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A B S T R A C T  B e n g a l  g r a m  ( C ic e r  a r i e t e n u m ) ,  a  p r o t e in - r i c h  c e r e a l  w h ic h  f o r m s  t h e  
s ta p l e  d ie t  o f  p e o p le  o f  lo w  s o c io e c o n o m ic  s t a t u s  i n  N o r t h e r n  I n d i a ,  w a s  f o u n d  to  h a v e  
a  m a r k e d  h y p o c h o le s te r o le m ic  e f f e c t  i n  c h o le s te r o l - c h o l ic  a c id - f e d  r a t s .  I t  p r e v e n te d ,  
a s  w e l l  a s  r e v e r s e d ,  t h e  e x p e r im e n ta l l y  i n d u c e d  h i g h  le v e ls  o f  c h o le s te r o l  i n  b o th  
t i s s u e s  a n d  s e r u m .  B o th  i t s  p r o t e i n  a n d  f a t  f r a c t i o n s  w e r e  f o u n d  to  c a u s e  t h i s  e f f e c t .  
I n c r e a s e d  e x c r e t io n  o f  c h o le s te r o l  a s  b i le  a c id s  a n d  n e u t r a l  s te r o ls  a n d  d e c r e a s e d  s y n 
th e s i s  i n  l iv e r  a r e  t h e  p r o b a b le  m e c h a n i s m s  o f  i t s  a c t io n .

An epidemiological survey carried out 
by M athur et al. (1 )  in  Agra, India, re 
vealed that people of low socioeconomic 
status, whose staple diet was a protein-rich 
cereal, Bengal gram ,* 1 had  m uch lower lev
els of serum  cholesterol and a lower inci
dence of ischemic heart disease than  others 
not consum ing that diet. Hypocholestero
lemic properties of Bengal gram  were also 
observed during the course of prelim inary 
studies of the effect of dietary fats and 
proteins on serum cholesterol in  experi
m ental anim als (2 ) . These observations 
prom pted us to study in  greater detail the 
effect of Bengal gram on serum and tissue 
lipids in  albino ra ts fed a hypercholes- 
terolemic diet.

E X P E R IM E N T A L

Bengal gram  was fed in  the form of 
powder to investigate the effect of whole 
gram. It was extracted with butyl alcohol 
for 24 hours, and the defatted gram  and 
lipid extract of gram thus obtained were 
studied separately.

A total of 170 m ale albino ra ts was used. 
The anim als were divided into 7 groups, 
for a 12-week study. Groups 1, 3, 4, 6 
and 7 consisted of 20 ra ts each, and groups 
2 and 5, 35 ra ts  each.2 The composition 
of the diets fed the various groups is shown 
in  table 1. All the anim als were fed a 
hypercholesterolemia-inducing diet. Group 
1 ra ts served as controls and received the 
hypercholesterolemia-inducing diet alone 
throughout the experiment. Substitution 
with whole gram, defatted gram and lipid

extract of gram was made in  groups 2, 3 
and 4, respectively, from the beginning 
keeping the diets isocaloric. Rats of groups 
5, 6 and 7 were fed a hypercholesterolemia- 
inducing diet alone for 6 weeks for pre
lim inary induction of hypercholesterole
m ia after which whole gram, defatted 
gram and lipid extract of gram  replace
m ents were m ade for the following 6 
weeks.

At the end of the first 6 weeks of study, 
the rats of groups 2, 3 and 4 were killed, 
along w ith one-half the num ber of con
trols from  group 1. The rem aining con
trol ra ts of group 1 were killed along with 
ra ts of groups 5, 6 and 7 at the end of 
12 weeks.

Each ra t was num bered and weighed 
weekly. A record of the daily dietary con
sum ption was m aintained. Forty-eight 
hours prior to the time of killing, each rat 
was pu t in  a metabolic cage and the feces 
collected. At the time of killing, 4 to 6

R ece ived  fo r  p u b lic a tio n  A p ril 29 , 1964.
1 B en g a l g ra m  ( C icer a r ie ten u m ')  b e lo n g s  to  th e  

fa m ily  L eg u m in o sae . E a c h  100 g p ro v id e : w a te r ,  9.8 g; 
p ro te m , 17-1 g; f a t ,  5.3 g; m in e ra ls  ( a s h ) ,  2.7 g; 
c ru d e  fiber, 3.9 g; c a rb o h y d ra te , 61.2 g; c a lc iu m , 0.19 
g; p h o s p h o ru s , 0 .24  g; th ia m in e , 0.3 m g ; a n d  v i ta 
m in  A, 316 IU  in  th e  fo rm  o f c a ro ten e . I ts  p ro te in  is 
r ic h  in  th e  e s s e n tia l  am in o  ac id s  ex cep t fo r  try p to 
p h a n  a n d  m e th io n in e , a n d  th e  p e rc e n ta g e  co m p o sitio n  
o f th e  f a t ty  a c id s  p re s e n t in  th e  l ip id  is : o leic acid , 
52 .1 ; lin o le ic  a c id , 38; m y ris tic  a c id , 2 .74; p a lm itic  
acid , 5 .11; a n d  s te a r ic  a c id , 2.05. /3-H ydroxystero ls 
a n d  p h o sp h o lip id s  a re  a lso  p re s en t. B en g a l g ra m  
serv es  as  th e  c h ie f  so u rce  o f p ro te in  fo r  p eo p le  of 
lo w er socioeconom ic  s ta tu s ,  w h o  u se  i t  in  b re a d  m a d e  
o f g ra m  flour. I t  c a n  be  m a d e  in to  soup , c u rry  
(b o iled  o r  f r i e d ) ,  a n d  can d y , a n d  c a n  be  w o rk ed  
in to  a  co m p le te  d in n e r  fo r  u se  by  p eo p le  o f an y  
socioeconom ic  s ta tu s . B en g a l g ra m  is  e x ten siv e ly  
c u ltiv a te d  in  N o r th e rn  In d ia ,  fo rm in g  one  o f th e  
m a jo r  c ro p s , a n d  is  a v e ry  in e x p e n s iv e  ce rea l.

2 T w en ty -s ix  r a ts  d ied  d u r in g  th e  ex p e r im e n t.

J . N u t r it i o n , 8 4 : ’64 2 0 1



2 0 2 K. S. M A T H U R , S. S. SIN G H A L AND R. D. SHARM A

TA B LE 1

C o m p o s i t i o n  o f  d ie ts  f e d  to  v a r io u s  g r o u p s  o f  r a ts

D ie t
H y d ro 
g e n a ted  
g ro u n d  
n u t  o il

C ase in S ucrose
W hole
g ra m
flo u r

D e
fa t te d
g ram
flo u r

F a t-
e x tra c t

of
g ra m

S a l t 1
m ix 
tu re

C holes
te ro l

C holic
ac id

C h o lin e  V ita m in  
c h lo rid e  m ix tu re  2

% % % % % % % % % % %
C o n tr o l  3 20 15 60 — — — 3.4 1 0.2 0.3 0.1
C o n tr o l  +  w h o le  g r a m  20 
C o n tr o l  +  d e f a t t e d

— — 75 — — 3.4 1 0.2 0.3 0.1

g r a m  f lo u r  
C o n tr o l  +  f a t

20 — 5 — 70 — 3.4 1 0.2 0.3 0.1

e x t r a c t  o f  g r a m 20 15 57 — — 3 3.4 1 0.2 0.3 0.1
1 H aw k , P . B., B. L. O ser a n d  W . H. S u m m erso n  1954  P ra c t ic a l  P h y s io lo g ic a l C h em istry , ed. 13. M cG raw - 

H ill B ook C o m p an y , N ew  Y ork , p. 1375.
2 T h e  p e rc e n ta g e  co m p o sitio n  o f th e  v ita m in  m ix tu re  w a s : v i ta m in  A c o n c e n tra te  (200 ,000  u n i t s / g ) ,  9; 

v ita m in  D c o n c e n tra te  (400 ,000  u n i t s / g ) ,  0 .5; a -to co p h ero l, 10; a sco rb ic  a c id , 9; in o s ito l, 10; m e n a d io n e , 4 .45 ; 
p -am in o b en zo ic  a c id , 10; n ia c in ,  9; r ib o flav in , 2 ; p y rid o x in e -H C l, 2; th iam ine■H C 1, 2 ; C a p a n to th e n a te ,  6; 
b io tin , 0 .04; fo lic  acid , 0 .18; a n d  g lucose , 25.83.

3 H y p e rc h o le s te ro le m ia -in d u c in g  d ie t.

cm 3 of blood were draw n by direct cardiac 
puncture and the liver was removed for 
analysis.

Serum total, free and ester cholesterol 
were estim ated by the method of Zak et al.
(3 ) , serum lipid phosphorus by that of 
Fiske and Subarrow (4 )  and the choles
terol content of a- and /3-lipoproteins by 
the method of Langan et al. (5 ) .

The liver was treated with alcohol ace
tone m ixture for 8 hours, in flasks fitted 
with condensers. This tissue extract was 
used to estim ate total cholesterol by the 
same methods used for the serum. Esti
m ation of cholic and deoxycholic acid in 
feces was carried out by the method of 
Mosbach et al. (6 ) . The sulfhydryl con
tent and coenzyme A content of liver were 
estim ated in  8 anim als each of groups 1,
2, 3 and 4 by the methods of Grunert and 
Phillips (7 )  and Novelli et al. (8 ) , re
spectively.

R E S U L T S  A N D  D IS C U S S IO N

No statistically significant variation (P 
>  0.05) was noted in  the weight gain and 
the daily dietary consum ption in  the vari
ous groups of rats.

The serum lipid levels of groups 1, 2, 3 
and 4 are shown in table 2. The serum 
total cholesterol levels for the anim als of 
groups 2, 3 and 4 which were fed whole 
gram, defatted gram and lipid extract of 
gram, respectively, were significantly lower 
(P  <  0.001) than  those for the control rats. 
Lipid phosphorus concentration was u n 
affected. Both the free cholesterol and the 
ester cholesterol were significantly lower 
(P  <  0.001), as were the values for the 
total cholesterol-to-lipid phosphorus ratio 
(P  <  0.01). The cholesterol content of a- 
and /3-lipoprotein in  serum was also sig
nificantly lower (P  <  0.001) for all the ra ts 
receiving Bengal gram and its fractions.

TA B LE 2

S e r u m  l ip id s  o f  r a ts  o f  g r o u p s  1 , 2 ,  3  a n d  4

G roup
n o .1

D ie ta ry
su p p le m e n t

T o ta l
c h o le s te ro l

F ree
c h o le s te ro l

E s te r
c h o le s te ro l

L ip id
p h o sp h o ru s

C h o leste ro l c o n te n t

a-Lipo-
p ro te in

/3-Lipo
p ro te in

1 C o n tr o l  ( 1 9 ) 2
m g / 1 0 0 m l  m g / 1 0 0 m l

1 7 4 .7  ±  3 2 .3  3 7 3 .5  ±  2 3 .2
m g / 100 m l  

1 0 1 .2  ±  13 .3
m g / 100 m l
8 .7  ±  1.1

m g / 100 m l
1 3 5 .7  ±  2 5 .3

m g / 1 0 0  m l  
3 6 .1  ±  7 .9

2 W h o le  g r a m  ( 3 1 ) 1 0 6 .0  ±  2 2 .7 4 0 .9  ±  15 .1 6 5 .0  ±  2 2 .5 8 .6  ±  5 .0 8 4 .3  ±  9 .2 2 0 .3  ±  4 .4

3 D e f a t te d  
g r a m  ( 1 7 ) 1 1 1 .3  ±  2 6 .3 4 3 .1  ±  2 2 .3 6 8 .1  ±  2 2 .8 1 0 .8  ±  2 .3 8 9 .1  ±  1 7 .8 2 1 .3  ±  6 .5

4 L ip id  e x t r a c t  o f 
g r a m  ( 1 5 ) 8 9 .2  ±  1 4 .3 3 7 .1  ±  13 .1 5 1 .1  ±  1 2 .9 8 .3  ±  2 .9 7 0 .5  ±  15 .8 1 4 .9  ±  4 .1

1 A fte r 6 w eek s  o f s tudy .
2 N u m b e rs  in  p a re n th e se s  in d ic a te  n u m b e r  o f r a ts  p e r  g roup  th a t  su rv iv ed .
3 M ean  +  sd.
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The serum  lipids of groups 5, 6 and 7 
are compared with those of the controls in 
table 3. The decrease in  the serum  total 
cholesterol, free and ester cholesterol fol
lows the same pattern  as that for groups 
2, 3 and 4.

Bengal gram and its fractions were, 
therefore, found to be effective in  lowering 
elevated serum  cholesterol levels as well as 
preventing an elevation when fed together 
with a hypercholesterolemia-inducing diet.

In table 4 is shown the fecal excretion of 
cholesterol end products. The fecal excre
tion of bile acids, both cholic and deoxy- 
cholic acid, were found to be significantly 
increased (P  <  0.01) in the anim als which 
received whole gram  (groups 2 and 5) and 
lipid extract of Bengal gram  (groups 4 and
7) compared with that of control rats. 
Byers and Friedm an (9 ) and Portm an and 
Sinisterra (1 0 ) have reported sim ilar ob
servations after adm inistration of unsatu 
rated lipids. An increased excretion of 
cholesterol as bile acid in  feces m ight there
fore be one of the possible m echanism s of

the hypocholesterolemic action of Bengal 
gram and its lipid fraction.

The possibility of some active principle 
in  addition to the unsaturated  fatty  acids 
responsible for hypocholesterolemic action 
in  the lipid extract can not be excluded 
since the am ount of unsaturated  fats, /3- 
hydroxysterols and phospholipids in  the 
lipid extract was small. The reasons for 
the difference in  the behavior of ra ts of 
group 3 and 6 with respect to bile acids is 
not clear.

In table 5 are shown the results of total 
cholesterol sulfhydryl content and coen
zyme A concentration in  the liver of ani
mals of groups 1, 2, 3 and 4.

The total cholesterol was appreciably 
lower in  livers of groups 2, 3 and 4 com
pared with that of control rats. The sulf
hydryl content and the coenzyme A con
centration in  the liver of anim als which 
received Bengal gram and defatted gram 
were also significantly lower (P  <  0.001) 
than  those of the control animals.

TA B LE 3

S e r u m  l ip id s  o f  r a ts  o f  g r o u p s  1 ,  5 , 6  a n d  7

G roup
n o .1

D ie ta ry
s u p p lem en t

T o ta l
c h o le s te ro l

F ree
c h o le s te ro l

E s te r
c h o le s te ro l

L ip id
p h o sp h o ru s

C h o leste ro l c o n te n t

a-Lipo-
p ro te in

jS-Lipo-
p ro te in

i C o n tr o l  ( 1 9 )  2
m g / 100 m l  

1 7 6 .7  -+- 1 5 .2  3
m g /1 0 0  m l  

6 9 .9  2 7 .4
m g /1 00  m l

1 0 6 .4  -+- 2 2 .0
m g /1 0 0  m l  
9 .5  -+- 2 .4

m g /1 0 0  m l  
1 3 6 .1  -4- 3 4 .7

m g /1 0 0  m l  
3 8 .2  ■+- 5 .9

5 W h o le  g r a m  ( 3 1 ) 1 0 7 .0  -+- 3 5 .3 4 1 .3  -+- 1 2 .9 6 5 .6  -+- 2 9 .7 9 .2  ±  3 .2 8 5 .4  ±  2 3 .4 2 0 .6  ±  6 .4
6 D e f a t te d  

g r a m  ( 1 8 ) 1 1 7 .5  -I- 2 9 .3 4 2 .8  -+■ 15.1 7 4 .7  ±  2 2 .7 7 .8  ±  1 .5 8 6 .8  z t  8 .0 1 9 .8  ±  5 .2
7 L ip id  e x t r a c t  o f  

g r a m  ( 1 3 ) 9 5 .9  ±  1 6 .2 4 1 .7  ±  1 1 .2 5 4 .1  ±  1 4 .9 8 .1  ±  2 .6 8 0 .2  ±  1 4 .0 1 4 .1  ±  2 .6

1 A fte r  12 w eeks o f s tudy .
2 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f r a t s  p e r  g ro u p  th a t  su rv iv ed .
3 M ean  ±  s d .

TA B LE 4

F e c a l  b i le  a c id  v a lu e s  f o r  v a r io u s  g r o u p s  o f  r a ts

G roup
no.

D ie ta ry
s u p p le m e n t C ho lic  ac id D eoxycho lic  a c id T o ta l 

b ile  ac id s

m g /k g  b ody  w t /2 4  h r m g /k g  b ody  -w t/24  h r m g /k g  b ody  w t /2 4  h r
1 1 C o n tro l  ( 1 9 ) 2 3 .2  H- 1.1  3 2 .7  -4- 1.1 5 .9  -4- 2 .9
1 4 C o n tr o l  ( 1 9 ) 3 .3  -+- 1 .4 3 .0  -4- 1 .2 6 .3 9  -4- 2 .7
2  1 W h o le  g r a m  ( 3 1 ) 5 .7  -+- 1 .3 3 .2  -I- 2 .0 8 .7  -4 -2 .0
3  1 D e f a t t e d  g r a m  ( 1 7 ) 4 .3  H- 1 .3 3 .7  -+- 1 .0 8 .1  -4 -2 .1
4  1 L ip id  e x t r a c t  o f  g r a m  ( 1 5 ) 8 .6  -+- 2 .4 7 .7  -4- 2 .3 1 6 .3  ±  3 .4
5 4 W h o le  g r a m  ( 3 1 ) 5 .9  - t - 1 .2 5 .5  -t- 1.1 1 1 .5  - t - 2 .4
6 4 D e f a t t e d  g r a m  ( 1 8 ) 3 .4  -i- 1 .0 3 .0  -4- 0 .7 6 .5 3  -4- 1.3
7 4 L ip id  e x t r a c t  o f  g r a m  ( 1 3  ) 8 .0  -+- 2 .4 7 .0  -+- 2 .2 1 5 .0  4 - 4 . 5

1 A fte r  6 w eek s  o f  s tudy .
2 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f r a ts  p e r  g roup  th a t  su rv iv ed .
3 M ean  ±  s d .
4 A fte r  12 w eeks o f s tu d y .
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TA BLE 5

L iv e r  s u l f h y d r y l ,  c o e n z y m e  A  c o n te n t  a n d  to ta l  c h o le s te r o l  c o n c e n tr a t io n  i n  r a ts  o f
g r o u p s  1 , 2 ,  3  a n d  4

G roup
no.

D ie ta ry
s u p p lem en t

S u lfh y d ry l
c o n te n t

C oenzym e A 
cone

L iv er
to ta l

c h o le s te ro l

m g /1 0 0  g m g /1 0 0  g m g /1 0 0  g
i C o n tr o l  ( 1 9 )  1 3 0 4 .5  -4- 5 6 .9  2 1 3 0 .4  -t- 2 2 .9 1 0 0 6  -4- 1 4 6 .5
2 W h o le  g r a m  ( 3 1 ) 1 6 4 .0  -4- 2 6 .2 8 7 .0  -4- 12 .1 7 6 7  -4- 1 9 5 .4
3 D e f a t t e d  g r a m  ( 1 7 ) 1 4 9 .9  -+- 2 4 .5 9 2 .5  -t- 2 1 .6 5 8 3  -4- 1 6 5 .9
4 L ip id  e x t r a c t  o f  g r a m  ( 1 5 ) 2 7 9 .0  -t- 5 3 .3 1 2 7 .8  -4- 2 2 .7 5 1 6  -H 1 1 8 .2

1 N u m b e rs  in  p a re n th e se s  in d ic a te  n u m b e r  o f r a t s  p e r  g ro u p  t h a t  su rv iv ed .
2 M ean  +  s d .

In  view of the observation of Olson and 
Stare (1 1 ) that a decrease in  the tissue 
content of coenzyme A m eans reduced ca
pacity for acetylation, and reports of 
Bagchi et al. (12 ) that serum  cholesterol 
levels in albino ra ts correlate closely with 
sulfhydryl content of liver and that co
enzyme A, which has a functional sulf
hydryl group, plays an  im portant role in 
the synthesis of cholesterol, we presume 
tha t in  the present experim ent, the bio
synthesis of cholesterol was inhibited in 
ra ts  fed whole gram and defatted gram.

The hypocholesterolemic action of Ben
gal gram has been confirmed by the pres
ent studies with rats. If these studies can 
be reproduced in  hum an subjects, Bengal 
gram will prove to be an  inexpensive and 
practical hypocholesterolemic agent.
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A B S T R A C T  G ro w th  r a t e ,  f e e d  c o n s u m p t io n ,  w a t e r  i n t a k e ,  a n d  te s t ic le  d e v e lo p m e n t  
d e c r e a s e d  p r o g r e s s iv e ly  a s  t h e  c o n c e n t r a t i o n  o f  C d  i n  t h e  d i e t  i n c r e a s e d .  B lo o d  h e m o 
g lo b in  d e c r e a s e d  s l ig h t ly  w h e n  4 0  to  1 6 0  p p m  C d  i n  t h e  d i e t  w e r e  c o n s u m e d ,  b u t  
i n c r e a s e d  s h a r p ly  w h e n  h i g h e r  le v e ls  o f  C d  ( 6 4 0  a n d  2 5 6 0  p p m )  w e r e  f e d .  C a lv e s  
f e d  6 4 0  o r  2 5 6 0  p p m  C d  e x h ib i te d  u n t h r i f t y  a p p e a r a n c e ;  r o u g h  h a i r  c o a t ;  s e v e re  b o d y  
d e h y d r a t io n ;  d r y  a n d  s c a ly  s k in ;  lo s s  o f  h a i r ;  m o u t h  l e s i o n s ;  e d e m a to u s ,  s h r u n k e n ,  a n d  
s c a ly  s c r o tu m ;  s o re  a n d  e n l a r g e d  j o i n t s ;  i m p a i r e d  s ig h t ;  a n d  l iv e r  a n d  k id n e y  d a m a g e .  
F e e d in g  4 0  to  16 0  p p m  o f  C d  f r o m  9  to  2 0  w e e k s  o f  a g e  r e s u l t e d  i n  f e w  c l in i c a l  s y m p 
to m s .  T h e r e  w a s  1 0 0 %  m o r t a l i t y  i n  c a lv e s  g iv e n  2 5 6 0  p p m  C d , w i th  d e a t h  o c c u r r in g  
i n  2  to  8  w e e k s .  A t t h e  6 4 0  p p m  le v e l  t h e r e  w a s  s o m e  m o r t a l i t y .  W h e n  C d  w a s  r e m o v e d  
f r o m  t h e  d ie t ,  a  v e r y  s e v e re ly  a f f e c te d  c a l f  r e c o v e r e d  to  n o r m a l  a p p e a r a n c e  w i t h  a  s u b 
s t a n t i a l  q u a n t i t y  o f  l iv e ,  b u t  m o s t ly  a b n o r m a l ,  s p e r m  l a t e r  o b ta in e d  f r o m  th e  e p id id y m is .
T h e  d a t a  s u g g e s t  t h a t  a d d i t i o n  o f  z in c  p a r t i a l l y  o f f s e t  t h e  e f f e c ts  o f  C d  o n  c a l f  p e r f o r m 
a n c e .  K id n e y s  a n d  l iv e r s  c o n ta in e d  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  C d .

Dietary cadm ium  (C d) is highly toxic 
to several species of monogastric anim als 
(1—9). A part of this effect is due to it 
being a strong antim etabolite for zinc (10, 
11). Thus Cd could be a very useful tool 
in  studying certain aspects of zinc nu tri
tion. The toxicity syndrome and the levels 
of Cd required to give specific effects have 
been investigated partially in  a num ber of 
species of m onogastric animals. However, 
no previous studies have been found in 
which Cd toxicity was studied in  rum i
nants.

The prim ary objective of the studies 
herein reported was to characterize the Cd 
toxicity syndrome in the bovine and to re
late level of Cd to the degree of toxicity. 
A secondary objective was to obtain some 
inform ation on the cadmium-zinc relation
ship in  cattle; especially to determine 
whether supplem ental zinc would tend to 
alleviate the Cd toxicity.

E X P E R IM E N T A L

Twenty-four Holstein and 8 Jersey bull 
calves were used in  an  experim ent which 
consisted of a standardization phase (sec
ond through eighth week of age) im m edi
ately followed by a treatm ent period of 12 
weeks’ duration. The calves were allowed 
to nurse their dam s for one day, then fed
3.2 kg of whole m ilk /day  for 2 days. 
From day 4 through day 38 the Holsteins

were given daily, 0.41 kg of dry com
mercial milk replacer which was mixed 
with 9 parts water. The Jerseys were fed 
0.32 kg /day  until 42 days old. The calves 
were m aintained in  individual wooden 
pens with elevated bottoms and bedded 
with pine shavings. Plastic buckets were 
used to feed both milk and water.

From the second through the eighth 
week of age all calves were fed the prac
tical-type basal ration ad libitum  (table 1) 
which was comparatively low in  zinc. It 
contained 88.6% dry m atter and the fol
lowing by analyses on a dry-m atter basis: 
zinc, 27.4 ppm; Cd, 0.32 ppm; crude pro
tein, 14.8% ; crude fiber, 14.1% ; ether 
extract, 4.2% ; and ash, 8.2% . The cal
culated calcium content was 2.2% .

At the beginning of their n in th  week of 
age, the calves were assigned at random  to 
one of 8 experim ental rations which were 
fed ad libitum  for 12 weeks. The rations 
were: a ) basal (table 1 ); b )  basal +  100 
ppm zinc; c ) basal +  40 ppm  cadmium ; 
d ) basal +  40 ppm cadm ium  + 1 0 0  ppm 
zinc; e ) basal +  160 ppm cadmium ; f)

R ece ived  fo r  p u b lic a tio n  M ay  9, 1964.
1 J o u rn a l  P a p e r  no . 361 o f th e  C ollege E x p e r im e n t 

S ta tio n , U n iv e rs ity  o f G eo rg ia  C ollege o f A g ric u ltu re  
E x p e r im e n t S ta tio n s .

2 M ost o f th e  d a ta  in  th is  p a p e r  a re  ta k e n  f ro m  a 
th e s is  s u b m itte d  by  th e  sen io r  a u th o r.

3 S u p p o rted  in  p a r t  b y  a  G ra d u a te  A ss is ta n tsh ip  
f ro m  th e  G ra d u a te  S chool o f th e  U n iv e rs ity  o f G eorg ia  
to  th e  sen io r  a u th o r .

J . N u t r it io n , 8 4 : ’64 2 0 5
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TA BLE 1
C o m p o s i t i o n  o f  b a s a l  d ie t

k g /1 0 0  kg
C i t r u s  p u lp 3 5 .5
B e e t  p u lp 2 0 .8
C o rn 1 1 .6
S o y b e a n  m e a l 6 .2
C o a s ta l  b e r m u d a g r a s s  p e l le ts 1 9 .3
U r e a  ( 4 2 %  ) 1 0 .8
D ic a l c iu m  p h o s p h a te 1 .7
S a l t  a n d  t r a c e  m in e r a l s  - 0 .8
M a r b le  d u s t 1.5
S ta b i l iz e d  f a t 1 .5
V i ta m in s  a n d  a n t ib io t i c s  3 0 .3

1 P ro c a d ia n  U re a  A n im a l F eed M ix tu re , A llied
C h em ica l C om p an y , A tla n ta ,  Ga.

2 C o m p o s itio n : N aC l, 100 kg ; M n S 0 4-H 20 ,  696 g; 
F e 2( S 0 4) 3-n H 20 (7 8 .5 %  F e2( S 0 4) 3 by  a s s a y ) ,  441 g; 
Cu S0 4-5H 20 ,  84.6 g; CoC12-6H 20 ,  4 .4  g; KI, 11 g.

3 A u ro fac  10, 255.7  g ( c h lo r te tra c y c l in e  h y d ro 
c h lo rid e , 22 g /k g ) .  A m e ric a n  C y an a m id  C om pany , 
N ew  Y ork. V ita m in  A, 85.1 g (20 ,000  I U /g )  a n d  
v i ta m in  D , 3.3 g (2 7 ,0 0 0  IU  o f  D 3 /g )  D aw es L a b o ra 
to r ie s  In c ., C h icago .

basal +  160 ppm cadmium  +  100 ppm 
zinc; g) basal +  640 ppm  cadm ium ; and 
h )  basal +  2560 ppm cadmium. The zinc 
was added as ZnO powder to a pre-mix. 
To avoid dust the Cd, as CdCl2, was dis
solved in  w ater and poured over the feed as 
it was mixed.

Clinical exam inations were made 
weekly. Feed and w ater consumption 
were m easured 7 days every other week. 
Body weights were taken for 3 days at the 
beginning and end of the standardization 
and treatm ent phases, and one day every 
second week during the experiment. 
Blood samples were collected from the jug
ular vein bi-weekly and potassium  oxalate 
was used to prevent coagulation. Hemo
globin levels were determ ined by the 
method of Cohen and Smith (1 2 ). Testi
cle m easurem ents were made bi-weekly 
through the scrotum with a vernier caliper 
as described previously (1 3 ). All anim als 
were castrated at the completion of the 
experim ent and the testicles trim med to 
kidney shape and weighed. Tissue sam 
ples were taken and necropsy exam ina
tions m ade on all anim als tha t died. One 
control and one that received 100 ppm zinc 
were put to death by euthanasia and used 
for analyses and postmortem studies. The 
samples were frozen until analyzed for Cd 
and zinc.

The tissues were sampled in  the follow
ing m anner: a ) incisors 1 and 2, extracted 
and washed with redistilled water; b ) liver, 
2 g from the central portion; c ) spleen, 2 g

from  the tip; d ) kidney, one gram from the 
cortex; e ) fem ur, 2 g of compact bone 
(cortex) from the diaphysis; the bone was 
cooked in  an  autoclave before sam pling to 
remove any contam inating flesh; f )  skin, 
2 g from  the neck—the skin was tacked to 
a board, warmed, lathered with shaving 
cream, and shaved before sampling; g) 
hair, 2 g of brushed, clean, but unwashed, 
black hair from the rib area; and h )  tes
ticles, the visceral layer and the tunica al
buginea of the frozen testicles were re
moved, and 2-g cross sections of the 
rem aining tissues analyzed.

Dry m atter was determ ined on the tis
sues prior to digestion for zinc and Cd 
analyses by the atomic absorption spectro- 
photometric procedure (1 4 ). Digestion 
was by the nitric acid-perchloric acid 
method.

R E S U L T S  A N D  D IS C U S S IO N

Growth, feed and water consumption. 
The 4 calves fed 2560 ppm  Cd did not 
grow, with deaths occurring at 2, 3, 5 and 
8 weeks (fig. 1). There was a reduction 
in  growth, feed intake, and water consum p
tion of those fed as m uch as 160 ppm Cd 
without the addition of zinc (fig. 1, 2, and
3) and (table 2 ). One of the 4 calves died 
after receiving 640 ppm for 6 weeks. The 
40-ppm level appeared to depress these 
m easures of calf perform ance; however,

F ig . 1 A v e ra g e  t o t a l  b o d y  w e ig h t  g a in s  f o r  
c a lv e s  f e d  d i f f e r e n t  le v e ls  o f  Z n  a n d  C d .
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F ig .  2  A v e ra g e  d a i ly  f e e d  c o n s u m p t io n  o f  c a lv e s  f e d  d i f f e r e n t  le v e ls  o f  Z n  a n d  C d  ( u n a d 
j u s t e d ) .

F ig .  3  A v e ra g e  d a i ly  w a t e r  i n t a k e  f o r  c a lv e s  f e d  d i f f e r e n t  le v e ls  o f  Z n  a n d  C d  ( u n a d j u s t e d ) .

the degree of the effect was too small for 
statistical significance.

The results of this experim ent suggest 
tha t calves can tolerate considerably higher 
concentration of Cd in  the diet than  rats, 
turkeys, or chicks (1, 4, 17, 18). If cal
culated per gram of tissue, the higher tol
erance of calves for Cd relative to other 
species m ight not be so marked. However, 
most of the previous studies do not present 
sufficient inform ation to make possible 
such a comparison. In rats, Wilson et al.
(4 )  and Johns et al. (1 )  observed a slight 
growth reduction with 62 ppm Cd and 
death with 500 ppm. As little as 20 ppm 
depressed growth in  turkey poults (1 7 ). 
Hill et al. (18 ) reported that the level of

copper and iron modified the am ount of 
Cd required to obtain a given effect. How
ever, regardless of level of other factors, 
all the chicks given 400 ppm  Cd died.

There was an immediate reduction in 
feed consumption for all the groups fed as 
m uch as 160 ppm Cd. This appeared the 
first day the Cd-containing diet was fed 
and suggests that the Cd was adversely 
affecting palatability.

Hemoglobin. Blood hemoglobin values 
decreased progressively as the level of Cd 
was increased from zero to 160 ppm  (table 
2 ). However, at higher levels of Cd, hem o
globin values were increased. Those fed 
640 ppm  had significantly higher values 
than  those given 160 ppm  Cd. The aver-
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TA BLE 2

W e i g h t  g a in , f e e d  a n d  w a te r  c o n s u m p t io n ,  b lo o d  z i n c , a n d  h e m o g lo b in  m e a n s  i

W e i g h t  g a in s ,  k g / c a l f / d a y
T r e a t m e n t  n o . : 2 7 6 3 5  3 4 1 2 S x '4

M e a n s : -  0 .0 9 0 .7 2 0 .7 3  0 .8 7 0 .9 6 1 .0 4 1 .0 8 0 .0 7

F e e d  c o n s u m p t io n ,  k g / c a l f / d a y
T r e a t m e n t  n o . : 2 7 5 6  3 4 2 1 Sx 4

M e a n s : 0 .9 2 2 .9 3 3 .2 0  3 .4 3 3 .6 8 3 .8 0 3 .8 6 0 .2 1

W a t e r  c o n s u m p t io n ,  k g / c a l f / d a y
T r e a t m e n t  n o . :  2 7 5 6  4 3 2 1 S x 4

M e a n s : 4 .4 2 8 .9 1 9 .4 4  1 1 .5 3 12 .0 1 1 2 .6 7 1 2 .7 8 1 .0 2

B lo o d  z in c ,  / ig / m l
T r e a t m e n t  n o . :  2 7 5 3  6 4 1 2 S x 4

M e a n s : 1 .4 2 1 .8 0 1 .9 4  2 .1 6 2 .2 2 2 .2 3 2 .4 5 0 .1 1

H e m o g lo b in ,  g /1 0 0  m l
T r e a t m e n t  n o . : 2 5 3 6  4 2 1 7 S x 4

M e a n s : 7 .9 3 8 .7 0 8 .8 4  8 .9 6 9 .0 4 9 .1 7 9 .3 7 0 .4 2

1 A d ju s ted  fo r  d iffe ren ces  fo r  th e  sam e  m e a s u re m e n t d u r in g  th e  2  to  8 w eek  s ta n d a rd iz a t io n  
p e rio d  by  c o v a r ia n ce  p ro c e d u re s  (1 5 ) .

2 T re a tm e n t  no. 1, co n tro l; t r e a tm e n t  no . 2, 100 p p m  Z n ; t r e a tm e n t  no . 3, 40 p p m  C d, t r e a tm e n t  
no . 4, 40  p p m  C d + 100 p p m  Z n ; t r e a tm e n t  no . 5, 160 p p m  C d; t r e a tm e n t  no . 6, 160 p p m  C d + 
100 p p m  Z n ; t r e a tm e n t  no . 7, 640 p p m  Cd.

2 V a lu es  u n d e r lin e d  b y  th e  sam e  lin e  a re  n o t s ig n if ic a n tly  d iffe re n t (P  = 0 .0 5 ) (1 6 ) .
4 s e  o f a d ju s te d  t r e a tm e n t  m e a n  (1 6  deg rees  o f fre e d o m ).

age hemoglobin value at the last bleeding 
prior to death for those fed 2560 ppm  was
12.1. These high hemoglobin levels for 
calves fed this treatm ent and the 640 ppm 
can reasonably be attributed to the severe 
body dehydration these anim als exhibited 
as a result of Cd toxicity.

The effects of Cd adm inistration on 
blood hemoglobin are not consistent in  the 
published hterature. In  some instances 
toxicity has reduced hemoglobin values, 
whereas in  others elevated values have 
been observed (2, 3, 7, 8, 18, 19).

It appears that low-to-moderate levels of 
Cd tend to reduce hemoglobin values, 
whereas high am ounts of Cd m ay cause an 
increase. The levels of certain other n u 
trients have an  influence (4 ) . Hill et al.
(18 ) have shown that hemoglobin values 
are reduced more in  the absence of suffi
cient copper.

Clinical and necropsy examinations. 
The general symptoms of toxicity for the 
anim als receiving the 640- and 2560-ppm 
levels of Cd were un thrifty  appearance; 
rough hair coat; severe body dehydration; 
dry and scaly skin; loss of hair from legs,

thighs, chest floor, and brisket; m outh le
sions; edematous, shrunken, and scaly 
scrotum; sore and enlarged joints; im 
paired sight; extreme em aciation; and 
some atrophy of rear leg muscles. This 
atrophy is apparently due to the severe 
weight loss. Some of these symptoms are 
shown in  figures 4 and 5.

The average time between initiation of 
treatm ent and occurrence of the various 
toxicity symptoms for the anim als receiv
ing the 640 and 2560 ppm levels of Cd 
is shown in table 3. All of these symp
toms except edema of the scrotum oc
curred earlier among the anim als that 
received 2560 ppm  Cd. However, the 
symptoms were more severe in the anim als 
th a t received the 640 ppm  Cd. This is 
probably due to their intake of Cd over a 
longer period than  those fed 2560 ppm Cd, 
thereby allowing more time for the symp
toms to develop. In addition to the symp
toms listed above, after about 40 days on 
treatm ent, calves fed the 640 ppm  Cd diet 
developed skin which was easily injured. 
Thus bleeding resulted from  accidently re
ceived m inor injuries on their legs.
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F ig . 4  C a l f  r e c e i v in g  d ie t  c o n t a i n i n g  2 5 6 0  p p m  C d  f o r  14  d a y s ,  a g e  10 w e e k s .

F ig .  5 C a l f  a t  l e f t  r e c e iv e d  d ie t  c o n t a i n i n g  6 4 0  p p m  C d . A n im a l  o n  r i g h t  w a s  c o n t r o l .  B o d y  
w e ig h ts  w h e n  p i c tu r e  w a s  t a k e n  a t  18 w e e k s  w e r e  5 7  k g  a n d  16 3  k g . B o th  w e ig h e d  4 5  k g  a t  b i r t h  
a n d  w e re  f e d  t h e  s a m e  d ie t  f o r  f i r s t  8 w e e k s .
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TA BLE 3

A v e r a g e  d a y s  b e tw e e n  in i t i a t i o n  o f  t r e a t m e n t  a n d  
o c c u r r e n c e  o f  v a r io u s  to x i c i t y  s y m p t o m s  fo r  c a lv e s  

r e c e iv in g  6 4 0  a n d  2 5 6 0  p p m  C d  i n  th e i r  d ie t  1

S ym ptom
T re a tm e n t

640 p p m  Cd 2560 p p m  Cd

E d e m a  i n  s c r o tu m 2 0
days

28
D ry  a n d  s c a ly  s k in 2 2 19
M o u th  le s io n s 33 16
S c a ly  s c r o tu m 3 6 __2
S o re  o r  e n la r g e d  jo in t s 41 2 0
L o s s  o f  h a i r 4 4 2 5
I m p a i r e d  s ig h t 4 6 17
A tr o p h y  o f  m u s c l e s  3 64 17

1 T h e  av e rag e  n u m b e r  o f d ay s  w as  re d u c e d  by  3 
to c o m p e n sa te  fo r  sy m p to m s a p p e a r in g  b e tw ee n  th e  
w eek ly  e x a m in a tio n s .

2 S y m ptom  d id  n o t occur.
3 A p p a re n tly  d u e  to  th e  severe  w e ig h t loss.

Of the calves receiving the 160 ppm Cd 
in  the diet, only one developed m outh le
sions (84 days after initiation of trea t
m ent). Two others developed edema in 
the scrotum after being fed the Cd diet an 
average of 54 days. Two calves fed 40 
ppm Cd in the diet developed edema in  the 
scrotum at 15 and 19 weeks of age. No 
other clinical toxicity symptoms were ob
served.

Relatively little inform ation concerning 
clinical symptoms of Cd toxicity has been 
found. Ginn and Volker (3 ) have re
ported that rats receiving 50 ppm Cd in 
their drinking w ater developed dry and 
scaly skin and tails with thinning of the 
hair, especially in  the posterior portion of 
the dorsum. Bleaching of the incisors of 
rats was noted in  cases of chronic Cd tox

icity (3, 5 ). In  anim als that vomit, such 
as cats, the chief effect of the oral adm in
istration of high levels of Cd is emesis (6 ) .

Postmortem exam inations indicated that 
the liver and kidneys were the organs in 
calves most affected by Cd feeding. The 
2560-ppm level resulted in  more serious 
damage to these organs than  the 640-ppm 
level. Reports by Prodan (8 )  and Wilson 
et al. (2 )  show that these were the organs 
affected in rats and cats by Cd feeding.

Testicular development. Cadmium feed
ing drastically affected testicle growth as 
indicated by m easurem ents through the 
scrotum, and in  weights on castration; also 
relative to body size they were smaller 
(table 4 ). W ith 160 ppm the testicles 
grew decidedly more slowly. (Any effect 
of 40 ppm was too small for detection by 
the methods used.) At 640 ppm there was 
very little testicle growth.

Previous work has shown that Cd in jec
tions greatly reduced testicle size in rats 
(20, 21) and goats (2 2 ). Parizek (2 0 ) 
observed that complete testicular necrosis 
was an im portant, specific, and quite con
stant sign of parenteral adm inistration of 
Cd. However, no previous published work 
has been found concerning the effects of 
feeding Cd to any species upon testicles.

The m echanism  responsible for the ef
fect of Cd on gonads is mostly unknown. 
Parizek (2 0 ) suggested that Cd may act 
by a displacement of zinc from spermato- 
genic epithelium. Elcoate et al. (23 ) have 
dem onstrated that inadequate uptake of 
zinc leads to degeneration of the sperma-

TA BLE 4

D e v e lo p m e n t  o f  r ig h t  te s t ic le  a s  m e a s u r e d  b y  l e n g th  t im e s  g r e a te s t  d ia m e te r  t h r o u g h  
t h e  s c r o tu m  a n d  w e i g h t  a t  c a s t r a t io n

T re a tm e n t
Avg age, w eeks Avg f in a l 

w t
% of 

body w t
(x  1 0 -3 )4 8 12 16 20

era c m c m c m c m 9 %
1 C o n tro l 3 .7 6 8 .1 2 1 0 .0 3 1 6 .8 8 2 2 .9 5 3 5  a 1 2 5 .2
2 1 0 0  p p m  Z n 4 .6 2 7 .8 8 9 .3 6 1 6 .2 0 2 2 .3 5 4 0  a 2 7 .9
3 4 0  p p m  C d 5 .1 0 7 .1 5 9 .3 5 1 4 .0 7 2 0 .6 4 3 2  a 2 4 .5
4 4 0  p p m  C d  +  10 0  p p m  Z n 4 .7 0 7 .5 2 1 0 .1 5 1 5 .5 0 2 2 .5 4 3 4  a 2 4 .2
5 16 0  p p m  C d 5 .7 4 8 .0 6 8 .9 2 1 4 .4 2 1 8 .2 7 2 4  b 1 9 .5
6 16 0  p p m  C d  +  1 0 0  p p m  Z n 5 .1 7 6 .9 4 9 .0 5 1 3 .2 2 1 9 .8 3 2 9  ab 2 1 .5
7 6 4 0  p p m  C d 5 .4 5 8 .6 5 7 .6 4 6 .5 8  2 7 .9 9  2 7 2 11.1
8 2 5 6 0  p p m  C d 5 .1 4 7 .4 4 6 .0 8  3 6 .7 7  4 —  5 9 .4

1 V a lu es  n o t fo llo w ed  by th e  sam e  le t te r  a re  s ig n if ic a n tly  d iffe re n t (P  = 0 .0 5 ) (1 6 ) .
2 T h ree  su rv iv in g  a n im a ls  m e a su re d .
3 Tw o su rv iv in g  a n im a ls  m e a su red .
4 O ne s u rv iv in g  a n im a l m e asu red .
5 T es tic le s  rem o v ed  a f te r  d e a th ;  av e rag e  w e ig h t w as  6 g.
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togenic tubules, indicating the im portant 
role of this m etal in  spermatogenesis. Fur
thermore, the close physiochemical simi
larities between zinc and Cd make such a 
competitive antagonism  between them  ap
pear likely. It is possible that the testicu
lar necrosis results as a consequence of 
vascular injury to the testis (24).

Recovery from  toxicity. Following ter
m ination of the treatm ent period, one calf 
that had received 640 ppm  Cd was fed a 
practical-type diet. Improvement in ap
pearance, feed consumption, growth, et 
cetera, were quite rapid. At 20 weeks of 
age it weighed 66 kg, at 28 weeks 120 kg, 
and at 12 m onths 282 kg. Average daily 
feed consumption for the last week it was 
fed Cd was 1.9 kg. Two weeks later the 
value was 3.1 kg. At 12 m onths of age 
semen was collected with the artificial va
gina and no sperm were noted. At 13 
m onths of age the one rem aining testicle 
(the other was removed at 20 weeks) was 
removed. Substantial num bers of sperm 
were observed in  the epididymis. How
ever, most of these were abnormal. It was 
estim ated that over 70% of the sperm had 
some motility which was almost 100% os
cillatory with little or no progressive mo
tility; about 90% were abnormal with 
more than 80% exhibiting bent midpieces 
or curled tails, or both; about 60% ex
hibited cytoplasmic droplets attached to 
the caudal one-third of the tail; and about 
10% of the mobile sperm were headless. 
The testicle, trim med to a kidney shape, 
weighed 317 g. Microscopic examination 
of the testicle tissue indicated that there 
was a wide variation in  development and 
m aturation. Many of the tubules showed 
evidence of spermatogenesis, whereas 
others were lined with only spermatogonia. 
The more m ature tubules contained a few 
sperm cells. It appeared that the tissues 
were comparable to those of an individual 
approaching sexual m aturity. Necropsy at 
14 m onths of age indicated that this an i
m al was in  good condition but had liver 
and kidney scars.

These results indicate that a very severe 
and extended Cd toxicity may cause seri
ous damage to the testicle development in 
the bovine. The sperm-producing tubules 
were not completely destroyed, and thus, it 
appears that either the effect of Cd on tes

ticle tissue is not as drastic in  the bovine 
as in  the ra t or tha t feeding does not give 
the same effect as injections. Clarification 
of this point will have to await further 
research.

Tissue concentrations of cadmium. 
Relatively little Cd was observed in  tissues 
from a control calf and from one which 
had received 100 ppm zinc (table 5). Of 
the tissues analyzed, the liver contained 
the highest level. Literature reports of Cd 
values in  tissues from anim als including 
hum ans that have not been fed supplem en
tal Cd are somewhat variable (5, 25, 26). 
It appears that age may be an im portant 
factor (26).

W ith the exception of skin and blood, 
the Cd content of all analyzed tissues was 
increased when 640 or 2560 ppm  Cd were 
added to the diet (tables 5 and 6 ). The 
kidneys retained slightly more Cd per gram 
of dry tissue than  the liver when either of 
these levels was fed. Both livers and kid
neys of those receiving 2560 ppm  tended 
to contain less Cd than  the same organs 
from calves fed the 640 ppm diet.

Incisors of calves fed 2560 ppm Cd con
tained several times as m uch Cd as those 
given 640 ppm  (table 5). The data do not 
reveal a ready explanation for this large 
difference. The average total intakes of 
Cd were not greatly different for the calves 
fed the 2560- and the 640-ppm Cd diets. 
No previous research data have been found 
concerning the Cd content of teeth of 
either norm al or Cd-fed animals. It has 
been noted that ingested Cd tended to di
m inish the degree of pigm entation of rat 
incisor enam el (2, 3, 5 ). It was suggested 
that the effect m ight be related to ability 
of the Cd to interact with iron-containing 
proteins (3 ).

Effect  of supplemental zinc on cadm ium  
toxicity. The addition of 100 ppm  zinc to 
diets containing 40 and 160 ppm  Cd tended 
to increase feed consumption, weight 
gains, testicle size, hemoglobin, and blood 
zinc values (table 2 ). However, most of 
the differences did not reach statistical 
significance at the 0.05 probability level.

Supplee (17 ) reported that the addition 
of zinc to a turkey poult diet containing 
Cd prevented the appearance of most Cd 
toxicity symptoms. Others have shown 
that the destructive effect of subcutane-
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TA B LE 5

C a d m iu m  a n d  z in c  c o n t e n t  o f  v a r io u s  t i s s u e s

T re a tm e n t  g ro u p s

C o n tro l 100 p p m  Z n 640 p p m  Cd 2560 p p m  Cd

N o. o f a n im a ls 1 1 3 4
T o ta l Cd co n su m e d , g 
B ody w t a t  e n d  o f tre a tm e n t 162 135

4 7 (2 0 - 8 1 )  i 
48

2 4 ( 1 4 - 3 9 ) 2 
55o r d e a th , kg

p p m  o n  d ry  b asis p p m  o n  d ry  basis p p m  on  d ry  b asis

I n c i s o r  1 C d 0 .7 0 .7 2 2 ( 9 - 4 1 ) 1 1 8 ( 6 2 - 1 6 5 )
Z n —  3 —  3 5 1 ( 4 6 - 5 7 ) 7 2 ( 6 1 - 8 7 )

I n c i s o r  2 C d i i 3 1 ( 1 3 - 5 4 ) 1 9 7 ( 1 5 9 - 2 4 5 )
Z n 91 9 5 6 5 ( 6 4 - 6 5 ) 7 1 ( 6 6 - 7 9 )

L iv e r C d 4 5 5 1 1 ( 1 3 7 - 1 0 2 3 ) 4 5 5 ( 1 1 6 - 8 5 8 )
Z n 88 150 1 6 9 ( 1 2 5 - 2 5 4 ) 1 6 6 ( 1 3 5 - 2 1 1 )

S p le e n C d <  1 <  1 2 5 ( 1 1 - 3 9 ) 3 9 ( 9 - 6 2 )
Z n 57 5 6 5 7 ( 5 4 - 6 4 ) 6 4 ( 5 4 - 6 9 )

K id n e y C d <  2 <  2 6 7 2 ( 4 7 9 - 1 0 3 5 ) 5 0 1 ( 1 4 6 - 7 1 8 )
Z n 59 8 4 1 1 0 ( 8 1 - 1 4 7 ) 1 2 5 ( 1 0 3 - 1 6 3 )

F e m u r C d 0 .8 <  0 .4 3 ( 2 - 5 ) 2 ( 1 - 4 )
Z n 4 8 116 5 8 ( 5 0 - 6 9 ) 9 1 ( 3 0 - 1 7 0 )

H a i r C d 0 .5 0 .3 1 0 ( 9 - 1 1 ) 1 0 ( 9 - 1 3 )
Z n 9 2 76 1 1 9 ( 1 1 3 - 1 2 6 ) 8 6 ( 4 7 - 1 1 4 )

S k in C d  -4 <  1.6 <  1 .5 <  1.7 <  1.5
Z n 10 12 1 6 ( 1 5 - 1 8 ) 1 2 ( 1 1 - 1 5 )

f i g / m l f i g / m l l i g / m l f i g / m l

B lo o d C d  4 <  0 .0 5 <  0 .0 5 <  0 .0 5 <  0 .1 0
Z n 2 .1 3 2 .8 3 1 .3 5 ( 1 .0 6 - 1 .5 5 ) 2 . 3 0 ( 1 .5 5 - 2 .6 8 )

1 N u m b e rs  in  p a re n th e se s  in d ic a te  ra n g e .
2 O n ly  3 a n im a ls  a v e rag e d  a s  th e re  w as  som e in d ic a t io n  th a t  one  c a l f ’s a p p a re n t  c o n su m p tio n  o f 128 g Cd 

w as  in  e r ro r  d u e  to  h is  a b ility  to  se p a ra te  h is  fe e d  in  s u c h  a  w ay  as to  red u c e  th e  C d in ta k e .
3 S am p les  lo s t d u r in g  an a ly sis .
4 T h ese  v a lu e s  re p re s e n t th e  lo w er lim its  o f s e n s it iv ity  o f th e  a n a ly t ic a l  p ro c e d u re  fo r  th e  sizes o f sam p les  

a n d  d ilu tio n s  u sed . T h u s , i t  c a n  be sa id  o n ly  th a t  th e  v a lu e s  a re  be low  th e  a m o u n ts  in d ic a te d . O th e r  v a lu e s  
p reced ed  b y  <  h a v e  th e  sam e  m e a n in g .

TA BLE 6

A v e r a g e  z in c  a n d  c a d m i u m  c o n t e n t  o f  te s t i c le s  o f  c a lv e s  r e c e iv in g  e a c h  t r e a t m e n t

T re a tm e n t N o. of
ca lv es Z inc C ad m iu m

C o n tro l 4
p p m  on  dry  basis  

6 5  3
10 0  p p m  Z n 4 6 7 3
4 0  p p m  C d 4 65 3
4 0  p p m  C d  +  1 0 0  p p m  Z n 4 65 3
16 0  p p m  C d 4 6 2 4
16 0  p p m  C d  4 -1 0 0  p p m  Z n 4 69 5
6 4 0  p p m  C d 4 61 14 *
2 5 6 0  p p m  C d 4 65 16  *

* S ig n ific an tly  d iffe re n t f ro m  o th e rs  (P  = 0 .0 5 ) (16).

ously adm inistered Cd on the testis can be 
prevented by the simultaneous adm inistra
tion of large doses of zinc (21, 27, 28). 
Hill et al. (18) have reported that there is 
a copper component of Cd toxicity in  ad
dition to the zinc component. Their work 
with chicks suggested that Cd replaces

both copper and zinc at active metabolic 
sites, probably enzymatic, thereby render
ing these sites inactive. Thus, in  the pres
ence of Cd, added dietary copper and zinc 
were required to restore the anim al to the 
nutritional status of controls. The addi
tion of zinc reversed Cd-induced growth
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AG E (W E E K S )
F i g .  6  A v e r a g e  w h o l e  b l o o d  Z n  o f  c a l v e s  f e d  

d i f f e r e n t  l e v e l s  o f  Z n  a n d  C d  ( u n a d j u s t e d ) .

depression, whereas the addition of copper 
reduced the mortality (18).

Some of the clinical symptoms produced 
by the feeding of 2560- and 640-ppm levels 
of Cd resembled zinc deficiency symptoms 
quite closely (13). The calves fed 640 
ppm Cd exhibited the most severe symp
toms and were diagnosed on clinical ex
am ination as being zinc-deficient. Histo- 
pathological exam ination of skin from the 
neck and scrotum indicated a definite in 
crease in the stratum  corneum  and a 
m arked retention of nuclei. These 
changes are considered to be characteristic 
of parakeratosis (29).

Calves fed either 160 or 640 ppm  Cd 
had a lower blood zinc content than  con
trols (P <  0.05) (table 2 and fig. 6 ). Feed
ing 2560 ppm Cd did not lower blood zinc 
below that of controls. Those given the 
diets containing 640 and 2560 ppm Cd 
had higher zinc concentrations in  both liv
ers and kidneys than  those fed the basal 
diet plus 100 ppm  zinc (table 5). This is 
in  agreem ent with work in rats indicating 
that Cd results In increased retention of 
radioactive zinc in  these tissues (30). The 
other tissues analyzed were either approxi
mately the same in zinc content or slightly 
lower (table 5). It m ay be that the zinc 
content in  these organs increases because 
the Cd acts as an antimetabolite m aking 
certain enzyme molecules inactive. Thus 
a metabolic deficiency of zinc may exist in 
the presence of norm al am ounts due to the

competitive action of the Cd. It is in ter
esting to note that the zinc content of the 
liver and fem ur of the calf fed 100 ppm 
zinc increased twofold compared with the 
same tissues of the control.

It appeared that the feeding of Cd in ter
fered with the utilization of dietary zinc, 
as the basal diet contained 27.4 ppm zinc. 
The apparent zinc deficiency that was pro
duced m ight have been the result of de
creased zinc absorption or increased zinc 
excretion. The increased levels of zinc in 
some tissues suggest that the competitive 
effects are at the tissue or cellular level. 
However, the higher levels of Cd drasti
cally reduced feed intake. Thus some of 
the effects of the Cd may be caused by 
lower nutrien t intake. Accordingly, these 
data do not always make possible a sepa
ration of those effects which are the direct 
result of Cd toxicity from those that are 
not. This could apply to several measures.

W hen interpreted in the light of previous 
work, it appears that the supplem ental zinc 
in  this experim ent had a definite tendency 
toward reducing the toxic effects of the Cd. 
It also appears that the level of Cd in the 
diet tolerated is m uch higher for cattle 
than  for the monogastric species previ
ously studied. Thus it appears that future 
experiments should be conducted in  which 
levels of Cd above 160 ppm are combined 
with supplem ental zinc. Also, higher lev
els of zinc might be more effective.
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2 2 .  K a r ,  A .  B .  1 9 6 2  C h e m i c a l  s t e r i l i z a t i o n  o f  
m a l e  g o a t s .  I n d i a n  J .  V e t .  S c i .  A n i m a l  H u s b . ,  
M a r c h ,  7 0 .

2 3 .  E l c o a t e ,  P .  V . ,  M .  I .  F i s h e r ,  C .  A .  M a w s o n  
a n d  M .  J .  M i l l a r  1 9 5 5  T h e  e f f e c t  o f  z i n c  
d e f i c i e n c y  o n  t h e  m a l e  g e n i t a l  s y s t e m .  J .  
P h y s i o l . ,  3 2 9 :  5 3 .

2 4 .  G u n n ,  S . A . ,  T .  C .  G o u l d  a n d  W .  A .  D .  A n d e r 
s o n  1 9 6 3  T h e  s e l e c t i v e  i n j u r i o u s  r e s p o n s e  
o f  t e s t i c u l a r  a n d  e p i d i d y m a l  b l o o d  v e s s e l s  t o  
c a d m i u m  a n d  i t s  p r e v e n t i o n  b y  z i n c .  A m .  J .  
P a t h . ,  4 2 :  6 8 5 .

2 5 .  K a g i ,  J .  H .  R . ,  a n d  B .  L .  V a f l e e  1 9 6 0  M e t a l -  
l o t h i o n e i n :  a  c a d m i u m  a n d  z i n c  c o n t a i n i n g  
p r o t e i n  f r o m  e q u i n e  r e n a l  c o r t e x .  J .  B i o l .  
C h e m . ,  2 3 5 :  3 4 6 0 .

2 6 .  T i p t o n ,  I .  H .  1 9 6 0  T h e  d i s t r i b u t i o n  o f  t r a c e  
m e t a l s  i n  t h e  h u m a n  b o d y .  I n  M e t a l  B i n d 
i n g  i n  M e d i c i n e ,  c h a p .  3 .  J .  B .  L i p p i n c o t t  
C o m p a n y ,  P h i l a d e l p h i a ,  p .  2 7 .

2 7 .  P a r i z e k ,  J .  1 9 5 7  T h e  d e s t r u c t i v e  e f f e c t  o f  
c a d m i u m  i o n  o n  t e s t i c u l a r  t i s s u e  a n d  i t s  p r e 
v e n t i o n  b y  z i n c .  J .  E n d o c r i n o l . ,  3 5 :  5 6 .

2 8 .  G u n n ,  S .  A . ,  T .  C .  G o u l d  a n d  W .  A .  A n d e r s o n  
1 9 6 1  Z i n c  p r o t e c t i o n  a g a i n s t  c a d m i u m  i n 
j u r y  t o  r a t  t e s t i s .  A r c h .  P a t h o l . ,  7 3 :  2 7 4 .

2 9 .  M i l l e r ,  W .  J . ,  a n d  J .  K .  M i l l e r  1 9 6 3  P h o t o 
m i c r o g r a p h s  o f  s k i n  f r o m  z i n c  d e f i c i e n t  
c a l v e s .  J .  D a i r y  S c i . ,  4 6 :  1 2 8 5 .

3 0 .  G u n n ,  S .  A . ,  T .  C .  G o u l d  a n d  W .  A. D .  A n d e r 
s o n  1 9 6 2  I n t e r f e r e n c e  w i t h  f e c a l  e x c r e t i o n  
o f  Z n 6 3  b y  c a d m i u m .  P r o c .  S o c .  E x p .  B i o l .  
M e d . ,  Ill:  5 5 9 .
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A B S T R A C T  T h e  e f f e c t  o f  s u p p l e m e n t s  o f  v i t a m i n s  o t h e r  t h a n  A  a n d  D ,  5 %  a l f a l f a  
a n d  s u b s t i t u t i o n  o f  u r e a  f o r  c a s e i n  i n  a  p u r i f i e d  d i e t  d e v e l o p e d  f o r  l a m b s  w a s  i n v e s t i 
g a t e d .  T h e  c o m p l e t e  d i e t  c o n t a i n e d  c a s e i n ,  a l l  t h e  k n o w n  v i t a m i n s ,  s t a r c h ,  g l u c o s e ,  f a t ,  
m i n e r a l s  a n d  b i c a r b o n a t e s  o f  s o d i u m  a n d  p o t a s s i u m .  D e l e t i o n  o f  t h e  v i t a m i n s  o t h e r  
t h a n  A  a n d  D  r e s u l t e d  i n  r e d u c e d  g a i n s .  A d d i t i o n  o f  a l f a l f a  h a d  l i t t l e  o r  n o  e f f e c t  o n  
g a i n s  o f  l a m b s  r e c e i v i n g  c a s e i n  d i e t s .  I n  t h e  d i e t s  w h e r e  u r e a  w a s  s u b s t i t u t e d  f o r  
c a s e i n ,  a l f a l f a  h a d  a  s i g n i f i c a n t  p o s i t i v e  e f f e c t  o n  g a i n s  o f  l a m b s .  S a m p l e s  o f  r u m e n  
f l u i d  f r o m  l a m b s  f e d  t h e  u r e a - s u b s t i t u t e d  d i e t  w i t h o u t  a l f a l f a  h a d  a  s i g n i f i c a n t l y  h i g h e r  
p e r c e n t a g e  o f  p r o p i o n a t e  a n d  l o w e r  p e r c e n t a g e  o f  b u t y r a t e  t h a n  t h e  s a m p l e s  o f  r u m e n  
f l u i d  t a k e n  f r o m  l a m b s  f e d  t h e  u r e a - a l f a l f a  d i e t .

In previous work (1 -3 )  a roughage-free 
purified diet was developed for lambs, 
which, except for supplements of sodium 
and potassium  bicarbonates, was sim ilar in 
most respects to purified diets utilized by 
small laboratory animals. The diet de
veloped contained all the known vitam ins, 
starch, glucose, fat, m inerals, casein and 
the bicarbonates. In this early phase of 
the investigation emphasis was given to 
the utilization of the energy substrates of 
the diet. The subject of this report is a 
study designed to determine the effects of 
3 other variables. Since vitam ins had been 
added in  the original diet without respect 
to need, attention was directed to whether 
the inclusion of vitam ins other than A and 
D was necessary. A second variable was 
whether alfalfa contained additional fac
tors not present in the purified diet devel
oped, and a third was concerned with 
substitution of urea nitrogen for the pre
formed protein in the diet.

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

The details of the biological procedures 
were sim ilar to those described previously 
(1, 2 ). Lambs 2 to 3 weeks of age were 
separated from their dam s and placed on 
a regim en of cows’ milk adm inistered by 
nippled bottles. At approximately 2.5 to 
3 m onths of age the anim als were divided 
into groups of 6 based on weight. The 
anim als in  each weight group were then 
assigned at random  to the 6 experim ental 
diets (table 1) to form  a replication. Four

replications of these diets were conducted 
over a period of 35 weeks in  1961 and 2 
additional replications, during a period of 
25 weeks in  1962. A total of 36 lambs 
was used in the study. All experim ental 
anim als received vitam in A and D capsules 
(table 1).

Except for the inclusion of 3% alpha- 
cellulose, diet 17 in table 1 was sim ilar to 
the roughage-free purified diet developed 
previously (2, 3). This addition of cellu
lose to the diet reduced the stickiness of 
the feces, thereby facilitating cleaning of 
the cages. Diet 23 was similar to 17 ex
cept that the vitam in supplement (table 1) 
was omitted. Diet 24 contained 5% al
falfa without the vitam in supplement, 
whereas diet 25 contained vitam ins and 
alfalfa. Glucose was reduced where al
falfa was added. Diets 26 and 27 con
tained urea nitrogen; diet 26 contained 
vitam ins, and 27 contained alfalfa w ith
out the vitamins. Since the 5% alfalfa 
added to diet 27 supplied 1% protein, 2% 
casein was added to diet 26. The anim als 
were housed in individual cages made of 
alum inum  with alum inum  diamond mesh 
flooring (see fig. 1). They were fed in 
dividually twice daily as m uch as they 
would consume. The diets were mixed

R eceived  for p u b lication  M arch 25, 1964.
1 C ontribution from  th e A nim al Science D epartm ent, 

N orth  Carolina A gricu ltural E xperim ent Station, 
R aleigh , N orth  C arolina. P u blished  w ith  th e approval 
o f th e D irector o f R esearch as Paper no. 1963 o f 
th e Journal Series.

2 Supported in  part by a grant from  the H erm an  
Frasch  Foundation ..

J .  N u t r i t i o n ,  84: ’6 4 2 1 5
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TABLE 1
Composition of experimental diets 

D iet no.

2 3 1 7 2 4 2 5 2 6 2 7

% % % % % %

C a s e i n 2 0 2 0 2 0 2 0 2 . 0 —

U r e a — — — — 4 . 6 4 . 6

G l u c o s e  1 3 4 . 2 2 9 . 2 2 9 . 2 2 4 . 2 3 5 . 0 3 7 . 0

S t a r c h 2 3 . 0 2 3 . 0 2 3 . 0 2 3 . 0 3 0 . 6 3 0 . 6

V e g e t a b l e  f a t  - 4 . 0 4 . 0 4 . 0 4 . 0 4 . 0 4 . 0

C e l l u l o s e 3 . 0 3 . 0 3 . 0 3 . 0 3 . 0 3 . 0

A l f a l f a  l e a f  m e a l  3 — — 5 . 0 5 . 0 — 5 . 0

K H C O - , 4 . 0 4 . 0 4 . 0 4 . 0 4 . 0 4 . 0

N a H C O g 6 . 0 6 . 0 6 . 0 6 . 0 6 . 0 6 . 0

C a C O - j 1 .0 1 .0 1 .0 1 .0 1 .0 1 .0

C a H P 0 4 1 .8 1 .8 1 .8 1 .8 1 .8 1 .8

V i t a m i n  m i x t u r e  4 —  5 5 . 0  ö __  rj 5 . 0  5 5 . 0  0 .— - 5

M i n e r a l  m i x t u r e 3 . 0 3 . 0 3 . 0 3 . 0 3 . 0 3 . 0

1 C rystalline g lucose, Corn Products Sales Com pany, N orfo lk , V irginia.
2 G rateful acknow ledgm en t is m ade to Procter and G am ble Com pany, C incinn ati, Ohio, for  P rim ex  

B and C (p ure vegetab le  sh orten in g ).
3 A lfa lfa  le a f  m ea l (20%  p rote in ) w as generously  contributed  by the N a tio n a l A lfa lfa  D ehydratin g  

and M illin g  Com pany, K ansas City, M issouri.
4 V itam in  m ixture contain ed : (p er  45.36 kg d ie t) :  th iam in e  *HC1, 400 m g; riboflavin , 850 m g; n ico 

tin ic  acid, 1.13 g; Ca pan tothenate, 1.42 g; p y r id o x in eH C l, 570 m g; fo lic  acid, 57 m g; 2>ain inobenzoic  
acid, 1.13 g; inosito l. 11.35 g; b iotin , 11.4 m g; ch o lin e  chloride, 113.45 g; m enad ione (2-m ethyl- 
n a p h th o q u in o n e), 115 m g; 0 .i%  v ita m in  B i2 (w ith  m a n n ito l) , 4.66 g; a-tocopheryl acetate, 570  m g; 
and glucose, 2132 g. A cknow ledgm ent is gratefu llv  m ade to H offm ann-La Roche, Inc., N u tley  N . J., 
for the biotin  and to M erck and Co., R ahw ay, N . J., for con tr ib u tin g  a ll other v itam ins.

5 A dm inistered  4000 IU o f v itam in  A and 400 IU o f v itam in  D /d a v /4 5 .3 6  kg body w e igh t by cap 
su les generously contributed  by R. P. Scherer Corporation, Detroit, M ichigan.

6 M ineral m ixture contain ed : (p er  45.36 kg d ie t) KC1, 273 g; N aC l, 239 g; MgSO-i, 204 g; CuSO-r 
5H 20 ,  893 m g; F e S 0 r 2 H 20 ,  7648 m g; M n S 0 4 H20 ,  1399 m g; ZnO, 2263 m g; C0CO3, 9 m g; KI, 6 m g; 
glucose, 633 g.

F i g .  1 C a g e s  u s e d  f o r  h o u s i n g  e x p e r i m e n t a l  l a m b s .  A l u m i n u m  d i a m o n d  m e s h  f l o o r i n g  a n d  
a l u m i n u m  t u b u l a r  s i d i n g .
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twice weekly in  a food m ixer.3 Records of 
daily feed intakes and weekly weights were 
kept during the experiment. Blood sam 
ples were taken at 4-week intervals and 
analyzed for calcium, phosphorous and 
m agnesium  as described previously (1 ) . 
Sodium and potassium  of the serum  were 
determ ined with a flame photom eter.4 At 
the end of the experim ental period samples 
of rum en fluid were taken from anim als in 
2 replications according to the following 
time sequence: a zero-hour sample was 
taken in  the m orning before forced feeding 
of 227 g of the diet (by stom ach tube, in 
1 liter of w ater) and subsequent samples 
were taken at 0.75, 1.5, 3, 6 and 8 hours 
thereafter. Volatile fatty  acicT analyses 
of the samples of rum en fluid were made 
by gas chrom atography 5 6 according to the 
procedure of Erwin et al. (4 ) . The results 
are reported as percentage of total volatile 
fatty acids. The value of a specific acid 
was arrived at by dividing the area under 
the chromatogram  of the specific acid by 
the sum of the areas of all the acids of 
interest and multiplying the fraction by 
100. Im m ediately after rum en samples 
were collected, pH was determ ined.0 So
dium  and potassium  were determ ined by 
the flame photom eter on the supernatant 
solution of rum en fluid samples spun in  
the centrifuge at 10,000 X g.

All data were subjected to analysis of 
variance: the 0.05 level of significance 
represents odds of 1:19 and the 0.01 level 
represents odds of 1:99.

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

The m ean values of gains, feed intake, 
feed efficiency and daily gains are shown 
in table 2. Alfalfa had little effect among

the diets containing casein (diets 23, 17, 
24 and 25 ), i.e., a m ean gain of 27.9 kg 
was obtained for the lam bs fed diets 23 
and 17, w ithout alfalfa, versus a m ean gain 
of 28.6 kg for the lam bs fed diets 24 and 
25, which contained 5% alfalfa. The ad
dition of vitam ins, however, resulted in  a 
significant effect (P  — 0.05) on gains; the 
m ean gain of the anim als fed the vitamin- 
supplemented diets 17 and 25 was 31.3 kg 
as compared with 25.2 kg for the lam bs 
fed diets 23 and 24 w ithout vitamins. The 
effect of adding B-vitamins to rum inan ts’ 
diets has generally been reported to be 
negative (5 -8 ) . The positive results ob
tained in this study are most probably the 
result of the inadequate synthesis of B-vita
m ins by the prevailing flora. This effect 
could have been due to the young age of 
the lam bs at the start of the experiment, 
the dietary pre-experimental regim en, or 
to the lack of roughage in the purified 
diets.

In  the com parison between the 2 diets 
containing urea, the inclusion of alfalfa 
significantly improved the gains of lambs. 
Lambs fed the casein diet 17, which was 
supplemented with vitam ins, gained more 
than  those fed the urea diet 27 containing 
alfalfa w ithout added vitam ins. Lambs 
fed diet 27, however, made gains com para
ble with those fed the casein diet 23, un 
supplem ented with vitamins.

It is unlikely that the difference between 
diets 27 and 26, with and without 5%

3 H o b a rt M a n u f a c tu r in g  C o m p an y , T roy , Ohio.
4 B a ird  A tom ic  F la m e  P h o to m e te r  M odel Ky, B a ird  

A tom ic , In c ., C am b rid g e , M assa c h u se tts .
5 P e rk in -E lm e r V ap o r F ra c to m e te r  M odel 154 (m o d i

fied fo r  flam e  io n iz a tio n  o p e ra t io n ) ,  P e rk in -E lm e r 
C o rp o ra tio n , N o rw a lk , C o n n ec ticu t.

6 B ec k m a n  Z e ro m atic  p H  M eter, B ec k m a n  I n s t r u 
m e n ts , In c ., F u lle r to n , C a lifo rn ia .

TA BLE 2
Effect of vitamins, source of dietary nitrogen a n d  alfalfa 

o n  gains of l a m b s  fed purified diets

C rite r ia  2
D ie t no . 1

23 17 24 25 26 27

M e a n  g a in  ( k g ) / a n i m a l 2 4 .7  3 3 1 .0 2 5 .6 3 1 .6 15.1 2 3 .8
M e a n  f e e d  i n t a k e  ( k g ) / a n i m a l 2 0 2 .0 2 1 3 .0 2 1 0 .0 2 3 4 .0 1 8 6 .0 2 0 6 .0
K i lo g ra m s  i n t a k e / k g  g a in 8 .2 6 .9 8 .2 7 .4 1 2 .4 8 .6
A v e ra g e  d a i ly  g a in  ( k g ) 0 .1 1 1 0 .1 4 1 0 .1 1 5 0 .1 4 2 0 .0 6 8 0 .1 0 7

1 Diet9i 17, 25  a n d  26 c o n ta in e d  a  v i ta m in  s u p p le m e n t;  23 , 24  a n d  27  d id  n o t. D ietsi 23, 17, 24  a n d
25 c o n ta in e d  c a s e in ; 26  a n d  27  c o n ta in e d  u re a . D ie ts  24, 25  a n d  27 c o n ta in e d  5%  a l f a lf a ;  23, 17 a n d
26 c o n ta in e d  no n e .

2 M ean  o f 6 a n im a ls /d ie t .  A verage  in i t ia l  w e ig h t fo r  la m b s  in  re p lic a tio n s  1, 2, 3, 4, 5 a n d  6 w ere  
12.7, 13.2, 19.1, 13.6, 14.1 a n d  15.0 kg , re sp ec tiv e ly .

3 se  of m e a n , 2 .67 kg.
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alfalfa, is due to differences in  m ethionine, 
which has been shown to improve urea 
diets (9 ) . Calculations m ade from pub
lished values of the m ethionine content of 
casein (10 ) and alfalfa (11 ) show that the 
2% casein in  diet 26 carried more m ethio
nine and more total sulfur amino acids 
th an  the 5% alfalfa.

Blood analyses. The calcium, phos
phorus, m agnesium , sodium and potassium 
values of the serum of the experim ental 
anim als (table 3 ), are m eans of samples 
taken at 4-week intervals during the ex
perim ental period. The lam bs fed the urea 
diet 26 had a slightly lower serum phos
phorus and higher serum calcium than

anim als receiving the other diets. Serum 
phosphorus trends for all the anim als on 
the experim ent did not appear to decrease 
as m uch as one would expect in com pari
son with lam bs of comparable age fed a 
hay diet (1 2 ). Marked differences among 
diets for any of the serum  constituents 
m easured were not obtained. Serum so
dium and potassium  were w ithin the nor
m al range for lambs despite the high levels 
of sodium and potassium  in the diet.

Rum en fluid analyses. The volatile 
fatty  acid results are presented in  figure 2. 
Significant differences (P  — 0.01) in per
centage of propionate and butyrate were 
obtained in  the contrast between the urea

TA BLE 3

Mineral analyses of s e r u m  l  of experimental animals

D ie t no.

23 17 24 25 26 27

C a lc iu m ,  m g / 10 0  m l  s e r u m 1 2 .3 8 1 2 .8 6 1 2 .1 0 1 2 .4 6 1 3 .0 7 1 2 .9 8
P h o s p h o r u s ,  m g / 10 0  m l  s e r u m 9 .4 2 9 .5 9 9 .4 2 9 .5 3 8 .6 6 9 .3 9
M a g n e s iu m ,  m g / 10 0  m l  s e r u m 2 .3 8 2 .3 7 2 .5 1 2 .4 3 2 .4 2 2 .4 1
S o d iu m , m E q / l i t e r  s e r u m 1 6 0 .0 1 6 2 .0 1 6 1 .0 1 6 1 .0 1 6 1 .0 1 6 4 .0
P o ta s s iu m ,  m E q / l i t e r  s e r u m 6 .7 6 .9 6 .6 7 .0 6 .6 7 .2

1 M ean  o f 6 a n im a ls /d ie t ,  6 s a m p le s /a n im a l  ( s a m p le s  ta k e n  m o n th ly ) .

ACETIC PROPIONIC BUTYRIC ISOVALERIC VALERIC

F ig . 2  V o la t i le  f a t t y  a c id s  i n  s a m p le s  o f  r u m e n  f lu id  o f  l a m b s  f e d  t h e  e x p e r im e n ta l  d ie t s  2 3 , 1 7 , 2 4 , 
2 5 ,  2 6  a n d  2 7 . E a c h  b a r  i s  t h e  a v e r a g e  o f  12  r u m e n  s a m p l e s ,  s ix  f r o m  e a c h  o f  2  a n i m a l s ,  t a k e n  b e f o r e  
f e e d in g  a n d  a t  0 ,7 5 , 1 .5 , 3 , 6  a n d  8 h o u r s  a f t e r  f e e d in g .
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diets 26 and 27. The percentage of pro
pionic acid obtained for diet 26 was 49.3, 
whereas for diet 27 it was 25.6; the values 
obtained for butyric acid fell in  the 
reverse order, 9.9 and 28.0% , respectively. 
Thus, the addition of 5% alfalfa to the 
urea diet lowered the propionate and 
raised the butyrate to the degree that the 
values fall m ore in  line with those ob
tained with the other diets. Since rum inal 
butyrate of sheep fed purified diets has 
been shown to arise from acetate (1 3 ), it 
is noteworthy that the butyrate percentages 
were changed w ithout a concomitant 
change in acetate. W hether the change in 
propionate and butyrate associated with 
the inclusion of alfalfa in  the urea diets 
is the consequence of a change in  rum en 
flora or from co-factors supplied by the 
alfalfa cannot be determ ined from the data 
of this study.

Marked differences in  the average pH 
value and m ean concentration of sodium 
and potassium of the rum en samples taken 
in the sequential time study at the end of 
the growth trial were not obtained. The 
average pH was 6.27 ±  0.677; the m ean so
dium concentration was 85.2 ±  19.6 m E q/ 
liter and that for potassium was 82.0 ±
18.2. The potassium  concentration, how
ever, was higher in relation to that of 
sodium in  the rum en fluid than  ratios re
ported in  the literature (14, 15). The 
sodium-to-potassium ratios, moreover, re 
m ained fairly uniform  throughout the
8-hour experiment.
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A B S T R A C T  S i x  y o u n g  m e n  w e r e  f e d  a  p a r t i a l l y  p u r i f i e d  d i e t  w h i c h  s u p p l i e d  0 . 1 6  m g  
o f  v i t a m i n  B g  d a i l y .  W h e n  b i o c h e m i c a l  c h a n g e s  b e c a m e  a p p a r e n t ,  t h e  d i e t  o f  e a c h  s u b 
j e c t  w a s  s u p p l e m e n t e d  w i t h  p y r i d o x i n e  ( 0 . 6  o r  0 . 9  m g ) .  N o  c l i n i c a l  s y m p t o m s  w e r e  
n o t e d  w h i c h  c o u l d  b e  a t t r i b u t e d  t o  t h e  v i t a m i n  B g  d e p l e t i o n .  T h e  d i e t  w h i c h  w a s  e f f e c 
t i v e  i n  p r o d u c i n g  t h e  d e p l e t i o n  w a s  w e l l  a c c e p t e d  b y  t h e  s u b j e c t s  a n d  w a s  a d e q u a t e  i n  
a l l  r e s p e c t s  e x c e p t  f o r  v i t a m i n  B 0 ; i t  c o n t a i n e d  1 0 0  g  o f  p r o t e i n  a n d  w a s  c o m p o s e d  o f  
c a s e i n ,  g e l a t i n ,  r i c e ,  s u c r o s e ,  j e l l y ,  c a r b o n a t e d  b e v e r a g e s ,  s e l e c t e d  f r u i t s  a n d  v e g e t a b l e s  
l o w  i n  v i t a m i n  B e , a  f a t  m i x t u r e  w h i c h  s u p p l i e d  4 0 %  o f  t h e  c a l o r i e s ,  L - m e t h i o n i n e ,  a n d  
m i n e r a l  a n d  v i t a m i n  s u p p l e m e n t s .  A  3 . 4 - g  l o a d i n g  d o s e  o f  L - c y s t e i n e  w a s  a d m i n i s t e r e d  
o r a l l y  s e v e r a l  t i m e s  d u r i n g  t h e  s t u d y .  A t  t h e  h e i g h t  o f  v i t a m i n  B g  d e p l e t i o n  o n l y  o n e  
s u b j e c t  r e f l e c t e d  t h e  l o a d i n g  d o s e  w i t h  a n  a p p r e c i a b l y  i n c r e a s e d  e x c r e t i o n  o f  t a u r i n e ,  
w h e r e a s ,  a l l  s u b j e c t s  e x c r e t e d  i n c r e a s e d  a m o u n t s  o f  t a u r i n e  a f t e r  t h e  c y s t e i n e  l o a d i n g  
d o s e  w h e n  t h e i r  d i e t s  h a d  b e e n  s u p p l e m e n t e d  w i t h  p y r i d o x i n e .  U r i n a r y  s u l f a t e  e x c r e 
t i o n  a f t e r  t h e  c y s t e i n e  l o a d i n g  d o s e  a n d  t h e  n i t r o g e n  b a l a n c e  d u r i n g  t h e  s t u d y  w e r e  n o t  
a f f e c t e d  b y  v i t a m i n  B g  d e p l e t i o n  o r  r e p l e t i o n .

Several investigators have attem pted to 
study qualitative or quantitative aspects of 
the vitam in B6 requirem ent of adult m an 
by feeding diets which contained small 
am ounts of the vitam in and by m easuring 
the changes that occurred in  one or more 
bichemical param eters. Urinary xan thur
enic acid excretion after a loading dose of 
tryptophan has been the biochemical m eas
urem ent most frequently m ade to assess 
vitam in B6 nutritu re (1 - 5 ) ,3 and it has 
generally been found that a low intake 
of the vitam in results in  an increased 
xanthurenic acid excretion. Low vitam in 
B6 intakes have been reported to result 
in  other biochemical and physiological 
changes in  the adult hum an; among these 
are decreases in  blood pressure (6 ) , hem o
globin concentration (2 , 6 ) , hem atocrits 
and red blood cell counts (6 ) , lymphocyte 
counts (5 ) , serum  glutamic-oxalacetic 
transam inase (4 ) , and changes in  electro- 
encepalographic recordings.4

Essentially 2 types of low vitam in B6 
diets have been fed. Purified diets using 
casein as a protein source and contain
ing less th an  100ug of vitam in Bc daily 
have been fed by some investigators 
( 1 ,2 ,  6 ) ,3,4 and natu ral food diets contain
ing approximately 400 to 600/ig or more 
of vitam in B6 per day have been fed by 
others (3 -5 ) .  The feeding of a completely

purified diet to hum an subjects presents 
palatability problems, whereas the feeding 
of a natu ra l food diet hinders the develop
m ent of clear-cut biochemical abnorm ali
ties w ithin a reasonable length of time 
because vitam in B6 occurs in  significant 
am ounts in  most foods and particularly in 
protein-rich foods.

Comparisons among previous studies are 
difficult because of differences in  the com
position of the diets fed and in  the bio
chemical param eters measured. Little at
tem pt has been m ade to m easure m any 
different param eters in  the same subjects 
during a low vitam in B6 intake and to de
term ine which is most sensitive to vitam in 
Be depletion. Although xanthurenic acid 
excretion after a tryptophan loading dose 
has been the criterion most frequently used 
to dem onstrate a depletion of vitam in B6, 
it is possible th a t the m easurem ent of other

R ece ived  fo r  p u b lic a tio n  J u n e  13, 1964.
1 P u b lish e d  w ith  a p p ro v a l o f th e  D ire c to r  o f th e  

W isc o n s in  A g ric u ltu ra l  E x p e r im e n t S ta tio n . S u p p o r ted  
in  p a r t  by  P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t no . 
AM -06675 f ro m  th e  N a tio n a l  I n s t i tu te  o f  A rth r it is  
a n d  M etab o lic  D iseases , a n d  by  W isc o n s in  A lu m n i 
R e s e a rc h  F o u n d a tio n .

2 P re s e n t a d d re ss : U n iv e rs ity  o f N o r th  C a ro lin a  a t  
C h ap e l H ill.

3 B ak e r, E . M ., H. E . S a u b e rlic h  a n d  J. E. C a n h a m  
1963 V ita m in  ¿6  re q u ire m e n t o f th e  h u m a n .  F e d e r
a tio n  P roc., 22: 322 ( a b s t r a c t ) .

4 C an h a m , J . E ., W . T. N u n e s  a n d  E. W . E b e r l in  
1963 C e n tra l n e rv o u s  sy stem  m a n ife s ta tio n s  o f 
B6 d e fic iency  in  n o rm a l  h u m a n  a d u lts . F e d e ra tio n  
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biochemical param eters m ight be more 
sensitive. It has been suggested (7 )  that 
the changes in  sulfur am ino acid m etabo
lism m ight provide more sensitive criteria 
than  those previously used since some of 
the enzymes responsible for the m etabo
lism of these amino acids are extremely 
sensitive to vitam in Be depletion in  the rat.

The present report describes a partially 
purified diet which contains less than  160 
fig of vitam in B6 daily and which is palat
able enough to be consumed for prolonged 
periods of time. Feeding this diet to 6 m en 
m ade possible the sim ultaneous study of 
m any biochemical param eters in the same 
subjects. Results of the following analyses 
will be reported in  this paper: urinary 
taurine and sulfate excretion before and 
after a cysteine loading dose; nitrogen bal
ance; and urinary  excretion of ammonia, 
urea, uric acid, and «-amino nitrogen. Sub
sequent papers will report results of other 
analyses including the following: urinary 
excretion of tryptophan and niacin m etabo

lites; activity of serum  glutamic-oxalacetic 
and serum  glutamic-pyruvic transam i
nases; serum  cholesterol concentration; 
blood and urinary  levels of vitam in Be; 
blood concentrations of pyridoxal phos
phate; and 4-pyridoxic acid excretion.

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

Diet. The high-protein, low-vitamin B6 
diet developed in  this laboratory for the 
purpose of studying the adult requirem ent 
for vitam in B„ is shown in  table 1. Rice 
and selected fruits and vegetables low in 
vitam in B6 were the natu ra l foods included 
in  the diet. The total nitrogen content of 
the daily diet was 16.6 g; vitamin-free 
casein supplied 10.0 and gelatin, 5.0 g of 
nitrogen. This moderately high intake of 
protein was chosen in  preference to a lower 
one since high intakes of protein have been 
shown to increase the vitam in BG require
m ent of rats (8, 9 ). It has been dem on
strated tha t m ethionine in  particu lar in 
creases the vitam in Be requirem ent of

TA B LE 1

Composition of high-protein, low-vitamin B q diet

V ita m in  B6 c o n te n t

p e r  g ra m  p e r  day

9 ß9 fi9
C a s e i n  i 7 0 .1 0 . 0 9 9 6 . 9 4
G e l a t i n  2 3 0 . 7 0 . 0 9 1 2 . 7 9
R i c e 2 0 . 0 0 . 8 2 4 1 6 . 4 8
R i c e  c e r e a l  3 4 5 . 0 0 . 8 2 4 3 7 . 0 8
P e a c h e s 1 0 0 . 0
P e a r s 1 0 0 . 0 0 . 2 0 0 6 4 . 0 0
G r a p e f r u i t  j u i c e 1 2 0 . 0
C a r r o t s 1 5 . 0
C e l e r y 1 5 . 0 0 . 6 2 0 2 7 . 9 0
O n i o n s 1 5 . 0
S u c r o s e 9 0 . 0
F a t  m i x t u r e  4 8 5 . 0
B u t t e r  o i l 2 7 . 0
V i t a m i n  m i x t u r e  5 o n e  c a p s u l e
M i n e r a l  m i x t u r e  6 3 . 6
M e t h i o n i n e 1 . 6 6 5
A s c o r b i c  a c i d 0 . 0 5 0
F o l i c  a c i d 0 . 0 0 0 1

T o t a l 1 5 5 . 2

1 Sheffield  C h em ica l C o m p an y , In c ., N o rw ic h , N ew  Jersey .
2 N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d .
3 C ream  o f R ice, G roce ry  S tore  P ro d u c ts  C o m p an y , W est C h este r, P e n n s y lv a n ia .
4 T h e  f a t  m ix tu re  c o n sis te d  o f th e  fo llo w in g : ( i n  g /1 0 0  g ) b e e f  ta llo w , 22.1; h y d ro g e n a te d  v eg etab le  

sh o r te n in g , 25 .6 ; la rd , 40 .9 ; co tto n seed  o il, 11.4.
5 A g if t f ro m  H ofltm ann-L aR oche , In c ., N u tle y , N ew  Je rse y ; th e  v i ta m in  m ix tu re  w as  g iven  in  a  

c ap su le  a t  b re a k fa s t  a n d  c o n s is te d  o f th e  fo llo w in g : ( in  m il l ig ra m s )  th ia m in e  HC1, 3; r ib o flav in , 3; 
D -p an to th en y l a lco h o l (D -P an th en o l) , 4 .5 ; n ia c in a m id e , 9; D -biotin, 0 .15; c y an o c o b a la m in , 0.001; 
d l-a -to co p h ery l a ce ta te , 4 .5 ; a n d  4500 U SP u n i ts  o f v i ta m in  A.

6 T h e  m in e ra l  m ix tu re  o f L e v e rto n  (1 2 )  w a s  u s e d  a n d  su p p lie d  th e  fo llo w in g : ( i n  m ill ig ra m s )  
c a lc iu m , 549; p h o s p h o ru s , 300; m a g n e s iu m , 200 ; iro n , 16; co p p er , 2 ; io d id e , 0 .15; m a n g a n e s e , 2; 
a n d  z in c , 0.9.
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ra ts (1 0 ); therefore, capsules containing 
L-methionine were fed with each meal. 
This addition of 1.66 g of L-methionine 
daily increased the total sulfur-containing 
amino acids to 4.8 g /day, an  am ount 
which is less, however, than  would have 
been contributed by 100 g of egg protein.

Butter oil and a m ixture of fa t supplied 
40% of the calories in  the diet. The com
position of the fa t in the diet was similar 
to that of the fa t in  the average American 
diet (1 1 ); it was calculated that approxi
mately 10% of the fa t was linoleic acid. 
Carbonated beverages or jelly were added 
in am ounts to bring the daily caloric in 
take up to 2500 kcal. W hen a subject re
quired more than  2500 kcal, he was fed 
candy made from the fa t m ixture, butter 
oil, sucrose, and water; the fat m ixture 
and butter oil supplied 40% of the calories 
in  the candy.

W ith the exception of vitam in B0, ade
quate am ounts of all vitam ins known to be 
essential for m an were supplied daily. Ap
proximately one-third of the m ineral m ix
ture described in  table 1 was fed at each 
meal. The various components of the diet 
were analyzed for vitam in B(i in  the labora
tory of the W isconsin Alumni Research 
Foundation using Saccharomyces carls- 
bergensis as the test organism. On the 
basis of the results of these analyses 
(table 1) the total vitam in B0 content of 
the daily diet was calculated to be 155 ¡¡.g.

Rice cereal served as a carrier for the 
butter oil, fa t m ixture, and casein. Indi
vidual portions of casein and the fa t were 
blended in small casserole dishes and the 
cooked rice cereal was added. Carrots, 
onions, celery, rice, and the rem ainder of 
the fa t m ixture were made into a casserole. 
Individual daily portions of gelatin were 
mixed with sucrose and a powdered drink

concentrate and boiling w ater was added 
in  an am ount to make a gel of an accept
able consistency. One-third of the gelatin 
and casein was fed at each meal. For ad
ditional bulk, subjects were given methyl- 
cellulose to take at their own discretion. 
The meals were served at regularly sched
uled times in  the metabolic unit and the 
preparation of the m eal was under the 
supervision of a nutritionist.

Subjects. The 6 subjects who were fed 
this diet were m en ranging in age from  23 
to 35 years and, on the basis of a physi
cian’s exam ination prior to the study, all 
were considered to be in  good health. All 
were students who engaged in  their norm al 
activities during the course of the study. 
Descriptive data concerning the subjects 
are presented in  table 2. At each evening 
m eal the subjects filled out a short ques
tionnaire which allowed them  to indicate 
any unusual physical activities during the 
day as well as any changes in  em otional 
attitudes. They were examined by a physi
cian at the beginning and end of the study 
and on days 26, 34, and 42.

Procedure. During days 1 through 5 of 
the study the subjects consumed self- 
chosen diets; during days 6 through 55 the 
subjects were fed the low vitam in Be diet 
described above. A 5.0-g L-cysteine mono
hydrochloride m onohydrate loading dose 
3.4g or 28.47 mmoles of cysteine) was 
given on selected days throughout the 
study (table 3, line 2 ). Urinary taurine 
and sulfate excretion were m easured on 
the day prior to and the day of the loading 
dose. Sulfate excretion was m easured for 
an additional day after the loading dose. 
Urinary urea, uric acid, a-amino nitrogen, 
and am m onia were m easured before and 
after each cysteine and tryptophan loading 
dose and on certain other days during the

TA B LE 2

Vital statistics a n d  caloric intake of e a c h  subject

S u b jec t Age
W eig h t

H e ig h t C a lo r ie s /
dayIn i t ia l F in a l

yea rs kg kg c m kca l
i 2 6 6 9 .4 6 7 .1 178 2 5 0 0
2 25 8 1 .6 7 9 .6 183 3 1 0 0
3 2 4 7 7 .8 7 5 .5 180 3 3 0 0
4 3 5 6 9 .4 6 6 .5 178 2 5 0 0
5 2 3 6 1 .0 5 8 .7 168 3 0 0 0
6 3 0 6 7 .1 6 6 .7 173 2 7 0 0
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T A B L E  3

Experimental design s h o w i n g  days of study o n  w h i c h  a m i n o  acid loading doses a n d  pyridoxine 
supplementations w e r e  given a n d  days o n  w h i c h  blood s amples w e r e  taken

T r e a t m e n t D a y s  o f  s t u d y

T r y p t o p h a n  l o a d  d o s e  i 1 ,  1 0 ,  2 0 ,  3 0 ,  4 0 ,  4 5 ,  5 1 ,  5 4

C y s t e i n e  l o a d  d o s e  2 4 ,  1 3 ,  2 3 ,  3 1 ,  4 1 ,  4 9 ,  5 2 ,  5 5

V e n i p u n c t u r e  3 1 ,  6 , 1 1 , 1 6 , 2 1 , 2 6 , 3 1 , 3 6 , 4 1 , 4 6 , 5 1

F i n g e r p r i c k  < 1 ,  2 ,  7 , 1 0 , 1 5 , 1 7 , 2 0 , 2 5 , 2 7 , 3 0 , 3 5 , 3 7 , 4 0 , 4 5 , 4 7 , 5 0 , 5 5

0 . 6  m g  p y r i d o x i n e  
s u p p l e m e n t  t o  s u b j e c t s  
4  a n d  5  5 3 3  t h r o u g h  5 2

0 . 9  m g  p y r i d o x i n e  
s u p p l e m e n t  t o  s u b j e c t s  
2  a n d  6 4 2  t h r o u g h  5 2

0 . 6  m g  p y r i d o x i n e  
s u p p l e m e n t  t o  s u b j e c t s  
1 a n d  3 4 6  t h r o u g h  5 2

5 0  m g  p y r i d o x i n e  
s u p p l e m e n t  t o  a l l
s u b j e c t s  6 5 3  t h r o u g h  5 5

1 Tw o g ram s o f L -try p to p h an  a d m in is te r e d  in  ta b le t  fo rm  a t  b re a k fa s t.
2 F ive g ram s o f L -cy ste in e -m o n o h y d ro ch lo rid e -m o n o h y d ra te  a d m in is te re d  in  c ap su le s  a t  b re a k fa s t .
3 T w e n ty  cu b ic  c e n t im e te rs  o f b lood  w ere  rem o v ed  f ro m  th e  a rm  every  10 d ay s  to  be u s e d  fo r  

h e m o g lo b in , t ra n s a m in a s e ,  a n d  p y rid o x a l p h o s p h a te  d e te rm in a tio n s .  T en  cu b ic  c e n t im e te rs  w ere  
rem o v ed  5 d ay s  la te r  fo r  v ita m in  Be a n a ly s is .

4 O ne f in g e rp r ic k  ev ery  10 d ay s  w as  u sed  fo r  a  c o m p le te  c e ll c o u n t; th e  o th e rs  w e re  u sed  fo r  
m e a s u re m e n t o f fre e  a n d  to ta l  b lood ch o lste ro l.

5 G iven  as a  p y rid o x in e  h y d ro c h lo rid e  so lu tio n  in  0.02 n  a ce tic  a c id  a d d ed  to  th e  f r u i t  ju ic e  
a t  b re a k fa s t .

6 G iven  as p y rid o x in e  h y d ro c h lo rid e  in  c ap s u le  a t  b re a k fa s t .

study. The days on which other biochemi
cal m easurem ents were m ade are shown 
in table 3. All fecal collections were frozen 
im mediately for fu ture nitrogen analysis. 
Urine was collected under toluene and re
frigerated until the analyses were com
pleted, usually w ithin 48 hours. The com
pleteness of each collection was checked 
by creatinine analysis.

M arginal supplem entation with pyridox
ine was begun when abnormalities in  tryp
tophan m etabolism became pronounced
( 1 3 )  . Since the subjects did not become 
depleted at the same rate, all were not 
given the supplem ent at the same time. 
The times and am ounts of supplem enta
tion are shown in table 3.

Methods. The analyses reported in  this 
paper were m ade according to the follow
ing m ethods: urinary taurine in  unhydro
lyzed samples by the method of Pentz et al.
( 1 4 )  ; total urinary  sulfate by the method 
of Folin (1 5 ); urinary and fecal nitrogen 
by the boric acid modification of the Kjel- 
dahl method (1 6 ); urinary  ammonia, 
corrected for «-amino nitrogen, by the for-

mol titration m ethod (1 7 ); urinary  urea 
by the method of M arshall (1 8 ); urinary 
uric acid by the method of Benedict and 
Franke (1 9 ); and a-amino nitrogen by a 
modification of the method of Pope and 
Stevens (2 0 ). Probability values were cal
culated using Student’s t test for paired 
observations.

R E S U L T S

Frequent exam inations by a physician 
during the period of depletion failed to 
reveal any clinical symptoms attributable 
to a low intake of vitam in B6 in  the 6 sub
jects fed the diet without supplem entation 
for 27, 36, or 40 days. Headaches were re
ported by some of the subjects during the 
period in  which they were depleted in  
vitam in Be, but these same subjects re 
ported headaches with approximately the 
same frequency during the time in  which 
the diet was supplem ented with the 
vitamin.

Taurine excretion before (basal level) 
and after each cysteine loading dose is 
shown in  table 4. The basal level of tau-
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rine excretion was lower for four of the six 
subjects after 7 days of depletion (day 12) 
than  it was on day 3 when the subjects 
were eating self-chosen diets. For four of 
the six subjects it continued to decrease 
throughout the study, whereas for subjects 
2 and 3 it increased after the pyridoxine 
supplem entation. On day 4 of the study 
when the subjects were eating a self-chosen 
diet the cysteine loading dose was reflected 
by an increased taurine excretion by all 
subjects, and the percentage of the cys
teine dose accounted for as taurine ranged 
from 1.1% for subject 2 to 3.0% for sub
ject 6. After the subjects had eaten the 
low vitam in Bc diet for only 8 days, the 
percentage of the cysteine dose accounted 
for as taurine had decreased in  all subjects 
and ranged from  0.2% for subject 2 to 
1.0% for subject 4. At the time of the 
last cysteine load before pyridoxine sup
plem entation (day 41 for subjects 1, 2, 3, 
and 6 and day 31 for subjects 4 and 5) 
the loading dose did not result in  an  ap
preciable increase in  taurine excretion ex
cept for subject 3. However, on day 55 
after the subjects had been receiving pyri
doxine supplem entation the percentage of 
the cysteine accounted for by an  increase 
in  taurine excretion ranged from 1.0% for 
subjects 4 and 6 to 1.7% for subject 2. 
The am ount of taurine excreted in  response 
to the cysteine dose on day 55 after v ita
m in B6 repletion was significantly more 
than  that excreted after 8 days of vitam in 
B0 depletion (P  <  0.01) and tha t excreted 
at the height of vitam in B8 depletion 
(P <  0.001); however, the am ount excreted 
on day 55 was lower than  tha t excreted on 
day 4 before the subjects were depleted of 
vitam in Be.

The increase in  urinary sulfate excre
tion after the cysteine loading dose is 
shown in table 5. At the time of the last 
loading dose of cysteine prior to pyridoxine 
supplem entation, the subjects excreted a 
greater part of the sulfur in  the cysteine 
loading dose as total sulfate than  they did 
on day 13 (P  <  0.01). The part of the load
ing dose appearing as urinary sulfate after 
pyridoxine supplem entation decreased for 
four of the subjects, but continued to in 
crease for subjects 2 and 3.

The nitrogen balance for each subject 
during days 6 through 55 of the study is
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TA BLE 5

E f f e c t  o f  v i t a m i n  B q o n  t h e  c o n v e r s io n  o f  a  c y s t e in e  lo a d in g  d o s e  to  u r in a r y  s u l fa t e  l

D ie t D ay  o f S u b je c t no .
S tu d y  2 1 2 3 4 5 6

S e lf - s e le c te d  d ie t 4 3 0 .0 3 2 2 .4 4

m m o le s /2 4  h r  

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

L o w  v i t a m i n  B 0 d ie t 13 1 9 .2 8 1 9 .8 4 2 1 .4 7 2 4 .9 4 2 2 .6 2 2 1 .6 2

L o w  v i t a m i n  B e d ie t  h e i g h t  
o f  d e p le t io n  3 v a r ie d 2 3 .1 9 2 4 .0 6 2 3 .7 5 2 5 .8 1 2 7 .9 1 2 6 .5 6

L o w  v i t a m i n  B 0 d ie t  +  50  
m g  p y r id o x in e 55 2 2 .1 6 2 9 .5 6 2 5 .1 2 2 4 .6 6 4 2 5 .0 6 4 2 3 .3 8

1 S u lfa te  e x c re te d  fo r  th e  24 h o u rs  a f te r  th e  c y s te in e  lo a d in g  dose m in u s  s u lfa te  e x c re ted  fo r  th e  24  h o u rs  
p r io r  to  th e  lo a d in g  dose.

2 F ive  g ra m s  o f L -cysteine m o n o h y d ro c h lo r id e  m o n o h y d ra te  (2 8 .4 7  m m o les  c y s te in e )  w ere  a d m in is te re d  o ra lly  
a t  th e  b e g in n in g  o f e ac h  o f th e se  2 4 -h o u r p e rio d s .

3 E x p e r im e n ta l  d a y  31 fo r  su b jec ts  4  a n d  5; d ay  41 fo r  a l l  o th e r  su b jec ts . T h ese  w e re  th e  d a y s  o f th e  la s t  
lo a d in g  dose b e fo re  m a rg in a l  p y rid o x in e  su p p lem en ta tio n .

4 U rin e  co lle c tio n s  fo r  su b je c ts  4  a n d  5 w e re  in a d v e r te n tly  p oo led  on  d a y  55.

shown in figure 1. There was no apparent 
effect of vitam in B6 depletion on nitrogen 
retention in  these subjects. Subjects 2 
and 6 were in  negative balance during 
part of the study. However, except for 
days 6 through 15, during which time the 
subjects were adjusting to the experim ental 
diet, the other 4 subjects were in  positive 
balance. Subject 5 stored large am ounts 
of nitrogen throughout the study. The 
am ounts of urea, uric acid, and «-amino 
nitrogen excreted varied somewhat from 
one day to the next for each subject but 
were not affected by the amino acid load
ing doses or by the state of vitam in B0 
nutriture. In  term s of grams of nitrogen 
excreted per day, urea accounted for 10 to 
14 g, uric acid for 0.15 to 0.35 g, and the 
«-amino nitrogen fraction for 0.25 to 0.50 
g. Urinary ammonia, which ranged from 
0.4 to 1.4 g of nitrogen/day, increased 
each time the cysteine loading dose was 
given; the increase ranged from  0.1 to 0.7 
g of nitrogen daily. An increase in  titrat- 
able acid in  the urine has been reported 
after the feeding of large am ounts of 
m ethionine and has been assumed to be 
due to hydrogen ions resulting from the 
conversion of cysteine to cysteinesulfinic 
acid and the conversion of /3-sulfinylpyru- 
vate to sulfate and pyruvate (2 1 ). The 
increase in  am m onia excretion in the pres
ent study following the cysteine loading 
dose probably resulted from the oxidation 
of the neutral sulfur to sulfate.

D IS C U S S IO N

Taurine can be formed through the de
carboxylation of cysteinesulfinic acid, an 
oxidation product of cysteine, to yield hy- 
potaurine which upon oxidation yields 
taurine. The activity of cysteinesulfinic 
acid decarboxylase disappears from the 
liver of ra ts  deficient in  vitam in B0 (22,
23). There is evidence th a t the level 
of the apoenzyme is decreased. Part of 
the lost activity of the enzyme can  be re
stored during the early stages of deficiency 
by addition of pyridoxal phosphate to liver 
homogenates in  vitro (2 2 ). However, 
after ra ts have been fed the deficient diet 
for several days reactivation of the cys
teinesulfinic acid decarboxylase in  vitro is 
not possible (2 4 ). Thus, a loss of the 
apoenzyme in  the absence of the co-factor 
is suggested. W hen pyridoxine is adm in
istered to vitam in B(rdeficient ra ts over a
6-hour period before the livers are re
moved, there is an increase in cysteinsul- 
finic acid decarboxylase activity. Since 
this increase can be inhibited by puro- 
mycin, control of the apoenzyme level by 
the co-factor is suggested.5 In  the present 
study, the ability to convert the cysteine 
loading dose to urinary  taurine was de
creased as the subjects became depleted 
in  vitam in B6 and was not completely re
stored by supplem entation with pyridoxine.

5 G re e n g a rd , O., a n d  M. G ordon  1963 In c re a s e  in  
th e  ap o en zy m e  lev e ls  o f tw o  p y rid o x a l p h o sp h a te - 
re q u ir in g  l iv e r  en zy m es  by  p y rid o x in e  a d m in is tra tio n  
in  vivo. F e d e ra tio n  P ro c ., 22 ; 232 ( a b s t r a c t ) .
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Days 1 6 - 2 5  D Days 46 -  55 ffl 

Days 2 6 -  35 ■

F ig . 1 N i t r o g e n  b a l a n c e  o f  t h e  6  s u b je c t s  w h o  
w e re  f e d  t h e  lo w  v i t a m i n  B e d ie t .  A l th o u g h  
p y r id o x i n e  s u p p l e m e n t a t i o n  w a s  b e g u n  a t  d i f f e r 
e n t  t im e s  a l l  s u b j e c t s  w e re  r e c e i v in g  p y r id o x in e  
d u r i n g  d a y s  4 6  t h r o u g h  5 5 .

If vitam in Be depletion affects the apoen- 
zyme level, it is possible tha t taurine ex
cretion after the cysteine loading dose 
m ight have been increased fu rther had a 
longer period of repletion with more than  
m arginal am ounts of vitam in B6 been 
allowed.

The possibility of using a cysteine load
ing dose as a m eans of evaluating vitam in 
B0 nutrition was considered by McAfee and 
W illiams (2 5 ) who adm inistered large

doses of cysteine to rats. The adult rats 
th a t had been fed a commercial ra t diet 
converted from 0.45 to 0.68% of the cys
teine loading dose to taurine. Supple
m entation of the diet of these ra ts with 
50 ^g  of pyridoxine hydrochloride daily for 
2 weeks resulted in  a two- to tenfold in 
crease in  the conversion of the cysteine 
loading dose to taurine. In  the present 
study hum an subjects converted from  0.0 
to 0.8% of the cysteine loading dose to 
taurine when depleted in  vitam in B6 and
1.0 to 1.7% after pyridoxine supplem en
tation.

It is not known whether the decrease 
in  the basal level of taurine excretion 
which occurred when subjects were fed the 
experim ental diet was due to the low in 
take of vitam in B6 or to other differences 
between the self-chosen and experim ental 
diets. It appears tha t the total sulfur 
amino acid content of the self-chosen and 
experim ental diets was sim ilar since the 
urinary  sulfate excretion was approxi
mately the same with both diets. How
ever, the self-chosen diets undoubtedly 
were higher in  taurine than  the experi
m ental diet.

Even though the subjects did not excrete 
a significant part of the cysteine loading 
dose as urinary taurine at the height of 
vitam in B(i depletion, they were still ex
creting appreciable basal am ounts of tau 
rine. In  the ra t 2 vitam in B6-dependent 
pathways for the form ation of taurine 
have been dem onstrated; one is through 
the decarboxylation of cysteic acid to form 
taurine (2 6 ) and the second is through 
the decarboxylation of cysteinesulfinic acid 
to form  hypotaurine (2 2 ) which is subse
quently oxidized to taurine (2 7 ). It is as
sumed that the latter pathway is the most 
im portant since the ra te of decarboxyla
tion of cysteinesulfinic acid is faster than  
that of the decarboxylation of cysteic acid
(2 3 ). The possibility that a third p a th 
way exists for the form ation of taurine has 
been suggested (28, 29). The substantial 
basal excretion of taurine in  the present 
study when the subjects were depleted in 
vitam in B6 m ay tend to lend support to 
this suggestion.

The nitrogen balance of the 6 subjects 
was not affected by vitam in Be depletion. 
Faber et al. (3 0 ) reported that a combined
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pyridoxine and pantothenic acid deficiency 
caused a negative nitrogen balance in  adult 
male subjects and assum ed that this was 
due to the pyridoxine deficiency since a 
decreased nitrogen retention has been re
ported to result from  a pyridoxine defi
ciency in  the ra t (3 1 ). It is possible, how
ever, that the pantothenic acid deficiency 
may have influenced nitrogen balance in 
the subjects of Faber and his associates. 
The fact that nitrogen balance during the 
last 10 days of the present study tended to 
be less positive for most subjects may have 
been due to the 5 amino acid loading doses 
given during this period. It is known that 
large excesses of some am ino acids create 
an im balance and depress the utilization 
of other amino acids.

The subjects lost between 0.4 and 2.9 kg 
of body weight during the study. How
ever, the caloric intake ranged from 36 to 
49 kcal/kg  of the body weight, per day. 
W hether the weight loss was due to caloric 
insufficiency or to other factors is not 
known.

The use of the diet described in  this 
paper should facilitate the study of the 
quantitative requirem ent of vitam in Be for 
m an and should prove useful in  studying 
the various factors which affect the re
quirem ent since biochemical changes oc
cur w ithin a relatively short time. The 
depletion obtained using this diet for ap
proximately 4 weeks is only moderate. 
Apparently, severe depletion of vitam in Ba 
in  the ra t can result in  a different bio
chemical picture from  tha t observed with 
a moderate depletion. For example, cys- 
teinesulfinic acid decarboxylase activity 
is retained in  ra t brain until the ra t be
comes severely depleted in  the vitam in, 
whereas it is readily lost in  ra t liver (2 3 ) , 
thus indicating that there m ay be preferen
tial binding of pyridoxal phosphate by the 
brain enzyme. A sim ilar observation has 
been reported with respect to hydroxytryp- 
tophan decarboxylase (3 2 ). In a moderate 
deficiency where skin lesions constitute the 
m ajor symptom, the hydroxytryptophan 
decarboxylase activity in  ra t liver is m ark
edly reduced but is unchanged in  the brain. 
However, a severe depletion which results 
in  convulsive seizures is characterized by a 
greatly lowered activity of hydroxytryp
tophan decarboxylase in  brain. These ob

servations suggest that a severe depletion 
of vitam in B,; may be undesirable and un 
necessary in  attem pts to characterize bio
chemical changes which occur in  the 
hum an as a result of suboptimal vitam in 
B0 intake.
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A B S T R A C T  T h e  e f f e c t s  o f  v i t a m i n  B e d e p l e t i o n  o n  t h e  m e t a b o l i s m  o f  t r y p t o p h a n  b y  
6  m a l e  s u b j e c t s  w e r e  s t u d i e d  d u r i n g  a  5 5 - d a y  e x p e r i m e n t .  T h e  e x c r e t i o n  o f  s e v e r a l  
u r i n a r y  m e t a b o l i t e s  o f  t h e  a m i n o  a c i d  w a s  m e a s u r e d  q u a n t i t a t i v e l y  d u r i n g  a  5 - d a y  p r e 
d e p l e t i o n  p e r i o d  w h e n  t h e  s u b j e c t s  a t e  s e l f - s e l e c t e d  d i e t s  a n d  a t  i n t e r v a l s  t h r o u g h o u t  
t h e  s t u d y  w h i l e  t h e y  c o n s u m e d  a  d i e t  c o n t a i n i n g  o n l y  0 . 1 6  m g  o f  v i t a m i n  B e  d a i l y .  I n  
r e s p o n s e  t o  t h e  i n g e s t i o n  o f  a  2 - g  s u p p l e m e n t  o f  L - t r y p t o p h a n ,  t h e  l e v e l s  o f  h y d r o x y k y -  
n u r e n i n e ,  k y n u r e n i n e ,  x a n t h u r e n i c  a c i d ,  a c e t y l k y n u r e n i n e  a n d  k y n u r e n i c  a c i d  w e r e  
s i g n i f i c a n t l y  i n c r e a s e d  i n  t h e  u r i n e  o f  t h e  s u b j e c t s  a s  t h e  d e f i c i e n c y  w a s  i n d u c e d .  T w o  
s u b j e c t s  s h o w e d  e v i d e n c e  o f  a b n o r m a l  t r y p t o p h a n  m e t a h o l i s m  a f t e r  o n l y  5  d a y s  o f  
d e p l e t i o n .  T h e  r a t e  a n d  e x t e n t  t o  w h i c h  t h e  i n d i v i d u a l s  e x h i b i t e d  a b n o r m a l  t r y p t o p h a n  
m e t a b o l i s m  v a r i e d  a m o n g  t h e  6  m a l e s  a n d  d e t e r m i n e d  t h e  o r d e r  i n  w h i c h  s u p p l e m e n t a 
t i o n  w i t h  p y r i d o x i n e  w a s  b e g u n .  T h e  e x c r e t i o n  o f  m e t a b o l i t e s  f o l l o w i n g  t r y p t o p h a n  
l o a d i n g  d e c r e a s e d  t o  t h e  n o r m a l  r a n g e  w h e n  t h e  s u b j e c t s  w e r e  g i v e n  s u p p l e m e n t a l  
p y r i d o x i n e  a t  a  l e v e l  o f  0 . 6  o r  0 . 9  m g / d a y .  I n  t h r e e  o f  t h e  m e n ,  h o w e v e r ,  t r y p t o p h a n  
m e t a b o l i s m  d i d  n o t  r e t u r n  t o  p r e - d e p l e t i o n  s t a t u s  u n t i l  t h e  e n d  o f  t h e  e x p e r i m e n t  w h e n  
5 0  m g  o f  p y r i d o x i n e  w e r e  a d m i n i s t e r e d  o n  3  c o n s e c u t i v e  d a y s .  T h e  p a t t e r n  o f  a b n o r m a l  
t r y p t o p h a n  m e t a b o l i s m  o b s e r v e d  i n  t h i s  s i t u a t i o n  w a s  s t r i k i n g l y  s i m i l a r  t o  t h a t  f o u n d  
i n  t u b e r c u l o s i s  p a t i e n t s  r e c e i v i n g  d e o x y p y r i d o x i n e  a n d  t h u s  a p p e a r s  t o  i n d i c a t e  t h a t  
t h e  p y r i d o x i n e  a n t a g o n i s t  a n d  a  d i e t a r y  d e f i c i e n c y  o f  t h e  v i t a m i n  p r e v e n t  n o r m a l  f u n c 
t i o n i n g  o f  t h e  v i t a m i n  B c - d e p e n d e n t  e n z y m e s  i n v o l v e d  i n  t r y p t o p h a n  m e t a b o l i s m  i n  a n  
a n a l o g o u s  m a n n e r .

In  studying pyridoxine deficiency in 
duced in  adults by m eans of dietary m an 
agem ent ( 1 - 4 ) ,4 and by drug adm inistra
tion with or w ithout dietary restrictions 
(5 -8 ) ,  the excretion of xanthurenic acid 
has been noted to increase with a defi
ciency of the vitam in. In most investiga
tions, the excretion of other tryptophan 
m etabolites has not been measured. Studies 
in this laboratory have determ ined the 
excretion of several tryptophan metabolites 
in  the urine of patients with various clini
cal conditions and the influence of pyridox
ine on tryptophan metabolism in certain 
conditions (9 ) . From such studies, the 
value of m easuring several urinary m etabo
lites in  differentiating specific biochemical 
abnormalities has been dem onstrated. 
Thus, it has been shown tha t there was an 
abnormally high level of xanthurenic acid 
in  the urine after the ingestion of 2 g of 
L-tryptophan by pregnant women (10 ) or 
by tuberculosis patients being treated with 
deoxypyridoxine (1 1 ). However, patients 
with scleroderma, porphyria, neoplastic 
diseases (9 ) or tuberculosis patients being

treated with isoniazid (11 ) also had ab
norm al tryptophan metabolism, but with 
essentially norm al levels of urinary xan 
thurenic acid after the ingestion of tryp
tophan.

Reported here are the results of a study 
of tryptophan metabolism in norm al sub
jects given a diet deficient in  vitam in B8. 
These data are discussed in  relation to the 
abnormal tryptophan metabolism found in 
patients with vitam in B6 deficiencies pro
duced by isoniazid and deoxypyridoxine.

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

The 6 males who were the subjects in 
this experim ent have been described in the

R ece ived  fo r  p u b lic a tio n  J u n e  13, 1964.
1 P u b lish e d  w ith  th e  a p p ro v a l o f th e  D ire c to r  o f 

th e  U n iv e rs ity  A g ric u ltu ra l  E x p e r im e n t S ta tio n . S u p 
p o r te d  in  p a r t  by  g ra n ts  f ro m  th e  A m e ric a n  C an c e r  
Socie ty ; th e  N a tio n a l C an c e r  In s t i tu te  (C A  0 3 2 7 4 ); 
a n d  P u b lic  H e a lth  S erv ice  R ese a rch  G ra n ts  no . 
AM -01499 a n d  AM -06675 fro m  th e  N a tio n a l In s t i tu te  
o f A r th r it is  a n d  M etab o lic  D iseases.

2 A m e ric a n  C an c e r  S ociety  —  C h a r le s  S. H a y d en  
F o u n d a tio n  P ro fe sso r o f S u rg ery  in  C an c e r  R esea rch .

3 S u p p o r ted  by  P u b lic  H e a lth  S erv ice  R ese a rch  
C aree r D ev e lo p m en t A w ard  no. CA-K3-18,404 fro m  
th e  N a tio n a l  In s t i tu te s  o f H e a lth .

4 B ak e r, E. M ., H . E. S a u b e rlic h  a n d  J. E. C a n h a m  
1963 V ita m in  Be re q u ire m e n t o f th e  h u m a n .  F ed 
e ra tio n  P ro c ., 22: 322  ( a b s t r a c t ) .

J . N u t r it i o n , 8 4 : ’64 2 2 9
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preceding paper (1 2 ). The dietary treat
m ent, biochemical m easurem ents made, 
general inform ation concerning the study 
and some of the results have also been pre
sented previously (1 2 ). Pertinent facts 
dealing with the design of the experim ent 
that have already been given will be re
peated only when they will facilitate the 
presentation of the data from this aspect 
of the study.

The tryptophan metabolism of the 6 sub
jects was studied at intervals during the 
55-day experiment. To have a base-line 
for com parison with data obtained later, 
the subjects were studied initially during 
the first 5 days of the experim ent (th is has 
been termed the pre-depletion period) 
when they were consum ing self-selected 
diets. The subjects collected a 24-hour 
urine sample (b asa l), then 2 g of L-tryp- 
tophan in tablet form were given orally 
(day 1) and the subjects collected a second 
24-hour specimen (post-tryptophan). A 
loading dose of 2 g of L-tryptophan also 
was adm inistered on days 10, 20, 30, 40, 
45, 51 and 54. A basal urine collection 
was made during the 24 hours preceding 
each of the loading tests and on these days 
no other metabolic testing was done.

All of the basal and post-tryptophan 
urine samples were analyzed for the fol
lowing tryptophan m etabolites: kynurenic 
acid and xanthurenic acid (1 3 ); indoxyl 
sulfate,® anthranilic acid glucuronide,
o-aminohippuric acid, acetylkynurenine, 
kynurenine (1 4 ) and hydroxykynurenine
(1 5 ). Paper chrom atography and volatile 
amine determ inations (1 4 ) were used to 
check the quantitative results. Statistical 
comparisons were m ade using Student’s 
t test.

Supplemental pyridoxine at a level of 
0.6 mg was adm inistered, in  addition to 
the 0.16 mg of dietary vitam in B6, to sub
jects 4 and 5 beginning on day 33 and to 
subjects 1 and 3 beginning on day 46. 
Subjects 2 and 6 received 0.9 mg of sup
plem ental pyridoxine commencing on day 
42. These levels of pyridoxine were m ain
tained throughout the rem ainder of the 
study until the last 3 days when all 6 sub
jects were given 50 mg of the vitam in 
daily.

R E S U L T S

The 6 subjects had norm al basal and 
post-tryptophan levels of the urinary  m e
tabolites m easured during the pre-depletion 
period; tha t is, the quantities of m etabo
lites excreted by these 6 young m en fell 
w ithin the range of values previously found 
in  this laboratory in  a group of persons 
with no known disease (9 ) . W ith the in 
stitution of the vitam in B6-deficient diet, 
abnormal tryptophan metabolism follow
ing the 2-g loading dose became evident 
in  all of the subjects but at varying rates 
and to different degrees (figs. 1 -6 ) . Two 
of the subjects (4  and 5) exhibited an 
abnorm al response to tryptophan loading 
as early as day 10, whereas the rem aining 
4 subjects did not show this tendency until 
somewhat later. Although all of the sub
jects had some evidence of abnorm al 
tryptophan metabolism by day 20, the de
viations from norm al varied greatly. For 
example, the post-tryptophan levels of hy
droxy kynurenine varied from 87 to 1521 
¿¿moles at tha t time.

In  addition to the dissimilarity in  the 
time required for markedly abnormal tryp
tophan metabolism to appear, there was 
some variation in  the relative m agnitude 
of the quantities of metabolites which the 
subjects excreted during the initial stage 
of depletion. At the time abnorm al m e
tabolism first appeared (figs. 1 -6 ) , m etabo
lites were excreted in  largest am ounts in 
the following order: kynurenine >  hydrox- 
ykynurenine >  xanthurenic acid (subjects 
4 and 6 ) ; hydroxykynurenine >  x an thu 
renic acid >  kynurenine (subjects 1 and
3 ); hydroxykynurenine >  kynurenine >  
xanthurenic acid (subject 2 ); xanthurenic 
acid >  hydroxykynurenine >  kynurenine 
(subject 5). Since these early changes 
were not large, and varied from subject to 
subject, little biochemical significance can 
be attached to them. Because of the wide 
variation in  individual response to the de
ficient diet, the day on which pyridoxine 
supplem entation was begun was based on 
the severity of the tryptophan metabolic 
abnormality. Therefore, those subjects 
whose metabolism became abnorm al most 
rapidly, 4 and 5, were given the supple
m ent first (day 33). As the metabolism 
of the rem aining 4 m en became more ab- 5

5 P rev io u s ly  re fe rre d  to  as  “ f r a c t io n  A ” (1 3 ) .
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F i g s .  1 - 6  E x c r e t i o n  v a l u e s  f o r  h y d r o x y k y n u r e n i n e  ( H K ) ,  k y n u r e n i n e  ( K Y N ) ,  x a n t h u r e n i c  

a c i d  ( X A ) ,  i n d o x y l  s u l f a t e  ( I S A )  a n d  k y n u r e n i c  a c i d  ( K A )  i n  s u b j e c t s  i n g e s t i n g  a  p y r i d o x i n e -  

d e f i c i e n t  d i e t .  T h e  v a l u e s  s h o w n  a r e  m i c r o m o l e s  e x c r e t e d  p e r  d a y  f o l l o w i n g  a n  o r a l  l o a d  o f  

2 . 0  g  p - t r y p t o p h a n  a n d  t h e  v e r t i c a l  l i n e s  i n d i c a t e  w h e n  d a i l y  p y r i d o x i n e  s u p p l e m e n t a t i o n  w a s  

s t a r t e d .
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norm al, they were given the supplem ent 
in  pairs—subjects 2 and 6 on day 42 and 
subjects 1 and 3 on day 46.

The 2 days (basal and post-tryptophan) 
im mediately preceding supplem entation 
with pyridoxine have been termed the 
“height of depletion.” This designates the 
point at which each subject evidenced his 
most abnorm al response to tryptophan 
while consuming the vitam in BG-deficient 
diet and therefore does not represent the 
same 2 days for all 6 subjects. At the 
height of depletion, the subjects were ex
creting significantly lower basal quantities 
of kynurenic acid and o-aminohippuric 
acid and higher quantities of kynurenine 
compared with their pre-depletion basal 
levels (table 1). After tryptophan load
ing, the subjects excreted significantly 
greater am ounts of kynurenic acid, xan
thurenic acid, acetylkynurenine, kynure
nine and hydroxykynurenine and a sig
nificantly smaller am ount of o-aminohip- 
puric acid compared with the pre-depletion 
levels (table 2 ). As each pair of subjects 
was given supplem ental pyridoxine, their 
tryptophan metabolism became more 
nearly norm al as shown by a decrease in

the excretion of the metabolites which had 
appeared in  such large am ounts in  the 
urine during depletion. During the last 3 
days of the study, when each subject was 
receiving 50 m g of pyridoxine/day, basal 
levels of kynurenic acid and xanthurenic 
acid were significantly lower and kynure
nine significantly higher than  during the 
pre-depletion period (table 1). Following 
tryptophan loading, xanthurenic acid was 
excreted in significantly smaller quantities 
than  it had been after the initial base-line 
dose (table 2).

D IS C U S S IO N

Other investigators (2 -4 , 8) have not 
reported variations in  the rate at which 
subjects begin metabolizing tryptophan ab
norm ally in  response to a diet deficient in 
vitam in B0. Differences which occurred 
among the subjects in  the present study 
may have been partially due to their dietary 
intakes prior to participation in  the experi
ment. Variations in the am ounts of cer
tain  metabolites excreted during the first 
days of feeding the deficient diet m ay have 
been caused by depletion of specific en
zyme systems at different rates. Since

TA BLE 1

Ave r a g e  excretion of metabolites before tryptophan

E x p e r im e n ta l
tim e

M etab o lite  e x c re ted  1

KA XA ISA AAG o-AH ACK KYN HK

/ im o le s /24 h r ¡im oles /  24  h r ¡im oles /  24  h r /im o le s  /  24  h r
P r e - d e p le t io n 18 i i 3 1 5 3 2 7 8 7 17
H e ig h t  o f  d e p le t io n 13  2 10 2 8 2 2 14 2 8 13  3 2 8
D a y  5 0 15  2 11 3 4 5 4 2 4 8 13  * 2 6
D a y  53 15 2 7 2 3 1 4 4 21 10 16  2 19

1 T h e  fo llo w in g  a b b re v ia tio n s  a re  u sed : KA, k y n u re n ic  a c id ; XA, x a n th u re n ic  a c id ; ISA, in d o x y l s u lfa te ;  
AAG, a n th ra n i l ic  a c id  g lu c u ro n id e ; o-AH, o -a m in o h ip p u r ic  a c id ; ACK, a c e ty lk y n u re n in e ; KYN, k y n u re n in e ; 
HK, h y d ro x y k y n u ren in e .

2 S ig n ific an tly  d iffe re n t f ro m  th e  m e a n  d u r in g  th e  p re -d e p le tio n  p e rio d  a t  th e  0.01 p ro b a b ility  level.
3 S ig n if ic an tly  d if fe re n t f ro m  th e  m e a n  d u r in g  th e  p re -d ep le tio n  p e rio d  a t  th e  0.05 p ro b a b ility  level.
4 S ig n ific an tly  d if fe re n t f ro m  th e  m e a n  d u r in g  th e  p re -d ep le tio n  p e rio d  a t  th e  0.02 p ro b a b ility  level.

TA BLE 2

A v e r a g e  excretion of metabolites after tryptophan

E x p e r im e n ta l
tim e

M etab o lite  e x c re ted  1

KA XA ISA AAG o-AH ACK KYN HK

/ im o le s /24  h r fim o le s /2 4  h r fim o le s /2 4  h r fim o le s /2 4  h r
P r e - d e p le t io n 5 4 41 3 6 1 6 4 8 9 2 2 21
H e ig h t  o f  d e p le t io n 8 8  2 4 8 4  2 3 3 7 5 31  2 1 1 0 2 6 4 3  2 1 2 9 4  2
D a y  51 6 0 68 3 3 2 7 53 11 4 2  2 4 5  3
D a y  5 4 5 3 2 8  3 3 4 3 6 4 2 13 3 0 3 1

1 T h e  fo llo w in g  a b b re v ia tio n s  a re  u s e d : KA, k y n u re n ic  a c id ; XA, x a n th u re n ic  a c id ; ISA, in d o x y l s u lfa te ;  
AAG, a n th ra n i l ic  a c id  g lu c u ro n id e ; o-AH, o -a m in o h ip p u r ic  a c id ; ACK, a ce ty lk y n u re n in e ; KYN, k y n u re n in e -  
HK, h y d ro x y k y n u ren in e .

2 S ig n if ic an tly  d if fe re n t f ro m  th e  m e a n  d u r in g  th e  p re -d ep le tio n  p e rio d  a t  th e  0.01 p ro b a b il i ty  leve l.
3 S ig n if ic an tly  d if fe re n t f ro m  th e  m e a n  d u r in g  th e  p re -d ep le tio n  p e rio d  a t th e  0.02 p ro b a b il i ty  leve l.
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these dissimilarities did not persist (th a t 
is, eventually all subjects excreted hdyrox- 
ykynurenine in greatest quantity, followed 
by kynurenine and xanthurenic acid) this 
appeared to be a transien t phenomenon.

Previous studies in  this laboratory have 
shown abnormal tryptophan metabolism in 
patients with such widely diverse condi
tions as scleroderma, bladder cancer, 
porphyria, pregnancy and drug-treated tu 
berculosis (9 ) . An evaluation of data ob
tained from the tuberculosis patients 
receiving isoniazid or deoxypyridoxine re
vealed tha t significantly larger than  nor
mal am ounts of hydroxy kynurenine, kynu
renine and acetylkynurenine were excreted 
following tryptophan adm inistration (1 1 ).

Patients taking isoniazid excreted less 
than norm al quantities of kynurenic acid; 
in the patients under treatm ent with 
deoxypyridoxine, kynurenic acid excretion 
was abnormally high. Kynurenine and 
xanthurenic acid excretions were almost 
equal in the patients ingesting deoxypyri
doxine, whereas xanthurenic acid excre
tion was m uch less than  kynurenine in  the 
individuals given isoniazid. The yield of 
metabolites (post-tryptophan m inus basal)

AVERAGE YIELD OF M ETABOLITES 
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Y i e l d  o f  m e t a b o l i t e s  ( p o s t - t r y p t o p h a n  
v a l u e  m i n u s  p r e - t r y p t o p h a n  v a l u e )  f o r  s u b j e c t s  
w i t h  v i t a m i n  B g  d e f i c i e n c i e s  i n d u c e d  b y  i s o n i a z i d ,  
d e o x y p y r i d o x i n e  o r  d i e t a r y  d e p l e t i o n .  A b b r e v i a 
t i o n s  u s e d  a r e  K Y N ,  k y n u r e n i n e ;  A C K ,  a c e t y l k y 
n u r e n i n e ;  K A ,  k y n u r e n i c  a c i d ;  A A ,  a n t h r a n i l i c  
a c i d ;  o - A H ,  o - a m i n o h i p p u r i c  a c i d ;  H K ,  h y d r o x y -  
k y n u r e n i n e ;  X A ,  x a n t h u r e n i c  a c i d .  T h e  s y m b o l  
B (i i n d i c a t e s  k n o w n  s i t e s  o f  a c t i o n  o f  p y r i d o x a l  
p h o s p h a t e .

in  a patient who received deoxypyridoxine 
was rem arkably sim ilar to that of the sub
jects in the present study when they were 
at the height of depletion (fig. 7).

The tuberculosis patients receiving de
oxypyridoxine excreted enough hydroxy- 
kynurenine to account for from 10 to 25% 
of the 2 g of L-tryptophan; in  this study 
hydroxykynurenine accounted for 8 to 
21% of the same quantity of tryptophan. 
Kynurenine, in the tuberculosis study, was 
excreted in  am ounts equivalent to 5 to 
10% of the tryptophan load; in  the n u tri
tionally depleted subjects 5 to 8% of the 
tryptophan appeared as tha t metabolite. 
From these similarities it appears that vita
m in Be deficiency induced by the adm inis
tration of deoxypyridoxine and tha t pro
duced by dietary m eans have a comparable 
effect on the vitam in B6-dependent en
zymes needed to metabolize tryptophan. 
In this nutritional investigation, kynure- 
ninase activity was apparently preferen
tially depressed over tha t of kynurenine 
transam inase allowing for the conversion 
of hydroxykynurenine to xanthurenic acid 
and of kynurenine to kynurenic acid. The 
apparent loss of kynureninase activity with 
little loss of kynurenine transam inase ac
tivity m ay be a dem onstration of the varia
tion in  sensitivity of specific pyridoxine- 
requiring enzymes to pyridoxine deficiency 
which Snell (16 ) has pointed out. A de
crease in kynureninase activity also would 
result in  a decrease in  the form ation of 
anthranilic acid from kynurenine, and 
would be m anifested by the lowered
o-aminohippuric acid excretion which was 
observed during depletion. The levels of 
anthranilic acid glucuronide and indoxyl 
sulfate rem ained w ithin norm al lim its 
throughout the entire study. The effect of 
vitam in B0 depletion on the conversion of 
tryptophan to niacin via hydroxyanthra- 
nilic acid will be presented in a subsequent 
paper.

Korbitz et al. (1 7 ) reported elevated 
urinary levels of hydroxykynurenine, kynu
renine, acetylkynurenine and xanthurenic 
acid in  pyridoxine-deficient rats. Because 
these workers did not observe a correspond
ing increase in  kynurenic acid, they sup
ported the suggestion of Brown et al. (10 ) 
that the transam ination of kynurenine and 
hydroxykynurenine m ay involve 2 distinct
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enzymes. The observations of the current 
experim ent do not refute this hypothesis 
since the low basal level of kynurenic acid 
and its relatively small increase post
tryptophan, compared with xanthurenic 
acid, at the height of depletion could be 
accounted for by kynurenine transam inase 
being more sensitive to vitam in B6 defi
ciency than  hydroxykynurenine transam i
nase. Korbitz et al. (1 7 ) also suggested 
the possibility that an alternate pathway 
which is not vitam in Bc-dependent may 
exist for the form ation of xanthurenic 
acid.

The tryptophan metabolism of subjects 
whose pyridoxine deficiency has been in 
duced by dietary m eans has been studied 
by other investigators and sim ilar results 
were obtained. The study of Baker et al.,6 
in which urinary xanthurenic acid and 
hydroxykynurenine were m easured, dem 
onstrated high levels of these 2 metabolites 
as deficiency was produced. They re
ported that urinary xanthurenic acid was 
the best indicator of deficiency and that 
hydroxykynurenine appeared more sensi
tive than  xanthurenic acid to variations in 
vitam in Bc intake. In the present study, 
hydroxykynurenine was the most sensitive 
indicator of vitam in B0 depletion of the 
tryptophan metabolites measured. Since 
no quantitative values were reported by 
Baker et al.,7 a direct comparison of results 
cannot be made.

Several research groups have observed 
increased xanthurenic acid excretion fol
lowing depletion of pyridoxine. Babcock 
et al. (2 )  noted that 7 male subjects elim
inated an average of 42 mg of xanthurenic 
acid in response to a 5-g loading dose of 
L-tryptophan. In the study of Hodges et al.
(8 )  one male excreted approximately 450 
mg of xanthurenic acid and another, who 
was also receiving a vitam in Be antagonist, 
excreted approximately 350 mg xanthu
renic acid after loading with 10 g of 
DL-tryptophan. Greenberg et al. (1 )  re
ported that 271 and 515 mg of the m e
tabolite were produced by 2 subjects who 
had consumed a pyridoxine-deficient diet 
for 3 weeks. In Cheslock and McCully’s 
experim ent (3 )  the xanthurenic acid out
put of 5 females increased to more than 
30 m g/day  after they had eaten a low 
pyridoxine diet for 52 days. Knapp (4 )

reported average xanthurenic acid levels of 
about 160 mg after loading with 10 g of 
DL-tryptophan in  subjects who had eaten a 
low pyridoxine diet for 3 weeks. The 6 
males in  the present study excreted an 
average of 74 mg of xanthurenic acid 
when a 2-g load of L-tryptophan was given 
after 25 days of depletion, and 99 mg at 
the height of depletion. Faber et al. (1 8 ) , 
whose subjects were both pyridoxine- and 
pantothenic acid-deficient, reported an  in i
tial increase in  xanthurenic acid excretion 
during the first 5 weeks of depletion, but 
at that point urinary xanthurenic acid de
creased as the subjects showed m arked 
nitrogen loss. As the m en in  the present 
study did not show decreasing levels of 
xanthurenic acid excretion (un til supple
m ented with pyridoxine), it appears that 
the double vitam in deficiency or other ex
perim ental differences between the 2 in 
vestigations account for this discrepancy.

There is little evidence in  the present 
data to support the concept of 3 stages of 
pyridoxine deficiency proposed by Kupke 
and Knapp (1 9 ). They proposed that in 
mild pyridoxine deficiency, excretion of 
kynurenine and hydroxykynurenine, but 
not of xanthurenic acid, would be elevated. 
Only in  m oderate vitam in B0 deficiency 
would xanthurenic acid be excreted in  ele
vated am ounts along with kynurenine and 
hydroxykynurenine. In severe pyridoxine 
depletion, xanthurenic acid excretion 
would be decreased because of inhibition 
of the transam ination reaction also. In 
general, in the present study, as well as 
in the study of Knapp (4 ) , kynurenine, 
hydroxykynurenine and xanthurenic acid 
excretion became abnorm al at the same 
time as the depletion developed. Further
more, even at the height of deficiency, 
these 3 metabolites were excreted in ele
vated am ounts with no definite evidence 
of decreasing xanthurenic acid excretion 
as predicted by Knapp. However, it is true 
that in  isoniazid-treated patients the x an 
thurenic acid excretion is not elevated as 
m uch as expected (1 1 ), implying an in 
hibition of the transam ination also. Cer
tainly it is im portant to m easure more 
metabolites than  just xanthurenic acid if 
an  adequate evaluation of tryptophan m e

6 See fo o tn o te  4.
7 See fo o tn o te  4.
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tabolism and pyridoxine nutrition is de
sired.

A dm inistration of the pyridoxine supple
m ent to the subjects in  this study caused a 
dram atic decrease in  the urinary  output of 
those m etabolites which had been elevated 
during depletion (figs. 1 -6 ). But it was 
not until 50 mg of vitam in BG were adm in
istered during the last 3 days of the study 
tha t the metabolite excretion of subject 5 
returned to its pre-depletion status (fig. 5 ). 
This probably indicates a slightly higher 
requirem ent for vitam in BG by this individ
ual than  that being given (0.6 m g) prior 
to the 50-mg supplement. Subjects 1 and 
3 received 0.6 m g of the vitam in beginning 
on day 46 (figs. 1 and 3 ). They were 
excreting increased quantities of x an thu 
renic acid until they were given 50 mg of 
pyridoxine. Their tryptophan metabolism 
m ight have returned to norm al with a daily 
intake of 0.6 m g of vitam in B0 if continued 
for a longer period of time.

The excretion of the m ajority of trypto
phan  metabolites had returned to pre
depletion levels by the end of the experi
ment. Two metabolites, kynurenic acid 
and xanthurenic acid, were lower than  dur
ing the pre-depletion period. Babcock et 
al. (2 )  have also observed this phenom e
non in  the case of xanthurenic acid. They 
suggested th a t the vitam in Bs intakes of 
their students were inadequate to m eet the 
requirem ents for metabolizing 5 g of tryp
tophan plus the dietary protein. It appears 
unlikely tha t the same situation existed in 
this study with a 50-mg vitam in Bfi intake, 
a 2-g tryptophan load and 100 g of dietary 
protein. In view of the decreased basal 
levels of kynurenic acid and xanthurenic 
acid (table 1) and post-tryptophan x an thu 
renic acid (table 2) it appears more likely 
that selective repletion of the enzyme sys
tems m ay play a role here.

Although abnorm al excretion of trypto
phan metabolites in  pyridoxine deficiency 
is amply supported by experim ental evi
dence, it is difficult to compare quantita
tive values from one study with another 
because of the various analytical methods 
used, the quantity of tryptophan adm inis
tered and other differences in  research de
sign. The evaluation of work in  this field 
would be facilitated if a standard tech

nique was used for such studies (20). 
Collaborative studies such as this in  which 
a num ber of param eters can be m easured 
yield additional inform ation concerning 
the essentiality of vitam in B6 in  tryptophan 
metabolism, although m uch rem ains to be 
learned relating a deficiency of the vitam in 
to specific enzyme changes. Knowledge in 
this area m ay be helpful in  understanding 
the abnorm al tryptophan metabolism ob
served in  a variety of clinical conditions
(9 ) .
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1 9 6 1  T h e  e f f e c t  o f  v i t a m i n  s u p p l e m e n t a t i o n  
o n  t h e  u r i n a r y  e x c r e t i o n  o f  t r y p t o p h a n  
m e t a b o l i t e s  b y  p r e g n a n t  w o m e n .  J .  C l i n .  I n 
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A B S T R A C T  W h e n  d i e t s  c o n t a i n i n g  h i g h  l e v e l s  ( 2 0  t o  4 0 % )  o f  e i t h e r  p a l m i t a t e  o r  
s t e a r a t e  a r e  f e d  t o  w e a n l i n g  m i c e ,  p o o r  g r o w t h  a n d  h i g h  m o r t a l i t y  r e s u l t .  A d u l t  m i c e  
a r e  s i m i l a r l y  a f f e c t e d ,  a l t h o u g h  l e s s  s e v e r e l y .  T h e  a d d i t i o n  t o  t h e  d i e t  o f  4 %  o f  f a t s  
r i c h  i n  e i t h e r  o l e a t e  o r  l i n o l e a t e  p r e v e n t s  t h e  t o x i c i t y ,  w h e r e a s  l i n o l e n i c ,  p a l m i t o l e i c  
a n d  p e t r o s e l i n i c  a c i d s  a r e  m u c h  l e s s  e f f e c t i v e .  T h e  t o x i c i t y  i s  i n c r e a s e d  s l i g h t l y  b y  t h e  
a d d i t i o n  o f  c h o l e s t e r o l  a n d  v e r y  m a r k e d l y  w h e n  l a c t o s e  c o n s t i t u t e s  t h e  p r i n c i p a l  d i e t a r y  
c a r b o h y d r a t e .  D e p o t  f a t  l e v e l s  o f  t h e  d i e t a r y  s a t u r a t e d  f a t t y  a c i d  i n c r e a s e  o n l y  s l i g h t l y ,  
p a r t i c u l a r l y  w h e n  c o m p a r e d  w i t h  t h e  c h a n g e s  o b s e r v e d  w h e n  u n s a t u r a t e d  f a t t y  a c i d s  
a r e  f e d .  D i g e s t i b i l i t y  s t u d i e s  p r e c l u d e  a s c r i b i n g  t h e s e  e f f e c t s  t o  p o o r  a s s i m i l a t i o n  o f  
t h e  d i e t a r y  f a t .

The effect of dietary oleate and linoleate 
on the composition and distribution of fatty 
acids in  the depot fa t of mice has been 
previously investigated (1, 2 ). W hen sim
ilar studies were attem pted with palm itate 
and stearate, poor growth and high m or
tality were encountered. Moreover, the 
depot fa t levels of the saturated acids 
barely increased compared with expecta
tions based on the studies with the unsatu 
rated fatty  acids. The results of these 
investigations provide the basis for the 
present report.

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

The anim als used in  these experim ents 
were either weanling or adult male mice ob
tained from the North Carolina State Lab
oratory of Hygiene. They were fed a diet 
containing 20% of casein, 5% of salt m ix
ture W 3 and the rem aining 75% composed 
of various m ixtures of carbohydrate and 
fat. The diet was supplem ented with all 
of the known v itam in s4 (3 ) . The usual 
duration of an experim ent was 3 weeks.

In the experim ent in  which the digesti
bility of the fa t was determ ined, 12 adult 
mice were used. Digestibility was com
puted from the excretion of chromic oxide 
over a 5-day experim ental period following 
a 5-day prelim inary period. To facilitate 
the analysis of chromium, the radioiso
tope Cr51 was used and radioactivity was 
m easured in  a Nuclear-Chicago gamma 
scintillation spectrometer.

Triglycerides of the depot fa t were iso
lated and their fatty  acid composition de

term ined by gas chrom atography on a 
succinate-ethylene glycol polyester column
( 2).

R E S U L T S

Effect  of saturated fa t on weanling mice. 
Unlike results observed with unsaturated  
fat, as the dietary level of glycerylmono- 
palm itate and glycerylmonostearate was 
increased beyond 10% , there was a pro
gressive decrease in  growth and increase 
in  m ortality of the experim ental anim als 
(table 1). The toxic effect of glyceryl- 
m onopalm itate was more severe than  glyc
erylmonostearate. Autopsy of anim als that 
died revealed no gross abnormalities other 
th an  that of emaciation. In most instances 
the adipose tissue was completely devoid 
of fat, although the stom ach and intestines 
contained considerable quantities of food 
and the anim als continued to eat until the 
day of death.

Bosshardt et al. (4 )  reported toxicity of 
diets containing 20% of palmitic acid, 1% 
of cholesterol and 0.05 to 0.15% of oleic 
acid when fed to weanling mice. Omission 
of either the cholesterol or oleic acid allevi
ated the toxic effects encountered in the 
m ixture with male mice, whereas 20% of

R ece ived  fo r  p u b lic a tio n  J u n e  13, 1964.
1 C o n tr ib u tio n  f ro m  th e  A n im a l S c ien ce  D e p a r t

m e n t, N o r th  C a ro lin a  A g ric u ltu ra l  E x p e r im e n t S ta 
tio n , R a le ig h , N o r th  C aro lin a . P u b lish e d  w ith  th e  
a p p ro v a l o f  th e  D ire c to r  o f R ese a rch  as P a p e r  no . 
1818 o f th e  J o u rn a l  Series.

2 S u p p o r ted  in  p a r t  by P u b lic  H e a lth  S erv ice  R e
s e a rc h  G ra n t no . AM 02483 fro m  th e  N a tio n a l  I n s t i 
tu te  o f  A r th r it is  a n d  M etab o lic  D iseases.

3 N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d .
4 K in d ly  f u r n is h e d  by  M erck  a n d  C o m p an y , In c ., 

R ah w a y , N ew  Jersey .

J . N u t r it io n , 8 4 : ’64 2 3 7
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TA B LE 1

E f f e c t  o f  g ly c e r y lm o n o p a lm i ta t e  a n d  g ly c e r y lm o n o s te a r a te  o n  
g r o w th  a n d  m o r t a l i t y  o f  w e a n l in g  m ic e  l

D ie ta ry
leve l

G ly c e ry lm o n o p a lm ita te G ly c e ry lm o n o s tea ra te

W t
g a in M o rta lity W t

g a in M o rta lity

% a % a %
0 2 .0 0 i . i 0
5 3 .2 0 1 .2 0

10 2 .1 0 2 .1 0
2 0 -  6 .2 4 0 0 .9 0
3 0 -  5 .6 4 0 -  0 .3 0
4 0 _ 10 0 -  1.1 0
50 — — -  8 .6 1 7

1 D u ra tio n  o f e x p e r im e n ts  3 w eeks. F ive  m ice  w ere  u sed  fo r  e a c h  d ie ta ry  lev e l o f g ly ce ry lm o n o 
p a lm ita te  a n d  6 m ice  fo r  e a c h  d ie ta ry  lev e l o f  g ly c e ry lm o n o s tea ra te .

palm itic acid alone adversely affected the 
growth and mortality of weanling female 
mice. Postmortem exam ination revealed 
small spleens as the only gross abnorm al
ity. The results of the experim ent of table 
1 differ from those of Bosshardt et al. (4 )  
chiefly in  that the toxic effects of saturated 
fats on male mice were obtained without 
the addition of cholesterol, and thus resem 
ble their observations with female mice. 
The oleum percomorph used as a source 
of the fat-soluble vitam ins could have con
tributed the trace of oleic acid these in 
vestigators (4 )  found to be required for 
toxicity.

Effects of unsaturated fats on the tox
icity of saturated fat. Although the diets 
used in  this study contained no added 
source of essential fatty  acids (o ther than 
the oleum percom orph), no sign of a de
ficiency of this essential nu trien t had 
appeared in  3 weeks in  previous investi
gations with fat-free diets of sim ilar com
position (1—3). However, since the addi
tion of saturated fa t to the diet has been 
shown to promote an essential fatty  acid 
deficiency (5 ) , it appeared possible that 
the lack of growth and high mortality en
countered with the high levels of glyceryl
monopalm itate and glycerylmonostearate 
m ight represent an acute form of this de
ficiency disease. On the other hand, Boss
hard t et al. (4 )  had noted that increasing 
the dietary level of oleic acid reversed the 
toxicity of their saturated fa t diet.

W ith weanling mice both oleic acid and 
glycerylmonooleate were as effective as 
either safflower oil or the fatty  acids from 
safflower oil (table 2) in  preventing the

toxicity of the saturated fat. Therefore, 
the toxicity of the saturated fa t is not 
merely an  uncomplicated essential fatty 
acid deficiency. Since free fatty  acids, 
monoglycerides and triglycerides are all ef
fective, the glyceride form of the un sa tu 
rated fatty  acid is of no consequence in  the 
prevention of the toxicity of glycerylmono
palm itate. The failure of either polyoxy
ethylene sorbitan m onopalm itate (Tween 
40), polyoxyethylene sorbitan monooleate 
(Tween 80) or paraffin oil to effect a re 
versal of the toxicity of the saturated fa t 
indicates that the action of the unsaturated  
fats is more than  a mere alteration of the 
physical consistency of the dietary fat.

Although the effects are less pronounced, 
the diet containing 40% of glycerylmono
palm itate is also toxic to adult mice (table 
2 ). As with weanling mice, the addition 
of a fa t rich in unsaturated  fatty  acids is 
effective in  preventing the toxicity of the 
saturated fa t in  the adult animal. In con
trast, supplem entation of the diet with co
conut oil was less effective, whereas 
a-tocopheryl acetate gave no protection 
whatsoever.

In  an  experim ent using free palm itic 
acid ra ther than  the monoglyceride, the 
study of the reversal of the toxicity of satu
rated fa t by unsaturated  fa t was extended 
to other unsaturated  fatty  acids. Although 
the free palm itic acid when fed at a level 
of 40% proved more toxic than  40% of 
glycerylmonopalmitate (equivalent to 31% 
of palm itic acid), the inclusion of 4% of 
safflower oil in  the diet was effective in 
reversing the toxic effects of the higher 
intake of saturated fatty  acid (table 3).
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TA B LE 2

Reversal of toxicity of glycerylmonopalmitate by unsaturated fat l

D ie t su p p le m e n t No.
m ice

W t
g a in M o rta lity

W e a n l in g  m ic e
9 %

N o n e 2 3 -  0 .1 74
4 %  S a ff lo w e r o il 17 3 .2 6
4 %  S a ff lo w e r o il  f a t t y  a c id s 6 4 .6 17
4  %  O le ic  a c id 6 4 .6 0
4 %  G ly c e r y lm o n o o le a te 11 2 .0 18
4 %  T w e e n  4 0  2 5 — 100
4  %  T w e e n  8 0  3 6 -  1 .4 6 7
2 %  P a r a f f in  o il 5

A d u l t  m ic e

-  1 .2 6 0

N o n e 6 -  1 .9 3 3
4 %  S a ff lo w e r  o il 6 0 .1 0
4 %  C o r n  o il 6 0 .1 0
4 %  O liv e  o il 6 1 .0 17
4 %  L a r d 6 1.0 0
4 %  C o c o n u t  o il 6 -  0 .7 17

0 .1 %  a -T o c o p h e ry l  a c e ta te 6 -  3 .2 50

1 D u ra tio n  o f  e x p e r im e n ts  3 w eeks. A ll d ie ts  c o n ta in e d  40%  o f g ly c e ry lm o n o p a lm ita te .
2 P o ly o x y e th y len e  s o rb ita n  m o n o p a lm ita te , A tla s  P o w d e r C o m p an y , W ilm in g to n , D e law are .
3 P o ly o x y e th y len e  s o rb ita n  m o n o o lea te .

TA BLE 3

Effect of unsaturated fatty acids o n  the reversal 
of toxicity of palmitic acid  i

U n s a tu ra te d  
fa t ty  ac id

No.
m ice M o rta lity

%
N o n e i i 1 00
L in o le ic 10 2 0
L in o le n ic 12 83
P a lm i to l e ic 10 60
P e t r o s e l in ic 10 70

1 D u ra tio n  o f e x p e r im e n ts  2 w eeks. D ie ts  c o n ta in e d  
40%  o f p a lm itic  a c id  a n d  4%  o f th e  u n s a tu r a te d  
fa t ty  ac id . L in o le ic  a c id  w a s  fe d  a s  safflow er oil. 
D a ta  g iv en  a re  th e  av e rag e  o f 2  ex p e r im e n ts .

In contrast, neither linolenic acid, palmi- 
toleic acid nor petroselinic acid, when 
added to the diet, was capable of prevent
ing the toxicity of the saturated fat.

The results of a study to ascertain the 
dietary level of safflower oil required for 
prevention of the toxicity of glycerylmono
palm itate are shown in  figure 1. As the 
level of safflower oil in  the diet increased, 
there was a decrease in  the mortality of 
the anim als and an increase in  the growth 
of those anim als that survived. Since 4% 
of safflower oil was about as effective as 
8% , it is apparent that a small quantity 
of unsaturated  fa t will alleviate the effects 
of a tenfold am ount of saturated fat.

Effect  of  cholesterol on the saturated fat 
toxicity. In the experim ents of Bosshardt

et al. (4 )  with male mice ingesting a diet 
containing 20% of palmitic acid, the ad
verse effects caused by the saturated fat 
were not observed unless cholesterol was 
included in  the diet. Although dietary 
cholesterol was not required to produce the 
toxic effects of the saturated fa t when the 
diet contained a higher level of palmitic 
acid (table 2 ), it appeared likely tha t the 
addition of cholesterol m ight accentuate 
the toxic effects obtained with the higher 
level of saturated fat. The results of a 
study designed to test this hypothesis 
(table 4) showed that cholesterol did en
hance the toxic effects of palm itate. This 
is noticed most strikingly in  the diets con
taining 2% of safflower oil where choles
terol addition doubled the m ortality and 
greatly reduced the growth of the anim als 
that survived. W hen, however, the level 
of safflower oil was increased to 4% , only 
a slight difference in  growth rate was ob
served, and even this disappeared when 
8% of unsaturated  fa t was included in  the 
diet.

Effect of carbohydrate on toxicity of 
saturated fat. W hen the sucrose compo
nent of the diet was replaced by glucose, 
no effect on the toxicity of the glyceryl
m onopalm itate was observed (table 5). 
When, however, lactose was used as the 
dietary carbohydrate, the toxicity of the
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F i g .  1 E f f e c t  o f  s a f f l o w e r  o i l  s u p p l e m e n t a t i o n  o n  t o x i c i t y  o f  g l y c e r y l m o n o p a l m i t a t e .  B a s a l  
d i e t  c o n t a i n e d  4 0 %  g l y c e r y l m o n o p a l m i t a t e .  D a t a  a r e  3 - w e e k  w e i g h t  g a i n  o f  s u r v i v o r s  o f  
2  e x p e r i m e n t s  w i t h  w e a n l i n g  m a l e  m i c e .  F r a c t i o n s  s h o w  m o r t a l i t y  a n d  t o t a l  n u m b e r  o f  m i c e  
f o r  e a c h  l e v e l .

TA BLE 4

E f f e c t  o f  c h o le s te r o l  o n  t o x i c i t y  o f  g ly c e r y lm o n o p a lm i ta t e  l

C h o leste ro l

Safflow er
o il

N one 1 %

w t
g a in M o rta lity W t

g a in M o rta lity

9 % 9 %

N o n e — 1 0 0 - 3 . 5 8 3
2 % 4 . 2 3 3 1 . 2 6 7
4 % 5 .1 3 3 3 . 3 3 3
8 % 5 . 2 0 5 . 7 0

1 D u ra tio n  o f e x p e r im e n t 3 
m o n o p a lm ita te .

w eeks w ith  6 m ic e / t r e a tm e n t .  A ll d ie ts c o n ta in e d  40%  o f g lycery l-

TA BLE 5

E f f e c t  o f  c a r b o h y d r a te  o n  t o x i c i t y  o f  g ly c e r y lm o n o p a lm i ta t e  1

1 W eek 3 W eeks
C a rb o h y d ra te W t

g a in M o rta lity W t
g a in M o rta lity

9 % 9 %

S u c r o s e - l . i 2 5 - 0 . 2 3 7
G l u c o s e - 0 . 1 3 7 2 . 0 5 0
L a c t o s e — 1 0 0 — —

'D i e t s  c o n ta in e d  40%  o f g ly c e ry lm o n o p a lm ita te  a n d  35%  o f th e  c a rb o h y d ra te  in d ic a te d . E a c h  
d ie t w as  fe d  to  6 m ice.
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TA B LE 6

T o x ic i t y  o f  g l y c e r y lm o n o p a lm i ta t e  i n  t h e  p r e s e n c e  o f  la c to s e

D ie t a d d itio n G M P 1 
leve l

No.
m ice

w t
g a in M o rta lity

% 9 %
N o n e 0 12 1 .7 4 2
N o n e 10 6 5 .2 17
N o n e 2 0 18 4 .2 8 3
N o n e 4 0 12 — 1 00
4 %  S a ff lo w e r  o il 2 0 12 2 .6 2 5
8 %  S a ff lo w e r  o il 2 0 12 4 .2 2 5
8 %  S a ff lo w e r o il 4 0 6 2 .6 6 7
4 0 %  L a r d 0 6 7 .7 0

1 G ly c e ry lm o n o p a lm ita te .

diet became m uch more acute, d iarrhea 
developed and none of the anim als sur
vived the first week of the experiment. 
Autopsy of these anim als disclosed m arked 
intestinal edema, in  addition to the em acia
tion previously observed with the high level 
of saturated fat.

Because the adipose tissue of anim als 
that ingest lactose becomes depleted of fa'
(6 ) , as is the case for mice fed diets rich 
in  saturated fat, the interrelationship be
tween these 2 dietary ingredients was in 
vestigated further. W hen a diet contain
ing 35% of lactose and no fa t was fed, 
high m ortality and poor growth were ob
served (table 6 ). These results are con
sistent with the observations of other inves
tigators (7 ) . The addition of 10% of 
glycerylmonopalmitate resulted in  m arked 
im provem ent in  both growth and survival. 
When, however, the level of saturated fa t 
was increased to 20% , a m ortality double 
that encountered with the diet containing 
no added fa t was observed, although the 
growth of the anim als that survived was 
not different from those fed the diet con
taining 10% of fat. Finally, when the 
saturated fa t level was increased to 40% , 
complete m ortality was observed before the 
end of one week. The addition of safflower 
oil reduced the toxicity of these diets (table
6 ) , but the unsaturated  fa t was not as 
effective as in  diets when lactose was ab
sent (fig. 1). In  contrast w ith the diets 
containing high levels of saturated fat, 
good growth and survival were obtained 
when the mice were given a diet containing 
40% of lard.

Digestibility of saturated fat. It has 
long been recognized that saturated fats 
are less digestible than  unsaturated  fats,

and that increasing the fluidity of a satu
rated  fa t by the addition of an  unsaturated  
fa t enhances its digestibility (8 ) . In  view 
of the syndrome of the saturated fa t tox
icity, it  appeared possible tha t caloric in 
sufficiency resulting from the low absorp
tion of the saturated fa t m ight account for 
the results observed. The ra ther high di
gestibility of the saturated fa t diets (table
7) leads to a rejection of this hypothesis.

TA BLE 7

F o o d  c o n s u m p t i o n  a n d  d ig e s t i b i l i t y  o f  d ie ts  
c o n ta in in g  g l y c e r y lm o n o p a lm i ta t e  ( G M P )

D ie t C o n su m p tio n F a t
d ig e s tib ility

g /m o u s e /d a y %
4 0 %  G M P 2 .8 8 1 .6

4 0 %  G M P +  4 %
s a f f lo w e r  o il 3 .1 9 2 .2

Although the addition of 4% of safflower 
oil increased the absorption of fat, the ad
ditional calories absorbed could hardly ac
count for the m arked effect of the unsatu 
rated fa t on survival and growth. Because 
of the m ethod of extraction used, it is pos
sible tha t not all of the fecal lipids were 
removed and that the fa t digestibility fig
ures of table 7 are higher than  the true 
values. If one assumes, however, that the 
feces consisted entirely of fa t, the fa t di
gestibility would be 53 and 66% for the 
saturated fa t diet alone and supplem ented 
with safflower oil, respectively. Therefore, 
it  is clear th a t mice are capable of absorb
ing an appreciable am ount of the palm itate 
as well as a m ajor proportion of the energy 
contained in  the diet.

Deposition of saturated fa tty  acids. It 
has been long established that when an
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anim al ingests an  unsaturated  fat, the un 
saturated fatty  acids of the depot fa t in 
crease proportionately. Indeed, previous 
studies had shown tha t dietary oleate and 
linoleate are deposited in  the depot fa t of 
mice (1 ) . It had been the initial objective 
of this investigation to extend the study of 
the effect of dietary fa t on depot fa t to 
palmitic and stearic acids. Therefore the 
fatty  acid composition of the depot fa t of 
the anim als that survived the initial ex
perim ents (table 1) was determ ined by gas 
chromatography. In contrast with expec
tations, very little increase in  the depot fa t 
level of either palm itate or stearate resulted 
from the inclusion of the monoglycerides 
of these fatty  acids in  the diet (fig. 2 ).

F ig .  2  E f f e c t  o f  d i e t a r y  p a lm i t i c  a n d  s te a r i c  
a c id s  o n  t h e i r  le v e ls  i n  d e p o t  f a t .  F a t t y  a c id s  
w e re  f e d  a s  t h e  m o n o g ly c e r id e s .  D a ta  a r e  d e r iv e d  
f r o m  th e  s u r v iv o r s  o f  th e  e x p e r im e n t  d e s c r ib e d  i n  
t a b le  1.

The m agnitude of the differences between 
the effect of unsaturated  fatty  acids and 
saturated fatty  acids on the composition of 
depot fa t can best be illustrated by com
paring the slopes of their response curves. 
The depot fa t level of palm itic acid in 
creased 0.06% for each percentage in 
crease of palm itate in  the diet, whereas for 
stearate the slope was only 0.03% (fig. 2 ). 
In  contrast, for each percentage increase 
of oleate or linoleate in  the diet the per
centage in  the depot fa t increased more 
than  1 and 2% , respectively (1 ) . These

observations relate to the net change in  the 
level of saturated fatty  acids in  the depot 
fa t and do not m ean that the dietary palm i
tate and stearate per se are deposited only 
slightly. The lack of increase in  the level 
of saturated fatty  acids could arise equally 
if the synthesis, or deposition, or both, of 
these acids from endogenous sources was 
inhibited by the influx of preform ed satu 
rated fatty acids from the diet. An indica
tion that the deposition of endogenous 
saturated fatty acids m ay be inhibited is 
derived from the fact that the deposition 
of dietary pentadecanoic acid and dietary 
heptadecanoic acid was observed to be 
greater than  the increase in  palm itate depo
sition, although not as great as the increase 
obtained when the unsaturated  fatty acids 
were fed.5

D IS C U S S IO N

W hen high levels of saturated fa t were 
fed to mice, poor growth and high m ortal
ity resulted. The only m ajor outward 
m anifestation of this toxicity was em acia
tion as evidenced by a depletion of the 
adipose tissue of the mice. This toxic con
dition can be prevented by the addition to 
the diet of a relatively small am ount of 
oleate or linoleate. These observations are 
similar to those of Bosshardt et al. (4 )  who 
reported toxicity of diets containing 20% 
palm itic acid and 1% cholesterol. The 
latter investigators did not obtain the toxic 
effects in  the absence of cholesterol in  male 
mice but did in  female mice. From the 
data reported herein it is apparent tha t 
increasing the dietary level of palm itic acid 
elim inates the need for cholesterol, al
though the addition of cholesterol increases 
the toxicity of these diets.

Adverse effects of feeding diets rich in  
saturated fatty  acids are well established. 
The addition of saturated fa t to diets defi
cient in  linoleic acid decreases the time 
required for the onset of the essential fatty  
acid deficiency symptoms and increases 
their severity (5 ) . Since, however, oleic 
acid is as effective as linoleic acid in  re
versing the toxicity of the saturated fa t 
(table 2 ), the toxicity is not merely an  u n 
complicated essential fatty  acid deficiency. 
On the other hand, there is some specificity 
associated with the reversal, in  tha t oleic

5 Tove, S. B., unpublished  observations.
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acid and linoleic acid are both equally ef
fective, whereas linolenic acid, petroselinic 
acid and palmitoleic acid are m uch less 
effective. Herting et al. (9 )  noted that a 
foreign-body type of reaction in  fa t cells, 
lipogranuloma, developed when rats were 
given diets rich in saturated fat. They also 
observed tha t the lesions could be pre
vented by the addition of unsaturated  fa t 
to the diet. However, the level required 
(50%  of the to tal) was m uch greater than  
that observed in  our experim ents ( table 2). 
Although gross exam ination of the adipose 
tissue of the mice revealed no sign of the 
lipogranulom a, it is possible that the satu
rated fa t toxicity reported herein represents 
an  acute form, and the lipogranulom a de
scribed by Herting et al. (9 ) , a chronic 
form of the same metabolic defect.

The m echanism  by which the saturated 
fa t produces the toxicity is unknown. The 
fa t depletion of the adipose tissue indicates 
th a t the anim als were not capable of m eet
ing their energy needs. Yet the mice con
sume a diet until the day they die, and 
from  the digestibility coefficient it is ap
parent they are receiving adequate calories 
from their diet. The high level of satu
rated fa t in  the diet m ay promote un 
coupling of oxidative phosphorylation. 
Oxidative phosphorylation of liver m ito
chondria is uncoupled in essential fatty 
acid deficiency (10).

It is generally considered that when any 
fatty acid is consumed by an anim al, that 
fatty  acid increases in  the depot fat. This 
conclusion is based largely on work with 
unsaturated  fatty  acids and with short- 
chain fatty  acids such as those in coconut 
oil. For these fatty  acids the statem ent 
has been amply proved (1 1 ). In contrast, 
from our results, the addition of palm itate 
or stearate to the diet does not produce a 
m ajor increase in  the levels of these acids 
in  the adipose tissue. Although saturated 
fatty  acids are not as digestible as unsatu 
rated fatty  acids, the digestion coefficients 
(table 7) indicate tha t low assimilation 
cannot entirely account for the failure of

the level of palm itic acid in  the depot fat 
to rise with increased dietary level. The 
digestibility of glycerylmonostearate, al
though lower th an  that of the palm itate 
(1 2 ) , also could not entirely account for 
the low deposition of dietary stearic acid. 
In this respect, it is of interest to note that 
it is possible to increase the stearate level 
of the depot fa t of mice more by feeding 
linoleic acid (1 )  than  by feeding stearic 
acid.
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It has been shown (1, 2 ) that when a 
particular fatty  acid in  depot fa t is in 
creased by dietary m eans, the rest of the 
fatty  acids do not m ain tain  the same per
centage distribution relative to each other. 
For example, when the percentage of lino
leic acid in  depot fa t is increased, there is 
a decrease in  the relative level of palmito- 
leic acid and an increase in  the relative 
level of stearic acid (2 ) . Similarly an  in 
crease in  oleic acid level is associated with 
a decrease in  the relative level of palmitic 
acid (2 ) . The m echanism  accounting for 
these specific patterns of substitution is u n 
known. One prom inent possibility is that 
the esterification of a partia l glyceride is 
specifically influenced by the fatty  acid 
composition of that glyceride. This hy
pothesis was examined by incubating C14- 
labeled fatty  acids with epididymal fa t 
pads obtained from  mice fed various fatty 
acids. The results of this investigation 
provide the basis for the present report.

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

Adult male mice obtained from  the 
North Carolina State Laboratory of Hy
giene were fed a sucrose-casein purified 
diet (3 )  for 4 weeks. The following fats 
were added at the expense of sucrose: 10% 
of glycerylmonomyristate, 30% of palmitic 
acid, 30% of glycerylmonostearate, 10% 
of triolein or 25% of safflower oil. The 
fa tty  acid composition of these fats was 
determ ined by gas chrom atography (2 ) 
and is listed in  table 1.

At the term ination of the feeding period, 
the mice were decapitated and the epidy- 
m al fa t pads rapidly excised and placed in 
cold Krebs-Ringer phosphate buffer, pH
7.4, with calcium chloride omitted. A sin
gle fa t pad was selected at random  from  a 
pool of tissue from  mice receiving the same 
diet; the pad was blotted dry, weighed and 
assigned to a given incubation flask. In 
cubations in  duplicate were carried out in 
50-ml Erlenm eyer flasks containing 2 ml of 
Krebs-Ringer phosphate buffer, pH 7.4 
(calcium -free), on a shaking w ater bath at 
37° for 2 hours. The substrate consisted 
of 2 ¿unoles of a fatty  acid labeled with 
C14 in  the carboxyl group and 2 ¿(.moles of 
9,10-H3-palmitic acid. The fatty  acids 
were added as a serum  album in complex 
prepared as described by Neptune et al.
(5 ) . A 3% solution of bovine serum  al
bum in (fraction V) was prepared in  Krebs- 
Ringer phosphate and dialyzed overnight 
against the same buffer prior to prepara
tion of the fatty  acid complex.

Analytical procedures. At the term ina
tion of the incubation the adipose tissue 
was removed from the flask, washed in  a 
m ixture of ethanol-ether (3 :1 ) ,  blotted dry * 1 2 3
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tio n , R a le ig h , N o r th  C aro lin a . P u b lish e d  w ith  th e  
a p p ro v a l o f th e  D ire c to r o f  R ese a rch  as P a p e r  no . 
1817 o f th e  J o u rn a l  Series.

2 S u p p o r ted  in  p a r t  by  P u b lic  H e a lth  S e rv ice  R e
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TA B LE 1

Fatty acid composition of fat s u p p l e m e n t  to purified diet fed m i c e

C h ie f 
d ie ta ry  

f a t ty  a c id  1

C o m p o n en t f a t ty  ac id 1

14:0 14 :1 16 :0 16 :1 18 :0 18 :1 18 :2

% % % % % % %
1 4 :0  2 9 7 .7 — 2 .2 — — ___ ___
1 6 : 0 3 0 .4 1 . 0 9 1 .0 0 .7 7 .0 ___ ___

1 8 : 0 4 1 .7 2 .6 2 5 .6 1 .7 6 7 .5 ___ ___
1 8 :1  5 3 .6 1.4 5 .0 6 .7 1.1 7 4 .7 6 .5
1 8 : 2 6 — — 7 .7 — 3 .9 1 3 .6 7 4 .8

1 T h e  f irs t n u m b e r  in d ic a te s  th e  n u m b e r  o f c a rb o n  a to m s , th e  seco n d  th e  n u m b e r  o f d o u b le  bonds.
2 G ly c e ry lm o n o m y ris ta te  p re p a re d  fro m  m y ris tic  acid .
3 P a lm itic  a c id  su p p lie d  by  A rm o u r I n d u s t r ia l  C h em ica l C o m p an y , C hicago.
4 G ly ce ry lm o n o s tea ra te , M YVEROL ty p e  18-07, k in d ly  f u r n is h e d  by D is ti l la t io n  P ro d u c ts  In d u s tr ie s ,  

R o ch es te r, N ew  York.
5 G ly c e ry ltrio le a te , E m ery  2230, k in d ly  f u r n is h e d  by  E m ery  In d u s tr ie s ,  C in c in n a ti ,  Ohio.
6 Safflow er o il k in d ly  fu r n is h e d  by  th e  P ac ific  V eg etab le  O il C o rp o ra tio n , S an  F ran c isco .

and homogenized in  30 volumes of the 
solvent mixture. Following filtration, ad
ditional ether was added and the solution 
washed with w ater and dried over a m ix
ture of anhydrous sodium sulfate and an
hydrous sodium carbonate (4 :1 ) .  The 
free fatty acids were removed by passage 
through a colum n of IRA 400 resin in  the 
hydroxyl form  (6 ) . The effluent solution, 
showing a single triglyceride spot when 
examined by thin-layer chromatography
(7 ) , was divided into 4 portions. One por
tion was used for the determ ination of 
radioactivity in  a Packard Tri-Carb liquid 
scintillation spectrometer. The scintilla
tion medium  consisted of toluene contain
ing 0.5% of diphenyloxazole and 0.03% 
of 1,4-bis-2- ( 5-phenyloxazolyl ) -benzene. 
The am ount of C14 or H3 present was com
puted by the isotope ratio m ethod of Okita 
et al. (8 ) . A second portion was used for 
the determ ination of ester value (9 ) . Ali
quots of the triglycerides from anim als re
ceiving the same diet were pooled and the 
fatty acid composition determ ined by gas 
chrom atography (2 )  following form ation 
of the methyl esters of the fatty  acids by 
transesterification (4 ) .

The fourth portion of the triglyceride 
was subjected to hydrolysis by pancreatic 
lipase for 15 m inutes (4 )  and the resulting 
monoglycerides isolated by Florisil chrom a
tography (1 0 ) after removal of the free 
fatty acids by IRA 400 resin  (6 ) . The 
monoglycerides, representing the fatty 
acids of the ^-position, were divided into 
aliquots for the determ ination of radioac
tivity, ester value and fatty  acid composi
tion. As with the triglycerides, gas chro

m atography was carried out on a pooled 
sample from anim als on the same regimen. 
The purity of the monoglyceride fraction 
was exam ined by thin-layer chrom atogra
phy (7 )  and a single spot m igrating as 
monoglyceride was observed.

R E S U L T S

The feeding of the various fa ts did not 
greatly affect the body weight of the mice 
during the 4-week feeding period (table 
2 ). In  contrast, however, the average 
weight of the epididymal fa t pad was m a
terially influenced by the fa t fed (table 2). 
The feeding of the saturated fatty  acids 
resulted in  a lower weight of the epididy
m al fa t pad than did the feeding of either 
triolein or safflower oil. The effect of in 
gestion of a saturated fa t was most strik
ingly evidenced in  the case of palm itic acid 
where an almost complete absence of depot 
fa t was observed. This m arked effect of 
palm itic acid, as compared with that of 
myristic acid or stearic acid, m ay be re
lated in  part to the fact th a t a higher level 
of palm itic acid was fed and that the pal- 
m itate was given as the free acid, whereas 
the other saturated acids were fed as the 
monoglycerides. The reduced weight of 
adipose tissue that resulted from the feed
ing of saturated fa t is a m anifestation of 
the syndrome of saturated fa t toxicity in 
mice (3 ) .

The fatty  acid composition of the pooled 
glycerides from anim als fed the same diet 
is shown in table 3. In each case the per
centage of the principal dietary acid in  the 
depot fa t increased over that observed in 
the depot fa t of mice fed low fa t diets (4 ) ,
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TA BLE 2

E f f e c t  o f  d ie ta r y  f a t  o n  b o d y  w e i g h t  a n d  e p id id y m a l  f a t  p a d  w e i g h t  i n  m a tu r e  m i c e  1

C h ie f 
d ie ta ry  
a c id  2

D ie t f a t  
leve l

B ody w t 
c h a n g e

E p id id y m a l 
f a t  p a d  

w t

% 9 m g
1 4 :0 10 2 .3 2 9 8  +  1 7 3
1 6 :0 3 0 - 1 . 0 0 4
1 8 :0 3 0 - 0 . 1 2 3 6  -+ 2 1
1 8 :1 10 1 .2 3 4 8  -+ 2 5
1 8 :2 2 5 1 .0 3 5 4  -+ 16

1 B ody w e ig h t c h an g e s  a re  th e  av e rag e  o f 10 m ice  a n d  e p id id y m a l f a t  p a d  w e ig h t is  th e  av e rag e  
o f 10 pad s.

2 T h e  f irs t n u m b e r  in d ic a te s  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  th e  n u m b e r  o f d o u b le  bo n d s.
3 s d  o f  m e a n .
4 In su ff ic ie n t sam p le  to  e a s ily  ex c ise  w as  o b serv ed  w ith  a l l  m ice .

TA BLE 3

E f fe c t  o f  d ie ta r y  f a t  o n  th e  f a t t y  a c id  c o m p o s i t i o n  a n d  d i s t r i b u t io n  o f  e p i d id y m a l  f a t  p a d s  i

C o m p o n en t 
f a t ty  a c id  2

C h ie f  d ie ta ry  f a t ty  ac id

1 4 :0 1 8 :0 18:: 1 1 8 :2

TG 3 ß 4 TG ß- TG ß- TG ß-

% % % % % % % %
1 4 :0 5 .6 16 .1 2 .1 13 .1 0 .9 2 9 .4 0 .9 4 1 .7
1 6 :0 1 8 .8 16 .1 2 2 .5 1 3 .5 15 .8 1 1 .9 1 4 .7 4 1 .7
1 6 :1 1 1 .5 3 8 .4 1 2 .9 3 3 .3 1 0 .0 2 6 .3 4 .5 3 5 .7
1 8 :0 9 .8 1 .4 4 .2 6 .5 2 .3 5 .4 3 .9 4 5 .4
1 8 :1 4 1 .0 4 5 .4 4 9 .4 4 1 .7 5 9 .5 3 8 .5 2 8 .2 4 1 .7
1 8 :2 5 .7 8 3 .3 7 .3 5 5 .5 9 .3 6 2 .5 4 6 .4 2 1 .7

1 F a tty  a c id  c o m p o sitio n  b a se d  o n  a  p o o led  sam p le  o f a n  e q u a l p o r tio n  o f tr ig ly c e rid e  f ro m  e a c h  
f a t  p a d  o f m ice  re c e iv in g  th e  sam e  d ie t.

2 T h e  f irs t n u m b e r  in d ic a te s  th e  n u m b e r  o f  c a rb o n  a to m s, th e  seco n d  th e  n u m b e r  o f d o u b le  bonds.
3 T r ig ly c e r id e  f a t ty  a c id  co m p o sitio n .
4 G ram s o f th e  c o m p o n e n t f a t ty  a c id  in  th e  ^ -p o s itio n  p e r  100 g o f th a t  f a t ty  a c id  in  th e  to ta l  

tr ig ly ce rid e s .

although for stearate only a slight change 
was observed. The high level of stearate 
in  the glycerides of the adipose tissue of 
mice fed glycerylmonomyristate is not usu
ally observed with this diet 4 and cannot 
be accounted for in  this experiment.

The feeding of glycerylmonomyristate, 
glycerylmonostearate or triolein did not 
alter appreciably the glyceride distribution 
of the component fatty  acids (table 3) 
from that normally observed for depot fat 
obtained from mice that ingest low fat 
diets (4 ) . The saturated fatty  acids were 
predom inantly esterified at the a-positions, 
the C18 unsaturated  fatty  acids were pre
dom inantly esterified at the /3-position, and 
palmitoleic acid tended to be uniformly 
distributed. In  contrast, the feeding of 
safflower oil resulted in  the esterification 
of the m ajor portion of linoleic acid at the 
«-positions (table 3 ). Thus the large in 
flux of dietary linoleate into the triglyc
erides of the adipose tissue displaced the

fatty acids norm ally esterified at the 
a-positions with the result that dispropor
tionate esterification of the saturated fatty  
acids was reversed from a predom inantly 
a-distribution to a predom inantly 3-distri- 
bution.

The effect of the nature of the dietary 
fat on the assim ilation of various fatty  
acids by epididymal fa t tissue in vitro is 
shown in table 4. To minimize anim al 
variation, each fatty  acid, labeled with C14 
in the carboxyl group, was incubated with 
H3-labeled palm itic acid. The results are 
expressed as the ratio of the specific activ
ity of H3-palmitic acid to th a t of a C14 acid. 
Although the results were variable, statis
tical analysis (11 ) revealed tha t dietary 
treatm ent did not significantly (P  <  .05) 
influence the uptake of any fatty  acid. 
Moreover, neither prior dietary treatm ent 
nor structure of the companion C14-labeled

4 Tove, S. B., unpub lish ed  observations.
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TA BLE 4

Effect of diet o n  the ratio of H3-palmitic acid to Cih-labeled fatty acids assimilated 
b y  epididymal fat p a d s  in vitro

M ed iu m
C 14-ac id

C h ie f d ie ta ry  a c id  1 Avg a ll  d ie ts

14 :0 18 :0 18 :1 1 8 :2 T rig ly ce rid es /3-position

1 4 : 0  2 4 . 1 4 . 0 3 . 6 5 . 0 4 . 1 8  -+- 0 . 2 0  3 3 . 4 1  -+- 0 . 2 5
1 6 : 0 1 .6 1 .5 1 .8 1 .4 1 . 5 6  -+- 0 . 0 2 0 . 8 6  -+- 0 . 3 2
1 8 : 0 1 .3 1 .0 1 .5 1 .2 1 . 2 3  -4- 0 . 0 9 1 . 0 2  -+- 0 . 0 9
1 8 : 1 2 . 8 2 . 2 3 . 3 3 . 0 2 . 8 3  -1- 0 . 2 8 1 . 4 5  -+- 0 . 0 5
1 8 : 2 1 .8 2 . 2 1 .8 2 . 0 1 . 9 3  -+- 0 . 0 8 0 . 7 7  -+- 0 . 0 1

1 E a c h  v a lu e  is  th e  av e rag e  o f th e  ra tio  b e tw ee n  th e  tr ig ly ce rid e s  o f 2 in c u b a tio n s .
2 T h e  f irs t n u m b e r  in d ic a te s  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  th e  n u m b e r  o f d o u b le  bo n d s.
3 s d  o f  m e a n .

fatty  acid had any effect on the assim ila
tion of 9,10-H3-palmitic acid.

Dietary treatm ent did not affect the in 
corporation of any Cu -labeled fatty  acid 
into the /3-position of the triglycerides 
(table 4 ). In  each case, however, the ratio 
of H3 to C14 was lower in  the /3-position 
than  that of the triglycerides as a whole. 
This is particularly apparent for the u n 
saturated fatty  acids and, unexpectedly, 
for C14-labeled palm itic acid.

D I S C U S S I O N

The prim ary purpose of this investiga
tion was the exam ination of the hypothe
sis that the fatty  acid composition of the 
glycerides of adipose tissue would exert an 
influence on the assim ilation of fatty  acids 
by the adipose tissue. The results revealed 
tha t this was not the case. This was most 
strikingly evident with linoleic acid where 
no difference in  the assim ilation of exoge
nous fatty  acids was observed despite an 
eightfold range in  linoleate content of the 
adipose tissue. A sim ilar lack of fatty acid 
specificity was observed by Goldman and 
Vagelos (1 2 ) with a particulate enzyme 
preparation from  chicken adipose tissue 
th a t catalyzed the form ation of triglyc
erides from fatty acyl-CoA esters and di
glycerides. Thus the data of this investi
gation, as well as the observations of 
Goldman and Vagelos (1 2 ), provide little 
evidence that the presence of a given fatty 
acid in  a partial glyceride exerts an influ
ence over the particular fatty  acid with 
which the glyceride is esterified further.

The observation that the 9,10-H3-labeled 
palm itic acid was esterified at the /3-posi
tion to a lesser extent than  the C14-labeled 
fatty  acids, especially palm itic-l-C14 acid, 
could be ascribed to desaturation of the

palm itic acid at the 9,10-position prior to 
incorporation at the /3-position. Shapiro 
and W ertheim er (13 ) have dem onstrated 
the presence of a fatty  acid desaturase sys
tem in  adipose tissue capable of dehydro
genating palmitic acid to form palmitoleic 
acid. The apparent preference of the de- 
saturated fatty  acid for the /3-position is 
confirmation of the observation tha t fatty  
acids occupying the /3-position come from 
different pools than those fatty  acids esteri
fied at the a-positions (1 4 ).
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Relationships between Biotin and Vitamin B12
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ABSTRACT  Interrelationships betw een biotin and vitam in B12 were studied. Data  
indicate that v itam in B 12 adm inistration to rats receiving a biotin-free diet exerts a 
favorable effect on the growth rate and on the delay of the deficiency symptoms in  these  
experim ental conditions. V itam in B 12 appears also to have an effect on transcarbam ylase 
activities analogous to biotin, possibly due to an increased intestinal synthesis o f biotin  
and tissue storage. In addition, biotin adm inistration influences m ethylation exam ined  
in  the rat in  vivo (urinary elim ination of N -m ethylnicotinam ide) and in  vitro (betaine- 
hom ocysteine transm ethylase ) as does vitam in  B 12 although to a lesser extent. The 
significance of the interrelationship betw een vitam ins is  discussed.

The relationships between biotin and 
other vitam ins have been the subject of 
num erous studies (1 ) . Riboflavin has 
been observed to exert a favorable action 
on the synthesis of biotin in  the intestinal 
tract of the rat. Pyridoxine according to 
some authors reduces the severity of the 
deficiency symptoms, whereas according 
to others it lias no protective effect. The 
addition of thiam ine to the culture medium 
enhances the synthesis of biotin by 
Phycomyces blakesleeanus, and a m arked 
decrease in  thiam ine concentration is ob
served in  the liver of the biotin-deficient 
rat. Finally biotin has been shown to 
exert a protective effect against panto
thenic acid deficiency. Flowever, these 
data are incomplete, and have not always 
been confirmed or definitely elucidated.

The interrelationships between biotin 
and ascorbic acid are more evident and 
have been dem onstrated. Ascorbic acid 
adm inistered to biotin-deficient rats cures 
almost all the specific symptoms of this 
deficiency. The m echanism  of this “spar
ing” action appears to be related to the 
redox properties of ascorbic acid, because 
other redox agents, devoid of any vitam in 
activity, show a similar, though less ef
fective, activity.

There are no data in  the literature con
cerning the relationships between biotin 
and vitam in B12 except in  propionic acid 
metabolism (2 ) . Therefore the present 
experiments were carried out to investigate 
the interrelationships between vitam in B12 
and biotin. The effects of vitam in B12 ad
m inistration to ra ts fed a biotin-deficient 
diet were studied with respect to growth

rate and development of deficiency symp
toms, biotin and vitam in B12 levels in  the 
fiver, vitam in B12-dependent enzymatic 
activities and finally enzymatic activities 
on which biotin appears to exert some 
effect.

EXPERIMENTAL

In experim ents 1 and 2 weanling male 
ra ts of the W istar strain  were divided into 
3 groups and housed in  cages w ith wire 
bottoms. The rats of groups 1 and 3 were 
fed a biotin-free diet having the following 
composition: vitamin-free casein, 20; su
crose, 59; salt m ixture no. IV (3 ) , 4; 
groundnut oil, 5; raw  dried egg white, 11; 
vitam in m ixture,* 1 1. Group 2 was fed the 
same diet but the raw  dried egg white was 
replaced by an egg white autoclaved at 
120° for 15 m inutes and dried. Biotin 
(100 jug/kg) and vitam in B12 (100 ^g /k g ) 
were added to the diets of groups 2 and 3, 
respectively. In experim ent 3 a fourth 
group of ra ts m aintained with the biotin 
free-diet and fed a supplem ent of both 
biotin and vitam in B12 served as norm al 
controls. After 60 days, 8 anim als per 
group of experim ents 1 and 2 were used 
for the determ ination of the m ethylation 
capacity. Rats housed in  metabolism 
cages, were given orally 20 m g nicotina
mide and the N-methylnicotinamide 
(M NA) content in a 24-hour urine col-

R ece iv ed  fo r  p u b lic a tio n  M ay  11, 1964.
1 T h e  v i ta m in  m ix tu re  p ro v id e d  th e  fo llo w in g /k g  

o f d ie t:  ( i n  m il l ig ra m s )  th ia m in e  HC1, 2; r ib o flav in , 
2 ; p y rid o x in e , 2 .5 ; C a p a n to th e n a te ,  20 ; n ia c in ,  50; 
in o s ito l, 100; p -am in o b en zo ic  a c id , 250; fo lic  a c id ,
0 .20; cho line-H C 1, 1000; v i ta m in  K, 2.1. Tw o d ro p s  o f 
v i ta m in  A, D  a n d  E  c o n c e n tr a te  w e re  fe d  to  e a c h  rat 
once  a  w eek.

J .  N u t r i t i o n ,  84: ’6 4 249
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lection was determ ined by a fiuorimetric 
m ethod (4 ) . Urine samples were treated 
with urea, methyl-ethyl ketone, 40% 
NaOH and 5 n  HC1. After heating at 75° 
for 3 m inutes the fluorescence of the con
densation product between MNA and 
methyl-ethyl ketone was estim ated in  a 
Turner fluorometer.

At the end of the experim ent (60 days) 
25 rats of each group were decapitated and 
the livers removed as rapidly as possible, 
wiped free of blood and used for biotin and 
vitam in B12 determ inations and for assays 
of the enzymes.

Biotin was assayed microbiologically on 
samples of liver homogenate autoclaved 
with 5 n  H2S 04 at 121° for one hour. 
L a c to b a c illu s  a ra b in o su s  17/5  ATCC 8014 
was used as the test microorganism with 
biotin assay m edium .2 The microbial 
growth was determ ined by titrating the 
lactic acid formed with 0.1 n  NaOH after 
72 hours’ incubation at 30°.

The vitam in B12 was also assayed micro
biologically on samples of liver homo
genate incubated with papain at 60° for 
one hour. The total vitam in B12 activity 
and the alkali-stable activity were esti
m ated by the USP XV method using L a c to 
b a c illu s  le ic h m a n n ii ATCC 7830 and vita
m in B12 assay m edium .3

For assaying betaine-homocysteine 
transm ethylase activity volumes of 20% 
liver homogenate were incubated with 
betaine hydrochloride, DL-homocysteine 
and 0.039 m  potassium phosphate buffer, 
pH 7.4, in a Dubnoff apparatus at 37° for 
3 hours under nitrogen (5 ,6 ). The re
action was stopped by adding trichloro
acetic acid and the methionine present in 
the filtrate (suitably diluted) was esti
m ated microbiologically using L a c to b a c il
lu s m e s e n te r o id e s  P 60 ATCC 8042 with 
m ethionine assay m edium .4 After 72 
hours’ incubation at 37° the microbial 
growth was determ ined by titrating the 
lactic acid formed with 0.1 n  NaOH. For 
assaying free m ethionine already present 
in  the liver, tissue samples were treated, 
after heating at 100° for 2 m inutes and 
homogenizing, with 10% sodium tungstate 
and 0.6 n  H2SO,. M ethionine was deter
m ined on the supernatant after centrifuga
tion.

Ornithine-carbamyl transferase activity 
was assayed by a spectrophotometric 
method (7 ) . Volumes of liver homogenate 
were incubated with suitable quantities of 
ornithine and carbam ylphosphate in  arse
nate buffer, pH 7.1, a t 37° for 24 hours; 
the reaction was stopped by adding 5 N  
perchloric acid. The supernatant fraction, 
after centrifugation, was incubated with 
0.01 N  HC1 in a Conway micro-diffusion 
unit at 37° for 150 m inutes. The am 
m onia formed was determ ined by Nessler’s 
reaction in a Beckman spectrophotometer 
at 416 m/x.

Aspartate-carbamyl transferase activity 
was estim ated by the production of carba- 
m ylaspartate resulting from the incubation 
of volumes of the supernatant, obtained 
after centrifugation of liver homogenate 
in  1.15% KC1 at 15,000 X  g for 15 m inutes, 
with carbam ylphosphate and L-aspartic 
acid in 0.2 m  Tris buffer, pH 9.2, at 37° 
for 30 m inutes. Following this, enzymatic 
activity was stopped by adding 2  n  per
chloric acid (8 ) . The carbam ylaspartate 
concentration was determined by a modi
fied method of Koritz and Cohen (9 )  in a 
Beckman spectrophotometer at 550 m^. 
Protein was assayed by the colorimetric 
procedure of Lowry et al. (1 0 ).

All the results were analyzed for statis
tical significance by calculating F isher’s t 
test; a difference between 2 m ean values 
was regarded as significant when P was no 
greater than 0.05.

R E S U L T S

After 60 days, the anim als receiving the 
biotin-free diet showed the characteristic 
symptoms of deficiency consisting of loss 
of hair, “spectacle eyes” and retarded 
growth, whereas those fed the vitam in B12- 
supplemented diet did not develop specific 
symptoms of biotin deficiency. Moreover 
the data of table 1 show a markedly higher 
growth rate of the vitam in B12-treated rats 
(group 3) than  that of the biotin-deficient 
ra ts (group 1) (P <  0.001), although 
slightly lower than  that of the anim als 
given biotin (group 2). The rats treated 
with both biotin and vitam in B]2 showed a

2 B acto -B io tin  A ssay  M ed iu m  (B 4 1 9 ), D ifco  L ab o ra - 
to ries , In c ., D etro it.

3 B ac to  B i2 A ssay  M ed iu m  U SP (B 5 4 7 ) , D ifco  L a b 
o ra to rie s , In c ., D etro it.

4 B acto  M e th io n in e  A ssay  M ed iu m  (B 4 2 3 ) ,  D ifco  
L a b o ra to r ie s , Inc .
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TABLE 1
Effect of the adm in istra tion  of v ita m in  B 12 and b io tin  on body w eigh t gain of biotin-deficient rats

Group 1 Supplement to diet Initial wt Final wt (60 days) Wt gain

i None ( 8 ) 2

9

Experim ent 1
4 5 ( 4 0 ^ 8 )  3

9

1 0 2 (1 2 2 -1 3 7 )

9

57 -+- 6.90 4
2 Biotin (8 ) 4 5 (4 1 —4 8 ) 2 0 7 (1 8 2 -2 5 4 ) 162 ±  5.36
3 Vitam in B 12 (8 ) 4 5 (4 0 -4 7 ) 1 6 9 (1 5 1 -1 9 2 ) 124 ±  4.51

1 None (8 )
Experim ent 2
6 5 (5 5 -7 2 ) 1 6 3 (1 3 2 -1 9 5 ) 98 ±  9.74

2 Biotin (8 ) 6 5 (5 4 -7 0 ) 2 5 4 (2 3 8 -2 7 1 ) 189 ±  5.14
3 Vitam in B12 (8 ) 6 5 (5 6 -7 1 ) 2 3 8 (1 9 0 -2 6 0 ) 173 ±  10.34

1 None (1 5 )
Experim ent 3 
5 7 (5 0 -6 8 ) 1 6 1 (1 2 6 -2 0 0 ) 104 ±  12.27

2 Biotin (1 5 ) 5 8 (5 2 -6 8 ) 2 5 3 (1 9 8 -2 9 5 ) 195 H- 9.72
3 Vitam in Bjo (1 5 ) 5 8 (5 0 -6 9 ) 2 3 4 (1 7 5 -2 9 0 ) 176 -i- 10.06
4 Biotin +  v itam in B 12 (1 5 ) 6 0 (5 0 -6 9 ) 2 5 9 (1 6 9 -3 2 4 ) 197 -+- 13.90
1 G roup  1, b a s a l  d ie t c o n ta in in g  11%  ra w  d r ie d  egg  w h ite ; g ro u p  2, b a sa l  d ie t c o n ta in in g  11%  a u to c lav e d  

egg  w h ite  + b io tin  (1 0 0  /¿ g /k g ) ;  g ro u p  3, b a s a l  d ie t c o n ta in in g  11%  ra w  d rie d  egg  w h ite  + v i ta m in  B i 2 
(1 0 0  /¿ g /k g ) ; g ro u p  4, b a s a l  d ie t  c o n ta in in g  11%  a u to c lav e d  egg  w h ite  + b io tin  (100  /¿ g /k g )  + v i ta m in  B 12 
(1 0 0  n g /k g ) .  . ,

2 F ig u re s  m  p a re n th e s e s  in d ic a te  n u m b e r  o f a n im a ls .
3 M ean s a n d  ra n g e  o f  in d iv id u a l  v a lu es.
4 M ean s  ±  s e  o f  m e a n .

TABLE 2
Reciprocal effects of the adm in istra tion  of v ita m in  B 12 and biotin  

on the liver levels of the v itam in s

G roup  1 S u p p le m e n t to  d ie t L iv er b io tin L iv e r v ita m in  B 12

1
2 
3

None
Biotin, 100 /xg/kg 
Vitam in B 12, 100/xg/kg

m f i g /  g fresh tissue 
196 -+- 60.42 2 

1542 -+- 246.58  
1013 ±  75.95

n i / i g / g  fresh tissue 
73.7 ±  5.74 
52.9 5.42 

166.9 ±  8.19

1 F ive r a ts /g ro u p .
2 A ll r e s u lts  a re  ex p re sse d  a s  th e ir  av e rag es +  se  m ean .

TABLE 3
Effect of the adm in istra tion  of biotin  and v ita m in  B]2 on m ethyla tion in  vivo and  in  vitro

G roup  1 S u p p le m e n t to d ie t B etain e -h o m o cy s te in e  
tra n s m e th y la s e  ac tiv ity

M eth y la tio n  
c ap a c ity  in  vivo

1
2 
3

None
Biotin, 100 /¿g/kg 
Vitam in B 12, 100 /¿g/kg

f i g  methionine/hr/ g  
fresh tissue 

484 ±  49.12 
878 -+- 59.2 
930 -4- 61.4

m g  M N A / 100 g  body 
wt/24-hr urine 
1.845 ±  0.261 
3.251 ±  0.132  
3.612 ±  0.317

1 E ig h t r a ts /g ro u p .
2 A ll r e s u l t s  a r e  e x p r e s s e d  a s  t h e i r  a v e r a g e s  ±  s e  m e a n .

growth ra te sim ilar to th a t of the anim als 
given biotin alone.

The data in  table 2 indicate an increased 
level of biotin in  the liver not only in  the 
ra ts receiving biotin but also in  those re
ceiving vitam in B12. In both cases the in 
crease is highly significant in  relation to 
the deficient anim als (P <  0.01). On the 
other hand biotin adm inistration caused a

small but significant decrease in  the vita
min B12 hepatic level (P  <  0.05).

M ethylation, in  vivo, expressed as uri
nary elim ination of N-methylnicotinamide 
after nicotinam ide adm inistration, was in 
fluenced not only by vitam in B12 but also 
by biotin (table 3 ). N-methylnicotinamide 
excreted in  24 hours by rats receiving 
biotin was greater than  in  the deficient ani-
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TA BLE 4

E ffect of the adm in istra tion  of v ita m in  B12 and bio tin  on aspartate-carbam yl 
transferase and orn ith ine-carbam yl transferase activ ities

Group 1 Supplement to diet Aspartate-carbamyl 
transferase activity

Ornithine-c arb amyl 
transferase activity

limoles carbamylaspartate /  g mmoles NÜ3/g
fresh tissue fresh tissue

i None 98.8 -+- 3.41 2 6.27 -+- 0.38
2 Biotin, 100 /ig/kg 78.1 -+- 6.70 7.55 -1- 0.36
3 Vitam in B12, 100 /tg/kg 74.7 -+- 4.24 8.28 -4- 0.62

1 Seven  r a t s / g r o u p .
2 All r e s u l t s  a r e  e x p r e s s e d  a s  a v e ra g e s  ±  s e  o f  m e a n .

mals (P  <  0.001). Betaine-homocysteine 
transm ethylase activity was also markedly 
influenced by biotin adm inistration. In 
fact the m ethionine formed from homo
cysteine and betaine in  the liver homo
genate of ra ts receiving biotin was higher 
than  tha t in  the deficient anim als and 
slightly lower than  that in  ra ts given vita
m in B12.

Finally the data concerning carbamyl 
transferase activities (table 4 ) show that:
1) biotin and vitam in B12 exert a similar 
effect on aspartate-carbam yl transferase; 
both vitam ins tend to lower the enzyme 
activity which is high in  biotin deficiency 
(P  <  0 .05); and 2) both biotin and vita
m in B12 cause a small but significant in 
crease in  ornithine-carbamyl transferase 
activity (P  <  0.05).

No significant difference in  fiver protein 
content was observed among the groups.

DISCUSSION

The adm inistration of vitam in B12 exerts 
a favorable effect on biotin-deficient an i
m als which results both in  better growth 
and general state of health, and in  a delay 
of the development of the deficiency symp
toms. The fact tha t the addition of vita
m in B12 to the diet supplem ented with 
biotin gave a growth response sim ilar to 
th a t obtained with the supplem entation of 
biotin alone, should be interpreted as evi
dence of the effect of vitam in B12 in  alle
viating symptoms of biotin deficiency and 
not as a criterion for deficiency of vitam in 
B12. This “biotin-sparing” action exerted 
by vitam in B12 on the growth and the de
layed development of the deficiency symp
toms in  the ra t m ay be related to the simi
la r effects these 2 vitam ins have on the 
metabolic reactions studied.

Effect of vitam in B12 and biotin on 
methylation. The role of vitam in B12 in  
m ethylation in  vivo and in  vitro has been 
dem onstrated in  m any previous studies. 
Oginsky (1 1 ) , Dietrich et al. (1 2 ) , Fatter- 
paker et al. (1 3 ) , M archetti et al. (1 4 ) and 
Ranke et al. (1 5 ) showed tha t m ethionine 
and creatine form ation and the urinary  
excretion of N-methylnicotinamide de
crease markedly in vitam in B12 deficiency. 
Similarly vitam in B12 could replace, at 
least in  part, the choline and m ethionine 
requirem ent of the chick, ra t and pig. 
The detailed m echanism  of vitam in activ
ity is not yet clear. According to Arnstein
(1 6 ), vitam in B12 has no effect on trans
m ethylation but is involved in  the synthesis 
of labile m ethyl groups from  more highly 
oxidized precursors such as the a-carbon of 
glycine and the /3-carbon of serine. Kis- 
liuk (1 7 ) and Takeyam a et al. (1 8 ) have 
indicated th a t an  enzyme containing a 
derivative of vitam in B12 as a prosthetic 
group is required in  the synthesis of the 
m ethyl group of m ethionine. According to 
Guest et al. (1 9 ) a “methylcobalam in” in  a 
transien t state appears to be the prosthetic 
group of the vitam in B12-enzyme in  the 
vitam in B12-dependent pathway for the 
m ethylation of homocysteine.

Our data, in  addition to confirming this 
positive effect of vitam in B12, suggest that 
biotin also m ay influence these enzymatic 
activities. A possible explanation of the 
participation of biotin in  these metabolic 
reactions m ay result from  the investiga
tions of Luckey et al. (2 0 ) and Noronha 
et al. (2 1 ). These authors observed that 
biotin adm inistration to ra ts fed a biotin- 
and folic acid (PGA)-free diet caused in 
creased excretion of folic acid, and almost 
complete restoration of PGA and citro- 
vorum factor fiver levels. Therefore it is
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suggested tha t biotin adm inistration m ay 
influence PGA synthesis by intestinal 
m icroorganism s.

The role of PGA or, better, of folate 
coenzymes in  the m etabolism  of the one- 
carbon unit is well-known: the hydroxy
methyl groups involved in  serine-glycine 
interconversion and in  the biosynthesis of 
methyl groups of thym ine, m ethionine and 
choline are transferred  by tetrahydrofolic 
acid (THFA).

Sakami and Ukstins (2 2 ) and, more 
recently, Larrabee et al. (2 3 ) have indi
cated that THFA is involved in  m ethionine 
synthesis as a precursor of 5-methyl 
THFA. It is formed from  the reaction of 
5, 10-methylene THFA with DPNH in the 
presence of m ethylene reductase and con
verted to m ethionine and THFA by an 
enzymatic system consisting of DPNH, 
FAD, ATP, M g+ + , homocysteine and a 
vitam in B12-enzyme.

Biotin activity in  m ethylation m ay be ex
plained through its action on the storage 
of folate coenzymes.

E ffe c t o f  v i ta m in  B n  a n d  b io tin  on  car- 
b a m y l tr a n s fe r a s e  a c t iv i t ie s . Until now 
the reactions involving the carbamyl-phos- 
phate transfer have been studied with re
spect to their possible biotin dependence. 
The results obtained thus fa r on the effect 
of biotin on carbamyl-phosphate tran s
ferase are controversial. In enzyme prepa
rations from S tre p to c o c c u s  la c tis  and L. 
a ra b in o su s  biotin deficiency was shown to 
reduce m arkedly the carbam ylation of 
ornithine to citrulline and of aspartate to 
N-carbam ylaspartate, indicating a biotin 
role in  these reactions (24, 25).

In  no instance, however, did the in  vitro 
addition of free or bound biotin to biotin- 
deficient ra t liver homogenates or to cell- 
free extracts of S. la c tis  deprived of biotin, 
restore the norm al ra te of synthesis of 
citrulline from  ornithine. The rate is re 
stored only when biotin is introduced into 
the culture medium  of the microorganism 
or in  the diet of the ra t (26).

These data suggest that biotin exerts an 
indirect effect on the synthesis of the 
enzyme proteins and it is not a coenzyme 
component of the enzyme. This is in  ac
cordance with the statem ent tha t highly 
purified preparations of ornithine-citrul- 
line transferase of S. la c tis  contain only 1

part of biotin in  5,000,000 parts of enzyme
(27),

Our data show the effect of biotin on 
these transcarbam ylase activities also in  
the ra t: increase of om ithine-carbam yl 
transferase and decrease of aspartate- 
carbam yl transferase.

The difference between the deficient and 
biotin-treated anim als are significant al
though not highly so, in  contrast with the 
data obtained by Mistry and Grillo (2 8 ) in 
fiver m itochondria. Vitamin B12 has the 
same effect as biotin. Such an effect on 
carbam yltransferase activity m ay be ex
plained by the fact that the vitam in B12 
adm inistration increases markedly the 
biotin hepatic level. Therefore the effect 
on biotin deficiency m ight result in  an  in 
creased biotin synthesis by intestinal 
microorganisms and, as a consequence, in 
an  improved tissue level of the vitam in. 
On the other hand, this fact does not pre
clude the possibility vitam in Bla m ay act 
also in  a different way replacing biotin in 
these metabolic reactions, all the more so 
as biotin appears to have an  indirect role 
in  apoenzyme synthesis.
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ABSTRACT  The m etabolic pattern of vitam in B 12 was studied in  biotin-deficient 
rats. The livers of biotin-deficient rats had a significantly higher v itam in B12 content 
than those the biotin-treated anim als. Absorption and excretion of orally adm inis
tered CoBS-vitamin B , 2 were not im paired in  biotin-deficient rats, whereas the uptake 
of radioactivity by m ajor organs w as significantly higher. No difference in  urine and 
fecal radioactivity w as noted in  biotin-deficient rats w hen  CoSS-vitamin B12 w as adm in
istered by injection. In these anim als the retention of the radiovitam in by the organs 
was noticeably increased.

Studies of vitam in B12 have been carried 
out on the effect of deficiency of other vita
mins on the absorption, retention and dis
tribution of vitam in B12. In particular, 
pyridoxine deficiency resulted in an  im 
paired absorption of Co60-labeled vitam in 
B12. This im pairm ent can be fully cor
rected by treatm ent with pyridoxine (1 ) .

Deficiency of vitam in C resulted in  an 
increase of hepatic uptake of radioactivity 
after oral or parenteral intake of Co60- 
labeled vitam in B12 (2 ) .

Deficiencies of thiam ine, riboflavin or 
pantothenic acid in  rats appeared to have 
no influence on the absorption of radio
vitam in B12 (1 ) . However, recently
Okuda et al. (3 )  reported that radioactive 
vitam in B12, given either orally or by in 
jection, was retained more in the liver in  
the pantothenic acid-deficient ra ts than  in  
the control anim als given the pantothenic 
acid supplement.

There are no data in  the literature con
cerning the effect of biotin deficiency on 
the absorption and utilization of vitam in 
B12. On the other hand, interrelationships 
between biotin and vitam in B12 have been 
observed recently (4 ) . The present study, 
therefore, was undertaken to investigate 
the vitam in B12 levels in  liver, as well as 
the pattern  of absorption, retention, dis
tribution am ong m ajor organs, and the 
excretion of Co58-labeled vitam in B12 in 
biotin-deficient rats.

EXPERIMENTAL

A n im a ls  a n d  d ie ts . W eanling male rats 
of the W istar strain  were divided into 2

groups and housed in  cages with screen 
bottoms. The rats of group 1 were fed 
a biotin-free diet, having the following 
composition: (in  per cen t) vitamin-free 
casein, 20; sucrose, 59; salt m ixture IV
( 5 )  , 4; groundnut oil, 5; raw  dried egg 
white, 11; and vitam in m ixture,* 1 1. The 
rats of group 2 were fed the same diet, but 
the raw dried egg white was replaced by an 
egg white autoclaved at 120° for 15 
m inutes and dried. Biotin (100 /ig /kg) 
was added to the diet of group 2. Feed 
and water were provided ad libitum.

D e te r m in a tio n  o f  m ic ro b io lo g ic a l a c t iv 
i t y  o f  v i ta m in  B n  in  liv er . After feeding 
the experim ental diets for 60 days, 6 rats 
in each group were killed. The livers were 
removed immediately, wiped free of blood 
and used for vitam in B12 determ ination.

The vitam in B12 content was estim ated 
by microbiological assay on samples of 
liver homogenate incubated with papain 
at 60° for one hour. The total vitam in 
Bjo activity and the alkali-stable activity 
were m easured by the USP XV method
( 6 )  , using L a c to b a c illu s  le ic h m a n n i ATCC 
7830 and vitam in B12 assay m edium .2

M e a s u r e m e n t o f  v i ta m in  B12 a b so rp 
tio n . Co58-vitamin B12 with a specific 
activity of 1 m c/m g  was used.3 After 60

R ece ived  fo r  p u b lic a tio n  M ay  11, 1964.
1 E a c h  g ra m  o f th e  v i ta m in  m ix tu re  c o n ta in e d : 

( i n  m il l ig ra m s )  th iam in e-H C 1 , 0 .2; r ib o f la v in , 0 .2; 
p y rid o x in e , 0 .25; C a p a n to th e n a te ,  2 .0; n ia c in ,  5.0; 
in o s ito l, 10.0; p -am in o b en zo ic  a c id , 25 .0 ; fo lic  acid , 
0 .02; ch o lin e -H C l, 100.0; v ita m in  K, 0.21. T w o drops  
o f v i ta m in  A, D a n d  E  c o n c e n tr a te  w e re  g iv en  o ra lly  
to  e a c h  r a t  o n ce  a  w eek.

2 B ac to  B 12 A ssay  M ed iu m  U SP (B 5 4 7 ) , D ifco  L ab o 
ra to r ie s ,  In c ., D etro it.

3 T h e  Co58-v ita m in  B 12 w as  o b ta in e d  f ro m  th e  R ad io 
c h e m ic a l C en tre , A m e rsh am , B ucks, E n g la n d .

J . N u t r it io n , 8 4 : ’64 255
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days of consum ing the experim ental diets, 
6 anim als in  each group were given by 
stom ach tube 1 ml of an  aqueous solution 
of Co58-vitamin B12 containing 0.20 p.g. 
The anim als were transferred to individual 
metabolism cages for collection of fecal 
and urine specimens.

Four days after adm inistration of radio
active vitam in B12> the ra ts were killed. 
Urine, feces, liver, kidneys, gastrointes
tinal tract, heart and spleen were saved for 
Co58 determ ination. The gastrointestinal 
tract, from the cardia through the end of 
colon, was stripped free of supporting tis
sue, im mediately opened lengthwise and 
washed. The various organs were dis
solved in  alkali (30%  KOH), feces were 
softened with w ater and homogenized with 
concentrated H2S 04, and the urine was 
concentrated over steam  baths.

Four milliliters of all radioactive sam 
ples were counted using standards of com
parable geometry in  a low background 
gam m a scintillation counter with a thal
lium-activated sodium iodide crystal in 
stalled in  a well-type sample-holder 
(Tracerlab Model SC 57 /A ).

M e a s u r e m e n t o f  e x c r e tio n  a n d  r e te n tio n  
o f  v i ta m in  B n . After 60 days of receiv
ing the experim ental diets, 6 anim als in 
each group were injected subcutaneously 
with 0.20 iig of Co58-vitamin B12 in  a saline

solution and housed in  individual m eta
bolic cages. After 4 days, the ra ts were 
killed and the radioactivity in urine and 
feces, as well as in  various organs, was 
determined.

All of the results were analyzed for 
statistical significance by F isher’s t  test, 
a difference between 2 m ean values being 
regarded as significant when P was no 
greater than  0.05.

RESULTS

L iv e r  b io lo g ic a l a c t iv i ty  o f  v i ta m in  B 1S. 
The results tabulated in  table 1 dem on
strate that the rats receiving a biotin-free 
diet had a significantly higher vitam in B12 
content in  liver (P  <  0.05) than  the biotin- 
treated control animals.

A b s o rp tio n  a n d  o rg a n  u p ta k e  o f  o ra lly  
a d m in is te r e d  C o 58-v ita m in  B I2. The ra 
dioactivity present in  liver, kidneys, gastro
intestinal tract, heart and spleen is ex
pressed as the percentage of total oral dose 
as well as the percentage of dose per gram 
of wet tissue (table 2 ).

The uptake of radioactivity was higher 
in  the kidneys (P  <  0.05) and in  the 
gastrointestinal tract (P  <  0.02) of biotin- 
deficient ra ts than  th a t in  the same organs 
of ra ts that had received the biotin-supple
m ented diet, when expressed as a per
centage of total dose. No significant

TA BLE 1

E ffect of bio tin  deficiency on v ita m in  B12 con ten t of ra t liver

Group Treatment Final wt Liver
vitamin B12

9 m / ig /g  f r e s h  t i s s u e
1 Biotin-deficient 155 -+• 13.2 1 (1 8 )  2 81.1 -4- 6.50 (6 )
2 Biotin-treated 267 ± 2 1 .6  (1 8 ) 47.9 ±  6.22 (6 )

1 M ean  ±  s e  of m ean .
2 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f ra ts .

TA BLE 2

Effect of biotin  deficiency on organ d istribu tion  of orally adm in istered  C o^ -v itam in  B12 in  the rat

T issu e
R ecovery  o f a d m in is te r e d  Co58-v ita m in  B 12 

B io tin -d e fic ien t r a t s  ( 6 )  1 B io tin -tre a te d  r a ts  ( 6 )

% o f  to ta l  d o se %  o f  d o s e /g  t i s s u e %  o f  to ta l  d o se % o f  d o s e /g  t i s s u e
Liver 4.75 -+- 0.63 2 0.85 -+- 0.13 4.48 H- 0.45 0.48 -1- 0.04
Kidney 6.53 -+- 0.54 3.49 -+- 0.41 4.66 -+- 0.52 2.01 H- 0.20
G astrointestinal tract 7.60 -1- 0.70 1.00 -+- 0.08 5.36 -+- 0.28 0.63 -1- 0.04
Spleen 0.38 -+- 0.04 0.67 -t- 0.04 0.61 ■+■ 0.04 0.61 -+- 0.04
Heart 0.31 -4- 0.02 0.65 -1- 0.10 0.38 -4- 0.09 0.44 -4- 0.09

1 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f ra ts .
2 M ea n  +  s e  o f m e a n .
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variation was noted in  the uptake of radio
activity in the liver, in  the spleen and in  
the heart.

The uptake of radioactivity was signifi
cantly increased, not only in  the kidneys 
(P  <  0.01) and in  the gastrointestinal 
tract (P  <  0.001), but also in  the liver 
(P  <  0.01) and heart (P  <  0.05) of biotin- 
deficient ra ts as compared with biotin- 
treated anim als, when the results were ex
pressed as percentage of dose per gram of 
wet tissue.

The difference between the test dose and 
fecal recovery of radioactivity was taken as 
the absorption (table 3 ). No significant 
difference in  absorption and urinary  ex
cretion of radioactive vitam in was found 
between deficient and biotin-supplemented 
rats.

Organ uptake and excretion of injected  
Co58-vitamin B12. D ata on the recovery of

radioactivity in  the various organs are 
shown in table 4.

The liver, kidneys and gastrointestinal 
tract of the deficient ra ts retained more 
radioactivity than  those of the biotin- 
treated anim als on the basis of percentage 
of total dose (P  <  0.001; P <  0.01; P <  
0.01, respectively), whereas no difference 
was noted in  the radioactivity of the heart 
and spleen. On the contrary, if the results 
of radioactivity were expressed as per
centage of dose per gram of wet tissue, a 
significant increase was observed in  all the 
organs of the biotin-deficient ra ts as com
pared with the control anim als receiving 
biotin (P  <  0.001).

No significant difference in  the radio
activity of urine and feces was observed in 
the ra ts fed the biotin-free diet as com
pared with the anim als receiving the diet 
supplem ented with biotin (table 5).

TA B LE 3

Effect of bio tin  deficiency on absorption of orally adm in istered  CooS-vitamin B12 i-n the ra t

G roup T re a tm e n t
R ad io ac tiv ity

U rin e F eces A b so rp tio n  1

% of total dose % of total dose % of total dose
1 Biotin-deficient ( 6 )  2 1.08 -+- 0.08 3 61.6 -+- 1.73 38.4 -+- 1.48
2 Biotin-treated (6 ) 1.54 ±  0.38 59.4 ±  6.19 40.6 ±  5.27

1 C a lcu la te d  by  s u b tra c t in g  fe c a l  ra d io a c tiv ity  f ro m  o ra l  dose.
2 N u m b e rs  in  p a re n th e se s  in d ic a te  n u m b e r  o f ra ts .
3 M ean  +  s e  o f  m ean .

TA B LE 4
E ffect of bio tin  deficiency on reten tion  of in jec ted  C o ^ -v ita m in  B 12 *71 the ra t

R ecovery  o f a d m in is te re d  Co58-v itam in  B 12
T issu e  ■-------------------------------------------------------------------------------------------------------------------------------

B io tin -d e fic ien t r a ts  ( 6 ) 1 B io tin - tre a te d  r a ts  ( 6 )

% of total dose % of dose/ g tissue % of total dose % of dose/ g tissue
Liver 9 .9 9  -+- 0 .6 2  2 1 .4 6  -t- 0 .0 8 6 .5 7  -t- 0 .1 6 0 .6 0  -f  0 .0 4
Kidney 1 5 .6 0  -t- 0 .8 6 9 .3 8  -t- 0 .6 5 1 0 .0 5  -+- 0 .9 7 3 .9 1  -f  0 .3 3
G astrointestinal tract 1 1 .9 9  -t- 0 .5 0 1 .6 9  -f  0 .1 1 8 .5 1  -f  0 .8 8 1 .0 3  -f  0 .1 2
Spleen 0 .9 3  -t- 0 .0 1 1 .4 7  -t- 0 .0 6 1 .0 5  -f  0 .0 2 0 .9 8  -f  0 .0 5
Heart 0 .5 7  -+- 0 .0 1 1 .0 3  -F  0 .0 5 0 .6 3  -+- 0 .0 1 0 .6 9  -f  0 .0 1

1 N u m b e rs  in  p a re n th e se s  in d ic a te  n u m b e r  o f ra ts .
2 M ean  +  s e  of m e a n .

TA B LE 5
Effect of b io tin  deficiency on excretion  of in jec ted  C o ^ -v ita m in  B 12 in  the rat

G roup T re a tm e n t
R ad io ac tiv ity

U rin e F eces T o ta l in  4 days

% of total dose % of total dose % of total dose
i B io t in - d e f ic ie n t  ( 6 ) 1 1 0 .4 9  -F  0 .3 8  2 9 .6 1  -f  0 .8 0 2 0 .1 0  -F  0 .7 8
2 B io t in - t r e a te d  ( 6 ) 8 .4 6  ±  0 .0 6 8 .1 3  ±  1 .8 6 1 6 .5 9  ±  1 .7 2

1 N u m b e rs  in  p a re n th e se s  in d ic a te  n u m b e r  o f ra ts .
2 M ean  ±  s e  of m e a n .
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DISCUSSION

Results of the present studies indicate 
tha t the biotin-treated rats retained less of 
the radioactive vitam in B12 administered, 
either orally or subcutaneously, in  the 
organs studied than  did the biotin-deficient 
animals.

In this respect the microbiological activ
ity of vitam in B12 in the liver of the biotin- 
treated rats was also lower than  that of the 
deficient animals.

Since no significant variation was noted 
in  the absorption nor in  the excretion of 
Co38-vitamin B12 between biotin-treated 
and deficient groups, the observed changes 
in the retention and distribution of the 
radioactive vitam in in  the organs m ust be 
dependent upon other mechanisms.

It has been shown previously that the 
adm inistration of vitam in B12 (100 ¿ig/kg 
of diet) to ra ts m aintained with a biotin- 
free diet appears to influence biotin- 
dependent enzymatic activities and exerts a 
favorable effect on the growth rate and on 
the delay of deficiency symptoms (4 ) . 
These observations appear to be contra
dictory since biotin-deficient ra ts have high 
microbiological activity of vitam in B12 in 
the fiver; nevertheless they require more 
vitam in B12, which is suggested also by the 
higher retention of radioactivity in  storage 
organs, when Co58-vitamin B12 is given 
either by injection or orally.

However, if utilization of vitam in BI2 in 
biotin deficiency is interfered with, or the 
organ vitam in B12 is not metabolically

available, adm inistration of a large quan
tity of vitam in B12 could produce a bene
ficial effect. This hypothesis could explain 
both the higher level of vitam in B12 in  the 
fiver, and the retention of radioactivity in  
the biotin-deficient rats.

Although additional data  will be neces
sary before any interpretation can be 
drawn with certainty, the results of the 
experim ents presented here suggest tha t in 
biotin-deficient ra ts the utilization of vita
m in B12 is impaired.

Therefore, these results confirm a rela
tionship of biotin with vitam in B12 as first 
observed in our previous studies (4 ) .
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Effect of Dietary Vitamin K on the Nutritional 
Status of the Rhesus Monkey * 1
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a n d  B. CONNOR JOHNSON.
D epartm en t of A nim al Science, U n iversity  of Illinois, Urbana, Illinois

ABSTRACT  As a result of dietary vitam in K  deficiency, m ale M acaca m ula tto  
m onkeys had prolonged prothrombin tim es w hich reversed spontaneously or could be 
decreased sharply by the adm inistration of sm all quantities o f vitam in K4. This pattern  
of prolongation and spontaneous reversal was also observed w hen neom ycin sulfate and 
oxytetracycline were adm inistered. The feed ing of irradiated beef diets caused pro
longation of the prothrombin tim e of only one pre-adolescent m onkey, although the 
irradiated beef diets did not contain sufficient v itam in K to m aintain rats, even w hen  
coprophagy was permitted.

The need for exogenous vitam in K by the 
hum an in fan t (1 ) , the growing male ra t
(2 ) ,  the chick (3 ) ,  the baby pig (4 ) , and 
the cholecystnephrostomized pup (5 )  has 
been established. In monkeys, Metta and 
G opalan4 5 observed norm al plasm a pro
throm bin times when “vitam in-free” casein 
diets containing little vitam in K activity 
were fed, even if synthesis of the vitam in 
by intestinal microflora was inhibited by 
the adm inistration of sulfasuxidine and 
aureomycin. Since diets which provide soy 
protein as the protein source appear to be 
more satisfactory for the production of 
vitam in K deficiency than  those which use 
“vitam in-free” casein (3 ) , and since 
ground beef preserved by y-irradiation con
tains vitam in K in am ounts inadequate to 
prevent hem orrhagic diathesis in  growing 
male rats (6 ) ,  these rations were fed to 
monkeys with and without the adm inistra
tion of neomycin sulfate and oxytetracy
cline to produce vitam in K deficiency by 
nutritional means.

EXPERIMENTAL

All monkeys were housed individually in 
a tem perature- and humidity-controlled 
laboratory. For approximately one hour 
daily, they were perm itted to exercise freely 
in  this room while their cages were being 
cleaned and disinfected,3 and the labora
tory floor, walls, and tables scrubbed.

Five monkeys (group 1) were 9 to 15 
m onths of age upon arrival 6 and weighed 
between 1.0 and 1.8 kg. They were fed a 
commercial monkey b iscu it7 for the first

15 weeks, and thereafter, beginning with 
experim ental day 1, were given the soy 
protein, vitam in K-deficient diet (table 1). 
Between the 149th to 168th day on experi
m ent, monkey no. 2 was given 4 doses of 
vitam in K4, 100, 50, 25, and 10 /tg, re
spectively. On the 198th through to the 
205th day, 150 mg of neomycin sulfate 8 9 
per kg of body weight were adm inistered 
orally to monkey no. 1 daily. On day 214, 
oral treatm ent with neomycin sulfate was 
resum ed and oxytetracycline hydrochlo
ride 0 was given concurrently. On day 214, 
monkey no. 2 was started on oral neomy
cin sulfate. The dose schedules for these 
broad spectrum antibiotics varied and are 
shown in table 2. Approximately midway 
through the antibiotic supplem entation pe
riod, the vitam in and m ineral components 
of the diets were increased 2- and 1.5-fold, 
respectively, to counteract possible defi-

R ece ived  fo r  p u b lic a tio n  J u n e  29, 1964.
1 T h ese  s tu d ie s  w ere  su p p o rte d  in  p a r t  u n d e r  co n 

t r a c t  no . DA-49-007 M D 544 w ith  th e  Office o f th e  
S u rg eo n  G e n era l, D e p a r tm e n t o f th e  A rm y. T h e  
o p in io n s  e x p re ssed  in  th is  p u b lic a tio n  a re  th o se  of 
th e  a u th o rs  a n d  n o t n e ce ssa rily  th o se  o f th e  D e p a r t
m e n t o f th e  A rm y.

2 P re s e n t a d d re ss : W in th ro p  C ollege, T h e  S o u th
C a ro lin a  C ollege fo r  W om en , R ock  H ill, S o u th  Caro- 
lin a .

3 P re s e n t a d d re ss : D e p a r tm e n t o f B io ch em is try , In 
d ia n  In s t i tu te  o f S c ience, B an g a lo re  12, In d ia .

4 M etta , V. C., a n d  C. G o p a lan  1962 A s tu d y  o f 
th e  v i ta m in  K re q u ire m e n t o f th e  m o n k ey . F e d e ra tio n  
P roc., 21: 387 ( a b s t r a c t ) .

5 W escodyne, W escodyne  D is in fe c tin g  C om pany , 
L o n g  I s la n d  C ity , N ew  York.

6 S h a m ro c k  F a rm s , In c ., M id d le to w n , N ew  Y ork.
7 R a ls to n  P u r in a  C o m p an y , St. Louis.
8 N eo m y c in  s u lfa te  (B io s o l)  w as  g en ero u sly  su p 

p lie d  by  th e  U p jo h n  C o m p an y , K a lam azo o , M ich ig an , 
th ro u g h  th e  co u rte sy  o f D r. J a c k  L. D av id so n .

9 O x y te tra c y c lin e  h y d ro c h lo rid e  w as  g en ero u sly  s u p 
p lie d  by  P fize r a n d  C o m p an y , N ew  Y ork , th ro u g h  th e  
c o u rte sy  o f D r. J. H. H are .
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TA B LE 1

C om position of d iets fed  R hesus m onkeys  1

Soy p ro te in  d ie t
I r ra d ia te d  b e e f  d ie ts  

G ro u p  1 G ro u p  2

9 9 9
Soy protein 2 20.0 B e e fs 85.0 100.0
DL-Methionine 4 0,5 Vitam inized sucrose 5 10.0 12.0
Glyceryl trioleate 3.0 Starch 10.0 20.0
M ethyl linoleate 0.6 Sucrose 36.0 35.0
Salts 446 6,7 4.0 Glycerol trioleate 1.0 7.0
Glucose monohydrate 71.7 M ethyl linoleate 0.3 0.4
Vitam ins 6,8 0.2 Salts 446 2.0 2.0

1 2 0  k c a l /g  o f p ro te in .
2 ADM  C -l A ssay  P ro te in , A rc h e r-D an ie l-M id lan d  C o m p an y , C in c in n a ti ,  O hio
3 B ee f fe d  to  g ro u p  1 c o n ta in e d  21 .9%  p ro te in  a n d  8 % f a t ;  b e e f  fe d  to  g ro u p  2 w as  o b ta in e d  

fro m  a  b u ll,  w as  very  w e ll tr im m e d , a n d  c o n ta in e d  21 .5%  p ro te in  a n d  1% fa t .
4 G en ero u sly  su p p lie d  by D ow  C h em ica l C o m p an y , M id la n d , M ich ig an .
5 M g /100 g o f su c ro se : th ia m in e -H C l, 3 .5; r ib o f la v in , 3 .5; p y rid o x in e -H C l, 3 .5; Ca p a n to th e n a te ,  

2 0 ; n ia c in ,  25 ; v ita m in  B 12, 1; b io tin , 0 .2 ; fo lic  a c id , 2 .0 ; in o s ito l, 2 0 0 ; p -am in o b en zo ic  ac id , 300; 
v ita m in  E  s u c c in a te , 73; c h o lin e  c h lo rid e , 1000; a sco rb ic  a c id , 500; v ita m in  A (250 ,000  I U / g ) ,  120; 
v ita m in  D  (5 ,0 0 0  I U /g ) ,  300.

6 T h e  c o n c e n tra tio n s  o f m in e ra ls  in  th e  d ie t w e re  in c re a se d  1.5-fold a n d  o f v ita m in s  tw o fo ld , 
w h e n ev e r  a n tib io tic  d o sag es  g re a te r  th a n  2 0 0  m g /k g /b o d y  w t /d a y  w e re  a d m in is te red .

7 M am eesh , M. S., a n d  B. C. J o h n so n  1958 J . N u tr i t io n , 65: 161.
8 M g /100 g o f d ie t:  th ia m in e -H C l, 0 .35; r ib o f la v in , 0 .35; p y rid o x in e -H C l, 0 .35; Ca p a n to th e n a te ,  

2 .0; n ia c in ,  2 .5 ; c y a n o c o b a la m in , 0 .1 ; b io tin , 0 .02; fo lic  a c id , 0 .2; p -am in o b en zo ic  a c id , 30 .0 ; v ita m in  
E  s u c c in a te , 7.3: ( th e  above  v ita m in s  w e re  g e n e ro u sly  s u p p lie d  by  M erck , S h a rp  a n d  D ohm e, 
R ah w a y , N ew  J e r s e y ) ;  in o s ito l, 20.0; ch o lin e  c h lo rid e , 100. IU /1 0 0  g o f d ie t:  v ita m in  A, 3 ,000 a n d  
v ita m in  D, 500, g en e ro u sly  su p p lie d  by  E n d o  P ro d u c ts  C o m p an y , R ic h m o n d  H ill, N ew  Y ork ; 50 m g 
o f a sco rb ic  a c id  g iv en  d a ily  in  d r in k in g  w a ter .

T A B LE 2

M ean prothrom bin  tim es for m onkeys (group 1) fed  soy prote in  rations 1 2 3 4

No.
animals Treatment1 Days

No. blood 
samples/ 

animal
Prothrombin

time

sec
i None 197 15 18.0 (1 3 .5 -2 9 .5 )
i N , 150 m g/kg 8 3 23.0 (2 0 .0 -2 4 .8 )
i None 8 — —

i N , 150 m g/kg; 0, 20 m g/kg 32 7 24.1 (1 8 .0 -3 3 .2 )
i N , 225 m g/kg; 0, 30 m g/kg 6 1 17.7
i N , 225 m g/kg; 0, 60 m g/k g 10 4 22.8 (2 1 .5 -2 5 .2 )
i N , 300 m g/kg; 0, 100 m g/kg 6 3 24.0 (2 1 .5 -2 8 .5 )
i V itam in K4 2 2 5 ( 25.4 first value

|  16.2 last value
2 None 148 7 21.3 (1 5 .5 -3 1 .7 )
2 Vitam in K4 3 22 } 4 27.8 (2 2 .8 ^ 3 .0 )

\ 4 14.8 (1 4 .0 -1 5 .3 )
2 None 43 5 19.7 (1 8 .3 -2 1 .4 )
2 N , 150 m g/kg 32 7 23.8 (1 6 .0 -2 9 .1 )
2 N , 300 m g/kg 16 5 23.9 (2 0 .7 -2 6 .0 )
2 N, 400 m g/kg 6 4 28.0 (1 7 .0 -3 5 .5 )
2 Vitam in K4 4 2 5 ( 33.0 first value 

{ 15.0 last value
3 None 268 34 18.8 (1 2 .8 -2 6 .0 )
3 Vitam in K4 5 1 2 ( 21.0 first value  

( 13.4 last value

1 N , n e o m y c in  s u l f a t e ;  O, O x y te t ra c y c l in e  h y d r o c h lo r id e .
2 0 .104 /ig /k g  in  2 in je c tio n s  over 30 h o u rs .
3 F o u r  in je c tio n s :  100, 50, 25, a n d  10 ßg  o v e r 22 days. L a rg e r  p ro th ro m b in  tim e  is  th e  a v e rag e  p e a k  

a t  w h ic h  t im e  v i ta m in  K4 w a s  g iven . S m a lle r  v a lu e  is  th e  a v e rag e  d ep re ss io n  a f te r  v i ta m in  K 4 
in je c tio n .

4 0.105 /¿g /k g  in  3 in je c tio n s  o v e r 28 h o u rs .
8 0 . 2 0  /¿g/kg.
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ciencies other than  vitam in K which m ight 
occur as a result of concom itant diarrhea. 
Menadione disodium phosphate (vitam in 
K4) 10 was given at the end of the antibiotic 
period.

In a prelim inary study on the influence 
of the feeding of irradiated beef, 3 of the 
original 5 monkeys which had been given 
vitam in K after treatm ent with antibiotics 
were fed a ground beef diet, days 269 to 
293. For the following 70 days, they were 
fed a sim ilar diet (table 1), but the beef, 
which had been trim m ed to contain 8% 
fa t, ground, canned and frozen, was 
y-irradiated at 5.6 megarads. This irrad i
ated beef was stored frozen until used.

The second group (2 )  of monkeys was 
used only for irradiated beef studies. 
These 6 male Macaca m ulatta  monkeys 
weighed 1.5 to 1.9 kg upon a r r iv a l11 and 
were fed biscuits and fru it for 4 days. 
Two anim als were then given non-irradi- 
ated beef diets, and 4 irradiated beef ra 
tions ad libitum  (table 1). For this ex
perim ent, deboned bull m eat was obtained 
and trim m ed of all visible fat. It con
tained only about 1% fa t when ground, 
canned and frozen. Part of this beef was 
y-irradiated at 5.6 m egarads; the other re
m ained in  frozen storage until used in the 
diets. The monkeys received these beef 
diets for 70 days, following which each 
anim al was injected intram uscularly with 
100 iig of vitam in K4.

Collection of blood samples and m easure
m ent of prothrom bin time have been de
scribed elsewhere (4 ) .

RESULTS

Group 1 . Two of the 5 monkeys began 
to excrete blood and died after 2 m onths 
of the soy protein, vitam in K-deficient diet. 
Postmortem exam ination 12 failed to reveal 
the presence of pathogens as the cause of 
death; however, the hem orrhages were not 
as extensive as those observed in  male rats 
dying of vitam in K deficiency.

Slight prolongation of m ean prothrom 
bin times occurred when the soy protein 
diet was fed to the rem aining 3 monkeys 
and became more m arked with antibiotic 
treatm ent (table 2 ). The elevated values 
could be counteracted by adm inistration of 
vitam in K4. Progressive changes in  pro

throm bin times for 2 monkeys given anti
biotics are shown in  figure 1.

The monkeys which received the large 
doses of antibiotics had severe diarrhea, 
hypersensitivity and anorexia, and were 
very listless. A control, non-irradiated 
ground beef diet was given on day 270, 
and it was several days before the monkeys 
became frisky again and gained weight. 
W hen the feeding of irradiated beef diets 
was begun (day 294), the prothrom bin 
times of the monkeys were less th an  20 
seconds and did not change during the 70 
days of feeding, nor after 10 subsequent 
days when fed non-irradiated beef diets. 
These data are sum m arized in  table 3.

The monkeys were killed and autop- 
sied 13 after completion of the experim ental 
period and were judged healthy. The re
sults from  a control study on weanling 
m ale ra ts fed the same diets are shown in 
table 4. Two of the rats fed the irradiated 
beef diet, and one of the ra ts given the soy 
protein, vitam in K-deficient diet (2 )  died.

Group 2. Marked prolongation of pro
throm bin time did not occur when 4 pre
adolescent monkeys were fed irradiated 
beef diets which contained 1 % na tu ra l fat. 
The longest time was 24.4 seconds; the 
highest value for a control was 19.5 sec
onds. One hundred m icrogram s of vitam in 
K were adm inistered to each of the anim als 
on the 70th experim ental day, and all 
monkeys had prothrom bin times between 
13 and 15 seconds 3 days later. W eanling 
rats were fed beef diets (1%  natu ral fa t)  
containing 20 k ca l/g  of protein, but the 
ratio of fa t to protein was increased to 
1.2:1 by the addition of the synthetic fats, 
glycerol trioleate and m ethyl linoleate. Six

10 H e re in  th e  te rm  v ita m in  K4 re fe rs  to  th e  te tra -  
so d iu m  s a lt  o f  th e  d ip h o s p h a te  o f v i ta m in  K4 , 2- 
m e th y l- l ,4 -n a p h th o h y d ro q u in o n e .

11 A sia tic  A n im a l Im p o rts , In c ., S an  F ran c isco .
12 P o s tm o rtem  e x a m in a tio n s  w e re  p e rfo rm e d  u n d e r  

th e  d ire c tio n  o f D r. E . I. P ilc h a rd , D ire c to r  o f th e  
I ll in o is  S ta te  D e p a r tm e n t o f A g ric u ltu re  R e s e a rc h  a n d  
D ia g n o s tic  L a b o ra to ry , C ollege o f V e te r in a ry  M ed ic in e , 
U n iv e rs ity  o f I ll in o is , U rb a n a . D r. P i lc h a rd  re p o rte d : 
“N o p a th o g e n ic  b a c te r ia  c o u ld  be rec o v ered  f ro m  th e  
tis su e s . T issu e  sec tio n s  fro m  th e  la rg e  in te s t in e  re 
v e a led  th a t  th e  e p ith e lia l  l in in g  o f  m a n y  o f  th e  v illi  
w a s  c h a ra c te r iz e d  by  a  d e c rea sed  c e l lu la r i ty  su g g es t
in g  a tro p h y  to  d e g en e ra tiv e  ch an g e . T h e  v e sse ls  w ith 
in  th e  v illi  w ere  co n g es te d  a n d  in  som e cases, th e re  
w as  a  h e m o rrh a g ic  e x u d a te  b e tw ee n  th e  v illi. T h e  
su b m u co s a l ly m p h o id  ag g re g a tes  a p p e a re d  h y p e rp la s 
t ic ;  som e w e re  q u ite  h e m o rrh a g ic  w ith  a n  a c c u m u la 
tio n  o f p o ly m o rp h o n u c le a r  leucocy tes . In  som e a re a s  
o f th e  m u c o sa  th e re  a re  ly m p h o c y tic  a g g re g a te s .”

13 C o u rte sy  o f D r. L. E. St. C la ir , P ro fe sso r , C ollege 
o f V e te r in a ry  M ed ic in e , U n iv e rs ity  o f  I ll in o is , U rb a n a .
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Fig. 1 Progressive changes in  prothrombin tim es for m onkeys 1 and 2 (group 1) given antibiotics. 
Antibiotic doses (A ) were not constant and are shown in  table 2, as are vitam in K4 doses.

TABLE 3

M ean prothrom bin  tim es for m onkeys (group 1) and rats fed  y-irradiated beef

Animal No. D iet1 Length of 
feeding

No. blood 
samples/ 
animal

Prothrombin 
time 2 Deaths

days sec
Monkeys 3 Non-irradiated beef 25 4 15.6 (1 1 .5 -1 8 .4 ) 3 0

3 Irradiated beef 70 11 17.0 (1 4 .0 -1 9 .3 ) 0
3 Non-irradiated beef 10 1 17.8 (1 7 .0 -1 8 .4 ) 0

Rats 5 Soy protein plus vita-
m in K4 5 /rg/day 51 1 14.6 (1 4 .0 -1 5 .0 ) 0

5 Soy protein 51 1 18.3 (1 5 .0 -2 3 .0 ) 1
9 Irradiated beef 45-51 1 24.0 (1 5 .0 -5 5 .0 ) 2

1 C o m p o sitio n  o f b eef d ie ts  is  sh o w n  in  ta b le  1. Soy p ro te in  d ie ts  a re  ta k e n  fro m  Jo h n so n  e t  a l. ( 3 ) .
2 E x c lu d es  v a lu e s  fo r  ra ts  w h ic h  d ied .
2 N u m b e rs  in  p a re n th e se s  in d ic a te  ra n g e .

of 10 ra ts given the same irradiated beef 
as the pre-adolescent monkeys, died; in 
ternal hem orrhages were evident. All the 
rats receiving non-irradiated and irradiated 
beef which contained 15% natural fa t 
survived.

The monkeys in  group 2 were also killed 
and autopsied14 and were judged healthy.

DISCUSSION

Both soy protein and beef, irradiated 
and non-irradiated, have been used with 
purified fats and synthetic ingredients to 
make diets low in vitam in K. Although no 
toxic compounds are produced during ir

14 See fo o tn o te  13.



D IETA RY  V IT A M IN  K IN  T H E  M O N K EY 2 6 3

radiation of beef (3 ) , there is destruction 
of vitam in K, the residual am ount being 
dependent upon the fa t content (i.e., on 
the vitam in K content) of the beef (table
4) and on the total irradiation dose. Beef 
irradiated at 5.6 m egarads was found to 
contain approximately one-half of the vita
m in K activity of non-irradiated beef, by 
chick assay (7 ) .

For the rat, a m ajor source of vitam in K 
is recycled feces. Rats fed irradiated beef 
—in comparison with those fed soy pro
tein—show signs of vitam in K deficiency 
more frequently and m ay not practice 
coprophagy to as great an extent, perhaps 
because of distasteful, long-chain carbonyls 
in  their feces (3 ) . W hen the vitam in K 
synthesized by intestinal microflora is not 
available to ra ts given diets low in vitam in 
K, i.e., when coprophagy is prevented, or 
when intestinal synthesis of vitam in K is 
inhibited by the feeding of sulfa drugs or 
antibiotics, or both, rats develop hypopro- 
throm binem ia and hem orrhage and die.

Monkeys do not practice coprophagy and 
thus, m ust depend upon a dietary intake 
of vitam in K or upon direct absorption of 
the vitam in K produced by the intestinal 
microflora to provide sufficient vitam in K 
to prevent a deficiency state. Two of 5 
monkeys fed a soy protein, vitam in K- 
deficient diet did not survive and their 
deaths were preceded by anal bleeding. 
Vitamin K-deficient ra ts at death show ex
tensive hem orrhage, particularly in the 
thoracic cavity and testes; the lesions in 
the monkeys were m uch less severe. No 
deaths, nor even prolonged prothrom bin 
times, occurred when irradiated beef diets

were given to monkeys, whereas 6 of 10 
rats fed the same diet died w ithin 6 weeks. 
Thus, it is evident that the monkey is m uch 
less susceptible to vitam in K-deficiency 
than  is the male rat.

An average prothrom bin value of 13.2 
and range of 10.5 to 18.5 seconds have 
been reported (8 )  for monkeys, and it is 
suggested that a prothrom bin time of 20 
seconds or longer indicates hypoprothrom- 
binemia. When the monkeys were fed 
irradiated beef diets, m ean prothrom bin 
times did not exceed 20 seconds. The m on
keys given the soy protein diet showed in 
creases and at times spontaneous decreases 
of prothrom bin time. Addition of anti
biotics to the soy protein diet resulted in 
somewhat more prolonged prothrom bin 
times.

W hen prolonged prothrom bin times 
were observed in  monkeys fed the soy pro
tein diet with or without antibiotics, treat
m ent with vitam in K4 resulted in sharp 
decreases. W ith the highest doses of anti
biotics, severe malabsorption was induced, 
and symptoms of m alabsorption syndrome 
frequently include signs of vitam in K de
ficiency. Approximately 0.1 ¡ig of vitam in 
K4/k g  body weight was necessary to de
crease the prolonged prothrom bin time to 
w ithin the norm al range. Metta and Gopa- 
lan 13 noted no changes in prothrom bin 
times of monkeys fed synthetic diets con
taining 1 % sulfasuxidine with a daily sup
plem ent of 250 mg. of aureomycin. Their 
diet contained vitamin-free casein which 
m ay furnish more vitam in K than  soy pro
tein (3 ) . 15

15 See fo o tn o te  4.

TA BLE 4

M ean prothrom bin  tim es for m onkeys (group 2) and rats fed  y-irradiated  beef

No. of 
animals D iet1 Length of 

feeding
No. blood 
samples/ 
animal

Prothrombin 
time 2

No.
deaths

Monkeys 2 Non-irradiated beef, 1 %
days

70 7
sec

16.2 (1 2 .6 -1 9 .5 ) 3 0
4 Irradiated beef, 1 % 70 7 16.7 (1 1 .6 -2 4 .4 ) 0

Rats 10 Non-irradiated beef, 1% 42 1 20.7 (1 5 .0 -2 7 .0 ) 0
10 Irradiated beef. 1 % 42 1 17.8 (1 6 .0 -2 3 .0 ) 6
10 Non-irradiated beef, 15% 42 1 17.2 (1 6 .0 -2 3 .0 ) 0
10 Irradiated beef, 15% 42 1 16.4 (1 6 .0 -1 7 .0 ) 0

1 C o m p o sitio n  o f m o n k ey  d ie t is  sh o w n  in  ta b le  1. F o r b e e f  1 5 % , n a tu r a l  f a t  w as  ad d ed  to  
b e e f  1% p r io r  to  ir r a d ia tio n . T h e  d ie ts  p re p a re d  fo r  r a ts  a l l  c o n ta in  f a t  in  th e  ra tio  o f 1 .2 :1  to 
p ro te in , by th e  a d d itio n  of m e th y l l in o le a te  a n d  g ly ce ry l tr io lea te .

2 E x c lu d es  v a lu e s  fo r  r a ts  w h ic h  died,
3 N u m b e rs  in  p a re n th e se s  in d ic a te  ra n g e .
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The deaths of 2 monkeys fed vitam in 
K-low soy protein diets, and prolongation 
of prothrom bin times in  other monkeys fed 
the soy protein diets with and without an ti
biotics, suggest that it is possible to produce 
vitam in K deficiency in  the Macaca m ulatta  
monkey. However, the resistance of the 
monkey to dietary vitam in K deficiency in 
comparison with the coprophagy-prevented 
ra t fed the same vitam in K-deficient ra 
tion, indicates tha t the vitam in K synthe
sized by the intestinal microflora, can be 
absorbed directly by the monkey, whereas 
the ra t m ust obtain this vitam in K by 
coprophagy.
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Metabolism of Ethyl Arachidonate-l-C'4 in 
Rats Fed Complete or Fat-free Diets '

JOHN G. CONIGLIO, JAMES T. DAVIS a n d  SARA AYLWARD 
D epartm en t o f B iochem istry, V anderbilt U n iversity  School of M edicine, 
N ashville, Tennessee

ABSTRACT  Rats fed  com plete or fat-free diets absorbed 69 to 77% of a tracer dose 
of orally adm inistered ethyl arachidonate-l-Ci** in  6 hours. The arachidonate-l-C i4 was 
95% pure by gas-liquid radiochromatography and w as used w ithout further purification.
Of the activity absorbed the am ount expired as Ci-402 w as 7% by the anim als fed the 
fat-free diet and 10% by those fed the com plete diet and by rats fed the fat-free diet but 
given acute supplem entations of arachidonic acid. A sm all am ount of C it-activity was 
observed in  liver, heart, and testes; the bulk of the radioactivity w as in  the carcass. 
About 25% of the adm inistered dose was in  carcass water-soluble com pounds, extract- 
able w ith ethyl ether. Livers of fat-deficient rats and those fed the supplem ent had  
lower C14 content and concentration than controls, but in  heart and gonads the concen
tration of C14 w as sim ilar in  the 3 groups. The m ajor portion of the radioactivity in  
liver w as observed in  m icrosom es and in m itochondria and as phospholipid. Most of 
the radioactivity was associated w ith a m aterial w hich had a retention tim e (gas-liquid  
chrom atography) sim ilar tc that of arachidonic acid. However, in  heart and gonads of 
fat-deficient anim als, a decreased proportion of activity w as in  arachidonic acid and 
increased am ounts in  shorter chain acids, c t t  w as also observed to be associated w ith  
m aterials of retention tim es greater than that of arachidonic acid, particularly those 
sim ilar to docosapentaenoic and docosahexaenoic acids.

The essentiality of certain polyunsatu
rated fatty  acids for the ra t has been well 
established. W hether dietary linoleic acid 
is needed to furnish  linoleic acid itself for 
the anim al or as a precursor for arachi
donic acid is not known. Partly responsi
ble for our lack of knowledge in  this field 
has been the paucity of inform ation con
cerning the metabolic fate of arachidonic 
acid in the anim al. Little inform ation is 
available concerning the biochemistry of 
this polyunsaturated fatty  acid other than  
serum and tissue concentrations and its 
biosynthesis from linoleate and acetate as 
shown by Mead and his co-workers ( 1, 2 ). 
It is apparent that present-day metabolic 
studies depend largely on the availability 
of isotopically labeled materials. The ac
quisition 2 of a small am ount of arachi
donic acid-l-C 14 prompted us to undertake 
the studies reported in  this paper of the 
absorption and metabolism of arachidonic 
acid in  rats fed a norm al diet, a fat-free 
diet, and a fat-free diet plus a limited sup
plem ent of non-isotopic arachidonic acid.

EXPERIMENTAL
The ethyl arachidonate-l-C 14 was 97% 

pure by gas-liquid chrom atography and 
about 95% pure by gas-liquid radiochrom a

tography. For the latter analysis, 2 m eth
ods were used. In method 1 some of the 
labeled m aterial was mixed with a few 
milligrams of pure non-radioactive ethyl 
arachidonate. The specific activity of this 
m ixture was then determined. It was then 
purified in  a preparative model gas-liquid 
chromatograph, using a 1.3 X 183 cm 
column packed with ethylene glycol-suc
cinate polyester coated on chromosorb W. 
The effluent from  the column was split, 
with about 15% supplied to an argon de
tector and 85% going to a collector com
posed of a long glass tube packed loosely 
with defatted cotton. The collected ethyl 
arachidonate was eluted from this collector 
and the specific activity determined. It 
differed from the specific activity of the 
non-chrom atographed sample by about 
3% . The second method of checking the 
radiopurity of the C14-ethyl arachidonate 
was by m eans of the gas-liquid radio

R ece ived  fo r  p u b lic a tio n  J u n e  19, 1964.
1 S u p p o rted , in  p a r t ,  b y  U. S. A tom ic  E n e rg y  C om 

m iss io n  C o n tra c t no . AT (4 0 - l)-1 0 3 3 , In s t i tu t io n a l  
C an c e r  G ra n t, A m e ric a n  C an c e r  S ociety  (IN -2 5 C ) a n d  
P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t  no . AM -06483. 
A p o rtio n  o f th e  d a ta  w as  p re s e n te d  a t  th e  S ix th  
I n te rn a t io n a l  C o n g ress  o f  N u tr i t io n , E d in b u rg h , 
A u g u st, 1963.

2 W e a re  in d e b te d  to  H ofFm ann-L aR oche, N u tle y , 
N ew  Je rse y , fo r  th e  e th y l a ra c h id o n a te - l-C 14 a n d  fo r  a 
g en ero u s  su p p ly  o f  n o n -rad io a c tiv e  e th y l a ra c h id o n a te .

J. N u t r it io n , 84 : ’64 265
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chrom atographic m ethod described by 
P o p jak 3 and co-workers (3 ) . About 5% 
of the radioactivity of the injected sample 
was observed in  a peak other than  tha t of 
ethyl arachidonate, and this was essentially 
all in  a peak corresponding to a trienoic 
acid of 20-carbon chain length.

All gas-liquid chrom atography was car
ried out with polyester columns (ethylene 
glycol esterified with either adipic acid or 
succinic acid). For some of the chrom a
tography 183- or 244-cm coiled columns 
and a gas density balance detector were 
used; for other chromatography 244-cm 
U-shaped columns and an argon ionization 
detector were used. Monitoring of the 
radioactivity of the effluent from  the gas- 
liquid chrom atograph was done either by 
the Popjak technique indicated previously 
or by collection of the effluent in  an th ra
cene cartridges in  a m anual collector simi
lar to the autom atic collector described by 
Karmen et al. (4 ) . S tandards used for 
establishing retention times and for quan
titative calibration of the argon detector 
were obtained from  the Hormel Institute, 
Applied Science Corporation, and the N a
tional H eart Institute. The efficiency of 
collection in  the anthracene cartridges var
ied from about 60% (of the am ount in 
jected into the colum n) for methyl laurate 
to 80% for methyl eicosanoate. Proper 
corrections of the collected activities were 
m ade based on these figures.

Male, weanling ra ts were fed a fat-free 
diet containing 20% casein, sucrose, salts, 
cellulose flour, and adequate quantities of 
water-soluble and lipid-soluble vitam ins.4 
The control ra ts were pair-fed to the ex
perim ental rats and received a diet similar 
to theirs but containing 20% fa t (a  p ar
tially hydrogenated cottonseed oil) 5 which 
was substituted for an  equal weight of 
sucrose. The complete diet contained 
1.36% by weight of dienoic (linoleic), 
0.05% trienoic (linolenic), and no m eas
urable tetraenoic acid. The anim als were 
fed these diets for 8 weeks at which time 
one-half of the anim als fed the fat-deficient 
diet received a supplem ent of 300 m g of 
non-radioactive ethyl arachidonate daily 
for 2 or 5 days. (Since no differences in 
intestinal absorption, oxidation to C140 2, 
or organ distribution of the C14-arachido- 
nate were observed between the anim als of

the 2-day and 5-day supplem entation ex
perim ents, for convenience these ra ts have 
been treated as one group). All ra ts were 
given by stomach tube a tracer dose of 
carboxyl-labeled C14-ethyl arachidonate in
0. 5 ml m yristic acid carrier containing 1.8 
p,c and 0.5 m g arachidonate. Each ra t was 
kept in  a metabolic cham ber for 6 hours 
for collection of expired C140 2 and then 
decapitated. Selected organs were re 
moved, weighed and stored at —20° until 
analysis was performed. C14 activity in  
expired carbon dioxide was determ ined by 
windowless gas-flow counting of BaC14Os 
and by liquid scintillation counting of 
BaC140 3 using Cab-O-Sil.6 * * Total fatty  acids 
were obtained from tissues by hydrolysis 
with potassium  hydroxide and extraction 
with petroleum ether after removal of non- 
saponifiable m aterial and subsequent acidi
fication. Separation of lipids was m ade by 
the silicic acid column chromatography 
method of Hirsch et al. (6 ) , m onitored by 
thin-layer chromatography. Subcellular 
liver particles were obtained by homogeni
zation of 0.25 m  sucrose and centrifugation 
at 10,000 x  g (m itochondria) and 100,000 
X g (m icrosom es) after removal of nuclei 
and debris at low speeds (600 X g ). C14 
activity in  fatty  acid samples was deter
m ined in  a liquid scintillation spectrometer.

RESULTS

The results of the intestinal absorption 
of the adm inistered C14-arachidonate and 
of its oxidation to C140 2 are shown in table
1. The labeled arachidonate was well ab
sorbed by all groups, and no significant 
differences were noted between the groups. 
Of the am ount absorbed 6 to 10% was 
oxidized to C14Oa in the 6 hours of the 
experiment. Although the difference in

3 W e a re  in d e b te d  to D r. G eorge P o p ja k , L o n d o n , fo r  
th e  g en ero u s  u se  o f h is  g a s- liq u id  ra d io c h ro m a to g ra p h  
fo r  th e  a n a ly se s  o f th e  e th y l a ra c h id o n a te - l-C 14 a n d  
m o s t o f th e  sam p les  d e sc rib ed  in  th is  p a p e r .

4 T h e  fo llo w in g  q u a n ti t ie s  ( i n  g ra m s )  w e re  su p p lied  
by  100 g o f d ie t:  v ita m in - te s t c a se in , 20; su cro se , 70; 
H u b b e ll, M en d e l a n d  W a k e m a n  ( 5 )  s a lt  m ix tu re ,  4; 
c e llu lo se  flour, 4; v ita m in  m ix tu re  in  c a se in , 2. T h è  
la t te r  su p p lie d  th e  fo llo w in g  ( in  m ill ig ra m s ')  p e r  
100 g o f d ie t: in o s ito l, 100; th ia m in e -H C l, 5; r ib o 
flav in , 5; p -am in o b en zo ic  a c id , 5; n ia c in ,  20; C a p a n to 
th e n a te ,  60; m e n a d io n e  b isu lfite , 10; fo lic  a c id  2- 
v ita m in  B i2, 0 .0004; b io tin , 0 .0024; d -a-tocophery l a ce 
ta te ,  3 .4; a n d  c h o lin e  ch lo rid e , 100. A n o il c o n ta in in g  
v ita m in s  A a n d  D p ro v id ed  2400 U SP u n i ts  o f  v ita m in  
A a n d  340 U SP u n i ts  o f v ita m in  D /1 0 0  g o f d ie t.

5 C risco , P ro c te r  a n d  G am ble , C in c in n a ti ,  Ohio.
6 T h ix o tro p ic  gel po w d er, ( t r a d e m a rk  o f G o d frey  L

C abot, In c .) ,  o b ta in e d  fro m  P a c k a rd  In s tru m e n t  C om 
p a n y , L a  G ran g e , I llin o is .
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TA BLE 1

In testina l absorption and oxidation  to C l40 2 of arachidonate-l-C H

E x p e r im e n ta l
g roup

N o. r a t s /  
g roup In te s t in a l  a b so rp tio n  * E x p ire d  C14 O2 **

% o f  a d m in is te re d  dose % o f  absorbed  dose
C o n tr o ls 7 6 9  -+- 3 1 ( 5 9 - 8 2 ) 2 9 .6  -t- 1 .0  ( 6 . 8 - 1 3 . 7 )
D e f ic ie n t 5 7 7  -+- 11 ( 4 3 - 9 9 ) 6 .6  -+- 1 .3  ( 4 . 7 - 1 1 . 2 )
D e f ic ie n t - s u p p le m e n te d 7 7 4  +  6  ( 5 2 - 9 4 ) 10 .1  ±  2 .2  ( 4 . 3 - 2 0 . 6 )

* D iffe ren ces  b e tw ee n  m e a n s  n o t s ta t is t ic a lly  s ig n ific a n t.
** D iffe ren ces  b e tw ee n  m e a n s  n o t s ta t is t ic a lly  s ig n if ic a n t e x ce p t fo r  b o rd e rlin e  s ig n ific a n ce  b e tw een  de fic ien t 

a n d  c o n tro ls  (P  = 0 .0 7 5 ).
1 M ean  ±  s e .
2 N u m b e rs  in  p a re n th e se s  in d ic a te  ra n g e .

m ean values for deficient and control ra ts 
is only of borderline statistical significance 
(P =  0.075). The data in  table 1 as well as 
inspection of the data of the individual 
anim als indicate that the deficient anim als 
oxidized less of the adm inistered C14- 
arachidonate to C140 2. The sim ilarity of 
the m ean values of controls and anim als 
fed the supplem ent is marked.

Of the absorbed C14-arachidonate only a 
m inor am ount was noted in  the individual 
organs analyzed. The bulk of the activity 
was in  the total carcass extract so that 
absorbed C14-arachidonate was deposited 
generally in  the body. The total am ount 
of activity observed in  long-chain fatty 
acids of the extracted tissues and carcass, 
plus the activity found in  the C140 2 and in 
feces, did not exceed 75% of the total 
counts adm inistered. The balance of the 
C14 activity appeared to be present in  water- 
soluble compounds obtained after hydrol
ysis of the carcass. These could in  large 
part be extracted from an acid solution by 
exhaustive extraction with diethyl ether, 
but further identification has not been 
made. Similar observations have previ
ously been m ade in  pyridoxine-deficient 
and norm al anim als given C14-linoleic 
acid.7

The incorporation of the C14-arachido- 
nate into hpids of liver, heart, and gonads 
is shown in table 2. Of these 3 organs, the 
liver had the highest concentration ( % of 
absorbed C14 per g tissue) as well as the 
greatest am ount (%  of absorbed C14 per 
entire organ). The fivers of fat-deficient 
anim als and those fed the supplements had 
lower am ounts of C14 than  the controls. 
The difference between m ean values of 
controls and fat-deficient anim als was sta
tistically significant; that between controls 
and those fed the supplements was not.

These statem ents also hold true for liver 
if the values are calculated as concentra
tions.8 Although C14 content of gonads of 
fat-deficient anim als and of those fed the 
supplements also was lower than  that of 
controls, these differences were not statis
tically significant. In the heart statistically 
significant differences were found in  the 
C14 activity of controls compared with fat- 
deficient or supplemented anim als, but the 
statistical significance disappeared if the 
results were expressed as concentrations. 
(The average weight of the hearts of con
trols was 0.80 g compared with 0.60 g for 
the deficient and 0.52 g for the fat-deficient 
anim als fed the supplem ents).

Subcellular fractions of a sucrose ho
m ogenate of fiver had a sim ilar distribu
tion of C14 in  the 3 groups. The percentage 
of the counts in  each fraction was averaged 
from  the results obtained in  the 3 anim als 
and was as follows: nuclei and debris, 16; 
m itochondria, 56; microsomes, 16; and 
soluble supernatant, 12.

The distribution of C14 in  the various 
total fatty  acids in  each organ was deter
m ined by gas-liquid radiochrom atography 
and is shown in  table 3. Because of the 
small samples available and low radioac
tivity in  each sample, only a limited 
am ount of inform ation could be obtained. 
The data, therefore, are presented as C14

7 K irs c h m a n , J. C. 1960 A s tu d y  o f th e  e ffec ts  o f 
age, sex , a n d  p y rid o x in e-d efic ien cy  on  th e  m e ta b o lism  
o f p o ly u n s a tu ra te d  f a t ty  a c id s  in  th e  ra t .  P h .D . th e s is , 
V a n d e rb ilt  U n iv e rs ity .

8 T h e  w e ig h ts  o f liv e rs  o f fa t-d e fic ie n t a n d  s u p p le 
m e n te d  r a ts  av e rag e d  4.21 a n d  4.70 g, re sp ec tiv e ly ; 
th e  a v e rag e  l iv e r  w e ig h t o f  th e  c o n tro l a n im a ls  w as  
5.87 g. T h e  d iffe ren ces  b e tw ee n  th e  f ir s t 2 g ro u p s  
a n d  th e  co n tro ls  a re  s ta t is t ic a lly  s ig n if ic a n t (P  <  
0 .0 0 1 ). T h e  l iv e r  to ta l  f a t ty  ac id s  o f c o n tro ls  (a v e r 

age, 128 m g )  w ere  s ig n if ic a n tly  g re a te r  (P  <  0 .001) 
th a n  th o se  o f th e  d e fic ien t (8 4  m g )  o r  su p p lem en te d  
(7 3  m g ) ,  b u t d iffe ren ces  in  c o n c e n tr a tio n  o f fa tty  
a c id s  ( m g / g  l iv e r )  b e tw een  g ro u p s w e re  n o t  s ig n ifi
c a n t  (c o n tro ls  22.1 ±  1.1, fa t-d e fic ie n t 20.3 ±  1.0, a n d  
s u p p le m e n te d  18.5 ±  1 .5 ).
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activity in  certain regions of the chrom ato
gram. The greatest proportion of the C14 
activity of the chrom atogram  was usually 
in  the arachidonate peak, especially in  nor
mal animals. In the fat-deficient anim als, 
particularly in  the heart and gonads, a 
decreased proportion of activity was in 
arachidonate. This in  great m easure was 
due to the increased am ount in  the shorter 
chain acids, notably myristic, palmitic and 
stearic. The am ount found in  areas rep
resenting chain lengths or unsaturation 
greater than  arachidonate (probably 20 
and 22-carbon fatty  acids of 4, 5, and 6 
double bonds), or both, was somewhat vari
able although large quantities were ob
served usually in  fat-deficient anim als 
(especially heart and gonads). Supple
m entation of the anim als’ diets with a ra
chidonate increased the proportion of C14 
as arachidonate in heart and gonads.

Fractionation of total lipids from liver 
tissue of one anim al from each group by 
silicic acid column chrom atography re
sulted in  3 m ain fractions: cholesterol 
esters, phospholipids, and a m ixture of 
glycerides and free fatty  acids. The latter 
were separated from the glycerides by alka
line extraction. C14 distribution in  the vari
ous fractions was not significantly different 
in the 3 groups. The largest am ount of 
C14 was in  the phospholipid fraction (about 
65 to 75% ) and the smallest in  the cho
lesterol ester fraction (about 1 to 2% ). 
C14 content in triglycerides was 5 to 15% 
and free fatty acids, from about 10 to 30% . 
The relatively large am ount of free fatty 
acid and of C14 in the free fatty  acids in 
these samples indicates extensive break
down of lipids in  storage. Therefore, more 
detailed analyses were not made. Gas-liquid 
radiochrom atography of methyl esters of 
fatty  acids from each of the lipid fractions 
from each of the anim als confirmed the 
observations reported for total fatty  acid 
that the m ajor am ount of C14 was con
tained in  arachidonic acid (60 to 90% ). 
Comparison between groups was not feasi
ble because of lim ited data and of consider
able variability. A large portion of C14 ac
tivity (10 to 30% ), however, was present 
in  m aterial of retention time greater than  
arachidonate and a smaller am ount (5  to 
10% ) in  compounds of retention time 
equivalent to that for stearic and palmitic.
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TABLE 3
D istribu tion  of C lt in to ta l fa tty  acids of liver, heart, and testes

Liver 2 Heart 3 Testes 3
Fatty acids 1

Control Fat-
deficient

Supple
mented Control Fat-

deficient
Supple
mented Control Fat-

deficient
Supple
mented

% o f to ta l co u n ts co llec ted % o f  to ta l co u n ts  co llec ted % o f to ta l c o u n ts  co llected
12:0 through 18:1 5.3 12.0 11.9 trace 18.5 8.8 trace 17.2 17.1

3.7 12.1 7.1

> 1 8 : 1  <  20 :4 7.3 4.0 5.1 trace 4.6 5.9 trace 26.2 14.3
5.0 8.0 10.3

20:4 66.7 72.2 68.2 86.8 38.1 78.3 96.1 33.4 70.5
75.0 56.4 67.4

>  20:4 21.7 11.8 14.8 13.2 38.8 7.0 trace 23.2 trace
16.3 23.5 15.2

1 N o m e n c la tu re  o f F a rq u h a r  e t al. ( 1 2 ) .
2 V a lu es  fo r  l iv e r  re p re s e n t 2 ra ts  f ro m  e a c h  g roup .
3 V a lu es  fo r  h e a r t  a n d  g o n ad s  re p re s e n t one poo led  sam p le  o f sev e ra l ra ts  f ro m  e ac h  group.

The concentration of C14 in  serum  fatty 
acids was not significantly different in  the 
3 groups.

DISCUSSION

The small am ount of C14 activity avail
able for these studies restricted the am ount 
of inform ation which could be obtained 
and to some extent the nature of the ob
servations which could be made. The data 
given in  this paper are, therefore, pre
sented with the realization that a time 
study of tissue activity would have made 
clearer the interpretation of isotopic data. 
Nevertheless, since at the end of 6 hours, 
absorption of C14 was still apparently tak
ing place, it has been assum ed that the 
conditions observed in the organs studied 
represent the metabolic state during the 
time of absorption and transport from in 
testines to body tissues and organs.

The organs selected for this study were 
those which accum ulate relatively large 
am ounts of 5, 8, 11-eicosatrienoic acid in 
essential fatty  acid deficiency. That essen
tial fatty acid deficiency was present in the 
experim ental anim als was proved by the 
concentration of 5, 8, 11-eicosatrienoic 
acid in  the organs taken for analysis (5  to 
12% of total fatty  acid). Acute supple
m entation with arachidonic acid did not 
change significantly this am ount although 
it increased the am ount of arachidonic 
acid in  livers of this group from about 9% 
to about 20% of total fatty  acids. At the 
time of killing, the deficient anim als 
weighed about 50 g less than  their pair-fed 
controls.

Absorption of C14-arachidonate given by 
stom ach tube was satisfactory for the
6-hour interval. Compared with our re
sults of 69 to 77% absorption in 6 hours. 
Coots 9 has observed in  thoracic duct-can- 
nulated ra ts that peak absorption of C14- 
arachidonic acid incorporated randomly 
into triglycerides of soybean oil was at 12 
hours after adm inistration by stomach 
tube. We noted no apparent defect in ab
sorption caused by fat-deficiency.

Very little of the absorbed C14 was oxi
dized to C 02 in  6 hours. Of the 6 to 10% 
C14 obtained as C 02 up to about 3 to 5% 
could have been due to the C14-contami- 
nants in  the adm inistered dose. This is 
unlikely and it is reasonable to assume 
that figures obtained represent the am ount 
of C14 activity from arachidonic acid that 
had been oxidized to C 02. The C 0 2 col
lected by Coots 10 for 51 hours after C14 
adm inistration to ra ts contained 38.6% of 
the adm inistered dose. T hat some C14- 
arachidonate was utilized by oxidation dur
ing the time interval used in our experi
m ents was also shown by incorporation of 
C14 into fatty acids of 16- and 18-carbon 
chain lengths, presumably by synthesis 
from acetate units. No C14-fatty acid of 
20-carbon chain length of less unsaturation 
than  a tetraene was observed in the gas- 
liquid radiochrom atogram s with the excep
tion of a trace am ount of activity im m e
diately prior to arachidonate which was

9 C oots, R. H. 1963 T h e  m e ta b o lism  o f 1-C14- 
a ra c h id o n ic  a n d  l-C 14-lino leic  ac id s  in  th e  ra t .  F ed e r
a tio n  P roc., 22: 303 ( a b s t r a c t ) .

10 See fo o tn o te  9.
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present also in  the adm inistered material. 
Therefore, there appeared to be no direct 
biohydrogenation which kept the fatty acid 
chain intact. Cleavage of the carboxyl car
bon of the adm inistered C14-arachidonate, 
of course, would result in  loss of the tracer 
carbon. Stein and Stein (7 )  had reported 
no m easurable saturation of oleic and fino- 
leic acid by ra t adipose tissue in  60 days. 
However, Dhopeshwarkar and Mead (8 ) 
reported evidence for hydrogenation of 
methyl elaidate in  guinea pigs. Action of 
intestinal flora was not ruled out in  their 
studies. Moore and Sharm an (9 )  observed 
tha t eleostearic acid was partially hydro
genated in  the intestinal wall of the rat, 
giving an  acid absorbing at 232 m^.

Results of liver studies showed a greater 
incorporation of the absorbed Cu  arachi- 
donate into phospholipid than  into other 
lipid fractions. Similar observations have 
been reported for linoleic acid incorpora
tion by Dittm er and H anahan  (1 0 ) , and 
this is to be contrasted with oleic acid 
which these authors reported to be incor
porated preferentially into neutra l lipids. 
Since Coots 11 reported that thoracic duct 
lymph collected for 12 hours after feeding 
C14-arachidonate contained 90% of the 
C14-activity in  the glyceride fractions and 
only 9.9% in the phospholipids, active con
version of glyceride-arachidonate to phos- 
pholipid-arachidonate m ust have taken 
place soon after the labeled lipid was taken 
up by liver tissue.

Because the livers of fat-deficient rats 
had lower concentrations of arachidonic 
acid than  those of norm al rats, it  was ex
pected that C14-arachidonate would be re 
tained to a greater extent in  the fivers of 
the anim als than  in  fivers of controls. 
However, the opposite was the case: fivers 
of deficient anim als had lower C14 activity 
than  controls. The proportion of C14 due 
to arachidonate in  these samples was about 
the same; therefore, fivers of control ani
mals had retained more of the absorbed 
arachidonate than  fivers of the deficient. 
The difference between the 2 anim als was 
not due to oxidation to C14Oa since the de
ficient anim als had significantly less C14 
in  the expired air than  did control ani
mals. The am ount transported to other

tissues or organs could have been different, 
but heart and gonads of deficient anim als 
had less C14 (per total organs) than  did 
the corresponding organs of control ani
mals. It is possible tha t conversion to 
small, water-soluble C14-containing com
pounds accounts for the difference.

It is well known that the concentration 
of arachidonic acid in  phosphatides is 
ra ther large. Our experim ents showed 
that absorbed arachidonic acid is not only 
preferentially incorporated into the phos
phatide fraction (fiver), but the C14 ac
tivity, for the m ain part, was observed to 
reside in  m itochondria and in  microsomes 
in  which phosphatides are m ajor lipid 
components.

Although we have not identified chem i
cally the various labeled polyunsaturated 
fatty  acids derived from C14-arachidonate, 
it was apparent that a num ber of com
pounds of retention time higher than  that 
of arachidonic acid were labeled. Two of 
these had retention times sim ilar to those 
of 5- and 6-double bond fatty  acids of 22- 
carbon chain lengths. Incorporation of 
C14-arachidonate activity in  some of these 
compounds lends confirmation to results 
reported by M ohrhauer and Holman (1 1 ). 
In long-term feeding studies these workers 
showed a conversion of arachidonate to a 
22-carbon, pentaenoic acid identified as 
4, 7, 10, 13, 16-docosapentaenoic acid.
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Mineralization of a  Cereal Diet as It 
Affects Cariogenicity1,2

MARY L. DODDS a n d  ROSE LAWE
D epartm en t of Foods and N utrition , College of Home Econom ics, 
The Pennsylvan ia  S tate U n iversity, U n iversity  Park, P ennsylvania

ABSTRACT  This investigation concerns the effect of certain m ineral alterations of 
a raw whole w heat diet on its cariogenicity for white rats. The alterations were: 
replacem ent of dietary CaH P04 by equivalent N a2H P 04 w ith and w ithout 1% NaCl 
supplem entation, the w ithdraw al of the dietary supplem entation of phosphorus, addi
tion of NaCl to cariogenic diets w ith and w ithout CaH P04 supplem entation. Littermate 
Sprague-Dawley strain rats were fed at w eaning each set of comparative diets and 
m aintained w ith  them  for 60 days. The caries produced were the sm ooth-surface type. 
Replacing CaH P04 by N a2H P 0 4 decreased cariogenicity o f the diet, and NaCl supple
m entation was also cariostatic in  the presence of dietary CaH P04. Removal of CaH P04 
from the diet did not alter its cariogenicity. Supplem entation by NaCl w as cariostatic 
in  the 2 diets form ulated w ith and w ithout CaH P04. The sodium  content of the per
sistently cariogenic diets was approxim ately one-fifth that recom m ended as needed for 
growth of w eanling rats. It is suggested that inadequate sodium  is related to the cario
genicity of the high cereal reference diets.

The consistent incidence of smooth- 
surface caries in  white ra ts m aintained 
with a high raw  whole wheat, relatively 
low glucose diet, led to its use in  studies of 
dietary factors which m ay alter cariogenic- 
ity. Inorganic and organic phosphates 
have been shown to be cariostatic when 
added to whole wheat diets (1 -4 ) .  The 
addition of N a2H P04 to a whole wheat diet 
has been shown to be cariostatic, but 
C aH P04 not to be. Both phosphates, how
ever, were found to be cariostatic in  a 
purified high sucrose diet (5 ) . McClure
(3 )  has indicated tha t NaCl in  a whole 
wheat diet may be a factor in m aking in 
soluble dietary CaH P04 cariostatic.

This report deals with the effect of al
terations in  the m ineralization of this 
whole wheat diet, particularly phosphate 
and sodium, as they affect its cariogenicity.

EXPERIMENTAL

The experim ental ra ts  were of the 
Sprague-Dawley strain, bred in  this labora
tory from a colony which originated from 
the N ational Institutes of Health. Rats, 
weighing 35 to 50 g, were fed each diet at 
weaning. Litterm ates, w ithout respect to 
sex, were assigned to the diets w ithin a 
series. The anim als were housed 2/cage 
and received distilled w ater and food ad 
libitum. The food intakes were recorded 
twice a week, and the ra ts weighed weekly.

The base diet contained 78.5 to 79.0% 
raw  whole wheat (ground to a flour); 18% 
glucose m onohydrate;3 2.0% liver powder; 
calcium and phosphate additions varied 
with the trials. A vitam in A, D, and E 
supplem ent was given orally to each ra t 
weekly.

Comparisons were m ade of the caries 
produced in  ra ts fed the standard whole 
wheat diet, and the diet, supplem ented by 
1% NaCl, the diet altered by substitution 
of equivalent N a2H P 04 for C aH P04, the 
diet with N a2H P 04 and 1% NaCl supple
m entation (table 1, series A).

In an  effort to restrict the role of phos
phate to a systemic one (not o ra l), trials 
were m ade to establish a second reference 
diet with cariogenicity comparable to that 
of the one routinely in  use. Such a diet 
was evolved by elim inating phosphate sup
plem entation, but establishing a favorable 
Ca-to-P ratio by CaC03 supplem entation to 
balance the phosphorus of the raw  whole 
wheat and liver powder of the diet. The 
phosphorus of diet BIO was chiefly phytin 
phosphorus and thus not readily available 
in  the oral cavity. There was the possi
bility th a t elim inating C aH P04 m ight in-

R ece ived  fo r  p u b lic a tio n  J u n e  5, 1964.
1 H om e E co n o m ics  R ese a rch  P u b lic a tio n  no . 221.
2 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by  P u b lic  

H e a lth  S erv ice  R ese a rch  G ra n t no. D E 00437, fro m  
th e  N a tio n a l I n s t i tu te  o f D e n ta l  H e a lth .

3 C erelose  2001, C o m  P ro d u c ts  C o m p an y , A rgo, I l l i 
no is .

272 J .  N u t r i t i o n , 8 4 :  ’6 4
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crease cariogenicity. However, the 2 diets, 
B100 and BIO, were shown to be com para
bly cariogenic (table 1).

The possibility that sodium supplem en
tation, not as a phosphate, of these 2 
reference diets, 100 and 10, was cariostatic 
was tested: a ) by comparison of the caries 
produced in rats fed the raw  whole wheat 
reference diet with 0.88% C aH P04 addi
tion and this diet supplemented by 1 % 
NaCl (table 1, A100 and A101); b) by 
comparison of the caries produced in  ra ts 
fed reference diet 100, when one set of 
litterm ates received NaCl pellets, perm it
ting voluntary supplem entary NaCl intake 
(table 1, C100 and ClOOp) (the pellets 
were made by m ixing 20 g NaCl to 80 g 
of the diet and adding w ater to m ake thor
ough m ixing possible; the dough was di
vided uniform ly and rolled into balls and 
baked 5 to 7 hours at 93°; the pellets 
weighed 8 ±  0.3 g; they were hard  and 
durable and were always available in  the 
cages); and c) by comparison of the caries 
produced in  rats fed the raw  whole wheat 
reference diet w ithout phosphate addition 
and this diet supplem ented by 0.5 and 
1.0% NaCl (table 1, series D).

All supplem entation was m ade at the 
expense of the raw  whole wheat. The 
diets were analyzed for nitrogen, ash, cal
cium, and phosphorus. The nitrogen was 
determ ined by the Kjeldahl method, cal
cium  by the method of the AOAC (6 ) , and 
phosphorus by the method of Simmons and 
Robertson ( 7 ). In certain trials diets were 
analyzed for sodium.4

Inoculation of the diets with fecal m at
ter was routinely carried out in  diet series 
C and D. This practice was adopted to 
provide a degree of uniform ity of bacterial 
contam ination (8 ) .

After 60 days on experiment, the ra ts 
were killed and the heads autoclaved to 
facilitate removal of the jaws. The lower 
m olar teeth were examined for smooth sur
face caries as described by McClure (1 ) . 
Fissure caries were not observed. Com
parisons of cariogenicity are possible only 
w ithin each series.

RESULTS

The result of substitution of N a2H P 04 
for CaIdP04 in  the raw  whole wheat, series 
A, was a significant decrease (P  <  0.01) in  
the carious score per ra t (table 2 ).

The data show that 1% NaCl supple
m entation to the raw whole wheat diet was 
also significantly cariostatic (P  <  0.01, 
carious score per ra t) . The diets A102 and 
A103, containing N a2H P 04, were signifi
cantly more cariostatic than  their counter
parts containing CaHPCh, diets A100 and 
A101, (P  <  0.01, carious score per ra t) ,  
but NaCl supplem entation did not enhance 
the cariostatic action provided by N a2H P 0 4 
alone. These results raised the question of 
the adequacy of sodium in this reference 
whole w heat diet and a possible relation
ship of a low sodium content to its per
sistent cariogenicity.

In the development of a second cario- 
genic reference diet in  which the available 
phosphate could be considered chiefly sys
temic, the diet which best fulfilled the re 
quirem ents had no added phosphate but 
CaC03 was added (table 1, diet B10). The 
caries experience of the ra ts fed the 2 diets, 
B100 and B10, was similar. There was no 
significant difference in  the carious score 
per ra t (table 2).

4 R o sn er-H ix o n  L a b o ra to r ie s , 7737 S. C h icag o  A ve
n u e , C hicago .

TABLE 2
Significance of differences (t tes t) betw een  m ean total carious score per ra t fed

diets A, B, C and D l

Diet series A100 A101 A102 B100 C100 D10 D ll

A101 3.44
A102 6.38 3.04
A103 7.38 4.09 1.41
B10 1.82
ClOOp 2.39
D l l 3.85
D12 3.24 0.84

1 t value needed for significance: 1%, 2.66; 5% , 2.00.
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The trials in  which sodium supplem en
tation, not as a phosphate, but as NaCl, 
in  both reference diet 100, in  which the 
action with phosphate m ight be oral, and 
in  reference diet 10 in  which the action 
could be assum ed to be systemic are pre
sented in tables 1 and 2, diets A100— 
A101, and series C and D.

W hen NaCl was provided as pellets, diet 
ClOOp, and the intake was voluntary, the 
sodium chloride was calculated to have 
been 0.6 ±  0.06 of the diet or equivalent to
22 m g sod ium /rat/day . This voluntary 
intake was cariostatic for these ra ts as 
compared with litterm ates fed the same 
diet w ithout access to salt, diet C l00. 
Since dietary C aH P04 was available in 
these 2 trials, the cariostatic action may 
have been in  the oral cavity.

The com parison of the cariogenicity of 
reference diet 10 and of the diet contain
ing 0.5 and 1.0% NaCl are presented in  
table 1, diet series D. At both levels NaCl 
was cariostatic (P  <  0.01, carious score per 
ra t)  and to a comparable degree (table 2). 
This cariostatic action was considered to 
be systemic.

These data showed improved growth as 
well as reduced caries experience when 
NaCl was included in  the diets. This im 
proved growth was noted in  all trials in 
this laboratory when NaCl was present in  
these raw  whole wheat diets, except the 
initial trial (table 1, series A). These ob
servations led to the analysis of sodium in 
the diets. Both reference diets, 100 and 
10, had a sodium content of 11 to 12 m g / 
100 g of diet, and hence provided an intake 
of approximately 1 m g /ra t/d a y  compared 
with the 5 m g suggested as needed for 
growth of weanling rats (9 ) .

W hen sodium intake was 0.250% of the 
diet or approximately 25 m g /ra t/d ay , diet 
D l l ,  and when intake was voluntary and
23 m g /ra t/d ay , diet ClOOp, these levels 
were cariostatic. In trial D l l  the cario
static effect could not be attributed to a 
solubilizing effect of NaCl on dietary phos
phate, although it m ight have been in  trial 
ClOOp.

DISCUSSION

The auxiliary role of sodium appears to 
have been involved in m any of the studies 
on the cariostatic action of phosphates.

The phosphates tested have often been so
dium salts.

Van Reen and Ostrom (5 )  have shown 
that in a high sucrose purified diet both 
N a2H P 04 and C aH P04 were cariostatic, 
but that only N a2H P 04 was so in  a whole 
wheat diet. However, this purified diet 
contained a 2% HMW salt m ixture (1 0 ) 
and 30% casein. Casein contains about 
10 times the sodium tha t whole w heat does 
and 2% HMW m ixture provides 55 m g / 
100 g diet or approximately 5 m g /ra t /  
day.

McClure (3 )  dem onstrated the cario
static effect of including NaCl in  a wheat 
cereal diet in  which the phosphate was 
C aH P04. He suggested it was likely that 
C aH P04 was solubilized by NaCl resulting 
in  an  increased availability of calcium and 
phosphate ions w ithin the oral cavity; that 
this could be the cause of the cariostatic 
effect of C aH P04 when added to bread 
which contained NaCl; and tha t N a2H P 04 
m ay be cariostatic w ithin the oral cavity.

The observation of suboptimal levels of 
sodium in  the whole wheat reference diets 
and the cariostatic effect of adding sodium, 
not a phosphate, does not remove the pos
sibility of an  auxiliary role of sodium in 
the utilization of phosphate for decreasing 
caries. It does, however, suggest a sys
temic not an  oral action.

It is not suggested as a result of this 
reported work that sodium ion is cario
static, but tha t because of the suboptimal 
sodium level of this whole wheat diet there 
is a metabolic im pairm ent which m ay be 
responsible for its cariogenicity.

Such an im pairm ent m ay be that dem 
onstrated in  1937 by Kahlenberg and his 
associates (1 1 ) , who published a study on 
the effect of sodium deficiency on utiliza
tion of energy-producing nu trien ts and 
protein. The inadequate diet was predomi
nately maize (78.9% ) and contained 
0.007% sodium. It was supplem ented by 
N a2C 03 to furnish an  adequate sodium 
level, 0.502% in the second diet. Rats 
were pair-fed these diets for 70 days fol
lowing weaning. The food intake was the 
same and shown to be equally digestible 
for the 2 groups. For the supplemented 
group, weight gain was 63.3 g, nitrogen 
retention 2.46 g or 18.5% of the food nitro
gen; for the deficient group the correspond
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ing values were 31.5 g, 1.40 g, and 10.5% . 
The authors state that “sodium deficiency 
unfavorably affected the appetite, the in 
crease in  weight, the storage of energy 
and the synthesis of fa t and protein.”

Because of the broad and fundam ental 
functions of sodium in  the body, it is likely 
unsafe to define a specific role for it as it 
affects caries production; however, it is 
suggested tha t the suboptimal level of so
dium in  these high whole wheat diets for
m ulated without the addition of sodium 
salts, adversely affected the utilization of 
an  initially poor protein and the synthesis 
of protein by the growing ra t, and that the 
cariogenicity of the diet is related to an 
augm ented protein inadequacy ra ther than 
to a sodium deficiency directly. This in 
terpretation would rationalize a variety of 
reported observations.

McClure (12 ) dem onstrated a high m il
let diet to be cariogenic and lysine supple
m entation not to relieve the cariogenicity of 
the diet nor to promote growth. However, 
he was able to show the millet to be lysine- 
deficient by a growth test with an even 
higher millet diet supplem ented by 1% 
lysine. The diet used in the growth study 
contained 2% HMW salt m ixture (1 0 ) and 
4% cottonseed oil. The ra ts fed this diet 
developed no caries and the author sug
gested “perhaps two factors present in  this 
nutritionally adequate diet, i.e., the 4.0% 
cottonseed oil or the HMW salt m ix may 
have prevented the development of dental 
caries.”

In our own laboratory dried egg white 
and casein supplem entation of the cario
genic diet 100 was shown to decrease caries 
and increase growth more than  an equiva
lent gluten supplem entation (8 ) . Lysine 
supplem entation of this same diet was not 
cariostatic nor did it promote growth. The 
sodium content of these diets has now been 
calculated from  the analyzed sodium val
ues of the com ponent parts. The only 
contribution of sodium to the diet was by 
casein and egg white. These contributions 
were small, but they doubled or tripled the

content, although the level in  the diet was 
still below that suggested as needed for 
growth. The gluten had no more sodium 
than  the wheat; hence the limited cario
static action it displayed m ust have been 
dependent on the heightened am ount of 
protein in  the diet.

It appears that the cariogenic properties 
of high cereal diets we have reported (1 3 ) 
m ay be related to the low sodium content 
of the cereals and the diets as form ulated 
ra ther than  a specific property of the 
cereals.
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The Cholesterol-lowering Efiect of Commercial 
Diet Fed to Germfree and Conventional Rats * 1

B. S. WOSTMANN a n d  DORINNE F. KAN 2
L obund Laboratory, U n iversity  of N otre D am e, N otre D am e, Indiana

ABSTRACT  Germfree and conventional rats were fed  laboratory-made semi-purified 
diets, a com m ercial diet fortified for heat sterilization, and semi-purified diets incorpo
rating the lip id fraction isolated from  the com m ercial diet. In both germfree and con
ventional anim als total serum and liver cholesterol values in  anim als fed the com m ercial 
diet were, on the average, 20 to 30% lower than the levels for the anim als m aintained  
w ith the semi-purified form ulas. Upon changing from  the semi-purified to the com 
m ercial diet, serum cholesterol values in  both anim al groups decreased by approxi
m ately the sam e am ount. These changes were com pletely reversible. W hen the lipid  
fraction extracted from  the com m ercial diet w as used to replace the com  oil in  the 
semi-purified form ula, sim ilar results were obtained. In all experim ents where germ
free and conventional anim als were compared, the data showed a striking sim ilarity. 
The results suggest that the com m ercial diet contains a cholesterol-lowering lip id frac
tion w hich acts directly on cholesterol m etabolism  and not via an effect on the intestinal 
microflora.

Although dietary components greatly in 
fluence cholesterol metabolism, in  m any 
cases the question arises whether this oc
curs via an  effect on the intestinal m icro
flora or by some direct systemic influence 
on the anim al (1 ) . The germfree anim al 
is the ideal tool for the study of the effect 
of dietary components on the systemic 
cholesterol metabolism because of the ob
vious absence of microbial influences.

The influence of the intestinal m icro
flora on cholesterol and bile acid m etabo
lism has been dem onstrated by the effect 
of the addition of antibiotics to the diet 
(2 —4) and by experim ents with germfree 
anim als (5, 6 ). H arper and Elvehjem (7 ) 
suggested tha t dietary fat, protein and 
carbohydrate all have a direct or indirect 
effect on the intestinal microflora. Port- 
m an et al. (8 )  reported tha t feeding com
mercial chow to rats resulted in  a higher 
excretion of fecal bile acids than  feeding 
purified diets containing starch or sucrose, 
and speculated th a t changes in the in tes
tinal flora due to the feeding of different 
carbohydrates m ay affect the bile acid 
cycle.

In results reported from our laboratory
(6 ) conventional ra ts fed commercial 
chow consistently showed substantially 
lower serum and liver cholesterol levels 
than  rats m aintained with a variety of well 
balanced semi-purified diets. To confirm

the cholesterol-lowering action of the com
mercial diet and to gauge the im portance 
of the microbial factor in  this phenom e
non, experim ents were designed to test 
sim ilar diets with germfree animals. In 
this paper we report the results of feeding 
a commercial diet (fortified for nutritional 
adequacy after sterilization) and the lipid 
fraction isolated from that diet, to both 
germfree and conventional rats. The re
sults indicate a direct systemic effect of the 
diet, and also of the dietary fat, on choles
terol metabolism, leading to lower choles
terol concentration in  both serum  and 
liver.

MATERIALS AND METHODS

Animals. Lobund-strain male ra ts  of 
W istar origin were used in  all experiments. 
The germfree ra ts were taken from  the 
germfree colony housed in  the Reynier 
system and transferred to Trexler plastic 
isolators for the duration of the experi
m ental period. The conventional rats 
were taken from a colony which is kept 
closely related to the germfree by introduc-

R ece iv ed  fo r  p u b lic a tio n  M arch  3, 1964.
1 T h is  re s e a rc h  w as  su p p o rte d  sp ec ifica lly  b y  th e  

N u tr i t io n  F o u n d a tio n , In c . (G ra n t  2 5 7 ) ;  a lso  g e n e ra lly  
by  th e  Office o f N a v a l R ese a rch  a n d  th e  A rm y 
S u rg eo n  G e n e ra l (C o n tra c t  N O N R -1 6 2 3 (0 4 )) , b y  P u b 
lic  H e a lth  S erv ice  R ese a rch  G ra n t no . A-556 f ro m  th e  
N a tio n a l  In s t i tu te s  o f  H e a lth , a n d  by  th e  U n iv e rs ity  
o f N o tre  D am e.

2 P re s e n t a d d re ss : A lb e rt E in s te in  C ollege o f M ed i
c in e , Y esh iv a  U n iv e rs ity , N ew  Y ork.

J .  N u t r i t i o n , 8 4 :  ’6 4 277
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ing ex-germfree m ale breeders with every 
production cycle. These ra ts were not 
kept in  isolators, but otherwise housing 
conditions of germfree and conventional 
anim als were comparable.

Diets. Diet L-356 is the m ajor general 
purpose, steam-sterilizable semi-purified 
diet used at the Lobund Laboratory (9 ) , 
and m uch of the earlier inform ation was 
obtained with this diet. The diets of the 
L-474 series were more simplified formulas 
in  which hver powder and yeast extract 
had been omitted, but which were other
wise closely related to L-356 (table 1). 
Diet L-474E1 contained vitam ins in  con
centrations which m et only the normally 
accepted requirem ents, m eaning that this 
diet was not fortified to undergo steriliza
tion. Diet L-474E5 contained vitam ins 
sim ilar to those in diet L-356, except that 
ascorbic acid was omitted. All these diets 
contained less than  25 mg cholestero l/100 
g diet.

Diet L-474E6 was essentially the same 
as L-474E5 except that extracted “oil R” 
was used to replace all corn oil. A similar 
replacem ent in  diet L-356 yielded formula 
L-356E1. “Oil R” was obtained by grinding 
commercial ra t pellets 3 to a powder and 
extracting the lipids with n-hexane at 62° 
for 24 hours. Since 95% of the vitam in A 
originally present in  the pellets could be

recovered from the extracted lipids, it was 
assum ed that practically all fa t in  the diet 
was extracted into the hexane. About 4% 
of the diet weight was obtained as lipid 
after a thorough evaporation of hexane. 
The iodine num ber was 110. The com  oil 
used to prepare diets L-356, L-474E1 and 
L-474E5 showed an iodine num ber of 110 
to 115.

Commercial ra t pellets were ground and 
then fortified for steam sterilization with 
L-lysine, 0.6 g, DL-methionine, 0.3 g, ¿-inosi
tol, 50 mg, thiamine-2 HC1, 5.8 mg, and 
vitam in A, 190 IU in 1 g of com  oil, per 
100 g of original diet to give form ula RF. 
All diets were steam sterilized unless indi
cated otherwise.

Tissue samples. In  experim ents in  
which total serum cholesterol values were 
determ ined following one or more diet 
changes, 1 m l of blood was obtained by 
heart puncture from all anim als before the 
change. Thereafter usually one-half of 
the anim als were bled at semi-weekly in ter
vals during the experim ental period, result
ing in  each anim al being subjected to heart 
puncture once a week. Only term inal hver 
samples were obtained.

Determination of total cholesterol. 
Blood taken by heart puncture was assayed

3 R o ck lan d  R a t P e lle ts , A. E. S ta ley  M a n u fa c tu r in g  
C o m p an y , D e c a tu r , Illin o is .

TA BLE 1
C o m p o s i t i o n  o f  d ie t  L -3 5 6  a n d  r e la t e d  fo r m u la s

L-356 L-474E1 L-474E5

C a s e in  1

g / 1 0 0 g 
2 0

g /1 0 0  g 
2 0

g / 1 0 0 g 
24

D L -M e th io n in e — 0 .3 0 .3
R ic e  f lo u r 5 8 .5 — 5 8 .5
R ic e  s t a r c h — 5 8 .5 _
L iv e r  p o w d e r 2 — __
Y e a s t  e x t r a c t 2 — __
C o rn  o il 5 3 3
P o w d e r e d  c e l lu lo s e  2 5 10 5
S a l ts  L -II  3 5 5 5
A s c o rb ic  a c id 0 .2 __
i- I n o s i to l 0 .1 0.1 0 .1
C h o l in e - b io t in  a d d i t iv e  4 — 1
B - v i ta m in  m i x t u r e  7 5  3 0 .5 0 .1 0 .5
L a d e k  3 i n  c o r n  o i l  5 2 __ 2
L a d e k  5 2  i n  c o r n  o il  6 — 2

1 L abco , T h e  B o rd en  C o m p an y , N ew  Y ork.
2 C e llo p h an e  S p an g le s , M icro fib re , In c ., P a w tu c k e t , R h o d e  Is la n d .
3 Z im m e rm a n  a n d  W o s tm a n n  (1 0 ) .
4 C h o lin e  c h lo rid e : 166 m g ; b io tin : 0.02 m g ; r ic e  s ta r c h  c a r r ie r :  834 m g.
3 L ad e k  is  a te rm  co in ed  by  th is  la b o ra to ry  to  d e s ig n a te  fa t-so lu b le  v i ta m in  m ix tu re s  L a d e k  3 • 

v ita m in  A, 800 IU ; v i ta m in  D 3, 100 IU ; m ix e d  to co p h e ro ls , 150 m g ; m e n a d io n e  10 m g  (1 0 )
3 L ad ek  52: v i ta m in  A, 800 IU ; v i ta m in  D 3, 100 IU ; m ix e d  to co p h ero ls , 7.5 m g ; m e n a d io n e  1 m g
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by a m ethod based on the Tschaugaeff re
action as outlined by Hanel and Dam
(1 1 ); otherwise all serum and liver choles
terol was determ ined with a modification 
of the Lieberman-Burchard method (6 ) . 
Based on an in ternal standard of free cho
lesterol, the results of both methods for 
total serum cholesterol were in  agreem ent 
within the limits of the possible experim en
tal error.

Experim ental series. In a prelim inary 
experim ent the effect of diet L-474E1 on 
total serum  cholesterol was tested. This 
diet was not fortified for sterilization and 
was fed in  nonsterile form to conventional 
ra ts  (table 2 ). In the first series designed 
to test the influence of the commercial diet 
on serum  cholesterol, 3-month-old male 
rats, both germfree and conventional, were 
changed from diet L-356 with which they 
had been reared, to the fortified com
mercial form ula RF, and then changed 
back to diet L-356 (fig. 1). The germfree 
group was then subjected to a second 
change to form ula L-474E6, containing the 
lipid fraction “oil R” from the commercial 
diet. The second part of this experim ent 
was paralleled by a series in  which con
ventional ra ts reared with form ula L- 
474E5 were changed to diet L-474E6. 
T hereafter both groups were changed back 
to form ula L-474E5. Experim ental pe
riods with form ula RF or with diets con
taining “oil R” lasted from  3 to 5 weeks.

In the second and third series, the ef
fects of the commercial diet on both serum 
and liver cholesterol concentrations were 
determined. In  the second experim ent 
germfree and conventional ra ts reared for 
3 m onths with diet L-356 were subse
quently changed to the fortified commer
cial form ula RF (table 3 ). In this series

blood samples were obtained before the 
diet change, but final liver cholesterol 
levels had to be compared with known 
average values of anim als fed diet L-356. 
The third series comprised only germfree 
ra ts reared with diet L-356 (table 4 ). At 
the age of 3 m onths one-third of these rats 
continued to receive diet L-356, one-third 
were changed to form ula RF and one-third 
were changed to L-356E1, a form ula in 
which all com  oil had been replaced with 
the lipid fraction extracted from the com
m ercial ra t pellets.

RESULTS AND DISCUSSION

Cholesterol levels in  conventional rats 
fed the various sterilized experim ental 
diets used in  the work with germfree ani
m als were substantially higher than  the 
values found using commercial-type diets 
( table 2 ). At one time it was thought that 
the fortification of these diets with extra 
protein and vitam ins, required because of 
the necessary heat sterilization (9 ) , could 
create a nutritional im balance which 
would lead to abnorm al cholesterol levels. 
However, even when the levels of the vari
ous nutrients were brought w ithin the 
limits of the generally accepted norm al re
quirem ents as in  diet L-474E1 (table 1), 
and the diet was fed in  nonsterilized form, 
the serum cholesterol levels rem ained high 
relative to the values noted upon the feed
ing of commercial-type diets (table 2 ). It 
was then postulated that serum cholesterol 
concentrations of about 120 m g/100  ml 
were “norm al” for the strain of ra ts used 
at the Lobund Laboratory and th a t the 
lower values determ ined for commercial- 
type diets actually represented a depres
sion of cholesterol levels. Since all diets 
m entioned contain very little cholesterol,

TA B LE 2
Total serum  cholesterol values in  3- to 4-m onth-old m ale conventional 

rats fed various com plete  d iets  l

D iet S am p les B ody w t C h o leste ro l

9 m g /1 0 0  m l
L-356 sterile >  20 359 122
L-474E1 nonsterile 12 329 114
L-474E5 sterile >  20 368 116
L-462 2 sterile 14 405 130
RF > 20 330 84

1 D a ta  co m p iled  fro m  a n u m b e r  o f d if fe re n t ex p e r im e n ts .
2 Z im m e rm a n  a n d  W o s tm a n n  (1 0 ) .
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the question then arose whether this de
pression was caused by some agent in  the 
diet affecting the reabsorption, biosynthe
sis, distribution or catabolism, or w hether 
some difference in  the intestinal microflora 
had caused a shift in  cholesterol m etabo
lism in  the ra ts fed the commercial diet. 
Portm an et al. (8 )  had observed tha t more 
bile acid was excreted in  the feces of ra ts 
fed commercial diet. This appeared to fit 
well with our observation, and had been 
explained by Bergstrom (1 2 ) as indicat
ing an  effect via the intestinal microflora. 
The data in  figure 1 indicate, however, that 
upon change from a semi-purified to a com
mercial-type form ula, both germfree and 
conventional rats dem onstrated a sharp de
crease in  total serum  cholesterol. The 
effect of the diet change became obvious 
within a few days, and was totally reversi
ble. In  a sim ilar experim ent (table 3) it 
was dem onstrated th a t a change to the 
commercial diet lowers cholesterol concen
trations in  serum  and liver alike, and again 
independently of the presence of an in 
testinal microflora.

Under the assum ption that some factor 
in the diet, possibly a lipid fraction, was 
responsible for the lowering of the choles
terol levels, the commercial ra t pellets were 
extracted with w-hexane and the lipid frac
tion thus isolated used to replace the com  
oil in  diets L-474E5 and L-356. Figure 1 
illustrates the serum  cholesterol-lowering 
effect of this fraction, which again was 
reversible and independent of the presence 
of an  intestinal microflora. The data in 
table 4 dem onstrate that, in the germfree 
ra t, the replacem ent of com  oil by this lipid 
fraction led to lower cholesterol levels in  
both the serum and the liver and that this 
effect was quite comparable with the result 
produced by a change to the (fortified) 
RF diet.

Collectively these results indicate that 
a lipid fraction in  the commercial diet 
drastically influences systemic cholesterol 
metabolism. Gas-liquid chromatography 
has shown the extracted lipid fraction to 
be a very complex mixture. The iodine 
num ber of 110 was of the same order as 
that of the corn oil used in  the other diets. 
Prelim inary chrom atographic separation 
on Fluorisil 4 columns did not produce any

4 F lo r id in  C o m p an y , H a n co c k , W es t V irg in ia .
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TA BLE 4

E f f e c t  o f  fo r t i f i e d  c o m m e r c i a l  d ie t  R F  a n d  o f  i t s  l ip id  f r a c t io n  “o il  R ” o n  to ta l  s e r u m  a n d  l iv e r  
c h o le s te r o l  i n  g e r m fr e e  r a ts  p r e v io u s ly  f e d  s e m i - p u r i f i e d  d ie t  L -3 5 6

N o. a n im a ls
D ie t L-356 

(c o n t in u e d )
D ie t L-356E1 

(w ith  “o il R ” ) D ie t R F

6 8 6

B o d y  w t ,  g 3 6 8  - i - 8 i 3 6 7  -t- 11 3 0 4  2 -+- 14
L iv e r  w e ig h t ,  % 3 .2 7  +  0 .0 8 3 . 5 7 -t- 0 .1 3 2 .9 9  -+- 0 .1 3
S e r u m  c h o le s te r o l ,  m g / 1 0 0  m l 11 3  +  6 9 4  3 -+- 2 9 2  2 -t- 5

L iv e r  c h o le s te r o l ,  m g / 1 0 0  g 3 6 4  -t- 10 2 8 1 2  —i— 1 2 2 6 0  2  + 1 0
L iv e r  c h o le s te r o l ,  to t a l ,  m g 4 3 .9  +  2 .2 3 6 .6  2 +  1 .5 2 4 .7  2 +  1 .3

1 S D M .

2 D iffe ren ce  fro m  c o n tro l v a lu e  (L -3 5 6 ) s ig n if ic a n t a t  P  — 0.01.
3 D iffe ren ce  f ro m  c o n tro l v a lu e  (L -3 5 6 ) s ig n if ic a n t a t  P  0 .01 -0 .05 .

EFFECT OF DIET ON EFFECT OF LIPID FRACTION ON 
8ERUM CHOLESTEROL SERUM CHOLESTEROL

F ig . 1 E f f e c t  o f  d i e t a r y  c h a n g e s  o n  s e r u m  c h o le s te r o l  le v e ls .  O r ig in a l  d ie ts  i n d i c a t e d  i n  
f ig u r e .  D ie t  c h a n g e s  i n d i c a t e d  a t  to p  ( c o n v e n t i o n a l  s e r i e s )  a n d  a t  b o t to m  ( g e r m f r e e  s e r i e s ) .  
L -3 5 6  a n d  L -4 7 4 E 5 :  s e m i - p u r i f ie d  d ie t s ;  R F : f o r t i f i e d  c o m m e r c i a l  d ie t ;  L -4 7 4 E 6 : s e m i- p u r i f ie d  
d ie t  c o n t a i n i n g  th e  l i p id  f r a c t i o n  e x t r a c t e d  f r o m  th e  c o m m e r c ia l  d ie t .

subfractions of m uch higher unsaturation. 
Obviously m uch more work will be needed 
before the actual isolation and identifica
tion of the active principle can be achieved.

The change from diet L-356 to form ula 
RF was always accompanied with some 
loss in  body weight. The data in  table 4 
show that this was not the cause under
lying the decrease in cholesterol levels. In 
the experim ents in  which the only change 
in the diet was the replacem ent of corn oil 
with “oil R,” body weights were not af
fected, but the decrease in  cholesterol con
centrations was of the same order.

Part of this loss in body weight can be 
ascribed to the weight loss which usually 
accompanies any change in  diet. It has 
been our experience, however, tha t in  con
ventional rats the gain in body weight 
with the various semi-purified diets used in 
the Lobund Laboratory was slightly higher 
than  that with the commercial ra t pellets. 
In recent work with germfree anim als this 
has been confirmed. Male ra ts in  the 
linear part of their growth curve showed a 
weight gain of between 30 and 40 g/w eek 
with the sterilized semi-purified formulas, 
whereas the gain with sterilized RF diet
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was slightly under 30 g/week. This is 
presumably related to the lower fa t and 
higher fiber content of the commercial 
form ula, which m ay also necessitate a 
longer adjustm ent period in which weight 
loss can occur. Concurrent with a lower 
gain in  body weight of the conventional ra t 
during its growth period and with lower 
cholesterol levels during its lifetime, the 
conventional ra t fed the commercial pellets 
shows a m uch longer life span (50% , 
survival time 836 days) than  those fed 
semi-purified form ulas (L-356: 654 days; 
L-462: 639 days).5

The reduction in  cholesterol levels ob
tained by feeding the RF diet, or a semi- 
purified form ula incorporating “oil R,” to 
germfree rats unquestionably indicates an 
effect on systemic cholesterol metabolism. 
The similarity of the results in germfree 
and in  conventional anim als suggests, 
however, that also in conventional ra ts the 
cholesterol-lowering effect of this diet is 
m ainly a direct one, not caused via in 
fluences of dietary components on the in 
testinal microflora. It is generally con
sidered difficult to influence serum and 
liver cholesterol by dietary m eans in  rats 
fed “norm al” total am ounts of carbo
hydrates, proteins and fats (13, 14). 
Wilkens and co-workers have based the 
explanation of the cholesterol-lowering ef
fect of certain unsaturated  fats in their 
experiments on the lower solubility of cho
lesterol in  hypocholesterolemic oils (1 5 ), 
an explanation which appears independent 
of the presence or absence of an intestinal 
microflora. The above results portray the 
feasibility of a substantial reduction of 
body cholesterol pools via dietary means, 
while indicating that such a reduction can 
be independent, in  the first approach, of 
changes induced in  the intestinal m icro
flora.
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Kidney Beans ( P haseo lu s vulgaris') and the 
Effectiveness of Vitamin E for Prevention of 
Nutritional Muscular Dystrophy in the Chick ’

H . F . H IN T Z  2  a n d  D . E . H O G U E
D e p a r tm e n t  o f  A n i m a l  H u s b a n d r y ,  N e w  Y o r k  S ta te  C o lle g e  o f  A g r ic u l tu r e ,  
C o r n e l l  U n iv e r s i t y ,  I t h a c a ,  N e iv  Y o r k

A B S T R A C T  G ro u p s  o f  o n e -d a y -o ld  c h ic k s  f e d  a  v i t a m i n  E - f re e  d ie t  c o n t r a c t e d  n u t r i 
t i o n a l  m u s c u l a r  d y s t r o p h y  ( N M D )  a t  t h e  r a t e  o f  9 5  to  1 0 0 % . T h e  a d d i t i o n  o f  2 0  to  2 5  
IU  o f  v i t a m i n  E / k g  o f  d ie t  d e c r e a s e d  th e  i n c id e n c e  to  5 o r  6 % . A d d in g  r a w  k id n e y  
b e a n s  i n  a d d i t i o n  to  t h e  v i t a m i n  E  in c r e a s e d  t h e  i n c id e n c e  o f  N M D  to  4 5  to  1 0 0 % ,  
i n d i c a t i n g  th e  b e a n s  c o n t a i n  a n  a n t i - v i t a m in  E  f a c t o r  (P A T , P h a s e o lu s  a n t a g o n i s t  to  
t o c o p h e r o l ) .  E x t r a c t i n g  a n d  a u to c l a v in g  th e  b e a n s  i n d i c a t e d  2  a n t a g o n i s t s  to  v i t a m i n  
E ;  o n e ,  a lc o h o l- s o lu b le  a n d  h e a t  s t a b l e  a n d  t h e  s e c o n d ,  n o t  a lc o h o l- s o lu b le  a n d  h e a t  
l a b i le .  E v id e n c e  in d i c a t e d  t h a t  t h e  a lc o h o l- s o lu b le  a n t a g o n i s t  w a s  d u e  to  t h e  u n s a t u 
r a t e d  f a t s  p r e s e n t .  T h e  s p e c if ic  n a t u r e  o f  t h e  s e c o n d  a n t a g o n i s t  i s  a s  y e t  u n k n o w n .

Hogue et al. (1 )  reported that a ration 
containing raw  kidney beans when fed to 
ewes was effective in  the production of 
nutritional m uscular dystrophy (NM D) in 
their lambs. Autoclaving the beans de
creased the incidence of NMD and the in 
vestigators proposed the presence of a heat- 
labile vitam in E antagonist in  kidney 
beans. However, they also reported that 
autoclaved beans exhibited negative vita
m in E activity in  the prevention of exuda
tive diathesis in the chick.

Other legumes have been reported to 
have anti-vitam in E activity. Sanyal (5 )  
reported peas, Pisum sativium , contained 
a factor which decreased the effectiveness 
of vitam in E in  the prevention of fetal 
resorption in  the rat. Pudelkiewicz and 
M atterson (4 )  reported that alfalfa con
tained a lipid-soluble m aterial which de
creased the biological value of vitam in E 
for chicks by increasing vitam in E excre
tion.

Raw kidney beans are toxic to ra ts (3 ) 
but chicks are more resistant to the tox
icity. In prelim inary studies, diets con
taining 50% raw  beans produced 100% 
m ortality in  young rats; however, chicks 
were able to survive and make slight gains 
when fed sim ilar diets. W agh et al. (7 )  
also reported that chicks could survive with 
a diet containing 50% raw  beans. Hona- 
var et al. (2 )  isolated a hem agglutinin 
from kidney beans which caused a high 
mortality in rats when fed at levels as low

as 0.5% of the diet. Twice this level of 
hem agglutinin produced no evidence of 
mortality in  chicks (7 ) .

The present studies were conducted to 
determ ine whether kidney beans affected 
the vitam in E requirem ent for the preven
tion of NMD in chicks.

E X P E R IM E N T A L

One-day-old, W hite Plymouth Rock male 
chicks from a commercial h a tch e ry 3 were 
used in all experiments. The chicks were 
housed as groups in  electrically heated 
battery brooders with wire-mesh floors. 
Lighting was m aintained 15 hours per day. 
The negative control diet was sim ilar to 
that used by Scott and Calvert (6 )  to de
velop NMD in chicks. The composition of 
this diet is shown in table 1. All diets 
were fed ad libitum. The appearance of 
characteristic white striations in the breast 
muscle, visible either through the skin or 
upon autopsy at the term ination of the 
experim ent, was considered positive for 
NMD. Three individual experim ents were 
conducted as follows.

Experim ent 1. Sixteen chicks, 4 days 
of age, were assigned at random  to each 
of the dietary treatm ents listed in  table 2.

R ece ived  fo r  p u b lic a tio n  M a rc h  3, 1964.
1 T h is  in v e s t ig a tio n  w as  s u p p o rte d  in  p a r t  by 

P u b lic  H e a lth  S erv ice  R e s e a rc h  G ra n t no . N B -03517 
fro m  th e  N a tio n a l  In s t i tu te  o f  N e u ro lo g ic a l D iseases  
a n d  B lin d n ess .

2 P re s e n t a d d re ss : D e p a r tm e n t o f A n im a l H u s 
b a n d ry , U n iv e rs ity  o f C a l ifo rn ia , D av is , C a lifo rn ia .

3 C obb’s P e d ig re e d  C h ick s, In c ., C onco rd , M assa 
c h u se tts .

J . N u t r it io n , 84: ’64 2 8 3
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TA BLE 1

C o m p o s i t i o n  o f  n e g a t iv e  c o n tr o l  d ie t  1 2 3 4 5 6 * 8

G l u c o s e i

%
6 0 .8 8

T o r u la  y e a s t  2 1 0 . 0 0

C a s e in 5 .0 0
I s o la te d  s o y b e a n  p r o t e in  3 5 .0 0
S t r ip p e d  l a r d  4 4 .0 0
C e l lu lo s e  5 3 .0 0
M in e r a l  m i x t u r e  8 6 .0 4
V i t a m in  m i x t u r e  ' 0 .7 2
L -A rg in in e 1 . 0 0

L - G lu ta m ic  a c id 1 .5 0
G ly c in e 2 .5 0
L -L e u c in e 0 . 2 0

D L -M e th io n in e 0 . 1 0

D L -T ry p to p h a n 0 .0 6
E t h o x y q u in  8 0 .0 1 2 5

1 C erelo se , C o rn  P ro d u c ts  C o m p an y , N ew  Y ork.
2 K in d ly  su p p lie d  by  K. L. C a r tw rig h t,  L ak e  S ta te s  

S a les C o m p an y , N ew  York.
3 ADM  C -l A ssay  P ro te in , A rc h e r  D a n ie ls-M id lan d  

C o m p an y , M in n eap o lis .
4 D is ti l la t io n  P ro d u c ts  In d u s tr ie s ,  R o ch es te r, N ew  

York.
5 S o lka F loe , B ro w n  C o m p an y , B er lin , N ew  H am p-

6 M in e ra l m ix tu r e : (%  o f  d ie t )  C a H P 0 4 -2H 20 ,  2 .71; 
C aC 0 3, 1 .492; K H 2P 0 4, 0 .867 ; N aC l, 0 .600; M n C l2 -4H 20 ,
0 .0463; F e P 0 4 -4H 20 ,  0 .265 ; M gO, 0 .068 ; K I, 0 .00026; 
C u (C 20 4) 2, 0 .00119; Z nO , 0.006; CoC12 -6H 20 ,  0 .00017; 
KHCOs, 0 .21; N a M o 0 4 -2H 20 ,  0 .00083.

" T h e  v ita m in  m ix tu re  su p p lie d  th e  foU ow ing  p e r  
k g  o f d ie t:  ( i n  m g )  th ia m in e , 1 0 ; r ib o f la v in , 1 0 ; py ri- 
d o x in e -H C l, 4 .5 ; n ia c in ,  50; in o s ito l, 250 ; fo lic  a c id , 
4 ; C a p a n to th e n a te ,  20; b io tin , 0 .20; m e n a d io n e , 0 .50; 
c h o lin e  c h lo rid e  (7 0 %  ) ,  2200 ; a n d  v i ta m in  B i2, 20 fig; 
v i ta m in  A, 5600 IU ; v i ta m in  D 3 , 4410 ICU.

8 S a n to q u in , M o n sa n to  C h em ica l C o m p an y , St. L ou is , 
M issou ri.

The beans, when added to the basal diet 
replaced 5% Torula yeast, 2.5% casein, 
2.5% soy protein and 40% glucose. W hen 
the diets contained 75% beans, beans re
placed 3% cellulose, 3% casein, 3% soy
bean protein and 6% Torula yeast and all 
the glucose in  the basal diet.

The beans were alcohol-extracted by 
m ixing equal weights of beans and 95% 
ethyl alcohol in  a W aring Blendor for 3 
m inutes, and then filtering. The extrac
tion procedure was repeated 3 times. The 
alcohol was removed from the extract by 
evaporation at room tem perature. All 
birds were continued on trial up to 28 days.

Experim ent 2. Twenty chicks were ra n 
domly assigned to each of the treatm ents 
listed in  table 3. A 7-day prelim inary 
period in  which all chicks received the 
basal diet preceded a 24-day experim ental 
period. The alcohol extract was obtained 
in  the same m anner as in  experim ent 1. 
The acetone precipitates were obtained by 
adding acetone directly to the alcohol and 
extract. A white precipitate was obtained 
by adding acetone to the alcohol extract. 
The precipitate at room tem perature (2 5 °) 
was removed by centrifugation and an
other precipitate was obtained when the 
supernatant fraction was placed in  —30°

TA BLE 2

E f f e c t  o f  v i t a m i n  E  a n d  v a r io u s  k i d n e y  b e a n  f r a c t io n s  o n  t h e  in c id e n c e  o f  n u t r i t i o n a l  
m u s c u l a r  d y s t r o p h y ,  d a i ly  g a in ,  d ie t  i n t a k e  a n d  p a n c r e a s  w e i g h t  i n  t h e  c h i c k  ( t r ia l  1 )

D iet

In c id e n c e  o f 
n u t r i t io n a l  
m u s c u la r  
d y s tro p h y

No. i

A vg d a ily  
g a in  

/ c h ic k  2

T o ta l d ie t 
in ta k e  
/g ro u p

Avg p a n c re a s  
w t

% 9 hg g /1 0 0  g body  w t
1 N e g a t iv e  c o n t r o l 1 6 /1 6 1 0 0 8 . 0 — 0 .2 4
2  B a s a l  ( d i e t  1 +  2 0  I U / k g  v i t a m i n  E )  3 1 /1 6 6 12 .3 1 3 .5 0 .2 6
3 B a s a l  +  5 0 %  r a w  b e a n s 1 2 /1 4 8 6 4 .4 7 .8 0 .6 3
4  B a s a l  +  7 5 %  r a w  b e a n s 6 / 8 75 1 .5 3 .5 0 .6 7
5  B a s a l  +  5 0 %  a u to c la v e d  4  b e a n s 8 /1 6 5 0 1 1 . 1 1 3 .8 0 .3 9
6  B a s a l  +  7 5 %  a u to c la v e d  4  b e a n s 1 4 /1 6 8 7 7 .2 1 1 . 2 0 .3 8
7 B a s a l  +  5 0 %  a lc o h o l - e x t r a c t e d  b e a n s 1 1 /1 6 69 6 . 1 9 .5 0 .5 6
8  B a s a l  +  a lc o h o l  e x t r a c t  5 9 /1 6 56 9 .5 8 . 6 0 .2 4
9  N e g a t iv e  c o n t r o l  +  0 .3 %  c y s t in e 0 / 1 6 0 1 5 .0 1 2 .4 0 .2 4

10  N e g a t iv e  c o n t r o l  +  0 .3 %  c y s t in e  +
5 0 %  r a w  b e a n s 0 / 1 7 0 4 .9 7 .3 0 .5 9

11 C h ic k  s t a r t e r  6 0 /1 6 0 2 0 . 6 — 0 .2 4

1 In d ic a te s  n u m b e r  a ffec ted  over to ta l  n u m b e r  o f  n o rm a l p lu s  a ffected .
2 F o r c h ic k s  su rv iv in g  to  th e  e n d  o f th e  e x p e r im e n t only.
3 R o v im ix  E , D L-a-tocopheryl a ce ta te , H o ffm an n -L a  R oche , In c ., N u tle y , N ew  Jersey .
4 A t a  te m p e ra tu re  o f 118° fo r  30 m in u te s .
5 A dded  to  s im u la te  a  200%  b e a n  d ie t.
6 C h ick  G row , A gw ay, In c ., I th a c a , N ew  Y ork.
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cooler for 12 hours. This precipitate was 
removed and the solvents in  the super
n a tan t were evaporated and the residue 
retained. Thus, the alcohol extract was 
fractionated into 3 parts: 1) acetone pre
cipitate at 25°; 2 ) acetone precipitate at 
—30°; and 3) residue. In  this experim ent 
the additions to the control diet replaced 
glucose only.

Experim ent 3. Ten chicks were as
signed at random  to each of the treatm ents 
listed in  table 4. For the NaOH extraction, 
2 kg of finely ground raw beans were 
mixed with 12 liters of 0.2 n  NaOH. After 
24 hours the m ixture was filtered through 
cheesecloth and the residue washed with

water and dried with fans at room tem 
perature. Ethyl alcohol (95%  ) was added 
to the filtrate until no more precipitate 
(pro te in) was formed and the m ixture was 
filtered through cheesecloth. The residue 
was dried in  a freeze-drier. All chicks 
were fed the basal diet for 14 days and 
the experim ental diet for 14 days. The 
bean additions were made at the expense 
of glucose.

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

Experim ent 1. All the chicks fed the 
negative control diet developed NMD 
(table 2 ) (diet 1) but 20 IU of vitam in 
E /kg  of diet (dl-a-tocopheryl acetate) (diet

TA BLE 3
E f f e c t  o f  v a r io u s  k i d n e y  b e a n  f r a c t io n s  a n d  a u to c la v e d  k i d n e y  b e a n s  a n d  l in o le ic  a c id  

o n  th e  v i t a m i n  E  r e q u i r e m e n t  o f  t h e  c h i c k  ( t r ia l  2 )

D iet

In c id e n c e  of 
n u t r i t io n a l  
m u s c u la r  
d y s tro p h y

No. i

Avg d a ily  
g a in  2

T o ta l d ie t 
in ta k e

% 9 kg
1 N e g a t iv e  c o n t r o l 1 9 /2 0 9 5 1 1 .9 1 2 . 6
2  B a s a l  ( d i e t  1 +  2 0  IU  o f  v i t a m i n  E / k g )  3 1 / 2 0 5 1 2 . 0 1 2 . 6
3  B a s a l  +  5 0 %  r a w  b e a n s 9 /2 0 4 5 9 .6 1 3 .0
4  B a s a l  +  5 0 %  a u to c la v e d  4  b e a n s 1 1  , '2 0 55 1 4 .5 1 5 .0
5 B a s a l  +  5 0 %  a u to c la v e d  5  b e a n s 4 / 2 0 2 0 1 2 .7 1 5 .0
6  B a s a l  +  5 0 %  a lc o h o l  e x t r a c t e d  r a w  b e a n s 6 / 2 0 3 0 7 .0 1 1 . 0

7 B a s a l  +  a lc o h o l  e x t r a c t  o f  r a w  b e a n s  6 1 0 / 2 0 50 1 1 . 6 1 1 .4
8  B a s a l  +  a c e to n e  p r e c i p i t a t e  o f  a lc o h o l  e x t r a c t

( 2 5 ° ) 6 0 / 2 0 0 1 2 .5 1 2 .4
9 B a s a l  +  a c e to n e  p r e c i p i t a t e  o f  a lc o h o l  e x t r a c t

( - 3 0 ° )  6 2 / 2 0 1 0 9 .9 1 1 .4
10  B a s a l  +  a lc o h o l  e x t r a c t  r e s id u e  6 9 /2 0 4 5 9 .2 1 1 . 0

11 B a s a l  +  5 0 %  a lc o h o l  e x t r a c t e d  a u to c la v e d  4  b e a n s 0 / 2 0 0 1 2 .9 1 5 .0
12  B a s a l  +  a lc o h o l  e x t r a c t  o f  a u to c la v e d  b e a n s  5 ,6 1 1 / 2 0 5 5 9 .9 1 0 .4
13  B a s a l  +  2 .0 %  l in o le ic  a c id 1 1 / 2 0 55 1 1 . 0 1 1 . 1

1 In d ic a te s  n u m b e r  a ffec ted  o v e r to ta l  n u m b e r  o f n o rm a l  p lu s  a ffected .
2 F o r c h ic k s  su rv iv in g  to  th e  e n d  o f th e  e x p e r im e n t only .
3 R o v im ix  E , D L-a-tocopheryl a c e ta te , H o ffm an n -L a  R oche , In c ., N u tle y , N ew  Jersey .
4 A t a  te m p e ra tu re  o f 118° fo r  30 m in u te s .
5 A t a  te m p e ra tu re  o f  127° fo r  60  m in u te s .
6 A ll a lco h o l f r a c tio n s  ad d ed  to  s im u la te  a  100%  b e a n  d ie t.

TA BLE 4
E f f e c t  o f  N a O H  e x t r a c t io n  o n  P A T  i  a c t i v i t y  i n  k i d n e y  b e a n s  ( t r ia l  3 )

D iet
N u tr i t io n a l  m u s c u la r  d y s tro p h y

No. 2

1 B a s a l  ( w i t h  2 5  IU  o f  v i t a m i n  E  3/ k g  o f  d i e t )
2  B a s a l  +  5 0 %  r a w  b e a n s
3  B a s a l  +  5 0 %  N a O H  e x t r a c t e d  r a w  b e a n s
4  B a s a l  +  3 0 %  a lc o h o l  p r e c i p i t a t e  o f  N a O H  e x t r a c t  o f  b e a n s

0 / 1 0
1 0 / 1 0

1 / 1 0
1 / 1 0

%
0

1 0 0
1 0
1 0

1 PA T in d ic a te s  P h a seo lu s  a n ta g o n is t  to  toco p h ero l.
2 R efers  to n u m b e r  a ffec ted  o v e r to ta l n u m b e r.
3 R o v im ix  E , D L-a-tocopheryl a ce ta te , H o ffm an n -L a  R oche , In c ., N u tle y , N ew  Jersey .
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2) reduced the incidence of NMD to 6% . 
W hen raw  beans were substituted for glu
cose in  the basal diet including 20 IU of 
vitam in E /k g  of diet, the incidence of 
NMD (diet 3) increased to 86% . Eight of 
the chicks fed the diet containing 75% raw 
beans (diet 4 ) died w ithin the first week; 
however, 6 of the rem aining 8 developed 
NMD. Autoclaved beans (diets 5 and 6) 
also decreased the effectiveness of 20 ppm 
vitam in E in  the prevention of NMD. 
Beans extracted with alcohol (diet 7) also 
exhibited the anti-vitam in E effect; how
ever, the alcohol extract (diet 8) also had 
anti-vitam in E activity. A level of 0.3% 
cystine completely prevented NMD in the 
negative control diet (diet 9) and in  the 
diet containing 50% raw  beans (diet 10).

The chicks fed raw beans or alcohol- 
extracted raw  beans had significantly 
greater (P <  0.01) relative pancreas 
weights than  chicks fed autoclaved beans. 
These latter chicks had significantly 
greater relative pancreas weights than 
chicks fed diets without beans (P  <  0.05). 
Wagh et al. (7 )  also reported that raw 
beans increased pancreas size in  chicks 
which is apparently a response to the pro
teolytic enzyme inhibitors. W agh et al.
(7 )  noted that autoclaving beans at the 
same pressure and time used in this study 
completely removed the effect on the pan
creas, but the growth perform ance of 
chicks fed autoclaved beans was subnor
mal when compared with that of chicks 
fed a control diet containing corn and soy
bean meal. In the experim ent reported 
here all experim ental diets produced sub
norm al growth when compared with a 
commercial chick diet (diet 11). A level 
of 75% autoclaved beans decreased growth 
when compared with the experim ental 
basal diet (diet 2 ). Raw beans greatly 
decreased growth when fed at the 50% or 
75% levels.

Experim ent 2. The results of experi
m ent 2 summarized in  table 3 confirm 
those of experim ent 1 with a high per
centage of NMD (95%  ) in  chicks fed the 
negative control diet (diet 1) and the al
most complete effectiveness of the addi
tion of 20 IU of v itam in/kg  of diet in  pre
venting the occurrence of NMD. Raw 
beans (diet 3) and beans autoclaved 30 
m inutes at a tem perature of 118° (diet 4)

exhibited anti-vitam in E activity. W hen 
the added beans were autoclaved for 60 
m inutes at a tem perature of 127° the an ti
vitam in E effect was decreased somewhat 
but apparently still present (diet 5) as 
judged by the increase in  incidence of 
NMD over that occurring in  chicks fed the 
basal diet. Both the alcohol extract (diet
7) and the alcohol-extracted beans (diet 6) 
again increased the incidence of NMD over 
that of the basal group.

The 2 acetone precipitates (diets 8 and
9) from the alcohol extract were ineffec
tive in  increasing the incidence of NMD, 
but the alcohol-acetone soluble residue 
(diet 10) did exhibit an  anti-vitamin E 
effect. Linoleic acid (d iet 13) fed at the 
level of 2.0% of the diet also increased the 
incidence of NMD when added to the basal 
diet. The alcohol extract of the beans 
(bean fa t)  was analyzed for fatty  acid 
content by gas chromatography and con
tained, on a m olar basis, 36.3% linolenic, 
21.4% palm itic, 21.3% linoleic, 15.2% 
palmitoleic, 4.3% stearic and 1.5% other 
fatty acids. Kidney beans contain from 2 
to 3% of fa t and approximately 50% of 
this is unsaturated. Therefore, when al
cohol extracts were added to the basal diet 
at 2 or 4 times that present in 50% bean 
diets the anti-vitam in E effect observed 
may have been due to the effect of u n 
saturated fat.

W hen autoclaved beans, extracted with 
alcohol, were fed (diet 11) no effect on the 
vitam in E requirem ent was noted. The 
alcohol extract of the autoclaved beans did 
exhibit an anti-vitamin E effect (diet 12).

These data indicate that 2 factors exist 
in raw kidney beans which inhibit the ef
fectiveness of vitam in E for prevention of 
NMD in the chick. One is alcohol-soluble 
and relatively heat-stable and apparently 
constitutes the unsaturated  fa t in the 
beans. The second factor is not alcohol- 
soluble and is heat labile. The specific 
nature of this Phaseolus antagonist to to
copherol (PAT) is unknown at this time. 
This factor is most probably the factor 
contributing to earlier results in this lab
oratory with sheep (1 )  where autoclaving 
of beans fed to ewes markedly reduced the 
NMD incidence in  their respective lambs.

Experim ent 3. The results are sum 
marized in  table 4. Raw beans again ex
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hibited anti-vitam in E activity in the chick 
but when the beans were treated with 0.2 n  
NaOH the activity was removed or de
stroyed. The alcohol precipitate of the 
NaOH extract did not significantly increase 
the incidence of NMD.

In all 3 trials the inclusion of raw  beans 
in the diet decreased the activity of vitam in 
E in preventing NMD in chicks. Some of 
the anti-vitam in E activity may be ex
plained by the unsaturated  fa t contained 
in beans; however, alcohol-extracted beans 
which contained no m easurable am ount of 
ether extract also exhibited anti-vitamin 
E activity. This non-alcohol-soluble frac
tion proved to be heat labile.
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d e n c e  o f  a  s p e c if ic  e f f e c t  o f  c y s t i n e  i n  th e  
p r e v e n t io n  o f  n u t r i t i o n a l  m u s c u l a r  d y s t r o p h y  
i n  v i t a m i n  E - d e f ic ie n t  c h ic k s .  J .  N u t r i t i o n ,  
7 7 ; 105 .

7. W a g h ,  P . V ., D . F . K la u s te r m e ie r ,  P .  E . 
W a ib e l  a n d  I. E . L i e n e r  1 9 6 3  N u t r i t i v e  
v a lu e  o f  r e d  k id n e y  b e a n s  ( P h a s e o lu s  
v u l g a r i s )  f o r  c h ic k s .  J .  N u t r i t i o n ,  8 0 ; 191 .
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A B S T R A C T  W h e n  a  s in g le  d o s e  o f  a m i n o p t e r i n  w a s  i n j e c t e d  i n to  r a t s  o n  th e  t e n t h  
d a y  o f  p r e g n a n c y ,  t h e  e m b r y o s  w e r e  d e s t r o y e d  a n d  c o m p le te ly  r e s o r b e d  i f  t h e  l e v e l  o f  
d o s a g e  w a s  2 0 0  p g  o r  a b o v e . S te p -b y - s te p  r e d u c t io n  o f  t h e  a n a l o g u e  p e r m i t t e d  m o r e  
o f  t h e  f e tu s e s  to  s u r v iv e  a n d  th e s e  s h o w e d  a  lo w  n u m b e r  o f  c o n g e n i t a l  d e f e c t s .  F e t a l  
l i v e r  D N A  i n  th e s e  y o u n g  w a s  d e p r e s s e d  a t  t h e  h i g h e r  le v e ls  o f  d o s a g e  b u t  R N A  w a s  
u n a f f e c te d .  W h e n  fo l i c  a c id  w a s  a d m i n i s t e r e d  a t  v a r y in g  le v e ls  o n e  h o u r  p r i o r  to  a n  
i n j e c t i o n  o f  1 5 0  /ig  a m in o p t e r i n ,  t h e  e f f e c t  o f  t h e  a m i n o p t e r i n  w a s  p a r t i a l l y  r e v e r s e d .  
T h e r e  w a s  a  s t a t i s t i c a l l y  s ig n i f i c a n t  e n h a n c e m e n t  o f  t h e  D N A  a n d  o f  t h e  R N A  s y n th e s i s  
w h e n  th e  lo w e r  le v e ls  o f  fo l i c  a c i d  w e r e  u s e d .  H o w e v e r ,  a t  t h e  h ig h e s t  le v e l  o f  fo l i c  
a c id ,  t h e  D N A  a n d  R N A  s y n th e s i s  i n  t h i s  g r o u p  w e r e  b o th  d e p r e s s e d .  W h e n  f o l i c  a c id  
w a s  g iv e n  a lo n e ,  t h e  D N A  w a s  a g a i n  s ig n i f i c a n t ly  d e p r e s s e d  a t  th e  h i g h e s t  l e v e l  o f  
d o s a g e  b u t  R N A  w a s  u n a f f e c te d .  A t t h i s  h ig h e r  le v e l  o f  fo l ic  a c id  s o m e  a b n o r m a l  y o u n g  
w e r e  f o u n d .  T h y m id in e  a lo n e  o r  i n  c o m b in a t io n  w i th  in o s in e  w a s  u n s u c c e s s f u l  i n  
r e v e r s in g  th e  a m i n o p t e r i n  e f fe c t .

Early attem pts to produce congenital 
m alform ations by folic acid deficiency in 
anim als were complicated by concurrent 
vitam in B12 deficiency as Kalter and Wark- 
any (1 )  pointed out in  their review. In 
1947, a series of studies by Nelson and co
workers (2—5) began to appear in which 
congenital anomalies were produced in  the 
ra t by folic acid deficiency induced by a 
crude folic acid antagonist, x-methyl folic 
acid. The antagonist, am inopterin (4- 
aminopteroylglutamic acid), has been 
studied in  pregnant ra ts by Thiersch and 
Phillips (6 )  who observed that the fetuses 
were completely resorbed without the ap
pearance of abnorm al young. However, 
Murphy and Karnofsky (7 ) , Iwahashi (8 )  
and Kotani et al. (9 )  have reported that 
some abnorm al young were produced when 
the pregnant ra t was treated with aminop
terin.

Although inhibition of nucleic acid syn
thesis has been observed in  the nonpreg
nan t ra t treated with folic acid antagonists 
(10-12), very few studies of embryonic 
synthesis of DNA and RNA have been re
ported. The most extensive observations 
of embryonic nucleic acid synthesis are 
those of Grant (1 3 ) in  the frog embryo 
subjected to the folic acid antagonists, 
am ethopterin (4-amino, N 10-methylpteroyl- 
glutamic acid) and amino-anfol (4-ami- 
nopteroylaspartic ac id ).

The present paper reports the results of 
a study of fetal development and nucleic 
acid synthesis in  the progeny of ra ts  treated 
with a single dose of am inopterin, alone 
or preceded by the adm inistration of folic 
acid, at a critical stage of pregnancy. De
term inations of liver nitrogen, DNA and 
RNA were carried out in  the 21-day-old 
fetus. Observations of the effects of ad
m inistration of the ribosides, thymidine 
and inosine, in  conjunction with am inop
terin  are reported.

E X P E R IM E N T A L  P R O C E D U R E S

Pregnant ra ts of the Holtzman strain  
with a known sperm-positive date were 
used; the sperm-positive date was counted 
as day zero of the pregnancy. The ra ts 
were housed individually in  m etal cages 
and the tem perature of the room was m ain
tained at 20 to 25°. On days 9 and 10 of 
the pregnancy, the experim ental ra ts  were 
fed a folic acid-deficient d ie t3 with 1 % of

R ece iv ed  fo r  p u b lic a tio n  M ay  27, 1964.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  w h o le  by  

P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t  no . H D  00521 
f ro m  th e  N a tio n a l  I n s t i tu te  o f C h ild  H e a lth  a n d  
H u m a n  D ev elo p m en t.

2 P a p e r  5406, S c ien tific  J o u rn a l  S eries , M in n eso ta  
A g ric u ltu ra l  E x p e r im e n t S ta tio n .

3 C o m p o sitio n  o f fo lic  a c id -d e fic ien t d ie t:  ( g /1 0 0  g 
d ie t)  d ex tro se , 53; v ita m in -f re e  c a s e in , 22 ; g e la tin ,  8 ; 
so y b ean  o il, 5 ; s a l t  m ix tu re  U SP X IV , 4 .3; C a g lu co 
n a te ,  3 ; cellu lo se , 4 ; u -cystine , 0 .45; c h o lic  a c id , 0 .25; 
p lu s  v i ta m in  fo r tif ic a tio n  m ix tu r e :  ( g /k g  d ie t )  v i ta 
m in  A c o n c e n tr a te  (200 ,000  u n i t s / g ) ,  1 .0; v i ta m in  D 
c o n c e n tra te  (400 ,000  u n i t s / g ) ,  0 .06; ( i n  m g /k g )  
a -tocophero l, 1.0; n ia c in ,  1.0; r ib o f la v in , 0 .2 ; pyxi- 
d o x in e -H C l, 0 .2 ; th ia m in e  HC1, 0 .2; C a p a n to th e n a te ,  
0 .7; b io tin , 0 .004; a n d  v i ta m in  B i2r 0.3.

288 J. N u t r it io n , 8 4 : ’64
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succinylsulfathiazole added. Stock d ie t4 
was fed at all other times and food and 
water were fed ad libitum. Intraperitoneal 
injections of am inopterin were adm inis
tered to the anim als on the tenth day of 
the pregnancy and at approximately the 
same time of day in  each case. The am i
nopterin was dissolved in  0.01 m  N aH C 03 
and prepared fresh daily. Folic acid 5 was 
dissolved in  1 m  N aH C 03 and injected one 
hour prior to the am inopterin, since Goldin 
et al. (1 4 ) dem onstrated this procedure 
to be more effective than  sim ultaneous ad
m inistration. The total volume of each 
injection did not exceed one milliliter. 
Thymidine and inosine were dissolved in 
distilled water and were injected separately 
either one hour prior to or simultaneously 
with the antagonist. U ntreated anim als 
comprised 2 groups. The larger group was 
m aintained throughout with stock diet, and 
the smaller group was treated exactly as 
the experim ental anim als except that the 
injection consisted of 0.01 m  N aH C03 only. 
Twenty three rats rem ained untreated and 
served as controls for the study. In the 
experim ental groups, 72 ra ts were treated 
with graded doses of am inopterin only, 19 
with graded doses of folic acid alone and 
46 with both am inopterin and folic acid. 
An additional group of 46 aminopterin- 
treated ra ts were injected with various 
combinations of thym idine and inosine, 
and 6 anim als were treated with ribosides 
only.

The ra ts were killed by chloroform 
anaesthesia and the pups were removed by 
caesarian section on the 21st day of ges
tation. The uterus was inspected for im 
plantation sites and arrested embryos. 
The surviving fetuses were removed from 
the uterus and their weight, crown-rump 
length and apparent abnormalities were 
recorded. The fetuses were wrapped in 
foil and frozen immediately. Every effort 
was m ade to remove the fetus while it was 
viable and to allow a m inim um  of time to 
elapse between delivery and freezing. At a 
later date they were removed from the 
freezer and the fetal livers were extracted, 
weighed and homogenized in  ice-cold sa
line with a Potter-Elvehjem tissue homog- 
enizer and refrozen immediately. All of 
the livers from one litter were pooled to 
prepare one homogenate.

Nitrogen determ inations were carried 
out on diluted samples of the liver homog
enates by direct nesslerization according to 
the m ethod of Lanni et al. (1 5 ). The 
nucleic acids were extracted from the liver 
homogenates by the Schneider treatm ent
(16 ) except that perchloric acid was used 
instead of trichloroacetic acid (1 7 ). RNA 
was determ ined by the orcinol method of 
Ceriotti (1 7 ) and the color was read at 
675 m /(.. The indole method of Ceriotti
(1 8 ) was used for the determ ination of 
DNA and the color was read at 490 m/,.

R E S U L T S  A N D  D IS C U S S IO N

Table 1 presents the data on fetal de
velopment when various levels of am inop
terin were injected into the ra t on the tenth 
day of pregnancy. W ith a dose of 200 
^g /kg  body weight or higher, the preg
nancy was interrupted and the embryos 
were resorbed. Stepwise reduction of the 
am ount of am inopterin injected resulted 
in  an  increased num ber of surviving young 
in  each litter as well as an increase in the 
num ber of litters which were m aintained, 
at least in  part, for 21 days. The largest 
dose which can be adm inistered on the 
tenth day of pregnancy without any ap
parent detrim ental effect for the young rat 
appears to be 15 /ng/kg. Arrested and 
resorbing embryos appear at levels as low 
as 30 fig/kg. A very low percentage of 
congenitally abnorm al young were ob
served. These consisted, on gross inspec
tion, prim arily of hydramnios and extreme 
edema of the fetus. Other anomalies, such 
as those described by Nelson (3 ) ,  may 
have been present but these were not stud
ied in  detail since it was necessary to avoid 
undue delay in  freezing the fetus. The 
weight and crown-rump length of the 
young from the am inopterin-treated m oth
ers did not differ markedly from that of

4 H e d in , P. A., a n d  M. O. S ch u ltz e  1955 M a te rn a l 
d ie t  a n d  o th e r  fa c to rs  a ffe c tin g  th e  l ip id  c o n te n t of 
liv e rs  o f v e ry  y o u n g  ra ts .  J. N u tr i t io n , 56: 129; co n 
ta in e d :  ( i n  p a r t s / 1 00 ) d r ie d  sk im  m ilk  p o w d e r, 10; 
a l f a l f a  le a f  m e a l, 9; so y b ean  m e a l (e x p e lle r  ty p e ) ,  9; 
fish  m e a l (m e n h a d e n  o r s a r d in e ) ,  9; i r r a d ia te d  d rie d  
y e a s t (9000  IU  v ita m in  D /g ) ,  0 .01; g ro u n d  ye llow  
co rn , 61 .49 ; a n d  m in e ra l  m ix tu re ,  1.5. T h e  m in e ra l  
m ix tu re  w as  o b ta in e d  f ro m  S w ift a n d  C o m p an y . 
C h icag o , a s  S w if t’s A ll-P u rpose  S a lt M ix tu re , s ta te d  
by  th e  m a n u fa c tu re r  to  c o n ta in :  g ro u n d  lim es to n e , 
ro c k  p h o s p h a te ,  s te a m e d  b o n e  m e a l, m o la sse s , an ise . 
MgCC>3 , F e 2C>3, M n S 0 4, N aC l, K I, C uSO t, a n d  C0 SO4 . 
(C a lc iu m , 2 5 .0 -2 7 .0 % ; P , 4 .5 % ; I, 0 .0 0 3 % ; N aC l. 
1 6 -2 0 % .)

5 C ry s ta l lin e  fo lic  a c id  f ro m  N u tr i t io n a l  B io ch em i
c a ls  C o rp o ra tio n , C lev e lan d .
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TA B LE 1

E f fe c t  o f  a m in o p te r i n  a n d  fo l ic  a c id  o n  f e ta l  d e v e lo p m e n t  i n  t h e  r a t

A m in o p te r in /  
kg  r a t

F o lic  
a c id /  
k g  r a t

No.
p re g n a n t

r a t s /
g roup

M others  
c a r ry in g  

y o u n g  
fo r  21 
days

M ean  no. a r re s te d  
a n d  re so rb in g  

f e tu s e s /p re g n a n t  r a t
M ean  no . su rv iv in g  
y o u n g /p re g n a n t  r a t

%
a b n o rm a l 1

tig

U n t r e a t e d

m g

0 23
%

1 0 0 .0 0 . 0 ( 0 - l )  2 8 . 6 ( 2 - 1 2 ) 0 .0

15 0 4 1 0 0 .0 0 .0  — 9 . 5 ( 7 - 1 2 ) 0 .0
30 0 6 1 0 0 .0 1 .3 ( 0 —4 ) 7 . 5 ( 5 - 1 0 ) 0 .0
50 0 9 1 0 0 .0 1 .4 ( 0 —5 ) 6 . 3 ( 1 - 1 1 ) 1.9
75 0 7 5 7 .1 2 .8  ( 0 - 8 ) 1 . 7 ( 0 - 7 ) 1 .6

100 0 17 3 5 .5 1 .8 ( 0 —7 ) 1 .2  ( 0 - 7 ) 4 .6
150 0 12 1 8 .2 0 .8 ( 0 —8 ) 0 . 5 ( 0 - 5 ) 1 6 .6
2 0 0 0 9 0 .0 0 .0  — — —
3 0 0 0 8 0 .0 0 .0  — — —

100 100 8 1 0 0 .0 0 .0  — 8 . 0 ( 3 - 1 0 ) 0 .0
15 0 15 10 5 0 .0 2 . 8 ( 0 —9 ) 2 . 7 ( 0 —9 ) 1 .0
150 75 10 9 0 .0 0 . 9 ( 0 —4 ) 7 . 1 ( 0 - 1 1 ) 2 .2
150 15 0 8 1 0 0 .0 0 .8 ( 0 —4 ) 8 . 2 ( 6 - 1 2 ) 1 .4
15 0 2 2 5 10 1 0 0 .0 1 . 6 ( 0 - 8 ) 8 . 8 ( 2 - 1 1 ) 1.0

0 15 4 1 0 0 .0 0 .0  — 9 . 0 ( 7 - 1 0 ) 0 .0
0 75 4 1 0 0 .0 0 .0  — 1 0 . 5 ( 9 - 1 5 ) 0 .0
0 100 3 1 0 0 .0 0 .0  — 1 0 . 0 ( 7 - 1 3 ) 0 .0
0 15 0 4 1 0 0 .0 0 .0  — 8 . 2 ( 5 - 1 1 ) 6 .1
0 2 2 5 4 1 0 0 .0 0 .0  — 1 0 . 0 ( 6 - 1 3 ) 2 .5

1 T h e re  w e re  a  to ta l  o f 17 a b n o rm a l y o u n g , 11 w ith  h y d ra m n io s , 3 w ith  ed em a  a n d  3 w ith  b o th  h y d ra m n io s  
a n d  edem a.

2 N u m b e rs  in  p a re n th e s e s  in d ic a te  ra n g e .

TA BLE 2

F e ta l  s i z e  i n  y o u n g  f r o m  r a ts  t r e a t e d  w i t h  a m in o p te r i n  a n d  fo l ic  a c id

A m in o p te r in /  
kg  r a t

Folic  
a c id /  
kg  r a t

N o. o f 
y o u n g

M ean  fe ta l  
w t

M ean  fe ta l  
c ro w n -ru m p  

le n g th

m g 9 c m
U n t r e a t e d 0 198 5 .2 ( 3 .3 —6 .5 ) 4 .1 ( 3 .2 —4 .9 )

15 0 38 5 .2 ( 4 .0 —6 .0 )  1 3 . 9 ( 3 .3 ^ t . 5 )
3 0 0 4 5 5 .5 ( 4 .3 —6 .2  ) 4 .0 ( 3 .4 —4 .4 )
50 0 57 5 .1 ( 2 .7 —6 .6 ) 4 4 ( 3 . 2 ^ 4 . 6 )
75 0 12 4 .4 ( 2 .1 —5 .7 ) 3 . 8 ( 3 .1 - 4 .4 )

100 0 2 0 4 .0 ( 2 .1 —4 .8 ) 3 . 8 ( 3 .0 - 4 .4 )
150 0 6 4 .1 ( 2 .7 —4 .8 ) 3 . 8 ( 3 4 - 4 4 )
2 0 0 0 0 — —

3 0 0 0 0 — —

1 0 0 10 0 64 5 . 1 ( 3 .7 - 6 .1 ) 4 .0 ( 3 .4 —4 .6 )
1 50 15 2 7 3 .9 ( 2 .2 —5 .7 ) 3 . 6 ( 2 . 9 ^ . 3 )
1 50 75 71 4 .8 ( 2 .6 —6 .0 ) 4 . 0 ( 2 .6 - 4 .6 )
1 50 15 0 6 6 5 .4 ( 4 .0 —6 .6 ) 4 . 1 ( 3 .1 - 4 .7 )
1 50 2 2 5 79 5 .6 ( 2 .0 —6 .1  ) 4 4 ( 3 . 1 - 4 . 6 )

0 15 3 6 4 .7 ( 3 .8 —6 .0 ) 3 . 8 ( 3 4 ^ 4 . 4 )
0 75 4 2 4 .9 ( 3 .8 —6 .4 ) 4 4 ( 3 . 0 - 4 . 7 )
0 10 0 3 0 5 .2 ( 3 .0 —5 .7 ) 4 4 ( 3 . 4 - 4 . 5 )
0 150 33 5 .2 ( 4 .0 —6 .2 ) 4 . 2 ( 3 .8 - 4 .7 )
0 2 2 5 4 0 5 .5 ( 4 .2 —6 .2 ) 4 4 ( 3 . 9 ^ 4 . 7 )

1 N um bers in  paren theses ind ica te  range.
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the untreated ra ts (table 2 ). Those ani
mals which were treated with an injection 
of N aH C 03 only, with the folic acid-free 
diet did not differ essentially from other 
untreated anim als and the results are re
ported together as untreated. These data 
agree with those of M urphy and Karnof- 
sky (7 ) in  that very few abnormalities ap
peared in  the young from  aminopterin- 
treated rats. These investigators noted 
that the fetus either died early or survived 
the 21 days with no conspicuous develop
m ental anomalies, and that there was a 
tendency for the entire litter to resorb or 
to survive and develop normally. How
ever, at the levels of am inopterin used in 
the present study, there were m any in 
stances in which only a fraction of the 
im plantation sites yielded surviving young 
at 21 days.

Reversal of the toxic effect of am inop
terin by graded doses of folic acid adm inis
tered one hour prior to the am inopterin 
(a t 150 and 100 ^g /kg  body weight) was 
studied and these data are also presented 
in table 1. At a ratio of folic acid to am i
nopterin of 100:1 (15 mg folic ac id /kg ),

50% of the litters survived for 21 days but 
1% of them  were abnormal. An increase 
in  the ratio to 1000:1 (150 mg folic 
ac id /k g ) allowed 100% of the litters to 
survive to 21 days but 1.4% of these young 
were abnormal. The adm inistration of 
folic acid in levels 1500 times (225 m g /k g ) 
that of the am inopterin did not result in 
norm al reproduction. The ratio reported 
by Greenspan et al. (19 ) which provided 
complete protection from the lethal effect 
of am inopterin in mice was m uch lower 
(2.5:1). However, Cravens and Snell (2 0 ), 
working with the chick embryo, were u n 
able to reverse the am inopterin-induced 
depression of chick hatchability with a 
ratio of folic acid to am inopterin of 50:1.

The possible toxic effects of large doses 
of folic acid per se cannot be neglected 
and table 1 presents data on the treatm ent 
of pregnant ra ts with folic acid alone at 
various levels. The data appear to be 
comparable with that of the untreated 
anim als except that at the higher levels of 
150 and 225 m g/kg  abnorm al young ap
peared. Although the num bers of abnor
m al young were small, such abnormali-

TA BLE 3

E f f e c t  o f  a m in o p te r i n ,  t h y m i d i n e  a n d  in o s in e  o n  f e t a l  d e v e lo p m e n t  i n  th e  r a t

A m in o p te r in /  
kg  ra t

T h y m id in e  /  
kg  r a t

No. M ean  no. M ean  no . 
s u rv iv in g  

y o u n g

F e ta l size
In o s in e /  

kg  r a t
p re g n a n t

r a t s /
g roup

im p la n 
ta t io n

s i t e s / r a t M ean  w t
M ean

c ro w n -ru m p
le n g th

U n t r e a t e d
m g

0
m g

0 2 3 8 .6 8 .6
9

5 .2 ( 3 .3 - 6 .5 )  1

c m
4 .1  ( 3 .2 ^ 1 .9 )

15 0 7 .5 0 4 11 .3 0 _ _
15 0 15 .0 0 3 6 .7 0 — —

150 3 0 .0 0 3 9 .0 0 — —

1 5 0 6 0 .0 0 4 1 0 .0 0 — —

1 5 0 7.5 1 5 .0 4 8 .2 0 — —
15 0 1 5 .0 3 0 .0 4 9 .2 0 — —

1 50 3 0 .0 6 0 .0 4 6 .5 0 — —

1 50 6 0 .0 1 2 0 .0 2 9 .0 0 — —
W ith  a d m i n i s t r a t i o n  o f  r ib o s id e s  o n e h o u r  p r io r  to  a m i n o p t e r i n  i n j e c t i o n

1 5 0 6 0 .0 0 4 7 .2 0 — —

1 5 0 1 2 0 .0 0 3 7 .0 0 — —

1 5 0 2 4 0 .0 0 4 8 .8 0 — —

1 5 0 6 0 .0 1 2 0 .0 3 1 0 .0 0 — —
1 50 1 2 0 .0 1 2 0 .0 4 1 1 .5 0 — —

0 6 0 .0 0 3 9 .0 8 .0 5 .3 ( 4 .4 —6 .1  ) 4 . 3 ( 4 .0 - 4 .6 )
0 2 4 0 .0 0 1 9 .0 9 .0 5 .5 ( 5 .3 —5 .6 ) 4 . 3 ( 3 .9 - 4 .4 )

0 6 0 .0 1 2 0 .0 2 8 .0 8 .0 5 .5 ( 5 .1 - 5 .9 ) 4 .3 ( 4 .1 ^ 1 .4 )

1 N um bers in  paren theses ind ica te  range.
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ties have never been observed in  untreated 
ra ts in  this laboratory. It is not possible 
to determ ine from these data whether the 
abnormalities which occurred in the young 
from rats receiving am inopterin and folic 
acid were caused by the am inopterin, by 
the high dose of folic acid or by both. 
That folic acid is toxic in  itself has been 
reported by Greenspan (1 9 ) who observed 
that folic acid in a dose of 225 m g/kg  body 
weight in  mice resulted in  the deaths of 
4 of 8 mice.

In contrast with the experience of 
Cravens and Snell (2 1 ) , with the chick 
embryo, and Grant (1 3 ) with the frog 
embryo, attem pts to reverse the aminop
terin toxicity with the ribosides, thymidine 
and inosine, alone or in  combination at 
various dosage levels, were unsuccessful. 
These data are presented in  table 3. Ad
m inistration of the ribosides one hour prior 
to the injection of the antagonist was no 
more successful th an  sim ultaneous ad
m inistration. Six anim als were treated 
with the ribosides alone and these data 
were not different from those for untreated 
animals.

Table 4 presents the results from the 
determ inations of RNA and DNA in the 
fetal liver homogenates. DNA concen
tration, expressed as deoxyribose per milli
gram liver N, decreased with each incre
m ent of am inopterin injected into the 
m other and this decrease approached sig
nificance (P  <  0.10). W hen both am i

nopterin and folic acid were adm inistered, 
there appeared to be an  enhancem ent of 
the DNA concentration at the 2 lower 
levels of folic acid (75 and 150 m g /k g ). 
However, at the highest level of 225 
m g/kg, there was a statistically significant 
decrease (P  <  0.05) in  the D N A /m g liver
N. This response to increasing levels of 
folic acid given one hour prior to a con
stant dose (150 ;u.g/kg) of am inopterin 
was clearly non-linear (fig. 1), w ith the 
m axim al response occurring at about 75 
mg of fohc acid/kg. Tests of significance 
showed th a t the response was quadratic

Fig. 1 Liver DNA concentration in young of 
rats treated with 150 /¿g aminopterin and 3 levels 
of folic acid.

TA BLE 4

T h e  R N A  a n d  D N A  content of fetal liver h o m o g e n a t e s

A m in o p te r in /  
k g  r a t

Folic  
a c id /  
kg  r a t

No.
p re g n a n t

r a t s /
g roup

M ean  no . 
l iv e rs /  

h o m o g e n a te
DNA

(d e o x y rib o se )
RNA

(r ib o s e )

V-9
U n t r e a t e d

m g
0 17 8 .2

f ig /m g  n i trogen
9 8 .9  ±  7 .1  1

f^g/mg ni trogen  
4 4 2  ±  28

50 0 3 9 .7 7 9 .2  -i- 2 .6 4 9 1  -+- 4 6
100 0 5 3 .2 8 2 .6  -t- 1 2 .2 4 1 9  -i- 3 3
150 0 1 5 .0 5 7 .8  2 4 1 5  2

100 10 0 4 9 .8 1 1 0 . 7 -t- 9 .1 5 5 9  4 - 19
15 0 75 3 6 .7 1 3 4 .0  -+- 1 4 .2 4 9 5  14
15 0 15 0 4 9 .2 1 0 6 .5  -H 1 3 .8 5 0 2  19
15 0 2 2 5 7 8 .8 6 7 .9  ±  1 2 .9 3 2 0  ±  4 3

0 75 4 1 0 .5 9 8 .4  -+- 9 .9 3 5 9  -i- 5
0 150 4 8 .2 9 2 .5  -t- 1 6 .9 4 1 2  -+- 2 6
0 2 2 5 4 1 0 .0 5 6 .3  -t- 2 1 .5 3 8 0  4 - 4 0

1 se  o f  m ean .
2 O ne h o m o g e n a te  only .
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(P  <  0.02), indicating that the m axim um  
was undoubtedly a true response. When 
the m others were treated with folic acid 
alone, the DNA concentration was again 
significantly depressed at the highest level 
of the folic acid (P  <  0.05).

There was no significant difference in 
the RNA concentration (expressed as 
ribose/m g fiver N ) in  the livers of young 
from the ra ts  treated w ith am inopterin 
alone or with folic acid alone. In  the 
group treated with both am inopterin and 
folic acid, there appeared to be an  enhance
m ent of the RNA which parallels the en
hancem ent of DNA at the 2 lower levels of 
folic acid and a statistically significant de
crease in  RNA at the highest level of folic 
acid (P  <  0.05). Similarly the response 
was non-linear (fig. 2 ) and the tests of

Fig. 2 Liver RNA concentration in young of 
rats treated with 150 ¡ig aminopterin and 3 levels 
of folic acid.

significance for the quadratic response 
(P  <  0.01) indicated that the m axim um  
was a true response, with the peak occur
ring in  this instance at a level of 150 m g / 
kg of folic acid.

Decreases in  DNA and RNA in  selected 
tissues after treatm ent of ra ts with am i
nopterin have been observed by other 
workers. Metals (1 0 ) observed a decrease 
in  both RNA and DNA concentration in 
the bone m arrow  of am inopterin-treated 
rats. Goldthwait (1 1 ) reported that a 
m arked inhibition of form ate C14 incor
poration into the DNA of intestinal m u
cosa was caused by am inopterin in  rats.

On the other hand, Guggenheim (2 2 ) ob
served an increase in  liver RNA and DNA 
with am inopterin-treated rats. It is pos
sible that the difference is due to Guggen
heim having worked with adult rats, in 
which the fiver m ay be expected to be less 
highly mitotic than  would be the case with 
fetal fiver. Baron (2 3 ) , working with the 
antagonist, am ethopterin, reported that 
DNA synthesis was inhibited in  mitotic 
but not in  non-mitotic liver growth. Grant
(1 3 ) noted in  frog embryos treated with 
am ethopterin that the organs with the 
highest m itotic activity were the m ost af
fected by the antagonist, although the 
cleavage stage was less sensitive to the 
antagonist than neurulation (lower mitotic 
stage). He also reported that at doses of 
am ethopterin which inhibited blastulation, 
the DNA synthesis was unaffected during 
cleavage but the expected increase of DNA 
during blastulation leveled off and re
m ained constant, whereas in  untreated 
embryos, DNA continued to increase nor
mally.

Although the depression of DNA ob
served in  fetal liver in  these experiments 
agrees with sim ilar observations of other 
investigators, it is difficult to explain the 
enhancem ent of both DNA and RNA con
centration when the pregnant ra t is treated 
with both am inopterin and folic acid.
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Effect of Fasting and Refeeding on Body Weight, 
Rectal Temperature, Blood Volume and Various 
Blood Constituents in Growing Swine 1,2

E. T. KORNEGAY,3 E. R. MILLER, B. E. BRENT, C. H. LONG, 
D. E. ULLREY a n d  J. A. HOEFER
D e p a r t m e n t  of A n i m a l  H u s b a n d r y ,  M i c h i g a n  State University, 
East Lansing, M i c h i g a n

A B S T R A C T  Growing pigs (30-kg) were used to study the effect of fasting and re
feeding on body weight, rectal temperature, blood volume and various blood constituents. 
Nine fasted and 9 control pigs were used for a 167-hour fast and a 216-hour refeeding 
period. Hematocrit, hemoglobin and serum cholesterol values were significantly greater 
in fasted pigs after 27 hours. Blood glucose and serum calcium, sodium, urea N, 
ammonia N, and nonprotein N levels were significantly lower in fasted pigs as com
pared with control pigs. Fasted pigs had first significantly lower and then significantly 
higher serum total N and protein levels than control pigs. Blood volume as a percentage 
of body weight was 53% greater in fasted pigs as compared with control pigs (9.96 and 
6.51%, respectively). No significant difference of plasma and total blood volume was 
observed between control and fasted pigs as determined by the T-1824 dye method. 
Rectal temperature was significantly decreased when pigs were fasted 27 or more hours. 
With the exception of hemoglobin, no differences were noted between the fasted and the 
control pigs at 216 hours after refeeding. Hematocrit and serum total N and protein 
values from control pigs decreased significantly which suggests that repeated blood 
sampling may have an effect on these criteria.

Despite homeostasis, blood constituents 
can be used for evaluating the nutritional 
and disease status of an  animal. In bio
logical research it is im portant to know the 
effect of fasting on various blood constitu
ents, and also the length of fast required 
to get relatively constant values for these 
constituents. The effects of total and semi
starvation on m an and a few other species 
have been reviewed by Keys et al. (1 ) .

Many workers in  the past have observed 
subnorm al body tem peratures in  starved 
and undernourished subjects. Excellent 
reviews of the literature have been made 
on this subject by Keys et al. (1 )  and 
McCance and Mount (2 ) .

Increased hem atocrit and hemoglobin 
values have been observed in  partially and 
completely fasted anim als (3—8). In con
trast, W hite et al. (9 )  reported norm al 
hem atocrit and hemoglobin values in  sheep 
fed at decreasing levels of intake followed 
by a 9-day starvation period, and Keys et al. 
(1 )  in  m an, and McCance (10 ) in  pigs, 
reported decreased hem atocrit and hem o
globin values during semi-starvation.

Although a num ber of studies of the 
blood volume of norm al swine have been

published (1 1 -1 4 ), the authors are not 
aware of any study of the blood volume of 
fasted swine. Keys et al. (1 ) , in  semi
starvation studies with m an, dem onstrated 
an increased blood volume as a percentage 
of body weight but no change in  total blood 
volume.

Nitrogen metabolism plays an  im portant 
role in  all fasting and refeeding studies 
since a change of nitrogen (N ) in the body 
is associated with a change of living tissue. 
The m agnitude and direction of the change 
in serum  and plasm a protein (1, 7, 8, 
15 -20 ), blood urea N (2 1 -2 3 ) and non
protein nitrogen (N PN ) concentrations (9,
24) during partial and complete fasting 
have been variable.

The behavior of blood sugar and choles
terol during complete and partial starva
tion has been variable, with decreased, un 
changed and increased levels reported in 
the literature (1, 22, 2 4 -31 ). The reports

R ece iv ed  fo r  p u b lic a tio n  J u n e  8, 1964.
1 P u b lish e d  w ith  th e  a p p ro v a l o f th e  D ire c to r  o f 

th e  M ic h ig a n  A g r ic u ltu ra l  E x p e r im e n t S ta tio n  as 
J o u rn a l  A rtic le  no . 3311.

2 T h is  s tu d y  w as su p p o rte d  in  p a r t  by  a  g ra n t  fro m  
th e  R a c k h a m  F o u n d a tio n .

3 P re s e n t a d d re ss : D e p a r tm e n t o f A n im a l S ciences, 
R u tg e rs  —  T h e  S ta te  U n iv e rs ity , N ew  B ru n sw ick , N ew  
Jersey .

J . N u t r it io n , 84 : ’64 295
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of the effect of fasting on blood calcium, 
sodium and potassium  are conflicting (23, 
3 2 -36 ).

The present study was conducted to 
clarify the effect of fasting and refeeding 
upon body weight, rectal tem perature, 
blood volume, and various blood constit
uents.

EXPERIMENTAL
Eighteen 30-kg crossbred pigs about 3 

m onths of age were allotted to 2 equal 
groups. Sex and weight were balanced. 
Pigs were housed indoors so that environ
m ental tem perature could be controlled 
w ithin the comfort zone. A dehydrated, 
ground corn-cob preparation was used as 
bedding on the concrete floors. Prior 
to and during the experim ent all pigs, 
except the fasted group, received a 17% 
crude protein corn-soybean ration fortified 
with vitam ins and m inerals (table 1). All

TA BLE 1

Composition of ration  1

%
Corn 75.30
Soybean meal 20.00
Dehydrated alfalfa meal 2.50
Limestone 0.60
Dicalcium phosphate 0.80
Trace mineral salt (HiZn) 2 0.50
Vitamin B concentrate 3 0.10
Vitamin B12 supplement (13.2 m g/kg) 0.15
Vitamin A and D mixture 4 0.05

1 C o n ta in ed  17%  c ru d e  p ro te in  by  c a lc u la t io n  a n d  
a n a ly s is ; a lso  0.50%  c a lc iu m  a n d  0 .47%  p h o sp h o ru s  
by  c a lc u la tio n .

2 C o n ta in ed : ( i n  p e r  c e n t )  co b a lt, 0 .01; copper,
0 .005; io d in e , 0 .007; iro n , 0 .15; m a n g a n e s e , 1.2; z in c , 
0 .8; a n d  sa lt ,  97.

3 S u p p lied  4,400 m g  rib o f la v in , 8,800 m g  D-panto- 
th e n ic  a c id , 19,800 m g  n ia c in  a n d  198,000 m g  c h o lin e  
c h lo r id e /k g  o f c o n ce n tra te .

4 C o n ta in ed  7,990,000 IU  o f v ita m in  A a n d  1,760,000 
IU  o f v i ta m in  D /k g .

pigs were offered w ater ad libitum  during 
the entire experim ental period.

Feed was removed from both groups 10 
hours prior to and replaced 2 hours before 
initial blood sampling. After the initial 
blood samples were taken, feed was re
moved from one group for the duration of 
the fasting period which lasted 167 hours. 
The control group was fed ad libitum.

During the first 24 hours of the refeed
ing phase, 4 of the fasted pigs were hand- 
fed 0.22 kg of feed 3 times daily and the 
other 5 pigs were self-fed. All pigs were 
fed ad libitum  for the rem ainder of the

refeeding phase. Feed consum ption of 
both groups was recorded in  the refeeding 
phase.

Blood samples (17 m l) were taken from 
the anterior vena cava 7 times during the 
fasting phase, zero, 6, 15, 27, 51, 95 and 
167 hours, and twice in  the refeeding 
phase, 24 and 216 hours. The blood sam 
ples were divided as follows: 2 ml were 
placed in  vials containing 1 drop of hep
arin and 15 ml were placed in  centrifuge 
tubes for clotting. All tubes and vials 
were tightly corked during all operations. 
Serum samples were left at room tem pera
ture for 1 hour before removal of the clot 
and centrifugation for 15 m inutes at 2000 
X  g. Hematocrit, hemoglobin and glucose 
determ inations were carried out w ithin 2 
hours after blood samples were taken.

Hemoglobin was determ ined by the cy- 
anmethemoglobin m ethod (3 7 ). The hem 
atocrit values were determ ined by the 
procedure outlined by McGovern et al. 
(3 8 ). Blood volume was estim ated at the 
end of the fasting phase using the T-1824 
dye m ethod described by Gregersen and 
Rawson (1 3 ).

Body tem perature (rectal) was deter
m ined while blood samples were being 
taken. W eights were taken at zero, 51, 95 
and 167 hours during the fasting phase 
and at 24, 168 and 216 hours during the 
refeeding phase.

Total nitrogen in serum samples was de
term ined by a modification of the sem i
micro Kjeldahl procedure (3 9 ). Brown’s 
paradimethylam inobenzaldehyde m ethod 
(40 ) was used for serum  urea N and Con
way’s (4 1 ) microdiffusion technique using 
the Obrink (42 ) modified Conway dish was 
used for serum  am m onia N. Nonprotein 
nitrogen was calculated by difference. 
The serum protein was determ ined accord
ing to the method described by Waddell 
(4 3 ). Electrophoretic separation was ac
complished on a Spinco, Model R, paper 
electrophoresis system 4 at room tem pera
ture. The relative intensities of the sepa
rated proteins were determ ined by scan
ning with a Spinco Model RB Analytrol.

The Nelson-Somogyi (4 4 ) m icrotech
nique was used for blood glucose. Serum 
cholesterol was determ ined by the m ethod

4 S p inco  T e c h n ic a l  B u lle tin  6050A , B e c k m a n  Sp inco , 
a  d iv is io n s  o f B ec k m a n  In s tru m e n ts ,  In c ., P a lo  A lto, 
C a lifo rn ia .
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of Zak as modified by Brown and Wolf 
(4 5 ). Methods of Mori (4 6 ) and Apple- 
ton et al. (4 7 ) were combined and modified 
for the determ ination of serum calcium. 
Serum sodium and potassium  determ ina
tions were made in  a Beckman DU spectro
photom eter equipped with a flame attach
m ent using an oxygen-acetylene burner. 
The data were treated by analysis of vari
ance and correlation analysis (48).

RESULTS AND DISCUSSION
Hematocrit values (table 2) increased 

significantly after 27 hours of fasting and 
rem ained elevated even at 24 hours after 
refeeding. There was a sharp decrease in 
the hem atocrit of the fasted pigs at 216 
hours after refeeding as compared with 
values at 24 hours after refeeding. This 
large decline m ay have been due to the 
rapid weight gain of these pigs during the 
216-hour refeeding phase. The fasted pigs 
gained 10.5 kg /p ig  compared with 7.3 k g / 
pig for the control pigs, with a feed gain 
ratio of 1.6 for fasted and 2.7 for control 
pigs. Hemoglobin values of fasted pigs in 
creased as the hem atocrit values increased. 
Hematocrit and hemoglobin values from 
the initial blood samples are comparable to 
values reported by Miller et al. (4 9 ). 
Fasted pigs lost an average of 14% of their 
body weight.

Henderson et al. (4 )  and Schulz and 
Muller (5 )  reported 12 to 13% increases 
in  hem atocrit values from rats fasted 4 to 
7 days. Body weight loss was approxi
mately 30% in these rats. Schulz and 
Muller (5 )  suggested that the hemoeon- 
centration was probably a reflection of the 
degree of dehydration. A 6-day starvation 
study carried out by Widdowson and Mc- 
Cance (6 )  showed that hemoglobin values 
were increased in  fasted rats, and they a t
tributed the increase to a decrease in the 
blood volume. In contrast, Keys et al. (1 ) , 
studying m en, and McCance (1 0 ) , growing 
pigs, reported decreased hem atocrit and 
hemoglobin values under conditions of 
semi-starvation. W hite et al. (9 )  observed 
norm al hem atocrit and hemoglobin values 
in  sheep on decreasing levels of feed in 
take followed by a 9-day starvation period.

The fasted pigs at 15 hours had signifi
cantly lower serum total N and serum pro
tein levels than  control pigs (table 2 ).

However, at 27 hours for serum protein 
and 51 hours for serum  total N, the levels 
of these 2 constituents in  the fasted pigs 
were significantly higher than  the levels 
in the control pigs. At 24 hours after re
feeding, serum total N levels in  the fasted 
pigs were still significantly higher than  
control values, whereas serum protein lev
els were not significantly different. There 
were no significant differences between 
groups at 216 hours after refeeding for 
either constituent.

Decreased serum or plasm a protein lev
els were reported for m en semi-starved for 
24 weeks (1 ) , chicks starved for 10 days
(1 9 ), dogs fasted for 3 weeks (1 5 ) , and 
ra ts fasted 8 to 15 days (7, 8, 20). In 
contrast, no consistent change was ob
served in  the plasm a protein of starved 
dogs (16 ) or in the serum  protein of 
starved eels (1 8 ), whereas increased serum 
protein was observed in  rabbits fasted 5 
days (17 ) and in  m en fed a semi-starvation 
diet for 12 weeks (1 ) .

Urea N serum levels of fasted pigs were 
significantly lower than  those of control 
pigs at 6, 15, 27, 95 and 167 hours (table 
2 ). At 24 and 216 hours after refeeding, 
urea N levels of fasted pigs were higher 
than  levels of control pigs, but the differ
ences were not significant. Relatively con
stan t blood urea N levels were reported by 
Baur and Filer (21 ) in  pigs starved until 
death, and by Sano (1 8 ) in eels starved 
90 days. Chance et al.5 observed a decline 
in  plasm a urea N levels of swine after 12 
hours of fasting and an increase back to 
near norm al after 24 hours. Lennox et al.
(2 2 ) reported variable changes in  the blood 
urea N levels of fasted men; in  some cases 
there were no changes throughout the fast, 
whereas in  others there was an increase 
the first week followed by a decline. In 
creased blood urea N was observed in  a 
m an fasted 45 days (2 3 ).

Ammonia N serum levels of fasted pigs 
were significantly less than  levels of con
trol pigs at 15, 27, 51, 95 and 167 hours 
(table 2 ). The am m onia N levels were 
not different between groups during re
feeding.

Fasted pigs had significantly lower NPN 
levels than  control pigs at 27 and 167

5 C h an ce , R. E ., W . M. B eeson  a n d  E . T. M ertz  
1962 P la s m a  a m in o  ac id s  in  sw in e  d u r in g  g ro w th  
a n d  f a s tin g . J . A n im a l Sci., 21: 990 ( a b s t r a c t ) .
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hours; however, at 24 hours after refeed
ing the fasted pigs had significantly higher 
NPN levels (table 2 ). These results are 
in  contrast with the continuously increas
ing blood NPN levels reported for chicks 
fasted 8 days (2 4 ) and with no change in  
blood NPN levels of sheep fasted 9 days
(9 ).

Gamma and /3-globulin levels were not 
significantly different between fasted and 
control pigs at any time during the experi
m ent (table 3). Percentage of «-globulin 
was significantly lower in  the fasted pigs 
than  in  the control pigs at 95 and 167 
hours of fasting and at 24 hours after re
feeding. Albumin was increased in  the 
fasted pigs at 95 and 167 hours, but the 
increase was statistically significant only 
at 167 hours. The few reports in  the lit
erature of the effect of fasting upon the 
electrophoretic pattern  of serum  are con
flicting. Peterson and Beatty (5 0 ) ob
served no change in  the serum  protein pat
tern  of rats fasted 24 hours, whereas 
Krelzchmar 0 reported in  mice starved 72 
hours a significant decrease in  the propor
tion of «r  and /?-globulin; no change in  
the proportion of album in and a2-globulin; 
and a barely significant rise in the y-glob- 
ulin proportion. W eimer and N ishihara
(8 )  observed a significant decrease in  the 
globulin levels of ra ts  fasted 8 days with 
no change in  the album in levels.

Blood glucose levels were significantly 
lower (P  <  0.01) in  the fasted pigs than  in 
the control pigs at 15, 27 and 95 hours 
(table 4 ). Levels of blood glucose were 
also lower in  the fasted pigs at 51 and 167 
hours; however, the differences were not 
statistically significant. The glucose level 
of fasted pigs at 167 hours was signifi
cantly less (P  <  0.01) than  the level at zero 
hours. Further inspection of blood glu
cose levels of fasted pigs reveals a decrease 
at 6, 15 and 27 hours and then an increase 
back to near norm al at 51 hours and then 
another decrease at 95 and 167 hours. 
This initial decrease during the first part 
of the fast and then an increase back to 
near norm al has been observed in  chicks
(2 4 ) , hum ans (2 2 ) , pigs (31 ) and rats 
( 28). Decreased blood glucose levels have 
also been observed in  fasted sheep (9, 51) 
and eels (1 8 ). On the contrary, increased 
blood sugar levels were observed in  chicks

fasted 192 hours (24 ) and in  rabbits fasted 
66 hours (3 1 ). Unchanged-to-slight de
creases in blood glucose levels were re 
ported in  fasted dogs (26, 30). There was 
no significant difference between fasted 
and control groups at 24 and 216 hours 
after refeeding.

Serum cholesterol did not increase im 
m ediately upon initiation of fasting, but at 
27, 51, 95 and 167 hours the levels were 
significantly higher in  fasted than  in  non- 
fasted pigs. Level of cholesterol was not 
significantly different between groups at 24 
and 216 hours after refeeding. Increased 
serum  or plasm a cholesterol levels have 
been observed in  hum ans fasted 2 to 7 days 
(25, 27). Unchanged serum  cholesterol 
levels were reported in  ra ts fasted only 10 
to 12 hours (2 9 ). In a longer fast with 
rats (5 2 ) and dogs (5 3 ) , no change was 
observed in  the serum cholesterol levels. 
Keys et al. (1 )  concluded that the prepon
derance of evidence indicates tha t the con
centration of cholesterol in  the blood de
creases during partial starvation and 
increases during complete starvation.

Serum calcium levels of fasted pigs were 
significantly lower than  for control pigs at 
51, 95 and 167 hours of fasting. Morgulis
(3 4 ) and Morgulis and Perley (3 5 ) ob
served decreased serum  calcium levels in  
fasted dogs and cats only when the anim als 
had lost from 35 to 43% of their original 
body weight. Pigs in  this study lost only 
14% of th en  body weight. A slight in 
crease in  the serum calcium level of a m an  
fasted 45 days was reported by Sunderm an
(2 3 ). Calcium levels were unchanged in  
rats underfed 7 to 13 weeks so as to lose 
about 4% of their body weight per week 
(3 2 ). Keys et al. (1 )  reported decreased 
plasm a calcium levels in m en fed semi
starvation diets.

Lower serum sodium levels were ob
served in  the fasted pigs than  in  the con
trol pigs; however, the differences were 
not statistically significant throughout the 
fast. Unchanged serum sodium levels for 
fasted ra ts (33 ) and for fasted dogs (3 4 ) 
and plasm a sodium levels for partially 
starved guinea pigs (36 ) have been re
ported.

jv re izcn m ar, Lr. ly o 7  b e ru m e iw e is s u n te rs u c h u n -  
gen  a n  d e r  h u n g e rn d e n  M aus. (S tu d ie s  o f s e ru m  p ro 
te in  ^ t . ^ . s t^r Yln g  m o u s e ) Z tsc h r. Ges. In n . M ed., 
12: 472 (C ite d  in  N u tr .  A bstr. R ev., 28: 133, 1 958)
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Potassium  levels of serum were not con
sistently lower in  the fasted pigs than  in 
the control pigs. Lower serum  potassium  
levels have been reported for fasted dogs 
(3 4 ) and ra ts (3 3 ) , whereas unchanged 
plasm a potassium  levels were observed for 
partially starved guinea pigs (3 6 ). No 
explanation is offered for the significant 
difference of serum  potassium  between 
groups at the initial blood sampling period.

The rectal tem perature was significantly 
decreased when pigs were fasted 27 or 
more hours (table 2 ). These results 
agree with sem i-starvation data reported 
by Benedict et al. (5 4 ) in  hum ans, Mc- 
Cance and Mount (2 )  in  growing pigs and 
Morgulis (55 ) in  dogs and with fasting 
data reported by Morrill (5 6 ) in  newborn 
pigs. At 24 hours after refeeding, the 
tem perature of the fasted pigs had not 
returned to norm al, but it was norm al at 
216 hours after refeeding.

There appeared to be no overeating in  
this study when fasted pigs were given 
feed ad libitum. Feed intake was not dif
ferent between hand-fed and self-fed pigs 
during the first 24 hours of the refeeding 
period. Benedict et al. (5 4 ) have observed 
a tendency toward overeating in  m an fol
lowing a period of reduced food intake. 
The general appearance of fasted pigs was 
good.

Analysis of the blood data  from the con
trol group revealed significantly lower hem 
atocrit values and serum  total N and pro
tein at 51, 95 and 167 hours than  at zero 
hour (table 2 ). It is suggested that these 
decreases are a result of repeated blood 
sampling. Body stores of erythrocytes and 
protein should have been large enough to 
replace these small losses; however, for 
some unexplained reason, these stores were 
not sufficiently large, or were not used in

this short period of time. It is also possi
ble that the process of taking the blood 
samples ra ther than  the actual loss of these 
constituents is responsible for the de
creases.

Sugawara (5 7 ) reported th a t repeated 
bleedings of rabbits caused a m arked de
crease in  erythrocyte count, hem atocrit, 
hemoglobin concentration and total hem o
globin quantity. These rabbits had 20 ml 
of blood/kg of body weight removed every 
other day for 15 times. Also, W eimer 
et al. (5 8 ) reported decreased hem atocrit 
values in  rabbits which had 8 to 10 ml of 
blood removed daily for 11 days. The hem 
atocrits values of m en phlebotomized in  
500-ml am ounts weekly decreased from  44 
to 35 after 10 weeks (5 9 ). In data  re
ported by Chein (6 0 ) there was a 3% 
decrease in  hem atocrit following the loss 
of 5 to 10% of the blood volume of the 
dog. Further work is required to clarify 
the effect of repeated blood sam pling upon 
various blood constituents.

Blood volume data from pigs at the end 
of the fasting phase are shown in  table 5. 
Values for control pigs are comparable to 
values reported by H ansard et al. (11, 12). 
Plasm a and blood volumes were not sig
nificantly different between control and 
fasted pigs as determ ined by the T-1824 
dye method. However, blood volume as a 
percentage of body weight was 53% 
greater in  fasted pigs as compared with 
control pigs (9.96% and 6.51% , respec
tively). Keys et al. (1 )  working with m en 
receiving a semi-starvation diet (1570 
kca l/d ay ) for 24 weeks showed a 20 to 
30% increase in blood volume as a per
centage of body weight. The subjects of 
Keys and associates lost 25% of their body 
weight, whereas anim als hi this study lost 
only 14% of their body weight. A constant

TA BLE 5

Hematocrit a n d  blood v o l u m e  data for 8 control a n d  8 fasted pigs at 1 6 7  hours

W eig h t H e m a to c r it P la s m a
vo lu m e

B lood
v o lu m e

B lood
v o lu m e

kg % % m l % o f  b o d y w t
C o n tro l 3 7 .2  -+- 1 .2  i 3 5 .0  -+- 1 .0 1 5 6 5  -+- 63 2 4 2 6  -i- 1 0 7 6 .5 1  -t- 0 .1 7
F a s te d 2 5 .6  ±  0 .9  2 4 0 .4  ±  0 .7  2 1 5 1 1  -i- 35 2 5 4 5  ±  6 6 9 .9 6  ±  0 .2 3  2

1 se o f mean.
2 S ig n ific an tly  d if fe re n t f ro m  c o n tro l m e a n  (P  <  0 .0 1 ).
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blood volume relative to actual body weight 
has been reported in  adult ra ts  starved to 
death (7 ).

The plasm a and blood volumes (table 5) 
indicate that there was little or no change 
in the size of the vascular system under 
conditions of a 7-day fast. Thus, the in 
creased blood volume as a percentage of 
body weight in  the fasted anim als was 
probably due to a loss of body weight. The 
effect of fasting on blood volume is, how
ever, confounded by the possible effect of 
repeated blood sampling. The total vol
ume of blood removed by sampling during 
the 167-hour fast was approximately 5% 
of the initial blood volume for all pigs. 
Exam ination of the hem atocrit data from 
the control pigs indicates that this removal 
of blood was compensated for by a positive 
movement of fluid into the vascular system 
resulting in  a hem odiluting effect.

A correlation analysis of initial weights 
with each of the criteria at the initial blood 
sampling (zero tim e) shows a significant 
positive correlation for serum total N ( r  =
0.52), protein ( r  =  0.48) and album in ( r  
=  0 .64), and a significant negative corre
lation for serum  Y-globulin ( r  =  — 0.48) 
and a-globulin ( r  =  — 0.53). Comparison 
of the initial weight of the pigs and the 
change in  each criteria during the fast 
(zero to 167 hours) reveals no significant 
correlations. Also, there were no signifi
cant correlations between weight loss of 
the fasted pigs during the fast and any of 
the criteria at the end of the fasting period.
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A m e r ic a n  I n s t i t u t e  o f  B a k in g ,  C h ic a g o , I l l in o is

A B S T R A C T  R a t  f e e d in g  e x p e r im e n t s  w e re  c o n d u c t e d  to  s tu d y  th e  i n f l u e n c e  o f  
g lu t a m ic  a c id  a n d  a r g i n i n e  o n  g T o w th  r a t e ,  e f f ic ie n c y  o f  fo o d  u t i l i z a t i o n  a n d  c a r c a s s  
c o m p o s i t io n  o f  r a t s  f e d  a m in o  a c id  d ie ts .  W h e n  th e  c o n c e n t r a t i o n s  o f  g lu t a m ic  a c id  
a n d  a r g in in e  w e r e  v a r i e d  s im u l t a n e o u s ly ,  r e s u l t s  s h o w  t h a t  e a c h  p a r t i a l l y  s u p p l ie d  th e  
r e q u i r e m e n t  f o r  t h e  o t h e r  b u t  t h a t  b o th  w e r e  r e q u i r e d  i n  s u b s t a n t i a l  a m o u n t s  f o r  h ig h e s t  
g r o w th  r a t e s .  W e ig h t  g a in s  e x c e e d in g  5 g / d a y  w e r e  o b ta in e d  o n ly  a t  d i e t a r y  le v e ls  o f  
0 .8 %  o r  m o r e  o f  a r g in in e - H C l  a n d  4 %  o r  m o r e  o f  g lu ta m ic  a c id .  G lu t a m in e  w a s  m o re  
e f f e c t iv e  t h a n  g lu ta m ic  a c id  b u t  a - k e to g lu t a r a t e  w a s  in h ib i to r y .  D ie ts  c o m p o s e d  o f  
L -a m in o  a c id s  s u p p o r t e d  g r e a t e r  w e ig h t  g a in s  t h a n  th o s e  c o n t a i n i n g  s o m e  r a c e m ic  m i x 
tu r e s ,  b u t  d id  n o t  a l t e r  t h e  r e q u i r e m e n t  f o r  g lu t a m ic  a c id  a n d  a r g in in e .  P e r f o r m a n c e  
w i th  t h e  b e s t  a m in o  a c id  d ie ts  w a s  e q u a l  to  t h a t  p r o v id e d  b y  th e  p r o t e i n  ( s u p p le m e n te d  
g l u t e n )  c o n t r o l  d ie t  w i th  w e ig h t  g a in s  o f  a p p r o x im a te ly  4 5  g /w e e k .  T h e  e v id e n c e  is  
d i s c u s s e d  s u p p o r t i n g  th e  h y p o th e s i s  t h a t  a r g i n i n e  a n d  g lu t a m ic  a c id  f u n c t i o n  to  
a l l e v ia t e  t h e  p o t e n t i a l  a m m o n i a  to x ic i ty  a r i s i n g  f r o m  th e  f e e d in g  o f  l a r g e  a m o u n t s  o f  
a m in o  a c id s .

It was previously reported (1 )  that the 
inclusion of relatively large am ounts of 
glutamic acid in  amino acid diets per
mitted, and in  fact appeared to be required 
for, a high growth ra te of rats. At that 
time it was recognized that the apparent 
requirem ent for glutamic acid m ight be 
dependent upon the need for arginine. 
The present paper presents the results of 
subsequent experim ents which dem on
strate an interrelationship between the 
dietary requirem ents for arginine and glu
tamic acid and which show glutam ine to 
be even more effective than  glutamic acid, 
promoting a high rate of growth equal to 
that obtained with protein diets.

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

The influence of arginine on the appar
ent requirem ent for glutamic acid was 
tested by feeding several levels of glutamic 
acid at each of several concentrations of 
arginine. Three separate feeding experi
m ents were conducted using 4 basal diets 
which differed only in  their amino acid 
composition and which were patterned 
after the m ixture used previously (1 ) . 
Basal diets A and B contained certain 
amino acids as their racem ic m ixtures, 
whereas basal diets C and D contained 
L-isomers only. For simplicity of presen
tation the composition of basal diet B is

listed in  table 1 and the variations de
scribing basal diets A, C, and D are given 
in  the footnotes to the table.

Amino acids were purchased from sev
eral suppliers with the stipulation that the 
quality should m eet the specifications and 
criteria of the National Research Council 2 
and that compounds should be chromato- 
graphically pure when 100-ug quantities 
were tested. Prior to acceptance the iden
tity and purity of each lot received was 
checked in  this laboratory by paper chro
m atography, optical rotation and m icro
biological assay. The quality was gener
ally very high and the few samples judged 
to be not acceptable were replaced by the 
supplier with satisfactory lots.

Experim ental procedures. Groups of 5 
weanling male rats (Sprague-Dawley or 
Holtzm an) were fed the experim ental diets 
and distilled w ater ad libitum  for 3 weeks. 
Except in  experim ent 1, in  which the ex
perim ental diets were offered on the day 
the rats were received, the anim als were 
fed an amino acid adaptation diet over a 
3-day period prior to dividing them  into

R ece ived  fo r  p u b lic a tio n  M arch  23, 1964.
1 T h is  in v e s tig a tio n  w as  su p p o rte d  by  P u b lic  H e a lth  

S erv ice  R e s e a rc h  G ra n t no . AM -05883, fro m  th e  
N a tio n a l  In s t i tu te  o f A rth r it is  a n d  M etab o lic  D iseases.

2 N a t io n a l  R ese a rch  C o u n cil, C o m m ittee  o n  B io
lo g ic a l C h em is try  1960 S p ec ifica tio n s  a n d  c r i te r ia  fo r  
b io c h e m ica l c o m p o u n d s, p u b . 719. N a tio n a l A cadem y  
o f S c iences  — N a tio n a l R ese a rch  C o uncil, W a s h in g 
ton , D. C.

J . N u t r i t io n , 8 4 : ’64 3 0 5
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groups and assigning the experim ental 
diets. The adaptation diet was sim ilar to 
basal diet B (table 1) and contained 0.81% 
of arginine-HCl and 5.6% of glutamic
acid.

The ra ts were housed individually in 
suspended wire-bottom cages in  an air

TA B LE 1

C o m p o s i t i o n  o f  d ie ts

%
A m in o  a c id  b a s a l  d ie t  B 1,2,3

L -H is tid in e -H C l-H o O 0 .6 7 5
D L -Iso leu c in e  ( 5 0 %  L -) 1 .4 1 6
L -L e u c in e 1 .1 5 4
L -L y s in e -H C l 1 .3 6 8
D L -M e th io n in e 0 .4 6 7
L -C y s tin e 0 .3 3 2
D L - P h e n y la la n in e 0 .8 3 8
L -T y ro s in e 0 .5 0 0
D L -T h re o n in e 1 .0 1 6
D L -T ry p to p h a n 0 .2 1 5
d l -V a l in e 1 .4 5 9
L -P ro lin e 0 .3 9 2
D L -A lan in e 0 .4 3 7
D L -A sp a rtic  a c id 0 .7 0 4
G ly c in e 2 .0 0 9
D L -S erine 0 .9 2 3
S a l ts  4  4 4 .0 0
C o rn  o il 5 5 .0 0
V i ta m in s  6 +
W h e a t  s t a r c h  7 to  t o t a l  1 00

G lu te n  c o n t r o l  d ie t
G lu te n  8 2 2 .5 1 5
L -H is tid in e -H C l-H o O 0 .2 0
i - I .y s in e - H C l 1 .0 0
D L -M e th io n in e 0 .2 0
D L -T h re o n in e 0 .2 0
D L -T ry p to p h a n 0 .0 5
S a l ts  4  4 4 .0 0
C o r n  o il  5 5 .0 0
V i ta m in s  6 +
W h e a t  s t a r c h  7 to  t o t a l  10 0

1 B asa l d ie t A c o n ta in e d  0.556%  of: u re a . A lan in e ,
a sp a r tic  a c id , g lyc ine  a n d  s e r in e  w e re  ad d ed  to  m a k e  
to ta l  n itro g e n  2.70%  o f th e  d ie t  a n d  w e re  v a rie d  
( i n  p ro p o r tio n s  l is te d )  to  c o m p e n sa te  fo r  n itro g e n  
c o n tr ib u te d  by  a rg in in e  a n d  g lu ta m ic  a c id  in  th e  
e x p e r im e n ta l  d ie ts .

2 B asa l d ie t C c o n ta in e d  o n ly  L -am ino ac id s  in  th e  
sam e  a m o u n ts  a s  lis ted .

3 B asa l d ie t D c o n ta in e d  on ly  L -am ino ac id s  as  in  
b a sa l d ie t C b u t w ith  o n e -h a lf  th e  l is te d  p e rc en tag e s  
o f iso le u c in e , th re o n in e  a n d  v a lin e .

4 S a lt m ix tu r e :  H eg sted  e t al. 1941 C h o lin e  in  th e  
n u tr i t io n  o f ch ick s . J. B iol. C hem ., 138: 459 ; o b ta in e d  
fro m  N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d .

5 M azó la , C o rn  P ro d u c ts  C o m p an y , A rgo, I llin o is .
6 V ita m in s  w e re  su p p lie d  in  a p o rtio n  o f th e  s ta r c h  

in  m g / 100 g o f d ie t as  fo llo w s: th iam in e-H C 1 , 1; r ib o 
fla v in , 1; p y rid o x in e -H C l, 1; n ic o tin ic  a c id , 10; 
¿-inosito l, 20; p -am in o b en zo ic  a c id , 20 ; fo lic  a c id , 0.1; 
b io tin , 0.1; m e n a d io n e , 2 .0 ; C a p a n to th e n a te ,  4 ; 
c h o lin e  c h lo rid e , 150; v ita m in  B 12, 0.004. E a c h  r a t  
rece iv ed  w eek ly  2 m g  a -to co p h ery l a ce ta te  d isso lved  in  
2 d rops  o f c o rn  oil. V ita m in s  A a n d  D w ere  su p p lie d  
by  a  d rop  o f cod  l iv e r  o il c o n c e n tra te  g iv en  to  e a c h  
r a t  w eekly .

7 A ytex  P , G e n e ra l M ills , M in n eap o lis .
8 C o n ta in ed  12.0%  o f n itro g en .

conditioned room m aintained at 25°. Food 
intakes (corrected for spillage) and body 
weights were recorded weekly. At the 
completion of the feeding period the an i
mals were killed with chloroform, the gas
trointestinal contents removed and the 
carcasses frozen. While still in  the frozen 
state, the carcasses were chopped into 
small pieces and after m ixing with an  ap
proximately equal quantity of crushed dry 
ice, were passed twice through a Hobart 
grinder. The ground samples were col
lected in  polyethylene bags either individ
ually or by group and were stored at —20° 
until analysis was performed. N itrogen 
was determ ined in  triplicate by the conven
tional macro-Kjeldahl procedure. Carcass 
fa t was determ ined by extraction with 
ether and petroleum ether in  Mojonnier 
flasks after acid hydrolysis as described 
previously (1 ) . Liver fat was determ ined 
for 6 groups of ra ts by ether extraction in 
a Goldfisch apparatus after freeze-drying 
the fresh livers.

R E S U L T S

Experim ent 1. Increm ents of arginine 
and glutamic acid were added to basal diet 
A in  the am ounts shown in  table 2. In  
this experim ent only, dietary nitrogen was 
m aintained constant at 2.70% by adjust
ing the levels of a m ixture of alanine, as
partic acid, glycine and serine having the 
proportions (relative to one another) 
shown in table 1.

The results of experim ent 1 (table 2) 
dem onstrate that weight gain, nitrogen 
gain and food efficiency tended to vary 
with the level of both arginine and glu
tamic acid. At a given level of either of 
the test compounds, increm ents of the 
other yielded increased response up to the 
highest level tested. The apparent re
quirem ent for either arginine or for glu
tamic acid thus depends upon the concen
tration of the other. Relatively large 
am ounts of both amino acids were required 
for m axim al rate of gain. In  this experi
m ent the greatest growth rates were sup
ported by the combination of 4.23% of 
glutamic acid with 1.62% of arginine-HCl 
and by 8.47% of glutamic acid w ith 0.81% 
of arginine-HCl. These results are in  ac
cord w ith those of a previous study (1 )  
in  which it was found tha t 5.6% or more
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of glutamic acid was required for maxim al 
gain at an  arginine-HCl concentration of 
0.81% .

The possibility was considered that the 
apparent requirem ent for glutamic acid 
and the need for a large am ount of argi
nine m ight be related to the large am ount 
of nonessential nitrogen contained in the 
basal diet. If so, some of the effects a t
tributed to added arginine and glutamic 
acid m ight have resulted from  the simul
taneous decrease in the am ounts of ala
nine, aspartic acid, glycine and serine in 
this experiment. Subsequent experiments 
were designed to elim inate such a possible 
effect by using basal diets of constant 
amino acid composition to which incre
m ents of arginine and glutamic acid were 
added without com pensating for their n i
trogen contribution.

Experim ent 2. Increm ents of arginine 
and glutamic acid were added to basal diet 
B in  the am ounts indicated in table 3 for 
diet groups B-l through B-12. The levels 
used in  diets B-l and B-7 were also tested 
with the L-amino acid basal diets C and D 
(diets C-l, C-7 and D-l, D-7, respectively) 
to determ me w hether the requirem ent for 
arginine and glutamic acid would be al
tered in the absence of D-isomers. As in 
dicated in  table 1, basal diet C was identi
cal to basal diet B except that the same 
percentages of L-amino acids were substi
tuted for the racem ic mixtures. Basal diet 
D was form ulated similarly, but with one-

half the am ounts of L-isoleucine, L-threo- 
nine and L-valine used in  basal diet C to 
avoid the large excess of those amino acids 
whose D-isomers are poorly convertible.

The results obtained with basal B diets 
in  table 3 show tha t weight gain, food 
efficiency and carcass nitrogen gain tended 
to be increased by the additions of arginine 
and of glutamic acid, as was also observed 
in  experim ent 1 (table 2 ). Although com
parisons between experim ents are limited 
because of differences in  the levels tested, 
the stimulatory effects of comparable in 
crem ents of arginine and of glutamic acid 
were nearly equal in  experim ents 1 and 2, 
indicating tha t little if any effect could be 
ascribed to the reduction of nonessential 
amnio acids in  basal diet A of experim ent
1. For example, at 4% of glutamic acid 
(4.23%  in  experim ent 1) increasing the 
arginine-HCl in  the diet from 0.41 to 
1.62% resulted in  increased weight gains 
of approximately 10 g/w eek in  both experi
m ents; at the level of 0.41 of arginine-HCl, 
increasing the glutamic acid in  the diet 
from 2 to 8% (2.12 to 8.47% in experi
m ent 1) increased the weight gains by 
nearly 6 g/w eek in  both experiments. The 
highest growth rates with basal diet B oc
curred with the combination of 4% of glu
tam ic acid with 1.62% of arginine-HCl 
and 8% of glutamic acid with 0.81% of 
arginine-HCl, in  agreem ent with the ob
servations for basal diet A of experim ent 1.

t a b l e  2
E f f e c t  o f  a d d i t io n s  o f  g lu ta m ic  a c id  a n d  a r g in in e  to  b a s a l  d i e t  A  (c o n s t a n t  to ta l  n i t r o g e n ) , i

f e d  f o r  a  3 - w e e k  p e r io d

D iet
g roup

G lu ta m ic
a c id

A rg in in e  • 
HC1

A vg w t 
g a in

Food
effi

c ie n cy
Avg N  
g a in  2

Avg c a rc a s s  

N itro g e n

3

F a t

% % g /w e e k g g a in /  
g food g /w e e k % %

A -l 0 0 .8 1 1 5 .2 0 .3 5 0 .4 0 2 .7 5 7 .9
A -2 0 1 .6 2 1 6 .7 0 .3 6 0 .4 6 2 .8 2 7 .8
A -3 0 3 .2 4 2 7 .9 0 .4 8 0 .7 4 2 .8 2 1 0 .0
A-4 2 .1 2 0 .4 1 2 3 .1 0 .4 5 0 .6 0 2 .7 5 7 .7
A -5 4 .2 3 0 .4 1 2 6 .3 0 .4 6 0 .7 0 2 .7 6 1 0 .7
A -6 4 .2 3 0 .8 1 3 0 .8 0 .5 0 0 .8 1 2 .8 0 1 1 .2
A -7 4 .2 3 1 .6 2 3 6 .5 0 .4 9 0 .9 8 2 .8 1 1 0 .2
A -8 8 .4 7 0 1 5 .7 0 .3 5 0 .4 3 2 .8 0 1 1 .4
A-9 8 .4 7 0 .4 1 2 8 .6 0 .4 8 0 .7 7 2 .7 9 1 0 .0
A -10 8 .4 7 0 .8 1 3 6 .4 0 .4 8 1 .0 0 2 .8 5 8 .8
G lu te n  c o n t r o l  d ie t 4 5 .4 0 .5 3 1 .3 2 2 .9 5 12 .1

1 See fo o tn o te  1, ta b le  1.
2 In c re a se  in  c a rc a s s  n itro g e n  over c o n tro l g ro u p  k ille d  o n  f ir s t day .
3 D e te rm in e d  on  c a rc a s s  a f te r  re m o v a l o f g a s tro in te s t in a l  c o n te n ts ,  r e s u lts  e x p re ssed  o n  fre sh - 

w e ig h t basis .
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TA BLE 3

E f f e c t  o f  a d d i t io n s  o f  g lu ta m ic  a c id  a n d  a r g in in e  to  a  c o n s ta n t  le v e l  o f  3 b a s a l  
a m in o  a c id  m i x t u r e s , t  f e d  f o r  a  3 -w e e k  p e r io d

D iet G lu ta m ic A rg in in e - Avg w t 
g a in

Food
effi

c ien cy
Avg N Avg c a rc a s s 3

g roup ac id HC1 g a in  2 N itro g e n F a t

% % g /w e e h g g a in /  
g food g /w e e h % %

B -l 2 .0 0 .2 0 2 4 .5 0 .3 8 0 .6 9 2 .8 5 8 .7
B -2 2 .0 0 .4 1 2 8 .4 0 .4 4 0 .7 7 2 .8 3 7 .3
B-3 2 .0 0 .8 1 3 0 .3 0 .4 3 0 .8 2 2 .8 6 7.1
B-4 2 .0 1 .6 2 2 9 .1 0 .4 2 0 .8 2 2 .9 5 8 .0
B -5 4 .0 0 .2 0 2 8 .3 0 .3 9 0 .6 9 2 .8 2 9 .8
B -6 4 .0 0 .4 1 2 7 .6 0 .4 2 0 .8 0 2 .9 5 8 .2
B-7 4 .0 0 .8 1 3 2 .4 0 .4 4 0 .9 1 2 .9 2 8 .2
B-8 4 .0 1 .6 2 3 7 .7 0 .4 7 1 .0 5 3 .0 1 9 .2
B-9 8 .0 0 .2 0 2 7 .7 0 .4 1 0 .7 6 2 .8 3 1 0 .0
B -10 8 .0 0 .4 1 3 4 .1 0 .4 8 0 .9 6 2 .9 4 8 .6
B - l  1 8 .0 0 .8 1 3 5 .1 0 .4 8 1 .0 0 2 .9 8 8 .3
B -12 8 .0 1 .6 2 3 2 .5 0 .4 5 1 .0 5 2 .9 9 1 0 .9
C -l 2 .0 0 .2 0 2 8 .3 0 .4 0 0 .7 7 2 .8 3 1 0 .9
C -7 4 .0 0 .8 1 3 5 .1 0 .4 8 0 .9 8 2 .9 2 9 .2
D - l 2 .0 0 .2 0 2 8 .3 0 .3 9 0 .7 7 2 .8 3 1 1 .0
D -7 4 .0 0 .8 1 3 5 .8 0 .4 4 1 .0 6 3 .0 1 8 .3
G lu te n c o n t r o l  d ie t 4 6 .0

1 L e tte r  p re fix  o f d ie t g ro u p  re fe rs  to  b a sa l  d ie t fed .
2 In c re a se  in  c a rc a s s  n itro g e n  over c o n tro l g ro u p  k illed  on  f irs t day .
2 D e te rm in e d  on  c a rc a s s  a f te r  re m o v a l o f g a s tro in te s t in a l  c o n te n ts , re s u lts  e x p re ssed  o n  fresh - 

w e ig h t basis .

Diets prepared with basal diets C and D 
were equal in  effect to each other at each 
of the 2 combinations of arginine and glu
tam ic acid tested (diets C-l vs. D-l and 
C-7 vs. D-7). They were superior to the 
corresponding diets containing basal diet 
B (diets C-l and D-l vs. B-l; and C-7 and 
D-7 vs. B-7) as shown by all criteria of 
perform ance (table 3). The better per
formance with the L-amino acid diets is 
not interpreted as evidence for a reduced 
requirem ent for either arginine or glutamic 
acid, or both, because the higher level of 
these substances produced equivalent im 
provement in  response regardless of the 
presence or absence of D-amino acids (diets 
B-l vs. B-7; C-l vs. C-7 and D-l vs. D-7).

Basal diets C and D differed from basal 
diet B in  influencing the deposition of 
liver fat. Postmortem exam ination re
vealed visible m ottling in livers of all ani
mals that had been fed the lowest levels of 
arginine and glutamic acid with the 
L-amino acid basal diets (diets C-l and 
D - l) but not in  those of rats fed basal diet 
B at the same rate of addition (diet B -l). 
Analyses for liver fat confirmed the visual 
observations, as shown in table 4. Livers 
of ra ts that had consumed the higher 
am ounts of arginine and glutamic acid

were norm al in  appearance and fa t con
tent regardless of the basal diet used 
(groups B-7, C-7 and D-7).

Experim ent 3. The ability of related 
substances to replace glutamic acid was 
tested with basal diet D in the presence of 
0.81% of arginine-HCl. The compounds 
tested and the levels fed are shown to
gether with the results in  table 5. The 
data for glutamic acid (diets D-9 through 
D -l3) confirm the superior growth rate 
supported by the L-amino acid basal diet 
noted in  experim ent 2. Glutamine was 
more effective than  glutamic acid at equi
m olar concentrations except at the highest 
level of glutamic acid used. Values for 
weight gain, food efficiency and nitrogen 
gain at the highest levels fed (diets D -l6— 
D -l8) were equal to those obtained with 
the gluten control diet and exceed any ob
tained to date with other amino acid diets. 
a-Ketoglutaric acid was not only less effec
tive than  glutamic acid but was inhibitory 
at the higher level. Monosodium gluta
m ate was used to about the same extent 
as glutamic acid although the higher level 
produced no increase in  gain over tha t ob
tained with the lower level.

The data for carcass composition in 
tables 2, 3, and 5 show that the gains in
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TA BLE 4

L iv e r  f a t  c o n t e n t  o f  r a ts  f e d  a t  2  le v e ls  o f  a r g in in e  a n d  g lu ta m ic  a c id  w i t h  
b a s a l  d ie ts  B , C , a n d  D  ( f r o m  ta b le  3 )

D iet 
g ro u p  1

G lu ta m ic
ac id

A rg in in e  • 
HC1

A vg w t 
o f l iv e r

L iv er
f a t

% % 9 % w e t  rut
B -l 2 .0 0 .2 0 8 .0 2 .6
C -l 2 .0 0 .2 0 8 .8 5 .7
D - l 2 .0 0 .2 0 9 .9 5 .1
B -7 4 .0 0 .8 1 9 .4 1.4
C -7 4 .0 0 .8 1 9 .1 1.3
D -7 4 .0 0 .8 1 1 0 .2 1.5

1 L e tte r  p re fix  o f  d ie t g ro u p  re fe rs  to b a sa l  d ie t;  see  ta b le  1 fo r  d e sc rip tio n .

TA B LE 5

E f f e c t  o f  a d d i t io n s  o f  g lu ta m ic  a c id  a n d  r e la t e d  c o m p o u n d s  to  a  c o n s t a n t  l e v e l  o f  
b a s a l  d i e t  D , i  f e d  f o r  a  3 - w e e k  p e r io d

D iet T e s t s u b s ta n c e L evel 2 A vg w t F ood
effi

c ien cy
Avg N A vg c a rc a s s

g ro u p g a in g a in N itro g e n F a t

% g /w e e k g g a in /  
g fo o d g /w e e k % %

D -9 1 f  2 .0 0 3 6 .5 0 .4 5 1 .01 2 .8 9 1 0 .2
D -1 0 3 .0 0 3 5 .5 0 .4 6 1 .01 2 .9 4 9 .2
D - l l f G lu t a m ic  a c id  -< 4 .0 0 3 8 .6 0 .4 6 1 .0 9 2 .9 4 __  3
D -1 2  4 5 .0 0 3 8 .5 0 .4 7 1 .1 0 2 .9 2 1 0 .0
D -13 1 6 .0 0  

f  1 .99
4 4 .4 0 .4 9 1 .2 7 2 .9 7 9 .7

D -14 3 9 .3 0 .4 8 1 .1 2 2 .9 3 1 0 .4
D - l  5 2 .9 8 4 1 .7 0 .4 9 1 .1 6 2 .9 3 9 .9
D -1 6 - G lu ta m in e  «j 3 .9 7 4 5 .0 0 .4 8 1 .2 9 2 .9 6 9 .6
D - l  7 4 .9 7 4 4 .4 0 .4 8 1 .31 3 .0 1 1 0 .6
D -1 8 5 .9 6 4 5 .7 0 .4 9 1 .3 3 2 .9 7 1 0 .5
D -1 9
D -2 0

a - K e to g lu ta r ic  a c id
1 .9 9
4 .9 7

3 1 .7
2 6 .9

0 .4 4
0 .3 7

— — —

D -21
D -2 2

M o n o s o d iu m  g lu t a m a te
2 .5 4
6 .3 6

3 7 .3
3 7 .3

0 .4 5
0 .4 7

— — —

G lu te n  c o n t r o l  d ie t 4 5 .6 0 .5 1 1 .3 5 3 .0 1 1 0 .3

1 A ll L -am ino  ac id s  ( ta b le  1 ) p lu s  0 .81%  o f a rg in in e -H C l.
2 R e la te d  co m p o u n d s  p ro v id e d  in  e q u im o la r  a m o u n ts , re la tiv e  to  g lu ta m ic  a c id  a s  fo llo w s: d ie ts  D-14 — D-18, 

a s  in  d ie ts  D-9 —  D -13; d ie ts  D-19 a n d  D-21, as  in  D -9; d ie ts  D-20 a n d  D-22 as in  D-12.
s A n a ly ses  n o t p e rfo rm ed .
4 G ro u p  D-12 c o n ta in e d  10 a n im a ls .

weight represented deposition of protein 
and not merely accum ulation of fat. The 
variation in  carcass composition was re 
lated to the am ounts of arginine and glu
tam ic acid in  the diet but not to the basal 
diet used. Carcass nitrogen tended to in 
crease with additions of both arginine and 
of glutamic acid. Carcass fa t tended to 
increase with glutamic acid but for a given 
level of the latter, it was less at 0.4 and 
0.8% of arginine-HCl than  at the other 
levels fed.

D I S C U S S I O N

The essentiality of glutamic acid and its 
relationship to the requirem ent of the ra t 
for arginine was first studied by Rose and

co-workers. W omack and Rose (2 ) 
showed evidence for the interconversion of 
arginine, glutamic acid and proline and 
noted tha t the addition of arginine alone 
to an arginine-free amino acid diet was not 
as effective as when added in  combination 
with glutamic acid. At tha t time they con
sidered the possibility that glutamic acid 
was essential, in  the sense that its presence 
was required for rapid growth rate , but 
tentatively regarded it to be nonessential 
because it was less effective than  arginine 
when added singly to a diet devoid of ar
ginine and because diets containing 2% 
of glutam ic acid were improved by the ad
dition of arginine. Subsequently (3 )  it 
was reported that omission of the 2% of
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glutamic acid from  a m ixture of 19 amino 
acids caused a reduction in  weight gain 
which was of doubtful statistical signifi
cance and on this basis, classified glutamic 
acid as nonessential for the rat.

It is not the purpose of this discussion 
to question whether glutamic acid should 
be labeled as “essential” or “nonessential” 
since it is generally understood tha t the 
distinction is a m atter of definition. But it 
is believed that attention should be called 
to evidence which suggests that under cer
tain  conditions at least, a dietary require
m ent exists for glutamic acid (or gluta
m ine) which appears to be distinct from 
its supplem entation of arginine.

The data of Womack and Rose (2 )  show 
that the addition of 2% of glutamic acid 
produced approximately the same increase 
in  weight gain with 1.1% of arginine in 
the diet as with lesser am ounts of arginine. 
The data of table 2 in  the present report 
show that in  the absence of glutamic acid 
in  the diet, growth was progressively stim u
lated by additions of arginine, but was still 
below the m axim al rate of gain even at the 
level of 3.2% of arginine-HCl. An ele
vated requirem ent for arginine with a de
pendence upon glutam ic acid was also 
observed by Ram asarm a et al. (4 )  who re
ported that 2% of glutamic acid together 
with a m ixture of nonessential amino acids 
produced a higher growth rate than  when 
glutamic acid served as the sole source of 
nonessential nitrogen. Moreover, when 
the arginine-HCl concentration was in 
creased from 0.25 to 0.75% a significantly 
greater rate of growth was obtained with 
the former diet but not with the latter. If 
glutamic acid acts only to serve as a source 
of arginine, as suggested by Rose’s conclu
sions, it would be expected that in  the 
presence of a sufficient quantity of arginine 
no need for glutamic acid would be dem 
onstrated. All of the above observations 
would be more consistent with the hypothe
sis that a dietary requirem ent exists for 
both arginine and glutamic acid; that 
through interconversion each is capable of 
supplem enting moderate deficiencies of 
the other, but for the highest rates of gain 
the requirem ent for each m ust be supplied 
in  the diet.

The results of experim ents reported here 
perm it an  estim ate of the individual re 

quirem ents for arginine and glutamic acid. 
Growth rates exceeding 5 g /day  were 
achieved only with those diets which con
tained 4% or more of glutamic acid and 
the greatest weight gain occurred with 6 % . 
Ram asarm a et al. (4 )  attributed their fail
ure to obtain increased growth response to 
additions of glutamic acid greater than  2% 
to the fact that such additions were made 
at the expense of the entire nonessential 
amino acid mixture. In the present stud
ies glutamic acid was added either w ithout 
reduction of other nitrogenous components 
(tables 3, 4 ) or at the expense of a m ixture 
of alanine, aspartic acid, glycine and serine 
(table 2 ).

W ith respect to arginine, the data show 
that weight gains exceeding 5 g /day  were 
supported only by concentrations of at least 
0.8% (as the hydrochloride) which ap
proaches the arginine requirem ent value 
of 0.77% of the diet calculated by Wil
liams et al. (5 )  from  the relative propor
tions of amino acids in  ra t carcass. R am a
sarm a et al. (4 )  concluded from  their work 
that the dietary requirem ent of 0.2% , cited 
by Borm an et al. (6 ) , may be insufficient 
with diets that perm it a higher growth rate. 
It is doubtful tha t rapid growth in  itself 
creates the increased dem and, however, 
because high rates of gain were reported 
by Ram a Rao et al. (7 )  with diets contain
ing only 0.2% arginine. Also, in the pres
ent study, although the different basal diets 
perm itted a range of m axim al growth rates, 
the am ounts of arginine and glutamic acid 
required to attain  these gains were sim ilar 
with each basal diet.

The dem and for arginine and glutamic 
acid probably depends upon the amino acid 
m ixture of the diet. Glutamic acid has 
been shown to be less effectual as the sole 
source of nonessential nitrogen than  when 
fed with a m ixture of nonessential amino 
acids (1, 4 ), which may explain the ob
servations of others that glutamic acid is 
no more effective than  (8 ) , or only slightly 
superior to (9 )  other single sources of non- 
essential nitrogen. Similarly, W initz et al.
(10 ) showed that the growth response to 
arginine increased with the complexity of 
the nonessential amino acid mixture. The 
above observations suggest that the condi
tions for obtaining high rates of gain with 
amino acid diets require tha t the diet con
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tain substantial am ounts of arginine and 
glutamic acid or glutamine, plus a com
plete or nearly complete m ixture of non- 
essential amino acids in  addition to the 
known requirem ents. These observations 
m ay not prove, but are consistent with, the 
hypothesis that arginine and glutamic acid 
are concerned with the disposition of po
tentially toxic am ounts of am m onia aris
ing from the feeding of large quantities of 
amino acids.

In  a series of reports, summarized by 
Greenstein and W initz (1 1 ) , Greenstein 
and co-workers dem onstrated that in tra
peritoneal injections of arginine or of argi
nine plus glutam ate effectively reduced the 
toxicity of injected am m onium  salts or 
amino acids, lowering the am m onia con
tent of the blood and increasing the pro
duction of urea. Orally adm inistered argi
nine was m uch less effective (1 2 ). Kamin 
and Handler (1 3 ) showed that the greatest 
rate of u rea form ation occurred upon ad
m inistration of both arginine and gluta
mine. Later work from  this group (14 ) 
showed that the form ation of glutam ine 
was a m ajor m eans of m aintaining a low 
level of am m onia in  blood and body tissues 
and tha t the ra te of urea form ation de
pended both upon the rate of synthesis and 
the rate of transport of substrate am m onia 
to the site of urea-synthesizing enzymes. 
Their results showed that the la tter process 
constitutes the rate-lim iting step in  urea 
formation.

The inhibitory action of «-ketoglutarate 
(table 4 ) supports the above hypothesis 
because, as shown by the in  vitro work of 
Ratner and Pappas (1 5 ) , this compound 
inhibits urea form ation by influencing the 
transam inase equilibrium in the direction 
unfavorable to the form ation of aspartate.

The relatively high requirem ent for glu
tam ic acid and the greater effectiveness of 
glutam ine m ay be explained by their dif
ferent rates of permeability. Fridhandler 
and Quastel (1 6 ) dem onstrated that glu
tam ic acid was slowly absorbed from the 
intestines and a high concentration was 
necessary for it to be absorbed unchanged. 
Glutamine, on the other hand, was ab
sorbed rapidly. Kamin and Handler (13 ) 
related the failure of glutamic acid to pro
mote rapid urea form ation in  vivo to the 
slow rate of its penetration into liver cells.

The relatively greater activity of gluta
m ine as compared with tha t of glutamic 
acid leads to the question of whether the 
destruction of amide nitrogen during hy
drolysis m ight explain the failure of acid 
hydrolyzates to provide as good growth as 
the untreated protein. Although the inves
tigations of Woolley on strepogenin im pli
cated glutam ine and certain peptides of 
glutamic acid (17, 18), very few anim al 
feeding studies have touched on this area. 
Thorough investigations on the possible 
influence of glutam ine and asparagine on 
the growth of anim als fed synthetic diets 
are needed to answer this question.
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