 ppm of zinc) failed 
to gain normally unless the diet contained 
the higher levels of calcium (4.0% ) and 
zinc (65 ppm) simultaneously. Unless 
supplemented with zinc, neither normal- 
calcium (2.25%) nor high-calcium (4.0% ) 
isolated soy protein-type diets permitted 
normal egg production or hatchability. 
The chicks and developing embryos 
showed marked effects of zinc deficiency.

2. Increasing the zinc content of an iso
lated soybean protein-sucrose diet contain
ing 4.0% of calcium from 10 to 18 ppm 
of zinc enabled hens to produce normal 
chicks.

3. Increasing the dietary calcium level 
of an isolated soybean protein-sucrose ra
tion from 2.25% to 4% of the diet for 
hens potentiated the zinc deficiency in the 
developing chick.

4. The excess calcium appeared to de
crease the blood plasma zinc concentra
tion in the hens, but did not alter the red 
blood cell zinc content.

5. Blood hemoglobin levels of hens were 
not affected, but hemoglobin levels of zinc- 
deficient day-old chicks hatched from eggs 
laid by these hens were significantly (P < 
0.05 ) lowered by increasing calcium in 
maternal diet.

6. Zinc-deficient chicks sometimes 
hatched, but were weak and would not 
stand, eat or drink. These chicks had an 
accelerated respiratory rate and showed 
labored breathing. These symptoms were 
aggravated by disturbance of the chicks 
and usually were fatal. Retarded feather
ing and frizzled feathers were observed. 
Repeated injections of zinc chloride greatly 
benefited such chicks, but chicks showed 
limited tolerance to such injections.

7. Embryonic development of chicken 
embryos was altered by withholding zinc 
from the maternal diet. The major de
fect was grossly impaired skeletal develop
ment.

8. Hens receiving small quantities of 
zinc in the diet deposited less zinc in the 
yolk than similar birds receiving supple
mental zinc in otherwise identical diets.

9. Supplementation of maternal diet 
with 55 ppm of zinc as zinc carbonate 
prevented all abnormal embryonic devel
opment.
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Effect of Vitamin D on the Utilization of Zinc. 
Cadmium and Mercury in the Chick* 1
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It has been recognized for many years 
that vitamin D plays an important role 
in the absorption of calcium (Migicovsky 
and Nielson, ’51; Keane et al., ’56). In a 
recent communication (Worker and Migi
covsky, ’61), we presented evidence indi
cating that in the chick, vitamin D may 
also play a part in the absorption of other 
elements of the Group IIA classification, 
namely, beryllium, magnesium, strontium 
and barium. Subsequently, we have ex
tended these investigations and have ex
amined the possible effects of vitamin D 
on the utilization of the Group IIB ele
ments, zinc, cadmium and mercury. The 
results of these studies are reported in 
this communication.

MATERIALS AND METHODS

Preparation and dosing of chicks. The 
chicks used in the present experiments 
were New Hampshire/Rhode Island Red 
cross. They were obtained at one day of 
age, put into experimental batteries in
doors, and fed a low-calcium, vitamin 
D-deficient ration previously described 
(Worker and Migicovsky, ’61) until ra
chitic symptoms appeared, usually at 
three to 5 weeks of age. The birds were 
divided at random into two groups, and 
one group was dosed orally with 2000 IU 
of vitamin D3 per bird in a colloidal solu
tion. The dosed birds also received vita
min Ds in the diet at the rate of 1000 IU 
per 100 gm of feed. Approximately 36 
hours later the supplemented and non- 
supplemented groups were further sub
divided into smaller treatment groups 
containing 15 to 20 birds. The birds were 
then dosed orally or subcutaneously with 
Zn65, Cd115 or Hg203 in the chloride form. 
The radioactive dose in each case was

only a fraction of a microcurie. Since 
the specific activities of the preparations 
used were high (50 to 100 me per gm of 
element), the total mineral dose admin
istered in each case was extremely small, 
namely, 10 ng per bird.

Measurement of radioactivity. The 
chicks were killed by chloroform anes
thesia 24 hours after dosing with isotope. 
The left tibia was removed, cleaned and 
dried at 80° overnight. The bones were 
dissolved individually in 6 ml of concen
trated HNOa and the solutions made up 
to a final volume of 10 ml. The gamma 
activity of these solutions was measured 
in a scintillation well counter as described 
previously (Worker and Migicovsky,’61).

RESULTS

In table 1 is summarized the effect of 
a vitamin D supplement on the levels of 
radioactivity appearing in bone following 
administration of the isotopes orally and 
subcutaneously. The data indicate that in 
the first experiment of the series (exp. 
136), in which the isotopes were given 
orally, dosing with vitamin D caused a 
highly significant increase in the levels of 
zinc and cadmium in bone but had no 
effect on the level of mercury.

In the next experiment (exp. 137), in 
which the effect of vitamin D on the utili
zation of zinc given both orally and sub
cutaneously was investigated, significantly 
higher levels of radioactivity in the bones

Received for publication May 11, 1961.
1 Contribution no. 72 from the Animal Re

search Institute, Research Branch, Canada De
partment of Agriculture, Ottawa, Canada.

2 Postdoctorate Fellow, National Research Coun
cil, Ottawa, Canada, 1960—61. Present address: 
Ruakura Animal Research Station, Private Bag, 
Hamilton, New Zealand.
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of supplemented birds were observed when 
the isotope was dosed orally. When the 
isotopes were administered by the subcu
taneous route, however, no significant dif
ferences in bone counts were observed 
between supplemented and nonsupple- 
mented birds.

In the final experiment (exp. 139), the 
effects of vitamin D on zinc, dosed orally 
and subcutaneously, were again confirmed. 
In agreement with earlier findings, vita
min D supplementation also increased cad
mium levels in bone when the isotope of 
this element was administered by the oral 
route. Vitamin D was observed to have 
no effect, however, when the isotope was 
given by the subcutaneous route. The pat
tern of behavior observed for cadmium 
appeared to parallel closely that noted for 
zinc.

DISCUSSION

The present experiments were under
taken to investigate the possible effects of 
vitamin D on the utilization of the Group 
IIB elements, zinc, cadmium and mercury. 
In an earlier communication from this 
laboratory (Worker and Migicovsky, ’61), 
we reported evidence in the chick that 
vitamin D, besides its well known effect 
on calcium metabolism, markedly influ
enced the uptake of other elements of the 
Group IIA series: beryllium, magnesium, 
strontium and barium. These studies were 
therefore planned with a view to extend
ing our earlier investigations to include 
the remainder of the Group II elements.

The results from the present studies 
indicate that vitamin D supplementation 
significantly increased bone counts of both 
zinc and cadmium after oral administra
tion of isotopes of these elements to ra
chitic chicks. These observations provide 
good grounds for believing that, along 
with its generally recognized role in cal
cium metabolism and its more recently 
observed effect on other Group IIA ele
ments, vitamin D also plays a part in the 
utilization of both zinc and cadmium. 
That vitamin D was effective in increas
ing bone levels of these elements when 
they were administered orally but not 
when dosed subcutaneously would further 
suggest that, as has been shown previously 
in the case of calcium (Migicovsky and
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Jamieson, ’55) and other elements of the 
Group IIA series (Worker and Migicovsky, 
’61), the influence of vitamin D was at 
the site of absorption. Further work, how
ever, is clearly required to confirm this 
observation beyond doubt.

The results obtained with mercury are 
too limited to draw any firm conclusions. 
At the time these experiments were under
taken, our supplies of chicks were very 
limited, a situation which precluded fur
ther studies with this isotope. On the 
basis of the present results, however, the 
possibility is suggested that, in contrast 
with its effect on the uptake of zinc and 
cadmium, vitamin D plays little or no 
part in the movement of mercury.

Further studies on the interrelationships 
of vitamin D and mineral uptake are 
continuing. The foregoing results have 
shown that vitamin D may, under certain 
conditions, increase the uptake of both 
zinc and cadmium in the chick. To our 
knowledge this is the first suggestion in 
the literature that vitamin D may be in
volved in the metabolism of either of these 
elements. The practical significance of 
these findings still remains to be eluci
dated. It remains to be seen also whether 
members of other periodic groupings are 
similarly affected. The current findings, 
along with those of earlier studies on the 
Group IIA elements (Worker and Migicov
sky, ’61), provide an indication, at least, 
that this effect may be a more general 
one than has previously been believed.

SUMMARY

Studies were reported on the effect of 
vitamin D on the metabolism of zinc, cad
mium and mercury after administration 
of isotopes of these elements orally and 
subcutaneously to rachitic chicks.

The movement of zinc and cadmium 
from an oral dose into bone was signifi

cantly increased by vitamin D, (no such 
increase was found for mercury).

When zinc and cadmium were dosed 
subcutaneously, no difference in concen
tration of isotopes in bone between supple
mented and nonsupplemented birds was 
observed.

These findings suggest that vitamin D 
may exert an effect on the metabolism of 
both zinc and cadmium and that the site 
of this effect is in the absorption mech
anism.

Attention is drawn to the similarity of 
the results obtained with zinc and cad
mium in these experiments and those ob
tained previously with calcium and other 
elements of the Group IIA series.
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Problems in the Prediction of Protein Values of Diets: 
Caloric Restriction

D. S. MILLER a n d  P. R. PAYNE
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L on d on , England

Protein malnutrition in man is fre
quently associated with low caloric intakes 
of foods which may have an adequate pro
tein value if consumed in unrestricted 
amounts—because energy requirements 
are satisfied preferentially to protein re
quirements. This factor must be taken 
into account in the evaluation of dietary 
survey data and in the prescription of 
modifications to poor regimens.

The protein value of diets fed ad libitum 
may be calculated from a knowledge of 
the amino acid composition and the con
centration of the protein they contain 
(Miller and Payne, ’61a, b). The total 
energy of food eaten daily, however, is 
also important, for if this is reduced below 
a certain level an increasing amount of 
protein is burned for energy purposes, and, 
consequently, the efficiency of utilization 
of protein decreases (Platt et al., ’61). 
Thus Forbes and Yohe ( ’55) reported no 
change in the biological value of a diet 
when the food intake of rats was reduced 
from 8 to 6 gm per day, but a decrease 
from 99 to 69 when the food intake was 
further reduced to 4 gm per day.

Under conditions of caloric restriction, 
the protein value of a diet will depend 
upon the energy available for protein anab
olism rather than on the concentration 
and the nature of the protein it contains. 
Thus, one might expect for any given diet 
a range of food intakes over which NDp- 
Cals % (net dietary protein calories %, 
Platt and Miller, ’59) is constant and be
low which it falls with the caloric intake.

Let C =  caloric intake; CB =  calories re
quired for basal metabolism; then C — CB 
=  calories available for other purposes. 
Let E =  calories required for the synthesis 
of 1 Cal. of protein.* 1

Where protein synthesis is limited by 
caloric intake the protein calories retained 
by an animal are given by

c - c B
E (1)

and if the percentage of protein calories 
in the diet is P, the intake of protein cal
ories is given by

P x c 
100 (2)

Miller and Payne ( ’61b) define net pro
tein utilization (NPU) as:
_ _  Retained N _  Protein calories retained

— Intake N — Intake protein cals.

From 1 and 2:
NPU _  100_(C-Cb1 
1Nru — PCE 
and
NDpCals % =  NPU X P

- I ™  (i 
_  E u

(3 )

This equation applies only where the 
synthesis of protein is limited by the en
ergy available, as above this level NDpCals 
% depends upon protein concentration 
and “score” (Miller and Payne, ’61a, b). 
This is illustrated in figure 1.

For practical purposes it remains to ob
tain some estimate of the constants in 
equation 3. Brody ( ’45) stated that the 
requirement for basal metabolism (CB) 
is 70 Cal. per day per kg of body weight 
to the power of 0.73, for all species from 
mice to elephants: this gives a value for 
C b .

Received for publication April 25, 1961.
1 E includes not only the stored energy of the 

protein but also the work aspect to growth 
“analagous to that expended for rearranging the 
chairs in a room, in which case the potential 
energy of the chairs or room is not increased.” 
(Brody, ’45).
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Fig. 1 The diagram illustrates the effect of caloric intake on NDpCals % . When fed 
ad libitum the caloric intake of animals fed diet D will generally fall within the shaded 
area (e.g., Ci) and NDpCals % =  Vi. If the intake is reduced to CK the NDpCals will 
still be Vi, but if it is further reduced to C2 the value will have fallen V2. The curve is

given by NDpCals =  — ( 1 -----— ) where C =  caloric intake, CB =  calories required for
basal metabolism, and E =  calories required for the synthesis of one Cal. of protein.

No direct evaluation of E is to be found 
in the literature, but the results presented 
in this paper suggest a value of about 6 
Cal. per protein calorie.2 A value of this 
magnitude is consistent with the work of 
Rubner ( ’08).

Inserting these values in equation 3:
70

NDpCals % =  17 (1 ) (4 )

where C is the caloric intake measured as 
calories per day per kilogram of body 
weight to the power of 0.73.

Six diets were fed over a wide range of 
caloric intakes and the measured protein 
values plotted together with the curves 
predicted from equation 4 (fig. 2).

METHODS

The methods used in these investiga
tions were the same as reported previously 
(Miller and Payne, ’61a). Food intake was 
controlled by feeding once daily, limited 
amounts of food which were expressed as 
calories per kilogram of body weight to the 
power of 0.73. NPU was determined by 
the method of Miller and Bender ( ’55) as 
modified by Miller and Payne ( ’61a).

RESULTS

Analytical data for the 6 diets used are 
given in table 1. Three of the diets (E.

and W. Pakistan, and Persian) are derived 
from food survey data. One contained 
10% of casein (10C), one was a stock 
diet (Am) and the 6th was a mixture con
taining 20% of the stock diet diluted with 
the non protein diet (20 Am). The semi
synthetic diets were made according to 
Miller and Bender ( ’55).

In figure 2 are presented the observed 
values for NDpCals of these diets fed over 
a wide range of caloric intakes. Each of 
the curves represents predicted values 
for a diet, the curved portion being derived 
from equation 4 and the linear portion rep
resenting the mean NDpCals % over the 
ad libitum range of caloric intake.

The curved portion could be derived 
statistically by using those results which 
fall below the mean NDpCals % over the 
ad libitum range of caloric intakes, and 
plotting them against the reciprocal of the 
caloric intake. The method gives a value 
for E =  6.2 and CB =  66.

DISCUSSION

Protein malnutrition in man is fre
quently associated with inadequate caloric 
intakes. The assessment of the protein 
value of diets under these conditions is

2 A value of 6.2 is obtained from a statistical 
examination of the data.
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TABLE 1
C om position  o f  diets1

Diet N Cal./gm Protein Cal. NPUst2 NDpCals % 3

% %
Am, 20% 4 0.83 4.10 5.1 78 4.0
E. Pakistan 1.49 4.16 9.0 62 5.3
W . Pakistan 2.30 4.32 13.3 57 6.8
Casein, 10% 1.80 4.00 11.3 73 7.3
Persian 2.76 4.00 17.3 72 9.5
Am4 4.13 4.10 25.2 80 11.9

Composition of diets derived from food survey data
E. Pakistan W . Pakistan Persia

Parboiled rice 90.6 Rice 17.2 Wheat 59.2
Pulse 3.9 Wheat 52.9 Rice 6.3
Potato powder 0.8 Maize 3.3 Barley 9.7
Dried cabbage 0.4 Pulse 4.6 Maize 1.0
Fish meal 0.9 Dried cabbage 2.2 Pulse 4.8
Dried egg 0.1 Dried apple 0.04 Sugar 4.9
Meat powder 0.003 Potato powder 4.0 Butter 1.0
Dried milk 0.5 Dried swede 0.1 Dried swede 2.4
Mustard oil 1.8 Dried milk 3.1 Dried apple 2.4
Sugar 1.0 Butter 4.4 Almonds 0.5
Dried apple 0.1 Dried egg 0.05 Meat powder 3.9

Meat powder 1.4 Fish meal 0.5
Fish meal 0.4 Dried milk 2.9
Mustard oil 0.4 Dried egg 0.5
Sugar 5.1
Curry powder 0.9

'T h e semisynthetic diets were made according to Miller and Bender ( ’55).
2 Calculated by the method of Miller and Payne ( ’61a).
3 Mean values for the diets when fed ad libitum.
4 Stock diet.

clearly important. The equation presented 
in this paper offers a solution to a similar 
problem in the rat, and the predicted re
sults agree well with observed values. The 
caloric intakes are expressed in terms 
which are applicable to all species and at 
least one (CB) of the two constants in 
equation 4 is known to be valid for man. 
There is no reason to suppose that the 
other constant (E ) would show any spe
cies variation. The authors therefore pre
sent this equation tentatively as a basis for 
predicting the protein values of human 
diets under conditions of caloric restric
tion. With this end in view a nomogram 
has been constructed for the easy solution 
of equation 4 (fig. 3).

For example, a diet of 18% of protein 
calories, and a protein score of 66 has 
NPU (operative) of 50% and a NDpCals 
of 9% (Miller and Payne, ’61b) consumed 
at an adequate caloric intake, would meet 
the protein requirements of young chil
dren. If fed to a child of 10 kg at the rate 
of only 650 Cal. per day, however, the pro

tein value would be less than 9 NDpCals 
% , as may be seen from the nomogram, 
whence Cals/Kg073 ( C ) =  120 and the 
corresponding value for NDpCals % =  7. 
This represents the effective protein value 
of the diet at this level of intake. As the 
caloric requirement of the child is 1000 
Cal. per day (FAO, ’57) and the protein 
requirement is 8% NDpCals (Platt and 
Miller, ’59), neither of these requirements 
is being met. The caloric intake (150 Cal./ 
Kg0,73) below which the NDpCals of this 
diet begins to fall may also be read from 
the scale C adjacent to its value of 9 
when fed ad libitum.

The solution of equation 4 and those 
given by Miller and Payne ( ’61a, b) makes 
it possible to define diets which are likely 
to produce the clinical conditions known 
as marasmus and kwashiorkor. Miller and 
Payne ( ’61a) have shown that diets hav
ing NDpCals 4% meet the protein require
ments for maintenance; and Brody ( ’45) 
states that the caloric requirement for 
maintenance is twice that for basal me-
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Fig. 4 Four areas of conditions with respect to caloric and protein supplies are shown. 
Growth is possible in one area, but is limited by caloric intake in areas A and B and by 
NDpCals %  in areas B and C.

tabolism. These two limits are shown in 
figure 4 and define 4 areas of conditions 
with respect to calorie and protein sup
plies, three of which fail to support growth 
for different reasons: (1 ) A and B, in
sufficient calories; and (2 ) C and B, NDp
Cals % too low. The 4th area defines 
conditions which will support growth.

SUMMARY

1. An equation is presented for the 
prediction of the protein value of diets 
when fed under conditions of caloric re
striction :

NDpCals % =  17 (1 -  ™ )
where C is the caloric intake per day per 
kilogram of body weight to the power of 
0.73.

2. Observed values for NDpCals % for 
6 diets fed to rats over a range of caloric 
intakes agree well with the values from 
the equation.

3. A nomogram is presented for the 
easy solution of the equation which it is 
proposed tentatively could be applied to 
man.
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Two Alfalfa Factors with Cellulolytic Activity 
for Rumen Microorganisms

J. A. LIUZZO, S. L. HANSARD, J. G. LEE a n d  A. F. NOVAK 
D epartm en ts o f  Agricultural C h em istry and B ioch em istry , and Anim al  
In du stry , Louisiana State U n iversity , B aton R ou ge, Louisiana

The presence of unidentified factors in 
alfalfa that increase feed utilization and 
stimulate cellulolytic activity of rumen mi
croorganisms has been postulated by sev
eral investigators (Burroughs et al., ’50a, 
’50b, ’50c; Ruf et al., ’53; Bentley et al., 
’54). These factors have been difficult to 
concentrate in sufficient quantities for de
termining ruminant requirements. Dehor- 
ity et al. ( ’57), using the artificial rumen 
technique, reported the isolation and identi
fication of leucine, isoleucine, valine, and 
proline in alfalfa extracts as agents that 
increased cellulose digestion.

The presence of a factor in alfalfa leaf 
meal required for maximal growth of the 
mold, Neurospora sitophila, was reported 
by Novak et al. ( ’53). This substance was 
recently concentrated one-thousand-fold, 
by Novak et al. ( ’58), using this mold as a 
test organism for evaluating and compar
ing the degree of activity in the various 
fractions.

The purpose of this study was to isolate 
cellulolytic factors which might be present 
in the concentrates prepared by Novak et 
al. ( ’58) and to show that they are distinct 
from those isolated by Dehority et al. ( ’57).

EXPERIMENTAL

Concentration procedure. The method 
used for concentrating the cellulolytic fac
tors from dehydrated alfalfa leaf meal is 
shown in figure 1. The detailed technique 
from the initial HC1 extraction to the char
coal adsorption and elution is discussed by 
Novak et al. ( ’58). The fuller’s earth 
eluate (pH adjusted to 7.0) was passed 
through an activated charcoal (Darco G-60) 
chromatographic column, and the active 
factors were eluted with 0.1 N HC1 (125 ml 
of acid per 25 gm of alfalfa equivalents). 
The Darco eluate was evaporated to dry
ness on a steam bath, and the residue ad-

ALFALFA LEAF MEAL 
I 0-1 N HCI

RESIDUE EXTRACT
I 95%  Ethanol 

PPT. FILTRATE
I Ether

ETHER PHASE AQUEOUS PHASE
____________ 1 CHCI3

CHLOROFORM PHASE AQUEOUS PHASE
Fuller’s

earth
FILTRATE ADSORBATE

I HCI 
ELUATE 

I Darco
FILTRATE ADSORBATE

j HCI

ELUATE
Fig. 1 Fractionation scheme of cellulolytic fac

tors from alfalfa meal.

justed to volume with distilled water ( 1 ml 
equivalent to 1.6 gm of alfalfa equiva
lents ).

Chromatographic method. The Darco 
eluate was streaked on sheets of Whatman 
no. 1 chromatographic paper (13.5 cm, 
width). The chromatograms were resolved 
with butanol, acetic acid, and water 
(4 :1 :1 ) for 18 to 20 hours at room tem
perature. They were air-dried and the 
zones detected by the standard strip tech
nique using a 0.2% acetone solution of 
ninhydrin. This was performed to locate 
the zones above and below proline, since 
Dehority et al. ( ’57) have accounted for 
the activity from the zone above proline 
which contained the amino acids proline, 
valine, leucine, and isoleucine. The paper

Received for publication May 11, 1961.
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was cut into the upper and lower zones; 
the upper zone consisted of compounds 
which migrated from proline to the solvent 
front; the lower zone, those which migrated 
from the base line to proline. The com
pounds of both zones were eluted with 
warm 0.1 N HC1, and aliquots of each zone 
were rechromatographed to confirm that a 
true separation had been attained.

After observing a significant increase in 
cellulose digestion resulting from the elu- 
ates of the lower zone, it was necessary to 
locate the compounds on the chromato
gram which caused this stimulation. This 
was accomplished by streaking minute 
quantities (not more than 1 gm of alfalfa 
equivalents) of Darco eluate on the chro
matographic paper. After the spots were 
located in the lower zone by the standard 
strip technique, each was eluted from the 
paper with 0.1 N HC1 and the activity as
sayed by artificial rumen techniques.

In vitro rumen fermentation technique. 
The procedure of Cheng et al. ( ’55) was 
used for the artificial rumen determina
tions. Their technique was modified by in
creasing the cellulose in the fermentation 
medium from 0.5 to 1.25%. The larger 
amount of cellulose allowed a greater mar
gin for digestion between the control and 
supplemented media in the presence of a 
cellulolytic factor.

The upper and lower zone eluates of the 
paper chromatograms were assayed at 
levels ranging from 0.4 to 3.2 gm of alfalfa 
equivalents. In order to narrow the range 
of maximum stimulation, the lower zone 
was also assayed at 6 levels ranging from 
0.2 to 1.6 gm of alfalfa equivalents. The 
eluates of individual spots were then sup
plemented to the medium at a rate of 1 gm 
of alfalfa equivalents. All levels were de
termined in triplicates, using a fresh sup
ply of alfalfa extract for each experiment.

RESULTS AND DISCUSSION

A summary of the results of prelimi
nary experiments conducted to determine 
whether cellulolytic activity was evident 
from compounds present in the Darco elu
ate and lower zone of the paper chromato
gram is shown in table 1. These results 
show that activity was obtained from all 
three supplements. The stimulation re
sulting from the addition of eluates from

TABLE 1
Cellulolytic activity o f  chrom atographic fractions  

from  extracts o f  alfalfa m eal

Supplements to 
basal medium1

Cellulose
digested2

%
None 30.2
Darco eluate 52.83
Lower zone 43.33
Upper zone 40.53

1 Added at a level of 0.8 gm of alfalfa equiv
alents.

2 The average of triplicates.
3 Statistically significant ( P < 0 .0 1 ) .

the lower zone of the chromatogram sup
ports the assumption that the fractionation 
technique employed concentrated cellulo
lytic factors which were not present in the 
alfalfa fractions discussed by Dehority et 
al. ( ’57). They reported essentially no ac
tivity from the lower zone of their paper 
chromatogram. Six ninhydrin - positive 
spots were observed when the eluate of the 
lower zone was rechromatographed. The 
same amino acids (leucine, isoleucine, va
line, and proline) isolated by Dehority et 
al. ( ’57) also were identified in the upper 
zone. The increases produced by the sup
plements were statistically significant at 
the 1% level (Duncan, ’55).

Since this investigation was conducted 
with factors obtained directly from a nat
ural source, it was assumed that the con
centration of these substances would vary 
among samples of alfalfa. Consequently, 
it was necessary to determine the point 
of maximum stimulation obtained by the 
addition of eluates from the lower zone of 
the chromatograms. A knowledge of the 
quantity of eluate needed to cause this 
degree of stimulation would then be assur
ance of an adequate range to compensate 
for the varying factor concentrations 
among test samples of alfalfa. The results 
of this study are reported in table 2. 
Values in experiment 1 indicated that the 
range of maximum stimulation existed be
tween levels of 0.4 and 1.6 gm of alfalfa 
equivalents. In experiment 2, these supple
mentation levels were narrowed, and the 
range was evident between 0.8 and 1.2 gm. 
Maximum digestion (53.1% ) occurred 
with 1-gm equivalents. The increases in 
cellulose digestion at the maximum point 
of stimulation were statistically significant 
(1% level) in both experiments.



A L F A L F A  C E LLU LO LYTIC  A C TIV E  FACTORS 23 3

TABLE 2
Cellulolytic activity o f  upper and low er zon es from  paper chrom atogram s

Supplements 
to basal 

medium1

Cellulose digested2
Lower zone Upper zone

Exp. 1 Exp. 2 Exp. 3 Exp. 4
% % % %

None 15.0 22.1 34.8 25.6
0.2 — 30.7 — —
0.4 25.2 34.7 35.0 29.9
0.8 30.23 36.4 36.7 25.7
1.0 — 53.13 — —
1.2 — 33.2 — —
1.6 22.9 34.7 37.8 31.9
2.0 12.1 — 37.0 32.5
2.4 5.5 — 36.8 30.1
3.2 1.4 — 38.7 29.5

1 Expressed as grams of alfalfa equivalents per tube.
2 Average of triplicate samples.
3 Statistically significant (P <  0.01).

Response in cellulose digestion ob
tained from assay tubes supplemented with 
eluates from the upper zone were not as 
pronounced as those from the lower zone. 
Values reported in table 2 indicate that the 
stimulation curves were irregular and in
consistent. Analysis of the data shows 
that these increases were not statistically 
significant.

These data indicate that the fractiona
tion technique used to concentrate the 
cellulolytic stimulants, appearing in the 
lower part of the chromatogram, resulted 
in the removal of the amino acids leucine, 
isoleucine, valine, and proline to such an 
extent that at their reduced concentration 
they could not cause the high rate of stimu
lation evidenced in the scheme proposed 
by Dehority et al. ( ’57). This decrease in 
concentration of these amino acids from 
the upper zone was confirmed by a study 
of the intensity of the ninhydrin spots. 
These spots decreased in intensity from the 
initial acid extraction to the column sepa
rations.

Cellulolytic activity of the spots isolated 
from the lower zone of the paper chromato
gram is shown in table 3. These results 
indicate that stimulation is due to com
pounds 5 and 6. These increases in cellu
lose digestion were statistically significant 
at the 5% level. The Rt values for these 
substances show that they are slow-moving 
on the chromatogram, at least slower than 
the common amino acids. It was also ob
served that these two spots required sev

T A B L E  3

Cellulolytic activity o f  chrom atographic spots  
in  th e low er zone

Spots Rf
value1

Cellulose
digested2

Control
%

24.2
1 0.48 22.4
2 0.40 11.9
3 0.25 14.5
4 0.19 26.8
5 0.12 33.63
6 0.06 32.93

1 For butanol, acetic acid, and water descend
ing chromatogram (4 :1 :1 ) .

2 Average of triplicate samples.
3 Statistically significant (P <  0.05).

eral hours for development of the ninhy
drin color, whereas the common amino 
acids developed fairly rapidly. Eluates of 
the lower zone were also assayed with the 
test mold, N. sitophila, and it was found 
that compounds 5 and 6 (table 3) were the 
only ones which showed increased growth 
above the control. This suggests that both 
factors, which cause a stimulation of 
growth for the test organism, are the same 
factors responsible for the increase in cellu
lose digestion, in vitro.

Lee et al. ( ’61) recently isolated two un
identified compounds from alfalfa meal 
which behave similarly, both chromato- 
graphically and as stimulants for the test 
mold, as the cellulolytic factors isolated 
in this investigation. Using a Dowex 50 
(H +) chromatographic column for the iso
lation, they observed that on paper chro
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matograms, these stimulants moved be
tween known samples of L-lysine and 
L-cystine and did not behave chromato- 
graphically as did any of the common 
amino acids. They further observed that 
the two factors were evident as ninhydrin- 
positive spots only after hydrolysis of a 
water extract of alfalfa meal, suggesting 
their presence in bound form.

SUMMARY

Two cellulolytic factors from alfalfa 
meal have been isolated. The technique in
volved acid-extraction of alfalfa leaf meal, 
precipitation of the extract with ethanol, 
extraction of the ethanol filtrate with ether 
and chloroform, adsorption and elution of 
the solvent insoluble fraction on fuller’s 
earth and Darco. Paper chromatography 
was used to separate ninhydrin-positive 
compounds present in the Darco eluate. 
These compounds were eluted from the 
chromatograms and tested for cellulolytic 
activity by in vitro rumen techniques.

Significant increases in cellulose diges
tion were attributed to the Darco eluate 
and to two ninhydrin-positive substances 
isolated from this eluate. On a paper chro
matogram the active compounds moved 
more slowly than most of the com
mon amino acids, migrating between 
known samples of L-lysine and L-cystine. 
They exist in bound form in alfalfa meal 
but can be released by acid hydrolysis.
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Interrelationships between pantothenic 
acid and vitamin Bi2 in the nutrition of 
different species of animals have been re
ported (Evans et al., ’51; Yacowitz et al., 
’51; Welch and Couch, ’54; Balhoun and 
Phillips, ’57). Boxer et al. ( ’53) observed 
a fivefold increase in the coenzyme A con
centration of liver in vitamin Bi2-deficient 
chicks. Further studies with rats, although 
confirming the earlier observations, re
vealed that increases were also observa
ble in the kidney, although not in the brain 
(Boxer et al., ’55). It was also evident 
that the increase was due neither to a de
creased destruction of coenzyme A in the 
deficient tissues, nor to a shift in the ratio 
of the oxidized to the active reduced form 
of coenzyme A (Boxer et al., ’55). Similar 
observations have since been reported by 
others (Sanguinetti et al., ’56; Wong and 
Schweigert, ’56) and it has been suggested 
that since the vitamin Bi2-deficient ani
mal cannot utilize carbohydrate efficiently 
(Ling and Chow, ’54), the increase in liver 
coenzyme A may be a physiological adap
tive mechanism that increases energy pro
duction by providing more two carbon 
fragments from fatty acid oxidation. A 
similar deranged carbohydrate metabolism 
exists in diabetic animals and the im
paired energy production appears to be 
offset by an elevation of liver coenzyme A 
stores.2 Cold stress observed to produce a 
vitamin Bi» deficiency (Ershoff, ’53) also 
causes an increase in coenzyme A levels 
(Campbell et al., ’60).

An increase in liver concentration of 
vitamin Bi2 in pantothenic acid deficiency, 
first reported by Radhakrishnamurty and 
Sarma ( ’57), and confirmed by several 
others (Okuda, ’57; Moruzzi et al., ’58; 
Aiyar et al., ’59) is also attended by in

creases in serum vitamin Bi2 and in uri
nary excretion of vitamin Bi2.3

The reported increase in betaine-homo- 
cysteine transmethylase activity in pan
tothenic acid deficiency (Ericson and 
Harper, ’55) and a decrease of the same 
in vitamin Bi2 deficiency (Oginsky, ’50; 
Williams et al., ’53; Mistry et al., ’55; Eric
son et al., ’56) lends further support to 
the reciprocal nature of the relationship 
existing between the two vitamins.

In view of the reported metabolic re
lationships between pantothenic acid and 
methionine (Ludovici et al., ’51; Dinning 
et al., ’54, ’55), vitamin Bi2 and methio
nine (Stekol and Weiss, ’50; Bennett, ’50; 
Fox et al., ’59; Moruzzi et al., ’60) and 
between the two vitamins themselves, it 
was thought worthwhile to study the me
tabolism of coenzyme A and certain re
lated sulfhydryl compounds, in an attempt 
to elucidate the mechanism of the in
creased hepatic coenzyme A concentration 
in vitamin Bi2 deficiency.

Observations on the changes in tissue 
levels of coenzyme A, glutathione and 
total soluble sulfhydryl in simple deficien
cies of vitamin B!2 produced by feeding 
either a high vegetable protein diet or a 
purified casein ration devoid of the vita
min, and on the kinetics of in vivo biosyn
thesis of coenzyme A in rats with a single 
deficiency of vitamin B,2 and with double 
deficiencies of vitamin B22 and pantothenic 
acid, from intraperitoneally administered 
precursors are presented and discussed.

Received for publication May 24, 1961.
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EXPERIMENTAL

Induction of deficiencies, (a ) A sim
ple vitamin B12 deficiency was produced by 
feeding weanling male rats (Wistar strain), 
weighing 45 to 50 gm, either a maize- 
groundnut meal diet (Fatterpaker et al., 
’59), or a purified 10% casein ration (Fat
terpaker et al., ’60) devoid of vitamin Biz 
for 8 weeks.

Control groups were also maintained 
with a supplement of vitamin Biz (200 
ug/kg) to the respective basal diets.

(b ) A double deficiency of pantothenic 
acid and vitamin Biz was produced in one 
group of rats by feeding the purified ca
sein ration devoid of both calcium panto
thenate and vitamin Biz for 8 weeks, by 
which time, the animals exhibited severe 
symptoms of deficiences of both vitamins.

Four animals each from the groups fed 
the vitamin Bi2-deficient and vitamin B12- 
replete casein rations, were given a supple
ment of L-cysteine hydrochloride (0.1 gm 
per kg of diet), throughout the experi
mental period of 8 weeks.

Administration of vitamin Biz to defi
cient rats. To 8 rats made deficient in 
vitamin Biz by maintenance with the basal 
purified casein ration, vitamin Biz (10 ug) 
was administered intraperitoneally and 
the animals were sacrificed at intervals of 
zero, 4, 8, 16 and 48 hours from the time 
of administration.

In vivo biosynthesis of coenzyme A in 
vitamin Bu-deficient rats. Vitamin Biz-

deficient and vitamin Biz-supplemented 
rats were injected intraperitoneally with 
10 mg each of calcium pantothenate and 
cysteine hydrochloride and were sacrificed 
at intervals of zero and 8 hours. Intraperi
toneal injection of vitamin Biz (10 ug) 
was given to one group of deficient rats 
three hours prior to administration of the 
precursors.

In vivo biosynthesis of coenzyme A in 
rats deficient in pantothenic acid and vita
min Biz. To rats deficient in both the 
vitamins, L-cysteine hydrochloride (10 mg) 
was injected with or without prior admin
istration (three hours prior) of either cal
cium pantothenate (10 mg) or vitamin Biz 
(10 ug) and the animals were sacrificed 
8 hours later.

Determinations. The animals were sac
rificed at the end of the experimental 
periods by decapitation, and the livers, 
after perfusion with isotonic saline, were 
excised and chilled in cracked ice. The 
livers were accurately weighed and made 
into 10% homogenates in isotonic su
crose (0.25 M) using a Potter-Elvehjem 
type glass homogenizer fitted with a Teflon 
pestle.

Total soluble sulfhydryl (Grunert and 
Phillips, ’51) and methionine (Horn et al., 
’46) were determined colorimetrically es
sentially as described by the authors and 
glutathione was determined by the proce
dure outlined by Kasbekar and Sreeni- 
vasan ( ’59).

t a b l e  1
C hanges in c oen zym e A  and related su lfh yd ryl com p ou n d s in rat liver in  vitam in  Biz d eficien cy1

Group Vitamin B12
Total

soluble
sulfhydryl

Glutathione Total
methionine

Pantothenic
acid Coenzyme A

Maize-groundnut
mfig mg mg mg l¿9 units

meal diet

Maize-groundnut 
meal diet +

47 ± 7 2 1 . 0 2  ± 0 . 1 1 0.90 ± 0 .0 8 5 .07±0 .13 131 ± 1 6 165 ± 2 1

vitamin Bi2 92 ± 1 9 1.28 ± 0 .0 3 1.15 ±  0.14 5.21 ±0 .0 1 81 ± 1 3 94 ± 1 4

10% Casein diet 

10% Casein diet +

49 ± 4 1.14 ± 0 .0 7 0.88 ± 0 .0 3 4.98 ± 0 .0 9 1 2 0 ±  12 151 ± 1 4

vitamin Biz 87 ± 9 1.26 ± 0 .1 4 0.99 ± 0 .0 7 5 .26±0 .11 6 6 ±  19 87 ± 9

1 Weanling male rats (45 to 50 gm) were reared with either a maize-groundnut meal diet or a 
purified casein ration deficient in vitamin B12. Where indicated, vitamin B12 was supplemented 
at 200 y g /k g . Determinations were as detailed in text.

2 Results are averages of 4 independent determinations ±  standard error of the mean and are 
expressed per gram of fresh liver.
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Vitamin B12 and pantothenic acid were 
assayed microbiologically using Euglena 
gracilis (Hoff-Jorgensen, ’54) and Lacto
bacillus arabinosus (Skeggs and Wright, 
’44), respectively, as the test organism.

Coenzyme A was assayed using the 
acetylating enzyme from pigeon liver by 
the method of Kaplan and Lipman ( ’48).

RESULTS AND DISCUSSION
Observations on changes in the hepatic 

stores of coenzyme A and related sulfhy- 
dryl compounds in vitamin B12 deficiency 
are presented in table 1. Vitamin B12 de
ficiency produced by feeding either the 
high vegetable protein diet or the purified 
casein ration resulted in a similar increase 
in coenzyme A concentration of liver, at
tended by a decrease in total soluble sulf- 
hydryl, glutathione and methionine.

Cysteine supplementation of the 10% 
casein diet, which is low in methionine, 
resulted in further increases in the coen
zyme A levels with insignificant changes 
in total soluble sulfhydryl and glutathione 
in the vitamin Bi2-deficient group. In the 
vitamin Bi2-supplemented group, however, 
the increases in total soluble sulfhydryl 
and glutathione were more than the in
crease shown in coenzyme A (table 2).

In table 3 are presented data on the 
effects of administration of a single dose 
of vitamin B12 intraperitoneally to deficient 
animals. Significant increases in total sol
uble sulfhydryl, glutathione and methio
nine were observed by the end of 8 hours 
after administration of the vitamin with 
practically no change in the coenzyme A 
level. By the end of 16 hours coenzyme A 
level showed a decline and was consider-

t a b l e  2

C hanges in liver stores o f c o en zy m e  A  due to c -c y s te in e  su p p lem en ta tion  o f th e  d ie t1

Group
Total

soluble
sulfhydryl

Glutathione Total
methionine

Total
pantothenic

acid
Coenzyme A

10% Casein diet
mg

1 .1 4 ± 0 .0 7 2
mg

0.88 ± 0 .0 6
mg

4.98 ± 0 .0 7
ß9

120 ± 1 2
units 

151 ± 1 6

10% Casein diet 
+  L-cysteine 1.21 ± 0 .0 3 1.07 ± 0 .0 7 5.23 ± 0 .0 9 143 ± 7 179 ± 7

10% Casein diet 
+  vitam in B 12 1 .2 6± 0 .0 2 0.99 ± 0 .0 7 5.26 ± 0 .0 2 6 6 ±  11 8 7 ±  13

10% Casein diet 
+  vitamin B 12 
+  L-cysteine 1.30 ± 0 .0 4 1.19 ± 0 .1 1 5.29 ±  0.10 87 ±  13 99 ± 1 9

1 L-Cysteine (100 mg/kg diet) was supplemented to both the vitamin B 12-deficient and vitamin B12- 
replete casein diets throughout the experimental period of 8 weeks.

2 Results are averages of 4 independent determinations ±  standard error of the mean and are 
expressed per gram of fresh-weight liver.

TABLE 3
E ffec t  o f  adm in istration  o f  vitam in  B 12 to  d eficien t rats on  liver  levels  o f  c o en z y m e  A 1

Hours after 
administration

Total
soluble

sulfhydryl
Glutathione Total

methionine Coenzyme A

mg mg mg units
0 1.14 ±  0.072 0 .8 8 ± 0 .1 0 4.98 ± 0 .0 7 151 ± 1 6
4 1.21 ± 0 .0 1 0.97 ± 0 .0 2 5.11 ±  0.11 1 4 8 ± 1 1
8 1.24 ± 0 .0 3 1.03 ± 0 .0 5 5.14 ±  0.09 147 ± 1 2

16 1.29 ± 0 .0 8 1.14 ±  0.09 5 .1 0 ± 0 .0 2 139 ± 1 9
48 1.29 ± 0 .0 3 1.14 ± 0 .0 2 5 .1 7 ±  0.09 113 ±  15

'Vitamin B12 (10 ,ug/rat) was administered intraperitoneally to the deficient animals 
and sacrificed at intervals of zero, 4, 8, 16 and 48 hours.

2 Results are averages for duplicate samples of liver for each of the groups of 8 rats ±  
standard error of the mean, and are expressed as per gram of fresh-weight liver.
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TABLE 4
B iosyn th esis o f  coen zym e A  in vivo  in  vitam in  B ¡¡-deficient rats1

Hours after 
administration

Total
soluble

sulfhydryl
Glutathione Total

methionine Coenzyme A

mg mg mg units
10% Casein diet

0 1 .1 4±0 .0 32 0.88 +  0.07 4.98 ± 0 .0 9 151 ± 9
8 1.19 ±  0.06 0.97 +  0.03 4.96 ± 0 .0 3 191 ±  17
83 1.27 ± 0 .0 2 1.08 +  0.10 5.13 ± 0 .0 2 164 ± 1 3

10% Casein diet-f vitamin B12

0 1 .2 6±  0.10 0.99 +  0.02 5.26 ± 0 .0 6 87 ±  10
8 1.29 +  0.09 1.17 +  0.07 5.29 ± 0 .0 4 101 ± 1 2

’ Calcium pantothenate (10 mg) and cysteine hydrochloride (10 mg) were administered 
intraperitoneally and the animals sacrificed at intervals of zero and 8 hours.

2 Results are averages of 4 independent determinations ±  standard error of the mean and 
are expressed per gram of fresh weight liver.

3 Vitamin Bi« (10 fig) injected intraperitoneally three hours prior to administration of the 
precursors.

ably reduced by 48 hours, whereas gluta
thione and methionine show a gradual 
rise.

Data on the in vivo biosynthesis of co
enzyme A from intraperitoneally admin
istered precursors in vitamin Bi2-deficient 
and vitamin Bi2-supplemented rats are 
presented in table 4. The biosynthesis of 
the coenzyme occurred more in the defi
cient group than in the supplemented 
group in which the synthesis of glutathi
one and total soluble sulfhydryl appeared 
greatly enhanced. Administration of vita
min B12 three hours prior to administra
tion of L-cysteine hydrochloride and cal
cium D-pantothenate to the vitamin Bi2- 
deficient animal resulted in reduction in

the biosynthesis of coenzyme A with at
tendant increases in the synthesis of glu
tathione, total sulfhydryl and methionine.

A combined deficiency of vitamin B!2 
and pantothenic acid resulted in low he
patic coenzyme A levels and slightly de
creased total soluble sulfhydryl and gluta
thione levels (table 5). Administration of 
L-cysteine hydrochloride led to a slight in
crease in the levels of total soluble sulfhy
dryl. Prior (three hours) administration 
of calcium pantothenate effected increased 
synthesis of coenzyme A, and of vitamin 
B12 favored increased synthesis of total 
soluble sulfhydryl and glutathione.

The results point to an increased chan
neling of cysteine into coenzyme A rather

TABLE 5
B iosynthesis o f coen zym e A  in  vivo  in  rats deficient in ■pantothenic acid and vitam in  B n 1

Compounds administered
Total

soluble
sulfhydryl

Glutathione Total
methionine Coenzyme AVitamin

B122

Calcium
panto

thenate2
n-Cysteine3

mg mg mg units
— — — 0.93 ± 0 .0 3 “ 0 .8 1±0 .0 9 4 . 7 7  ±  0 . 0 9 9 4 ±  11
— — + 1.21 ± 0 .0 4 0.84 ± 0 .0 3 4 . 7 3  ± 0 . 0 1 91 ±  13
— + 1.07 ±  0.08 0.86 ± 0 .0 6 4.73 ± 0 .0 7 137 ±  18
+ — + 1.31 ± 0 .0 6 1.11±0 .03 5.01 ±  0.10 99 ± 7

1 Weanling rats were maintained with a purified 10% casein ration devoid of both vitamin Bi2 and 
pantothenic acid for 8 weeks.

2 Where indicated vitamin B12 (10 ¿ig) and calcium pantothenate (10 mg) were administered 
parenterally three hours prior to L-cysteine hydrochloride.

3 L-Cysteine hydrochloride (10 m g/rat) was administered intraperitoneally and the animals sac
rificed 8 hours later.

4 Results are averages of 4 independent determinations ±  standard error of the mean and are 
expressed per gram of fresh weight liver.
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than into glutathione or methionine in the 
vitamin B,2-deficient rat, possibly due to 
the reported participation of vitamin B12 
in the biosynthesis of glutathione (Kas- 
bekar et al., ’59) and in the formation of 
methionine (Oginsky, ’50) from cysteine 
through homocysteine. The increase in 
coenzyme A is possibly a metabolic adapta
tion necessitated by the impaired carbo
hydrate metabolism, for more effective 
concentration of the coenzyme to partici
pate in fatty acid oxidation, in the vitamin 
Biz-deficient animal (Wong and Schweigert 
’56).

SUMMARY

1. The elevation in hepatic coenzyme 
A in the vitamin B 12-deficient rat was at
tended by decreases in total soluble sulf- 
hydryl, glutathione and total methionine. 
The changes were reversed and the levels 
returned to almost normal values within 
48 hours after administration of a single 
dose of vitamin B12.

2. Supplementation of a low-methio- 
nine diet with L-cysteine hydrochloride 
resulted in increases in liver stores of co
enzyme A, total soluble sulfhydryl, gluta
thione and methionine, the rise in coen
zyme A level being more in the vitamin 
Bi2-deficient rat than in the supplemented 
one.

3. The vitamin B12 - deficient animal 
showed greater in vivo synthesis of coen
zyme A from intraperitoneally adminis
tered precursors, than the vitamin-supple
mented animal. Prior administration of 
vitamin Bt2 to the deficient animal de
creased the coenzyme A synthesis.

4. Administration of L-cysteine hydro
chloride to rats deficient in both panto
thenic acid and vitamin Bi2 was without 
appreciable effect on the liver levels of co
enzyme A, total soluble sulfhydryl, gluta
thione and methionine. Prior administra
tion of pantothenic acid or of vitamin B12 
favored increased synthesis of coenzyme 
A or of total soluble sulfhydryl, gluta
thione and methionine, respectively.
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Effects of Varied Levels and a Single Daily Supplement 
of Lysine on the Nutritional Improvement 
of Wheat Flour Proteins* 1

S. P. YANG, HELEN E. CLARK a n d  GLADYS E. VAIL
D ep a rtm en t o f  Foods and N utrition , Agricultural E xp erim en t Station  
and School o f  H o m e E con om ics, Purdue U niversity ,
L a fa yette , Indiana

Since the studies of Osborne and Men
del ( ’14), numerous investigations have 
shown that the nutritional value of vari
ous incomplete proteins may be improved 
by the addition of the limiting amino acid. 
Consequently, considerable interest has 
been aroused in the fortification of pro
tein-containing foods with amino acids.

It has been observed that the level and 
the method of amino acid supplementa
tion exert a profound effect on body func
tion. The studies of Harper et al. ( ’55a) 
demonstrated that an excess of dietary 
leucine increased the isoleucine require
ment of the young rats fed a low-protein 
diet. The growth depression, which oc
curred in the young rats receiving a rice 
diet supplemented with excessive amounts 
of lysine and threonine, was prevented by 
the addition of certain other amino acids 
(Harper et al., ’55b). Elvehjem and 
Harper ( ’55) concluded that the supple
mentation of a diet with a single amino 
acid may seriously affect the requirement 
for other amino acids.

The studies of Henry and Kon ( ’46), 
Schaeffer and Geiger ( ’47) and Geiger 
( ’47, ’48) indicated that the tissue anabo
lism in the animal body occurred most 
efficiently when all of the essential amino 
acids were supplied simultaneously. Hen
derson and Harris2 observed that a lysine 
supplement, given to rats fed a lysine- 
deficient diet, was not efficiently utilized 
if given more than three hours later than 
the rest of the diet. Geiger ( ’50) con
cluded that the effective supplementation 
of the missing amino acid is possible only 
if the time interval is less than 4 or 5 
hours, when there are still sufficient quan

tities of the deficient protein in the intes
tine of the animal. Relatively little is 
known, however, of the utilization of a 
single daily supplement of the amino acid 
administered apart from the diet.

Therefore, experiments were conducted 
to study the effect of graded levels of ly
sine supplement on the nutritive value of 
the wheat flour proteins for the young rats, 
and to study further whether the lysine 
supplement administered apart from the 
diet was as well utilized by the young rats 
as the same amount of supplement incor
porated in the diet.

EXPERIMENTAL

Male weanling rats of the Sprague- 
Dawley strain, about 21 days old and 
weighing from 50 to 60 gm, were used. 
The animals were individually housed in 
suspended wide-mesh wire cages in an 
air-conditioned room maintained at 24 °C 
and 40% of relative humidity. During a
4-week experimental period, deionized 
water was given ad libitum to all the ani
mals, while the food allowances among 
groups were varied.

Three experiments were carried out. Ex
periment 1 was conducted to study the 
effect of the graded levels of lysine supple
ment on the nutritional value of the wheat 
flour proteins. The rats were fed ad libi-

Received for publication January 24, 1961.
1 Journal Paper no. 1392, Purdue Agricultural 

Experiment Station, Lafayette, Indiana. A pre
liminary report was presented before the 23rd 
Annual Meeting of the American Institute of 
Nutrition at Atlantic City, New Jersey, 1959.

2 Henderson, R., and R. S. Harris 1949 Con
current feeding of amino acids. Federation 
Proc., 8 : 382 (abstract).

J. N u t r it io n , 75: ’ 61 241
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turn a flour diet or the same diet supple
mented with various levels of lysine by 
the addition of appropriate quantities of 
L-lysine hydrochloride.3 The percentage 
composition of the flour diet was as fol
lows: enriched white bread flour,4 82; corn 
oil, 8; salt (Jones and Foster, ’42), 4; 
cornstarch, 3; nonnutritive bulk,5 2, and 
vitamin-cornstarch (Yang et al., ’59), 1. 
The lysine supplement was added to the 
diets at the expense of an equal amount 
of cornstarch. The flour diet contained 
approximately 10% of protein (N X 6.25) 
and 1.19% of L-lysine.6 The lysine con
tent was determined by a microbiological 
assay using Leuconostoc mesenteroides 
P-60 and the medium developed by Steele 
et al. ( ’49).

Experiments 2 and 3 were conducted 
to study whether the lysine supplement 
administered by stomach tube in a single 
daily dose was as well utilized as the same 
amount of supplement included in the 
diet. The flour diet supplemented with 
0.2% of lysine, which supported the op
timal weight gain in experiment 1, was 
chosen for this study. The diet contained 
a total of 0.39% of L-lysine (0.19% from 
flour). To facilitate the administration of 
the lysine given apart from the diet, an 
aqueous lysine solution was prepared so 
that each milliliter contained 0.02 gm of 
lysine, which was the amount of the sup
plemental lysine in 10 gm of the flour 
diet supplemented with 0.2% of lysine. 
The amount of the lysine solution given 
to the rats was adjusted daily so that it 
was equivalent to the average amount of 
the supplemental lysine consumed by the 
animals receiving the lysine supplement 
incorporated in the diet. The animals re
ceiving no lysine solution were given an 
equivalent amount of deionized water by 
stomach tube to equalize the effect of 
handling.

In experiment 2, the food allowances 
among groups were equalized. The amount 
of food given to the animals receiving the 
lysine supplement, either in the diet or 
by the stomach tube, was restricted to the 
average amount of the food consumed on 
the previous day by the animals receiving 
the unsupplemented flour diet. The lysine 
solution or the deionized water was given

at 9 a m  daily , w h en  the daily quota o f the 
food w as offered.

Experiment 3 was conducted to deter
mine the effect of the delayed lysine sup
plementation on the nutritive value of the 
flour proteins. Rats were trained during 
an 8-day pretest period to consume their 
daily diets within a 4-hour period. They 
were then divided according to body 
weight into comparable groups and given 
ad libitum the flour diet or the same diet 
supplemented with 0.2% of lysine for 4 
hours daily, from either 9 a m  to 1 p m  
(part A) or 5 p m  to 9 p m  (part B). At 
the end of the 4-hour feeding period, or 
4, 8, 12, or 16 hours thereafter, the ani
mals receiving the unsupplemented flour 
diet were given by stomach tube a quan
tity of lysine solution equivalent to the 
average amount of the supplemental ly
sine contained in the food eaten on the 
same day by the animals fed the supple
mented flour diet. The animals receiving 
the lysine-supplemented flour diet were 
given an equivalent amount of deionized 
water by stomach tube immediately after 
the feeding period.

Food intakes and body weight were re
corded for all rats. Measurements of the 
apparent digestible nitrogen and the bio
logical value were carried out during the 
last 7 days on experiment by procedures 
previously described (Yang et al., ’59). 
Livers and the carcasses of the animals 
in experiment 1 were also analyzed for 
the dry-matter, nitrogen and lipid content. 
Data of the experiments were subjected 
to the analysis of variance (Snedecor, 
’56) and Duncan’s multiple range test 
(Duncan, ’55).

RESULTS AND DISCUSSION
Supplementation of the flour diet with 

lysine, up to the level of 0.5%, signifi
cantly (P < 0 .0 1 ) increased the food in
take (table 1). The animals given the

3 Nutritional Biochemicals Corporation, Cleve
land.

4 General Mills, Inc., Minneapolis. The flour 
was enriched with the following supplements in 
mg per 100 pounds of flour: thiamine mono
nitrate, 180; riboflavin, 90; niacin, 1200; and 
ferric phosphate 900.

5 Alphacel, Nutritional Biochemicals Corpora
tion, Cleveland.

6 Determined by Mrs. Lois L. Reitz.
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TABLE 1
E ffects o f  feedin g rats a w h ea t flour diet su p p lem en ted  w ith  various levels o f  lysin e1

Lysine
supplement

Food
intake

Weight
gain

Nitrogen
efficiency2

Apparent
digestible
nitrogen3

Biological
value4

% gru gm % %
0 198±195 11±  3 3 .6 ± 0 .7 88.6 ±  0.7 34.4 ± 4 .9
0.06 245±23 3 0 ±  5 7.6 ± 0 .6 87.6 ± 2 .5 39.1 ± 2 .5
0.12 289±32 5 3 ±  7 11.3 ±  0.5 88.1 ±  1.1 48.1 ± 3 .4
0.20 294±19 5 9 ±  8 12.4 ±  1.1 87.1 ± 1 .0 52.6 ±  2.7
0.25 263±26 5 3 ±  8 12 .2±  1.0 86.4 ± 0 .6 55.0 ± 2 .4
0.50 235±24 46±11 11.6 ±  1.3 87.4 ± 1 .9 54.5 ±  1.6
1.00 215±15 4 1 ±  5 10 .8±  1.0 85.8 ± 0 .6 51.1 ±  2.4

1 Ten rats/group.
2 Weight gain in grams/gram of nitrogen eaten.
3 (Nitrogen in food —nitrogen in feces) X 100

Nitrogen in food
4 (Nitrogen in food —nitrogen in urine —nitrogen in feces) x  100

Nitrogen in food— nitrogen in feces
5 Mean ±  standard deviation.

flour diet supplemented with 1.0% of ly
sine, however, did not consume signifi
cantly (P >  0.05) more food than those 
given the unsupplemented flour diet. All 
of the 6 tested levels of the lysine supple
ment significantly (P < 0 .0 1 ) increased 
the weight gain. The maximal weight 
gain was noted in the group receiving the 
flour diet supplemented with 0.2% of ly
sine. Higher levels of the supplementation 
gave reduced weight gains, possibly due, 
in part, to the amino acid imbalance.

The mean nitrogen efficiency (grams 
gained per gram of nitrogen eaten) of the 
flour diet supplemented with 0.06% of 
lysine was significantly (P <  0.01) higher 
than that of the unsupplemented flour diet, 
but lower (P < 0.01) than the values of 
the flour diet with higher levels of lysine 
supplementation. The nitrogen efficiency 
values of the flour diet supplemented with 
0.20 or 0.25% of lysine were not signifi
cantly different from the value of the 
flour diet with 0.5% of added lysine, but 
were significantly higher than that of the 
flour diet plus 1.0% of lysine.

The mean value for the apparent di
gestible nitrogen of the unsupplemented 
flour diet was not significantly different 
from the values of the flour diets supple
mented with 0.06 to 0.5% of lysine, but 
greater (P <  0.01) than that of the flour 
diet supplemented with 1.0% of lysine.

The biological value of the flour proteins 
was increased, in a stepwise fashion, by

the lysine supplementation up to the 
0.25% level. Higher levels of the supple
mentation did not further increase the 
biological value, and in fact the diet sup
plemented with 1.0% of lysine had a lower 
biological value than those supplemented 
with 0.25 or 0.50% of lysine (P < 0.05).

Data on liver and carcass composition 
of the animals fed the various flour diets 
are summarized in table 2. The mean dry- 
matter content of the fivers for the various 
groups ranged from 27.2 to 29.9%. The 
fiver nitrogen levels tended to increase 
and the fiver lipid levels tended to de
crease as the level of the lysine supple
mentation increased. Harper ( ’56) has 
previously pointed out that the lysine de
ficiency causes fatty fivers in the young 
rats. The present observations also con
firm the findings of Harris and Burress 
( ’59), who demonstrated that the lysine 
supplementation decreased the hepatic 
lipid level and increased the hepatic nitro
gen level of the young rats fed a diet con
taining 8% of wheat proteins.

Dry-matter content of the carcasses of 
the various groups ranged from 29.7 to 
33.2% . Data also indicated that the lysine 
supplementation of the flour diet increased 
the carcass nitrogen content. The highest 
carcass lipid level was noted in the group 
given the flour diet supplemented with 
0.12% of lysine. Higher levels of supple
mentary lysine reduced the percentage of 
the carcass lipid content. Agreement was
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TABLE 2
D ry m atter, nitrogen  and lipid1 con ten t o f  livers and carcasses o f  you n g rats fed  a flour diet 

su p p lem en ted  w ith  various levels o f  lysine2

Lysine
supplement

Livers Carcasses

Dry matter Nitrogen Lipids1 Dry matter Nitrogen Lipids

% % % % % % %
0 28.3 ± 2 .2 3 2.87 ± 0 .3 2 8 .9 ±  1.1 29.7 ±  1.7 2.87 ±  0.16 8.8 ± 1 .1
0.06 27.7 ±  0.8 3 .1 0 ± 0 .1 7 8.4 ± 0 .8 32.0 ±  1.0 2.89 ± 0 .0 7 12.1 ± 2 .1
0.12 29.9 ± 2 .0 2.92 ± 0 .2 5 9.1 ±  1.3 33.2 ±  1.5 2.84 ± 0 .0 8 14.1 ±  2.0
0.20 27.4 ± 1 .9 3.15 ±  0.12 7 .7 ±  1.7 32.1 ± 1 .2 3.02 ± 0 .0 6 11.2 ±  2.0
0.25 28.0 ± 0 .9 3 .1 2 ± 0 .2 7 7.4 ±  1.6 31.2 ±  1.1 2 .9 6 ± 0 .1 0 1 0 .9 ± 2 .3
0.50 27.5 ± 1 .4 3 .1 7 ± 0 .3 0 6.6 ± 0 .4 30.6 ±  1.8 3 .0 2 ± 0 .0 7 9 .6 ± 2 .2
1.00 2 7 .2 ±  1.0 3.20 ±  0.13 6.6 ± 0 .7 30.0 ±  1.0 3 .0 2± 0 .1 1 9.5 ± 2 .0

1 Alcohol-ether-extract.
2 Ten rats/group.
3 Mean ±  standard deviation.

TABLE 3
E ffects o f  feedin g rats a w h ea t flour diet w ith  lysine su p p lem en t either m ix ed  in th e diet 

or adm inistered  apart from  the diet1

Lysine
supplement

Food
intake

Weight
gain

Nitrogen
efficiency2

Apparent
digestible
nitrogen3

Biological
value4

None
gm

226 ± 2 3 5
gm

15 ±  5 3 .6 ± 0 .8
%

89.7 ±  1.9
%

45.4 ± 2 .9
M ixed in  diet 234 ± 8 3 5 ± 4 8.0 ± 0 .8 8 8 .2 ±  0.9 56.6 ±  1.6
By stom ach tube 234 ± 5 33 ± 3 7 .6 ±  0.9 88.9 ±  1.4 5 7 .9 ±  1.9

1 Ten rats/group.
2 Weight gain in grams/gram of nitrogen eaten.
3 See footnote 3, table 1.
4 See footnote 4, table 1.
5 Mean ±  standard deviation.

noted between the carcass and the liver 
lipid levels, both of which were maximal 
in the animals given the diet containing 
0.12% of the added lysine, and were re
duced by higher levels of lysine supple
mentation.

Data on food intake, weight gain, nitro
gen efficiency, apparent digestible nitro
gen, and biological value obtained in ex
periment 2 and 3 are summarized in tables 
3 and 4, respectively. When the food in
takes were equalized at a level based on 
the average food consumption of rats fed 
the unsupplemented flour diet, the mean 
values of weight gain, nitrogen effi
ciency, and biological value obtained with 
the unsupplemented flour diet were signifi
cantly (P < 0 .0 1 ) lower than those ob
tained with the diet supplemented with 
0.2% of lysine either mixed in the diet or 
administered by stomach tube in a single 
daily dose (table 3). The mode of admin
istration of lysine supplement had no sig
nificant effect on weight gain, nitrogen

efficiency, digestible nitrogen, and biologi
cal value. These observations indicated 
that the lysine supplement given apart 
from the diet in a single daily dose was as 
well utilized by the young rats as the same 
amount of lysine supplment fed in the 
diet. It should be noted, however, that the 
food allowance for the animals receiving 
the lysine supplment by either method was 
adjusted to a suboptimal level and the 
lysine solution was administered at 9 a m , 
when the daily quota of the food was of
fered. Since the animals receiving a re
stricted food intake usually ate most of 
their food rapidly, it would appear reason
able to conclude that the animals received 
the lysine supplement by stomach tube 
and the flour proteins at approximately the 
same time. To determine the effect of the 
delayed lysine supplementation on the nu
tritive value of the flour proteins, further 
studies were conducted.

As shown in table 4, the values obtained 
for the food intake, weight gain, nitrogen
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TABLE 4

E ffects o f  feedin g rats a w h ea t flour diet w ith  delayed  adm inistration o f  lysine su p p lem en t1

Lysine
supplement

Food
intake

Weight
gain

Nitrogen
efficiency2

Apparent
digestible
nitrogen3

Biological
value4

Mixed in diet

gm

200 ± 1 8 5

gm
Part A 
38 ± 5 12 .2±  0.9

%

82.7 ±  2.5

%

46.1 ± 5 .2
By stomach tube

Immediately after feeding 189 ± 1 3 34 ± 3 11 .7±0 .6 84.7 ± 2 .6 49.9 ± 5 .6
4 Hours after feeding 198 ±  12 39 ± 1 12.4 ± 0 .9 8 5 .0 ±  2.0 53.0 ± 3 .4
8 Hours after feeding 196±21 41 ± 6 13 .3±0 .9 84.0 ± 1 .9 49.8 ± 3 .2

Mixed in diet 217 ± 2 6
Part B 
40 ± 6 12.3 ± 1 .2 84 .9±3 .1 4 7 .6 ± 6 .0

By stomach tube
12 Hours after feeding 2 1 0 ±  18 37 ± 6 11.1 ±  1.1 83.0 ±  1.7 4 8 .8 ± 4 .5
16 Hours after feeding 208 ± 1 8 36 ±  4 10.9 ±  1.1 84.6 ± 2 .9 47.0 ± 4 .1

1 Seven rats/group.
2 Weight gain in grams/gram of nitrogen eaten.
3 See footnote 3, table 1.
4 See footnote 4, table 1.
5 Mean ±  standard deviation.

efficiency, apparent digestible nitrogen, 
and biological value when the lysine sup
plement was given apart from the diet 
immediately, 4, or 8 hours after the 4-hour 
feeding period, were not significantly (P 
> 0.05) different from those obtained 
when the lysine supplement was included 
in the diet (part A). In part B, when 
the lysine supplement was administered 
either 12 or 16 hours after the feeding, the 
values for the flour proteins were not sta
tistically (P > 0.05) different from those 
observed when the lysine supplement was 
included in the diet (table 4).

Therefore, the lysine supplement ad
ministered apart from the diet once a day 
appears to be as well utilized as when in
corporated in the diet. The studies of 
Geiger ( ’47), Schaeffer and Geiger ( ’47), 
and Henderson and Harris,7 however, have 
shown that the amino acid supplements 
given apart from the diet several hours 
later were not utilized efficiently by the 
young rats; but the experimental proce
dures adopted by those investigators were 
different from those used in the present 
experiment. In their studies, the supple
mental amino acid was incorporated into 
an otherwise adequate but protein-free 
diet, and was thus ingested simultaneously 
with the other components. In the present 
experiment, the supplemental amino acid 
was administered alone by stomach tube

in a single daily dose. Further studies, 
therefore, are being conducted to compare 
the two methods of administering amino 
acid supplement to determine whether 
there is a significant difference in the re
sults obtained.

SUMMARY

Experiments were conducted to study 
the effect of various levels of lysine supple
mentation on the nutritional value of the 
wheat flour proteins for the young rats, 
and to study further whether the lysine 
supplement administered apart from the 
diet once a day was as well utilized as the 
same amount of supplement incorporated 
in the diet.

Growth data and the biological value in
dicated that the nutritional value of the 
flour proteins was improved by the lysine 
supplementation up to a level of 0.20 or 
0.25%, but that liver and carcass compo
sition afforded little information of value 
at these levels. Certain adverse effects oc
curred when the flour diet was supple
mented with 1.0% of lysine.

When food intakes were equalized at a 
suboptimal level, growth data and the bio
logical value obtained with lysine supple
mentation by stomach tube were similar 
to those with the supplementation in the

7 See footnote 2.
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diet. Growth data and the biological value 
obtained with the lysine supplement ad
ministered apart from the diet, either im
mediately or 4, 8, 12 or 16 hours after the 
4-hour feeding period, were not different 
from those observed with the lysine sup
plement incorporated in the diet.
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Effect of Hypocaloric Feeding on Gross 
Body Composition

H. W. CARROLL, S. C. PECKHAM a n d  A. R. BEHNKE, JR.
U. S. N aval Radiological D efe n se  Laboratory, San Francisco, California

The general supposition that obesity is 
predisposing to a shorter life expectancy 
and leanness to a longer life expectancy is 
based mainly on actuarial data. These 
data strongly suggest that obesity shortens 
life span perhaps through its associated 
effects on the cardiovascular and renal 
system. Vital statistics are somewhat in
adequate, however, as it is difficult to ac
quire basic information on genetic and 
environmental history of the individual. 
Therefore, to acquire baseline information 
on the various parameters which are asso
ciated with the “normal” aging process, it 
becomes necessary to seek this informa
tion within laboratory confines. McCay et 
al. ( ’35) in classical experiments showed 
that hypocalorically reared rats had a 
marked increase in life expectancy. More 
recently, Berg ( ’60) reported an increased 
life expectancy of rats that were calorically 
underfed but not as severely as those de
scribed by McCay ( ’35). The latter author 
described the rats as being very lean and 
healthy, although this description was sub
jective as no chemical composition studies 
were performed.

Yiengst et al. ( ’59) have shown that as 
animals grow older, the chemical composi
tion of the body changes. Conrad and 
Miller (’56) have likewise reported changes 
in body composition with time in the 
rat. It seemed desirable, then, to establish 
whether the gross body composition of 
rats of different chronological ages would 
change if the rats were maintained on an 
undercaloric regimen which held their 
body weight at a constant level during the 
entire course of the testing period.

MATERIALS AND METHODS

Animals. Male rats of the Naval Radio
logical Defense Laboratory’s (NRDL) Spe
cific Pathogen-Free Sprague-Dawley strain

were fed the diet described by McCay et al. 
( ’35) at 21 days of age. The only modi
fication of the diet was the addition of 
a vitamin B-complex supplement. When 
the rats started to receive the diet, they 
weighed 60 to 70 gm. The hypocalorically 
reared rats were allowed to grow at a rate 
such that they reached 125 gm at three 
months of age. It was found by experience 
that feeding 5 gm of the diet one day and 
3 gm the next, the 125-gm weight could 
be attained during the three-month period. 
From then on, the 125-gm weight could be 
maintained as long as desired by feeding 
5 gm per day. By contrast, rats fed this 
diet ad libitum attained an average weight 
of 450 gm at three months. The times 
selected for analysis of total body compo
sition in these calorie retarded rats were 
13 weeks (fed diet 10 weeks) and 23 weeks 
of age (fed diet 20 weeks). Analyses of 
total body composition was also carried 
out on a group of young weight controls 
that attained the 125-gm body weight after 
receiving the diet for about one week.

Sample preparation and analytical meth
ods. Preparation of the carcass and the 
analytical methods used for the determi
nation of ash, protein, water and fat were 
the same as those reported by Mickelsen 
and Anderson ( ’59).

RESULTS

Age, time fed the diet, and gross body 
composition of the rats in this experiment 
are presented in table 1. During the course 
of hypocaloric feeding such as that used 
here, total body fat decreased and total 
protein increased. The differences in the 
fat and protein shown in the results are 
highly significant at the 99% level. The 
mineral content increased during the
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course of the experiment. Although it ap
pears from the absolute values, shown in 
table 1, that the water increased, the dif
ferences do not show statistical signifi
cance.

DISCUSSION
The subject of overnutrition and its pos

sible consequences on the life span are 
fairly well defined. Silberberg et al. ( ’55) 
reported a reduced life span in “yellow 
mice” fed enriched diets. More recently, 
Lane and Dickie ( ’57) demonstrated that 
restriction of caloric intake increased the 
life expectancy of genetically obese mice. 
Although neither of these authors reported 
on body composition patterns during the 
aging of their animals, this type of study 
has been performed. Yiengst et al. ( ’59) 
have shown that the muscle mass de
creased with age and Conrad and Miller 
( ’56) reported that the body fat doubled 
from 30 to 120 days. All studies on body 
composition patterns, however, have been 
made with animals that were fully grown 
or growing at a “normal” rate. The present 
study of body composition patterns has 
been made in rats that were retarded in 
growth yet had significantly increased life 
expectancies. It is significant to note that 
these animals had increased body protein 
and a reduction in the total body fat con
tent; the rats were chronologically older 
but had been maintained at a constant 
body weight. From the foregoing, it would 
seem reasonable to conclude that in gen
eral there is a change in the chemical 
composition of the body, with special ref
erence to the fat content, provided the 
animal is allowed to grow. If the animal 
is held to a constant body weight ( a weight 
which can be attained in 10 days if the 
animal is fed ad libitum) by calorie re
striction, however, the body fat, if any
thing, decreases with time. Although the 
body composition patterns have not been 
studied during the entire course of the life 
span, the 23-week point is well into the 
adult fife of the rat and during this period 
chronologic aging in itself is not predis
posing to fat deposition in the body.

SUMMARY
The body fat of hypocalorically retarded 

rats decreased from 4.90% at 13 weeks of 
age to 2.24% at 23 weeks of age. During
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this time, the body protein had increased 
from 20.2 to 21.4% , and the body mineral 
had increased from 3.1 to 4.1%. By com
parison, weight controls at 5 weeks of age 
had 6.39% of body fat, 17.1% of body 
protein, and 2.8% of minerals. Body water 
was noted to be the same for the weight 
controls and the retarded rats.

LITERATURE CITED
Berg, B. N. 1960 Nutrition and longevity in 

the rat. I. Food intake in relation to size, 
health and fertility. J. Nutrition, 7 1 : 242. 

Conrad, M. C., and A. T. Miller, Jr. 1956 Age 
changes in body size, body composition and 
basal metabolism. Am. J. Physiol., 1 8 6 : 207.

Lane, P. W ., and M. M. Dickie 1957 The effect 
of restricted food intake on the life span of 
genetically obese mice. J. Nutrition, 6 4 : 549.

McCay, C. M., M. F. Crowell and L. A. Maynard 
1935 The effect of retarded growth upon the 
length of life span and upon the ultimate body 
size. Ibid., 1 0 : 63.

Mickelsen, O., and A. A. Anderson 1959 A 
method for preparing intact animals for car
cass analyses. J. Lab. Clin. Med., 5 3 : 282.

Silberberg, R., M. Silberberg and S. Riley 1955 
Life span of “yellow” mice fed enriched diets. 
Am. J. Physiol., 1 8 1 : 128.

Yiengst, M. J., C. H. Barrows and N. W . Shock 
1959 Age changes in the chemical composi
tion of muscle and liver in the rat. J. Gerontol., 
1 4 : 400.



G U I D E  F O R  C O N T R I B U T O R S

TO

THE IOURNAL OF NUTRITION

A COPYRIGHTED SCIENCE PERIODICAL PUBLISHED MONTHLY BY THE WISTAR INSTITUTE

The Journal of Nutrition welcomes con
cise reports of original research bearing 
on the nutrition of any organism. Prelim
inary notes, or papers already published 
or in press elsewhere are not acceptable. 
Consideration will be given to the publica
tion of supplements at the author’s ex
pense.

Manuscripts should be typewritten, 
double-spaced throughout, on bond paper 
( 8V2 by 11 inches). An abstract of 250 
words or less with complete and identical 
title, author’s full name, the institution and 
address, typed on a separate sheet should 
be included. An original and a carbon copy 
of the manuscript and one copy of author’s 
abstract should be sent flat by registered 
mail to

RICHARD H. BARNES, EDITOR 
THE JOURNAL OF NUTRITION 
GRADUATE SCHOOL OF NUTRITION 
CORNELL UNIVERSITY, SAVAGE HALL 
ITHACA, NEW  YORK.

The following information should be 
listed on page 1 :

1. Complete title of paper.
2. Name or names of authors.
3. Institution or laboratory, with city and state.
4. Shortened form of title (not more than 48 

letters and spaces).
5. Address and name of author to whom proof 

is to be sent.
(P lace footnotes on a separate sheet, typed double

spaced.)
The text should begin on page 2. The 

manuscript should be submitted in com
plete and finished form exactly as the 
author wishes it to appear in type. Cita
tions of the literature in the text should be 
made by author and year of publication, 
as (Jones, ’58). The words et al. are not 
underscored, nor is ad libitum.

Never divide a word at the end of a line, 
for, it might be set incorrectly with a 
hyphen. The repeated use of a unit in a 
sentence may be avoided by stating the 
common unit used as, “the diet consisted

of the following in milligrams- sucrose, 6 ; 
etc.” Or, in other cases, as “8 , 12 and 
14%

A common error occurs in describing the 
percentage of a compound. Use the form, 
“15% of calcium” when the percentage is 
not an adjective. Number all pages con
secutively in the following order: title page, 
text, tables, figures and legends, literature 
cited and footnotes.

Start each of the following sections on 
a new page and typed double-spaced:

1. Tables, w ith appropriate heading (a  separate 
sheet for  each table)

2. Explanation o f figures, numbered and listed 
consecutively

3. Literature Cited, arranged alphabetically by 
authors— see current issue for  exact form , and

4. Footnotes.

Footnotes. In the text, footnotes should 
be numbered consecutively, including any 
indicated on page 1. In a table, footnotes 
should be made part of the table, typed 
directly beneath it, and numbered 1, 2, 3, 
etc. These are independent of other foot
note numbers used in the manuscript.

Acknowledgments. Financial support 
should be listed as a footnote to the title. 
Credit for materials should be listed as a 
footnote in the text. Technical assistance 
and advice may be cited in a section 
headed Acknowledgments, which will fol
low the summary.

Summary. This should represent a 
brief recapitulation of the problem and re
sults.

Literature Cited. Accuracy and ade
quacy of the references are the responsi
bility of the author. Literature cited should 
be checked carefully with the original pub
lication. References to abstracts of verbal 
reports, personal communications or un
edited reports should be treated as text 
footnotes. Reference to a paper in press 
may be included in Literature Cited. If 
such a paper would be useful in the evalua



THE JOURNAL OF NUTRITION

tion of the manuscript under considera
tion, it is advisable to make a copy of it 
available to the Editor. When a manu
script is one of a series of papers, the pre
ceding paper should be included in Litera
ture Cited.

Numbers. If possible, avoid using a 
number as the first word in a sentence. 
Numbers so used should always be spelled 
out, but no abbreviations should follow 
such numbers. Numbers indicating time, 
weight and measurements are to be ex
pressed in Arabic figures when followed by 
an abbreviation (e.g., 2 mm; 1 sec.; 3 gm; 
100 mm’ ). Except as indicated, the num
bers one, two and three will be spelled out 
in the text. All higher numbers will be 
given in Arabic figures. Use Arabic nu
merals throughout, including tables.

Abbreviations. The word figure, writ
ten in the text, is not abbreviated except 
when appearing in parentheses, as (fig. 2) 
(figs. 4 -6 ).

The words pounds, weeks and days are 
not abbreviated.

The metric system should be used in 
preference to others for measurements, 
weights, etc. Temperatures should always 
be expressed in Centigrade scale. Metric 
abbreviations listed below are shown in 
the approved lower-case style, without 
periods:

Weight Length
kg kilogram km kilometer

gm gram m meter
mg m illigram cm centimeter
/¿g m icro gram mm millimeter

m>xg m illim icrogram A m icron
/¿/¿g m icrom icro gram mil m illim icron

fifi m icrom icron
Volume

m 8 cubic meter Areacm 3 cubic centimeter
m m 3 cubic millimeter m 2 square meter

i liter cm 2 square centimeter
m l milliliter m m 2 square millimeter

Symbols. When preceded by a figure, 
the following symbols are used:

A angstrom units • degree
%  per cent ppm  parts per m illion
Tables and figures. Follow form in cur

rent issues for the use of upper and lower 
case letters and italics. Authors are urged 
to economize on space used for tables and 
figures. These should fit one column width 
(2%  inches) or when necessary, two col
umn widths ( 5 V2 inches). A charge will 
be made for that space used for tables and 
figures which exceeds one-fourth of the 
space used for the manuscript exclusive of 
tables and figures. A table or figure should

be constructed so as to be intelligible with
out reference to the text. Lengthy tabula
tion of essentially similar data can often be 
avoided by giving the number of experi
mental results and their mean values, with 
standard deviations or ranges within which 
the values fall. Statements that significant 
differences exist between the mean values 
of two groups of data should be accom
panied by indications of probability de
rived from the test of significance applied.

Original drawings, with two reproduc
tions, to be sent to reviewers, or in the 
case of photographs, the original and two 
glossy prints, should accompany the manu
script. They should be marked on the back 
in ink with the author’s name and com
plete address. Such drawings and photo
graphs must not exceed 8 V2 X 11 inches 
in size and must be at least 5 V4 inches 
wide in order to fit the 2 % -inch single 
column width when reduced by one-half. 
When a complicated figure requires more 
space for clarity, a proportionately larger 
illustration will be acceptable. Drawings 
should be on white or blue-white paper or 
bristol board—not cream-white. They 
should be prepared for reproduction as line 
or halftone engravings. Letters and num
bers should be uniform and large enough 
so that no character will be less than 2 mm 
high after reduction. A line of 0.4 mm wide 
reproduces satisfactorily when reduced by 
one-half.

Figures should be lettered in black India 
ink. For any charts made on cross-section 
paper, use India ink on paper printed in 
light blue only. Charts drawn in India ink 
should be so executed throughout, with no 
typewritten material included. Graphs and 
charts should be given consecutive figure 
numbers as they will appear in the text.

American Documentation Institute. To conserve 
space in  the Journal, lengthy descriptions o f  experi
mental procedures, detailed data such as that on 
individual animals or subjects, extra figures and other 
material considered important supplementary inform a
tion, m ay be deposited with the American Documenta
tion Institute, Library o f  Congress, through the 
Editor’ s office with a footnote reference.

Reprints. Reprint order forms and rates w ill be 
sent with page proofs. Anyone other than an author 
desiring reprints must have orders approved by the 
author, and give written assurance that (1 )  distribu
tion will be restricted to those interested in the science 
o f nutrition, and (2 )  no advertising or imprinting 
w ill be attached to the reprints thus furnished.

This Guide for Contributors has been reprinted and 
is available upon request to the Editor or The Press 
of The Wistar Institute, 3631 Spruce St., Philadelphia 
4, Pa. It is recommended that you obtain copies for 
the use of secretaries, associates and students.



THE J O U R N A L  O F  N U T R I T I O N

Biological  A bstracts
is growing with the literature

Because of the phenomenal growth in the biological research literature, 
published originally in thousands of journals throughout the world, an ade
quate abstracting and indexing service has become indispensable. Perhaps 
some relatively obscure journal has published a revealing paper on the very 
subject in which you are most interested. If it is a significant contribution, 
an informative abstract of it will be found in Biological Abstracts.

Now publishing at the rate of at least 100,000 abstracts per annum in 
24 semi-monthly issues, Biological Abstracts is published in a complete edition 
covering all areas of biology, and in five comparatively low-priced sectional 
editions that are designed specially to meet the needs of individual biologists. 
So that this cooperative service may be available to all biologists, individual 
subscribers are allowed a special discount of 50% off the list prices of these 
sectional editions. Write for complete information and a sample copy.

BIOLOGICAL ABSTRACTS
UNIVERSITY OF PENNSYLVANIA 

PHILADELPHIA 4, PA.

Original first edition back volumes and numbers of Ibct. i96i]

T H E  J O U R N A L  O F  N U T R I T I O N
Note: Prices listed for single volumes and numbers

Complete Year Each Incomplete Year Each
volumes volume volumes number

1-7 1928-1934 7 @  $18.00 8, nos. 2, 5 1934 2 @  $4.00
9-12 1935-1936 4 @  15.00 13, nos. 1, 2 1937 2 @ 4.00
24 1942 1 @  12.00 14, no. 2 1937 1@ 4.00
26 1943 1 @  12.00 16, nos. 1, 2, 4, 5, 6 1938 5 @ 4.00
28 1944 1@  10.00 18, nos. 3-6 1939 4 @ 4.0029-32 1945-1946 4 @  10.00 19, nos. 1, 2, 4 1940 3 @ 3.0034r-51 1947-1953 18 @  9.00 20, nos. 2, 3, 6

21, nos. 1, 2, 4, 5, 6
1940 3 @ 3.0052-57 1954-1955 6 @  7.50 1941 5 @ 3.0059-63 1956-1957 5 @  7.50 22, nos. 2, 5, 6 1941 3 @ 3.0064-66 1958 3 @  7.50 23, nos. 2, 3, 4, 5, 6 1942 5 @ 3.0067-69 1959 3 @  7.50 25, nos. 2-6 1943 5 @ 3.0070-72 1960 3 @  7.50 27, nos. 2, 3, 5, 6 1944 4 @ 2.50

Index to volumes 1-15 per copy .75 33, nos. 2-6 
58, no. 1 1947

1966
5@  
1 @

2.50
2.50

Index to volumes 16-36 per copy 2.25
Prices su bject to change without notice. Availability depends upon prior.sales  

Volumes 73-75 current for 1961
Annual subscription $22.50 domestic; $24.00 foreign. Single copies $2.25 each

Send order with remittance to
THE WISTAR INSTITUTE OP ANATOMY AND BIOLOGY

THIRTY-SIXTH STREET AT SPRUCE, PHILADELPHIA 4, PA.


	THE JOURNAL OF NUTRITION 1961 VOL.75 NO.2
	Nutrition and Serum Protein Levels in Germfree Guinea Pigs 
	Caloric Requirements of Man in the Antarctic  
	Effect of Dietary Fatty Acids and Cholesterol on Growth and Fatty Acid Composition of the Chicken
	Chick Liver-Storage Bioassay of Alpha-Tocopherol: METHODS  
	Effect of Various Vitamin Deficiencies on Citric Acid Metabolism in the Rat 
	Tissue Lipid Fatty Acid Changes Following the Feeding of High-Cholesterol, Essential Fatty Acid-Supplemented Diets to Rabbits   
	Growth and Dietary Pattern of Rats Fed Self-Selection Diets Following Whole-Body Irradiation 
	Length of Life and Nutrition in the Rat 
	Effects of Zinc Deficiency in the Diets of Hens
	Effect of Vitamin D on the Utilization of Zinc. Cadmium and Mercury in the Chick
	Problems in the Prediction of Protein Values of Diets: Caloric Restriction 
	Two Alfalfa Factors with Cellulolytic Activity for Rumen Microorganisms  
	Metabolic Interrelationships Between Vitamin B,2 and Pantothenic Acid in the Rat 
	Effects of Varied Levels and a Single Daily Supplement of Lysine on the Nutritional Improvement of Wheat Flour Proteins
	Effect of Hypocaloric Feeding on Gross Body Composition
	GUIDE FOR CONTRIBUTORSTO THE IOURNAL OF NUTRITION

