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A B S T R A C T  A  s tu d y  w a s  m a d e  to  d e v is e  d ie ta r y  c o n d it io n s  fo r  th e  in d u c t io n  o f  
s im p le  v i ta m in  B j . d e f ic ie n c y  in  e x p e r im e n ta l  a n im a ls  w ith o u t  th e  d e la y  a n d  c o m p li
c a t io n s  in v o lv e d  in  m e th o d s  r o u t in e ly  u s e d . C h ic k s  m a in ta in e d  w ith  a  p u r if ie d  v ita m in  
B i2-d e f ic ie n t  d ie t  s h o w e d  a  m a r k e d  d e c r e a s e  in  l iv e r  m e th y lm a lo n y l-C o A  m u ta s e  a c t iv ity .  
B e c a u s e  o f  th e  ro le  o f  v i ta m in  B ,2 c o -e n z y m e  in  th e  m e ta b o lis m  o f  p r o p io n a te , b r a n c h e d -  
c h a in  fa t t y  a c id s ,  ly s in e  a n d  is o le u c in e ,  a  s tu d y  w a s  c a rr ie d  o u t to  e x a m in e  th e  g r o w th  
o f  c h ic k s  w ith  d ie ts  c o n ta in in g  th e s e  m e ta b o lite s .  T h e  c o m p o u n d s  te s te d  in c lu d e d  
fo r m a te , ly s in e ,  p r o p io n a te , b u ty r a te  a n d  is o le u c in e .  V ita m in  B i2 d e f ic ie n c y  in  te r m s  
o f  g r o w th  d e p r e ss io n  w a s  m a r k e d ly  a c c e n tu a te d  b y  th e  p r e s e n c e  o f  s o d iu m  fo r m a te  a n d  
s o d iu m  p r o p io n a te  a t 5%  le v e ls .  N o n e  o f  th e  o th er  a d d it io n s  h a d  a s im ila r  e f fe c t  w h e n  
in c o r p o r a te d  in  th e  v i ta m in  B 12-d e f ic ie n t  r a t io n s . In  r a ts ,  v ita m in  B 12 p r e v e n te d  g r o w th  
d e p r e s s io n  c a u s e d  b y  2%  s o d iu m  p r o p io n a te . In  a d d it io n , p r o p io n a te  m a r k e d ly  r e d u c e d  
l iv e r  m e th y lm a lo n y l-C o A  m u ta s e  a c t iv ity  b o th  in  th e  p r e se n c e  a n d  a b s e n c e  o f  th e  
v ita m in  in  th e  d ie t.

Although the role of vitamin B!2 in a 
wide variety of metabolic pathways in both 
animal and microbial systems has been re
ported, all the sites of function have prob
ably not been discovered. The pivotal role 
of vitamin BJ2 in propionate metabolism 
has, however, been well-established as a 
result of several reports (1-5). Using the 
rat liver in vitro system, Gurnard et al. (3) 
have shown the requirement for vitamin 
B12 coenzyme in the enzymatic conversion 
of methylmalonyl-CoA to succinyl-CoA. 
Hartman and Dryden (6) have reported 
that dietary propionate intensified weight 
loss in vitamin Bi2-deficient rats. In light 
of these observations and because of the 
significance of the methylmalonyl-CoA mu
tase reaction in the metabolism of propio
nate, branched-chain fatty acids, and iso
leucine (7), and the report of a vitamin 
B12 coenzyme function in lysine metabo
lism in microorganisms (8), we have ex
amined the effect of these compounds on 
the growth of chicks and the effect of 
propionate on the growth of rats in relation 
to their vitamin B,2 status. The difficulties 
involved in inducing vitamin BJ2 deficiency 
in experimental animals have warranted 
the determination of a fast and uncompli
cated method of achieving this goal; thus,
J .  N u t r it i o n , 9 3 : ’67 .

the effect of various metabolites in enhanc
ing the vitamin Bu deficiency condition in 
laboratory animals was studied.

E X P E R IM E N T A L  P R O C E D U R E

Chicks hatched from eggs from hens 
maintained with a vitamin Bi2-deficient diet 
were used (4). The diet used for the hens 
was based on the diet of Lillie et al. (9) 
and consisted of: (in %) yellow corn, 
55.47; soybean oil meal, 30; alfalfa meal, 
5; ground limestone, 5.5; dicalcium phos
phate, 3.5; manganous sulfate, 0.03; io
dized salt, 0.5; vitamin A and D oil (2000 
USP units of vitamin A and 400 USP units 
of vitamin D), 0.2; and nicotinic acid, 1 mg 
/100 g diet.4 The basal ration for the 
chicks was prepared according to Kokatnur 
et al. (10), omitting vitamin Bi2 and p-ami- 
nobenzoic acid and including vitamin E; it 
consisted of: (g/100 g basal diet) glucose, 
68.18; 35.3 g isolated soybean protein; d l -
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methionine, 0.75; glycine, 0.3; choline 
chloride, 0.2; calcium carbonate, 2.166; po
tassium phosphate (monobasic), 1.05; cal
cium phosphate (dibasic), 0.94; sodium 
chloride, 0.8; magnesium sulfate, 0.25; 
ferrous sulfate, 0.03; manganous sulfate, 
0.02; zinc carbonate, 0.01; cupric sulfate, 
0.002; potassium iodide, 0.001; sodium 
molybdate, 0.001; (in milligrams) thi
amine-HCl, 10; niacin, 10; riboflavin, 1.6; 
calcium pantothenate, 2.0; pyridoxine HCl, 
0.6; biotin, 0.006; folic acid, 0.4; a-tocoph- 
eryl acetate, 2.0; menadione, 0.5; and vita
min A acetate, 1000 IU and vitamin Ds, 
60 IU. The normal chicks were given 10 g 
of vitamin Bn intraperitoneally every week. 
The compounds tested included sodium 
formate, L-lysine, sodium propionate, so
dium butyrate and L-isoleucine and were 
incorporated in the diet at the levels speci
fied at the expense of the total diet. The 
chicks were weighed periodically and their 
weight gains over a period of 3 weeks were 
recorded.

Rats of the Sprague-Dawley strain, 
weighing 45 to 50 g, were maintained with 
a soy-lactose vitamin B.2-free diet patterned 
after that of Cuthbertson and Thornton 
(11) consisting of; (in %) full-fat soy 
flour, 72; lactose, 22; salts 446 (12), 3; 
choline chloride, 0.5; DL-methionine, 0.1; 
and vitamins (1000 g diet); (in milligrams) 
thiamine-HCl, 2.5; riboflavin, 1; calcium 
pantothenate, 4; nicotinic acid, 10; pyri- 
doxine-HCl, 0.6; biotin, 0.06; folic acid, 
0.4; menadione, 0.1; vitamin A, 2000 IU; 
vitamin D, 200 IU; and a-tocopheryl suc
cinate, 0.5. The control animals received 
vitamin BIZ supplementation at a level of 
50 g/kg diet.

In other rat experiments a purified diet 
of the following composition was used; 
isolated soy protein,5 26.8; cornstarch, 
30.0; sucrose, 30.0; salts 446, (12) 4; corn 
oil, 8.1; methionine, 0.1; sodium propio
nate, 10; plus vitamins as in the previous 
diet. Propionate was tested at a level of 1 
and 2% of the diet and was incorporated 
as the sodium salt. The animals were killed 
at the end of 6 weeks and the methylmalo- 
nyl-CoA mutase activities of their livers 
were assayed by measuring the incorpora
tion of 14CH3-labeled methylmalonyl-CoA 
into the permanganate-stable reaction prod
uct, succinic acid (3). Protein was esti

mated by the biuret method (13). The 
I4CH3-labeled methylmalonyl-CoA was pre
pared by the two-step process starting with 
14C-methylmalonic acid (14-16).

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

Data on weight gain for 3 weeks of 
chicks maintained with different rations 
are presented in table 1. As the metabolites 
were not tested simultaneously, a separate 
control group for each was used. Of the 
compounds tested, sodium formate and 
sodium propionate at 5% levels intensified 
growth depression in deficient animals 
while having no effect on the vitamin- 
supplemented animals. The other com
pounds had either no effect or some effect 
probably unrelated to the vitamin. Sodium 
propionate at 2% of the diet showed a 
similar effect in the case of rats (table 2). 
These observations are in general agree
ment with those of Hartman and Dryden
(6) and of Hogue ond Elliot (17). The 
latter workers had observed only a partial 
growth response to vitamin Bi2 when in
cluded in propionate-containing diets, 
whereas our data show a more complete 
reversal of the growth-depressing effect due 
to propionate by vitamin Bi2. Stokstad et 
al. (17, 18) have recently reported no ap-

TABLE 1
E f f e c t  o f  c e r t a i n  m e t a b o l i t e s  o n  i n d u c t i o n  o f  

v i t a m i n  B 12 d e f i c i e n c y  i n  t h e  c h i c k

M etabolite W t gain, 3 weeks
added to 

basa l d iet W ithout 
v itam in  B12

W ith
v itam in  B12

9 9
— 1 5 2 .0 ±  13.00 1 2 1 9 .0 ±  16.74

F o rm a te , 1 % 109.7  ± 1 2 .4 0 172.4 ± 1 9 .2 3

— 1 5 8 .0 ±  10.75 2 1 2 .0 ±  16.50
F o rm a te , 5% 113 .5 ±  8.63 2 10 .0  ± 1 0 .2 8

— 120.0 ± 1 6 .2 8 1 8 4 .0 ±  18.94
L y sin e , 1 % 125.0 ±  8 .99 1 8 6 .0 ±  14.00

S o d iu m  p ro p io n a te ,
79 .0  ±  9.40 1 2 8 .0 ±  16.17

5%  2 4 3 .0 ±  3 .60 122.0  ±  9 .70

— 1 2 2 .0 ±  8 .43 2 3 8 .8 ±  11.22
B u ty ra te , 1% 1 1 7 .4 ±  10.25 179.9  ±  7.05

— 96.0  ±  9 .09 169.0 ±  7.10
Iso le u c in e , 1% 95.0  ±  7 .27 2 10 .0  ±  10.20

1 Averages ±  s e m  fo r no t less th a n  6 chicks.
2 17-day growth.

5 A lpha P rotein , N u tritio n a l B iochem icals Corpora
tion, Cleveland.
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preciable protection by vitamin Bj2 against 
growth depression caused by 2 or 4% cal
cium propionate. In addition, using for- 
miminoglutamic acid (FIGlu) excretion as 
the criteria of vitamin Bi2 deficiency, these 
authors could find no evidence for an en
hancement of vitamin Bi2 deficiency by 
dietary calcium propionate in the rat. On 
the contrary, FIGlu excretion was de
creased in the presence of propionate in 
the diet. However, vitamin Bia influences 
FIGlu excretion only indirectly by altering 
folate metabolism (19). We, therefore, 
studied liver methylmalonyl-CoA muíase 
activity as a specific criteria of vitamin BJ2 
deficiency. The results are shown in table 3. 
The mutase activity was found to be sig-

TABLE 2
E ffe c t  o f  p r o p io n a te  o n  in d u c t io n  o f  

v i ta m in  B 12  d e f ic ie n c y  in  th e  r a t

nificantly reduced as a result of the defi
ciency condition at the end of 6 weeks. The 
inclusion of 2% sodium propionate in the 
diet markedly aggravated the severity of 
the deficiency, as shown by the mutase 
levels. However, the enzyme activity was 
still reduced by propionate even when the 
diet contained more than a normally ade
quate amount of vitamin Bi2. Although the 
vitamin counteracted the growth-depress
ing effect of propionate almost completely, 
at the level used it only partially restored 
the mutase activity.
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Diet No. of 
ra ts

W eekly body 
w t gain 

for 5 weeks
Liver w t/ 
body wt

S e r ie s  1, s o y  flo u r  la c to s e  d ie t  ( 1 1 )
W ith o u t v i ta m in  B i2 9 2 1 .7 5  ± 3 .3 8  2 0 .0 4 3
W ith o u t  v i ta m in  B t2

+  p r o p io n a te  2% 4 1 3 .1 0 ± 3 .4 5 0 .0 4 5
W ith  v ita m in  B i2 8 3 3 .3 0  ± 1.91 0 .0 4 0
W ith  v ita m in  B i2

+  p r o p io n a te  2% 5 3 4 .3 0  ± 3 .3 5 0 .0 4 0

S e r ie s  2 ,  s o y  p r o te in , s ta r c h , s u c r o s e ,  
1%  p r o p io n a te  p u r if ie d  d i e t 3 

W ith o u t  v ita m in  B i2 2 2  1 1 . 7 ± 3 .5
W ith  v ita m in  B i2 13 3 0 .1  ± 2 . 4

1 R ats fed  d iet a t m ean  w eight of 43 g.
2 Averages ±  s e m . 8 .
3 R ats fed diet a t m ean  w eight of 95 g.

TABLE 3 9 .
E ffe c t  o f  p r o p io n a te  ( 2 % )  o n  r a t  l iv e r  
m e th y lm a lo n y l- C o A  m u ta s e  a c t i v i t y  1

Diet M ethylmalonyl-CoA 
m utase activity

10.

W ith o u t  v ita m in  B i2
m m o le s /m g  p ro te in  

4 5 .6 2  ± 4 . 9 4  2
11.W ith o u t  v ita m in  B i2

+  p r o p io n a te , 2% 8 .0 3  +  4 .3 3
W ith  v ita m in  B 12 8 8 .3 7  +  5 .3 0
W ith  v ita m in  B i2 

+  p r o p io n a te , 2% 3 5 .2  +  5 .8 3 12.

1 M utase assay w as carried  out by in cu b a tin g  14C- 
m ethyl-labeled methylm alonyl-CoA (0.8 mole, sp. act.
2.15 x 104 cp m /m o le )  fo r 1 ho u r a t 37° in  a m edium  
con ta in ing  Tris-buffer, 0.05 m , pH 7.4; MgCl2, 0.003 m ; 13. 
ATP, 0.003 m ; glu tath ione, 0.005 m ; and  0.2 m l of
10 % liver hom ogenate in  a to ta l volum e of 2 ml.

2 Averages of 3 ra ts /g ro u p  ±  sem .
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Assessment of Nutritional Status of Men: Protein
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A B S T R A C T  E ig h t  h e a l th y  y o u n g  m e n  w e r e  u s e d  a s  e x p e r im e n ta l  s u b je c ts  in  a 
s tu d y  to  le a r n  w h e th e r  a  d e f ic ie n c y  o f  tr y p to p h a n , ly s in e ,  or m e th io n in e  a ff e c ts  th e  
c o n s t itu e n t s  o f  u r in e  a n d  b lo o d  p la s m a . A  s im p le  m e th o d  b y  w h ic h  a n  e a r ly  d e f ic ie n c y  
o f  p r o te in  or o f  a n y  e s s e n t ia l  a m in o  a c id s  m ig h t  b e  d e te c te d  w a s  e v a lu a te d . N itr o g e n  
b a la n c e  g e n e r a l ly  b e c a m e  n e g a t iv e  a ft e r  d e p r iv a t io n  o f  a n y  o f  th e  e s s e n t ia l  a m in o  
a c id s . A fte r  a  sh o r t-term  d e f ic ie n c y , a s  in  th e  p r e s e n t  e x p e r im e n t , e x c r e t io n  o f  
c r e a t in in e  r e m a in e d  c o n s ta n t  a n d  th e  e x c r e t io n  o f  u r e a  a n d  1 7 -k e to ste r o id s  v a r ie d  in  
a  n o r m a l r a n g e . O n  d a y  8  o f  tr y p to p h a n  d e p r iv a t io n  th e  e x c r e t io n  o f  N -M N A  d e c r e a s e d ,  
a n d  th a t  o f  p y r id o n e  d e c r e a s e d  in  2  s u b je c ts  a n d  in c r e a s e d  in  o n e  s u b je c t . I n  th e  
d e p r iv a t io n  o f  ly s in e  or  m e th io n in e ,  th e r e  w a s  n o  s ig n if ic a n t  tr e n d  o f  c h a n g e .  T h e  
c o n c e n tr a t io n  o f  p la s m a  a m in o  n it r o g e n  r e m a in e d  n o r m a l. T h e  p la s m a  a m in o g r a m  d id  
n o t  s h o w  a n y  s p e c if ic  p a t te r n  th a t  c o u ld  b e  r e la te d  to  a  d e f ic ie n c y  o f  p r o te in  or o f  a n
e s s e n t ia l  a m in o  a c id . H o w e v e r , th e  fr e e  
s ig n if ic a n t ly  d u r in g  th e  d e f ic ie n c y  p e r io d ,  
s u b c l in ic a l  le v e ls  o f  p r o te in  d e fic ie n c y .

A number of methods have been intro
duced for estimating protein nutrition, but 
few of them are simple and useful for 
early detection. In our laboratory, these 
methods have been re-examined compara
tively and efforts were concentrated on 
establishing a better procedure for use in 
the evaluation of protein nutritional 
status. In the present experiments, the ef
fect of omission of an essential amino 
acid from a basal (control) diet on the 
state of protein nutrition was studied by 
following changes in the metabolic pro
ducts in blood and urine.

E X P E R IM E N T A L  P R O C E D U R E  A N D  R E S U L T S

As shown in table 1, eight healthy 
young men who had been living in the 
same dormitory served as experimental 
subjects. The basal diet (tables 2 and 3) 
was fed throughout the experimental per
iod of 12 days. After subjects had con
sumed the basal diet for 4 days, they were 
divided into 3 groups of three, three and 
two; one group of three was fed the trypto
phan-deficient diet, maintaining the total 
nitrogen at a constant level by the sub
stitution of isonitrogenous glycine; the 
other group of three was fed the lysine- 
deficient diet; and the group of two was 
fed the methionine-deficient diet. Nitrogen 
in the diet and urine was determined by 
the semimicro-Kjeldahl method. Other de

a m in o  a c id  r a tio  in  p la s m a  in c r e a s e d  
a n d  th is  m ig h t  b e  o f  v a lu e  i n  d e te c t in g

terminations were made according to the 
following methods: urinary creatinine,
Peters (1); urea, Van Slyke and Archibald 
( 2 ), N-methyl-2-pyridone-5-carboxamide 
(pyridone), Price (3) and Walters et al. (4); 
17-ketosteroids by our modification of the 
Zimmermann reaction method; amino acid- 
nitrogen in the blood plasma was also 
measured by the ninhydrin method of 
Moore and Stein (5); and the free amino 
acid ratio in plasma by the method of 
Whitehead (6). In addition, a plasma 
aminogram was examined by the use of an 
automatic amino acid analyzer.

1. E ffe c t cm th e  c o n s t i tu e n ts  o f  u r in e . 
Following use of the basal diet for 4 days,

TABLE 1
A g e , h e ig h t ,  w e i g h t  a n d  e n e r g y  in ta k e  o f  s u b je c t s

Subject Age Body
heigh t

Body
wt

Avg 
daily  

energy 
in tak e  1

years cm kg k c a l/k g
K .Z. 19 174.7 61 32
N .T . 19 167.8 51 31
S .H . 19 162.8 55 40
I .D . 20 157.7 51 41
W .B . 19 173.8 57 32
H .Y . 19 160.0 50 41
H .D . 19 168.5 51 38
S.I. 19 159.7 61 45

i Calories derived from  the am ino acid m ix tu re  are 
no t included.

Received fo r p ub lica tion  February  6, 1967.
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TABLE 2
C o m p o s i t i o n  a n d  d a i l y  i n t a k e  

b a s a l  d i e t
o f  e x p e r i m e n t a l

17
-k

et
o-

st
er

oi
ds ©

5 5.
63

5.
47

6.
93

4.
77

11
.4

9

9.
43

D aily
in take Calories

9 k c a l Öo ©
g

CO LO LO <N
C o rn s ta rc h 210 696 xi d LO LO t> CO d
S u cro se 110 4 2 2
B u tte r 42 303
C o rn  oil 180 1590 0 <3
S a lt m ix tu re  1 4 .7 'Ö z © t—i co rj; q
V ita m in  m ix tu re  2 1.0 -w s £ d d LO LO LO
B a k in g  p o w d e r 7.0
S o d iu m  ch lo r id e 13 O
C e llu lo se  p o w d e r LOCO co00

COCD(c a rb o x y m e th y l c e llu lo se ) 12 ^  Ö LO
C a n d y 13 49 T—1 T—1 rH rH rH rH

T o ta l 3060 o
ö So

0

1 In  grains, C a (H 2P0 4)2-H 20 , 4.00 (in c lu d in g  2.86 
derived from  bak ing  pow der); CaCC>3, 1.00; KHCO3, 
1.30; M gS04-7H20 , 0.65; FeC6H50 7 -6H 20 , 0.10; and 
( in  m illig ram s) M nS04-4H20 , 3; C uS04-5H20 , 8 ; KI, 
0.4; ZnCl2, 5; CoC12-6H20 , 0.2; (N H 4)3P 0 4, 12; and 
M0O3 6H 2O, 0.2.

2 T h iam ine, 10.0 m g; riboflavin, 5.0 m g; v itam in  B 6,
10.0 m g ; v i ta m in  B 12, 10.0 /¿g; n ia c in ,  10.0 m g ; fo lic  
ac id , 0.5 m g ; Ca D -p an to th en a te , 20.0 m g ; v ita m in  C,
50.0 m g; v itam in  Kt diacetate , 0.2 m g; re tiny l palm i- 
ta te , 2500 IU; v itam in  D2, 200 IU ; a-tocopherol, 3.0 mg.

TABLE 3
C o m p o s i t i o n  a n d  d a i l y  i n t a k e  o f  

a m i n o  a c i d  m i x t u r e

Daily
in take

N itrogen
conten t

9 9
E s s e n t ia l  a m in o  a c id s

L -Iso leu c in e 1.40 0 .150
L -L eucine 2 .20 0 .236
L-Lysine 1.60 0 .306
L -M eth io n in e 2 .20 0 .206
L -P h e n y la la n in e 2 .20 0 .186
L -T h reo n in e 1.00 0 .118
L -T ry p to p h an 0.50 0 .068
L -V aline 1.60 0 .192

N o n e s se n tia l  a m in o  ac id s
L -A lan ine 8.59 1.350
L-Ar g in in e 10.06 3 .236
L -A spartic  a c id 10.01 1.054
L -G lu tam ic  ac id 10.02 0 .954
T -S odium  g lu ta m a te 11.63 0 .963
G lycine 7.11 1.321
L -H is tid in e 0.68 0 .184
L -P ro line 4 .2 9 0 .523
L -Serine 6.44 0 .858

T o ta l ( e s s e n t ia l  +
n o n e s s e n t ia l ) 11.905

the tryptophan-deficient diet was given 
and the results are shown in table 4. All 
subjects maintained almost constant body 
weight throughout the experimental period. 
The balance between the nitrogen intake 
and the total urinary nitrogen on day 8 of
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deprivation was negative. When the nitro
gen in the feces is taken into considera
tion, nitrogen balance should become more 
negative. The excretion of creatinine was 
maintained at a constant level throughout 
the experimental period. In the period of 
deficiency, the excretion of urea increased 
and that of 17-ketosteroids decreased. The 
excretion of pyridone decreased in 2 sub
jects, but increased in one subject. How
ever, the excretion of N-MNA was not 
significant.

The results in the experiment on lysine 
deficiency were almost the same as those 
obtained in the above experiment with 
tryptophan (table 5). In one subject (I.D.), 
the difference between nitrogen intake and 
the total urinary nitrogen did not become 
negative, but, when the nitrogen in the 
feces is taken into consideration, the nitro
gen balance probably would become nega
tive. The excretion of N-MNA and pyri
done did not show a definite trend in 
change; an increase in some cases, but a 
decrease in other ones. The excretion of 17- 
ketosteroids was rather constant.

Results obtained in the methionine de
ficiency were also the same as those in 
the previous 2 experiments (table 6).

2. Effect on the constituents of blood 
plasma. On day 4 of the basal diet period, 
and on days 4 and 8 of the deficiency per
iod, blood was withdrawn from the anti- 
cubital vein of the subjects, who had been 
without food for 12 to 14 hours, and col
lected into a tube which had been rinsed 
with heparin solution. It was promptly 
centrifuged to separate the plasma, and 
amino acid nitrogen in the plasma and the 
aminogram were determined.

In tryptophan deficiency (table 7) the 
total amino acid level remained almost 
unchanged, and varied in a normal range. 
The free amino acid ratio in plasma, de
termined by the method of Whitehead,1 in
creased considerably in tryptophan de
ficiency. However, in plasma aminograms 
determined for two of three subjects, with
drawal of tryptophan from the diet re
sulted in a reduction of plasma lysine, as 
judged by comparison with that during 
the basal diet period (table 8 and fig. 1).

i W hitehead  (6 )  observed, u sing  chrom atographic 
m ethods, th a t  the  n onessen tia l am ino acids are re
duced in  concen tra tion  w hile  the  essen tia l ones 
rem ain  alm ost unchanged.
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F ig . 1 P la s m a  a m in o  a c id  p a t te r n  fo r  6  s u b 
je c t s ,  w ith  m a x im a l  a n d  m in im a l  d e v ia t io n , in  
b a s a l d ie t  in c lu d in g  a m in o  a c id  m ix tu r e  a s  p ro 
te in  so u r ce .

Tryptophan was not detected in any of 
the aminograms even during the control 
diet period. In any case, the character of 
the patterns was not specific for trypto
phan deficiency nor for the establishment 
of protein deficiency.

In the deprivation of lysine (table 8), 
plasma amino nitrogen did not show any 
definite change, but remained at a normal 
level. The free amino acid ratio in plasma 
increased markedly during the period of 
deficiency as in the tryptophan experiment. 
In plasma aminograms determined for two 
of three subjects, withdrawal of lysine 
from the diet resulted in an increase of 
valine, threonine, and glutamic acid, and 
a decrease in plasma lysine and arginine 
(table 8). However, the character of the 
pattern did not show the deficiency of ly
sine or protein with only one test.

With the withdrawal of methionine 
from the diet (table 8), the same result as 
in the experiment with tryptophan and ly
sine deficiency was obtained. Total amino
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TABLE 7

A lb u m in  N , a m in o  a c id  N  a n d  f r e e  a m in o  a c id  r a t io  in  b lo o d  p la s m a

Subject D iet Period
no.

A lbum in
N

A m ino  
acid  N

Free am ino  
acid  ratio

K.Z. B a s a l d ie t 4
m g / 100 m l 

8 5 5
m g / 100 m l 

6 .3 1 .4
T r y p to p h a n -d e fic ie n t 4 7 1 6 5 .5 1 .7
T ry p to p h a n -d e fic ie n t 8 6 9 9 5 .9 3 .3

N .T . B a s a l d ie t 4 8 4 6 6 .3 2 .0
T r y p to p h a n -d e fic ie n t 4 6 5 1 5 .9 1 .6
T ry p to p h a n -d e fic ie n t 8 8 6 8 5 .5 2 .9

S.H . B a s a l d ie t 4 5 3 0 4 .8 1.9
T r y p to p h a n -d e fic ie n t 4 7 2 5 6 .4 2 .5
T r y p to p h a n -d e fic ie n t 8 7 2 0 6 .1 2 .4

I.D . B a s a l d ie t 4 8 3 3 5 .7 1.6
L y s in e -d e f ic ie n t 4 7 3 4 6 .4 2 .0
L y s in e -d e f ic ie n t 8 9 6 4 6 .0 3 .1

W .B . B a s a l d ie t 4 9 0 7 4 .6 1 .6
L y s in e -d e f ic ie n t 4 7 6 0 5 .7 2 .2
L y s in e -d e f ic ie n t 8 7 8 6 5 .2 2 .8

A .Y . B a s a l d ie t 4 7 7 7 4 .6 1 .6
L y s in e -d e f ic ie n t 4 751 6 .3 1.9
L y s in e -d e f ic ie n t 8 7 9 9 5 .5 2 .4

H .D . B a s a l d ie t 4 8 2 0 4 .7 2 .0
M e th io n in e -d e f ic ie n t 4 7 7 7 6 .8 1.8
M e th io n in e -d e f ic ie n t 8 8 4 6 5 .7 3 .1

S .L . B a s a l d ie t 4 8 81 6 .4 2 .2
M e th io n in e -d e f ic ie n t 4 7 5 5 6 .7 2 .2
M e th io n in e -d e f ic ie n t 8 8 5 0 6 .0 3 .5

acid nitrogen in plasma remained at an 
almost normal level, but the free amino 
acid ratio of all subjects increased during 
the deficiency period. Plasma amino acid 
pattern showed an increase of threonine 
and a decrease of arginine and alanine 
(table 8).

D IS C U S S IO N

In a deficiency of either tryptophan, ly
sine, or methionine, nitrogen balance be
came negative on day 8 of deprivation. It 
has been known for many years that 
kwashiorkor is associated with reduced 
excretion of urea nitrogen and a reduced 
ratio of urea and creatinine nitrogen, but 
our experimental results showed instead 
an increase in these values. There should 
be a substantial difference between results 
of the present study and those observed in 
kwashiorkor. In the latter, effects in child
ren are due not only to the deficiency of 
both quality and quantity of protein, but 
also to deficiencies of calories and vita

mins. On the contrary, in our study with 
adults, the subjects ate a diet which was 
adequate in all nutrients with the excep
tion of one essential amino acid. There
fore, it may not be appropriate to compare 
directly the results of our study with those 
obtained in children with kwashiorkor. In 
our experiment, in which the total nitrogen 
intake remained at a constant level 
throughout the period, the negative nitro
gen balance during the deficiency period 
was due to the decomposition of body pro
tein, resulting in increased excretion of 
total nitrogen. Therefore, since urea nitro
gen accounts for the majority of urinary 
nitrogen, and creatinine-nitrogen re
mained at a constant level throughout the 
experimental period, the ratio of urea and 
creatinine nitrogen should naturally in
crease. However, in a slight degree of 
protein deficiency as in our experiment, 
the urea nitrogen or the ratio of urea to 
creatinine may not be used as an index for 
protein nutrition. It has been reported that
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protein deficiency resulted in a reduced 
excretion of 17-ketosteriods. But in our ex
periment there was no significant change 
in its excretion, except for the small de
crease during the tryptophan deficiency 
period. In a previous report (7), it was 
shown that the excretion of N-MNA and 
pyridone increased when any of the essen
tial amino acids were excluded and that 
the nitrogen balance then became negative. 
In the present experiment, although the 
period of deprivation was longer, these con
stituents in urine were determined only on 
day 8 of the deprivation, and not day-by
day, and such a definite conclusion as that 
above cannot be drawn.

Plasma amino acid nitrogen may not be 
a good criterion for estimating a slight 
degree of protein deficiency, as in our ex
periment. Changes in plasma amino acid 
patterns in children with kwashiorkor have 
been reported, and Snydermann et al. (8) 
suggested the use of these in the diagnosis 
of protein deficiency. In our experiment, 
the character of the plasma aminogram 
was not specific enough to be used as a test 
for determining a slight degree of protein 
deficiency. However, it cannot be denied 
that an aminogram may be of value in 
detecting a serious deficiency such as in 
kwashiorkor. On the other hand, the free 
amino acid ratio in plasma increased sig
nificantly when the nitrogen balance be
came negative. Therefore, it is suggested 
that this test could be used for detecting 
subclinical levels of protein deficiency, al
though it would not indicate the deficiency 
of any one of the essential amino acids.
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Effect of Dietary Fat and Cholesterol on the in vitro 
Incorporation of Acetate-14C into Hen Liver 
and O varian Lipids * 1

JO S E P H  F . W E IS S , E D W A R D  C. N A B E R  a n d  R A L P H  M . J O H N S O N  
I n s t i tu te  o f  N u tr i t io n  a n d  th e  D e p a r tm e n t s  o f  P o u ltr y  S c ie n c e  a n d  
P h y s io lo g ic a l  C h e m is tr y ,  T h e  O h io  S ta te  U n iv e r s i ty ,  C o lu m b u s ,  O h io  
a n d  T h e  O h io  A g r ic u l tu r a l  R e s e a r c h  a n d  D e v e lo p m e n t  C e n te r ,  
W o o s te r ,  O h io

A B S T R A C T  A  s tu d y  w a s  m a d e  o f  th e  in c o r p o r a t io n  o f  a c e t a te - l -14C in t o  th e  l ip id  
fr a c t io n s  o f  l iv e r  s l ic e s  a n d  o v a r ia n  t is s u e s  fr o m  h e n s  fe d  a  b a s a l d ie t  a n d  d ie ts  c o n 
ta in in g  e ith e r  sa fflo w er  o il  ( 3 0 % ) ,  a n im a l f a t  ( 3 0 % ) ,  c h o le s te r o l  ( 1 % ) ,  or  c h o le s 
tero l ( 1 % )  a n d  sa fflo w er  o il  ( 2 9 % ) .  W h e n  sa fflo w er  o il w a s  f e d ,  a c e ta te ,  in c o r p o r a 
t io n  in to  to ta l l iv e r  l ip id s  d e c r e a s e d . T h e  d is tr ib u t io n  o f  14C (r a t io  o f  14C in  a p a r t ic u la r  
fr a c t io n  to  th e  14C in  to ta l l ip id s )  in c r e a s e d  in  th e  c h o le s te r o l a n d  p h o sp h o lip id  f r a c 
t io n s , d e c r e a s e d  i n  tr ig ly c e r id e s ,  a n d  r e m a in e d  th e  s a m e  in  d ig ly c e r id e s  a n d  c h o le s te r o l  
e s te r s . W h e n  a n im a l f a t  w a s  fe d , th e  d is tr ib u t io n  o f  I4C in c r e a s e d  in  th e  c h o le s te r o l  
f r a c t io n  a n d  d e c r e a s e d  in  tr ig ly c e r id e s ,  b u t to ta l  l ip id  s y n th e s is  w a s  d e p r e ss e d  fu r th e r  
th a n  i t  w a s  w h e n  sa fflo w er  o i l  w a s  fe d . W h e n  c h o le s te r o l w a s  f e d ,  a c e ta te  in c o r p o r a 
t io n  in t o  l iv e r  c h o le s te r o l d e c r e a s e d , w h i le  in c o r p o r a t io n  in to  tr ig ly c e r id e  in c r e a s e d  
s lig h t ly .  W h e n  b o th  sa fflo w er  o il  a n d  c h o le s te r o l w e r e  in c lu d e d  in  th e  d ie t , s y n th e t ic  
c o n tr o l b y  c h o le s te r o l p r e d o m in a te d . R e g u la t io n  o f  th e  p a t h w a y s  o f  l ip id  b io s y n th e s is  
fr o m  a c e ta te  w a s  o b se rv e d  in  o v a r ia n  t is s u e  o n ly  w h e n  th e  d ie t  c o n ta in in g  b o th  c h o 
le s t e r o l  a n d  sa fflo w er  o il  w a s  fe d . T h e  im p lic a t io n s  o f  th e s e  r e s u lt s  o n  th e  s y n th e s is  
o f  e g g  y o lk  l ip id s  are d is c u s s e d .

We reported previously that the choles
terol content of egg yolk increased when 
hens were fed diets containing various fats 
at a level of 30% (1, 2).

A number of investigators (3-14) have 
observed an increase in cholesterol syn
thesis from acetate in rat liver when vari
ous fats were fed. There is disagreement, 
however, on whether the nature of the 
dietary fatty acids affects cholesterogene- 
sis. The decrease in lipogenesis, which oc
curs when dietary fat levels are increased
(15), has been correlated by some workers 
with the increase in cholesterol synthesis. 
Increased cholesterol synthesis may repre
sent an increase in an alternate pathway 
for acetate utilization (3, 13, 16) or may 
be related to the utilization of fat for en
ergy (14).

The membranes (zona granulosa and 
theca interna) surrounding the growing 
ova in the hen are capable of synthesizing 
in vitro fatty acids and cholesterol from 
acetate (17,18). In the present experi
ment, the effect of feeding diets containing 
either safflower oil or animal fat at a level 
of 30% on the pathways of lipid synthesis

from acetate, was studied using hen liver 
slices and ovarian tissue. An attempt was 
made to determine whether there are simi
lar mechanisms for the control of lipid 
synthesis occurring in the hen as there are 
in the rat. A possible explanation for the 
increase in egg cholesterol content, ob
served when a large amount of fat such as 
safflower oil was fed to hens, would be an 
increase in cholesterol synthesis in hen 
liver, ovarian tissue, or both. The egg cho
lesterol concentration was not increased 
to the same extent when animal fat was 
fed as when safflower oil was fed.

The effect of dietary cholesterol on the 
incorporation of acetate into the lipid frac
tions of liver and ovarian tissue was also 
studied. The cholesterol negative feedback

Received fo r pub lication  April 29, 1967.
1 P a r t 3 of a  series en titled  “The E ifect of D ietary 

F a t and  O ther Factors on Egg Yolk C holesterol.” A 
pre lim inary  report c f  th is investigation  has been p re 
sented (W eiss, J. F., E. C. N aber and  R. M. Johnson  
1965 The effect of d ie tary  fa t an d  cholesterol on the 
incorporation  of acetate in to  h en  ovarian  and  liver 
lip ids in  vitro. F ederation  Proc., 2 4 : 686). T h is work 
w as supported in  p a rt by g ran ts from  the  N atio n a l 
In stitu tes  of H ealth , U. S. Public H ealth  Service 
(T ra in in g  g ran t 5 T1 ES-17), the Ohio Poultry  Re
search F und, and  the Ohio A gricu ltu ral R esearch  and 
D evelopm ent Center.

142 J. N u t r it io n , 9 3 : ’67.
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system has been demonstrated in young 
(19) and adult (20) male chickens.

E X P E R IM E N T A L

White Leghorn hens were fed the fol
lowing diets: a low fat control diet, a low 
fat diet containing cholesterol (1 % ), a 
high fat basal diet containing either saf
flower oil or animal fat at levels of 30%, 
a high fat diet containing safflower oil 
(29% ) and cholesterol (1% ). Fifty hens 
(10 per treatment) were fed each diet. De
tails on the composition of these diets and 
the sources of fats used have been pub
lished previously (2).

Birds in active egg production were 
killed by exsanguination and the livers and 
the membranes surrounding the larger 
growing ova were removed and placed in 
cold buffer. Liver slices (1 mm) were pre
pared with a Stadie-Riggs slicer. Aproxi- 
mately 0.5 g of liver slices or 0.15 g of 
ovarian tissue strips were weighed in 
50 ml erlenmeyer flasks containing 5 ml of 
Krebs-Henseleit bicarbonate buffer (21). 
Incubations of liver tissue were carried out 
in duplicate, but single incubations of 
ovarian tissue were used because of the 
small amount of ovarian tissue available 
from one hen. Tissues from hens fed the 
experimental diets were paired with tis
sues from hens fed a basal diet. Two or 
three experiments were performed for each 
experimental diet. The length of time the 
hens were fed the diet and the amount of 
isotope added are indicated in the tables.

After the flasks were equilibrated to 37°, 
one milliliter of Na acetate-l-14C solution 
(4|iCi) was added. The flasks were incu
bated in a Dubnoff metabolic shaker at 
37° for 3 hours in a 5% C02/95% 0 2 
atmosphere. The reactions in the paired 
control flasks were stopped immediately 
after addition of the isotope by adding 
20 ml of methanol containing 0.08 g sod
ium acetate. After adding the methanol 
solution and a porcelain chip at the end of 
the incubation, the flasks were heated at 
60° for 10 minutes. Ten milliliters of 
chloroform were then added and the 
flasks heated again for 10 minutes. The 
contents were transferred to centrifuge 
tubes, the flasks rinsed with chloroform- 
methanol (2:1) and the washings were 
added to the centrifuge tube. After centrif

ugation, the residue was homogenized in 
a Potter-Elvehjem homogenizer with 2:1 
chloroform-methanol (containing acetate, 
0.4 g/100 ml methanol). Extraction of the 
residue was continued 3 times with eth
anol-ether (3:1) at 50° for 10 minutes. 
The pooled extracts were evaporated in a 
rotary evaporator and the residue redis
solved in 10 ml of petroleum ether (b.p. 
35-65°). The petroleum ether solution was 
washed 3 times with a sodium acetate 
solution (200 mg/100 ml) and then 3 
times with distilled water. After filtering 
through sodium sulfate, the solvent was 
evaporated and the residue dissolved in 
approximately 0.5 ml of chloroform. Ace
tone (15-20 ml) was added (with a suf
ficient quantity of carrier phospholipid 
added to the ovarian tissue extracts to in
duce precipitation) and the phospholipids 
were precipitated overnight at 4°. The 
acetone precipitation was repeated twice. 
The liver neutral lipids and phospholipids 
were finally dissolved in 25 ml of chloro
form, and the ovarian neutral lipid and 
phospholipid fractions were dissolved in 
5 ml.

A total of 150 to 300 ^liters of lipid solu
tion was spotted or streaked on a 20 X 5 
cm thin-layer plate ( 30 g Silica Gel G 2 in 
65 ml of 0.02% aqueous 2',7' dicholoro- 
flourescein for 20 plates). The neutral 
lipid chromatograms were developed in 2 
stages. Benzene-ethyl acetate (7:3) was 
used for the first stage, allowing the sol
vent front to advance 10 cm. The plates 
were air-dried to remove the solvent and 
development was continued in the same 
direction with hexane-benzene (7:3) for 
one hour beyond the time the solvent 
front reached a line 15 cm from the origin. 
The second solvent system separates the 
cholesterol esters from the triglycerides. 
The phospholipid fractions were chromato
graphed separately in the benzene-ethyl 
acetate system. The lipid fractions (fatty 
acids plus monoglycerides, cholesterol, di
glycerides, triglycerides, cholesterol esters, 
phospholipids) were visualized under ultra
violet light and the areas containing lipid 
were scraped into polyethylene vials. Six
teen milliliters of scintillation mixture 
(200 ml dioxane, 16 g naphthalene, 1.0 g

2 B rinkm ann  Instrum en ts, Inc., Great N eck, New 
York.
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2,5-diphenyloxazole,s 10 mg a-naphthyl- 
phenyloxazole,3 4 9.2 g Cap-O-Sil,5 30 ml 
methanol) were added to each vial and the 
radioactivity was assayed in a Packard Tri- 
Carb liquid scintillation spectrometer. The 
radioactivity in total lipid aliquots, which 
had been spotted on adsorbent, but not 
fractionated, was determined.

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

As the female chicken approaches ma
turity, a change occurs in its lipid metab
olism to meet the demands of increased 
lipid synthesis for egg production. The 
laying hen has a greater ability to incor
porate acetate into liver lipids than the 
cockerel, and the synthesis of cholesterol 
appears to be preferentially stimulated in 
laying hens (22). The liver of the laying 
hen is capable of synthesizing greater 
quantities of triglycerides from palmitic 
acid than the liver of the immature bird 
(23). The effects of dietary factors on the 
lipid metabolism of various non-egg-laying 
experimental animals (including imma
ture female birds) may differ from the ef
fect of diet on the lipid metabolism of the 
laying hen, because of the metabolic dif
ferences necessitated by the egg-laying 
capacity of the hen. Egg-laying provides 
an excretory mechanism for the elimina
tion of large amounts of dietary lipid, 
which are not a usual part of the hen’s 
diet. Hypercholesterolemia, induced by 
feeding cholesterol in conjunction with 
agents that increase its absorption, results 
in increased levels of egg cholesterol (2). It 
has been observed often that egg yolk fatty 
acids reflect the fatty acids in dietary tri
glyceride (24).

Popjak and Tietz (17) demonstrated 
that ovarian tissue could synthesize cho
lesterol and fatty acids from acetate in 
vitro. The present experiment shows that 
the ovarian membranes are capable of 
synthesizing the major lipid classes that 
occur in the egg. The question of how 
much of the lipid deposited in the egg is 
synthesized in the liver and how much is 
contributed by ovarian synthesis remains, 
however. In the present experiment, ace
tate incorporation into lipids per weight of 
tissue was 2 to 4 times higher in liver 
slices than in ovarian tissue when hens 
were fed a basal diet (tables 1-3). The

normal liver weight is approximately 400 
times the weight of the membranes sur
rounding the growing ovum, but most of 
the lipid synthesized in the membranes 
would be expected to be deposited in the de
veloping ovum. Whether the in vivo ac
tivity of the membranes is substantially 
different is not known. It has been pro
posed that egg cholesterol arises mainly 
from the plasma and ultimately originates 
in the liver. When labeled cholesterol was 
administered to hens, the specific activity 
of egg cholesterol was similar to that of 
plasma cholesterol (25, 26). The hypothe
sis that the liver is largely responsible for 
egg lipid synthesis is supported by the 
work of Schjeide (27), which indicates 
that lipoproteins, formed in the liver 
through estrogen induction, are trans
ferred to the developing ova via the cir
culation.

Acetate incorporation data are presented 
in the figures of this paper as distribution 
of 14C, which will be defined as the ratio of 
I4C in any lipid fraction to the 14C incor
porated into total lipids X 100. The ratio 
of cholesterol-14C to total lipid 14C has been 
used to estimate cholesterol biosynthesis 
from acetate in rats fed various levels of 
fat and calories (10, 14). The use of this 
ratio eliminates much of the variation in
herent in tracer studies using acetate-14C, 
such as that related to pool size, degree of 
mixing of the label, and loss of isotope 
during administration during in vivo stud
ies. Calculation of the distribution of in
corporated acetate into the various lipid 
fractions (figs. 1-6) provides an indica
tion of the pattern of lipid synthesis. Any 
changes in the pattern of lipid synthesis 
due to dietary factors would indicate regu
lation of the pathways of acetate metabo
lism. The pattern of acetate distribution in 
the various lipid fractions of hen liver and 
ovarian tissue was observed to be quite 
constant for a particular diet because 
individual variations in the absolute incor
poration of acetate into lipids are elimi
nated. The average deviation of 14C distri
bution is indicated in the figures for each 
lipid class.

3 P ackard  In stru m en t Com pany, LaG range, Illinois.
4 See footnote 3.
5 Cabot Corporation, Boston.



D IE T  AND L IP ID  SY N T H E S IS  IN  T H E  H E N 145

TABLE 1

E ffe c t  o f  a  d ie t  c o n ta in in g  3 0 %  s a ff lo w e r  o i l  o n  th e  in c o r p o r a t io n  o f  
a c e ta te - l - 14C in to  l iv e r  a n d  o v a r ia n  t i s s u e  l ip id s

A cetate incorporation  1

L ipid L iver tissue O varian  tissue
class ----------------------------  ----------------------------

B asal Safflower B asal Safflower 
d iet oil d iet d iet oil d iet

m /x m o le s /g  t i s s u e

M o n o g ly c e rid es  +  f a t ty  ac id s 13.5 9.7 15.2 14.0
C h o le s te ro l 10.3 14.7 33.1 35 .9
D ig ly ce rid es 2.1 0.6 6.0 5.4
T rig ly c e r id e s 110.0 18.7 5.6 7.4
C h o le s te ro l e s te rs 1.2 0 .4 1.8 1.8
P h o sp h o lip id s 14.4 9.1 3 .7 4 .2
T o ta l 152.5 54.2 69.6 74.6

1 D ata are m ean  of 6 experim ents (3  hens w ith  dup licate  sam ples) fo r liver tissue and  m ean  of 
3 experim ents (3  hens w ith  single sam ple) fo r ovarian  tissue. H ens h ad  been fed diets fo r 15 days 
or m ore before tissues w ere rem oved and  incubated  w ith  4 /iCi (sp. act. 21 m C i/m m ole) of acetate- 1-14C.

TABLE 2

E ffe c t  o f  a  d ie t  c o n ta in in g  3 0 %  a n im a l  f a t  o n  th e  in c o r p o r a t io n  o f  
a c e ta te -1 -UC in to  l iv e r  a n d  o v a r ia n  t i s s u e  l ip id s

Lipid
class

A cetate incorporation  1 

Liver tissue O varian  tissue

B asal A nim al B asal A nim al

m f im o le s / g  t i s s u e

M o n o g ly c e rid es  +  f a t ty  ac id s 28.5 5.3 18.0 25 .4
C h o le s te ro l 32 .7 17.6 41 .8 72 .0
D ig ly ce rid es 2.8 0 .7 9.3 14.6
T rig ly c e r id e s 141.0 18.9 10.1 14.8
C h o le s te ro l e s te rs 0 .7 0 .2 2.9 3.8
P h o sp h o lip id s 40 .2 7.2 1.8 5.3
T o ta l 247 .5 50.1 87 .0 141.0

1 D ata  are  m ean  of 4 experim ents (2  hen s w ith  dup licate  sam ples) fo r liver tissue and  m ean  of 
2 experim ents (2  hens w ith  single sam ple) fo r  ovarian  tissue. H ens h ad  been fed  diets fo r 15 days or 
m ore before tissues were rem oved and  incubated  w ith  4 /¿Ci (sp . act. 5.3 m C i/m m ole) of acetate- 1-14C.

TABLE 3

E ffe c t o f  d ie ts  c o n ta in in g  c h o le s te r o l  ( 1 % )  o r  c h o le s te r o l  ( 1 % )  a n d  s a ff lo w e r  o i l  (S O ) ( 2 9 % )  
o n  th e  in c o r p o r a t io n  o f  a c e ta te -1  J4C in to  l iv e r  a n d  o v a r ia n  t i s s u e  l ip id s

A cetate incorporation  1

Liver tissue O varian tissue
class

B asal
diet

Choles
terol
diet

Choles
terol +  
SO diet

Basal
diet

Choles
terol
diet

- Choles
terol +  
SO diet

m i im o le s / g  t i s s u e m ß m o le s /g t i s s u e

M o n o g ly c e rid es  +  f a t ty  a c id s 27 .0 31 .2 15.6 17.2 9.1 10.1
C h o les te ro l 25 .5 2.6 0.2 33 .0 16.3 8.1
D ig ly ce rid es 3 .4 2 .6 0.5 9.9 5.4 2.7
T rig ly c e r id e s 153.0 199.5 52 .2 8.1 4.1 8.9
C h o le s te ro l e s te rs 1.0 1.4 0.4 2.4 1.7 1.9
P h o sp h o lip id s 35 .9 31.9 25 .2 4 .9 2 .0 4.3
T o ta l 250 .5 268 .5 95.5 79.4 38 .2 37 .9

1 D ata  are m ean  of 4 experim ents (2  h en s w ith  dup licate sam ples) fo r liver tissue and  m ean  of 
2 experim ents (2  hens w ith  single sam ple) fo r ovarian  tissue. H ens h ad  been fed diets fo r 15 days or 
m ore before tissues were rem oved and  incubated  w ith  4 / i d  (sp . act. 5.3 m C i/m m ole) of acetate- 1-14C.
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Fig. 3 Effect of diets containing cholesterol (1 % ) or cholesterol (1 % ) and safflower oil (2 9 % )  
on the distribution of acetate-l-HC in the lipid fractions of liver slices. Values are averages from  
experim ents in  which hens were fed the diets for 15 and 23 days; average deviation is shown.
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Fig. 4 Effect of a diet containing 30% safflower oil on the distribution of acetate-l-14C in  the 
lipid fractions of ovarian tissue. Values are averages from  experim ents in which hens were fed the 
diet for 30, 130, and 150 days; average deviation is  shown.
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The distribution of incorporated acetate 
in the lipid fractions of liver slices and 
ovarian tissue differs. Synthesis of tri
glycerides predominates in the liver (figs. 
1-3). Approximately 60 to 70% of the in
corporated acetate is located in the trigly
ceride fraction. The predominant synthesis 
of cholesterol in ovariain tissue is indi
cated by the approximately 40 to 50% dis
tribution of 14C in the cholesterol fraction 
(figs. 4-6). Ovarian tissue is also relatively 
more active in the incorporation of acetate 
into cholesterol esters. The distribution of 
acetate-14C in liver cholesterol, observed in 
these experiments, was similar to the 
values obtained by Husbands and Brown
(22) in an in vivo study of acetate incor
poration into the liver of hens. The value 
for the distribution of 14C in ovarian tissue 
cholesterol is much higher than the ap
proximately 4% cholesterol in yolk lipid. 
This may indicate that the egg cholesterol 
content would be higher than it actually is 
if much of the egg cholesterol originated 
from ovarian synthesis.

Effect of dietary fat on liver synthesis. 
When either safflower oil or animal fat was 
fed to hens at a level of 30%, total liver 
lipid synthesis was depressed (tables 1 and 
2). The distribution of 14C was decreased 
in the liver triglyceride fraction and in
creased in the cholesterol fraction when 
either fat was fed (figs. 1 and 2). The 
effects on acetate distribution were more 
pronounced, however, when safflower oil 
was fed. The decrease in lipogenesis and 
increase in cholesterogenesis is in agree
ment with studies in which rats were fed 
high levels of fat (3, 9, 10, 13, 14). Distri
bution of 14C in the diglyceride and choles
terol ester fractions did not change when 
dietary fat was increased. Safflower oil 
feeding resulted in an increased acetate 
distribution in phospholipids (fig. 1), while 
no change was observed in the liver phos
pholipid fraction when animal fat was 
fed (fig. 2). Dietary regulation of liver 
lipid synthesis was observed when hens 
were fed the high fat diets for periods of 
time ranging from 15 days to 150 days.

The data in tables 1 and 2 can be sum
marized and expressed as the percentage 
change in acetate incorporation when the 
experimental diets were fed compared with 
the basal diet. The changes in the absolute

incorporation of acetate-14C when safflower 
oil was fed (average of all experiments) 
were the following: total lipids, —62%; 
cholesterol, + 51% ; triglycerides, — 82% ; 
phospholipids, — 10%. When animal fat 
was fed, the changes in acetate incorpo
ration were the following: total lipids,
— 80% ; cholesterol, — 48% ; triglycerides,
— 87%; and phospholipids, —79%.

There was a greater depression of the
absolute incorporation of acetate-l-14C into 
total lipids when animal fat was fed. Since 
total lipid synthesis was greatly diminished 
when animal fat was fed, the absolute in
corporation of acetate into cholesterol was 
not increased over the basal value, even 
though there was a relative increase in the 
cholesterol synthetic pathway when either 
fat was fed (figs. 1 and 2). When safflower 
oil was fed, the absolute acetate incor
poration tended to decrease in all the 
liver lipid fractions except the cholesterol 
fraction.

These results give some indication why 
egg cholesterol is increased when a large 
amount of fat, such as safflower oil, is fed 
to hens. If a large part of the cholesterol 
deposited in the egg is synthesized in the 
liver, an increase in liver synthesis, which 
appears to occur when safflower oil is fed, 
could result in increased egg cholesterol 
levels. It has been noted that hens can 
eliminate excess cholesterol via the egg, 
as evidenced by increased egg cholesterol 
levels when cholesterol is fed to hens. This 
experiment indicates that animal fat does 
not cause an absolute increase in liver cho
lesterol synthesis in vitro. This is one pos
sible reason why the cholesterol content of 
egg yolk is not increased to the same ex
tent when animal fat is fed to hens as 
when safflower oil is fed. It is possible 
that the effects of various dietary fats on 
cholesterogenesis are more similar than 
their effects on the transport of choles
terol. Transport of fiver cholesterol to the 
ova also might be affected by the nature 
of the dietary fatty acids. Phospholipids, 
which are essential components of lipo
proteins, appeared to be more readily syn
thesized when safflower oil was fed (table 
1, fig. 1) than when animal fat was fed 
(table 2, fig. 2). The observation that' the 
fatty acids of egg yolk phospholipids are 
not very susceptible to change as a result
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of feeding a highly saturated fat (24) sug
gests that saturated fatty acids are less 
readily utilized for the synthesis of phos
pholipids in the liver of the hen.

In the present experiments, a decrease 
in total liver lipid content was noted when 
high levels of fat were fed to hens. This 
decrease in liver lipid, which occurs when 
a high fat diet is fed to laying hens, has 
been reported to involve mainly the liver 
triglycerides (28). If the results of this 
study were reported as acetate incorpora
tion per weight of total liver lipid, the same 
conclusions would be reached. A large de
crease in liver lipids would not be expected 
when high fat diets are fed to rats. When 
high fat diets were fed to rats, choles- 
terogenesis increased and lipogenesis de
creased in the presence of a much larger 
pool of lipids in the liver, associated with 
fat feeding (10). However, in the present 
experiment, similar effects were observed 
using hen liver, in which the pool of lipids 
was decreased due to fat feeding.

The livers of hens fed a practical laying 
ration normally contain a large amount 
of fat because of the rapid fat synthesis 
needed to meet the demands of egg pro
duction. When large amounts of dietary 
fat are fed to hens, some of the dietary 
fatty acids may be deposited intact in the 
egg. Most investigators have not observed 
an increase in total egg yolk lipids when 
high fat diets were fed to hens (29). The 
decrease in liver lipid with fat feeding 
may be correlated with the decrease in 
lipogenesis, which is able to proceed at a 
slower rate when a high fat diet is fed.

From the results obtained in this study, 
two different effects of dietary fat on lipid 
synthesis from acetate can be postulated. 
It appears there is a tendency for the syn
thesis of each lipid class to be depressed 
when a high fat diet is fed. However, each 
lipid class is not affected in the same 
way. Brodie et al. (30) have postulated an 
alternate pathway for cholesterol synthesis 
using pigeon liver as an enzyme source. 
Rather than the condensation of 2 mole
cules of acetyl-CoA to give acetoacetyl 
CoA, which then condenses with another 
molecule of acetyl-CoA to ultimately give 
mevalonic acid, it involves utilization of a 
malonyl-CoA intermediate, formed by the 
carboxylation of acetyl-CoA. In the hy

pothesized pathway, enzyme-bound malo- 
nate condenses with acetyl-CoA to give 
enzyme-bound acetoacetate. In this scheme 
acetoacetate is postulated to be the focal 
point for mechanisms controlling the re
lation between the pathways for fatty acid 
and cholesterol synthesis. Ichihara et al. 
(31) concluded from their wTork with rat 
liver cells that malonyl-CoA may be a phys
iological intermediate for cholesterol syn
thesis, as well as fatty acid formation, but 
condensation of 2 molecules of acetyl-CoA 
may become an important shunt when for
mation of malonyl-CoA is disturbed, as in 
the diabetic state. Bortz et al. (32) have 
shown that the block in fatty acid synthe
sis, which occurs upon fat feeding, is due 
to the inhibition of the carboxylation re
action, in which malonyl-CoA is formed.

Assuming this is an active pathway, 
when acetate-14C is used as a substrate for 
lipid synthesis under in vitro conditions, 
dietary fat would tend to depress acetate 
incorporation into all lipid classes by caus
ing a depression of malonyl-CoA forma
tion. It is possible that feeding different 
dietary fats results in a different degree 
of homeostatic regulation at this step. Pos
sibly, when animal fat was fed in the pres
ent experiment, there was a greater inhibi
tion of this reaction resulting in a greater 
depression of acetate incorporation into 
total lipids. Even if this alternate pathway 
exists, acetate-14C could still be incorpo
rated into cholesterol by condensation with 
another molecule of acetate or with aceto
acetate.

Effect of dietary cholesterol on liver syn
thesis. It has often been demonstrated 
that feeding cholesterol results in a de
pressed cholesterol synthesis in the livers 
of experimental animals, including the 
male chicken (19,20). The major site of 
the cholesterol feedback system is believed 
to be located where the reaction occurs 
that is responsible for the conversion of 
/3-hydroxy-/3-methylglutarate to mevalonate 
(33). In this study, cholesterol feeding at 
a level of 1 % resulted in an approximately 
tenfold decrease in liver cholesterol synthe
sis from acetate (table 3 and fig. 3). When 
1% cholesterol was fed, the distribution of 
14C increased about 10% in the triglyceride 
fraction. There was a slight increase in the 
absolute incorporation of acetate into the
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triglyceride fraction although incorpora
tion into total lipids did not change appre
ciably (table 3). This is further evidence 
of the interrelationship of the pathways of 
cholesterol and triglyceride biosynthesis.

When a diet containing both cholesterol 
(1% ) and safflower oil (29%) was fed, 
cholesterol synthesis in the liver was vir
tually eliminated (table 3 and fig. 3). This 
is probably due to increased absorption of 
cholesterol and transport to the liver. That 
absorption is increased is borne out by the 
observation of increased blood and egg 
cholesterol levels when the cholesterol-oil 
diet was fed to hens when compared with 
the cholesterol levels observed when only 
cholesterol was added to the diet (2). The 
incorporation of acetate into total lipids 
was depressed when the cholesterol-oil diet 
was fed as it was when the oil alone was 
added to the diet. The distribution of 14C in 
the phospholipid fraction increased when 
this diet was fed. Neither the distribution 
of 14C in the triglyceride fraction (fig. 3) 
nor the absolute incorporation into this 
fraction (table 3) was depressed to the 
same extent when the cholesterol-oil diet 
was fed compared with the decreases when 
the oil alone was fed (table 1 and fig. 1). 
It appears that in this case the negative 
feedback control of cholesterol synthesis is 
greater than the regulation of lipogenesis 
by dietary triglyceride. More acetate-14C 
is being diverted to triglyceride synthe
sis, and here again the relationship of the 
pathways can be seen.

Ovarian lipid synthesis. Lipid synthesis 
in ovarian tissue appears to be less sus
ceptible to dietary influence than is liver 
lipid synthesis. The distribution of 14C in 
the various lipid fractions of ovarian tissue 
of hens fed the basal diet was similar to 
that in hens fed diets containing either 
safflower oil or animal fat (figs. 4 and 5). 
There is a possibility of a slight increase 
in total lipid synthesis in the ovarian mem
branes when animal fat was fed (table 2), 
although the pattern of acetate distribu
tion was not changed. A compensatory in
crease in ovarian lipid synthesis might 
occur if a smaller amount of cholesterol or 
other lipid is transported from the liver to 
the ova. Cholesterol feeding at a level of 
1 % did not affect appreciably the distribu
tion of acetate-l-14C in the ovarian lipid

fractions (fig. 6). Metabolic control in 
ovarian tissue is indicated by the change 
in the pattern of 14C distribution in ovarian 
lipids when the cholesterol-oil diet was fed 
(fig. 6). This is probably the result of in
creased absorption of cholesterol and its 
transport to the ova. When this diet was 
fed to hens, the cholesterol content of egg 
yolk increased 2.5 times (2). Such a large 
increase resulted in the suppression of cho
lesterol synthesis in both the liver and the 
ovaries. This is the only case where the 
distribution of acetate was observed to 
change in ovarian tissue. The distribu
tion of acetate-14C decreases from approxi
mately 40% to 20% in the cholesterol 
fraction, whereas it increases in the tri
glyceride and phospholipid fractions. The 
absolute incorporation of acetate into total 
lipids was depressed slightly when the cho
lesterol-oil diet was fed.

Even if most of the egg cholesterol and 
lipid originates in the liver, rather than the 
ovarian tissue, it appears that in a situ
ation where a drastic change is made from 
the usual diet of the hen, ovarian synthesis 
is adaptable. It seems possible that ovarian 
synthesis also provides a reserve lipid 
source, so that there is a minimal amount 
of nutrients and calories available for the 
proper development of the chick embryo.
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Effect of Dietary Fat and D-Thyroxine on the 
Incorporation of Acetate-1-,4C into 
Egg Yolk Lipids * 1

JOSEPH F. WEISS, EDWARD C. NABER a n d  RALPH M. JOHNSON 
In s t itu te  o f  N u t r i t io n  a n d  th e  D e p a rtm e n ts  o f  P o u ltry  S cience a n d  
P h y s io lo g ic a l C h e m is try , T h e  O h io  S tate  U n iv e rs ity , C o lu m b u s , O h io  
a n d  T h e  O h io  A g r ic u ltu ra l R esea rch  a n d  D e ve lo p m e n t C enter, 
W ooste r, O h io

A B S T R A C T  The effect o f high fa t diets and D-thyroxine treatm ent on the distribu
tion of 14C and the absolute acetate incorporation into the yolk lipid fractions of eggs 
from hens given acetate-l-14C orally was determined. Acetate incorporation into total yolk 
lipids was decreased w hen either safflower oil or anim al fa t was fed  at a level of 
30% , but incorporation into the cholesterol fraction was not changed. The distribu
tion of acetate-I4C (ratio of 14C in  a particular fraction to the 14C in  total lip id s)  
increased in  the cholesterol fraction and decreased in  triglycerides; 14C distribution 
increased slightly in  the phospholipid fraction w hen safflower oil was fed  and de
creased slightly w hen anim al fa t was fed. D-Thyroxine injection resulted in  an in 
creased recovery of the isotope, w ith m ost o f the increased radioactivity located in  
the triglyceride fraction. Regardless of treatm ent, the distribution of I4C increased  
with time in  the cholesterol fraction and decreased w ith  tim e in  the triglyceride 
fraction, whereas it was constant w ith time in  the phospholipid fraction.

Eggs laid by hens that had received la
beled acetate were found to have radioac
tivity in the shell, protein and yolk lipids, 
including cholesterol, fatty acids and the 
glycerol moiety (1-4).

In the present investigation, the distribu
tion of acetate-MC (ratio of 14C in a par
ticular fraction to the 14C in total lipids) 
in the major lipid fractions of egg yolk 
was studied as a function of time. Acetate 
incorporation into the yolk lipids of eggs 
from hens fed diets containing either saf
flower oil or animal fat at a level of 30% 
was determined to gain further knowledge 
on the effect of dietary fat on the disposi
tion of yolk lipids. The effect of D-thyrox
ine injection on the incorporation of acetate 
was also studied. D-Thyroxine administra
tion, like safflower oil feeding, results in 
an increased egg yolk cholesterol concen
tration (5).

EXPERIMENTAL

The data reported here were obtained 
using 4 hens, each subjected to a succes
sion of treatments; 30% safflower oil diet 
(2 hens) or 30% animal fat diet (2 hens); 
low fat control diet; and D-thyroxine in
jection. The composition of the diets used 
has been described in a previous publica

tion (5). The individually caged White 
Leghorn hens were kept under a labora
tory hood as a precautionary measure. So
dium acetate-1-14C (either 0.10 or 0.18 
mCi) was administered to the hens after 
they had been fed the high fat diets for at 
least 2 weeks and had become accustomed 
to the laboratory environment, and their 
egg-laying record was favorable over a 
period of time. A solution of the isotope 
was administered orally by means of a 
gelatin capsule on a day when the hen had 
laid an egg. After about 7 radioactive eggs 
had been collected, the hens were trans
ferred to a low fat control (basal) diet
(5). Preliminary studies had shown that 
the effect of a previous diet on egg yolk 
lipid composition was negligible after 10 
to 12 days, which corresponds with the 
time required for ova growth and develop
ment. Hence, after 2 weeks, when the 
level of radioactivity in the eggs had di
minished, another dose of labeled acetate 
was administered.

R e c e ive d  fo r  p u b lic a t io n  A p ril 29, 1967.
1 P a r t  4 o f a series  e n tit le d  “ th e  E ffe c t  o f D ie ta ry  

F a t  a n d  O th er F a c to rs  on  E g g  Y o lk  C h o le s te ro l.”  T h is  
w o rk  w a s  su p p o rted  in  p a rt  b y  g ra n ts  fro m  th e  N a 
t io n a l In stitu te s  o f H e a lth , U . S. P u b lic  H e a lth  S erv ice  
(T r a in in g  G ra n t no. T 1  E S -1 7 ) , th e  O hio  P o u ltry  R e
se a rc h  F u n d , a n d  th e  O h io  A g r ic u ltu r a l R e se a rch  an d  
D e ve lo p m e n t C en ter.
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After a sufficient number of radioactive 
eggs had been collected from the 4 hens 
when fed the basal diet, they were treated 
with D-thyroxine. Hen no. 1 was injected 
subcutaneously with 80 ug/100 g body 
weight/day of D-thyroxine 2 in saline for 
2 weeks and another dose of isotope was 
administered. At this time, however, the 
hen started to molt and egg production 
ceased. At the time of isotope administra
tion, thyroxine injection was reduced to 
40 ug/100 g body weight every second day. 
After 3 weeks another dose of isotope was 
administered. A week earlier the hen had 
resumed egg production. Hen no. 2 was 
used as a control and was injected with 1.5 
ml of saline for 2 weeks before isotope ad
ministration. Hen no. 3 was injected for 2 
weeks with 80 ug/100 g body weight/day 
before isotope administration. Hen no. 4 
was injected with the same dosage for a 
week preceding isotope administration. 
Hens 2, 3 and 4 were injected every sec
ond day after isotope administration.

The egg yolks were weighed and the 
lipid extracted with chloroform : methanol 
(2:1). The extract was filtered through a 
sintered glass funnel. The extract solvent 
(about 150 ml) was removed by rotary 
evaporation and the residue dissolved in 
chloroform. The lipid extract was filtered 
through glass wool, and made to volume 
in a 100-ml volumetric flask. One-milliter 
aliquots were taken for the determination 
of radioactivity in the total lipids. The 
original extract was diluted 5 times and a 
total of 150 uliters was chromatographed 
on thin-layer plates. Thin-layer chromatog
raphy and counting procedures were car
ried out as previously (6) with the follow
ing changes. Phospholipids were separated 
from neutral lipids by chromatography of 
the total lipid extract on Silica Gel G 3 
plates, without dichlorofluorescein indica
tor, in acetone. The phospholipid fraction 
remains at the origin. Total lipids were 
chromatographed in 2 stages as previously, 
except that the ratio of benzene to ethyl 
acetate in the first solvent system was 8:2. 
When total lipids are chromatographed by 
the preceding method, monoglycerides, 
fatty acids and phospholipids do not sepa
rate into distinctive fractions. The radio
activity counts in the phospholipid frac
tion, which was separated from neutral

lipids by chromatography in acetone, were 
subtracted from the counts in the phos
pholipid, monoglyceride, fatty acid frac
tion to determine incorporation in mono
glycerides and fatty acids. The egg laid 
before the isotope was administered was 
used to determine background counts. 
Acetate incorporation into the yolk lipids 
of the six most radioactive eggs was deter
mined. It was difficult to determine ace
tate incorporation into the yolk lipid frac
tions of less active eggs because of the lim
itations on sample size imposed by the use 
of thin-layer chromatography.

RESULTS AND DISCUSSION

In hens that normally laid every second 
day, the first egg laid after isotope admin
istration contained radioactivity (2 days 
after isotope administration). If an egg 
was laid on the day following isotope ad
ministration, it contained very little or no 
radioactivity. For the sake of uniformity 
in procedure, the first egg that contained 
a significant amount of radioactivity is 
termed egg no. 1 in all the figures. The 
peak radioactivity, regardless of treatment, 
was usually located in either egg no. 2 or
3. However, the peak radioactivity of the 
various lipid fractions did not always co
incide. The total radioactivity recovered 
in the various yolk lipid fractions of the 
six most radioactive eggs from each treat
ment group is shown in table 1. The data 
are expressed as the sum of millimicro- 
moles of acetate incorporation into the 6 
eggs.

When either the basal diet or the high 
fat diets were fed, the distribution of ace- 
tate-14C in the cholesterol fraction increased 
with time (figs. 1 and 2), while it de
creased in the triglyceride fraction (figs. 
3 and 4). The distribution of 14C in the 
cholesterol ester fraction also increased 
with the time. The distribution of acétate
l e  in the phospholipid fraction did not 
change considerably with time after isotope 
administration (figs. 5 and 6).

In a study by Husbands and Brown (7) 
of acetate-14C incorporation in vivo into the 
liver lipids of the laying hen, the specific 
activity of cholesterol (and acetate distri-

2 Sigma Chemical Company, St. Louis.
3 Brinkmann Instruments, Inc., Great Neck, New 

York.
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TABLE 1

E ffe c t  o f  sa fflo w e r  o il (SO ), a n im a l  f a t  (A F ) a n d  D -thyroxine  o n  th e  in co rp o ra tio n  
o f  a c e ta te - l- , iC in to  egg  y o lk  lip id s

Dosage
Hen no. of

acetate
Diet
or

treatment
Total
lipids Choles

terol

Acetate incorporation 1
Mono-

Triglyc- Phospho- erides 
erides lipids te.ro1 +  esters fatty

acids

Di glyc
erides

mCi m/imoles/6 eggs
1 0.18 (sp. act. 3.5 mCi 30% SO 1156.0 396.0 407.0 324.0 19.0 14.9 11.5

/m m o le ) basal diet 5549.0 376.0 3884.0 1125.0 16.2 44.8 58.9
D-thyroxine 7194.0 376.0 5201.0 1337.0 22.9 88.8 121.0

2 0.10 (sp. act. 10.0 mCi 30% SO 293.0 81.9 133.0 65.0 5.9 2.9 2.2
/m m ole  ) basal diet 772.0 72.4 516.0 173.0 6.0 6.7 13.0

saline 757.0 65.4 517.0 165.0 12.0 13.8 17.8

3 0.10 (sp. act. 10.0 mCi 30% AF 399.0 105.0 213.0 69.0 8.2 8.4 4.6
/  m m ole ) basal diet 780.0 97.2 494.0 176.0 6.2 4.3 11.6

D-thyroxine 1053.0 53.6 776.0 193.0 9.0 6.9 21.6

4 0.18 (sp . act. 10.0 mCi 30% AF 570.0 154.0 282.0 102.0 9.5 6.4 4.9
/m m ole  ) basal diet 1365.0 129.0 903.0 299.0 11.0 17.3 15.7

D-thyroxine 2781.0 145.0 2064.0 526.0 12.0 59.7 30.1

1 Values are the sum of the acetate incorporated into the lipid fractions isolated from the 6 most radioactive 
eggs laid during the period from the second to the fourteenth day after isotope administration.

Fig. 1 Effect o f safflower oil and D-thyroxine Fig. 2 Effect of anim al fa t and D-thyroxine on 
on the distribution of acetate-l-14C in  yolk choles- the distribution of acetate-l-14C in yolk choles
terol; hens 1 and 2; see text for details of treat- terol; hens 3 and 4; see text for details o f treat
ment. ment.



156 JO S E P H  F . W E IS S , EDW ARD C. N A B ER  AND R A L PH  M . JO H N S O N

Fig. 3 Effect of safflower oil and D-thyroxine 
on the distribution of acetate-l-14C in  yolk tri
glyceride; hens 1 and 2; see text for details of 
treatment.

bution in cholesterol) increased with time, 
while the activity in the triglyceride frac
tion decreased. Their data suggested that 
cholesterol was continuously synthesized 
from fatty acids, which were derived from 
labeled acetate. The change in acetate 
distribution with time, observed in our 
experiments, may occur because the cho
lesterol not synthesized immediately could 
be synthesized later in the liver from la
beled fatty acids. Another possibility is 
that labeled substrates could reach the 
ovary at a later time, and be used for the 
synthesis of cholesterol, which is the lipid 
preferentially synthesized by the ovarian 
membranes (6). The ovarian tissue sur
rounding the smallest developing ova at 
the time of isotope administration would, 
in this case, utilize a greater proportion of 
labeled substrate for cholesterol synthesis 
as time progressed. The difficulties in ar
riving at conclusions from this type of 
experiment are apparent because of the 
use of acetate as the primary precursor.

Dietary fats. When the hens were fed 
either safflower oil or animal fat, recovery 
of the isotope (figs. 7 and 8) or acetate 
incorporation into total yolk lipids (table 
1) was reduced. The percentage change in 
acetate incorporation when the experi
mental diets were fed compared to the 
basal diet was calculated. Values are aver
ages of the changes in acetate incorpora
tion in the two most radioactive eggs from 
each hen. As noted earlier, the relative 
amount of the isotope incorporated in the 
cholesterol and triglyceride fractions 
changes with time. In experiments of this 
type, it is obvious that the choice of egg 
taken for analysis can determine the re
sults obtained. The changes in the abso
lute incorporation of 14C when safflower 
oil was fed were as follows: total lipids,
— 71% ; cholesterol, + 9% ; triglycerides,
— 82%; phospholipids, —50%. The 
changes in acetate incorporation when ani
mal fat was fed were these: total lipids,
— 54% ; cholesterol, + 14% ; triglycerides,
— 69% ; phospholipids, — 64% . Even

Fig. 4 Effect of anim al fat and D-thyroxine 
on the distribution of acetate-l-14C in yolk tri
glyceride; hens 3 and 4; see text for details of 
treatment.
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Fig. 5 Effect of safflower oil and D-thyroxine 
on the the distribution of acetate-l-14C in  yolk 
phospholipid; hens 1 and 2; see text for details 
of treatment.

though the absolute acetate incorporation 
into total egg yolk lipids was depressed 
when high levels of fat were fed, the in
corporation into cholesterol was increased 
over the basal values. This increase, al
though sometimes slight, suggests the pos
sibility that even though total lipid synthe
sis is decreased, cholesterol synthesis is 
increased leading to an increase in the 
egg cholesterol content.

Murty and Reiser (4) injected acetate-l-14C 
into hens fed either trilinolein or trilinole- 
nin at a level of 5% . There was a higher de
gree of incorporation of acetate into yolk 
fatty acids when linoleic acid was fed, but 
the incorporation into cholesterol was the 
same with both. The addition of tallow at a 
level of 5% to the diets containing un
saturated fatty acids markedly depressed 
the incorporation of acetate-14C into fatty 
acids and cholesterol, in which case the 
incorporation into both fatty acids and 
cholesterol was higher with linolenic acid 
ingestion. The present paper and our pre
vious work (5) indicate that much higher

dietary fat levels are required to stimulate 
cholesterol biosynthesis and egg yolk cho
lesterol content.

There was not as great a depression in 
total lipid synthesis from acetate when 
animal fat was fed in this study, as there 
was in the in vitro study using liver slices
(6). The effect of the high fat diets on 
the absorption of the orally administered 
acetate must be considered. If the isotope 
were more readily absorbed when animal 
fat was fed, an increase in isotope recovery 
in the egg would occur. The results would 
be a proportionate increase in the abso
lute acetate incorporation into all of the 
lipid fractions. Animal fat is less readily 
absorbed by the hen, but the effect this 
would have on the absorption of nonlipid 
components of the diet is not known. In 
the present experiment, presentation of 
the results as distribution of 14C may be of 
more value, since any differences in loss 
of isotope during administration due to 
diet or treatment would be eliminated. The 
question of the effect of different dietary

Fig. 6 Effect of anim al fa t and D-thyroxine on 
the distribution of acetate-l-MC in yolk phospho
lipid; hens 3 and 4; see text for details o f treat
ment.
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Fig. 7 Effect of safflower oil and D-thyroxine 
on the recovery of acetate-l-14C in  total yolk 
lipids; hens 1 and 2; see text for details of treat
m ent.

fats on the transport of cholesterol from 
the liver to the egg is not adequately an
swered by the present experiments.

The ingestion of high levels of fat re
sulted in an increased distribution of ace
tate in the cholesterol fraction, while the 
distribution of 14C in triglycerides decreased 
(figs. 1-4). These effects were more pro
nounced when safflower oil was fed and 
are similar to the results obtained using 
hen liver slices (6). The distribution of 
the label in cholesterol and triglycerides in 
the first radioactive egg laid by the hens 
fed either the basal diet or the high fat 
diets was similar to the distribution in 
liver slices, in contrast with that in ovar
ian tissue (6). This suggests that most of 
the egg lipid originates from liver synthesis.

When safflower oil was fed, there was a 
slight increase in the distribution of 14C 
in the phospholipid fraction (fig. 5), where
as there was a slight decrease in acetate 
distribution in phospholipids when ani
mal fat was fed (fig. 6). The relative in
crease in the pathway of phospholipid syn

thesis from acetate, when safflower oil was 
fed to hens, was also suggested by the re
sults obtained in the in vitro studies (6). 
The relative stability of phospholipid syn
thesis with time gives some indication 
about the differences between triglyceride 
and phospholipid pathways. The ingestion 
of fat is believed to cause decreased lipo- 
genesis by exerting biosynthetic control at 
an early stage of fatty acid synthesis (8). 
It is possible that a control is also exerted 
at a later stage of phospholipid and tri
glyceride synthesis from a-glycerophos- 
phate. The availability of fatty acids 
required for either triglyceride or phospho
lipid formation can be an important fac
tor at this stage. In most studies on the 
effect of fat feeding on lipogenesis in rats, 
incorporation of substrate into fatty acids 
has been used as a measure of lipogenesis. 
This does not distinguish the effect of 
lipogenic control factors on fatty acid syn
thesis from any effect on fatty acid esteri
fication, so that the relative effect of this 
phenomenon on the synthesis of trigly
ceride and the phosphatides is not clear.

Fig. 8 Effect of anim al fat and D-thyroxine 
on the recovery of acetate-l-14C in  total yolk 
lipids; hens 3 and 4; see text for detail of treat
ment.
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One possibility for the relative stability 
of the phospholipid pathway is that phos
pholipids may not be utilized readily as 
precursors for cholesterol synthesis. This 
may be the case in the ovaries. Budowski 
et al. (9) administered tripalmitin, labeled 
in both the glycerol and fatty acid moieties, 
to hens. Their data indicate that trigly
cerides can be hydrolyzed in the ovary. 
Phospholipids, however, did not appear to 
undergo any hydrolysis as they passed 
from the plasma to the ova. These work
ers concluded, from the higher specific ac
tivity of unsaponifiable matter in the ova 
as compared with other tissues and organs, 
that synthesis of sterols occurs in the 
ovary from an acetate pool whose activity 
is also higher than that in any other tissue.

d-Thyroxine. Hen no. 1 began to molt 
during treatment with D-thyroxine and 
ceased egg production. D-Thyroxine treat
ment at a lower dosage was continued and 
possibly shortened the molting period. 
Hens 3 and 4 were also affected by D-thy- 
roxine treatment when the hens were in
jected daily. They began to lose feathers 
but this was accompanied by simultaneous 
growth of new feathers. Thyroid hormone 
is believed to be involved in egg produc
tion, to promote feather growth, and to 
produce molting (10). These observations 
appear contradictory, but may be depend
ent on thyroxine concentration. The de
creased egg yolk weight and increased yolk 
cholesterol resulting from thyroxine treat
ment has been discussed. It was suggested 
that thyroxine treatment may cause both 
premature ovulation and increased deposi
tion of cholesterol in the ova (5).

A major effect of D-thyroxine treatment 
appears to be exerted on total lipid syn
thesis. The recovery of the label in the 
yolk lipids was increased when thyroxine 
was injected (figs. 7, 8). Acetate incor
poration increased into the triglyceride and 
phospholipid fractions (table 1). Appar
ently there is an early rapid synthesis of 
fatty acids from the labeled acetate. Even 
when the decrease in yolk weight and lipid 
content is taken into consideration, these 
increases are pronounced. D-Thyroxine 
treatment did not result in an overall in
crease in acetate incorporation into cho
lesterol in all hens. The effect of D-thyrox

ine on the absolute incorporation of ace
tate into the lipid fractions was highly 
variable. The recovery of acetate-I4C in 
the cholesterol fraction was not changed 
in the eggs from hen no. 1, increased in 
the eggs from hen no. 4, and decreased in 
the eggs from hen no. 3, which was not 
injected with D-thyroxine for as long as 
the other 2 hens. The pattern of acetate 
distribution during D-thyroxine treatment 
changed only slightly from the pattern of 
14C distribution in the egg lipids when the 
hens were not injected. The distribution 
of I4C in triglycerides increased slightly, 
whereas it decreased slightly in the cho
lesterol and phospholipid fraction. Again, 
the acetate-14C distribution in the phospho
lipid fraction was constant with time. 
Saline injection of the control hen had no 
effects on total acetate incorporation or the 
pattern of acetate-14C distribution in yolk 
lipids.

The effect of D-thyroxine injection on the 
absorption of the isotope is not known. 
The shape of the curves describing isotope 
recovery (figs. 7 and 8) obtained when 
hens were injected with D-thyroxine is dif
ferent from the shape of the curve when 
either the basal diet or the high fat diets 
were fed. The recovery of the isotope in
creased rapidly in the eggs when D-thyrox
ine was injected, but decreased to the level 
of 14C recovery in the eggs of hens fed 
the basal diet by the time the third or 
fourth eggs were laid. This indicates that 
D-thyroxine treatment increases the turn
over of lipid in the hen. The effect of d - 
thyroxine is probably not due only to in
creased absorption of labeled acetate, since 
the curves describing isotope recovery 
would be expected to be the same shape 
in that case. The hypothesized increase in 
the deposition of lipid in egg yolk is in 
accord with the overall increase in meta
bolic activity caused by thyroxine.
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Upper Intestinal Tract Infection Produced by 
E. a ce rv u lin a  and Absorption of 65Zn 
and ,31I-labeled Oleic Acid 1,2

D. E. TURK a n d  J. F. STEPHENS
D ep artm en t o f Poultry Science, C lem son U niversity ,
C lem son, So u th  Carolina

A B ST R A C T  A series of trials w as conducted to determ ine the effects o f upper 
in testinal tract dam age upon the absorption of labeled zinc and oleic acid used as 
exam ples o f m ineral and fatty nutrients. The protozoan parasite E im eria  acervu lina , 
w hich  attacks the anterior portion of the chicken intestine, w as used to produce the 
intestinal damage. The infection  caused growth retardation on the seventh through 
tenth days post-inoculation and visible dam age to the lin in g  of the upper one-third 
of the intestinal tract during the period from  5 to 10 days post-inoculation. Increased  
absorption of orally adm inistered 65Zn and 131I-labeled oleic acid occurred on day 1 
and from  days 14 through 21 post-inoculation, whereas greatly decreased absorption  
of both labeled nutrients w as observed on days 5 through 10 post-inoculation. Both 
oleic acid and zinc absorption were severely and equally depressed by E. acervu lina  
infection. This was contrasted w ith E. n eca trix  infection  in  w hich zinc absorption 
was m uch more severely affected than oleic acid absorption.

Infections of the mid-small intestine 
produced by Eimeria necatrix have been 
shown to decrease absorption of orally 
ingested zinc (1) and oleic acid (2) 
during the acute stages of the infection, 
but to enhance the absorption of these 
nutrients during early infection and re
covery phases (1, 2). Cecal infections 
produced by Eimeria tenella had little 
effect on zinc absorption (3). Erasmus 
et al. (4) demonstrated a marked decrease 
in liver storage of vitamin A one week 
after administration of oocysts of E. ten
ella and Eimeria acervulina. Since E. 
tenella infection appeared to have little 
effect on nutrient absorption (3), it seemed 
worthwhile to determine the effects of E. 
acervulina infection upon nutrient ab
sorption.

In chicks, E. acervulina infection causes 
damage to the anterior one-half of the 
small intestine. The trials in the present 
report were designed to determine the 
effects of E. acervulina infection upon the 
absorption of 65Zn and 131I-labeled oleic 
acid throughout the disease cycle.

PROCEDURE

In each of the trials reported, broiler- 
type male chicks were raised in electrically 
heated, wire-floor battery brooders with ad

libitum access to a corn-soy broiler starter 
diet and tap water. At 4 weeks of age, the 
birds were divided at random into 3 groups 
containing equal numbers of birds, and 
were weighed and wingbanded. Each bird 
in one group was inoculated via the crop 
with 1 ml of a suspension containing
1,000,000 sporulated oocysts of E. acervu
lina. A second group received 0.5 ml of 
this suspension, or approximately 500,000 
oocysts per bird, and the third group was 
left as uninfected controls.

At the intervals after inoculation shown 
in the tables, 5 birds from each group 
were weighed, placed in individual wire 
cages and orally administered a gelatin 
capsule containing 50 uCi of 65Zn absorbed 
on sucrose, and concurrently, a second 
capsule containing 20 uCi of 131I-labeled 
oleic acid.3 The intervals chosen to de
termine nutrient absorption rates were 
chosen to represent critical stages of the 
disease cycle. At intervals of 0.5, 1, 2, 4, 
and 8 hours after the administration of 
the tracers, 1 ml of blood was drawn from * 1 2

R e c e iv e d  fo r  p u b lic a t io n  M a y  5 , 1967.
1 T h is  w o rk  w a s  su p p o rted  in  p a rt  b y  P u b lic  H e a lth  

S e rv ic e  R e se a rch  G ra n t n o. A M -09189 fr o m  th e  N a 
t io n a l In s titu te  o f A rth r it is  a n d  M e ta b o lic  D iseases.

2  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  S. C . A g r ic u ltu r a l E x p e r im e n t S ta tio n  as  te c h n ic a l 
co n tr ib u tio n  no. 654.

a A b b o tt L a b o ra to rie s , O a k  R id g e , T en n essee .

J .  N u t r it i o n , 93: ’67 . 161



1 6 2 D. E . T U R K  AND J .  F . S T E P H E N S

each bird by cardiac puncture. Radioac
tivity of all blood samples was determined 
in a well-type crystal scintillation detector 
fitted with a dual channel spectrometer 
adjusted for the photopeaks of 131I and 
65Zn. Following the removal of the last 
blood sample, the birds were killed, and 
the anterior half of the small intestine 
was examined for visible damage. All 
intestines were assigned visual damage 
scores based on a scale of zero for a nor
mal intestine, to 4 for a severely damaged, 
hemorrhagic intestine. Intermediate num
bers signified intermediate amounts of 
damage. Weight gains and intestinal 
damage scores shown in the tables are the 
average of the 5 birds in each group used 
in the tracer trial at the given time inter
val post-inoculation.

Data for the 5 birds in each treatment 
group for the 5 time intervals have been 
averaged in the tables. The amount of 
each tracer in the bloodstream of the in
fected groups of birds is expressed as a 
percentage of the amount appearing in 
the bloodstream of the uninfected birds at 
the same time interval.

RESULTS AND DISCUSSION
In both trials, highly significant decrea

ses in weight gains were observed between 
7 and 10 days post-inoculation (tables 1 
and 2). Weight gains were significantly 
decreased only on day 7 in trial 1, but 
smaller decreases were observed until day
14. In trial 2 (table 2), weight gains were 
significantly decreased only on day 10 at 
the lower level of infection, but were

T A B L E  1

Effect of Eimeria acervulina infections on weight gain and intestinal damage (trial 1)

Days, post-inoculation
Weight gain 1 Intestinal damage score 2

Control 0.5 M3 1 M 3 0.5 M3 1 M3

9 9 9
i 55 58 64 0 0
3 126 113 109 0 0
5 164 150 120 1.8 ** 2.2 **
7 237 144 ** 142 ** 1.2 ** 1.8 **

10 336 327 292 0.4 * 0
14 480 440 443 0 0
21 686 662 729 0 0
28 959 971 992 0 0
35 1267 1234 1130 0 0

1 A v e ra g e  w e ig h t  g a in  fo r  th e  5 b ird s in  e a c h  gro u p  fr o m  d a y  o f  in o c u la tio n  to d a y  o f  tr a c e r  tr ia l.
2 S c o rin g  sy ste m : 0 =  n o rm a l in te s t in e , 4  =  se ve re ly  d a m a g e d  in te stin e .
3 0.5 M  =  500,000 sp o ru la te d  o ocysts  o f  E . a c e r v u l in a /b ird ; 1 M  =  1,000,000 sp o ru la te d  o ocysts  o f 

E. a c e r v u l in a /bird.
* S ig n if ic a n tly  ( P  <  0 .0 5) g re a te r  o r le ss  th a n  c o rre sp o n d in g  co n tro l v a lu e .
* *  H ig h ly  s ig n if ic a n t ly  ( P  <  0 .0 1) g re a te r  or le ss  th a n  co rre sp o n d in g  co n tro l v a lu e .

T A B L E  2

Effect of Eimeria acervulina infections on weight gain and intestinal damage (trial 2)
W e ig h t g a in  1 In te s tin a l d a m a g e  score 2

D a y s , p o st-in o c u la tio n  ------------------------------------------------------------  ---------------------------------------
Control 0.5 M 3 1 M3 0.5 M3 1 M 3

9 9 9
1 9 7 9 0 0
3 43 45 48 0 0
5 121 126 111 2.6 ** 2.6 **
7 181 193 150 * 1.8 ** 1.2 **

10 270 214 ** 186 ** 0 0.2
14 438 423 268 ** 0 0
21 579 580 475 0 0
28 728 822 649 0 0
35 921 1067 788 0 0

1 A v e ra g e  w e ig h t g a in  fo r  th e  5 b ird s  in  e a c h  gro u p  fro m  d a y  o f in o c u la tio n  to d a y  o f tr a c e r  tr ia l.
2 S c o rin g  sy ste m : 0 =  n o rm a l in te s tin e , 4  =  se v e re ly  d a m a g e d  in te stin e .
3 0.5 M  =  500,000 sp o ru la te d  o ocysts  o f  E . a c e r v u l in a /b ird ; 1 M  =  1,000,000 sp o ru la te d  o ocysts  o f 

E . a c e r v u l in a /b ird .
* S ig n ific a n tly  ( P  <  0 .0 5) g re a te r  or le ss  th a n  co rre sp o n d in g  v a lu e .
* *  H ig h ly  s ig n if ic a n t ly  ( P  <  0 .0 1) g re a te r  or le ss  th a n  co rre sp o n d in g  co n tro l v a lu e .
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decreased on days 7 to 14 with smaller 
decreases through day 35 post-inoculation, 
when an infecting dose of 1,000,000 
sporulated oocysts of E. acervulina was 
administered. Visible intestinal damage 
was observed on days 5 through 10 in 
infected birds in both trials. Observed 
intestinal damage was more severe in the 
second trial than in the first trial.

In the first trial (table 3) an increase 
in the absorption of both zinc and oleic 
acid was observed one day post-infection. 
In the case of zinc, absorption was graded 
according to the size of the infecting dose, 
as the larger number of oocysts caused

the greatest increase in absorption. This 
effect was not observed in oleic acid 
absorption in either trial, but may have 
occurred with zinc in the second trial 
(table 4). On the third day post-inocula
tion, there was no significant deviation of 
either zinc or oleic acid absorption from 
that observed in the uninfected birds.

By the fifth through seventh days post
inoculation, highly significant decreases 
in absorption of both zinc and oleic acid 
had occurred in both trials. The magnitude 
of these decreases in nutrient absorption 
did not appear to be related to the number 
of oocysts in the infecting dose. Oleic

T A B L E  3

Effect of Eimeria acervulina infection upon absorption of orally administered 65Zn and
I31I-labeled oleic acid (trial 1)

65Z n  a c t iv it y  in  b lood  131I a c t iv ity  in  b lood
D a y s , p o st-in o c u la tio n  ----------------------------------  ---------------------------------

0.5 i 1 M  i 0.5 i 1  M  i

% o f  co n tro l 2 % o f  co n tro l 2
1 1 3 6  * a3 1 8 7  *» 1 1 7  * 1 1 7  *
3 8 5 89 7 7 88
5 3 6  * * 4 0  # * 2 2  * * 3 0  * *
7 2 7 3  * a 5 4  * b 8 3 * a 6 6  * b

10 6 9  * * 5 6  * * 76 5 9  * *»
1 4 2 2 0  * * 2 5 6  * * 94 1 1 5
2 1 10 4 69 9 7 9 7
28 1 2 5 7 4 1 0 7 8 6
3 5 8 7 12 8 1 2 6 10 6

1 0.5 M  =  500,000 o o c y sts/ b ird ; 1 M  =  1,000,000 o o c y sts/b ird .
2 T h e  a m o u n t o f  e a c h  tr a c e r  a p p e a r in g  in  th e  b lo o d stre a m  o f  b ird s  in  e a c h  tre a tm e n t gro u p  a t  th e  

d a y  sh o w n  is  e x p re sse d  a s  a  p e rc e n ta g e  o f  th a t  a p p e a r in g  in  th e  u n in fe c te d  co n tro ls . E a c h  e n try  is  
a n  a v e ra g e  o f  5 b ird s  at 5 tim e  in te r v a ls  or 25 d e te r m in a tio n s  fo r  e a c h  o f  th e  in fe c te d  a n d  u n in fe c te d  
gro u p s.

3 V a lu e s  fo llo w e d  b y  * a n d  * *  are  s ig n if ic a n t ly  d iffe re n t fro m  c o rre sp o n d in g  co n tro l v a lu e s  at 
P  <  0.05 a n d  P <  0.01, re s p e c tiv e ly . M ea n s u n d e r  e a c h  n u tr ie n t fo llo w e d  b y  d iffe re n t le tte rs  are  s ig 
n if ic a n t ly  d iffe re n t fro m  e a c h  o th e r  a n d  c o rre sp o n d in g  c o n tro l m e a n s  at P  <  0.05.

T A B L E  4

Effect of Eimeria acervulina infection upon absorption of orally administered 65Zn and
131l-labeled oleic acid (trial 2)

D a y s , p o st-in o c u la tio n
65Z n  a c t iv ity  in  b lood 131I o le ic  a c id  a c t iv ity  in  b lood

0.5 i 1 M  i 0.5 i 1 M  i

% o f c o n tro l 2 % o f  c o n tro l 2
i 1 1 5 1 3 0 8 9 9 7
3 1 6 1 9 2 80 9 2
5 6 3  * 5 4  * 7 1  * * 5 6  * *
7 2 7  * * 6 1  * * 4 0  * * 3 1  * *

10 8 7 1 1 6 8 4  * * 7 8  * *
1 4 1 3 5  * 1 4 9  * 10 8 1 2 7  *
2 1 1 9 2  * * 2 3 8  * * 7 9 1 4 2  * *
28 7 9 79 10 4 89
3 5 6 0  * * 4 3  * * 7 6 99

1 0.5 M  =  500,000 o o c y sts/ b ird ; 1 M  =  1,000,000 o oc y sts/b ird .
2 T h e  a m o u n t o f  e a c h  tr a c e r  a p p e a rin g  in  th e  b lo o d stre a m  o f b ird s  in  e a c h  tre a tm e n t grou p  a t th e  

d a y  sh o w n  is  e x p re sse d  as  a p e rc e n ta g e  o f  th a t  a p p e a r in g  in  th e  u n in fe c te d  co n tro ls  at th e  sam e tim e 
in te r v a l o n  th a t  d ay.

* S ig n if ic a n tly  ( P  <  0.05) d iffe re n t fro m  u n in fe c te d  co n tro ls.
**  H ig h ly  s ig n if ic a n t ly  ( P  <  0 .0 1) d iffe re n t fr o m  u n in fe c te d  co n tro ls.
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acid absorption, on the average, tended to 
decrease at least as severely, if not more 
severely, than zinc absorption. This is in 
contrast with the pattern observed in E. 
necatrix infection (2), where oleic acid 
absorption was much less affected than 
was zinc absorption. This effect is prob
ably due to the different areas of the 
intestine attacked by the 2 organisms.

An anomaly is seen in trial 1 (table 3) 
on the seventh day post-inoculation in 
which the absorption of zinc was much 
greater than normal, rather than decreased 
below normal as would be expected. A 
period of greatly increased absorption of 
zinc lasting approximately 18 to 24 hours, 
and occurring immediately after the acute 
stage of the infection, has been observed 
several times in E. necatrix infections.4 
Immediately preceding and following this 
period of enhanced absorption, were 
periods of severe absorptive impairment. 
The enhanced zinc absorption noted on 
day 7 of the first trial is believed to repre
sent this same phenomenon. Since the 
disease cycles were not perfectly synchron
ized between infection levels or between 
trials, it would be possible for one group to 
be passing through the brief period of en
hanced absorption at the same time as the 
other groups are at either an earlier or 
later stage.

By the tenth day post-inoculation, heal
ing of the intestine in infected birds was 
well advanced (tables 1 and 2) and absorp
tion rates of both zinc and oleic acid re
turned toward normal levels. On day 14 
in trial 1 and days 14 through 21 in trial 
2, a period of greatly increased zinc absorp
tion occurred. Oleic acid absorption, how
ever, returned only to levels observed for 
the uninfected birds, except in chicks given 
one million oocysts each in trial 2, in 
which oleic acid absorption was enhanced 
during days 14 through 21. This period of 
absorptive enhancement has been observed 
previously in E. necatrix infection (1, 2). 
This absorptive enhancement, particularly 
in the case of zinc, is probably due to a 
combination of factors such as: 1) in
creased permeability of the cells of the 
absorptive surfaces of the intestine due to 
swelling and slightly damaged or incom
pletely formed cell membranes; and 2) in
creased protein synthesis in healing tissues

which also results in increased amounts 
of transport carriers being available for 
absorption and transport of the metal.

Following the period of enhanced zinc 
absorption, absorption rates of both zinc 
and oleic acid returned to levels compar
able to those observed in uninfected birds. 
In trial 2, however, zinc absorption de
creased significantly on day 35 post-inocu
lation. This has not been observed in other 
infections (1, 2) was not observed in trial 
1, and is believed to be an anomaly oc
curring in this trial.

The delaying of zinc absorption observed 
in E. necatrix infections of the mid-small 
intestine (1) was not observed within the
8-hour period used in this study (fig. 1). 
Decreased zinc absorption at all time-in
tervals during the tenth day post-inocula
tion is shown, however. A marked delay
ing of the absorption of oleic acid (fig. 2) 
was observed in both trials in which E. 
acervulina was the infecting agent. This 
may be attributed to damage to sites di
rectly involved in the absorption of this 
fatty acid.

We believe that the changes in zinc and 
oleic acid absorption observed in these 
trials are a function of damage to the 
upper one-third of the small intestine. Ab
sorptive changes occurring with other nu
trients will depend upon the portion of the 
intestine where the nutrient is absorbed 
and upon the portion of the intestine dam
aged by the infecting organism used.

The changes in the absorption of both 
zinc and oleic acid tended to parallel and 
are probably responsible for the changes

Fig. 1 Effect o f E. acervulina infections upon  
absorption o f orally adm inistered 65Zn from  tlie 
intestine into the bloodstream.

4 Turk, D. E., unpublished data.
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TIME, HOURS

Fig. 2 Effect of E. acervulina infections upon 
absorption of orally adm inistered 131I-labeled oleic 
acid from  the intestine into the bloodstream; 0.5 
M =  infecting  dose of 500,000 sporulated oocysts 
of E. acervulina/bird; 1 M =  in fecting dose of 
1,000,000 sporulated oocysts o f E. acervulina/ 
bird.

in growth rate observed in birds suffering 
from E. acervulina infections. There was 
normally a decrease in growth rate on days

5 to 10 post-inoculation (tables 1, 2), fol
lowed by an increase in growth rate in 
the following 2-week period. These 
changes in growth rate were paralled by 
increases in absorption above that experi
enced in uninfected birds during the next 
2 weeks. Following this, both growth rate 
and absorption rates tended to approach 
those of uninfected birds of the same age.
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Effect on the Young Rat of Maternal 
Protein Restriction

FRANCES J. ZEMAN
University of California, Davis, California

ABSTRACT The effects on the young of restricted m aternal protein intake and the 
duration of these effects were studied. Pregnant rats fed a diet containing 6% casein  
as the sole source of protein produced litters of pups w ith  decreased total body w eight 
and length, decreased liver and kidney weights and increased heart, brain, and thy
m us w eights in  relation to total body weight. There were no m acroscopically observ
able congenital abnorm alities or differences in  various indexes of maturation. Pair- 
bred protein-restricted and control litters were then m atched in  number, weight, and 
sex. H alf o f each litter was given at birth to the other dam of the pair to suckle. 
Lactation failure in  the dam is the apparent cause of death in  pups suckled by pro
tein-restricted dams. Pups from litters in  the protein-restricted group suckled by 
control dams showed an increased m ortality rate and a decreased growth rate which  
persisted to the age of 76 days. It is suggested that these young lack sufficient vigor 
at birth to obtain adequate nourishm ent by suckling. There was alm ost com plete  
m ortality of protein-restricted pups suckled by control dams w hen no control pups 
were available to stim ulate lactation. The postnatal effects of prenatal protein re
striction are, therefore, the sum  of effects observed in  the newborn and their sequelae 
plus the consequences of inability  to suckle adequately postnatally. It w as dem on
strated that reduction of total m aternal food intake does not affect the young since  
young in pair-fed litters were indistinguishable from  controls.

It is now generally accepted that mater
nal intake of some nutritionally deficient 
diets during pregnancy has severe effects 
on the offspring (1). In studies of the ef
fects of feeding protein-deficient diets to 
pregnant and lactating rats, decreased lit
ter size, decreased weight of individual 
pups (2-5) and decreased survival rates 
up to weaning age (6, 7) have been dem
onstrated. However, the reasons for the 
high mortality rate have not been investi
gated.

The studies cited were terminated at 
parturition or at weaning. It has been re
ported that reduction in the total food in
take during pregnancy results in perma
nent growth stunting (8). It appeared 
likely that protein restriction in pregnant 
rats would also have long-term consequ
ences. Therefore, the present work was 
undertaken to determine some of the ef
fects on the offspring of restricted mater
nal protein intake and the duration of these 
effects.

Protein restriction has been demon
strated to quantitatively affect lactation in 
the rat (9-11). This results in a lack of 
adequate food for the young postnatally 
and is an obvious source of difficulty in

studies of the duration of the effects of 
prenatal diet. In an attempt to eliminate 
this problem, adequately fed foster mothers 
were provided to nurse the young of pro
tein-restricted dams.

EXPERIMENTAL

Female rats of the Sprague-Dawley 
strain, weighing 180 to 200 g, were housed 
in single wire-bottom cages and bred with 
a normal male. Pregnancy was assumed 
to have established when vaginal plugs or 
sperm were found. The day following the 
night of mating was considered day zero 
of pregnancy.

Part 1. Twelve pregnant rats were di
vided into 2 groups of six and fed a semi- 
purified diet ad libitum starting on day 
zero of pregnancy. The control diet con
sisted of dextrose,* 1 62% ; casein,2 24% ; 
corn oil, 8%; and salt mix,3 6%. The re
stricted protein diet contain 80% dextrose 
and 6% casein. Each animal in both

R e c e iv e d  fo r  p u b lic a t io n  M a y  20, 1967.
1 C ereio se, C o rn  P ro d u cts  R e fin in g  C o m p a n y , N e w  

Y o rk .
2  N u tr it io n a l B io c h e m ic a ls  C o rp o ra tio n , C le v e la n d .
3 S a lt  c o n te n t o f  d ie t: ( g / k g )  CaCC>3 , 18.0; K 2 H P O 4 , 

19 .5 ; C a H P 0 4, 3.6; N a C l, 10.08; F e S 0 4-7H 20 , 1.5 ; 
M g S 0 4 H 20 , 0.0075; K I, 0 .015; Z n C 0 3, 0.048; C u S 0 4- 
5H 20 , 0.018; a n d  M n S Q 4 H 20 , 0.138.

J . N u t r it io n , 93: ’67 . 167
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groups received a vitamin supplement mix
ture 4 3 times weekly. Both diets were con
tinued throughout pregnancy and lacta
tion.

Following parturition, pups in each lit
ter were weighed, counted, and distributed 
in random fashion as follows. All pups in 
excess of seven were preserved in Bouin’s 
solution and examined for malformations 
using the method of Wilson (12). Of the 
remaining seven, crown-rump length of 3 
pups from each litter was measured as well 
as the length of the tail, right forelimb 
from the axilla and right hindlimb from 
the groin. Each animal was then decapi
tated and blood was collected for hema
tocrit determination and for determination 
of hemoglobin by the acid hematin method
(13). Liver, spleen, kidneys, adrenals, 
heart, brain, and thymus were removed 
and weighed. The remaining 4 pups were 
left with the dam to be used for study of 
weanlings and adults. However, all but 
two of the pups in the experimental group 
died. Consequently, work on all animals 
in part 1 was discontinued.

Part 2. Most of the pups that died had 
no milk in their stomachs, had failed to 
gain weight, and appeared dehydrated. 
This suggested that dehydration and star
vation caused by inability of the dam to 
lactate or inability of the pups to suckle 
might be the primary cause of death. As 
a result, the next part of the work was 
planned to include a study of the relative 
importance of these factors.

Weanling and adult offspring for study 
of the duration of the effects found in part 
1 were produced by 32 female rats, sixteen 
in the control group and sixteen in the 
experimental group. Feeding and mating 
procedures were the same as in part 1. In 
addition, the females of approximately 
equal weight were pair-bred so that both 
litters were produced in one day. The 
mother to be in the experimental group 
was fed the 6% casein diet, and the one 
in the control group was given the 24% 
casein diet. Both diets were fed ad libitum 
and food intake was measured daily.

As each litter arrived, it was reduced to 
8 pups, out of which 2 groups of four were 
matched in sex and weight. Then one of 
the matched groups of the dam in the ex
perimental group was given to the dam in

the control group and vice versa. Food in
take was not measured during lactation.

During the suckling period, each sur
viving pup was examined daily for evi
dence of growth and maturation. The ages 
at which ears and eyes opened and at 
which upper and lower incisors erupted 
were noted. Beginning at the age of 7 
days, each pup was tested for ability to 
right itself in 5 seconds or less when 
placed on its back on a solid surface. The 
ability of each pup to right itself in air 
when dropped from a height of 30.5 cm 
was tested beginning at the age of 10 days.

At the age of 22 days, half the surviv
ing animals in each group was dissected 
by the same procedure used with the new
borns. The remaining animals were fed 
the control diet and water ad libitum and 
dissected at the age of 76 days. Body 
lengths of the 76-day-old rats were not 
obtained.

Part 3. Pups produced by dams fed the 
control diet in part 2 appeared to be more 
vigorous than those produced by the fe
males fed low protein. Consequently, it 
seemed possible that low protein young 
suckled by control dams failed to receive 
sufficient milk because of competition 
within the litter. To evaluate this factor, 
part 3 of this work was undertaken. In 
addition, the effect of the altered pattern 
of food intake exhibited by the rats in the 
low protein group in part 2 was investi
gated.

Female rats in part 3 consisted of 8 
rats in group A, fed the control diet, 22 
rats in group B, fed the 6% casein diet, 
and 8 rats in group C, pair-fed an amount 
equal to the intake of each of the first 8 
females in group B which became pregnant. 
In addition, another female was pair-bred 
for each animal in groups B and C to pro
vide a nursing dam for the young of these 
rats.

At birth, all young in excess of 8 were 
dissected as in part 1. Then, the remain
ing young, 4 males and 4 females, chosen

4 C a lc u la te d  o n  a  p e r  d a y  b a s is , e a c h  p re g n a n t or 
la c t a t in g  a n im a l re c e iv e d : ( in  m ill ig r a m s )  c h o lin e
20.0; in o s ito l, 10.0; a sc o rb ic  a c id , 2.0; C a  p a n to th e n a te , 
1.0 ; a n d  ( in  m ic r o g ra m s )  p -a m in o b en zo ic  a c id , 200.0; 
p y r id o x in e , 600.0; n ic o t in ic  a c id , 600.0; r ib o fla v in , 
200.0; th ia m in e , 600.0; m e n a d io n e , 500.0; b io tin , 5.0; 
fo lic  a c id , 12.0; v ita m in  B 1 2 , 0.6; a n d  v ita m in  A  
p a lm ita te , 300 IU ; v ita m in  D , 30 IU ; a n d  di-a-tocoph- 
ero l, 2.2  IU.
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at random, were given to pair-bred females 
to nurse.

Survival rate and weight gain of pups 
were noted daily for 5 days and at 5-day 
intervals thereafter. At the age of 22 days, 
half of each surviving Utter was dissected 
as above. The remainder were dissected at 
the age of 40 days.

The data were analyzed using analysis 
of variance for newborn young and Fisher’s 
t test for weanhng and 40-day-old young.

RESULTS

Part 1. The reproductive performance 
of the female rats is shown in table 1. 
Animals fed the 6% casein diet had sig
nificantly lower weight gains over the 
course of the pregnancy. There was a sig
nificant decrease in total litter weight and 
mean weight of the individual young. Sur
vival rate of fetuses in utero was slightly 
less when the 6% casein diet was fed 
throughout pregnancy than when the con
trol diet was fed but the difference was 
not statistically significant.

Results of examination and dissection 
of the newborn young are listed in table 2. 
At birth there were no significant differ
ences between the sexes in any of the 
parameters measured; therefore, the data 
for both sexes were combined. Table 2 
shows that pups produced by pregnant rats 
fed restricted protein diets were shorter 
in length, but the data did not indicate 
any disproportion of Umb length. Relative 
organ weights, however, were not all af
fected in the same way or to the same 
degree. The relative weights of spleen and 
of adrenals remained unchanged. The 
heart, brain, and thymus were an in
creased proportion of body weight, while 
the liver and kidney weights were a de
creased proportion. Examination of cross

TA BLE 1
Reproductive performance in pregnant rats fed 

diets containing 24% or 6% casein1
24% Casein 6% Casein

diet diet

Wt gain, g 1 3 8 .0 ± 2 8 .8  2 33.0 ± 1 5 .0  3
No. of pups/litter 10.0 ± 2.80 8.6 ±  3.13
Litter wt, g 58.9 ± 9.47 42.0 ±  7.17 4
M ean wt of pups, g 5.8 ± 0.51 4.65 ±  0.69 4

1 Six rats/group.
2 Mean ±  o n e  sd . 
s P  =  <  0.001.
4 P  =  <  0.01.

TA B LE 2

Relative organ weights at birth1*2

24% Casein 
diet

6% Casein 
diet

Crown-rump 
length, m m 41.91 ± 2 .1 5  3 38.03 ± 2 .7 6  4

Relative organ weights
Liver, % 5.010 ± 0 .6 1 8 4.53 ± 0 .4 4 8  5
Kidneys, % 1.014 ± 0 .0 8 8 0 .7 8 8 ± 0 .1 3 5  4
Heart, % 0 .5 1 7 ± 0 .0 7 3 0.595 ± 0 .0 9 0  6
Brain, % 3 .8 7 7 ±  0.332 4.771 ± 0 .6 5 6  5
Thym us, % 0.163 ± 0 .0 4 6 0.199 ± 0 .6 3 2  6

1 E ig h te e n  ra ts/ g ro u p .
2 %  o f b o d y  w e ig h t.
3 M e a n  +  one sd .
4 P  — <  0.001.
5 P =  <  0.05.
6 P  =  <  0.01.

sections of newborn pups preserved in 
Bouin’s solution failed to reveal any ab
normalities. There were no differences in 
hemoglobin levels or hematocrits.

Part 2. Reproductive performance of 
the females was not significantly different 
from that of those in part 1; however, 
there were marked differences in survival 
rate of the 4 groups of offspring. The 
highest survival rate, 81%, was in the 
group born to and suckled by dams receiv
ing the control diet, whereas the survival 
rate of rats subjected to protein restriction 
during gestation only was 52%. None of 
the rats subjected to protein restriction 
during both gestation and during the 
suckling period survived more than 7 days. 
Those subjected to protein restriction dur
ing the suckling period only, but not dur
ing gestation, survived 11 days or less.

Mean feed intake of the 2 groups of preg
nant animals was 17.7 ± 0.86 g/day 
for the controls and 16.0 ± 0.98 g/day for 
the protein-restricted group. The differ
ence was not significant. However, exam
ination of the daily food intake showed a 
difference in the intakes during the first 
and last halves of pregnancy (fig. 1). Food 
intake of the low protein group exceeded 
that of the controls for the first 10 days. 
During the last half of pregnancy, the 
food intake of the low protein group fell 
below that of the controls. There was a 
sharp decrease in intake in both groups as 
pregnancy progressed. This decrease be
gan on day 18 of gestation in the control 
group and day 16 in the low protein group 
in which the decrease was more severe.
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Data were not obtained for adult females 
since most of that group developed a viral 
respiratory infection and were destroyed. 
The data indicate that offspring of ani
mals fed the 6% casein diet during preg
nancy had a significantly lower body 
weight at both ages. The former differ
ences in crown-rump length and organ 
weight-to-body weight ratios no longer 
existed at either age.

The ratio of crown-rump length to body 
weight was calculated giving the results 
shown in table 4. The data show a differ
ence in body proportions. Newborn pups 
from low protein-fed dams were longer in 
proportion to body weight than were the 
pups in the control group. However, in 
general appearance they did not appear 
emaciated. Thus, it appears that prenatal 
protein deficiency affects body weight to 
a greater degree than it affects crown-rump 
length and the deficient animals are leaner 
than are the controls.

Part 3. There was no significant dif
ference in any parameter between young 
of the pair-fed group and the control group 
at newborn, weaning, or 40-day ages. In 
litter size, survival rate, body weight, and 
organ weight-to-body weight ratios, young

TABLE 3
Effect of low protein diet during pregnancy on postnatal growth of offspring

24% Casein diet 6% Casein diet
Males Females Males Females

No. o f rats 
Body wt, g

No. o f rats 
Body wt, g

15
56.4 ± 6 .8 1  1 

15
368 ±  29

W eanling rats 
11

49.2 +  4.97  

Adults (7 6  days)

10
49.5 ± 4 .3 6  2 

10
323 +  36

6
44.5 ± 3 .5 1  3

1 Mean -+- one s d .
2 P = <  0.01.
3 P -  <  0.05.

TABLE 4
Crown-rump length-to-body weight ratios at birth and at weaning age

24% Casein diet 6% Casein diet
Males Females Males Females
mm/g mm/g mm/g mm/g

Newborn 7.10 +  0.86 1 7.56 ± 0 .6 2 8.37 ± 2 .3 2  2 9 .4 7 ±  1.14 3
W eanling 1.96 +  0.14 1.89 ± 0 .2 0 2.01 ±  0.10 2.03 ± 0 .1 7

1 Mean +  one sd.
2 P =  <  0.03.
2 P =  <  0.001.

DAYS
Fig. 1 Food intake of pregnant rats fed  semi- 

purified diets containing 24% casein or 6% 
casein.

Data on ages of opening of ears and 
eyes, eruption of teeth, and development 
of ability to turn over and of air righting 
showed no difference between the 2 groups.

Body weights of animals that survived 
to weaning age, 22 days, and of adult ani
mals, at 76 days, are shown in table 3.
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of pair-fed females were indistinguishable 
from controls.

At birth the young of low protein-fed fe
males showed essentially the same differ
ences from the control group as indicated 
in part 1. However, the survival rate of 
these young was much reduced, compared 
with the animals in part 2. It was possible 
to rear only 2 survivors to weaning from 
22 litters of 8 pups each.

DISCUSSION

It is commonly accepted that rats fed 
protein-deficient diets decrease their total 
food intake. This has the effect of pro
ducing a protein-calorie deficit. In the 
present study, however, the decrease in 
food intake in the restricted group occur
red only after 10 days of pregnancy. This 
decrease was not sufficiently marked to 
produce a statistically significant reduction 
in total food intake over the course of the 
pregnancies. In any case, since litters pro
duced by pair-fed dams in part 3 of this 
study were indistinguishable from control 
litters by all criteria used, it is believed 
that the small difference in total food in
take was without effect on the young. It 
is concluded, therefore, that the effects on 
the young of the diet used are the results 
of protein restriction, not of a protein- cal
orie deficit.

In view of the weight loss in the pair- 
fed females, it appears that maternal tis
sue was used to compensate for the slightly 
decreased food intake. However, despite 
marked weight loss, pregnant rats fed the 
restricted protein diet were unable to pro
vide adequately for their young even at the 
expense of their own body tissue.

The data on reproductive performance 
of the dams are in general agreement with 
those of Nelson and Evans (4). The re
sults indicate that a 6% casein diet main
tains normal reproduction in the rat if 
number of litters produced and number 
of pups per liter are the criteria. However, 
the offspring have a lower mean body 
weight and a severely decreased survival 
rate.

The evidence indicates a pronounced ef
fect of maternal protein restriction on the 
young during gestation. These effects are 
obvious in the newborn. The pups were 
less active, were darker in color, and

showed multiple and extensive subcutane
ous hematomas at birth. The hematomas 
were localized mainly on the crown of the 
head, the muzzle, and the shoulders.

The effect of the protein restriction dur
ing gestation is also shown by the effects 
on organ weight-to-body weight ratios at 
birth. If the effect of the protein restric
tion on body size were the same on all 
parts of the body, it would be expected 
that the organ weight-to-body weight ratios 
would not be significantly different from 
those for the controls. However, in new
born offspring of protein-deficient females 
in this study, the liver and kidneys were a 
smaller proportion of total body weight 
than in the controls, while the heart, brain, 
and thymus were a larger relative propor
tion. This indicates that the protein-re
stricted diet during pregnancy has a greater 
effect on the liver and kidney and lesser 
effect on the heart, brain, and thymus, 
than on the body as a whole. Another ef
fect is depressed skeletal development as 
evidenced by the decreased crown-rump 
length.

The relationship of the difference in size 
to possible differences in degree of matura
tion and functional ability is, at present, 
unknown. Potter and Thierstein (14) and 
Hammond (15) state that organ size is 
related to degree of maturation. It is in
teresting to speculate whether the sizes of 
organs such as the kidneys and liver of 
the newborn animals in this study are re
lated to the functional ability of these or
gans and to survival rate. Studies on kid
ney and liver morphology and function 
presently underway should help clarify 
this point.

Maternal protein restriction appears to 
affect the young postnatally in several 
ways. The 100% mortality in the young 
of both control and protein-restricted dams 
that are suckled by deficient females indi
cates that lactation failure in the dam is 
the primary cause of early postpartum 
death in these groups. However, it seems 
clear that lactation failure is not the basic 
problem when deficient young are suckled 
by females fed the control diet since pups 
produced by control females and suckled 
in the same litters have much better sur
vival and growth rates.
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The mortality rate and decreased growth 
rate in this group might be attributed to 
the effects of competition in the litter. The 
presence of pups from both control and 
low protein dams in a single litter during 
the suckling period may have acted to de
prive the low protein pups of milk. Since 
these pups were smaller and less vigorous, 
they were presumably less prepared to 
compete with their littermates for milk. It 
was postulated, therefore, that when low 
protein pups did not have to compete with 
larger, stronger littermates, their survival 
rate and growth rate would improve. It 
was unexpected, therefore, to find that, on 
the contrary, the survival rate dropped 
sharply.

One possible reason for this effect is 
that the dam rejected the litter. However, 
it has been our experience that, with rats, 
foster mothers accept another litter with 
no difficulty if the transfer is made soon 
after parturition. It has also been ob
served that when a dam rejects a litter, 
the dam either eats the litter or makes no 
attempt to make a nest, and hence the 
pups remain scattered throughout the 
cage. These young are not fed and invari
ably die in 48 hours or less. This type of 
behavior occurred in approximately 12% 
of the litters in part 3 of this study and 
occurred with equal frequency in control 
dams suckling their own young and those 
suckling foster young.

The behavior of the remainder of the 
foster mothers was similar to that of nor
mal controls. They were observed to make 
a nest and gather the young into it. Milk 
could usually be detected in many of the 
young for varying periods. Usually, how
ever, the pups died over a period of about 
a week.

It is suggested, therefore, that the low 
protein pups are unable to suckle suffi
ciently to maintain the flow of an ade
quate milk supply. In the mixed litters, 
then, it appears that the presence of con
trol young improves survival and growth 
rate of their deficient littermates by stim
ulating adequate milk flow from the dam. 
While competition within the litter may be 
a factor, the condition of the young at 
birth, consequent to restricted prenatal nu
trition, affects the postnatal development

by affecting the ability of the pups to ob
tain nourishment.

It may be considered, therefore, that 
the effects on the young of maternal pro
tein restriction during pregnancy may be 
the sum of those effects noted at birth 
and their direct sequelae, which we might 
call “primary effects,” plus those effects 
consequent to the inability of the pup to 
suckle sufficiently, or “secondary effects.”

It is probably safe to assume that, with 
adequate feeding postnatafly, the second
ary effects could be prevented. Under 
these circumstances it would then be pos
sible to study the relative reversibility or 
permanence of the primary effects. The 
use of the artificial feeding techniques 
described by Dvmsza et al. (16) may hold 
promise provided other variables inherent 
in the separation of pups from the dam 
can be adequately controlled. In the ab
sence of assured adequate feeding post- 
natally, it cannot be said unequivocally 
that the growth failure and other effects 
reported in this paper are irreversible.

It has been reported, in studies of gen
eral malnutrition, that recovery is less 
likely when the malnutrition occurs very 
early (17, 18). Winick and Noble (18) 
suggest that malnutrition interferes with 
cell division. If we assume that this also 
occurs in protein deficiency, then it can 
be expected that newborn rats subjected 
to protein deprivation during gestation are 
permanently retarded in growth.

It is also possible that prenatal protein 
deficit results in malabsorption or meta
bolic aberrations in the young which in
terfere with growth. It has been suggested 
that this is the case in prenatal restriction 
of total food intake (19).

Further investigation now in progress 
should help clarify the mechanism of 
growth retardation produced by prenatal 
protein deficit.
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Intestinal Carbohydrase Activity and Carbohydrate 
Utilization in Mature Sheep * 1
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ABSTRACT Studies were undertaken to determ ine the levels o f m altase, lactase, 
sucrase, am ylase, and cellobiase in  the m ucosa of the duodenum , jejunum , and ileum  
and the rate of glucose absorption and m altose and starch utilization in  the duodenum, 
jejunum , ileum , cecum , and colon of m ature sheep. Carbohydrase assays show that 
m altase, am ylase, sucrase, lactase, and cellobiase activities were higher in  the jejunum  
than in  the ileum  and duodenum , and that the m altase activity was higher than the 
rest of the enzym es in  each area. Glucose absorption from isolated segm ents of the 
jejunum , ileum , and colon of m ature, anesthetized sheep increased for the first 7 
m inutes after substrate injection  into the in testinal lum en, w hile the rate o f glucose  
absorption from  the cecum  decreased. After 7 m inutes, the rate of glucose absorption 
from  the 4 in testinal areas w as relatively constant. Rate o f glucose absorption was 
m ost rapid in  the jejunum , >  cecum , >  ileum , and >  colon. M altose utilization was 
greater in  the jejunum  than in  the ileum  and no detectable m altose utilization oc
curred in  the cecum  and colon. No starch utilization w as detected in  the isolated  
in testinal segm ents void of pancreatic am ylase.

It has been established that microbial 
activity in the rumen constitutes the major 
digestion of carbohydrates in the mature 
ruminant and that digestion of carbohy
drates in the small intestine is of second
ary importance. Recent evidence shows 
that large amounts of free sugars and poly
saccharides enter the abomasum when an 
animal is maintained with a high concen
trate diet (1 ,2). Barhydt and Dye (3) 
reported that the abomasal contents of 
calves fed a 5:1 hay-to-grain ration con
tained 108 mg of hydrolyzable polysac
charides per g dry matter of which 60% 
were pentose hemicelluoses and 40% were 
hexose polysaccharides.

The present research was conducted to 
determine: 1) the levels of maltase, lac
tase, sucrase, cellobiase, and amylase in 
the duodenum, jejunum, and ileum; 2) 
the rate of glucose absorption in the je
junum, ileum, cecum, and colon; 3) the 
utilization of maltose and starch in the 
jejunum, ileum, cecum, and colon of the 
mature sheep.

EXPERIMENTAL PROCEDURE

Enzyme assay. Segments of the small 
intestine from the duodenal (first 20 cm 
caudal to the pylorus), jejunal (middle of 
the small intestine), and ileal (first 20 cm 
cranial to the ileo-cecal junction) areas

were obtained from 7 yearling, crossbred 
wethers (43 kg body weight) within 5 min
utes after slaughter. The lumen of the in
testine was carefully washed free of intes
tinal contents with cold saline and 
processed according to the general proce
dure of Dahlqvist (4). Substrate solutions, 
buffer solutions, and incubation procedure 
used were also those of Dahlqvist' (4). A 
soluble starch suspension was prepared 
using a quantity of starch equivalent in 
weight to the quantity of maltose used to 
prepare a 0.056 m  maltose solution.

Since all substrates yielded at least one 
molecule of glucose per molecule of sub
strate hydrolyzed, the glucose yield was 
used to determine enzymatic activity.

Glucose oxidase 4 was prepared (4) and 
used to determine the glucose produced 
during substrate hydrolysis. The color con
centration resulting from the enzyme ac
tion on glucose was determined on a Beck
man DU spectrophotometer and compared 
with glucose standards containing zero to 
50 ug of glucose.

R e c e iv e d  fo r  p u b lic a t io n  J a n u a ry  1 7 , 1967.
1 T h is  m a n u s c r ip t is  p u b lish e d  w ith  th e  p e rm issio n  

o f  th e  D ire c to r  o f th e  U n iv e r s ity  o f  T e n n e sse e  A g r ic u l
tu r a l  E x p e r im e n t S ta tio n , K n o x v ille .

2 P re se n t a d d r e s s : D e p a rtm e n t o f  A n im a l H u s
b a n d r y , U n iv e r s ity  o f M isso u ri, C o lu m b ia .

3 O p erated  b y  th e  T e n n e sse e  A g r ic u ltu r a l E x p e r i
m e n t S ta tio n  fo r  th e  U. S. A to m ic  E n e rg y  C o m m issio n  
u n d e r  C o n tra c t  no. A T-40-1-G EN -242.

4 O b ta in e d  fr o m  W o rth in g to n  B io c h e m ic a l C o m p a n y , 
F re e h o ld , N e w  Jersey.

J. N u t r it io n , 9 3 : ’67. 175



176 F . G. H E M B R Y , M . C. B E L L  AND R . F .  H A LL

Surgical preparation. The animals 
used in these experiments had been main
tained with 227-g concentrates daily and 
hay ad libitum. After fasting for approxi
mately 12 hours, the wethers were anesthe
tized using pentobarbital sodium or an 
electrical anesthesia device. A 0.154 m  

NaCl solution containing glucagon-free in
sulin 5 was administered intravenously at 
the rate of 0.75 units insulin/kg of body 
weight/hour.

A 20- to 30-cm incision was made in 
the right abdominal wall about 15 cm 
lateral to the midline. The sections of 
intestine to be used were flushed with 
30 ml of warm saline with a hypodermic 
needle and syringe. Isolated intestinal seg
ments were prepared by placing ligatures 
approximately 75 cm apart along the 
flushed section of intestine. The mesen
teric vein was separated from its associate 
artery and 2 ligatures were placed loosely 
around the vein. (All veins which did not 
carry blood from the isolated segment, but 
which joined the mesenteric vein below 
the point selected for cannulation were 
ligated to prevent the blood from entering 
the selected vein.)

The animal was then heparinized with 
an injection of 10 cm3 of heparin6 * into 
the right jugular vein. The posterior liga
ture on the mesenteric vein (distal to the 
intestine) was tied tightly and a small 
incision was made in the vein between 
the tightened ligature and the anterior 
loose ligature. A cannula made from PE 
200 polyethylene tubing, flared on one end 
by heating, was placed through the in
cision and into the lumen of the vein. The 
flared end was pushed through the lumen, 
toward the intestinal segment, past the 
loose ligature and that ligature was tied 
tightly to hold the cannula in place to 
prevent leakage of blood around the can
nula. This preparation (fig. 1), with 
minor adjustments, was made in all parts 
of the intestinal tract.

Glucose absorption and carbohydrate 
utilization. Four observations for glucose 
absorption were made in the jejunum and 
ileum with only 2 observations made in 
the cecum and colon, and each observa
tion represented a different sheep. Three 
observations were made on the effects of 
ouabain and iodoacetate on glucose ab

sorption in the jejunum; 2 observations 
were made on the effects of ouabain and 
iodoacetate on glucose absorption in the 
ileum; and one observation was made on 
the effect of iodoacetate on glucose ab
sorption in the cecum. Maltose and starch 
utilization was determined by 4 observa
tions in each of the areas, jejunum, 
ileum, cecum, and colon.

Glucose substrate solutions for the ab
sorption studies were prepared by combi
ning 3 parts KC1 solution (12.8 g/liter) 
with 2 parts glucose solution (54 g/liter) 
and 5 parts NaCl solution (10 g/liter). 
Maltose substrate solution was prepared 
by combining 3 parts KC1 solution (above) 
with 2 parts maltose solution (54 g/liter) 
and 5 parts NaCl solution (11.8 g/liter). 
Starch substrate was made by combining 
3 parts KC1 solution (above) with 2 parts 
soluble starch suspension (54 g/liter) 
and 5 parts NaCl solution (13.8 g/liter). 
The osmotic pressure of all three sub
strate solutions was equivalent to 320 mil- 
liosmols which is isosmotic with sheep 
blood.

Ten milliters of a substrate solution 
were injected into the lumen of the iso
lated segment used for the absorption or 
utilization study of that particular sub
strate. One hundred microcuries of uni
formly labeled 14C-glucose were injected 
simultaneously with the glucose substrate 
solution.

Immediately after the substrates were 
placed into the isolated segments, blood 
from the cannulated veins was collected 
continuously for 30 minutes, allowing 3 
minutes for each sample. One-half milli
liter of ouabain (7 X 10~2 m )  and 0.5 ml 
of iodoacetate (4 X 10~2 m )  were injected 
into the lumen of the segments contain
ing glucose in 5 sheep and in these cases 
collections of blood were continued as 
long as an hour.

Blood analysis. Plasma proteins were 
precipitated by a conventional procedure 
using ZnS04 and NaOH. The protein pre
cipitate was filtered out using Whatman 
no. 42 filter paper.

The level of glucose was determined by 
either glucose oxidase analysis or by ra-

5 O b ta in e d  fro m  E l i  L i l ly  C o m p a n y , In d ia n a p o lis , 
In d ia n a .

6 O b ta in e d  fro m  A b b o tt L a b o ra to rie s , N o rth  C h ic a g o ,
I llin o is .
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Fig. 1 Surgical preparation of the small intestine. Legend:----- ►- ligatures isolating mesenteric vein drain
ing ligated intestinal segment; H---- ► ligatures isolating intestinal segment; H' »  point of cannula entry into
mesenteric vein; »  PE 200 polyethylene tubing (cannula).

diochemical analysis for glucose in the 
plasma. The difference in the glucose 
level or 14C activity in the plasma draining 
an intestinal segment containing a glu
cose injection and the glucose level or 14C 
activity in the plasma draining an intes
tinal segment containing only an NaCl 
solution was considered a measure of glu
cose absorption. Increased glucose level 
in plasma draining the isolated segments 
containing maltose and starch was used to 
determine maltose and starch utilization.

Radiochemical analysis was made by 
combining 1 ml of the plasma filtrate and 
14 ml of dioxane scintillator fluid and 
counting in a 2-channel liquid scintilla
tion counter. The 14C activity of the un
known samples was compared with 
plasma samples “spiked” with known 
quantities of 14C-labeled glucose. Results 
of the radiochemical and enzymatic analy

ses were expressed in milligrams of glu
cose absorbed and milligrams of substrate 
used in the case of maltose and starch 
substrates.

The identity of the major compounds 
containing 14C in the plasma was deter
mined by the combined techniques of 
paper chromatography and autoradiog
raphy. After drying, the paper strips were 
placed on x-ray film for 16 days. Position 
of the labeled compounds on the film strips 
was compared with the location of stable 
compounds chromatographed in the same 
way.

RESULTS AND DISCUSSION

Enzyme assay. The mucosa of the je
junum of the mature sheep contained the 
greatest concentration of all enzymes as
sayed (table 1) and the duodenum con
tained the least of all with the exception
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TABLE 1
Enzyme activity in the mucosa of the duodenum, jejunum, and ileum of mature sheep 1

Intestinal
segment Maltase Amylase 2 Lactase Sucrase Cellobiase

enzyme units 3 X 10
Duodenum 2.15» 0.65» 1.10“'» 0.25 0.20
Jejunum 8.05“ 3.23“ 2.07“ 0.05 0.45

Ileum 5.00“'b 1.43“'» 0.70» 0.55 0.25

Significance P <  0.05 P <  0.05 P <  0.05 ns ns

1 All means underlined not significantly different P <  0.05.
2 Amylase expressed on a maltase activity basis.
3 Enzyme unit =  1 /¿mole substrate hydrolyzed/min/g mucosal cells (wet weight).
4 All means in column with same superscript are not significantly different.

of lactase activity which was higher in the 
duodenum than in the ileum. Maltase ac
tivity was greater in each of the areas than 
the activities of the other enzymes and 
amylase was the next most abundant en
zyme in the jejunum and ileum. The hy
drolytic enzymes from the jejunal mucosa 
make this area of the intestine more im
portant than the duodenum and ileum for 
the hydrolysis of intestinal carbohydrates 
(table 1). A relatively large amount of 
maltose is produced by the amylase ac
tivity and the amylase assay and complete 
hydrolysis of starch in the intestine are 
both dependent on maltase activity. How
ever, the quantity of maltase present indi
cated that maltase was not a limiting factor 
in the amylase assay. The importance of 
pancreatic amylase, which was not as
sayed, in the hydrolysis of starch to 
maltose cannot be denied. Since the pan
creatic duct enters the small intestine cau
dal to the point of duodenal enzyme assay, 
it was not unexpected to find the greater 
concentrations of maltase caudal to the 
opening of the duct because that area of 
the small intestine would contain the 
greater quantity of maltose resulting from 
starch hydrolysis. Since the assays were 
made in the cranial 20 cm of the duo
denum, this may not be a true picture of 
the activities in other portions of the duo
denum.

The higher activities of maltase and am
ylase compared with lactase in the jejunum 
and ileum observed here are in agreement 
with the work of Dollar and Porter (5, 6) 
and Walker (7). These results along with 
those of Dollar and Porter (5, 6) indicate

an adaptation in the hydrolytic enzyme 
synthesis resulting from increasing age or 
change in diet (higher maltose and starch 
levels in the small intestine) or both. Sub
strate levels in the intestine appear to have 
more influence on hydrolytic enzyme syn
thesis since the lactase level of the intes
tine decreases and the levels of maltase 
and amylase increase when a milk diet is 
replaced with a concentrate diet (5, 7). 
Another factor lending support to the 
theory is that starch, maltose, and sucrose 
are present in much higher levels in the in
testinal tract of the nonruminant than the 
ruminant and the corresponding hydrolytic 
enzyme activities are higher in the non
ruminant (7). The enzyme activities 
found in the small intestine of these ma
ture sheep are much lower (0.8 units com
pared with 13-54 units of maltase, 0.1 
unit compared with 6-17 units of sucrase, 
etc.) than the activities of the jejunum 
and ileum of humans observed by Dahl- 
qvist (4).

Glucose absorption. Plasma glucose 
levels of the sheep used for the in vivo 
studies increased continuously from the 
initiation of anesthesia to the completion 
of the study on each animal (fig. 2). Al
though the effects of the high glucose level 
in the plasma on glucose absorption from 
the intestine was not investigated, a level 
of glucose in the plasma which approached 
normal physiological conditions was con
sidered advantageous. Adrenalectomy of 
the sheep lowered the plasma glucose level 
slightly (fig. 2); however, it was obvious 
that other factor(s) played a much greater 
role in increasing plasma glucose levels
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Fig. 2 Effect of adrenalectom y and insu lin  treatm ent on hyperglycem ic conditions result
ing from  anesthesia and surgical shock. Abdominal surgery was performed on all groups 
except the controls.

under surgical conditions. Galansino et 
al. (8) suggested that more than one 
type of hyperglycemic substance may 
be produced in the area supplied by the 
pancreatic artery. Since removal of the 
pancreas was considered too intricate, an 
insulin injection was used to alleviate the 
hyperglycemic condition. An insulin in
jection of 0.75 units/kg body weight/hour 
held the plasma glucose level near nor
mal (fig. 2). The effect, if any, of insulin 
injection on glucose absorption appears 
slight since Sols et al. (9) obtained an in
crease in glucose absorption rate of 8% in 
the first 30 minutes after a single injec
tion of 2 units of insulin/100 g body 
weight in rats. Only 0.15 units of insulin/ 
100 g body weight were used during the 
entire experimental period in this investi
gation.

At no time during the absorption stud
ies did plasma glucose reach a level which 
was considered a limiting factor for glu
cose absorption. The intestines were con
stantly bathed with warm saline to pre
vent dehydration and vasoconstriction 
caused by loss of heat. Although blood 
flow decreased during the 30-minute col
lection periods, the decline in flow was 
small and considered relatively unimpor
tant. At no time during the experimental 
period did the intestines appear to be in an 
anoxic condition and the PE 200 tubing

was considered sufficient to maintain nor
mal blood drainage. Blood flow from the 
cecum and colon per unit serosal area was 
greater than the flow from the jejunum 
and ileum.

Direct collection of the blood flowing 
from the isolated intestinal segments was 
used since the glucose absorbed did not 
reach the liver and there was no dilution 
from blood draining from other areas of 
the body. A quantitative evaluation of the 
absorption was made, and the glucose level 
of the arterial blood supplying the intes
tinal area remained constant.

By injecting a constant quantity and 
concentration of glucose (108 mg of glu
cose in 10 ml of solution), expressing the 
absorption per unit area, and not approach
ing the limiting capacity of the plasma, the 
rate of glucose absorption was calculated 
(table 2). The rate of glucose absorption 
from all areas of the intestinal tract was 
less variable from the 7.5- to the 16.5- 
minute sampling period. Although there 
was a tendency toward a slight decline in 
some instances, the absortpion rates re
mained nearly the same after 10.5 
minutes.

Glucose absorption from the jejunum 
was about 3 times faster than absorption 
from the ileum and colon. Larsen et al. 
(10) showed that glucose was absorbed 
more rapidly from the jejunum than the
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T A B L E  2

Maltose hydrolysis and absorption of glucose in intestinal segments

Time after 
injection

From glucose From maltose
Jejunum Ileum Cecum Colon Jejunum Ileum

min /ig glucose absorbed/100 cm2/min
1.5 62 ± 3 1  1 18 ± 7 3 3 2 ± 189 16 ±  1 20 ± 8 1 ±  0
4.5 146 ± 6 7 29 ±  12 237 ± 8 6 26 ± 1 4 27 ± 8 1 ±  0
7.5 150 ± 6 3 40 ± 2 8 147 ±  38 27 ±  14 26 ± 1 8 3 ±  1

10.5 1 5 7 ±  67 47 ± 3 6 121 ± 3 8 20 ± 2 0 21 ±  11 5 ±  1
13.5 152 ± 8 7 51 ±  37 1 4 0 ±  89 28 ±  10 2 1 ±  19 6 ±  5
16.5 148 ± 9 7 58 ± 4 0 102 ± 5 4 27 ±  10 20 ± 1 4 5 ±  5
19.5 1 6 0 ±  110 59 ± 4 0 103 ± 5 8 ±  1 19 ±  10 7 ±  5
22.5 1 3 6 ±  107 54 ± 3 8 80 ± 2 2 15 ±  20 1 9 ±  16 8 ± 5
25.5 124 ± 8 1 54 ± 3 6 83 ± 2 15 ± 3 8 19 ±  14 7 ± 5

1 M e a n  ±  sd.

ileum of isolated gut segments in 8-month- 
old calves; however, no plateau in absorp
tion rate from the jejunum was reached in 
their studies. Fisher and Parsons (11) cal
culated that the rate of glucose absorption 
per unit area of mucosal surface was 3 
times greater in the jejunum than in the 
ileum of the rat. Since the absorption rates 
in the present study were not based on 
mucosal surface area, a discrepancy be
tween the data obtained and the data of 
Fisher and Parsons (11) could result if the 
mucosal surface area per unit serosal area 
in the jejunum was different from that in 
the ileum.

The rate of glucose absorption from the 
colon was low which agrees with the data 
of Larsen et al. (10). That the absorption 
rate from the cecum decreased rapidly dur
ing the first 7 minutes while the absorption 
rate increased in the other 3 areas dur
ing the same period of time is not under
stood. With the exception of the jejunum, 
the rate of glucose absorption from the 
cecum was greater than the rate from the 
other intestinal areas. This is in contrast 
with other data (11) which indicate that 
absorption from the ileum is greater than 
absorption from the cecum. There may 
have been a rapid movement of water 
across the cecal wall which carried the 
glucose into the blood at a rapid rate under 
the experimental conditions. However, 
similar conditions in the colon did not lead 
to similar results. Another possibility is 
that the cecal wall is more permeable than 
the walls of the ileum and colon.

Starch and maltose utilization. During 
the 30-minute experimental period no in
creased plasma glucose level resulting

from starch hydrolysis was detected in any 
area of the intestinal tract. Huber et al. 
(12) reported that starch utilization from 
the ruminant intestine was slow. It is pos
sible that a small amount of hydrolysis 
took place and went undetected. Since the 
isolated segments were flushed before the 
substrate injection, no pancreatic amylase 
was present and any hydrolysis of starch 
was dependent only on intestinal mucosal 
amylase. Starch was subjected to pan
creatic amylase in the experiments of 
Huber et al. (12) and this may account for 
the difference in the results of the 2 experi
ments.

Maltose utilization was more rapid in 
the jejunum than in the ileum (table 2). 
In vivo utilization of maltose in the jeju
num was about twice that in the ileum and 
corresponded closely with the enzyme as
say of 62% maltase/g of mucosal cells in 
the ileum compared with the activity in 
the jejunum. Increased blood glucose due 
to the presence of maltose in the small 
intestine of the older ruminant has been 
demonstrated (5, 12, 13); however, no 
distinction was made between the jejunum 
and ileum. No maltose utilization was ob
served in flushed segments of the cecum 
and colon.
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A B ST R A C T  A n  a ll-p la s t ic ,  c o n tr o lle d  e n v ir o n m e n t  s y s te m  is  d e scr ib e d  fo r  a n im a ls  
s u c h  a s  ra ts . T h e  s y s te m , c o n s is t in g  o f  a n  a ir  filte r  a s se m b ly , is o la to r , c a g in g ,  a n d  
a c c e s s o r ie s ,  m in im iz e s  e x tr a n e o u s  tr a c e  e le m e n t  c o n ta m in a t io n . T h e  is o la to r , a 
m o d if ic a t io n  o f  g e r m fr e e  is o la to r  m o d e ls ,  c a n  h o ld  2 5  ra ts  in  g ro u p s  o f  5 /c a g e .  
W e a n lin g  r a ts  fe d  la b o r a to r y  r a t io n  in  th e  c o n tr o lle d , b u t n o t  g e r m fr e e , e n v ir o n m e n t  
g r ew  as w e l l  a s c o n tr o l a n im a ls  m a in ta in e d  o u ts id e  o f  th e  is o la to r  in  m e ta l  c a g e s  
u n d e r  c o n v e n t io n a l  c o n d it io n s . A  n e w  tr a c e  e le m e n t  d e f ic ie n c y  w a s  o b se rv e d  in  ra ts  
f e d  a m in o  a c id  d ie ts  s u p p le m e n te d  w ith  th e  k n o w n  r eq u ir e d  tra ce  e le m e n ts  inside  
th e  c o n tr o lle d  e n v ir o n m e n t . I n h ib it io n  o f  g r o w th , seb o rr h e a , a n d  p r o n o u n c e d  a lo p e c ia  
d e v e lo p e d  w it h in  1 to 3 w e e k s . D e a th  o ccu rred  w ith in  2  to 6  w e e k s . C o n v e n tio n a l  
o u ts id e  c o n tr o ls  f e d  th e  s a m e  d ie t  g r ew  m o re  r a p id ly  a n d  s h o w e d  n o  d e f ic ie n c y  s y m p 
to m s. S u p p le m e n ta t io n  o f  0 .4%  y e a s t  a sh  p r e v e n te d  th e  d e f ic ie n c y  s y m p to m s  a n d  
im p r o v e d  g r o w th . T h e  r e s u lt s  in d ic a te  th a t  th e  a m in o  a c id  d ie t  la c k s  u n id e n t if ie d  
in o r g a n ic  tr a c e  fa c to r s  w h ic h  are s u p p lie d  b y  th e  e n v ir o n m e n t  u n d e r  c o n v e n t io n a l  
c o n d it io n s  o f  a n im a l e x p e r im e n ta t io n . T h e  d e s c r ib e d  te c h n iq u e  c o u p le d  w ith  m o d er n ,  
s e n s it iv e  m e th o d s  o f  a n a ly s is  p e r m its  r ig o r o u s  a n d  d e f in it iv e  e x p e r im e n ts  o n  th e  e s s e n 
t ia l ity  o f  s p e c if ic  tr a c e  e le m e n ts .

After detecting unexpected nutritional 
roles for the elements selenium (1) and 
chromium (2), it was decided to develop 
a new, systematic approach to the produc
tion of trace element deficiency diseases in 
laboratory animals.4 Progress in the recog
nition of new trace element requirements 
depends largely on experimental designs 
which prevent access of the animal to the 
agent being studied. Some elements are 
physiologically effective at microgram or 
sub-microgram levels; for these the term 
ultra-trace element has been suggested (3,
4). Inadvertent supplementation of such 
elements to experimental animals can oc
cur not only from impurities of diet and 
water, but also from the environment. The 
attempt, therefore, to demonstrate effects 
of elements for which biological functions 
have not yet been discovered requires the 
exclusion as possible sources of impurities 
of caging, food cups, water bottles, handl
ing, and air.

To avoid trace element contamination 
from the air and through handling we have 
taken advantage of recent developments in 
germfree incubator techniques. An all 
plastic isolator was devised. Plastics also

were chosen as fabricating materials for 
cages and accessories, after elimination of 
galvanization by platinum, polonium, or 
other precious metals from consideration 
as a means of avoiding trace element con
tamination. Plastics are rather easily 
handled and can be obtained in relatively 
pure form. Even though they contain 
small and often irreducible amounts of 
trace elements, these are considered to be 
tightly bound. They are not readily liber
ated and presumably biologically inert.5 
Plastic cages, water bottles, food cups, and
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In stitu te  of N u tritio n  a t the  50th a n n u a l m eeting  of 
the Federation  of A m erican  Societies for E xperim en ta l 
Biology, A tlantic City, 1966, (Federa tion  Proc., 25: 
432, 1966, and  to the  V llth  In te rn a tio n a l Congress of 
N u trition  a t H am burg, G erm any (ab strac ts  of papers, 
1966, p. 297).

3 P resen t ad d ress : Laboratory of N u tritio n  R esearch, 
V eterans A dm in istration  H ospital, W ashington, D. C.

4 In itia l p lan n in g  and  p re lim inary  experim ents were 
carried  out 1961-63 a t the  fo rm er Section of E xperi
m en ta l Liver Diseases, N ational In s titu te  of A rth ritis  
an d  M etabolic Diseases, N ational In s titu tes  of H ealth , 
B ethesda, M aryland.

5 However, there  are large differences betw een 
p lastics; some of them  conta in  considerable am ounts 
of ce rta in  m etallic elem ents. O thers, like polyvinyl 
chloride, con ta in  organom etallic com pounds such as 
organotins as stabilizers. These m ay be biologically 
active; they  even can  exert toxic effects.

1 8 2 J. N u t r it io n , 93; ’67.



CO N TRO L SY STE M  FOR TRACE E L E M E N T  D E FIC IE N C IE S 183

a simple weighing device are described be
low. The resulting trace element-con
trolled environment system is free of metal, 
glass, and rubber components, with the 
exception of the air filter which contains 
glass fiber media.

In standard, semipurified diets such as 
casein rations the protein is a main source 
of contaminants. It has the capacity to 
bind small amounts of metals and other 
elements strongly; convenient methods for 
their removal do not exist. Starch is an
other dietary ingredient often contamin
ated with trace factors, while commercial 
sucrose is in certain respects a material of 
great purity. Diets used in our studies 
were based on a mixture of L-amino acids 
instead of protein, and contained sucrose 
as the source of carbohydrate.

In addition to protein and carbohydrate, 
all other components of a diet, of course, 
must also be taken into consideration as

potential sources of trace element impur
ities. For example, reagent grade inor
ganic chemicals, the constituents of salt 
mixtures, are often heavily contaminated 
with trace elements of biological interest. 
No provisions were made to purify com
mercially obtained chemicals or other die
tary constituents for the experiments re
ported in this paper.

Rats develop a new trace element de
ficiency disease when maintained with 
amino acid diets in the trace element- 
controlled system. Animals fed the same 
diets kept under conventional conditions 
outside of the incubator are rather normal. 
Inside the isolator, growth is lacking, and 
signs of seborrhea and pronounced alopecia 
develop. Death from the deficiency can oc
cur within 2 to 6 weeks.

The present paper describes the design 
and operation of the trace element-con-

F ig . 1 C o n tr o lle d  e n v ir o n m e n t  p la s t ic  iso la to r .
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trolled system and the new deficiency 
disease.

M E T H O D S

Controlled environment isolator. To pro
vide a barrier against airborne contamina
tion, a thin film isolator was designed 
which is free of metal, rubber, and glass 
(fig. 1). The basic isolator is a variation 
of that described by Trexler (5). The di
mensions are 61 X 61 X 152 cm. Thin 
vinyl sleeves are thermally sealed directly 
to the isolator. They are fitted with re
placeable wrist length vinyl gloves. The 
gloves are attached to the sleeves by vinyl 
tape. Molded fiberglass is used for the 
door housing, and methyl-metacrylate plas
tic for the door proper.6 Vinyl tubing 
serves as a gasket for the door. Nylon 
bolts fasten the door to the housing.

Air supply. The air supply assembly 
consist of a blower and a filter. A slight 
positive air pressure (< 12 mm water) is 
maintained within the isolator to assure 
proper ventilation and to keep the isolator 
in shape. A small metal with fractional- 
horsepower motor can be used after spray
ing of all metal surfaces with a plastic 
coating. Also satisfactory was a non- 
metallic blower assembly from a lab
oratory hood which was adapted to sup
ply air to the incubator.7 It was connected 
to the air filter by a vinyl coated vacuum 
hose.

A circular plastic frame forms the core 
of the air filter assembly (fig. 2). Glass 
fiber media 8 was wrapped 4 layers thick 
around this frame. The filter material was 
taped in place and covered by plastic 
screen material. A vinyl cover completed 
the unit and made it air-tight. Air passing 
through such a filter is free of dust par
ticles larger than 0.35 u in size as well as 
all demonstrable organisms, including bac
teria, yeasts, and molds.

Animal cages. The most difficult part 
of this project was the construction of 
completely plastic animal cages which 
would permit free circulation of air, pre
vent condensation, and provide an open 
bottom for the elimination of feces and 
urine. Commercial acrylic plastic cages 9 
having a floor area of 450 cm2 were modi
fied as shown in figure 3. A false bottom 
was fabricated from 5-mm methyl-metac-

F ig . 2 A ir f ilte r  a ssem b ly .

6 M anufac tured  by the  S tandard  Safety E quipm ent 
Com pany, P ala tine , Illinois. T heir assistance  in  tech 
n ica l details is acknowledged.

7 Labconco Hood Model 28, Laboratory C onstruction  
Com pany, K ansas City, Missouri.

8 FG 50, S tandard  Safety E quipm ent Com pany, P a la 
tine, Illinois.

9 Model 110, Keystone P lastics, M edia, P ennsy lvan ia .
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rylate plastic (Plexiglas), and fitted inside 
the cage. A series of 1.3-cm holes were 
drilled as close together as possible in the 
false bottom. The lid was made in a simi
lar fashion. Nylon screws hold the top in 
place. The cage is raised approximately 
10 cm by bolting adjustable plastic legs to 
both ends. A foot is cemented to the bot
tom of each leg to stabilize the cage and 
prevent puncture of the bottom of the 
isolator. A suitable cement is prepared by 
dissolving chips of acrylic palstic in chloro
form. Each cage houses 5 animals. The 
isolator easily accomodates 5 such cages.

Food cups. Food cups were made by 
cutting off the neck of 250-ml polypropyl
ene Erlenmeyer flasks, yielding cups 5 cm 
high and 5 cm wide at the top. The slop
ing sides of these cups aid in avoiding 
waste. To further present spillage, five 1.3- 
cm holes were drilled in round plastic 
discs which were placed on top of the 
food in the cup.

Water bottles. Polypropylene Erlen
meyer flasks (250-ml) served as water con
tainers. Vinyl stoppers with polypropylene 
drinking tubes completed the unit.

Weighing device. A simple and suffi
ciently accurate weighing device was made 
using 2 polycarbonate plastic graduated 
cylinders (fig. 4). A 100-ml cylinder was 
stoppered, inverted, and placed into a 250- 
ml cylinder. Sufficient water was added 
to the larger cylinder to allow the inverted 
cylinder to float freely. The base of the 
smaller cylinder served as a perch for the 
animal being weighed. The weight of the 
rat was read directly from the larger grad
uated cylinder since a floating body dis
places its own weight of water. The de
vice weighs accurately to the nearest gram.

Cleaning. Before introduction of the ani
mals, the isolator was washed thoroughly 
with a detergent, followed by spraying with 
a 2% peracetic acid solution. The system, 
with filter in place, remained closed over
night and was then rinsed several times 
with distilled, deionized water having a 
conductivity greater than 1 million ohms. 
The supporting equipment was cleaned in 
the same manner.

Animal experiments. Although the iso
lators received filtered air and were chem
ically sterilized the experiments were not

carried out under germfree conditions. 
Neither the animals nor the diet were 
sterile. Weanling male rats of the Fischer 
344 strain were used in all experiments. 
They are highly inbred and grow at a rela
tively slow rate. The basal amino acid 
diet used in these studies is shown in table 
1. This ration is based on a mixture of 
L-amino acids as nearly optimal as feasi
ble at the present state of knowledge. The 
composition of this mixture is patterned 
after those described more recently as opti
mal or near optimal (6-8). The diet con
tains the known required trace elements 
in sufficient and balanced amounts and 
also fluorine. It is deficient, however, in 
Factor G, a newly discovered organic agent 
under investigation (9).

F ig . 4  W e ig h in g  d e v ic e .
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TABLE 1

C om position  o f basal d iet fo r Factor G assay

A m in o  a c id  m ix tu r e  S-7 1
9

1 7 .7
S u cro se 6 1 .2
S tr ip p ed  la r d  2 10
C o tto n se e d  o i l 3 5
H .M .W . s a l t s 4 2
S a lt s u p p le m e n t 5 3
T ra c e  s u p p le m e n t  m ix tu r e  6 0.1
V ita m in s  7 1
N aH C O s 1.5
C e llu lo s e  8 2

1 Com position: ( in  g /k g  of d ie t)  arg in ine HC1, 13.0; 
h istid ine-H C l, 7.0; isoleucine, 10.0; leucine, 15.0; 
lysine-H C l, 16.0; m ethionine, 8.0; p heny la lan ine , 10.0; 
threon ine, 8.0; tryp tophan , 3.0; valine, 10.0; alan ine, 
4.0; aspartic  acid, 3.0; cystine, 3.0; g lutam ic acid, 
40.0; glycine, 5.0; p ro line, 5.0; serine, 5.0; tyrosine, 
6.0; and  asparag ine , 6.0.

2 V itam in E-free an im al fa t, stripped by m olecular 
d istilla tio n  (D istilla tion  P roducts Industries, E astm an  
Kodak Co., R ochester, New York).

3 W esson Oil, W esson Sales Com pany, F u llerton , 
C alifornia .

4 H ubbel et al. J. N utr., 14: 273, 1947; obtained 
from  N u tritio n a l B iochem icals Corporation, Cleveland.

5 Com position: ( in  g ram s/k g  d ie t)  C a (H 2P 0 4 )2’H 20 , 
24.52; C aC03, 1.825; M gS04, 1.95; N a2H P 04, 0.62; 
KH2P 0 4, 1.054; and  M nS04-H20 , 0.14.

6 Com position : ( in  g ram s) Zn(CH3COO)2'2H 20 ,
3.37; M0O3, 0.152; CoS04-7H20 , 1.1925; and  lactose 
to m ake 50 g.

7 Com position : ( in  g ram s) choline dihydrogen
citra te , 21.15; n iac in , 1; (a n d  in  m illig ram s) lactose, 
76.532; th iam ine  HCl, 40; riboflavin, 25; pyridoxine- 
HC1, 20; Ca D-pantothenate, 200; m enadione (2-m ethyl- 
1,4 -naphthoquinone), 10; folic acid, 20; biotin , 10; 
and v itam in  B i2, 1. Selenium  w as added as sodium  
selenite (15 fig  se len ium /100  g diet, dissolved in  
1 m l w a te r) . The follow ing v itam ins were added in  
1 m l absolute e th a n o l/100 g d iet: ( in  m g /100 g d ie t)  
c rysta lline  v itam in  A acetate, 2; v itam in  D (D risdol, 
W inthrop Laboratories, New Y ork), 0.002; and d-a- 
tocopheryl acetate, 10.

8 W hatm an . Col. Chrom edia CF1, fibrous cellulose 
powder.

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

To test the system for adverse effects, 5 
rats maintained in the ultraclean con
trolled environment were fed laboratory 
ration.10 Animals on the outside served as 
controls. They received the same diet but 
were kept under conventional conditions 
in stainless steel cages with glass water 
bottles and food cups. The growth rate of 
the 2 groups fed laboratory ration was 
similar (exp. 1, table 2). The physical ap
pearance of the animals in the controlled 
environment was superior. It thus appeared 
that the trace element-controlled system, 
per se, exerted no adverse effect upon the 
animals fed an optimal diet.

Rats maintained under conventional 
conditions with the purified amino acid 
ration on the outside grew less than those 
fed laboratory ration, but they appeared well 
and fairly normal in contrast with those 
fed the amino acid diet inside the isolator 
system. Animals inside developed a se
vere pathological condition within 1 to 3 
weeks (fig. 5). The deficiency documented 
itself by lack of growth, seborrhea, shaggy 
fur, and loss of hair leading at times to 
complete alopecia. The deficiency caused 
death after 2 to 6 weeks. Except for the 
changes in the integument, no gross path
ology was seen at autopsy. More detailed 
studies will be necessary to determine 
which tissues and pathophysiological 
mechanisms are involved in this disease.

10 Lab Blox, Allied Mills, Inc., Chicago.

TABLE 2
C om parison o f rats m a in ta in ed  in  co n ven tiona l a n d  controlled  en v iro n m en ts  1>2

A pperance Daily w t gain  3

C onventional Controlled C onventional Controlled

0 / d a y g / d a y
E x p e r im e n t  1

B a s a l a m in o  a c id  d ie t n o r m a l a lo p e c ia
seb o rrh ea 1 .5  ±  0 .0 7  4 0 .8  ±  0 .0 7

L a b o ra to ry  r a tio n n o r m a l e x c e l le n t 3 .4  ±  0 .5 0 3 .5  ± 0 . 0 8

E x p e r im e n t  2
B a s a l a m in o  a c id  d ie t n o r m a l a lo p e c ia

seb o rr h e a 1 . 7 ±  0 .1 0 1.2 ±  0 .2 0
B a s a l a m in o  a c id  d ie t  - f

0 .4%  a sh  o f  T o ru la  y e a s t n o r m a l n o r m a l 2.0 ± 0 . 1 1 1 .7  ±  0 .0 2

1 The experim ents show n here have been carried  out repeatedly over the  pas t 18 m onths, w ith 
very sim ilar results.

2 F ischer 344 w eanling  m ale ra ts , 5 an im als/g roup .
3 Exp. 1: 21 days; exp. 2: 19 days.
4 Average ±  s e  o f  m ean.
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F ig . 5 C o m p a r iso n  o f  r a ts  fe d  th e  s a m e  a m in o  
a c id  d ie t  in  c o n v e n t io n a l  a n d  c o n tr o lle d  e n v ir o n 
m e n t s .  L e f t :  a n im a l f e d  b a s a l d ie t  a fte r  2  w e e k s  
in  th e  c o n tr o l e n v ir o n m e n t ;  r ig h t :  c o n tr o l a n im a l  
fe d  b a s a l d ie t k e p t o u ts id e  in  m e ta l  c a g e  w ith  
g la s s  w a te r  b o t t le  a n d  fo o d  cu p .

To prove that the impaired performance 
of animals in the trace element controlled 
system was due to lack of a trace element, 
the basal diet was supplemented with the 
ash of Torula yeast (exp. 2, table 2). Ash
ing was carried out by combustion of dry- 
yeast and heating of the ash in an open 
dish at 600° for 4 hours. The resulting 
ash was added to the basal amino acid 
diet at a level of 0.4% , which is equivalent 
to 5% whole, dry yeast. The ash prevented 
the deficiency symptoms. Alopecia or 
seborrhea were not evident in animals fed 
this diet, and growth of the ash-supple- 
mented group inside the incubator was

identical with that observed on the outside 
in the unsupplemented control. The slight 
difference seen between animals with and 
without ash supplement on the outside was 
not statistically significant and was not 
confirmed in subsequent studies. The ef
fect of ash supplements inside the isolator 
is highly significant. It has been observed 
consistently in several trials. The same 
effect was produced by purified concen
trates derived by fractionation from yeast 
ash.11

These experiments demonstrate that con
ventional caging, housing, and handling 
of rats contributes inorganic trace factors 
which are missing in our amino acid diets, 
but present in laboratory ration and in 
yeast ash. The active elements may be 
supplied by dust in the air.12

Current studies are aimed at the iden
tifications of the unknown trace element, 
or elements, which prevent the new defi
ciency. The importance of a complete mi
croflora was stressed by Greever et al. 13 
who reported that germfree rats receiving 
a chemically defined diet developed pan
creatic fibrosis and atrophy. In contrast, 
conventional, that is, non-germfree, con
trols fed the same diet were largely unaf
fected. Our animals are not maintained 
under germfree conditions, but it it felt 
that the observed effects are not mediated 
by the microflora of the gastrointestinal 
tract.

It is noteworthy that a single, relatively 
easily constructed barrier suffices to ex
clude trace contamination effectively. Our 
plans initially called for a second barrier 
in the form of a plastic ultraclean room to 
house four of the trace element control 
isolators. This precaution proved to be un
necessary.

The trace element-controlled system 
opens up a number of new possibilities in 
trace element research. In conjunction 
with modern, sensitive methods of trace 
element determination, it permits us to 
perform rigorous and definitive determina-

if To be published as a separa te  study.
12 In  20 consecutive experim ents w ith  the  trace 

elem ent-controlled system  we have encountered  one 
b reak th rough  of dust th rough  the  filter. The an im als 
inside the iso lator reverted  w ith in  one week from  
a severely deficient sta tu s to norm al.

13 Geever, E. F., F. S. D aft and  S. M. Levenson 
1965 Pancreatic  atrophy and  fibrosis in  the germ free 
ra t on a chem ically  defined diet. Federation  Proc., 
24; 246.
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tions of trace element requirements on 
laboratory animals. Biological functions 
have been postulated but not proved for 
several elements, for example, arsenic, 
nickel, and fluorine. It is likely that for 
rigorous, environment-controlled studies on 
these elements specially purified inorganic 
and organic chemicals will have to be used 
as dietary constituents.

L IT E R A T U R E  C IT E D

1. S c h w a r z , K ., a n d  C. M . F o ltz  1 9 5 7  S e le 
n iu m  as a n  in t e g r a l  p a r t  o f  a -fa c to r  3 a g a in s t  
n e c r o t ic  l iv e r  d e g e n e r a t io n . J. A m er . C h em . 
S o c ., 79:  3 2 9 2 .

2 . S c h w a r z , K ., a n d  W . M ertz  1 9 5 9  C hor- 
m iu m  ( I I I )  a n d  th e  g lu c o s e  to le r a n c e  f a c 
tor. A rch . B io c h e m . B io p h y s ., 8 5 : 2 9 2 .

3 . M o rr iso n , G. H ., a n d  R. K. S k o g erb o e  1 9 6 5  
T ra ce  A n a ly s is :  P h y s ic a l  M eth o d s , ed . G. H . 
M o rriso n . I n te r s c ie n c e , N e w  Y ork , p . 1.

4 . S c h w a r z , K. 1 9 6 7  T ra c e  e le m e n ts  a s s p e 
c ia l  d ie ta r y  c o n s t itu e n ts .  M o n o g r a p h  o n  
M in im u m  D ie t  fo r  M a n  in  S p a ce . N . Y . 
A ca d . S c i., in  p ress .

5. T re x le r , P . C. 1 9 5 9  T h e  u s e  o f  p la s t ic s  in  
th e  d e s ig n  o f  is o la to r  s y s te m s . A n n . N . Y. 
A ca d . S c i., 78 : 2 9 .

6. S a lm o n , W . D . 1 9 6 4  R e la t iv e  p o te n c y  o f  
d ie ts  c o n ta in in g  a m in o  a c id s  a n d  p r o te in s  
fo r  p r o m o t in g  g ro w th  o f  ra ts . J. N u tr .,  74: 
2 9 8 .

7. R o g ers , Q. R ., a n d  A . E. H a rp er  1 9 6 5  
A m in o  a c id  d ie ts  a n d  m a x im a l  g r o w th  in  
th e  ra t. J. N u tr ., 87 : 2 6 7 .

8. R a n h o tra , G. S ., a n d  B. C. J o h n so n  1 9 6 5  
E ffe c t  o f  f e e d in g  d if fe r e n t  a m in o  a c id  d ie ts  
o n  g r o w th  r a te  a n d  n it r o g e n  r e te n t io n  o f  
w e a n l in g  ra ts . P ro c . Soc. E x p . B io l. M ed ., 
11 8 :  11 9 7 .

9. S c h w a r z , K ., a n d  J. C. S m ith  a n d  T . A . O da  
1 9 6 7  F a c to r  G, a n  a g e n t  p r o m o t in g  g ro w th  
o f  a n im a ls  o n  a m in o  a c id  d ie ts . L a n c e t , 1: 
7 3 1 .



Destruction of Molar Teeth in Rats Fed 
Amino Acid Diets 1

JA M E S W . N O R D S T R O M  2 a n d  E. L. R . ST O K S T A D
D ep artm en t o f N u tritio n a l Sciences, U niversity  o f C alifornia, 
B erkeley, C alifornia

A B ST R A C T  S e r io u s  m o la r  b r e a k d o w n  w a s  fo u n d  in  r a ts  r e c e iv in g  fr e e  g lu ta m ic  
a c id  c o n ta in e d  in  e ith e r  a m in o  a c id  or c a s e in  b a se d  d ie ts  fo r  o n ly  4  w e e k s . G ross a p 
p e a r a n c e  o f  th e  le s io n s  w a s  s im ila r  to th a t  o f  ty p ic a l c a r ie s  e x c e p t  fo r  a n  o c c lu s a l  
e ro s io n  f r e q u e n t ly  o b serv ed . A lso , a fa v o r a b le  r e s p o n se  r e s u lte d  fr o m  d ie t  s u p p le 
m e n t a t io n  w ith  c a r io s ta t ic  m a te r ia ls ,  in c lu d in g  s o d iu m  p h o s p h a te , p e n ic i l l in  a n d  
flu o r id e , a n d  fr o m  d e c r e a s in g  th e  s u c r o s e  c o n te n t  o f  th e  d ie t. D ie t  a c id ity  (p H  5 .0 )  
w a s  s h o w n  to be a c a u s a l  fa c to r  s in c e  in c r e a s in g  th e  p H  by  a d d in g  s o d iu m  b ic a r 
b o n a te  or b y  r e p la c in g  g lu ta m ic  a c id  w ith  c a s e in  or m o n o s o d iu m  g lu ta m a te  d e c re a s ed  
to o th  d a m a g e . H o w e v er , e x te n s iv e  m o la r  b r e a k d o w n  w a s  a lso  n o te d  w ith  a n e a r ly  
n e u tr a l (p H  6 .7 )  a m in o  a c id  d ie t. T h e  im p o r ta n c e  o f  b a c te r ia  in  th is  p r o b le m  w a s  
in d ic a te d  by  p e n ic i l l in  s u p p le m e n ta t io n  to th e  a c id  d ie ts  w h ic h  n e a r ly  e l im in a te d  
d a m a g e  e x c e p t  fo r  r e la t iv e ly  m in o r  o c c lu s a l  e ro s io n . F lu o r id e , p r o v id ed  in  th e  r a t’s 
d r in k in g  w a te r  a t 5 0  p p m , w a s  m o re  e f fe c t iv e  th a n  p e n ic i l l in  in  p r o te c t in g  th e  te e th  
fr o m  e ro s io n  w h e n  th e  a c id  d ie ts  w e re  fed .

Purified diets containing free amino 
acids as the source of nitrogen have been 
used in recent years to produce acceptable 
weight gains in young rats (1-3). Free 
glutamic acid was included in these diets 
to the extent of 2 to 12% of the total diet 
to provide nonessential amino acid nitro
gen.

Of several amino acid mixtures fed to 
weanling rats by Salmon (1) one of the 
most satisfactory, in terms of growth 
produced, contained 7% L-glutamic acid. 
A diet in which the amino acid compo
sition was closely patterned after Salmon’s 
mixture was fed to young rats in our 
laboratory for the purpose of studying the 
effect of level of dietary lysine on inci
dence of tooth decay. However, examin
ation of the teeth of these rats after 30 
days showed that serious destruction had 
occurred to the molars regardless of the 
amount of lysine used. It was therefore 
apparent that one or more other factors 
in the diet were contributing to a rapid 
tooth breakdown. The present studies were 
undertaken to provide information about 
the causes of this rampant molar destruc
tion, heretofore unreported for rats fed 
amino acid diets.

M E T H O D S

Male weanling rats of the Sprague- 
Dawley strain, about 21 days of age and

40- to 50-g weight, were obtained from 
a commercial breeder for these studies. 
They were earmarked and sorted into 
nearly equal weight treatment groups 
which were then assigned at random to 
treatments. Weights were recorded at 7- 
day intervals and the average gains were 
determined for a 28-day experimental peri
od. Rats were housed in suspended, screen- 
bottom cages and given distilled water 
and food ad libitum. Diets were fed dry, 
fresh food being given at least twice 
weekly, except when water was added to 
diets as a variable in the dietary treatment, 
in which case fresh food was provided 
daily. When water was added to the amino 
acid diet, it was necessary to restrict the 
water content to 15% and add the corn 
oil component after mixing in water, in 
order to provide an oily coating on food 
particles and prevent excessive stickiness 
of the high sugar diet. The diet was then 
stored at — 20° until fed.

The basal diets are described in table 1, 
the amino acid composition of the basal 
amino acid diet being essentially the same 
as Salmon’s mixture L (1). Diet pH was 
measured after vigorously mixing 5 g of * 1 2

Received for pub lica tion  May 10, 1967.
1 T his w ork w as supported by Public H ealth  Service 

R esearch g ran t DE-139 from  the  N ational In stitu te  of 
D ental Research.

2 P resen t address: D epartm ent of Home Economics, 
U niversity  of Illinois, U rbana, Illinois 61801.
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TABLE 1
C om position  o f th e  diets

D iet
300

D iet100
9 9

A m in o  a c id  m ix tu r e  1 1 8 .6 —
V ita m in -fr e e  c a s e in  2 — 20.0
C o n fe c t io n e r ’s s u g a r 5 0 .0 5 0 .0
C o rn sta rc h 2 0 .7 2 1 .3
S o d iu m  b ic a r b o n a te 2.0 —
M in e r a ls  3 3 .5 3 .5
V ita m in s  4 i n  g lu c o s e  

m o n o h y d r a te  5 1.0 1.0
C h o lin e  c h lo r id e 0.2 0,2
C orn o il  + v ita m in s  A , D  a n d  E  6 4 .0 4 .0

T o ta l 100 100
1 T h e  a m in o  a c id  m ix tu re  su p p lie d  th e  fo llo w in g  

a m o u n ts  o f am in o  ac id  p e r  100 g d ie t: ( in  g ra m s )  
L -arg in in e -H C l, 0.8; L-cystine, 0.3; L -g lu tam ic  acid , 
7.0; g ly c in e , 0.6; L -h istid in e  H C 1H 20 , 0.7; DL-isoleu- 
c in e , 1.4; L -leucine, 1.0; L -ly s in eH C l, 1.4; L-m ethio- 
n in e , 0.6; D L -pheny la lan ine , 1.2; D L -threonine, 1.2; 
D L -tryp tophan , 0.2; DL-valine, 1.8; a n d  L -ty rosine, 0.4.

2 Amino acids and  v itam in-free casein  w ere ob
ta in ed  from  N u tritio n a l B iochem icals Corporation, 
C leveland, or G eneral B iochem icals, Inc., C hargin 
Falls, Ohio.

3 The sa lt m ix tu re  contained: ( in  percen t) CaCOs, 
20.71; C aH P04, 32.28; N a2H P 0 4, 18.6; KC1, 20.86; 
M gS04, 6.57; M nS04 H20 , 0.0044; C uS04, 0.00037; 
FeC6Ho07 ■ 5H20 , 0.0043; Z nC 03, 0.0006; and  KIO3, 
0.000028. U niversity  of C alifornia  salt m ix ture  UCB- 
lR b, based on a  repo rt by G. M. Briggs and  M. A. 
W illiam s, Federation  Proc., 22: 261, 1963, and  m odi
fied by the  authors.

4 The v itam in  m ix tu re  provided per kg of diet: ( in  
m illig ram s) m enadione, 2.5; th iam ine , 25; riboflavin, 
25; pyridoxine HCl, 8; p-am inobenzoic acid, 75; folic 
acid, 1.25; biotin , 0.25; n iac in , 100; Ca p an to thenate , 
100; and  inositol, 250.

5 Cerelose, Corn Products Com pany, Argo, Illinois.
6 The corn oil supplem ent fu rn ish ed  5000 IU  of 

v itam in  A, 4000 IU of v itam in  D, an d  75 m g of d l-  
a-tocopheryl ace ta te /k g  of diet.

diet with 250 ml of water for 5 minutes 
with a magnetic stirrer.

Since the diet was originally formulated 
to be “cariogenic,” 50% confectioner’s 
sugar was incorporated (4). This ingredi
ent proved very satisfactory as a major 
carbohydrate source since the resulting 
diet was acceptable to the rat and absorbed 
very little moisture even when left in food 
cups for one week.

Twenty percent casein (diet 100) was 
used to replace amino acids to make a 
control diet for a standard of growth rate 
and also of normal, undamaged molars 
since little or no decay developed in rats 
fed this ration over the 28-day period. 
Diets were stored at 4° and usually fed 
within 30 days from date of mixing.

Rats were decapitated after being fed 
the experimental diet for 28 days and the 
mandibles were excised and evaluated 
for molar damage with the aid of a dis
secting microscope and a dental explorer.

Cleaned mandibles were stored for future 
reference in a 70% solution of isopropyl 
alcohol. Maxillary molars were not evalu
ated since damage to them was much less 
noticeable. Data were analyzed statistically 
by analysis of variance (5) and Duncan’s
(6) multiple range test was used to test 
for significance of differences between 
treatment means.

R E S U L T S

The appearance of normal molars from 
rats fed casein diets (fig. 1) may be com
pared with severely damaged molars of a 
rat fed an amino acid diet containing 7% 
glutamic acid (fig. 2).

Two types of lesions have been observed 
in molars of rats subsequent to feeding 
acid diets: occlusal erosion of minor or 
more serious extent, and deeply penetra
ting cavities that may involve only a small 
cusp or an entire molar. This second type 
of damage is similar to the caries associ
ated with high sugar diets and is usually 
found in cases of more severe molar 
damage when the acid diets are fed. We 
have avoided use of the term “caries” in 
describing the condition of teeth resulting 
from the feeding of acid diets, however, 
since we were uncertain whether the con
ditions responsible for such rapid deterior
ation of the teeth were analogous to the 
situation existing with “natural” diets. In 
consideration of these factors, the scale in 
table 2 was developed to provide a nu
merical scoring system against which 
molar damage might be evaluated.

To facilitate and standardize the scoring 
procedure, molar damage was rated rela
tive to 6 “standard” mandibles previously 
selected to typify 6 degrees of deterioration 
and stored in alcohol for that purpose. To 
avoid bias in scoring, each mandible was 
tagged with a metal wing band,3 and then 
rated without the scorer knowing the di
etary history of the teeth.

After the observation of extreme molar 
deterioration in all rats regardless of the 
level of lysine fed, a number of diet modi
fications were prepared and tested with 
the results summarized in table 3. These 
observations indicated that free glutamic 
acid was the major cause of molar break-

3 N ational B and and  Tag Com pany, N ew port, K en
tucky.



F ig . 1 I n ta c t  m o la r  te e th  in  ra t f e d  20%  c a s e in  d ie t  (n o . 1 0 0 ) .

F ig . 2  D a m a g e d  m o la r s  in  r a t  fe d  a m in o  a c id  d ie t  n o . 3 0 0  fo r  2 8  d a y s.
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TABLE 2
M o l a r  s c o r i n g  s y s t e m  1

Score

N o  d e te c ta b le  m o la r  d a m a g e  0
F ir s t  d e f in ite  e v id e n c e  o f  e r o s io n  or d e c a y  10
D e e p e r  s u r fa c e  e ro s io n  (“c u p p in g ” or d e c a y )  2 0  
D e e p  p e n e tr a t io n  th r o u g h  c r o w n  e q u iv a le n t  

to ta l d e s tr u c t io n  o f  1 m o la r  3 0
D a m a g e  e q u iv a le n t  to  to ta l d e s tr u c t io n  o f

2  m o la r s  4 0
D a m a g e  e q u iv a le n t  to  to ta l d e s tr u c tio n  o f

3 m o la r s  or m o r e  50

1 H alf scores (25, 35, e tc .) given for borderline 
cases.

down, since replacing it with its monoso-
dium salt sharply reduced tooth damage. 
The pH of the diet rose from 4.9 to 
neutrality with the inclusion of monoso
dium glutamate, suggesting that acidity of 
the diet was a significant factor in the 
breakdown of the teeth of rats fed these 
amino acid diets.

Procaine penicillin, added to the diet 
at 100 ppm, did not significantly reduce 
tooth destruction (P< 0.05). This indi
cated that bacterial action was not the 
major factor in the breakdown of molars 
under the conditions of this experiment. 
However, subsequent experiments showed

that higher concentrations of penicillin 
could partially prevent molar destruction.

A marked decrease in molar damage 
occurred when 50 ppm fluoride as sodium 
fluoride was administered in the drinking 
water of rats fed the diets containing 7% 
glutamic acid. Occlusal erosion, charac
teristically observed in rats fed acid diets 
in these studies, was minor or nonexistent 
in rats given fluoride, indicating that a 
protective action of the fluoride was to 
decrease the solubility of molar surfaces 
to acid attack, a principle previously 
demonstrated by in vitro (7, 8) and in 
vivo (9, 10) techniques.

Phosphate compounds, known for their 
cariostatic qualities (11), were added to 
the basal amino acid diet in the form of 
dibasic sodium phosphate and tricalcium 
phosphate. Calcium phosphate was not 
beneficial in this study although the sodium 
phosphate was responsible for a signifi
cant reduction in molar scores (P < 0.05). 
With orthophosphates, Harris and Nizel 
(12) reported that the cariostatic activity 
depended on the cation, sodium being 
much more effective than calcium.

To determine whether free glutamic 
acid would also have a destructive effect

TABLE 3
E f f e c t  o f  f lu o r id e ,  p h o s p h a t e  a n d  p e n i c i l l i n  o n  m o l a r  d a m a g e  in  

r a t s  f e d  7 %  g l u t a m i c  a c i d  d i e t s

T reatm ents pH of 
diet

No. of 
ra ts G ain /d ay M olar

score

E x p e r im e n t  1 1
9

20% c a s e in  d ie t ( n o .  1 0 0 ) 6 .5 6 6.0 ± 0 . 2  2* o  *#

B a s a l a m in o  a c id  d ie t  (n o .  3 0 0 ) 4 .9 6 5 .1  ± 0 . 3 3 8  ± 2 . 8

M o d ifica t io n s  o f  d ie t  3 0 0
5 0  p p m  flu o r id e  3 4 .9 6 4 .5  ± 0 . 2 5 ± 2 . 2  **
100 p p m  p r o c a in e  p e n ic i l l in 4 .9 6 5 .0  ±  0 .4 2 8  ± 6 . 6
2% d ib a s ic  s o d iu m  p h o sp h a te 5 .6 6 4 .5  ± 0 . 1 2 4  ± 5 . 6  *
2% tr ic a lc iu m  p h o sp h a te 5 .5 6 4 .5  ± 0 . 2 3 4  ± 4 . 9
7%  m o n o s o d iu m  g lu ta m a te  4 7.1 6 5 .0  ± 0 . 3 13 ± 4 . 2  **

E x p e r im e n t  2  1
20% c a s e in  d ie t w ith  7%  g lu ta m ic  a c id 4 .3 12 6.0 ± 0 , 1 3 5 ±  1.2

M o d ifica t io n s  o f  c a s e in -g lu ta m ic  a c id  d ie t
50  p p m  flu o r id e  3 4 .3 12 5 .3  ± 0 . 1  * 14 ± 2 . 6  **
100 p p m  p r o c a in e  p e n ic i l l in 4 .3 12 5 .9  ± 0 . 2 3 4  ±  1 .2

1 D ata  in  experim ents 1 and  2 were analyzed separately.
2 M ean +  se  of each  trea tm ent.
3 Sodium  fluoride added to d rink ing  w ater.
4 Replaced g lutam ic acid.
* S ignificantly (P  <  0.05) d ifferent from  unm odified glutam ic acid treatm ent. 

** S ignificantly (P  <  0.01) d ifferent from  unm odified g lu tam ic acid treatm ent.
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in diets containing intact protein, 7% 
glutamic acid was added to the 20% 
casein diet with a compensating decrease 
in cornstarch. The nonprotein components 
of the amino acid and casein diets were 
identical except that sodium bicarbonate 
was omitted from the latter and more 
cornstarch was contained in the former. 
Mean molar scores summarized in table 3 
indicate that similar damage occurred in 
either case. Results with fluoride and 
penicillin supplementation were also simi
lar when the casein diet was fed, the 
indicated decrease in molar protection by 
fluoride probably being due to a more acid 
diet, pH 4.3 compared with pH 4.9 for 
diet 300.

Average weight gains in table 3 are 
typical of those we have obtained with 
weanling rats fed amino acid or casein 
based diets for 28 days from weaning. 
Amino acid diet 300 has produced about 
5 g of gain per day, which is significantly 
less (P < 0.01) than the 6 g or more by 
rats fed either 20% casein diets or the 
amino acid diet supplemented with 5% 
casein (table 4).

The significance of glutamic acid as a 
component of amino acid diet 300 in

promoting tooth breakdown was compared 
with other organic acids in treatments 
summarized in table 4. Equimolar amounts 
of either succinic or aspartic acid resulted 
in approximately equal damage scores, 
indicating that diet acidity, and not glu
tamic acid per se, was the significant, 
destructive factor. Further indication of 
the importance of dietary acidity was im
plied by the relatively minor amount of 
molar damage found when neutral diets 
were fed, the result of either omitting the 
free organic acid or replacing it by mono
sodium glutamate. In this series 5% 
casein was added to the amino acid diets 
to provide supplementary protein and thus 
make up for changes in nitrogen level 
between the different treatments. Superior 
growth generally accompanied 5% casein 
supplementation, although rats appeared 
to dislike the food containing succinic 
acid, spilled an excessive amount, and 
gained significantly less weight (P < 0.01).

An inverse relationship between dietary 
pH and molar damage scores is indicated 
in table 4, whether the alteration in pH 
was caused by addition of glutamic acid 
or by different levels of sodium bicarbon
ate. On a molar basis, about 4% sodium

TABLE 4
E ffe c t o f add ing  free organic acids, m o n o so d iu m  g lu ta m a te  and  

sod ium  bicarbonate to a 5%  casein-am ino acid d i e t1

T reatm ent
no.

D iet variab les
D iet
pH G a in /d a y M olar 2

scoreFree organic acid  or 
m on osod ium  glu tam ate NaHCOa

1

%

E x p e r im e n t  1
N o n e  2 7.1

g

6.2 ± 0 . 2  3 2 ±  1 .0  a
2 3%  g lu ta m ic 2 5 .4 6 .3  ± 0 . 2 16  ±  3 .5  c
3 7%  g lu ta m ic 2 4 .9 6.6 ± 0 . 1 2 9  ± 3 . 3  b
4 6.3%  a sp a r tic 2 4 .8 6. 2 ±  0 .2 2 7  ± 2 . 8  b-c
5 5.6%  s u c c in ic 2 4 .9 4 .2  ±  0 .3  4 2 8  ± 2 . 7  b

1
E x p e r im e n t  2

N o n e  — 6 .5 5 .4  ± 0 . 4 5  ± 2 . 6 “
2 N o n e 2 7 .0 5 .4  ± 0 . 1 7 ±  3 .9  a
3 7%  g lu ta m ic — 4 .5 5 .8  ± 0 . 2 2 9 ±  1 .9  b
4 7%  g lu ta m ic 2 4 .9 6 .1  ± 0 . 3 2 4  ± 3 . 6  b>c
5 7%  g lu ta m ic 4 5 .9 5 .5  ± 0 . 2 1 2 ± 4 . 7  a>c
6 8 .05%  m o n o s o d iu m  g lu ta m a te — 6.6 6.0 ± 0 . 2 9  ±  3 .4  a
7 8 .0 5 %  m o n o s o d iu m  g lu ta m a te 2 7 .0 5 .9  ± 0 . 2 2 ±  1 .3  a

1 D iet w as iden tica l w ith  no. 300 except fo r addition  of 5% casein  and  varia tions of free organic 
acids, m onosodium  glu tam ate, NaHCC>3 and  cornstarch .

2 D ata in  experim ents 1 and  2 were analyzed separately. M ean scores w ith  d ifferent superscrip t 
le tte rs (a ,b ,c ) differ significantly  (P  <  0 .01); w ith  sam e superscrip t le tte r ( c )  differ significantly  
(P  <  0.05).

3 M ean ±  SE /treatm ent of 10 rats.
4 S ignificantly (P  <  0.01) low er th a n  o ther trea tm en ts  in  experim ent 1.
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bicarbonate is required in amino acid diet 
300 to convert 7% free glutamic acid to 
its monosodium salt. Increasing the bi
carbonate to this level decreased molar 
damage significantly (P < 0.05), the 
resulting scores being similar to those 
obtained when 8.05% monosodium glu
tamate was fed.

Fluoride, while effectively inhibiting 
molar breakdown when provided in the 
drinking water at 50 ppm, was also ob
served to decrease slightly the growth 
rate of rats fed 20% casein diets. How
ever, no consistent effect of fluoride on 
weight gain was found for rats receiving 
amino acid diet 300 and given 3 levels of 
fluoride: 5, 15 or 50 ppm (table 5). 
Although 5 ppm did result in a highly 
significant reduction (P < 0.01) in tooth 
damage scores, a further significant im
provement occurred with 50 ppm fluoride.

The importance of bacteria in break
down of molars induced by the feeding 
of free glutamic acid is shown by data in 
table 6, which summarizes the results of 
adding 200 ppm penicillin to the dry diets. 
A lower concentration of 100 ppm had not 
proven to be effective (table 3). In this 
series of treatments, rats consuming amino 
acid diets containing equimolar amounts of 
either monosodium glutamate or glutamic 
acid exhibited about the same amount of 
tooth damage when sodium bicarbonate 
was omitted from the rations, despite the 
wide difference in dietary pH (4.3 vs 6.7). 
These data confirm unpublished results 
found previously with smaller number of

TABLE 5
M olar pro tection  w ith  three  levels o f fluoride  

in  ra ts fed  a m in o  acid  d iet 300  1

Fluoride added to 
d rink ing  w ater 2 G a in /d ay  3 M olar 

score 4
p p m 9

4 .6  ±  0 .2  5 36  ± 2 .0  a
5 4 .4  ± 0 .3 23 ±  3 .7  b

15 5.0 ±  0.2 17 ±  2 .8 b
50 4 .6  ± 0 .1 7 ± 2 .6  c

1 D iet 300 con ta in ed  4.8 ppm  fluoride. A ssayed by 
Curtis and T om pkins, Ltd., San  Francisco.

2 Sodium  fluoride.
3 D aily  w e igh t ga in s w ere not sign ifican tly  different 

(P  <  0 .0 5 ).
4 M ean scores w ith  different superscript letters  

(a ,b ,c )  differ sign ifican tly  (P  <  0 .0 1 ); w ith  sam e  
superscript letter  ( b )  are not s ign ifican tly  different 
(P  <  0 .0 5 ).

5 M ean +  s e  o f 16 ra ts/trea tm en t.

rats which indicated that rapid destruc
tion of molars could occur with the amino 
acid diets whether they had an acid re
action or not.

Bacterially induced decay appeared to 
be a factor in the destruction of teeth of 
rats fed monosodium glutamate, since 
penicillin effectively prevented damage 
with those diets. Although damage was 
also reduced when penicillin was added 
to the glutamic acid diets, occlusal ero
sion was general, probably the result of 
acid demineralization. Deep lesions which 
penetrated into the pulp of the molars 
were observed only in rats that had not 
received penicillin.

The data also indicate that supplements 
of either 5% casein (table 4) or 2% 
sodium bicarbonate (table 6) to the mono
sodium glutamate-amino acid diet changed 
conditions so that only minor damage

TABLE 6

E ffec t o f adding 200 p p m  p en ic illin  to a m ino  acid diets

T reatm en t
no. Glu

tam ic
acid

Diet variab les 1

Mono- Pen icillin  
sodium  G 

g lu tam ate  potassium
NaHCOa

Diet
pH G ain /d ay M olar

score

% % ppm % 9
1 H — — 2 5.0 5.1 ± 0 .2  2 29 ± 4 .2
2 7 — 200 2 5.0 5.1 ± 0 .2 1 0 ± 2 .7  **
3 n — — — 4.3 4 .7  ± 0 .1 34 ± 2 .9
4 7 — 200 — 4.3 5 .2  ± 0 .2 1 6 ±  1.8 **
5 — 8.05 — — 6.7 4 .7  ±  0 .2 32  ± 3 .3
6 — 8 .05 200 — 6.7 5.4 ± 0 .2 o **
7 — 8.05 — 2 7.2 4 .4  ± 0 .2  * 6 ± 2 .7  **
8 — 8.05 200 2 7.2 4 .7 ±  0.3 2 ±  1.3 **

1 Ingred ien t ch an ges m ade at exp en se  o f cornstarch.
2 M ean +  s e  of 10 ra ts/trea tm en t.

* S ign ifican tly  (P  <  0 .0 5 ) d ifferent from  treatm ent 1 (d ie t  3 0 0 ).  
** S ign ifican tly  (P  <  0 .0 1 ) d ifferent from  treatm ent 1 (d ie t  30 0 ).
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occurred. A comparison of similar treat
ments in tables 4 and 6 show a tendency 
for lower scores in the casein-supplemented 
rats, as well as an improved growth rate. 
A similar situation is not apparent for 
treatments with sodium bicarbonate, 
however, since growth depression was 
sometimes indicated when additions of 
this substance were made to the diet.

Amino acid diets developed in recent 
years to produce satisfactory growth in 
rats have sometimes been mixed with 
water before feeding (1-3) to take ad
vantage of improved rate and efficiency of 
growth associated with wet diets (13). 
Diet 300 and variations of it were fed dry 
in the present experiments because of the 
high sugar content and the insolubility of 
some of the ingredients. For treatment 3, 
table 7, a limited amount of water was 
incorporated into the diet to make a thick 
slurry before corn oil was added, a tech
nique which largely overcame the problems 
of adhesiveness and diet separation. The 
addition of water to diet 300 produced a 
significant improvement (P < 0.05) in 
molar damage scores, although growth 
rate was not similarly affected.

The type of carbohydrate, found to be 
of major importance in determining the 
cariogenic nature of animal diets (14—16), 
also appears to be a vital factor affecting 
tooth damage when amino acid diet 300 
is fed. Molar scores were highest with 
sucrose, intermediate with glucose, and 
minor with starch when these 3 substances 
were compared as the major carbohydrate

source. Even greater differences might 
have resulted if the glucose and starch 
diets had not contained 15% sucrose.

DISCUSSION
Tooth breakdown observed in rats fed 

amino acid or casein diets containing 7% 
glutamic acid was found to be similar in 
many respects to tooth decay generally 
associated with cariogenic diets. This was 
true for the gross appearance of the lesions 
(except for the less serious occlusal sur
face “cupping” sometimes observed with 
acid diets) and also in the nature of 
response to such cariostatic materials as 
fluoride, penicillin and sodium phosphate. 
Type of carbohydrate was of major im
portance in the amino acid diets, the 
damage observed to be extensive with 
sucrose and minor with cornstarch when 
these materials were compared as primary 
dietary components, a situation very much 
like that reported for cariogenic diets fed 
to hamsters (14) and rats (15, 16).

Microorganisms are ultimately respon
sible for tooth decay, since it does not 
occur in their absence (17). The impor
tance of bacteria in tooth breakdown with 
diet 300 was demonstrated by the limited 
damage—a relatively minor degree of 
surface occlusal erosion—found when 
supplementation was made with 200 ppm 
penicillin. Serious penetration and under
mining of tooth structure was therefore 
indicated to be decay caused primarily by 
penicillin-sensitive bacteria. Further, this 
breakdown also was observed with the

TABLE 7
Effect of further modifications of amino acid diet no. 300 on tooth breakdown

Treatment
no.

Diet
pH Gain/day Molar

score

i 20% casein  diet (no. 100) 6.2
9

6 .2 ±  0.3 1 ** Q £*

2 Am ino acid diet (no. 300) 5.0 5.1 ± 0 .2 29 ± 4 .2

M odifications of diet no. 300:
3 Diet fed w e t 2 5.0 5.4 ± 0 .2 19 ± 4 .2  *
4 4% NaHCOs 6.0 4.9 ± 0 .2 11 ± 3 .4  **
5 50% cornstarch 3 5.2 5.3 ± 0 .2 9 ± 3.3 **
6 50% glucose monohydrate 3,4 5.1 5.2 ± 0 .2 1 7 ±  1.9 **
7 50 % dextrin 3 5.0 5 .0 ± 0 .1 9 ±  3.4 * *

1 M ean ±  se of 10 ra ts /tre a tm e n t.
2 D iet con ta ined  15% w ater.
3 D iet also con ta ined  15% sucrose; confectioner’s sugar om itted.
4 Cerelose, C om  Products Com pany, Argo, Illinois.
* Significantly  (P  <  0.05) d ifferent from  trea tm en t 2.

**  Significantly  (P  <  0.01) d ifferent from  trea tm en t 2.
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feeding of neutral amino acid diets where
upon it could be completely eliminated 
with penicillin treatment. This suggested 
that bacteria, nurtured by available sugar 
and free amino acids, were capable of 
effectively destroying molars in only 4 
weeks’ time without the aid of demineral
izing dietary acid. Chelation occurring 
with the feeding of EDTA has been found 
to decalcify molar surfaces of rats (18, 
19) and is a possibility with free amino 
acids in solution at a relatively neutral pH. 
However, chelation probably was not a 
factor for molar erosion in these studies 
since none was apparent when the neu
tral amino acid diets were supplemented 
with penicillin.

Damage with rats fed EDTA was also 
influenced by the amount of sucrose in 
the diet (20) and largely prevented by 
antibiotic supplementation (19). However, 
in contrast with our experience with 
glutamic acid, EDTA was reported to af
fect the smooth surfaces to a greater 
degree than the occlusal areas of the molar 
teeth (19, 20). Studies of acid damage to 
rat teeth from acid beverages (21, 22) 
have also shown that the smooth surfaces 
of the molars were affected, but unlike 
the results for either glutamic acid or 
EDTA, lesions were exclusively in the 
nature of erosion and therefore did not 
resemble typical caries.

The necessary presence and activity of 
certain oral microorganisms for serious 
damage when either acids or chelators are 
included in diets indicate that the destruc
tive action of these factors, like many 
others, are determined by the way they 
influence the attack of decay-causing bac
teria. Demineralization of molar surfaces 
may allow easy initial penetration of tooth 
structure by microorganisms, but a fur
ther, direct effect on bacteria by free amino 
acids and EDTA is also possible. Availa
bility of amino acids and an acid pH will 
favor the growth of certain microorgan
isms. Chelation, from the addition of 
EDTA to the medium, improved the growth 
of Escherichia coli in experiments by 
Shipe and Fields (23).

Additional investigation is needed to 
elucidate the mechanism of tooth break
down with free amino acid diets as well 
as the role of bacteria in this destructive

process. The influence of dietary ingredi
ents such as chelating agents and organic 
acids are of practical importance in helping 
to explain rampant caries that sometimes 
affect children. Highly acid foods com
monly ingested are soft drinks and fruit 
juices, which may, in combination with 
dry food in the mouth, create a situation 
not unlike that found with the acid diets 
fed to rats in these studies.

Fluoride, provided in the rat’s drinking 
water during the same period when the 
acid diets were fed, proved highly bene
ficial in reducing damage scores. Although 
occlusal erosion was evident in most rats 
fed penicillin-supplemented acid diets, it 
was rarely observed in those given 50 ppm 
fluoride. Effective in vivo protection by 
fluoride against acid demineralization of 
molar surfaces was therefore indicated.

An obvious conclusion from this work is 
that diets containing free amino acids can 
cause serious damage to the teeth of 
recipient animals in a relatively short 
time. Restriction of acid components such 
as glutamic and aspartic acid, neutraliz
ation with sodium bicarbonate or other 
base, feeding the diet mixed with water 
and keeping sucrose content minimal are 
ways to help overcome this problem. That 
amino acid diets need not be injurious to 
the teeth was indicated by the work of 
Greenstein et al. (24) who fed a water- 
soluble amino acid diet in a 50% solution 
with water (pH 4.5 to 5.5) and detected no 
lesions on the molars of rats that had 
consumed this diet for over a year from 
weaning.

LITERATURE CITED

1. Salm on, W. D. 1964 Relative potency of 
diets containing am ino acids and proteins 
for promoting growth of rats. J. Nutr., 82: 
76.

2. Ranhotra, G. S., and B. C. Johnson 1965 
Effects o f feed ing different am ino acid 
diets on growth rate and nitrogen retention  
of w eanling rats. Proc. Soc. Exp. Biol. Med., 
118: 1197.

3. Rogers, Q. R., and A. E. Harper 1965 
Am ino acid diets and m axim al growth in  
the rat. J. Nutr., 87: 267.

4. Larson, R. H. 1962 A semipurified caries- 
test diet for rats. J. Dent. Res., 41: 178.

5. Snedecor, G. W. 1956 Statistical Methods, 
ed. 5. The Iowa State College Press, Ames.

6. Duncan, D. B. 1955 M ultiple range and 
m ultiple F tests. Biom etrics, 11: 1.



TO O TH  DAM AGE FR O M  A M IN O  ACID D IETS 197

7. Volker, J. F. 1939 Effect of fluorine on 
solubility of enam el and dentine. Proc. Soc. 
Exp. Biol. Med., 42; 725.

8. Buonocore, M. G., and B. G. Bibby 1945 
The effects of various ions on enam el solu
bility. J. Dent. Res., 24: 103.

9. McCay, C. M., R. A. Gortner, Jr. and J. B. 
Restarski 1945 The influence of fluoride 
on in  vivo tooth décalcification in  rats and 
dogs by acid beverages. Federation Proc., 4: 
158.

10. Eigen, E., A. R. Volpe, F. M. Lapeyrolerie, 
S. W eiss and W. J. King 1963 An in  vivo 
technique for determ ining the effect of 
agents on enam el solubility in  hum an sub
jects. Arch. Oral Biol., 8: 459.

11. N izel, A. E., and R. S. Harris 1964 The 
effects o f phosphates on experim ental dental 
caries: A literature review . J. Dent. Res., 
43; 1123.

12. Harris, R. S., and A. E. N izel 1965 Effects 
of cation on the cariostatic activity o f ortho
phosphate. J. Dent. Res., 44: 416.

13. Keane, K. W., C. J. Smutko, C . H. Krieger 
and A. E. Denton 1961 Water addition to 
purified diets. II. Effects o f water and carbo
hydrate on protein efficiency ratio in  rats. 
J. Nutr., 81: 87.

14. Shafer, W. G. 1949 The caries-producing 
capacity o f starch, glucose, and sucrose diets 
in  the Syrian ham ster. Science, 110: 143.

15. Grenby, T. H. 1963 The effects o f some 
carbohydrates on experim ental dental caries 
in  the rat. Arch. Oral Biol., 8: 27.

16. Konig, K. G., and T. H. Grenby 1965 The 
effect of w heat grain fractions and sucrose 
m ixtures on rat caries developing in two 
strains o f rats m aintained on different 
regim es and evaluated by two different 
m ethods. Arch. Oral Biol., 10: 143.

17. Orland, F. J., J. R. Blayney, R. W. Harrison, 
J. A. Reyniers, P. C. Trexler, H. Gordon, M. 
W agner and T. D. Luckey 1954 Use of 
the germfree anim al technique in  the study 
of experim ental caries. I. Basic dental study 
of rats reared free of all m icroorganism s. J. 
Dent. Res., 33: 147.

18. Zipkin, I. 1953 Caries potentiating effect 
of ethylene diam ine tetraacetic acid in  the 
rat. Proc. Soc. Exp. Biol. Med., 82: 80.

19. Stephen, R. M., and M. R. Harris 1955 
Location of experim ental caries on different 
tooth surfaces in  the Norway rat. In: Ad
vances in  Experim ental Caries Research, 
ed., R. F. Sognnaes. Am erican Association  
for the Advancem ent of Science, W ashington, 
D. C., p. 47.

20. Shaw, J. H., and O. P. Gupta 1956 The 
relation of a chelating agent to smooth- 
surface lesions in  the w hite rat. J. Nutr., 
60: 311.

21. McClure, F. J. 1943 The destructive ac
tion, in  vivo, of dilute acid drinks and 
beverages on the rat’s m olar teeth. J. Nutr., 
26: 251.

22. W ynn, W., and J. H aldi 1948 The erosive 
action of various fruit juices on the lower 
m olar teeth of the albino rat. J. Nutr., 35: 
489.

23. Shipe, E. L., and A. Fields 1956 Chelation  
as a m ethod for m aintain ing the coliform  
index in  water sam ples. Public H ealth Rept., 
71: 974.

24. Greenstein, J. P., S. M. B im baum , M. W initz  
and M. C. Otey 1957 Quantitative nutri
tional studies w ith water-soluble, chem ically  
defined diets. I. Growth, reproduction and 
lactation in  rats. Arch. Biochem. Biophys., 
72: 396.



Site and Rate of Active Transport of L-Lysine in the 
Intestine of the Fow l1,2

J. R. FEARON a n d  F. H. BIRD
Department of Animal Sciences, University of Maine, Orono, Maine

ABSTRACT A study w as m ade to determ ine w hether the avian sm all intestine  
was capable of actively transporting L-lysine from  the m ucosal to the serosal surface 
against a concentration gradient; and if  it was, whether the rate of transport varied  
along the length of the intestine. The rate of active transport o f L-lysine across the 
intestinal w all of the fow l was determ ined at 6 levels of the sm all intestine; the 
upper and lower halves of the duodenum , of the jejunum  and of the ileum . Transport 
rates were calculated both as the am ount of lysine transported per unit w eight of 
dried intestine and per length of live intestine. These data indicated no active 
transport of lysine by the duodenum  but active transport by the jejunum  and ileum . 
Based on weight, the jejunal and ileal levels transported 7.0 mmoles of ly s in e /g  of 
dried intestine per hour. Based on length, the rate of active transport progressively de
creased significantly from  the upper jejunal to lower ileal regions of the sm all in tes
tine. It was concluded that rates of L-lysine transported across the intestinal w all 
based on unit length represented true physiological differences between the various 
intestinal segm ents studied.

Kratzer (1) concluded that all amino 
acids were absorbed by simple diffusion. 
He measured the rate of absorption of 15 
amino acids (including L-lysine) from 
the intestinal tract of White Leghorn 
chicks using the Cori method. In this pro
cedure a measured volume of solution 
was introduced into the crop of an un
anesthetized chicken, and at the end of 
the experimental period the animal was 
killed, and the unabsorbed gastrointes
tinal tract contents were analyzed.

Hagihira et al. (2), using everted sacs 
of intestine and an initial 1 m M  amino 
acid concentration in the mucosal and 
serosal fluids, successfully demonstrated 
that L-lysine is actively transported across 
the intestinal wall of the hamster against 
a concentration gradient. According to 
Wilson (3), Hagihira showed that the 
rate of active L-lysine transport is approxi
mately the same in the upper, mid, and 
lower small intestine of the hamster. Lar
sen et al. (4) obtained similar results 
using everted sacs of rat small intestine.

Since the Kratzer study, Paine and 
Newman (5), and Lin and Wilson (6) 
have found evidence that the L-isomers 
of methionine and histidine, and the l - 
isomer of tyrosine, respectively, are trans
ported across the intestinal wall of the 
chick by a selective process.

Imondi and Bird (7) investigated the 
site of nitrogen absorption in the fowl and 
found that the percentage of dietary nitro
gen which disappeared from each intes
tine level progressively decreased from 
the upper jejunum to the lower ileum.

The present investigation was under
taken to gain a more thorough understand
ing of the physiology of absorption in 
the avian intestine. The specific aims of 
the investigation were to determine 
whether the avian intestine was capable 
of actively transporting L-lysine from the 
mucosal to the serosal surface against a 
concentration gradient; and if it was, at 
what rate the lysine was transported 
across the various levels of the intestine 
(upper and lower halves of the duodenum, 
of the jejunum, and of the ileum).

EXPERIMENTAL PROCEDURE 
AND MATERIALS

The procedure and the radiometric 
techniques used have been presented in
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detail in a previous paper (8). A modifi
cation of the Wilson and Wiseman (9) 
in vitro everted sac technique was used. 
The mucosal and serosal fluid contained 
an initial 1 mM lysine concentration and 
an initial 1.78 m M  glucose concentration
(8). The salts and glucose used to prepare 
the mucosal and serosal fluid were A.C.S. 
certified.

Chromatograms of the L-lysine hydro
chloride and radiograms of the L-lysine- 
14C hydrochloride (hereafter lysine) 
(specific activity: 130 aCi/mmole) indi
cated both compounds to be pure. Chro
matograms and radiograms of the 
postincubation serosal fluids from all 6 
levels of intestine studied showed that 
lysine was the only ninhydrin-sensitive 
and radioactive compound present. It was 
assumed, therefore, that the results of all 
radioactivity analyses were direct meas
urements of the amount of lysine present. 
All chromatograms and radiograms were 
developed on Whatman no. 1 chromato
graphic paper with n-butanol: acetic 
acid:water (4:1:5) solvent mixture, and 
sprayed with ninhydrin. A chromatogram 
scanner was used to locate the lysine-14C 
following chromatography.

The intestinal segments were obtained 
from young adult White Leghorn cockerels 
maintained with the modified 1965 New 
England College Conference broiler 
starting diet.

The statistical analysis for all data was 
performed according to Snedecor’s approxi
mate method of analysis of variance for 
block design with disproportionate sub
class numbers (10).

RESULTS
1. Lysine transport based on weight of 

dried intestinal sac. The milligrams of 
lysine actively transported per gram of 
dried sac by the upper and lower levels 
of the duodenum after 40, 60, and 80 
minutes of incubation are shown in table 
1. Since there were no appreciable differ
ences in the amount of lysine transported 
across the duodenal wall for the three 
incubation periods, and since the amounts 
transported were very close to zero, it was 
concluded that the duodenum did not 
actively transport lysine. The finding3 
that glucose was actively transported by 
both levels of the duodenum under like 
conditions demonstrated the integrity of 
the duodenal active transport system.

The upper and lower levels of both the 
jejunum and the ileum did transport 
lysine against a concentration gradient 
(table 2). There were no significant dif-

TABLE 1
M i l l i g r a m s  1 o f  i - l y s i n e  a c t i v e l y  t r a n s p o r t e d  

a c r o s s  t h e  u p p e r  a n d  l o w e r  l e v e l s  o f  t h e  
d u o d e n a l  w a l l  o f  t h e  a v i a n  i n t e s t i n e  

a f t e r  4 0 ,  6 0  a n d  8 0  m i n u t e s  o f  
i n c u b a t i o n  a t  3 7 °

Incubation
tim e

In te s tin a l levels

U pper duodenum Lower duodenum

m in m g / g  m g / 8  c m m g / g m g / 8  c m

40 —0.104  —0.049 - 0 .0 8 3 - 0 .0 3 5
60 - 0 .1 6 4  - 0 .0 7 3 - 0 .0 6 7 - 0 .0 3 1
80 - 0 .1 1 3  - 0 .0 7 3 - 0 .0 0 7 - 0 .0 0 3

1 E ach  value is the  average of 2 observations and  is 
expressed p er gram  of d ried  sac or per 8 cm  of in 
testine.

3 U npublished resu lts by J. R. F earon and  F. H. Bird.

TABLE 2
M i l l i g r a m s  1 o f  ~ L -ly sin e  p e r  g r a m  o f  d r i e d  s a c  a c t i v e l y  t r a n s p o r t e d  a c r o s s  t h e  u p p e r  a n d  

l o w e r  l e v e l s  o f  t h e  j e j u n a l  a n d  t h e  i l e a l  w a l l s  o f  t h e  a v i a n  i n t e s t i n e  a f t e r  4 0 ,  6 0  
a n d  8 0  m i n u t e s  o f  i n c u b a t i o n  a t  37°

Incubation Je ju n u m Ileum
tim e U pper level Lower level U pper level Lower level

m i n
40 0 .407  ±  0 .1 0 7  2 ( 4 )  3 0 .5 7 6  ±  0 .117 ( 6 ) 0 .7 7 4  ±  0 .179  ( 8 ) 0 .560  ±  0 .141 ( 9 )

60 0 .6 8 6  ±  0 .199 ( 5 ) 0 .7 5 0  ±  0 .176  ( 1 0 ) 1 .006 ±  0 .215  ( 7 ) 1 .077 ±  0 .233  ( 7 )

80 1 .722 ±  0 .200 ( 6 ) 1 .330 ±  0 .265 ( 7 ) 1 .923 ±  0 .4 8 3  ( 8 ) 1 .494 ±  0 .336  ( 7 )

1 There w ere no significant differences am ong these 4 levels w ith  respect to th e ir  ab ilities to ac
tively tran sp o rt lysine.

2 M eans ±  s e  of m ean.
3 N um bers in  paren theses are nu m b er of observations.



2 0 0 J .  R. FEA R O N  AND F . H . BIRD

ferences among these 4 levels with respect 
to their abilities to transport lysine. The 
rate of transport across these levels for 
40, 60, and 80 minutes of incubation was 
linear (P < 0.01) and there was no 
significant interaction between intestinal 
level and incubation time. Consequently, 
one straight regression line calculated 
from the data in table 2 represents the 
average rate of active lysine transport 
across these four intestinal levels (fig. 1). 
The average rate of active lysine trans
port under the conditions of these studies, 
was calculated to be 1.028 mg or 7.03 
umoles/g of dried sac per hour. Also pre
sented in figure 1 is the mean amount of 
lysine transported by each level during 
each of the three incubation intervals.

2. Lysine transport based on length of 
live intestinal sac. The milligrams of 
lysine activity transported by an 8-cm 
length of live intestine from each of the 6 
levels of the small intestine during the 
three incubation periods are tabulated in 
tables 1 and 3. These data indicate that 
the upper and lower levels of the duodenum 
(table 1) did not transport lysine, whereas 
the other 4 levels did (table 3). There 
were no significant differences among the 
lower four intestinal levels with respect 
to their ability to actively transport lysine. 
Their rate of transport with time was 
linear (P < 0.01).

There was a significant interaction 
(P < 0.05) between intestinal level and 
incubation time. This variation in rate of 
transport with time is shown in figure 2.

DISCUSSION

1. Lysine transport based on weight of 
dried intestinal sac. The results of the 
lysine transport study based on a unit of 
weight of dried tissue (table 1 and fig. 1) 
indicate there is a high degree of similarity 
between the avian and mammalian classes.

Fig. I Average rate per gram o f dried sac 
of active transport of L-lysine across the upper 
and lower halves o f the jejunal and ilea l walls 
of the avian intestine; each point represents a 
m ean of 4 -1 0  determinations.

TABLE 3

M illigram s 1 o f v-lysine  per 8 c m  o f in te s tin e  a c tively  transported  across th e  u p per and  
loxver levels o f  th e  je ju n a l a n d  th e  ileal w alls o f  th e  a v ia n  in te stin e  a fte r  40, 60  

and  80 m in u te s  o f in cu b a tio n  a t 37°

Incubation Je ju n u m Ileum
tim e U pper level Lower level U pper level Lower level

m in
40 0 .1 3 0  ±  0 .043  ( 6 ) 0 .1 7 6  ±  0 .051 ( 9 ) 0 .213  ±  0 .0 3 6  ( 8 ) 0 .1 3 7  ±  0 .0 3 6  ( 9 )

60 0 .294  ±  0 .0 7 7  ( 7 ) 0 .2 9 7  ±  0 .0 6 7  ( 1 0 ) 0 .2 6 0  ±  0 .0 6 5  ( 8 ) 0 .279  ±  0 .060  ( 7 )

80 0 .8 4 2  ±  0 .308  ( 5 ) 0 .634  ±  0 .190 ( 7 ) 0 .5 6 7  ±  0 .1 3 6  ( 8 ) 0 .3 9 8  ±  0 .087  ( 7 )

! There w ere no significant differences am ong these 4 levels of in testin e  w ith  respect to th e ir  ab ili
ties to actively tran sp o rt lysine a lthough  there w as a  significant tim e x level in terac tio n  (P  <  0.05).

2 M eans ±  SB of m ean.
3 N um bers in  paren theses are num ber of observations.



SIT E  AND RA TE O F A CTIV E TR A N SPO R T  O F L -L Y S IN E 201

INCUBATION TIME (MINI

Fig. 2 Rate per 8 cm  of live  intestine of 
active transport of L-lysine across the upper and 
lower halves o f the jejunal and ileal w alls of the 
avian intestine; each point represents a m ean  
of 5 -1 0  determ inations.

In the present investigation no significant 
differences were found in the ability of 
the upper and lower levels of the avian 
jejunal and ileal intestine walls to actively 
transport lysine. According to Wilson (3), 
Hagihira showed that the upper, mid, and 
lower levels of the hamster small intestine 
actively transport lysine at the same rate 
against a concentration gradient. Larsen 
et al. (4) observed similar activity by the 
rat small intestine.

There was no lysine transport in the 
avian duodenum (fable 1) in the present 
investigation. It is not clear whether Hagi
hira et al. (2) and Larsen et al. (4) made 
studies of this region.

The rate of active lysine transport 
across the upper and lower portions of 
the avian jejunal and ileal intestine walls 
in the present investigation was calculated 
to be 7.0 pmoles/g of dried sac per hour. 
This value is in close agreement with

Hagihira’s value, 7.7 pmoles/g of sac per 
hour in the hamster.

2. Lysine transported based on length of 
live intestinal sac. The data tabulated in 
table 3 and plotted in figure 2 indicate 
that the rate of lysine transport across the 
intestinal wall per unit length of intestine 
decreased progressively from the upper 
jejunum to the lower ileum. Although 
these results may appear to contradict the 
results based on tissue weight, they do not.

The dry weight of 8-cm lengths of live 
intestine is shown in table 4. Although a 
unit length of the upper level of the 
jejunum transported almost twice as much 
lysine as a unit length of the lower level 
of the ileum at the end of 80 minutes of 
incubation (table 3), the rate of transport 
based on tissue weight is similar for the 
2 levels, because the upper jejunum has 
approximately twice the weight of the 
lower ileum per unit length.

Both Verzar and McDougall (11) using 
the pigeon, and Imondi and Bird (12), 
using the chick, demonstrated a progres
sive decrease in the length of the villi 
from the duodenum through the ileum. 
Consequently, there must be a correspond
ing decrease in the mucosal absorptive 
area per unit length of intestine. These 
findings probably explain the observed 
decrease in the rate of transport from the 
upper jejunum to lower ileum when the 
rates are based on intestinal length. It is 
not known why the differences in trans
port rate were not manifested at 40 and 
60 minutes of incubation. Possibly indi
vidual variation among the birds over
shadowed any existing rate differences.

From the transport rates based on 
intestinal length, the observations of 
Verzar and McDougall (11), and those of 
Imondi and Bird (12), it is concluded 
that the rate of lysine absorption and the

TABLE 4

D ry w e ig h t o f 8-cm  leng ths o f various regions o f 
th e  a v ia n  sm a ll in te stin e

Intestinal
level Dry wt

g/8 cm
Upper jejunum 0.4395
Lower jejunum 0.4309
Upper ileum 0.3040
Lower ileum 0.2592
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area of mucosal absorptive surface of the 
avian small intestine levels below the 
duodenum are closely correlated. Thus, 
the progressive decrease in the rate of 
lysine transport per unit length from the 
upper jejunum to the lower ileum noted 
in this study is probably a reflection of 
the corresponding decrease in mucosal 
absorptive surface. Consequently, the 
transport rates based on intestinal length 
appear to be more nearly a true repre
sentation of the physiological differences 
among the various levels of the avian 
intestine to actively absorb lysine than 
the values based on intestinal weight.

The results reported by Imondi and 
Bird (7) add further support to this con
clusion. They showed, by means of an in 
vivo nonabsorbable marker technique, 
that the percentage of dietary nitrogen 
which disappeared per intestinal level 
decreased progressively from the upper 
jejunum to the lower ileum. Since their 
results were presented as absolute values 
instead of being based on intestinal weight 
or intestinal length, they are true values 
within the limitations of their experimen
tal procedure.
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Effects of Dietary EDTA and Cadmium on Absorption, 
Excretion and Retention of Orally Administered 65Zn 
in Various Tissues of Zinc-deficient and 
Normal Goats and Calves 1,2,3
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ABSTRACT The effects o f dietary EDTA (300  ppm ) and cadm ium  (350  ppm ) on 
absorption, excretion and tissue distribution of 65Zn were determined follow ing a single  
oral dosing in  zinc-deficient and norm al calves and goats. The feeding of EDTA had 
no significant effect upon fecal excretion or tissue distribution of 65Zn. However, there 
was a marked increase in  urinary 65Zn excretion am ong the EDTA-fed anim als w hich  
persisted throughout the experim ental period. Dietary cadm ium  decreased absorption 
and tissue concentration of 65Zn, W hen 65Zn w as calculated as percentage of absorbed 
dose m ost tissues of cadm ium -fed anim als contained am ounts comparable to those of 
other anim als. However, livers o f cadm ium -fed calves, but not goats, had more 65Zn 
as a percentage of absorbed dose than livers of other anim als. Cadmium had little  
effect on urinary excretion of 65Zn. In general the effects of dietary EDTA and of cad
m ium  in  zinc-deficient anim als were comparable to those in norm al anim als.

When added to diets containing phytic 
acid, orally administered ethylenediamine- 
tetraacetic acid (EDTA) can aid in the 
utilization of zinc by rats (1 ,2), turkey 
poults (3 ,4), chickens (5,6) and pigs
(7). This increased utilization may be due 
to increased absorption of the zinc (4, 5). 
No published information has been found 
concerning the effects of dietary EDTA 
upon the absorption and tissue distribution 
of orally administered 65Zn in normal or 
zinc-deficient ruminants.

Cadmium and zinc are related in the 
metabolism of mice (8 ,9), rats (8,10- 
12), rabbits (13), turkey poults (14), 
chicks (15) and calves (16). The oral ad
ministration of cadmium can cause symp
toms which resemble a zinc deficiency (14,
16). The exact mechanism by which cad
mium, an antimetabolite of zinc, causes 
these symptoms has not been elucidated. 
Cadmium may compete with zinc and re
place it at active metabolic sites thereby 
rendering them inactive (15).

In a previous publication (16), the cad
mium toxicity syndrome in the male bo
vine was described and the Cd-Zn relation
ship studied. However, that study was not 
designed to determine the effect of dietary 
Cd on absorption and tissue distribution of

63Zn and did not involve animals in a zinc- 
deficient condition.

The objective of the present study was 
to determine the effect of dietary EDTA 
and cadmium on absorption, excretion and 
tissue distribution of orally administered 
65Zn in normal and zinc-deficient calves 
and goats.

EXPERIMENTAL PROCEDURE

Eighteen male Holstein calves and 17 
male goats were fed a practical-type diet 
including commercial milk replacer and
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calf starter until 2 months of age. Using 
diets similar to those described previously 
(17,18) (the only change from diets 
listed in reference 17 was a 30% increase 
in vitamin A potency), they were then fed 
either a zinc-deficient or a control diet. The 
zinc-deficient animals were fed ad libitum 
and the normal ones (within replications) 
restricted to about the same level of in
take. By analysis the zinc-deficient basal 
diet contained 4.0 ppm zinc. The control 
diet was identical to the zinc-deficient diet 
except for the addition of 40 ppm supple
mental zinc as ZnO.

After the animals receiving the deficient 
diet developed typical symptoms of a zinc 
deficiency (19-21), they and the controls 
were assigned at random to one of the fol
lowing treatment diets: (a) basal, (b)
basal + 300 ppm EDTA (as disodium 
EDTA), or (c) basal + 350 ppm cadmium 
(as CdCl2). (In each replication, initially 
3 animals were assigned to the control diet 
and the same number to the deficient diet. 
During the time required for the deficiency 
to develop a number of animals were lost 
but generally not due to reasons associated 
with the treatments. In such instances, 
arbitrarily the cadmium treatment was left 
out in the randomization of animals to di
etary treatments.) All of the basal diets 
were zinc-deficient so as to avoid con
founding the metabolic effects of the zinc 
deficiency with the dietary effects due to 
differences in zinc level. Feeding of these 
diets began 7 days before oral dosing with 
65Zn.

The 65Zn (as ZnCh in HC1 solution) was 
administered orally in gelatin capsules by 
the procedure described previously (22). 
The calves weighed from 56 to 91 kg (avg, 
76 kg) and were 9 to 18 weeks of age (avg, 
15 weeks) at dosing. The goats were 16 
to 19 weeks of age (avg, 18 weeks) and 
weighed from 10 to 26 kg (avg, 15 kg) 
at dosing. All tissue concentration data 
were adjusted to a uniform body weight 
as discussed in a previous paper (22). Be
ginning 7 days before dosing, the animals 
were allowed to become accustomed to 
metabolism crates.

After dosing, fecal and urine output was 
determined by total collection daily. Blood 
samples were obtained from the jugular 
vein at 1, 4, 8, and 24 hours and 2, 4, 7,

10, and 13 days after dosing. Heparin was 
used to prevent coagulation and washed 
red blood cells were obtained as follows: 
50-ml aliquots were centrifuged and the 
plasma was removed. The red blood cells 
were resuspended and centrifuged 3 times 
in 30 ml saline. Serum was obtained from 
blood samples which were collected with
out an anticoagulant.

Fourteen days following dosing with 
65Zn, the animals were anesthetized by in
jection of sodium pentobarbital and killed 
by cannulation of the carotid artery to re
move blood from the organs and tissues. 
At this time, tissue samples were taken 
and frozen until analyses were made for 
stable zinc and 65Zn. The tissues were sam
pled in the following manner: (a) liver, 
1 g from lower center of reticular impres
sion; (b) spleen, 2 g from cross section at 
one-fourth of the distance from the tip to 
the other end; (c) kidney, 1 g from the 
medulla; (d) tibia, 1.5 to 2.0 g (calves) 
and 0.5 to 1.2 g (goats) from the epi
physeal-diaphyseal junction; (e) testicles, 
2-g sample from center cross section after 
the viceral layer and the tunica albuginea 
were removed; (f) muscle, 2-g section 
from the semitendinosus (round); (g) 
heart, 2 g from apex; and (h) lung, 2 g 
from center cross section avoiding major 
blood vessels.

Total zinc concentration was determined 
by atomic absorption spectroscopy with 
nitric-perchloric-sulfuric acid wet-ashing of 
samples (23). The 6!Zn activity of the sam
ples was determined with either a whole- 
body counter designed for small samples 
and a 400-channel multichannel analyzer4 5 * 
or an automatic gamma test tube changer 
system with a Nal (T l) well crystal.8

RESULTS

The daily rate and accumulated total 
fecal excretion of “Zn for the goats and 
calves are presented in figure 1. In most 
instances, the peak rate of fecal excre
tion of 65Zn from animals fed cadmium 
occurred at a later time after dosing than 
in those fed the basal and EDTA diets. 
The latter reached a peak at 2 or 3 days

4 T he whole-body counter w as m an u fac tu re d  by 
M etrix, Inc., Deerfield, Illino is, and  the  m u ltich an n e l 
analyzer by T echnical M easurem ents, Inc., N orth  
H aven, Connecticut.

5 M anufac tured  by B aird Atomic, C am bridge, M assa
chusetts.
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— - DEF. NONE -o- CONT. NONE 
“ EOTA '  EDTA

DAYS AFTER DOSING

—  DEF. NONE

Fig. 1 E ffects o f d ie ta ry  EDTA a n d  Cd on 65Z n  excretion  a n d  specific activ ity  in  n o rm al 
an d  zinc-deficient ru m in a n ts  follow ing a single  dose of 65Zn: (A ) daily  ra te  of feca l excre
tion  by calves (4 a n im a ls /tre a tm e n t excep t 3 fo r deficient-none and  2 fo r defic ien t-cadm ium ); 
(B )  accu m u la ted  to ta l feca l excre tion  by calves; (C )  specific activ ity  o f c a lf  feca l z inc ; (D )  
daily  ra te  of feca l ex cre tio n  by goats (3  g o a ts /tre a tm e n t excep t 2 fo r  control-ED TA ); (E )  
a ccu m u la ted  to ta l feca l ex cre tio n  by goats; a n d  ( F )  specific activ ity  o f goat fe ca l zinc.

after dosing which is comparable to pre
vious results (22). Within species, there 
were no significant differences between the 
65Zn excretion of the animals given EDTA 
and the controls. Likewise the differences 
between zinc-deficient and control animals 
fed the basal diet were not significant. 
Both goats and calves fed cadmium ex
creted considerably more 85Zn in the feces 
than did the others, with cadmium-fed 
calves excreting approximately twice as

much as goats given cadmium. After 8 
days, there were no large differences in 
daily excretion rate between any of the 
6 treatments.

The specific activity data (% of the 
65Zn dose excreted/mg of zinc) of goat 
feces (fig. 1) tended to be similar to those 
of the percentage of dose per gram of 
feces. In most instances the specific activ
ity of the feces from cadmium-fed goats 
was higher than that from the others. The
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specific activity of the feces from the 
calves fed cadmium (fig. 1) was not higher 
than the other calves as cadmium-fed ani
mals excreted considerably more stable 
zinc in the feces than the others. Fecal ex
cretion of total zinc was 2.6 times dietary 
intake in cadmium-fed calves indicating 
considerable endogenous loss. For calves 
given the other treatments and goats on 
all treatments, feed intake of total zinc 
was about equal to or larger than fecal 
losses.

Dietary EDTA significantly increased 
urinary excretion of 65Zn by the normal 
and deficient goats (fig. 2). A similar 
though somewhat less marked effect was 
observed in calves. Urinary 65Zn excretion 
of goats fed EDTA reached a peak on the 
second day after dosing, whereas in other 
animals a sharp peak did not occur.

Level of 66Zn in whole blood of both 
species (figs. 3-C and 4-A) increased very 
sharply for 8 hours with a further appre
ciable increase at 2 days. After that it ap
peared to increase slightly for the 14-day

—  DEF. NONE

DAYS AFTER DOSING

Fig. 2  E ffects o f d ie ta ry  EDTA an d  Cd on 
65Z n excre tion  a n d  specific activ ity  in  u rin a ry  
z inc  o f no rm al an d  zinc-deficient goats follow ing 
a  single o ral dose of 65Zn: (A ) daily  ra te  of 
u r in a ry  ex cre tio n ; (B )  accu m u la ted  to ta l u r in a ry  
excretion . T hree  a n im a ls /tre a tm e n t except 2 for 
control-EDTA.

study period. The e5Zn, as percentage of 
dose per gram, in the goat serum (fig. 3-A) 
and calf plasma (fig. 4-B) increased for 
the first 2 to 4 days following dosing and 
declined thereafter. The 65Zn content of 
red blood cells in calves (fig. 4-C) in
creased rapidly for the first 24 hours and 
then advanced at a much slower rate until 
the end of the experimental period. Levels 
of 65Zn were much lower in whole blood, 
plasma and red blood cells of calves fed 
cadmium and tended to be lower in whole 
blood and serum from goats given cad
mium than in those fed the other diets. 
There were no important differences in 
65Zn content of whole blood, red blood cells, 
serum, or plasma among animals fed the 
EDTA and the basal diet.

The specific activity data for the zinc in 
goat serum (fig. 3-B) and whole blood (fig.
3- D), and calf whole blood (fig. 4-D), plas
ma (fig. 4-E), and red blood cells (fig.
4- F) followed the same general trend as 
the 65Zn content data.

Percentages of the 65Zn dose retained in 
various goat and calf tissues are presented 
in tables 1 and 2. In all instances liver 
contained the highest concentration with 
spleen, kidney, lung and heart also having 
large amounts and usually in that order. 
The other tissues contained considerably 
less 65Zn with the bone and skin having the 
least. The deficient animals retained a 
larger percentage of the dose in most tis
sues which is comparable to previous re
sults (22). Bone was a notable exception 
to this effect. In general EDTA did not 
have large effects on 65Zn distribution in 
tissues. However, there was a tendency for 
the normal goats and calves fed EDTA to 
have slightly more 65Zn in their tissues 
than the normal animals fed no EDTA 
whereas the zinc-deficient animals given 
EDTA had slightly less tissue 65Zn than the 
zinc-deficient ones given no EDTA. None 
of these differences was significant (P = 
0.05).

The tissues from calves and goats fed 
cadmium generally contained a lower level 
of 65Zn than those of the animals given no 
additives (tables 1 and 2). In calves this 
effect was usually significant (P = 0.05). 
However, in most instances the differences 
in goat tissues were not significant. When 
calculated as percentage of absorbed dose
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Fig. 3 E ffects o f d ie ta ry  EDTA a n d  Cd o n  65Z n  co n te n t a n d  specific activ ity  o f goat w hole 
blood an d  se ru m  fo llow ing a  single o ra l dose of 65Zn: (A ) 65Z n  co n ten t o f serum  (v a lu es p resen ted  
as exponents to  avoid aw k w ard  n u m b ers , fo r ex am p le  0.4 X 1 0 'J should  be  re ad  0 .0 0 0 4 ); (B )  
specific activ ity  o f serum  zinc ; (C )  65Z n  co n ten t o f w hole blood; (D )  specific activ ity  o f w hole 
blood zinc. T hree  a n im a ls /tre a tm e n t excep t 2  fo r control-EDTA.

TABLE 1

E ffects o f d ietary  E D TA  a n d  Cd on e5Z n  re ten tio n  in  tissues o f zinc-deficien t and  control goats 14
days a fte r  oral dosing

C ontrol1 Zinc-deficient
Tissue None 

(3 goats)
EDTA 

(3 goats)
Cd

(3 goats)
None 

(3 goats)
EDTA 

(2 goats)
Cd

(3 goats)
SE 2

H eart 7.30ab 3 9.35»
% of as

3.88»
Zn dose/kg of fresh Ussite

7.69ab 6.80ab 5.43»» 1.14
L ung 8.18a 9.70» 6.91» 7.83» 6.31» 6.37» 1.36
Liver 17.68ab 23.11» 9.96» 21.33» 13.84»» 18.10»» 1.79
Spleen 10.10»» 13.96» 6.44» 12.07» 8.83»» 8.95»» 1.43
Kidney 8.45» 12.87» 6.02» 11.92» 8.15» 9.21» 1.88
Testicles 5.27ab 5.96» 2.63» 4.20»» 2.68»» 3.24»» 0.72
Scrotum 3.28ab 3.85» 1.55» 3.17»» 1.97»» 1.39» 0.53
M uscle ( ro u n d ) 5.12» 3.64*» 1.72» 4.40» 2.90»» 3.67»» 0.57
Bone ( t ib ia ) 2.56» 1.88»» 0.78= 1.08»' 0.83»' 0 .79 ' 0.27
Skin 2.57» 2.86» 1.19» 2.08»» 2.13»» 1.50» 0.25

1 Control an im als were in  a no rm al physiological condition. All an im als given low zinc purified basa l diet 
w ith  e ither no additive (N o n e), 300 ppm  EDTA, or 350 ppm  cadm ium .

2 se =  sta n d ard  erro r of a trea tm en t m ean  fo r 3 anim als. W hen only 2 an im als are in  a  trea tm en t the SE 
should  be m ultip lied  by 1.225.

3 W ith in  each  in d iv id u a l tissue those values n o t follow ed by th e  sam e le tte r are significantly  d ifferent at 
the 5% probability  level.
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Fig. 4 E ffects of d ie ta ry  EDTA a n d  Cd on €5Z n  c o n ten t an d  specific activ ity  o f z inc  follow 
in g  a  single  o ra l dose of 65Z n: (A ) 65Z n  c o n ten t o f w hole blood (v a lu es  p resen ted  as ex
p o n en ts  to avoid use of aw kw ard  n u m b ers , fo r exam ple  0.4 X 10-4 should  be re ad  0 .00004); 
(B )  65Z n  co n ten t of p la sm a ; (C )  65Z n  co n te n t of red  blood cells; (D )  specific activ ity  of w hole 
blood z inc ; (E )  specific activ ity  o f p lasm a  zinc ; ( F )  specific activ ity  of red  blood cell zinc. 
F o u r c a lv e s /tre a tm e n t excep t; 3 fo r deficient-none, 2  fo r defic ient-cadm ium , an d  1 fo r control- 
cadm ium .

TABLE 2
E ffects o f  d ietary  E D TA  a n d  Cd on  65Z n  re ten tio n  in  tissu es o f zinc-deficien t a n d  control calves 14

days a fte r  oral dosing

C ontrol1 Zinc-deficient
Tissue None 

(4 calves)
EDTA

(4 calves)
Cd

(1 calf) 2
None 

(3 calves)
EDTA

(4 calves)
Cd

(2 calves)
SE 3

H eart 1.46“ 4 1.67“
% of 65 Zn dose/kg of fresh tissue

0.47 2.03a 2.06a 0.42» 0.19
Lung 1.60b 1.83“b 0.51 2.37“ 2.10“» 0.46 ' 0.18
Liver 3.34»' 3 .90“b 1.59 5.19“ 5.55“ 1.58' 0.41
Spleen 1.99“ 2.33“ 0.52 3.09“ 2.74“ 0.55» 0.33
Kidney 1.59» 1.91“» 0.58 2.56“ 2.45“ 0.56 ' 0.21
T esticles 1.12“ 1.24“ 0.35 1.50“ 1.40“ 0.25» 0.16
Scrotum 0.52“b 0.47“b 0.12 1.03“ 0.77“» 0.09» 0.15
M uscle ( ro u n d ) 0.68“ 0.62“ 0.14 0.71“ 0.68“ 0.14» 0.08
Bone ( t ib ia ) 0 .58“ 0.45“b 0.08 0.38“» 0.26“» 0.05» 0.09
Skin 0.40b 0.42“» 0.13 0.62“ 0.57“» 0.08 ' 0.49

1 C ontrol an im als w ere in  a  n o rm al physiological condition. All an im als given low zinc purified b asa l d iet 
w ith  e ith er no additive (N o n e), 300 ppm  EDTA, or 350 ppm  cadm ium .

2 V alues fo r th is an im al no t inc luded  in  s ta tis tica l analysis.
3 se  =  sta n d ard  erro r of a  trea tm en t m ean  fo r 4  an im als. W hen only 2 or 3 an im als are inc luded  in  a  tre a t

m ent, th e  se  fo r th a t  m ean  should  be m u ltip lied  by 1.155 or 1.414, respectively.
4 W ith in  each in d iv id u a l tissue those values no t follow ed by the  sam e le tte r  are significantly  d ifferen t a t 

the  5% probability  level.
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TABLE 3

E ffec ts  o f d ietary  ED TA  a n d  Cd on 65Z n  re ten tio n  in  tissues o f zinc-deficien t calves 14 days
fo llow ing  oral dosing 1

C ontrol 2 Zinc-deficient
Tissue None 

(4  calves)
EDTA

(4  calves)
None 

(3  calves)
EDTA

(4  calves)
Cd

(2  calves)

H e a r t 2 .4
%  o f  a b s o r b e d  65Z n  d o s e / k g  o f  f r e s h  t i s s u e  

2 .6  3 .2  3 .2 3 .7
L u n g 2 .6 2.8 3.8 3.2 4.1
L iv e r 5.4 6 .0 8.2 8.5 13.9
S p leen 3 .2 3.6 4 .9 4 .2 4 .9
K id n ey 2.6 2.9 4.1 3.8 4.9
T e stic le s 1.8 1.9 2.4 2.2 2.2
S c ro tu m 0.8 0.7 1.6 1.2 0.8
M u sc le  ( r o u n d ) 1.1 1.0 1.1 1.0 1.2
B one ( t ib i a ) 0 .9 0 .7 0.6 0.4 0.4
S k in 0.6 0.6 1.0 0.9 0 .7

A vg 3 2.1 2.3 3.1 2.9 3.7
W h o le  b lood  4 0.26 0.21 0.34 0.23 0 .27
P la s m a 0.07 0 .06 0.14 0.07 0 .10
R ed  b lo o d  ce lls 0 .55 0.36 0.45 0.50 0 .52

1 C alcula ted  as percen tage of dose no t excreted in  feces fo r 13 days a fte r  dosing.
2 C ontrol an im als were in  a no rm al physiological condition. All an im als given low zinc purified 

d iet w ith  e ither no additive (N o n e), 300 ppm  EDTA, or 350 ppm  cadm ium .
3 Does not include blood or its  com ponents.
4 Blood sam ples tak en  13 days follow ing dosing.

TABLE 4

E ffects o f d ietary  E D TA  and  Cd o n  65Z n  re ten tio n  in  tissues o f zinc-deficien t a n d  control
goats 14 days a fte r  oral dosing 1

Tissue
C ontrol 2 Zinc-deficient

None 
(3  goats)

EDTA 
(3  goats)

Cd
(3  goats)

None 
(3 goats)

EDTA
(2  goats)

Cd
(3  goats)

% o f  a b s o r b e d  65Z n  d o s e / k g  o f  f r e s h  t i s s u e

H e a r t 10.5 15.6 7.1 11.7 10.6 9.2
L u n g 11.7 8 .6 12.7 12.0 9.9 10.8
L iv e r 25.3 38 .5 18.2 32 .6 21.6 30.7
S p leen 14.5 23 .2 11.8 18.4 13.8 15.2
K id n ey 12.1 21 .4 11.0 18.2 12.7 15.6
T e s tic le s 7.6 9 .9 4.8 6.4 4 .2 5.5
S c ro tu m 4 .7 6.4 2.8 4.8 3.1 2.4
M u sc le  ( r o u n d ) 7.3 6.1 3.2 6.7 4.5 6.2
B one ( t ib i a ) 3 .7 3.1 1.4 1.6 1.3 1.3
S k in 3.7 4.8 2 .2 2 .2 3.3 2.5

Avg 3 10.1 13.8 7.5 11.5 8.5 9.9
W h o le  b lood  4 1.04 1.00 0.68 0.92 0 .7 6 0.79
S e ru m 0.20 0.23 0 .14 0 .20 0 .14 0.17

1 C alcula ted  as percen tage of dose n o t excreted in  feces fo r 13 days a fte r  dosing.
2 C ontrol an im als w ere in  a no rm al physiological condition. All an im als given low zinc purified  basa l diet 

w ith  e ither no  additive (N o n e), 300 ppm  EDTA, or 350 ppm  cadm ium .
3 Does no t inc lude  blood or com ponents.
4 Blood sam ples tak en  13 days follow ing dosing.

(table 3), the ®5Zn content in calf livers 
was increased by cadmium feeding. With 
the other tissues from animals given 
cadmium the 65Zn level as percentage of 
absorbed dose, generally was not very dif
ferent from that of other calves. As per
centage of absorbed dose, tissue 65Zn con
centration of goats fed cadmium tended

to be slightly lower than that of the others 
(table 4). The large increase in liver 6!Zn, 
as percentage of absorbed dose, observed 
with the calves as a result of cadmium 
feeding, was not evident in goats.

The specific activities of zinc for goat 
and calf tissues were calculated. In gen
eral the treatment effects on these data
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were similar to those observed in 65Zn 
content data. Thus the specific activity val
ues 6 are not presented here.

DISCUSSION

In this study the addition of 300 ppm 
EDTA to a low zinc purified diet did not 
greatly influence absorption of “Zn in zinc- 
deficient or normal calves and goats. How
ever, this does not prove that EDTA would 
not have such an effect in ruminants under 
different conditions. It is possible that the 
effect of EDTA on zinc absorption was 
masked by the extremely high percentage 
of the 65Zn dose absorbed. It is reasonable 
to assume that the beneficial effect of 
EDTA on absorption might be observed 
only in cases where 65Zn absorption is re
duced, possibly as a result of an interfer
ing dietary constituent. The increased utili
zation of zinc that occurs when EDTA is 
fed to other species may be due to EDTA 
removing dietary zinc from a zinc-phytate 
complex (4, 5) or from some other rela
tively unavailable form, thereby making 
it more readily absorbed from the gastro
intestinal tract. The diets used in the 
present experiment would not be expected 
to contain very much phytic acid as none 
of the ingredients normally contain apreci- 
able amounts. In pigs and chickens the 
zinc requirement is much less when casein 
or gelatin is the source of protein rather 
than soybean or sesame meals (7, 24, 25). 
The addition of EDTA to a diet containing 
a high level of zinc does not give an added 
response, indicating that EDTA itself is 
not a growth stimulant (26).

The large increase in urinary 65Zn ex
cretion in this study which resulted from 
EDTA is in agreement with earlier observa
tions in humans by Spencer et al. (27). 
They reported that the infusion of Ca- 
EDTA following the intravenous injection 
of a tracer dose of 65Zn resulted in a 100- 
fold increase in urinary 65Zn. The down
ward trend, 2 to 4 days after dosing, in 
urinary 65Zn excretion by the animals fed 
EDTA may be due to the more labile G5Zn 
being excreted shortly after dosing. If such 
is the case, each subsequent day there 
might be less labile 65Zn present for the 
EDTA to chelate. This declining effect of a 
chelating agent on urinary excretion of 
65Zn has been observed in humans (27).

The total quantity of 65Zn excreted via 
urine is small. Therefore, over a limited 
period of time, as in this study, it had a 
negligible effect on the total body burden 
of 65Zn.

After dosing there is a continuing re
distribution of 65Zn among the various 
body tissues (22). Therefore, had the 
tissue samples in the present experiment 
been taken at a time other than 14 days 
following dosing the relative values for 
tissue 65Zn content and specific activity 
probably would have been different.

In the present experiment dietary EDTA 
had no significant effect on tissue distri
bution of orally administered 65Zn. Fore
man (28) reported that only a small per
centage of orally administered EDTA was 
absorbed and that this was rapidly ex
creted in the urine. Also, it appears that 
the EDTA which is absorbed from the 
gastrointestinal tract is not present in sub
stantial amounts in most tissues but is 
primarily in the body fluids. It has been 
reported that the intraperitoneal injection 
of EDTA can greatly increase excretion of 
65Zn and thereby decrease tissue concentra
tion.7

The specific activity of zinc was consis
tently and appreciably higher, even after 
10 to 13 days following dosing, in feces 
than in the plasma or serum in calves and 
goats (figs. 1, 3 and 4). In earlier data 
specific activity was higher, after 2 or 3 
weeks, in feces than in urine of animals 
given a single intravenous dose (17). Both 
of these observations are of interest and 
somewhat perplexing. Clearly some phe
nomenon is present which is not experi
enced to a comparable degree with a num
ber of other elements (29). While no 
satisfactory explanation has been estab
lished, it may be that the cells of the small 
intestine accumulate appreciable amounts 
of “Zn soon after dosing and that this is 
excreted over a period of time as the cells 
are sloughed (30,31).

The low levels of 65Zn in the tissues and 
blood of the animals fed cadmium were 
primarily a result of these animals ab
sorbing considerably less 65Zn from the

6 See footnote 2.
7 Ilin , L. A., G. V. A rkhangeliskaya and T. A. N orets 

1964 Com parative effectiveness of some com plex
form ing  com pounds on the  acceleration  of zinc-65 
e lim ination  from  the  organism . Radiobiologiva, 4 (6 ) :  
926 (c ited  in  Chem. A bstr., 6 2 : 5664d, (1965).
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gastrointestinal tract than the ones fed no 
cadmium (tables 3 and 4). The increase 
in 65Zn content of the liver of calves fed 
cadmium, when calculated as percentage 
of absorbed dose, is in agreement with ob
servations made with rats (32) and mice 
(33) injected with 65Zn and given cad
mium either orally or by injection. This 
effect was not observed in goat livers or 
in other tissues of calves or goats.

The delayed peak in fecal excretion of 
56Zn by some of the animals administered 
cadmium may be a result of erratic fecal 
excretion. Cadmium reduced palatability 
as determined in cafeteria-type experi
ments (34) and voluntary feed intake was 
lowered independent of palatability when 
the cadmium was administered by cap
sule.8

Dietary cadmium greatly decreased the 
apparent absorption of 65Zn and increased 
the fecal excretion of stable zinc. The in
crease in fecal zinc is reflected in the dif
ference in fecal specific activity data being 
smaller than those for 65Zn content. Re
duced net absorption may well be a part of 
the mechansims by which dietary cad
mium can produce symptoms similar to 
a zinc deficiency. It is not known whether 
this is due to: (a) a cadmium-zinc inter
action, (b) a cadmium-induced pathology 
in which altered zinc metabolism is only 
indirectly involved, or (c) to some other 
mechanism. No clinical symptom of cad
mium toxicity other than reduced feed in
take was observed during the experimental 
period (16). Likewise dry-matter digesti
bility was not greatly affected by dietary 
cadmium.9 Perhaps a better understanding 
of the zinc absorption mechanism will be 
necessary before the reduced 65Zn absorp
tion in cadmium-fed ruminants can be ex
plained satisfactorily.

ACKNOW LEDGMENTS

The authors appreciate the assistance of 
R. P. Gentry, J. M. Hiers, Jr., Dr. C. A. 
Salotti, and Dr. E. P. Warren with certain 
aspects of the work.

LITERATURE CITED
1. Forbes, R. M. 1961 E xcre to ry  p a tte rn s  and  

bone deposition  of z inc , ca lc ium , and  m ag 
n esiu m  in  th e  r a t  as in fluenced  by zinc de
ficiency, EDTA, an d  lactose. J. N u tr., 74: 194.

2. O berleas, D., M. E. M u h re r and  B. L. O’Dell 
1966 D ietary  m etal-com plex ing  agents and  
z inc  av a ilab ility  in  th e  ra t. J. N u tr., 90: 56.

3. K ratzer, F. H., a n d  B. S ta rch er 1963 Q uan
tita tiv e  re la tio n  of EDTA to availab ility  of 
z inc  fo r tu rk ey  poults. Proc. Soc. Exp. Biol. 
M ed., 113: 424.

4. V ohra, P., an d  F. H. K ra tzer 1964 In 
fluence of various ch e la tin g  agen ts on  the  
av a ilab ility  of zinc. J. N u tr ., 82: 249.

5. D arw ish , N. M., an d  F. H. K ra tzer 1965 
M etabolism  of e th y len ed iam in ete traace tic  
acid  (E D T A ) by chickens. J. N u tr., 86: 187.

6. Scott, M. L., an d  T. R. Z iegler 1963 Evi
dence fo r n a tu ra l  chelates w h ich  a id  in  the 
u tiliza tio n  of zinc by chickens. Agr. Food 
C hem ., 11: 123.

7. Sm ith , W. H ., M. P. P lu m lee  a n d  W . M. 
B eeson 1962 E ffect o f source  of p ro te in  on 
z inc  req u irem en t of the  grow ing pig. J. 
A nim al Sci., 21: 399.

8. B unn , C. R., an d  G. M atrone 1966 In  vivo 
in te rac tio n s  of cad m iu m , copper, zinc and  
iro n  in  th e  m ouse an d  ra t. J. N u tr., 90: 395.

9. Cotzias, G. C., D. C. Borg an d  B. Selleck
1961 V irtual absence of tu rn o v er in  cad 
m iu m  m etabolism : C d109 stu d ies in  th e
m ouse. Am er. J. Physiol., 201: 927.

10. P arizek , J. 1960 S teriliza tion  of th e  m ale  
by cad m iu m  salts . J. R eprod. F e rtility , 1: 
294.

11. K ar, A. B., R. P. D as an d  B. M ukerji 1960 
P reven tion  of cad m iu m  induced  changes in  
th e  gonads of ra t  by zinc an d  se len iu m  —  a 
study  in  an tag o n ism  betw een  m eta ls  in  th e  
biological system . Proc. N at. In st. Sci. (Ind ia), 
26, B (su p p l.) :  40.

12. G unn , S. A., T. C. Gould an d  W. A. A nderson  
1961 Z inc p ro tec tion  ag a in s t cad m iu m  in 
ju ry  to  ra t  testis. A rch. P a th o l., 71: 274.

13. C otzias, G. C., D. C. Borg an d  B. Selleck 1961 
Specificity of z inc  p a th w ay  in  th e  rabb it: 
z inc-cadm ium  exchange. Am er. J. Physiol., 
201: 63.

14. Supplee, W. C. 1961 P ro d u c tio n  of zinc 
deficiency in  tu rkey  p o u lts by d ie ta ry  cad 
m ium . Pou ltry  Sci., 40: 827.

15. H ill, C. H., G. M atrone, W. L. P ay n e  a n d  C. 
W. B arber 1963 In  vivo in te rac tio n s  of 
cad m iu m  w ith  copper, z inc  a n d  iron . J. N u tr., 
80: 227.

16. Pow ell, G. W ., W. J. M iller, J. D. M orton 
a n d  C. M. C lifton  1964 Influence  of d ie
ta ry  cad m iu m  level an d  su p p lem en ta l zinc 
on cadm ium  toxicity  in  th e  bovine. J. N u tr., 
84: 205.

17. M iller, W. J., D. M. B lackm on, G. W. Pow ell, 
R. P. G entry  and  J. M. H iers, Jr. 1966 E f
fects of zinc deficiency p e r se a n d  of d ie ta ry  
z inc  level on  u r in a ry  an d  endogenous feca l 
excretion  of 65Z n  fro m  a  sing le  in trav en o u s 
dose by ru m in a n ts . J. N u tr ., 90: 335.

18. M iller, W . J., G. W . Pow ell a n d  J. M. H iers, 
J r . 1966 Influence  of zinc deficiency on

8 U npublished da ta , W. J. M iller, Beverly Lam pp, 
G. W. Powell, C. A. Salotti and  D. M. B lackm on, 1967.

9 U npublished data , J. M. H iers, Jr., W. J. M iller and 
U. M. B lackm on, 1967.



212 G. W . P O W E L L , W . J . M IL L E R  A N D  D. M. BLA CK M O N

dry  m a tte r  d igestib ility  in  ru m in a n ts . J. 
D airy  Sci., 49: 1012.

19. M iller, J. K., a n d  W . J. M iller 1962 E xperi
m en ta l zinc deficiency an d  recovery of calves.
J. N u tr., 76: 467.

20. M iller, W. J., W . J. P itts , C. M. C lifton  an d  
S. C. Schm ittle  1964 E xperim en ta lly  pro
duced zinc deficiency in  th e  goat. J. D airy 
Sci., 47: 556.

21. B lackm on, D. M., W. J. M iller an d  J. D. 
M orton 1967 Z inc deficiency in  ru m in a n ts . 
Vet. M ed., 62: 265.

22. M iller, W. J., D. M. B lackm on, R. P . G entry, 
W. J. P itts  an d  G. W. Pow ell 1967 Ab
sorp tion , excretion , an d  re te n tio n  of orally  
adm in iste red  65Z n  in  various tissues of zinc- 
deficient an d  n o rm al goats a n d  calves. J. 
N u tr., 92: 71.

23. A llan , J. E. 1961 T he d e te rm in a tio n  of 
z inc  in  ag ricu ltu ra l m a te ria ls  by atom ic-ab
sorption  spectrophotom etry . A nalyst, 86 (no . 
1025): 530.

24. L ease, J. G., B. D. B arn e tt, E. J. Lease and  
D. E. T u rk  1960 T he b iological u n a v a ilab il
ity  to th e  ch ick  of zinc in  a  sesam e m ea l r a 
tion. J. N u tr., 72; 66.

25. M orrison, A. B., an d  H. P. S a re tt 1958 
Studies on  zinc deficiency in  th e  chick. J. 
N u tr., 65: 267.

26. D avis, P. N ., L. C. N orris an d  F. H. K ratzer 
1962 In te rfe ren ce  of soybean p ro te in s w ith  
th e  u tiliza tio n  of trace  m in era ls . J. N u tr., 77: 
217.

27. Spencer, H ., B. Rosoff, I. L ew in  an d  J. 
S am achson  1966 Studies of zinc-65 m etab 
olism  in  m an . In  Z inc M etabolism , ed., A. S. 
P rasad . C harles C T hom as, Springfield, Illi
nois.

28. Forem an , H. 1960 M etal-B inding in  M ed
icine , eds., M. J. Seven and  L. A. Joh n so n . 
J. B. L ipp inco tt C om pany, P h ilad e lp h ia ,
p . 82.

29. K leiber, M., A. H. Sm ith , N. P. R als to n  an d  
A. L. B lack 1951 R adiophosphorus ( 32P )  
as trac e r fo r m easu rin g  endogenous p h o s
ph o ru s in  cow’s feces. J. N u tr., 45: 253.

30. H offm an, P ., S. Z ellner an d  J. A. O lson 1967 
M etabolic activ ities of sloughed cells from  
th e  je ju n a l m ucosa of dogs w ith  T hiry- 
Vella loops. Proc. Soc. Exp. Biol. M ed., 124: 
236.

31. S ahag ian , B. M., I. H arding-B arlow  an d  H. 
M. P erry , Jr. 1966 U ptakes of z inc, m a n 
ganese, cad m iu m  an d  m ercu ry  by in ta c t 
strip s of r a t  in te s tin e . J. N u tr., 90: 259.

32. G unn , S. A., T. C. G ould and  W. A. D. A nder
son 1962 In terfe ren ce  w ith  feca l excre
tion  of 65Z n by cadm ium . Proc. Soc. Exp. Biol. 
M ed., I l l :  559.

33. C otzias, G. C., an d  P. S. P ap avasiliou  1964 
Specificity of zinc p a th w ay  th ro u g h  th e  body: 
hom eosta tic  considera tions. Am er. J. Physio l., 
206: 787.

34. Pow el, G. W ., W . J. M iller and  C. M. C lifton  
1964 Effect o f cad m iu m  on  th e  p a la tab ility  
of ca lf sta rte rs . J. D airy  Sci., 47: 1017.



Relationships between Vitamin B6-vitamer Content and 
the Activities of Two Transaminase Enzymes in 
Rat Tissues at Varying Intake Levels of 
Vitamin B61,2

MYRON BRIN a n d  V. F. TH IELE
U pstate M edical C enter, S ta te  U niversity  o f  N ew  York,
Syracuse, N ew  Y o rk  a n d  th e  D ep a rtm en t o f Foods a n d  N u tritio n , 
Syracuse U niversity , Syracuse, N ew  York

A B ST R A C T  To study  re la tio n sh ip s betw een  th e  v ita m in  B6-vitam er co n ten t of 
r a t  tissues to th e  activ ities o f 2 tran sam in ase  enzym es in  those tissues, an d  the  
re la tiv e  biological ac tiv ity  of 3 v ita m in  Be-vitam ers in  th e  ra t, w e a rran g ed  to study, 
in  d ep th  7 groups of ra ts  th a t  w ere fed  d iets c o n ta in in g  (/¿g /g  d ie t)  0, 0.5, 1.0, 2.0, 
an d  10.0 o f pyridoxol-H C l an d  1.0 of pyridoxal-H C l or pyridoxam ine-2H C 1. Al
th o u g h  a  d ie ta ry  level of 2.0 /¿g/g d ie t of pyridoxol w as adequate  to support m ax im al 
g row th , h ig h er tissue  levels of to ta l v ita m in  B6 a n d  of th e  in d iv id u a l v itam ers w ere 
reach ed  a t th e  10.0 /¿g/g d ie t level, in  liver, k idney, b ra in , m uscle , an d  h e a rt. Of th e  
3 v ita m in  B6 v itam ers, p y ridoxam ine  w as deple ted  to  th e  g reatest ex ten t, as p e rce n t
age, a t low er levels of d ie ta ry  pyridoxol. In  stud ies on g lu tam ic-pyruvic  (G P T ) and  
g lu tam ic-oxalacetic  tran sam in ase  (G O T) activ ities in  th e  above tissues p lu s p lasm a  
a n d  red  blood cells, enzym e activ ity  in creased  w ith  in creased  d ie ta ry  pyridoxol and 
w ith  in creased  tissue  v ita m in  B6 con ten t. GPT w as deple ted  to a  g rea ter ex ten t th a n , 
and  GOT to a lesser e x ten t th a n , th e  percen tag e  dep le tion  fo r tissu e  v ita m in  Be a t 
low er levels o f pyridoxol in tak e . I t  appeared  fro m  stud ies on grow th, tissu e  co n te n t of 
v ita m in  B6 an d  v itam ers , an d  tissue  tran sam in ase  activ ity , th a t  a t th e  level o f 1.0 jug/g 
d iet, pyridoxal w as essen tia lly  eq u iv a len t to pyridoxol fo r v ita m in  Be activ ity ; th e  
study  on p y rid o x am in e  req u ired  re -evaluation . A sim plified m ed iu m  w as used  fo r the  
m icrobiological p o rtio n  of th e  assay  of th e  v ita m in  B6 v itam ers.

Much work has been carried out on the 
effects of vitamin B6-deficiency on the ac
tivity of tissue transaminases in a number 
of animal species (1-5) and conditions 
(6, 7). To our knowledge, however, little 
work has been reported on the relation
ships between tissue vitamin B6 content 
and tissue transaminase activity (8). With 
the recent availability of a modification of 
the Toepfer and Lehmann assay (9) which 
was suitable for the estimation of the con
tent of the vitamin B6-vitamers in animal 
tissues (8), a study was undertaken to re
late vitamer content to the enzyme ac
tivity of 2 transaminases in various tissues 
of rats maintained at several levels of vita
min Be intake. Another assay medium 
was used in these studies to further sim
plify the analytical procedure.

MATERIALS AND METHODS

1. A preliminary study was made in 
which plasma transaminase activity was 
measured in groups of female rats fed

purified diets containing: (in ug/g diet) 
0.1, 0.5, 1.0, and 2.0, respectively, of pyri
doxol HC1. The results (fig. 1) suggested 
that the highest level which was fed ap
proached, but may not have reached, the 
amount of dietary pyridoxol necessary to 
maintain maximal activity of these en
zymes in plasma.* 1 2 3 This general range of 
dietary pyridoxol to include one higher 
level appeared to span the range of ade
quacy for the rat (10) and was therefore 
chosen for the purposes of the present 
study, as follows.

2. Animals and diets. Seven groups of 
6 or 7 male weanling rats 4 were fed puri-

Received fo r p u b lica tion  Ju ly  10, 1967.
1 This study w as aided by Public H ealth  Service 

R esearch G ran t no. AM-09540-02 and  AM-03127 from  
the  N ational In stitu te  of A rth ritis  and  M etabolic Dis
eases.

2 P resented  in  p a rt a t the  m eetings of the  Federation  
of A m erican Societies fo r E xperim en ta l Biology, 
Chicago, 1967.

s P re lim inary  repo rt presen ted  a t the  a n n u a l m eet
ing  of the  A m erican In s titu te  of N u trition , Chicago, 
1960 (Federa tion  Proc., 19: 321, 1960).

4 P urchased  from  C arw orth , Inc., New City, New 
York.

J. N utritio n , 93: ’67. 213
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DIETARY CONTENT OF PYRIDOXOL • H C l, /ig/GRAM

Fig. 1 R ela tionsh ip  be tw een  th e  activ ities o f 2  p lasm a  tran sam in ase  enzym es in  ra ts  to th e  die
ta ry  pyridoxol-H C l, a f te r  a  2-week ex p erim en ta l feed ing  period . T ran sam in a se  activ ity  is  expressed  
in  m icrogram s of py ru v a te  fo rm ed  p e r m illilite r of p lasm a  p e r hour.

fied diets for 14 days which varied in vita
min Be content ( ug/g diet) as follows: 
group 1, 0; group 2, 0.5 pyridoxol-HCl;5 
group 3, 1.0 pyridoxol-HCl; group 4, 2.0 
pyridoxol-HCl; group 5, 10.0 pyridoxol- 
HCl; group 6, 1.0 pyridoxal-HCl; group 7,
1.0 pyridoxamine-2HCl. The basal puri
fied diet contained: (in percent) glucose, 
73; devitaminized casein, 18; com oil, 4; 
Hegsted salt mixture ( 11 ) ,5 4; cod liver 
oil, 1. The vitamins added were: (pg/100 
g diet) thiamine-HCl, 400; riboflavin, 800; 
Ca pantothenate, 2500; niacin, 4,000; and 
choline chloride, 100,000. Food and water 
were available ad libitum. Each of the 3 
vitamin B6 vitamers was fed individually 
at a level of 1.0 ug/g diet. This dietary 
level was suboptimal on the basis of trans
aminase activity (fig. 1) and it was con
sidered desirable to be on the ascending 
portion of that curve for better comparison 
of the equivalence of vitamin B6 activity. 
Animals were killed, and tissues were 
taken for analysis after the 2-week feeding 
period.

3. Vitamin Be assay, a. Tissue sam
ples were hydrolyzed, and the hydrolysates 
were chromatographed as described previ
ously (8). However, the microbiological 
procedure was modified as follows: To the 
tubes containing 0.5, 1.0, and 2.0 ml of 
column eluates obtained from the tissue 
hydrolysates, water was added to make a 
total of 5 ml/tube.

b. The assay was made by adding 5 ml 
of double strength “Pyridoxine-Y-Me- 
dium,” 6 to each tube, shaking each to mix 
the 2 phases, and steaming in the auto
clave for 10 minutes at 100°. The use of 
this medium eliminated the need for the 
preparation of separate nutrient solutions 
as described by Toepfer and Lehmann (9) 
and for sterile filtering as needed previ
ously with the vitamin-free yeast base (7). 
Maintenance of the organism (Saccharo
myces carlsbergensis, ATCC no. 9080) and 
the preparation of inoculum was as de
scribed previously (8).

5 P urchased  from  N u tritio n a l B iochem icals Corpora
tion, Cleveland.

6 P urchased  from  Difco Laboratories, Detroit.
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c. Standard solutions were made as fol
lows : Solution A contained 50 mg of pyri
doxol-HC1 in 500 ml of a 25% solution of 
ethanol in water. A similar solution was 
made for each of the other 2 vitamers. 
Solution B, as made for each vitamer, con
tained 2 ml of solution A in 1 liter of a 
25% solution of ethanol in water. Then 
solutions C, as made for pyridoxol-HCl and 
pyridoxal HC1 vitamer contained 1 ml of 
solution B in 100 ml of distilled water. 
Solution C for pyridoxamine ■ 2HC1 con
tained 3 ml of solution B. The final con
centrations of the B, vitamers in solutions 
C were: (mug/ml) pyridoxol-HCl, 2; pyri- 
doxal-HCl, 2: pyridoxamine-2HC1, 6.

d. Standard curves were prepared by 
pipetting into duplicate tubes, the fol
lowing amounts of each vitamer: (mag) 
pyridoxol-HCl, 2, 3, 4, 5, 6, 8, 10; pyri
doxal-HCl, 1, 2, 3, 4, 6, 8; and pyridox- 
amine-2HCl, 6, 9, 12, 15, 12, 24, 30.7 Wa
ter was added to make a total volume of 
5 ml of each tube.

4. Transaminase activity. Glutamic- 
pyruvic (GPT) and glutamic-oxalacetic 
(GOT) transaminases were assayed ac
cording to procedures described previously

(12, 13) and applied to studies on pyri- 
doxol deficiency (5, 14).

RESULTS AND DISCUSSION

1. Effects of varying the levels of die
tary vitamin Bs vitamers on growth of rats. 
The growth curves for the 7 groups of rats 
studied are presented in figure 2. The 
greatest weight gain was attained by the 
group receiving 2 ag of pyridoxol/g diet. 
Of the groups receiving varying levels of 
vitamin Be, the least gain was shown by 
those receiving (in ag/g diet) 1.0 pyridox
amine and 0.5 pyridoxol, although none 
of these differences was statistically sig
nificant for the 2-week experimental 
period.

2. Distribution of the 3 vitamin Bs vita
mers in rat tissues at varying levels of 
pyridoxol intake. The distribution of the 
vitamin B6 vitamers in rat tissues are pre
sented in tables 1, 2, and 3 for the content 
of pyridoxol, pyridoxal and pyridoxamine,8

7 H ereafter, in  th is  report, the  v itam er hydrochlo
rides w ill be refe rred  to as the  v itam ers per se.

8 By “con ten t of pyridoxol, pyridoxal, and  pyridoxa- 
m ine” is m ean t the  activ ity  of each of these as elicited 
by the  m icrobiological assay of the  appropriate chro
m atograph ic eluates, as described in  the  text.

Fig. 2  G row th curves fo r body w eights of ra ts  m a in ta in ed  w ith  a  v itam in  B6-deficient 
diet, d iets co n ta in in g  va ry in g  levels of pyridoxol-H C l, an d  d iets co n ta in in g  single levels of 
each  of th e  v ita m in  B6 v itam ers.
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TABLE 1
P yridoxol-H C l co n ten t o f rat tissues

Diet Liver Kidney B rain M uscle H eart

tig vitamer /  g diet gg/g tissue
__ i 0 .48  ± 0 .0 8  0 .49  ± 0 .0 4 0 .0 7  ± 0 .0 2 0 .18  ±  0 .07 0.28 ± 0 .0 2
0 .5  p y r id o x o l2 0 .44  ± 0 .0 5  0 .54  ± 0 .0 7 0.11 ± 0 .0 2 0 .1 7  ± 0 .0 6 0.25 ± 0 .0 1
1.0 p y r id o x o l2 0 .56  ±  0 .05  0 .7 6 ± 0 .1 5 0 .14  ±  0.05 0.19 ± 0 .0 5 0 .2 6 ±  0.01
2.0 p y r id o x o l2 0 .6 5 ± 0 .08  0 .7 3 ± 0 .05  ** 0 .1 1 ± 0 .0 4 0.21 ± 0 .0 6 0.41 ± 0 .0 7

10.0 p y rid o x o l 2 0 .6 9 ± 0 .0 6  1 .1 8 ± 0 .2 0  ** 0 .1 3 ± 0 .0 3 0 .34  ± 0 .0 5 0 .4 0  ± 0 .0 5
1.0 p y r id o x a l1 0 .4 7  ± 0 .0 3  0 .70  ± 0 .0 6 * 0 .10  ± 0 .0 3 0 .2 0  ± 0 .0 8 0 .3 0  ± 0 .0 3
1.0 p y r id o x a m in e  1 0.51 ± 0 .0 7  0 .48  ± 0 .0 7 0 .09  ± 0 .0 2 0 .2 7  ±  0 .10 0 .3 3  ± 0 .0 4

1 M ean of 6 ra ts  and se of m ean.
2 M ean of 7 ra ts  and se of m ean.
* S ignificantly d ifferent from  the  deficient m ean , P <  0.05. 

** S ignificantly d ifferent from  the  deficient m ean , P <  0.01.

TABLE 2
P yridoxal-H C l co n ten t o f ra t tissues

Diet Liver Kidney B rain Muscle H eart

fig vitamer/  g diet fig /g tissue
__i 1 .6 0 ±  0 .1 6  0 .70  ±  0.08 0.53 ± 0 .0 3 1.07 ±  0 .06 0 .6 6  ±  0 .05
0.5  p y r id o x o l2 1.62 ±  0 .0 7  0 .39  ± 0 .1 0  * 0 .56  ± 0 .0 8 1 .3 0 ±  0.10 0 .66  ± 0 .0 0
1.0 p y r id o x o l2 2 .4 5  ± 0 .2 4  * 0 .65  ± 0 .2 1 0 .60  ± 0 .0 6 1 .6 2 ± 0 .1 0  ** 0 .7 9  ± 0 .0 9
2 .0  p y r id o x o l2 2 .4 9  ± 0 .3 2 *  1.14 ± 0 .2 3 0.78 ± 0 .0 8  * 2.41 ±  0.11 ** 0 .6 6  ± 0 .0 8

10.0 p y r id o x o l 2 2 .4 0  ± 0 .2 9  * 1.28 ± 0 .3 2 0 .83  ± 0 .0 8  ** 2 .3 4 ± 0 .1 6  * 0 .76  ±  0 .10
1.0 p y r id o x a l1 1.67 ±  0 .2 6  0 .63  ± 0 .1 0 0.63 ± 0 .0 5 1 .3 5 ± 0 .1 2 0 .58  ± 0 .0 9
1.0 p y r id o x a m in e  1 1.54 ± 0 .1 4  0 .89  ± 0 .2 1 0 .44  ± 0 .0 7 0 .8 8 ± 0 .1 1 0 .55  ±  0 .10

1 M ean of 6 ra ts  and  se of m ean.
2 M ean of 7 ra ts  and  se of m ean.
* S ignificantly  d ifferen t from  the  deficient m ean , P <  0.05. 

** Significantly  d ifferen t from  the  deficient m ean , P <  0.01.

TABLE 3
P yridoxam ine '2H C l co n ten t o f ra t tissues

D iet Liver Kidney B rain M uscle H eart

fig vitam er/  g diet fig/9 tissue
__ l 4 .0 4  ±  0 .05  1.57 ± 0 .0 3 1 .1 2 ± 0 .1 1 0 .3 7 ± 0 .0 4 1.93 ± 0 .0 8
0 .5  p y r id o x o l2 3 .9 9  ±  0.31 1 .7 4 ± 0 .0 7 1.31 ±  0 .13 0 .43  ± 0 .0 3 2 .1 0  ±  0 .35
1.0 p y r id o x o l2 5 .6 0 ± 0 .0 4  * 2 .5 6 ± 0 .1 4  ** 1.59 ±  0 .16  * 0 .64  ± 0 .0 6  ** 2 .6 5  ± 0 .2 2  *
2 .0  p y r id o x o l2 6.91 ± 0 .24  ** 3 .3 6 ± 0 .2 0  ** 1.57 ±  0 .1 2  * 1 .0 5 ± 0 .1 5  ** 3 .3 8 ± 0 .19  **

10.0 p y r id o x o l2 6 .3 3 ± 0 .26  ** 3 .91  ± 0 .2 3  ** 1 .6 0 ± 0 .16  * 1 .2 2 ± 0 .15  ** 3 .7 9 ± 0 .3 5  **
1.0 p y r id o x a l1 4 .5 3 ± 0 .3 0  3 .0 8 ± 0 .3 0  ** 1 .2 0 ± 0 .0 6 0.54 ± 0 .0 6  * 3 .0 5 ± 0 .1 1  **
1.0 p y r id o x a m in e  1 4 .1 2 ± 0 .2 2  2 .0 4 ± 0 .1 5  * 1 .1 0 ±  0 .04 0 .48  ± 0 .0 6 2 .4 5  ± 0 .2 7

1 M ean of 6 ra ts  and se of m ean.
2 M ean of 7 ra ts  and se of m ean.
* Significantly  d ifferent from  the  deficient m ean , P <  0.05.

** S ignificantly different from  the  deficient m ean , P <  0.01

TABLE 4
T ota l v ita m in  Bß c o n ten t o f ra t tissues

Diet Liver Kidney B rain Muscle H eart
fig vitamer/ g diet fig/9 tissue
__ l 6 .12  2 .77 1.72 1.62 2 .87
0.5 p y r id o x o l2 6 .05  2 .67 1.98 1.90 3.01
1.0 p y r id o x o l2 8.61 3 .97 2.33 2.45 3 .70
2 .0  p y r id o x o l2 10.05 5.23 2 .46 3.67 4 .45

10.0 p y r id o x o l2 9 .42  6 .37 2 .56 3 .90 4.95
1.0 p y r id o x a l  1 6 .6 7  4.41 1.93 2.09 3.93
1.0 p y r id o x a m in e  1 6 .17  3.41 1.63 1.63 2 .94

1 M ean of 6 rats. 
3 M ean of 7 ra ts.
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respectively, and in table 4, for total tissue 
vitamin B6 content. Generally, tissue pyri- 
doxol content was affected the least and 
pyridoxamine the most, by varying the 
pyridoxol content of rat diets. Of all the 
tissues studied, brain was the most refrac
tory to changes in vitamer content, with 
varying pyridoxol intake. However, in all 
cases the tissue content of vitamin Bs 
vitamers increased with increasing levels 
of dietary pyridoxol.

At the maximal level of pyridoxol fed,
10.0 ug/g diet, the tissue pyridoxal con
tent was from 1.1 times (kidney) to 6.9 
(muscle) times the pyridoxol content. 
Also, at that dietary level, the tissue pyri
doxamine content was from 3.3 times (kid
ney) to 12.3 (brain) times the pyridoxol 
content. Also, the pyridoxamine content 
was from 0.5 times (muscle) to 5.0 (heart) 
times the pyridoxal content. It was evi
dent, therefore, that as the dietary avail
ability of pyridoxol increased, the increase 
in tissue pyridoxamine was generally 
greater than that for pyridoxal (except for 
muscle) which in turn, was greater than 
that for pyridoxol.

As dietary pyridoxol increased, so did 
total vitamin B6 content (table 4). In most 
cases tissue vitamin Be content increased 
somewhat as the dietary pyridoxol level 
was increased fivefold from 2.0 to 10.0 
ug/g diet, although the differences for each 
tissue were generally not as great as be
tween the dietary pyridoxol levels of 1.0 
and 2.0 ag/g diet. It might be suggested, 
on the basis of these data, that tissue 
saturation for vitamin B6 was virtually 
achieved at a dietary level of 10.0 ag/g 
diet in rats.

3. Effects of feeding varying levels of 
pyridoxol on the activities of GPT and GOT 
in rat tissues. Transaminase activities in 
various tissues of rats fed varying levels of 
pyridoxol are presented in tables 5 and 6 
for the GPT and GOT enzymes, respec
tively. For all tissues except kidney, GPT 
levels in rats fed 2.0 and 10.0 ag pyridoxol 
/g  diet were significantly different from 
the vitamin B6-deficient group. Although 
there were no statistically significant dif
ferences in GPT activity between rats fed 
those 2 higher dietary levels, there was a 
slight increase in GPT activity in three of
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the tissues at the highest dietary pyridoxol 
level.

For the GOT enzyme (table 6) increased 
activity resulted in all tissues from increas
ing dietary pyridoxol and statistically sig
nificant differences were shown in all 
tissues except brain. Although tissue en
zyme activity was slightly higher in most 
cases at the 10.0-ug dietary pyridoxol level 
than at the 2-ag level, these differences 
were not statistically significant.

With the observation that transaminase 
activity continued to increase with a five
fold increase of dietary pyridoxol above
2.0 ug/g diet, although the effect was not 
statistically significant, it appeared worth
while to make plots relating tissue vitamin 
B6 content with tissue transaminase ac
tivity. These data are shown in figures 3 
and 4 for the GPT and GOT enzymes, 
respectively. The generally linear relation
ship between tissue levels of vitamin B6 
and transaminase activity is evident from 
an inspection of these charts. Of interest, 
however, was the tapering off of GOT ac
tivity at higher levels of vitamin B8 in 
kidney, liver, and heart. By plotting a 
similar set of GOT charts for each vita
min B6 vitamer, it was observed that the 
described effect in figure 4 was due largely 
to variations in the pyridoxamine content 
of heart, kidney, and liver. This suggested 
that the tissue level of pyridoxamine, 
which was necessary to maintain maximal 
GOT activity, may have been exceeded in 
those 3 tissues at the 10.0 ug pyridoxol/g 
diet feeding level.

4. Relative vitamin Be activity of 3 vita
min Bs vitamers when fed to rats. To 
compare the relative value of the 3 vita
min Be vitamers for the maintenance of 
tissue vitamin B3 vitamer levels, and for 
the support of transaminase activity, each 
of the 3 vitamers was fed at a dietary 
level of 1.0 ag/g of diet.

a. Effects on tissue levels of vitamin Be 
vitamers. The feeding of pyridoxal re
sulted in approximately similar tissue 
levels of pyridoxol (table 1) but slightly 
lower levels of pyridoxal (table 2) pyridox
amine (table 3) and total vitamin Be 
(table 4) than the feeding of the same 
level of pyridoxol. The differences for tis
sue pyridoxal and pyridoxamine were not 
statistically significant, however. Pyridox-
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Fig. 3 R ela tionsh ip  betw een  th e  to ta l v ita m in  B6 co n ten t of r a t  tissues an d  th e  activ ity  
of g lu tam ic-pyruvic  tran sam in ase  in  those tissues. T ran sam in a se  activ ity  is expressed  in  
m icrogram s of p y ru v a te  fo rm ed  per m illilite r of p lasm a  per hour.

amine appeared to be less effective than 
both pyridoxol and pyridoxal in support
ing tissue levels of vitamin Be when all 
were fed at the same dietary level, 
however.

b. Effects on tissue transaminase activ
ity. For the support of tissue GPT activity 
(table 5) pyridoxal was as effective as 
pyridoxol for all of the tissues studied, but 
pyridoxamine was less so in all tissues 
except brain. Tissue GOT activity (table 6) 
was somewhat less when pyridoxal was 
fed than when the supplement was pyri
doxol, although not significantly so. In all 
cases, GOT activity was lower when pyri
doxamine was fed.

The lower effectiveness of pyridoxamine, 
in supporting tissue vitamin levels and 
transaminase activity, raised some ques
tions concerning its availability when 
given by the oral route, or possibly its 
stability in the purified diet. Analyses of 
the appropriate diets for the vitamin Bs

vitamers, when the discrepancy became 
evident, showed that neither pyridoxal nor 
pyridoxamine was completely stable in the 
purified, even though refrigerated, diet, 
but that pyridoxamine was far more sensi
tive to storage than pyridoxal. Unfortu
nately the analyses were made on the diet 
residues about 2 months after the experi
ment was terminated, thereby making it 
impossible to establish what the effective 
pyridoxamine level was during the experi
mental period. The data support the con
clusion, however, that pyridoxal, when fed 
at the same dietary level, was as effective 
a source of vitamin B0 as pyridoxol. The 
effectiveness of pyridoxamine as com
pared with the other 2 vitamin B6 vitamers, 
is being reinvestigated by administering 
the 3 forms daily as an oral supplement.

5. Relative effects of vitamin Be defi
ciency on tissue vitamin Be and vitamer 
content and on tissue transaminase ac
tivity. Data for these variables are pre-
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Fig. 4 R ela tionsh ip  be tw een  th e  to ta l v ita m in  B6 c o n ten t of r a t  tissu es and  th e  activ ity  
of g lu tam ic-oxalacetic  tran sam in ase  in  those tissues. T ran sam in ase  activ ity  is expressed  in  
m icrogram s of p y ru v a te  fo rm ed  p e r m illilite r  of p lasm a  p e r hour.

TABLE 7
E x te n t o f dep le tion  o f various factors in  v ita m in  Be-deficient ra t tissues  1

Tissue
Factor

Liver Kidney Brain Muscle Heart Plasma
Red

blood
cells

Average

Pyridoxol 30.4 58.5 46.2
% depleted 
47.1 30.0 42.4

Pyridoxal 33.3 45.3 36.1 54.3 13.2 — — 36.4
Pyridoxam ine 36.2 59.8 30.0 69.7 49.1 — — 49.0
T o ta l v itam in  B6 35.0 56.5 32.8 58.5 42.0 — — 37.4
G lutam ic-pyruvic tran sam in ase 69.0 0 18.2 81.2 SO.O 71.1 63.5 54.7
G lutam ic-oxalacetic  tran sam in ase 24.4 23.3 9.3 59.7 29.5 66.5 16.5 32.7

, „  . . . .  10 ug /g  d iet value — deficient value1 C alculated  as: ----  ------ -— ,. ---- ;-----------------

sented in table 7, as calculated from tables 
1 through 6. Kidney and muscle were 
more severely depleted of vitamin B6 than 
liver, heart or brain. Generally, for each 
tissue, the 3 vitamers were depleted about 
equally, and with the exception of brain, 
the tissues were more severely depleted of 
pyridoxamine than of the other 2 vitamers.

On the average, GPT enzyme activity 
was depressed in vitamin B6-deficient tis
sues to a greater degree than the GOT 
enzyme. This was in accord with other 
studies in which the GPT was shown to be 
more sensitive to physiologic change, 
whether vitamin Ba deficiency or other (2, 
5, 15). It was also noted that in most tis
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sues the depression in GPT activity was 
much greater than the depression in vita
min Be content, while the opposite was 
true for GOT activity. This suggested that 
vitamin B6 levels nearer to tissue satura
tion were required to support maximal 
GPT activity.
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Influence of Carbohydrate and Nitrogen Sources on 
the Rumen Volatile Fatty Acids and Ethanol 
of Cattle Fed Purified Diets

E. R. 0RSKOV 1 a n d  R. R. OLTJEN
U nited  S ta tes D ep a rtm en t o f A gricu ltu re , A R S, A n im a l H usbandry  
R esearch  D ivision , B eltsv ille , M aryland

A B ST R A C T  T h ree  ex p erim en ts w ere con d u cted  to study  th e  in fluence  of various 
carb o h y d ra te  an d  n itro g en  sources on  th e  vo latile  fa tty  acid  a n d  e th an o l co n ten t in  
th e  ru m in a l in g es ta  of ca ttle  fed  p u rified  d iets. M olar p e rcen tag es o f  isobu ty ric  and  
isovaleric  acids w ere sign ifican tly  g rea ter w h en  ca ttle  w ere fed  a n a tu ra l  d ie t com 
p a red  w ith  purified  d ie ts co n ta in in g  e ith e r  u re a  or iso lated  soy p ro te in . F u rth e rm o re , 
th e  m olar p e rcen tag es of these  sam e acids w ere  sign ifican tly  g rea ter w h en  iso la ted  
soy p ro te in  w as com pared  w ith  u rea . M olar pe rcen tag es of isobutyric  an d  isovaleric  
acids w ere sim ila r w h en  u re a  p h o sp h a te , u ric  acid, b iu re t, an d  u re a  w ere  com pared  
as n itro g en  sources in  purified  d iets. C attle  fed  th e  b iu re t d iet h a d  th e  g reatest 
ru m in a l co n cen tra tio n s of b u ty ric , valeric  an d  capro ic  acids a n d  also e th an o l. M ajor 
sources o f carbohydra te  s tud ied  an d  th e  m o la r p ercen tages of acetic, propionic, bu tyric , 
an d  valeric  acids in  ru m in a l fluid w ere: wood p u lp , 73.7, 18.3, 4.8, 0.8; s ta rch , 60.4, 
24.7, 10.4, 2 .7; s ta rch  p lus glucose, 57.1, 28.9, 9.9, 1.9; sucrose, 49.6, 23.2, 20.2, 4.4;
an d  glucose, 38.0, 22.3, 25.8, 10.4.

Considerable research has been con
ducted to study the dietary factors which 
influence the volatile fatty acids (VFA) 
resulting from ruminal fermentation. Gen
erally, the proportion of acetic acid in the 
ruminal fluid is correlated positively with 
the fiber content of the diet (1). The 
effect of diet on the proportions of pro
pionic and butyric acids is less well under
stood. In some experiments decreased 
acetic acid proportions have resulted in 
increased proportions of butyric acid (2,
3). Recently, the longer chain VFA’s (val
eric and caproic) were detected in large 
quantities in the ruminal ingesta of cows 
fed purified diets (4). The branched chain 
VFA’s found in ruminal ingesta are de
rived mainly from the breakdown of die
tary protein and the deamination of the 
branched chain amino acids (5-7). Re
cently, only traces of isobutyric (8) and 
isovaleric acids (8, 9) were detected in 
the ruminal ingesta of sheep fed purified 
diets containing urea as the source of nitro
gen. Valine, leucine, isoleucine and phe
nylalanine were present in significantly 
smaller quantities in the blood plasma of 
steers fed urea compared with isolated soy 
protein in purified diets (10) and a rela
tionship was suggested between the

branched-chain VFA’s and the branched- 
chain amino acids. The branched-chain 
VFA’s have also been shown to be essential 
for some cellulolytic rumen bacteria (11, 
12) and to influence feed intake (13).

The present experiments were con
ducted to study the ruminal fermentation 
patterns of cattle fed purified diets contain
ing protein and nonprotein-nitrogen (NPN) 
sources and carbohydrate sources varying 
from simple monosaccharides (glucose) to 
the more complex polysaccharides (cellu
loses).

EXPERIM ENTAL PROCEDURE

Experiment 1. Twenty-three bull and 
heifer calves were weaned at 14 weeks of 
age and were assigned to one of three 
treatment groups. Group 1 (7 animals) 
received a natural diet containing: (in
percent) cracked corn, 50.0; chopped al
falfa hay, 15.0; chopped timothy hay, 
15.0; soybean meal, 10.0; molasses, 9.0; 
and trace mineralized salt, 1.0. Group 2 
(10 animals) received a purified diet con
taining urea as the dietary source of nitro
gen; and group 3 ( 6  animals) received a

Received fo r pub lication  M arch 4, 1967.
1 P resen t address: The Rowett R esearch  In s titu te , 

B ucksburn, Aberdeen, Scotland.
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purified diet containing isolated soy pro
tein as the dietary source of nitrogen. The 
ingredients of the purified diets are shown 
in table 1. The animals were given feed 
and water ad libitum. Bedding was not 
used in this experiment nor in experiments 
2 and 3.

Ruminal samples were taken when the 
cattle were approximately 1 year of age. 
The day before sampling, feed was with
held for 12 hours and then the cattle re
ceived half of their daily feed intake to 
minimize feeding pattern differences. The 
ruminal samples (1 to 2 liters) were taken 
by stomach tube 2 hours after feeding. 
The pH was determined on each sample 
immediately after collection. The ruminal 
ingesta was strained through cheesecloth 
and 25-ml samples were preserved in 
0.5 ml of a saturated HgCl2 solution. The 
collected samples were frozen until analy
sis was performed. Volatile fatty acid anal
yses were made using gas-liquid chromato
graphy with a flame ionization detector. 
Ethanol analyses were made according to 
the procedure of Allison et al. (14). In the 
ethanol analysis the carrier gas was nitro
gen, column temperature was 100° and 
injection temperature was 135°. The same 
analytical procedures were used in experi
ments 2 and 3. Experiment 1 was con
ducted to study the ruminal ingesta of 
cattle fed protein versus NPN (urea) in 
purified diets and also to compare purified 
diets with a natural diet.

Experiment 2. Four steer calves were 
assigned to a 4 X 4 Latin square and were 
fed the diets shown in table 1. The NPN 
sources studied were urea, urea phosphate, 
biuret and uric acid. The urea phosphate 
treatment consisted of both urea and urea 
phosphate to avoid possible adverse effects 
of excessive feeding of phosphorus. Peri
ods were 6 weeks and the level of feeding 
was 1.3 kg/100 kg of body weight per day. 
The animals were fed twice daily in two 
equal feedings. Rumen samples were ob
tained by stomach tube 4 hours after feed
ing on the last day of each period. Experi
ment 2 was conducted to investigate the 
effect of NPN sources on the composition 
of ruminal ingesta and especially the con
centration of the branched chain VFA’s.

Experiment 3. One set of identical 
twin steers was used. Both steers were

rumen-fxstulated. Throughout the experi
ment one steer received isolated soy 
protein and the other received urea. The 
carbohydrate sources and combinations 
studied are shown in table 1. Each diet was 
fed for at least 14 days during which ru
men samples were obtained on the twelfth 
and the last day. The sequence in which 
the carbohydrate variables were fed was: 
starch plus glucose, high starch, high glu
cose, high sucrose, and high cellulose 
(wood pulp containing 82% hemicellu- 
lose and cellulose, 17% lignin and 1% 
ash). The level of feeding was 1.3 kg/100 
kg body weight which was given in two 
equal feedings per day. The rumen sam
ples were taken 2 hours after the morning 
feeding. Small quantities of uneaten feed 
left 1 hour after feeding were placed into 
the rumen via the fistula. The diets used in 
the 3 experiments (table 1) were essen
tially isonitrogenous and analyzed about 
14% crude protein equivalent on a dry 
basis. Experiment 3 was conducted to 
study the effect of various carbohydrate 
sources and protein versus NPN on rum
inal VFA and ethanol concentrations.

RESULTS

Experiment 1. The treatment means 
and standard errors are shown in table 2. 
Cattle fed the isolated soy purified diet had 
lower (P < 0.01) ruminal pH values than 
cattle fed either the urea purified diet or 
the natural diet. The total concentration 
of VFA’s was greater for the cattle re
ceiving either the isolated soy purified diet 
(P < 0.01) or the urea purified diet (P < 
0.05) than cattle receiving the natural 
diet. Acetic acid proportions were lower in 
the rumen when urea was fed than when 
either the isolated soy protein or the nat
ural diets (P < 0.05) were fed. The iso- 
butyric acid proportions were greater with 
the isolated soy than the urea diet (P < 
0.01) and greater with the natural diet 
than either the isolated soy or the urea 
diets (P < 0.01). Butyric acid proportions 
were greater with the urea (P < 0.05) and 
natural (P < 0.01) diets than with the 
isolated soy diet. There was less isovaleric 
acid (P < 0.01) with both purified diets 
than the natural diet. The valeric acid 
proportion was greater with the urea diet 
than with either the natural or isolated
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soy diet (P <0.01), and also greater with 
the isolated soy diet than natural diet (P 
<0.05). Caproic acid concentration was 
greater with the isolated soy diet than the 
urea diet (P < 0.05) or natural diet (P 
< 0.01). There were differences (P < 0.01) 
between each of the experimental diets in 
ethanol concentration.

Experiment 2. The effect of nitrogen 
source on the ruminal pH, VFA, and eth
anol is shown in table 3. There were no 
significant treatment differences in rum
inal pH or in the total concentration of 
VFA. The proportion of propionic acid was 
higher when either urea or urea phosphate 
were compared with either biuret or uric 
acid (P < 0.01). There were no significant 
treatment differences in the proportions of 
isobutyric, butyric and isovaleric acids. 
Valeric acid proportions were greater with 
biuret when compared with either urea or 
uric acid (P < 0.05) or urea phosphate 
(P < 0.01). A similar pattern was noted 
with caproic acid and ethanol although the 
differences were not significant.

Experiment 3. The effect of the two 
nitrogen sources (across carbohydrate 
sources) is shown in table 4. Ruminal pH 
was lower (P < 0.05) and total concentra
tion of VFA was greater when isolated soy 
protein was the nitrogen source. The pro
portion of acetic acid was greatest in the 
urea-fed animal. There were no significant 
differences in the propionic acid propor
tions. The treatment differences in the 
proportions of isobutyric and isovaleric 
acids were highly significant' (P < 0.001). 
Butyric acid (P < 0.05), valeric acid 
(P < 0 .01), caproic acid (P < 0 .01) and 
the ethanol concentrations (P < 0.05) 
were greater with the isolated soy diets.

The effect of the carbohydrate sources 
(across nitrogen sources) is shown in table
5. Ruminal pH tended to decline with in
creasing solubility of the tested carbohy
drate. The pH differences between either 
cellulose or starch and the other three 
carbohydrate sources were all significant 
(P < 0.05).

The acetic acid proportion in the rumen 
contents when steers were fed the cellulose 
diets was greater than when they were fed 
the glucose (P < 0.01), sucrose (P < 0.01), 
starch plus glucose (P < 0.05) or starch 
(P < 0 .05) diets. The proportions of acetic



2 2 6 E . R . 0R SK O V  AND R. R. O L T JE N

TABLE 3
E ffe c t o f N P N  sources on  th e  ru m in a l ferm e n ta tio n  pa tterns o f cattle  fe d  purified  diets

Treatment pH VFA concn
Volatile fatty acids

Ethanol
C2 c 3 IS0 C4 c 4 ISOC5 C5 C6

Biuret 5.8
m E q/liter

69.9 53.4 21.0
molar % of VFA’s 
0 .9  18.5 0 .2 5.3 0.7

m E q/liter
2.0

Urea 5.7 91.7 50 .2 27.9 0 .7 17.8 0 .2 2.9 0.3 1 .0

Urea phosphate 6.0 67.5 52.1 28 .3 0 .6 17.4 0.0 1.3 0.3 0.8

Uric acid 5.8 84.5 59.2 22 .6 0 .7 15.2 0.3 2.0 0.0 1 .2
se  o f m e a n s ± 0 .2 ± 8 .2 ± 2 .0 ± 2 .0 ± 1 .0 ± 2 .5 ± 0 .1 ± 0 .6 ± 0 .3 ± 0 .6

TABLE 4
R u m in a l ferm e n ta tio n  pa tte rn s o f steers fe d  isolated soy p ro te in  versus urea in  purified  diets

Treatment pH VFA concn
Volatile fatty acids

Ethanol
C2 c 3 IS0C4 C4 ISOC5 c 5 C8

m E q/liter molar % of VFA’s m E q/liter
Isolated

soy p ro te in 6 .0 1 1 0 .9 52.7 22 .2 1.4 15.6 1.4 5.3 1.4 4 .5

Urea 6.6 90.1 58.7 24 .7 0 .2  12.9 0.6 2.8 0.1 2 .9

se  o f m e a n s ± 0 .1 ± 5 .9 ± 1 .8 ± 1 .8 ± 0 .1  ± 0 .6 ± 0 .1 ± 0 .4 ± 0 .1 ± 0 .5

TABLE 5
E ffec t o f h igh  percentages o f d iffe ren t carbohydrate sources on the

steers fed  purified  diets
ru m in a l fe rm en ta tio n p a tterns o f

Treatment pH VFA concn
Volatile fatty acids

Ethanolc2 C3 isoc4 c4 ISOC5 C5 C6

Celluloses 6.9
m E q/liter

87.1 73.7 18.3
molar % of VFA’s 
1.0 4.8 1.4 0.8 0.0

m E q/liter
0.9

Starch 6.7 76.3 60.4 24.7 0 . 7 10.4 0.9 2.7 0.2 1 . 8

Starch +  glucose 6.0 114.4 57.1 28.9 0 . 6 9.9 1.0 1.9 0.6 0 . 6

Sucrose 5.8 121.7 49.6 23.2 0 . 6 20.2 0.7 4.4 1.3 5 . 9

Glucose 5.7 102.6 38.0 22.3 0 . 9 25.8 1.0 10.4 1.6 9 . 3

se of m eans ± 0 .2 ± 9 .3 ± 2 .8 ± 2 .9 ± 0 . 1 ± 1 .0 ± 0 .2 ± 0 .6 ± 0 .1 ± 0 . 8

acid on the starch and the starch plus 
glucose diets were greater than with the 
glucose (P < 0.01) or sucrose (P < 0.05) 
diets. The propionic acid proportion in
creased from the cellulose diet to the 
starch and the starch plus glucose diets 
and decreased again on the sucrose and 
glucose diets. There were no significant 
treatment differences in the isobutyric or 
isovaleric acid fractions. In the butyric 
acid proportions, sucrose and glucose were 
different (P < 0.01) from any of the other 
rations. Also a difference (P < 0.05) was 
apparent between cellulose and the starch 
plus glucose and starch diets in the propor
tions of butyric acid. The valeric acid pro
portion was greater with the glucose diets 
than with any of the other diets (P < 0.01).

Significant differences (P < 0.05) were de
tected between sucrose and both the cellu
lose or the starch plus glucose diets. The 
caproic acid proportion was greater (P < 
0.01) with the sucrose and glucose diets 
than with the other diets and greater (P < 
0.05) with the starch plus glucose diet 
than with the cellulose diet. Similarly, the 
concentration of ethanol in the rumen was 
greater with the glucose (P < 0 .01) and 
sucrose (P < 0.05) diets and greater when 
the animals received glucose than sucrose 
(P < 0.05).

An intraction (P < 0.05) was apparent 
in the ethanol concentration. The ethanol 
concentration with the sucrose diet was 
greater with urea (9.4 mEq/liter) than 
with isolated soy protein (2.4 mEq/liter),
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whereas in the overall means the ethanol 
concentrations were highest on the iso
lated soy diet.

DISCUSSION

The effect of the nitrogen sources on the 
proportions of the branched-chain VFA’s 
agrees with recent results (8, 9) and sup
ports the suggestion that these acids are 
derived mainly from the degradation of 
dietary protein and the deamination of the 
branched-chain amino acids (5-7). In the 
present studies small quantities of the 
branched-chain VFA’s were nearly always 
detected after feeding in the rumen in- 
gesta when the cattle were fed NPN. 
Quite possibly these small quantities could 
be the result of the breakdown of micro
bial protein at the rumen level. Source of 
NPN in the purified diets had little effect 
on the concentration of the branched- 
chain VFA’s indicating the general lack of 
these acids at the ruminal level compared 
with protein-containing diets. Possibly, the 
dietary addition of the branched-chain 
VFA’s to diets in which all of the nitrogen 
is supplied as NPN may have a beneficial 
effect on digestion and nitrogen retention
(8) and on amino acid balance (10).

Purser et al. (15) reported that the con
centration of isobutyric and isovaleric acid 
in the ruminal ingesta of sheep fed natural 
diets was not detectable 4 hours after feed
ing but was detected at levels of 3.0 and
6.0 molar percentages, respectively, before 
feeding. Possibly the branched-chain VFA’s 
may have been detected in greater concen
trations before feeding in the present ex
periments with both the NPN and protein- 
containing diets. Further research is needed 
in this area.

In experiments 1 and 3 the ruminal pH 
was highest when urea was compared with 
isolated soy protein as nitrogen sources. 
This was probably due to the rapid re
lease of ammonia from the hydrolysis of 
urea which was apparent 2 hours after 
feeding when the ruminal samples were 
taken.

The effect of carbohydrate source on 
ruminal fermentation is intriguing and 
suggests the elucidation of some factors in
volved in VFA formation. Table 5 shows a 
decreased proportion of acetic acid going

from the complex (celluloses in wood pulp) 
to the simple (glucose) carbohydrate 
sources. Propionic acid proportion in
creased from the celluloses to starch plus 
glucose and then actually lowered some
what with the sucrose and glucose diets. 
Instead the butyric acid increased with the 
sucrose and glucose diets as did the pro
portions of valeric and caproic acids. It is 
likely that both glucose and sucrose and 
presumably also the other mono- and disac
charides undergo rapid fermentation and 
the present evidence suggests that the pro
portions of butyric and higher VFA’s may 
be indicative of the rate of fermentation. 
The greatest concentration of the longer 
chain acids occurred when isolated soy pro
tein was the nitrogen source (table 4) ex
cept with the starch plus glucose diet.

The ethanol concentrations were great
est with the diets where the largest quan
tities of butyric, valeric and caproic acids 
were observed. This agrees with the sug
estión (4) and further evidence (16) that 
ethanol may be associated with the syn
thesis of longer chain acids but its precise 
role, if any, cannot be assessed from these 
studies.

The present studies may have an im
portance in raising the low butterfat per
centage which occurs when cows are fed 
high concentrate diets. It has been shown 
that butyric acid, due to its composition of 
C-2 units, can participate in milk fat syn
thesis and thereby have a favorable effect 
on milk fat percentage (17, 18) while 
propionic acid, due to its glucogenic na
ture, in most cases depresses butterfat 
percentage (19).

Fibrous diets such as those containing 
large quantities of wood pulp or natural 
roughages produce a high proportion of 
acetic acid and generally promote a high 
butterfat percentage (1). However, diets 
with an intermediate solubility such as 
those high in starch are either escaping 
ruminal fermentation in large quantities 
and are being absorbed in the lower gut 
as glucose (20, 21) or are being converted 
in the rumen to large quantities of pro
pionic acid or both, thereby depressing 
butterfat synthesis (19). Compounds con
taining lactose have been shown to raise 
the butterfat percentage in the milk of
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cows fed restricted roughage diets.2 In 
ruminal fermentation two acetyl CoA units, 
which act as electron acceptors, are con
densed and reduced to form butyric acid 
while butyryl CoA and acetyl CoA are re
duced to caproic acid. Propionyl CoA and 
acetyl CoA similarly yield valeric acid. Al
though a butyric acid fermentation is 
theoretically less efficient than a propionic 
acid fermentation (22) it is a more effi
cient process than when excess hydrogen 
derived from acetic acid production is be
ing directed towards reducing C02 to CH4 
which would be essentially lost to the 
animal. The observed differences between 
the starch plus glucose and glucose or 
sucrose diets suggest that large quantities 
of sugars are required to produce the ef
fect.

The reason that propionic acid forma
tion might be depressed when the fermen
tation proceeds very rapidly is not clear. 
However, it is possible that the concentra
tion of certain enzymes and co-factors are 
limiting and the result is a disposal of 
excess electrons via synthesis of longer 
chain acids.
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A B ST R A C T  E ffects of pyridoxine  deficiency on  th e  n o rm al in crease  in  iro n  absorp
tion  in  th e  p re g n a n t r a t  an d  on the  use of a  larg e  dose of iro n  ad m in iste red  orally  
du rin g  gesta tion  w ere investiga ted . T he deficiency w as evidenced by poor rep roductive  
p e rfo rm an ce  an d  im p a ired  ery thropoiesis, in c lu d in g  po lycy them ia a n d  red u ced  m ean  
co rp u scu la r hem oglobin  an d  m ean  co rp u scu la r volum e. P la sm a  iro n  co n cen tra tio n , 
to ta l iron -b ind ing  cap acity  an d  u n sa tu ra te d  iron-b ind ing  cap acity  w ere n o t a ltered  in  
deficient an im als  even  in  those  rece iv ing  larg e  doses of iron . D uring  n o rm al gestation  
iro n  w as m obilized  fro m  sp leen  stores a n d  sm all am o u n ts  fro m  liver. Iro n  supp le
m en ta tio n  a llev ia ted  th e  red u ctio n  in  liver stores b u t h a d  little  effect on sp leen . E leva
tion  in  liver iro n  observed in  the  deficiency w as m ore p ronounced  in  n o n p re g n an t th a n  
p re g n a n t an im als . S im ilarly  iro n  su p p lem en ts in ten sified  e levations m ore in  non p reg 
n a n t  th a n  p re g n a n t an im als . D ifferences w ere re la ted  to  u se  o f m a te rn a l stores fo r 
fe ta l needs. Spleen v a lu es e levated  in  th e  deficiency w ere no t in tensified  by iro n  sup
p lem en ts or by p reg n an cy . E levations w ere re la ted  in  p a r t  to less u tiliza tio n  of iro n  
in  ery thropoiesis. H em osiderin -to -ferritin  ra tio s  w ere in creased  in  liver, sp leen  and 
du o d en al tissues of defic ient an im als . A lthough  a lte ra tio n s in  tissu e  iro n  stores w ere 
observed in  th e  deficiency, no  m a jo r  im p a irm e n t in  iro n  ab so rp tion  appeared  ev iden t. 
D eficient an im a ls  to le ra ted  larg e  doses of oral iro n  d u rin g  gestation  w h en  iro n  absorp
tion  is n o rm ally  increased .

Normal regulation of body iron stores is 
believed to be controlled by intestinal cells 
but factors associated with the regulation 
are not completely known. The possibility 
that pyridoxine is a factor in the regulation 
is controversial. Enhanced iron absorption 
has been reported for pyridoxine-deficient 
swine (1) and rats (2) despite replete 
body stores. These findings have been ques
tioned by Yeh et al.2 and by Neal and 
Pearson (3). However, the latter investi
gators observed increased iron absorption 
in deficient rats when a large dose of iron 
was fed. Recently Calloway and McMullen
(4) have suggested that the absorption of 
iron by humans fed a ration high in iron 
was related to a marginal pyridoxine in
take. Abnormal iron metabolism leading 
to varying degrees of iron overload has 
been a consistent observation in pyridox- 
ine-responsive anemia in humans (5).

Iron is normally transported and stored 
in the body as protein complexes. Amounts 
of the mineral in excess of that utilized in 
hemoglobin and enzyme synthesis are de
posited in liver, spleen and bone marrow 
as ferritin and hemosiderin. It is not 
known whether pyridoxal phosphate, an

essential cofactor for many phases of pro
tein metabolism, is necessary for the syn
thesis of the protein moiety of iron-protein 
complexes involved in iron transport and 
storage. Alterations in levels of these com
pounds, namely, transferrin, ferritin and 
hemosiderin, could affect the transport 
and storage of the mineral as well as its 
absorption.

A marked increase in iron absorption 
has been observed in normal pregnancy 
(6, 7); the increase is associated with ele
vated maternal and fetal needs but a com
plete knowledge of regulatory factors is 
lacking.

The purpose of the present study was to 
determine whether pyridoxine deficiency 
intensifies the normal increase in iron ab
sorption in late pregnancy and whether a 
large intake of oral iron during gestation 
adversely affects reproductive performance 
and alters the iron composition of mater
nal blood and tissues. This paper will focus

Received fo r pub lica tion  Ja n u a ry  19, 1967.
1 Jo u rn a l paper no. 2989 of the  P u rd u e  U niversity  

A gricu ltu ra l E xperim ent S tation. T his study w as sup 
ported in  p a r t by the  N u tritio n  F oundation , Inc.

2 Yeh, S. O. J., B. P adella  and  B. F. Chow 1962 
Iron  absorption  by v itam in  B6-deficient ra ts. Federa
tion  Proc., 2 1 :  468 (a b s tra c t) .

J. N u t r it io n , 9 3 :  ’67. 2 2 9
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on responses of the maternal organism; 
the fetal data will be presented in a subse
quent report.

EXPERIMENTAL
Eighty female, Sprague-Dawley strain 

rats, 80 days of age, were divided into 8 
groups of 10 animals each. Animals were 
housed individually in wire-bottom sus
pended cages in a room maintained at 24° 
and 40% relative humidity and controlled 
for 12-hour periods of alternate lightness 
and darkness. Four groups of animals were 
fed ad libitum pyridoxine-deficient diets 
containing: (% ) casein, 26; sucrose and 
vitamin mix, 18.85; cornstarch, 34; hydro
genated fat, 10; com oil, 5; Jones-Foster 
salt mixture (8), 4; agar, 2; and L-cystine, 
0.15. The composition of the vitamin mix
ture was as follows: (mg/100 g diet) thi
amine, 2; riboflavin, 2; p-aminobenzoic 
acid, 200; niacin, 10; pantothenic acid, 8; 
biotin, 0.04; inositol, 400; vitamin Bi2 tritu
rate (0.1% in mannitol), 4.0; folic acid, 
0.4; choline, 400; and naphthoquinone,
1.0. Vitamins A, D and E were mixed in 
com oil to contain 450 IU vitamin A ace
tate, 400 IU vitamin D3 and 10 mg DL-a- 
tocopheryl acetate in 2 drops. Two drops 
were administered orally to each rat every 
3 days. Four pyridoxine-fed groups re
ceived the above diet supplemented with 
0.8 mg pyridoxine/100 g diet. Iron con
tent of the diets calculated as elemental 
iron was 200 mg/'kg. Iron requirements of 
the rat for reproduction have not been 
established definitely (9). Iron sufficiency 
has been reported with levels ranging from 
50 mg Fe/kg diet (10) to 600 (11). McCall 
et al. (12) observed that growth and repro
duction were supported through 3 genera
tions of rats fed 240 mg/kg diet which is 
similar to the level used in this study.

After receiving the experimental diets 
for 3 weeks, two deficient and two pyridox
ine-fed groups were mated. Mating was 
confirmed by the presence of sperm in the 
vaginal smear. Throughout gestation each 
rat in one deficient and one pyridoxine-fed 
group was given daily, by stomach tube, 
1 ml of a solution of FeS04 • 7H20 in 1% 
HC1 equivalent to 2 mg elemental iron. 
The supplement approximated the amount 
provided by 10 g diet. All groups were 
maintained with the diets fed before mat

ing for the 3-week gestation period. Four 
groups of nonpregnant rats received simi
lar treatments for the same time.

On days 1 and 21, after a 16-hour fast, 
tail blood samples were obtained for 
the following measurements: hemoglobin; 
hematocrit; red blood cell count; and con
centrations of plasma iron, iron-binding 
capacity and plasma total protein. Blood 
was always collected at the same time of 
day. To minimize the quantity of blood 
withdrawn, determinations were made on 
an ultramicro scale. Less than 0.4 ml of 
blood was required for all measurements.

On day 21, animals were killed by chlo
roform anesthesia. Liver and spleen were 
removed, blotted to remove traces of 
blood, weighed and frozen in foil bags. A 
20-cm segment of duodenum was washed 
in deionized-distilled water, weighed and 
frozen. Before killing the anesthetized 
pregnant animals, the young were re
moved by abdominal section and implan
tation sites, and number and weights of 
live young and total litter weight were re
corded.

Hemoglobin was determined as oxy
hemoglobin using 0.02 ml blood and 6 ml 
0.007 n  NHiOH. Absorbancy was meas
ured at 545 mu. Hematocrits were deter
mined by a micro-technique described by 
Strumia et al. (13). Red cell counts were 
determined in duplicate in conventional 
counting chambers.

Plasma iron concentration was meas
ured by an ultramicro adaptation of the 
method of Trinder (14) using a 20-uliter 
serum sample. Absorbancy was read at 
545 mu using a Beckman DU spectropho
tometer. Total iron-binding capacity was 
determined by adding 30 uliters FeCL 
(10 ug/ml in 0.005 n  HC1) to a 20-uliter 
serum sample and allowing to stand for 
5 minutes. To remove excess ferric ions, 
4 mg MgC03 were added and mixed inter
mittently in a mechanical shaker during 
a 30-minute interval and then centrifuged 
at 2000 X g for 10 minutes. Iron concen
tration of 30 uliters supernatant was meas
ured by the procedure described for plas
ma iron.

Plasma protein was determined by an 
ultramicro procedure (5 uliters plasma). 
The procedure was a modification of the 
method of Kingsley (15).
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Tissue samples were dried at 110°. Sam
ples were wet-ashed according to the 
method of Reitz (16). The iron content 
was determined spectrophometrically by 
the method of Sandell (17) using ortho- 
phenanthroline reagent.

Tissue samples were homogenized, di
luted to 10 ml with deionized distilled 
water and centrifuged at 2000 X g . Stor
age iron was separated into water-soluble 
ferritin and water-insoluble hemosiderin 
by the method of Kaldor (18). Iron con
tent of fractions was determined accord
ing to the method of Sandell (17).

The data were analyzed by analysis of 
variance techniques (19).

RESULTS

Food consumption, body weight, liver, 
spleen and duodenum weights are sum
marized in table 1. Oral iron supplementa
tion did not influence food consumption, 
weight gains or tissue weights. Liver and 
spleen weights were less for deficient ani
mals but not when values were calculated 
per 100 g body weight. Liver weights of 
pregnant animals were not significantly 
different from nonpregnant values when 
calculated on the basis of body weight but 
spleen weights were lower.

Number of resorptions, average num
ber of five young, and fetal weights are 
shown in table 2. Pyridoxine-deficient ani
mals had significantly more resorptions 
and the average number and size of live 
young was less than for vitamin-fed ani
mals. Iron-supplemented groups tended to 
have more resorptions. This finding was 
not, however, statistically significant.

Values for hemoglobin, hematocrit, red 
blood cell count, mean corpuscular hemo
globin (MCH) and mean corpuscular vol

ume (MCV) for days 1 and 21 are pre
sented in table 3. Pyridoxine deficiency 
did not significantly influence hemoglobin 
concentration but lowered MCH values. 
Polycythemia and low MCV were also 
evident in deficient groups on days 1 and 
21. Iron supplements did not significantly 
influence any of the hematological values 
reported here.

Pregnancy significantly decreased hema
tocrit, hemaglobin and red blood cell 
counts, but MCH and MCV were not 
changed. None of the hematological val
ues were altered when the iron intake was 
approximately doubled by the oral sup
plement.

Plasma iron concentration, total iron
binding capacity (TIBC) and unsaturated 
iron-binding capacity (UIBC) were not in
fluenced by the deficiency per se (table 4). 
However, at term pyridoxine-deficient preg
nant animals had higher plasma iron and 
TIBC and lower UIBC compared with 
their pyridoxine-fed counterparts.

Pregnancy was accompanied by de
creased plasma iron concentration, TIBC 
and UIBC. The differences were greater 
in pyridoxine-fed groups. Iron supplemen
tation did not affect the concentrations of 
plasma iron, TIBC or UIBC in any group.

Plasma total protein was only slightly 
lower in pyridoxine deficiency (table 4). 
These differences were not evident among 
pregnant groups on day 21. In pyridox
ine-fed pregnant animals a marked de
crease in total protein was observed at 
term.

Total iron, non-heme, ferritin and hemo
siderin fractions in liver are presented in 
table 5. Total iron concentration was ele
vated by the deficiency but total iron con
tent (ag/liver) was not. The combined

TABLE 2
R eproductive  perform ance

Pyridoxine-fed Pyridoxine-deficient T reatm en t

Fe suppl., mg Fe suppl., mg Significant F  values

0 2 0 2 P <  0.01

Im p lan ta tio n s , avg n o .1 12 13 11 12
R esorptions, to ta l no .2 3 20 35 55 v itam in
Live young, avg no. 12 11 7 6 v itam in
F e tal w t, avg, g 4.5 4.4 3.3 3.2 v itam in

1 Averages fo r 10 rats.
2 Totals fo r 10 rats.
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TABLE 3
H em oglobin , hem atocrit, red blood cell coun t, m e a n  corpuscular hem oglob in  (MC H) 1 and  m ea n

corpuscular vo lu m e  (MCV) 2

Py ridoxine-f e d Pyridoxine-deficient T reatm ent

N onpregnan t P re g n an t N o npregnan t P re g n an t S ignificant F  values

Fe suppl., m g Fe suppl., m g Fe suppl., m g Fe suppl., m g P <  0.01

0 2 0 2 0 2 0 2

H em oglobin, g /1 0 0  m l 
D ay 1 15.5 3 15.2 14.7 14.8 14.9 14.9 14.2 14.6
D ay 21 15.6 15.4 12.2 12.3 14.7 15.0 12.3 12.4 p re g n an t

H em atocrit, %
D ay 1 45.2 44.7 43.0 46.0 44.0 44.1 44.5 44.7
Day 21 46.0 45.2 35.9 37.9 44.3 45.6 41.0 38.4 p re g n an t

R ed blood cells, 
D ay 1

10s/m m 3 
8.4 8.4 8.9 9.0 9.4 9.7 9.6 9.7 v itam in

D ay 21 8.6 8.5 6.5 6.6 9.9 10.2 8.7 8.0 v itam in , p re g n an t

MCH, m.tg
Day 1 18.6 18.2 18.7 18.1 15.6 15.6 15.9 16.1 v itam in
D ay 21 18.3 18.3 18.7 18.9 14.8 14.7 14.1 15.0 v itam in

MCV, [is
D ay 1 53.8 53.8 50.0 50.4 45.9 45.6 44.7 43.5 v ita m in
D ay 21 54.0 53.0 55.1 58.4 44.7 44.7 46.1 48.4 v itam in

1 MCH — hem °globin C g/liter blood)
— RBC x 106/m m 3 blood

2 a/tqy _  vol RBC (m l/l i te r  blood)
RBC x 106/m m 3 blood

3 Average fo r 10 rats.

effects of pregnancy and the deficiency 
resulted in the elevation of both param
eters. Both the concentration and percent
age of total storage iron hemosiderin and 
hemosiderin-to-ferritin (H/F) ratios were 
higher in the deficiency, whereas both val
ues for ferritin decreased. Iron supplemen
tation increased liver iron concentration, 
total iron content, and storage iron concen
tration. Both ferritin and hemosiderin con
centrations increased with no change in 
H/F ratios. Pregnancy resulted in de
creased liver iron concentration especially 
in pyridoxine-fed groups. These groups 
also had low total iron content. In preg
nancy both ferritin and hemosiderin iron 
concentrations decreased but the percent
age of each fraction in storage iron and 
H/F ratios was not altered.

Total iron, non-heme, ferritin and hemo
siderin iron fractions in spleen are re
ported in table 6. Pyridoxine deficiency re
sulted in higher iron concentration but 
total spleen iron (ug/spleen) was not sig
nificantly different from values for ani
mals receiving the vitamin except for the

pregnant groups. Concentrations of total 
storage iron, ferritin and hemosiderin iron 
increased in the deficiency. Storage iron 
calculated as a percentage of total iron was 
also slightly higher in deficient animals. 
In the deficiency the percentage of ferritin 
in storage iron decreased and hemosiderin 
increased, resulting in increased H/F ra
tios. Pregnancy led to decreased total iron 
concentration and total iron content in 
spleen. Differences were more pronounced 
in pyridoxine-fed groups. These animals 
also had a lower percentage storage iron. 
In pregnancy the percentage ferritin stor
age iron was less and hemosiderin was 
higher resulting in increased H/F ratios. 
Iron supplements did not cause significant 
changes in any of the values reported for 
total iron or storage fractions.

The iron content of the duodenum is 
summarized in table 7. Concentrations of 
total iron, storage iron, ferritin and hemo
siderin were increased by the deficiency. 
The percentage ferritin storage iron was 
slightly less in deficient animals and he
mosiderin was higher resulting in the ele-
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Ĝ
s

>
Ph

$'3

fi fi fi fi
(3 3 3 3
fi fi fi fi
bfl bfl bfl bfl
03 03 03 03
H H H tH
a a a a
X X X X

© .S fi fi fi
ò a g a a
V 3 3 3 3

-M H-» -4-» H-»
fin > V >

+■ >
fi fi fi .a fi
3 3 3 3
fi fi fi a fl
bfl bfl bfl 3 bfl
03 03 03 03
H H M ■rH M
a a a > a

rH o
O co

bc CM
CM 03 03 CM LO CO CO LO

s I> LO t> o
CM a LO CO CM cm

a O O
3 o

03 io LO CO o co LO
0) o co co CO q rH
Ph CM rH LO co CM CM

(M CM
rH O

tuC I> IO CO CO D- 03 co CO

a CM l> I> co co CO CO
CM CM LO LO <M CM

a oa
3 CO co
cn CO CO o 03 CM LO co
a O t> LO CD I> CO
Ph CM CM IO LO CM CM

o co
LO co

tu rH IO 03 03 CO CO
a <N CO O CO O O CM

03 rH LO co co CM

a CM coa
3 CO o
cn O 00 CO 03 rH co’ LO
03 O CO CO CO rH o 00
Ph CM <M io CO co CM

03 Oq
bfl CM

03 rH rH CM co CO CO co
a CO CO D' t> 03 03

(M CM IO LO CM <M

a CM oa
3 r< CO co
CA rH t> O CO CO CD co
03 O l> CO D' 03 O
Ph CM CM IO IO <M CO

'a

oo
rH
Na bfl

oo .3
rH 03
\ rH H o
bJD a fi fH
3. o o a

fio
.a rH

o
rH
N
bfl
3.

rH

o
rH
N
bfl rH o CM

(3G
rH CM rH CM 3. rH CM 3

fl
rH CM

?H >> « >•> PH P>» >.
fi</)
03

o3 3 o 3 3 o 3 3 fiCA
3

3 3
P Q pq Q Q pq Q Q P Ps H P s



H»fl«<H

éOS
sO

Oft

<U <u
f t f t

<u X 4->
f l f l f l e f l f l

3 ci X ci X *3 ci ci
ö > tH f l f l -  H f l f l
0)
s4->ci
s
H

f t

f l
u

<3

q
6

V
f t

bJO
V
H
f t

53

.3  X
S s . 3

. 3  s  a
>  m S

■M

S>

bJO
<15

f t

fl"

•S g  
f i s ?  
2  §  *  
S  El f l^ ÖD- r j

4-»
f lci
f l
ÖJ0

M
<U
M
f t

f l"  f l

bo
(U
M
f t

fl" f l•ri «rH f l

i
a <u 22 ' g

eu
N 1 « s  s

Û5
H 1  a a  a aci t u  f t  Ä f t ci f t l  f t  Ci f t ci ci ci ci c i

CO
>

05
f t > V ’> V v v >

C i
CO
Tp

rH TP TP rH rH
IO 05 O co  rH. C0 05 O
Tp r—1 TP rH C i  rH C i  O Ò

<M +1 +1 + 1 +1 +1 +1 +1 +1 +1
tuo co CD O TP C0 Tp Tp CO rH

-w
f l

s C i
TP

l>
OÍ

b -
co ft

00 « S rH
t>
rH

ci CO O
f l f t
büb
0) f t co

f l co
LO

00 rH co C i rH
£ eu

f t
O í t - <35 05 ° . q  q O
TP rH LO O C i  rH f t  ö O

g o +1 +1 +1 +! +1 +1 +1 +1 +1
« IO LO O co LO CD LO ^p o
U

efi
(U

IO
co

CO
co
C i

rH
CO ft

co CN co ^ T P
rH

t>
rH
O

T3
<UÖ TPco C i TP 00
O [> TP

Tp LO q oo 9 oo q O
T3 TP rH CO rH C0 rH rH  6 Ò’S
>. C i +1 il +1 +1 +1 +1 +1 +1 +1

f t 4-> bC co CO q rH  CO CO Tp cofl
ci
fl
bu

S oio o
00
C i

TP
Tp 00

00
C0 iß ^ T P

rH d
<D ft
*4 ft 00ft 3 LO

C i
C i 00 Tp rH ofl

O o 05
rH

o « C i  O q
£ ft co rH CO rH C i  o C i  rH d

o +1 +1 +1 +1 +1 +1 +1 +1 +1
co CO CO l>  ci co  oo o
TP
TP

IO
LO
C i

05
CO C0

CO
S d

CO
“ > t p

rH
co
rH
O

rH
C i
co

CO C i C0 C i rH
o CO 05 T H « rH  00 O
t> rH C i O C i  o ci o d

C i +1 +1 +1 +1 +1 +1 +1 +1 +1
tuo CO 05 rH CD 05 co  O c i

f lci
S

05
C i

TP
05
C i

C i
C i f t

^  00
C i  Q 

rH
rH
rH
O

fl f t 05s f t<u fl TP
TP

rH rH C0 Tp OH
f t

cn
o LO C i io< £ . CO 05 O

05ft o rH CO rH C i  O rH  6 d

+1 +1 +1 +1 +1 I I +1 +1 +1
co C i 05 TP LO CO LO LO

TJeu
«H
<ÙÖ

05T—f rH
rH
Ci

co
rH OI>

ci o'
05

^  05 O
rH
O

3 o
O TP co C i  rH rH
3 T—1 C i CO 05 00 O  I> O
‘m Tp rH C i 6 rH  O ci 6 d
Ph Gì il +1 +1 +1 +1 +1 +1 +1 +1

Tp rH CO co CO rH O  05 co
flcifl

bn
a

CO
Tp

O
rH
CO

CO
CO TP

00
S  05 03 co rH

Ci
rH
O

bfl
(U »f-4 & coft 3 i_i . CO rH O  rH ofl
0 eu CO TP CO O o T C i  LO o
Z ft CO rH Ci rH co o ft ö d

+1 +1 +1 +1 +1 +1 +1 +1 +1
o I> rH  05 CO rH o

IO LO co q  o ^  05 C i
co 00Ci C i CO ^  05 rH

O

o <15 eu eu
flCA fl

CO
fl(A fl C S sOd CA CA O O  CA O

+j fl - • f l •« -  .a
rflco fl ÆCA

o
.fl fl rfl euCA ÖX) S43 u•a » m

fl MO
MCD>

O
•fl

05
£

rHci4-J
S a  2'H o Ö 3 aT3 ‘H g o•ri

.fl w _  \ A3\
05W>bfl\

O■M I “ ta 1-S?« c i
fH

al W> 
o  3- 

H

W)=t
cif-4o

co

W>=4 SS flHeu
ft

s0)
K

ft
N
X



<15
r f i

sÖ

gcu
¿OS
eo

oh

CO
05
CO

05
CD CO

LOq CM

t Fq
CO

CM
00 c

CM i —t rH rH rH CO d d

CM +1 +1 +1 +1 +1 +1 +1 +1 +1
no O rH r—( rH q o o CO

f i
ci

a TF
c -
CM

LO
tH
T—i

TF
TF
CM

05
CO

CO
CO
rH

LO
i > CD LO

CM

CO
CO
d

f i f t
b£ f t CMCU
fH

f t
f i
M
CU

f t

CD
O

CO
rH

t F
CO

CD
CM rH

o
rH

O
CO
q ©

CM T—1 rH rH CD rH TF d c

f i O +1 I I +1 +1 +1 +1 +1 +1 +1
© T—( t > tH o q TF TF CO
O CD rH TF CO rH CM CM

CM

CO
Cß
<u

V

CD
CM

T—1 
T*H

CO
<M CO 00 LO CM

d

ò
f i CD
X
o CM

00 CO
CM
O

CDq CO

05q q c
T3 rH 05 rH rH t - rH TF rH d
’ S

ca +1 +1 +1 +1 +1 +  1 +1 +1 +1
f t H-J ho o o L0 q LO CD o TF. r - '

f i
03
f i
bjd

a CO
CO
CM

rH
CM
rH

L0
CM

rH
05

t >
O
CM

Ö
CO

o
t o 05

rH
TF
CM
d

CD a
fH & t Ff t
f i
O

f i
m
cu

f t

TF
CO LO

t f
rH o

CO
CO o 05 o

z TH 05 rH rH 1 > O CO d d

O +1 +1 +  1 +1 +1 +1 +1 +1 +o l > CD o CD CM o 00
TF CD 05 O Q ! >

05
rH

t F
CD
CM

CM CO
CM

05 CO TF CM
d

ö s.s
d  05 t í

B&I
SX'?-
f t .S *í §fi g B fi •fi a o3 bjo 
t í  2  e  <d
5  ÖJ0 fH 
fi í> 05 f t  

• r í  fH> ft

„ § X X X X +■>fi X •H
•S c S adfi tí fiad’S S 's bi) tí fiHa3 Mad Mad CDfH ad tuo 

"fi H
3 * 
&.S

>
g

+J H-> 
§'5„ 
&.S

fiadfibJD
•rH>
•S

-Mficdfitut)
ft
fi"
g

’>
fi"

s M S 0) s <15ad g g 0adH->ft fi ft ad-Mft~H•iHtuo>
adH->ft fi^ H-»

> V > •rH> >

o rH CM rH o rH
CO o CO CO CD CD q o
rH rH rH rH LO d CM d d

+1 +1 +1 +1 +1 +1 +1 +1 +1
CD LO CO LO CO TF O q o
CD
LO
rH

LO
05

CM
CO r F

CO
o

rH
co
co

CM
CM CD

rH
o
CM
d

o
O CD CO t F r F rH
TF CM LO q CO 00 q
rH 05 rH d CD d (M d d

+1 +  1 I I +1 +1 +1 +1 +1 +1
CO CO o 05 05 CM rH q c o
o
co
rH

t F
CO

CO
O
rH

CM
CO

O
05 »cF

CO

t >
rH LO

rH
co

d

05
o rH CO TF o
CM CM TF q LO LO CO LO o
rH 00 CO rH d rH d d

+1 +1 +1 +1 +1 +1 +  1 +1 -H
CO L> 05 CO CD q "sF
co
co
<M

O
CO

CD
O
CM

CO
co

05
t >
rH

CD
CO

l >
(M CO LO

rH

d

_ c o
CD c o rH rH o
tF LO <M q CO

CO o
rH CD 05 d CD d CO d d r i
+1 +1 +1 +1 +1 +1 +1 +1 +1

ad
CU

o O o o CM o 00 t f s
«H
o

LO
CM
CM

CD
CM
rH

LO
05
rH

CD
00

CM
I >
rH

co
CO

co
CM rH

c o

d w
/—s Cfl
CD
g +1

CD •+2
CD r f i  05 CD 05 fH
f i
Cfi
Cfi

f i  3
O  «5
r i  “

f i
Cfi
cn

f i
o

Ö  3  52 cfl 
O  a>

f i
o

o
rH

"•+•> ¿ ’f i f i +3 u •H  +J fH
o

r f i
a i

f i  fH
O  «H

f i
<D
CD

rH
f t

r H r f i
52 a i 
O  CD

o

. a G  'S

l i

05
bD
od
fH
o

f i  r f i
• r i  cflfH QJ 
05 ^  

T 3 «H

05
tuD
od
fH • 2

«H
C/5
CU
no
cd

• ä  tuO V i
\ S “

2  “  
o  S .

o
H> . 3  M

t i

+J
co ‘ vi bù

o  \
4->
O) r t

fH

fH
<u
>

ad &J5 

O  *

tuo
f i .

* 0  tuo 
B  f i .  
05

a  g
CD

f t
\

<3
Eh tr i f t W X



V
ft

fi
g X
S S<u *fi _n a tí
• S !
B

*5 fifi ai2 fi fi M
M  ai

> S.r «
ft

>

0  HH ft ftx
C fi
B BaJ 03

S
S03
^  s0 03h fi- iaofi S 
fi »
a X

fi
!
'!fi0 o3
fa g.
.s s .sfi ft fi§xg

Xfi
aci-H -fa)
i  S 
a aP? ft

g
s
OS*0

iOS

oft

«fi05TJÒfi*OT3

fi'xO
‘G>>ft

CO (N rH rH 05 dcq cq ^ Cl 05 CO oft ci ft ci d Ó ft d
+1 +1 +1 +1 +1 +1 +1 +1CD LO CD Cl LO 9 96 CO CD ft LO ft ft d9d

o
CD LO 05 t> rH Cl
rH ^ CO o rH LO dC0 t> LO cq O 9 qft ci ft rH rH O rH d
+1 +1 +1 + 1 +1 +1 + 1 +105 CD CD cq 9 Clft 05 LO Ò CD 05 CO o9d

CO
CO 05 CO t> d

I> O O CO Cl CDCD LO Cl o 05 05 9 qCO ci ft ci O O ft d
+1 +1 +1 +1 +1 +1 +1 +105 ^ o 9 9 COCO CD ft ft ft ci ci 05dd

d
LO LO 05 Cl
O LO O o CD rH05 ci cq 03 q 9 qci ci rH ft rH d ft d
+1 +1 +1 +1 +1 II +1 +1CD 9 ^ CO 9 COLO CO ft CO co d ft oCOd

05

^ 05 CO t> rH Cl

CM CO 00 Cl LO rH rH o9 ^ CD CO 9 9 q
ft CO rH ft O d ft d
+1 +1 +1 +1 +1 +1 +1 +1O cq iq CD q q dCD co ci CD d CD d LOdd

o
C0 CO 05 Cl co (M

Cl rH CO rH CO COCD Cl CO cq CO q 9 qCO Ci O ft O d rH d
+1 + 1 +1 +1 +1 +1 + 1 +1l> 05 05 cq 9 9 rH d05 ft Ò ft 05 CO O LOdd

CO
rH 05 ci

CNJ CO rH o rH d o05 ^ 9 05 05 o
CO ci ft d O O d d
+1 +1 +1 +1 +1 +1 +1 +1LO rH rH LO I> 9 9 CO03 ft LO CO rH CO CO ddd

o
^ 05 CO CO

in rH (N LO CD CD rH rHCO CD Cl cq LO 9 O O
ci CO ft rH O d ft d
+1 +1 +1 +1 +1 +1 +1 +1t> cq 05 O l> 9 9 oCÓ CD CO Ò ci d ft rHdCO CO 05 CO CO ** d

.b w>rfa03 W>+e ft

0a<Drtí 0À 3 o S ¿'■C fi
g-Si
•S «B 3S, “ S
| s *

tí ^o w O 0
•b HM «4H
S W> 43 \
h w>H =i.

03d 3 h en O en•b-43
.S-SM 0o> M T3 ĥen W) O \
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vated H/F ratio. Pregnant animals, except 
for the iron-supplemented deficient group, 
had decreased concentrations of total and 
storage iron. Reductions were pronounced 
in pyridoxine-fed groups. These groups 
had significant decreases in concentrations 
of ferritin and hemosiderin but no signifi
cant change in the percentage distribution 
of storage fractions. However, H/F ratios 
were slightly elevated. Iron supplements in
creased concentrations of duodenal total 
iron, storage iron, ferritin and hemosiderin 
but the percentage total storage iron and 
the proportions of ferritin and hemosiderin 
storage iron were not altered.

DISCUSSION

The time-period for producing pyridox- 
ine depletion was limited so that animals 
would implant and maintain pregnancy. 
The period was sufficient, however, to re
sult in impaired reproduction including in
creased fetal resorptions and decreased 
numbers and weights of live young. These 
observations have been reported previously 
in pyridoxine deficiency (20). A trend 
toward increased resorptions in all iron- 
supplemented groups suggested that the 
mineral intake may have been approaching 
an excessive level for successful reproduc
tion. Iron supplementation per se did not 
produce more adverse impairments in re
productive performance in pyridoxine-de- 
ficient animals than observed in the vita
min-fed group. On the basis of this 
criterion, deficient animals appeared to 
tolerate an increased level of iron intake 
during gestation at least as well as animals 
receiving the vitamin.

In this study none of the parameters of 
plasma iron were influenced by pyridoxine 
deficiency per se. Elevated plasma iron and 
TIBC and low UIBC observed in deficient 
pregnant animals compared with values 
for animals receiving the vitamin appeared 
to reflect blood volume differences. In the 
deficiency normal physiological changes in 
pregnancy were less pronounced because 
of the reduced size of the litter. Reductions 
in plasma iron and TIBC levels in pregnant 
groups, even in animals receiving the vita
min and large oral iron supplements, were 
similar to observations by Morgan (21) in 
rats that had been iron-loaded before preg
nancy. The findings of Morgan in conjunc

tion with those of this study support the 
suggestion that these changes are a normal 
physiological phenomenon of pregnancy.

The essentiality of pyridoxine in the 
biosynthesis of hemoglobin is well estab
lished. Pyridoxal phosphate participates in 
the formation of an activated glycine de
rivative and also acts as a coenzyme in 
decarboxylations of a-amino-/?-ketoadipic 
acid in the pathway of porphyrin synthe
sis. In this study hemoglobin concentration 
per se was not altered by dietary omission 
of the vitamin; however, polycythemia ac
companied by significantly lower MCH and 
MCV were evidences of the effects of the 
deficiency on hematopoiesis. The addition 
of the oral iron supplement to the basal 
diet did not change the hematological 
findings. Bishop and Bettwell (22) sug
gested that excessive iron concentration at 
the site of hemoglobin synthesis could re
sult in the formation of an iron pyridoxal 
phosphate complex which inhibited nor
mal coenzyme function of pyridoxal phos
phate in porphyrin synthesis. The level of 
iron supplement used in this study did not 
appear to be sufficient to intensify the ef
fects of the deficiency on hematopoiesis.

Decreased hemoglobin, hematocrit and 
red blood cell counts observed in pregnant 
animals on day 21 of gestation are appar
ently physiological phenomena of normal 
pregnancy (21, 23). The physiological in
crease in blood volume is related to the 
changes. In support of this suggestion, 
MCH and MCV values were not changed 
in pregnancy. Oral iron supplementation 
had no significant effect on any of the 
hematological values reported. Morgan
(21) reported that iron-loading rats before 
mating did not prevent the decrease in 
hemoglobin concentration in pregnancy.

Increased total storage iron, decreased 
ferritin and increased hemosiderin levels 
were consistent observations in tissues of 
deficient animals. The extent to which 
these changes in iron storage can be in
tensified by a more prolonged vitamin de
ficiency than used in this study is being 
investigated in nonpregnant animals.

Decreased iron concentrations and total 
iron content in liver and in spleen of preg
nant animals are in accord with the re
sults reported by Morgan (21). In liver, 
decreases in both ferritin and hemosiderin
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iron concentrations were observed result
ing in no significant alteration in the per
centages of these storage fractions. How
ever, in spleen, the percentage ferritin was 
decreased and hemosiderin increased, 
suggesting that a large proportion of iron 
for gestational needs was mobilized from 
the ferritin fraction of spleen. In the de
ficiency this pattern of tissue mobilization 
of iron did not appear to be altered even 
though less iron appeared to be mobilized 
from tissues.

Regardless of the treatments used, a 
larger percentage of total iron was stored 
as ferritin in liver than spleen, whereas 
hemosiderin was stored in larger propor
tions in spleen. These results are in agree
ment with those of Kaldor (18) and Reddy 
et al. (24).

Iron supplements resulted in increased 
liver iron concentration and in total iron 
content. The increases were distributed 
between the two storage fractions without 
a change in H/F ratios. Iron supplements 
did not result in large increases in spleen 
iron levels. These observations suggested 
that liver was the principal deposition site 
of the supplementary iron. The pattern of 
deposition appeared to be similar in vita
min-fed and deficient animals although the 
amounts deposited were either greater, 
or less was withdrawn in the deficiency.

In numerous hypothetical models of in
testinal function in iron metabolism the 
iron content of absorptive epithelial cells 
has been suggested as an important mech
anism controlling iron balance (25-27). 
Low and high concentrations of duodenal 
iron, particularly ferritin, have been as
sociated with increased and decreased ab
sorption of iron, respectively. In this study 
decreased duodenal iron concentration, es
pecially ferritin, was observed in vitamin- 
fed pregnant groups. This may have al
lowed for increased iron absorption which 
has been well-established in pregnancy (6-
7). It is also possible that the high level of 
iron in the duodenum of iron supplemen
ted and deficient groups was part of a 
regulatory mechanism which blocked ex
cessive absorption of iron. Both of these 
groups had elevated iron stores and there
fore the need for iron was less.

Although deficient animals had elevated 
levels of iron in all tissues examined, no

major impairment in iron absorption was 
evident. The animals tolerated a 2-mg sup
plement of elemental iron given daily 
throughout gestation even though this is a 
period during which absorption of iron is 
normally increased. The oral supplement 
did not alter plasma iron levels or greatly 
intensify the elevations of iron in tissues 
of deficient animals. In these animals 
MCH was decreased and in pregnant 
groups, the young were smaller in size and 
number. Thus tissue elevations in the de
ficiency appeared to be due largely to de
crease utilization of iron in hematopoiesis 
and to reduced fetal demands.
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Effect of Gossypol on the Iron-binding 
Capacity of Serum in Swine 1,2

J . E. BRAHAM, R. JARQUÌN, R. BRESSANI, J . M . GONZALEZ 
AND L. G. ELÌAS
In s titu te  o f N u tr itio n  o f C entral A m erica  a n d  P anam a (INCAP), 
G uatem ala , C entral A m erica

A B ST R A C T  T he effect of iro n  an d  calc ium  ions, alone an d  in  com bination , on 
th e  tox ic ity  o f gossypol fo r sw ine fed  co ttonseed  flour ra tio n s, w as stud ied . W eekly 
d a ta  on the  p e rfo rm an ce  of the  an im a ls  w ere k ep t fo r  15 w eeks, an d  blood sam ples 
w ere tak en  every 15 days a n d  analyzed  fo r hem oglobin , hem ato crit, g lu tam ic-oxalo
acetic  tran sam in ase , to ta l iron-b ind ing  cap acity  an d  se ru m  iron . T he re su lts  in d ica ted  
th a t,  w h en  bo th  chem ica ls w ere ad ded  to th e  ra tio n , th e  an im a ls  show ed b e tte r 
w eigh t g a ins an d  no changes in  th e  h a ir  coat. T he add itio n  of ca lc iu m  alone re su lted  
in  low  hem oglobin , h em ato crit, iron-b ind ing  cap acity  an d  serum  iro n  levels, bu t 
there  w as no ch an g e  in  th e  g lu tam ic-oxaloacetic  tran sam in ase  serum  levels. Iron  
su p p lem en ta tio n , how ever, re su lted  in  hem oglobin , h e m a to crit and  iron -b ind ing  cap ac 
ity  ap p roach ing  those of th e  con tro l group, b u t the  levels of g lu tam ic-oxaloacetic  
tran sam in ase  w ere  s ign ifican tly  elevated , in d ic a tin g  som e liver dam age. T he ad d itio n  
of bo th  m in e ra ls  re su lted  in  low  levels of th e  tran sam in ase  an d  hem oglobin , h e m a 
tocrit a n d  iron -b ind ing  cap ac ity  levels s im ila r to those ob tained  w ith  th e  add itio n  of 
iro n  alone. T he re su lts  suggest th a t  gossypol b in d s iron , in te rfe rin g  w ith  its  absorp
tion, a n d  consequen tly  iron-deficiency a n em ia  develops. T he add ition  of calc iu m  
in creases th e  effectiveness of th e  gossypol-iron com plex fo rm atio n , re su ltin g  in  fu ll 
p ro tec tio n  fro m  gossypol toxicity , a lth o u g h  probab ly  the  levels of iro n  u sed  w ere n o t 
sufficiently  h ig h  to m a in ta in  a  n o rm al blood p ic tu re .

Several workers 3 (1, 2) have shown that 
the addition of ferrous salts to swine ra
tions containing cottonseed meal reduces 
the toxicity of gossypol to varying degrees. 
The added iron forms an insoluble com
plex with gossypol, decreasing its free con
centration and consequently its toxicity. 
In vitro studies by Bressani and co-workers
(3) showed that the addition of iron in the 
presence of calcium salts decreases the 
concentration of free gossypol to a low 
level in food mixtures containing cotton
seed flour. Jarquin et al. (4) have shown 
recently that the addition of 1% Ca(OH)2 
and 0.1% FeS04-7H20 completely elimi
nates or inactivates the toxicity of gossypol 
for pigs fed high levels of cottonseed meal. 
Furthermore, Braham et al. (5) observed 
that the high levels of serum glutamic- 
oxaloacetic transaminase observed in ani
mals fed high levels of cottonseed meal 
decreased to normal values when the ra
tion was supplemented with both iron and 
calcium.

The results of Jarquin et al. (4) with 
swine, and those of Danke and Tillman 
(6) with rats, showed that the feeding of

high levels of gossypol resulted in decreased 
levels of hemoglobin and hematocrit. The 
latter authors showed that the anemia 
thus produced was microcytic, hypo
chromic in character.

The present study deals with the effect 
of the addition of calcium and iron, alone 
or in combination, on the performance 
and certain blood constituents of swine fed 
high levels of cottonseed meal.

MATERIALS AND METHODS

Experimental procedure. The experi
ment consisted of 7 treatments, one of 
which was a control. Eight pure-bred 
Duroc Jersey piglets, 4 males and 4 fe
males, were used per group. The animals 
were from 6 to 8 weeks of age when placed 
on the experiment and weighed between
5.4 and 12.2 kg.

Composition of rations. The composi
tion of the rations fed is described in * 1 2 3
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table 1. A ration containing 50% of soy
bean meal was used as a control and all 
the experimental rations contained 42% 
of a high quality cottonseed flour. This 
material was produced by the pre-press 
solvent extraction process and contained: 
(in % ) protein, 50; fat, 3.2; crude fiber, 
5.1; free gossypol, 0.058; total gossypol, 
0.943; available lysine, 3.10 g/16 g N. 
Ferrous sulfate (7H20) and calcium hy
droxide were added, alone and in com
bination. The residue from the crude oil 
purification step contained: (in % ) pro
tein, 52.1; fat, 39.7; crude fiber, 2.9; free 
gossypol, 0.332; total gossypol, 1.228; 
available lysine, 2.36 g/16 g N, and was 
added to rations 6 and 7 to increase the 
gossypol level both in the presence and 
absence of the combination of ferrous sul
fate and calcium hydroxide. All rations 
were analyzed for free and total gossypol 
by the methods of the AOCS (7).

Care and feeding of animals. Through
out the experimental period, which lasted 
15 weeks, each group of 8 pigs was con
fined in a pen which measured 5 X 2 m. 
The pens had concrete floors and were 
washed daily. Free access to feed and 
water was provided at all times. All ani
mals received 1 cm3 of a 20% zinc sulfate 
solution every other day throughout the ex
perimental period. Weight and feed con
sumption data were recorded at weekly 
intervals.

Blood chemistry. Blood samples from 
the jugular vein were obtained from each 
pig at the beginning and every 15 days

thereafter until the fifteenth week, for the 
determination of hemoglobin (8), hemato
crit (9), serum glutamic-oxaloacetic trans
aminase 4 and serum total iron-binding ca
pacity and serum iron (10). From the 
latter values, the unsaturated iron-binding 
capacity and the amount of circulating 
transferrin were calculated.

RESULTS

The growth performance, mortality and 
observations on the discoloration of the 
hair of the pigs are presented in table 2; 
also shown is the free gossypol concen
tration of the ration fed. The animals fed 
the control ration gained significantly more 
than those fed the ration containing cot
tonseed flour with or without additional 
Ca(OH)2 and FeS0r7H20, alone or com
bined. The addition of ferrous sulfate and 
calcium hydroxide combined (ration 5) 
resulted in no greater response, with re
spect to growth and feed efficiency, than 
the addition of iron alone (ration 3). 
There was, however, a marked difference 
in the appearance of the animals. Those 
receiving the ration with the combined 
chemicals showed no discoloration of hair 
and 5 out of 8 pigs showed discoloration 
of hair in the group fed the ration supple
mented with iron alone.

The results on the blood constituents de
termined are presented for groups 1 
through 5 only, because results for groups 
6 and 7 are similar to those for groups 2

4 Sigm a C hem ical Com pany 1964 Tech. Bull. no. 
505 (M ay), St. Louis.

TABLE 1
C om position  o f the  exp erim en ta l ra tions

R ation  no.

1 2 3 4 5 6 7

Soybean m eal 50.0 __ __ __ __ ___ —
C ottonseed flour 1 — 42 .0 42 .0 4 2 .0 42 .0 42 .0 42 .0
M ineral su p p le m e n t2 3.0 3.0 3.0 3.0 3.0 3.0 3.0
T o ru la  yeast 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Cod liver oil 0.5 0.5 0.5 0.5 0.5 0.5 0.5
FeSO. • 7H20 — — 0.1 — 0.1 0.1 —
C a (O H )2 — — — 1.0 1.0 1.0 —
G round yellow corn 45 .3 53.3 53.2 52.3 52 .2 4 6 .2 47.3
C ottonseed residue  3 — — — — — 6.0 6.0
A urofac 4 0.2 0.2 0.2 0 .2 0 .2 0.2 0 .2

1 Processed fo r h u m a n  consum ption.
2 S alm ina, R iverside Com pany, G uatem ala, C. A.: con ta ins ( in  % )  calcium  carbonate , 33; bone 

m eal, 33; iodized sodium  chloride, 33; an d  m inor elem ents, 1.
3 A cottonseed filter press cake con ta in ing  332 m g /100 g of free gossypol.
4 1.8 g C hlortetracycline per gram . A m erican  C yanam id Com pany, W ayne, N ew  Jersey.
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TABLE 2

P erform ance o f p igs fed  co ttonseed  m ea l su p p lem en ted  w ith  iron  a n d  ca lc ium

Ration
no.1

Free
gossypol

Initial
wt

Wt
gain 2

kg feed/kg 
gain ratio Mortality No. of pigs showing 

hair depigmentation

mg/100 g kg kg
i — 8.1 54.6 3.23 0 /8 0 /8
2 30 8.1 31.2 3.42 0 /8 6 /8
3 20 8.1 38.8 3.24 0 /8 5 /8
4 26 8.2 31.0 3.41 1 /8  3 1 /7
5 19 8.1 42.4 3.44 0 /8 0 /8
6 26 8.2 37.2 3.36 0 /8 1 /8
7 44 8.1 24.9 2.97 0 /8 8 /8

1 See tab le  1 fo r trea tm ents.
2 D ifferences betw een con tro l and  experim enta l groups s ta tis tica lly  significant (P  <  0 .01); least 

significant difference: 16.5 kg.
3 D eath  of one an im al due to d iaphragm atic  hern ia .

Fig. 1 E ffect of the  add ition  of calc iu m  an d  iro n  on  th e  levels o f hem oglobin  and
h e m a to crit o f p igs fed  cottonseed  m ea l; ----------  c o n t r o l ; --------------- cottonseed m eal;
------------- cottonseed  m ea l +  F e ; ------------ cottonseed m ea l +  C a ; ................co ttonseed m eal
-j- Fe -f- Ca.
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and 3, respectively, except for higher levels 
of gossypol, and the blood values obtained 
were the same in trend and magnitude for 
each group and its counterpart.

Hemoglobin levels. Figure 1 shows the 
hemoglobin levels of the animals in the 
various groups. The results indicated a 
significantly lower hemoglobin concentra
tion (P<0.01) in all groups fed cotton
seed meal with and without supplementa
tion when compared with the controls. 
Iron supplementation alone, or the com
bination of calcium and iron increased the 
levels of hemoglobin but not quite to nor
mal values and calcium supplementation 
alone resulted in the lowest levels through
out the experimental period.

Hematocrit values. The same trends 
were observed in the hematocrit values 
(fig. 1) as those observed for hemoglobin. 
The lowest values were observed in the 
group fed the ration supplemented with 
calcium alone. The effects of treatment 
and time were highly significant (P < 
0.01).

Serum glutamic-oxaloacetic transamin
ase (SGO-T). The results for this deter
mination are shown in figure 2. The 
groups fed cottonseed meal, alone or sup
plemented with calcium, or with calcium 
and iron, showed values similar to those 
obtained for the control group. The values 
obtained for the group supplemented with 
iron alone, however, showed a significant 
increase (P < 0.05) in the levels of this 
enzyme.

Serum total iron-binding capacity (TIBC) 
and serum iron. Figure 3 shows the re
sults for these 2 determinations. There 
was a significant difference (P<0.01) 
due to treatments and to time for both 
determinations; the interaction between 
time and treatments was also significant. 
The addition of iron alone maintained the 
levels of TIBC and serum iron within nor
mal limits; the combination of calcium and 
iron in the ration was less effective than 
iron alone, and the addition of calcium 
alone resulted in the highest levels of TIBC 
and lowest levels of serum iron.

Fig. 2  E ffect of the  add ition  of ca lc iu m  an d  iro n  on  the  levels o f serum  glutam ic-
oxaloacetic  tran sam in ase  of pigs fed  co ttonseed  m ea l; --------- c o n t r o l ; --------------- cottonseed
m ea l; — --------- cottonseed m ea l +  F e ; ------------ cottonseed  m ea l +  C a ; ................co ttonseed
m ea l - f  Fe +  Ca.
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Fig. 3 Effect of the addition of calcium  and iron on serum  total iron-binding capacity
and serum  iron of pigs fed  cottonseed m eal; ----------  c o n tr o l; --------------- cottonseed m eal;
------------- cottonseed m eal +  F e ; ------------cottonseed m eal +  C a ; ............... cottonseed m eal +
Fe +  Ca.

The percentage of saturation of trans
ferrin is shown in figure 4. As expected, 
the lowest values correspond with the 
group fed the ration supplemented with 
calcium alone, and iron alone was more 
efficient than the combination of both 
chemicals.

When iron alone was fed, the unsatu
rated iron-binding capacity values (UIBC) 
of the serum were almost as low as those 
obtained in the control group. Its combin
ation with calcium was less effective in 
this respect, and the supplementation of 
calcium alone resulted in the highest UIBC. 
The amount of circulating transferrin was

not actually determined. It was calcu
lated from the molecular weight of trans
ferrin (89,000), number of iron atoms 
bound by a molecule of this serum protein 
(2 atoms) and determined values of TIBC. 
The average figures obtained were 60.2, 
65.8, 58.7,' 74.1 and 67.8 g % of trans
ferrin for groups 1, 2, 3, 4 and 5, respec
tively. Iron alone maintained normal 
levels, and its combination with calcium 
increased the levels of transferrin. Cal
cium alone increased the levels of the iron
binding protein to the highest values ob
tained within the experimental conditions 
used.
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Fig. 4 Effect of the addition of calcium  and iron on the saturation of serum transferrin  
of pigs fed  cottonseed m eal; ----------  c o n tr o l;--------------- cottonseed m eal; ---------------cotton
seed m eal +  F e ; --------------cottonseed m eal - f  C a ; ------------cottonseed m eal +  Fe +  Ca.

DISCUSSION

The data on the performance of the pigs 
show the same trend as those reported pre
viously from this laboratory (4). Neither 
iron nor the combination of iron and cal
cium resulted in weights comparable to 
those obtained with the control group, 
which may likely be due to some interfer
ence, by gossypol, with the utilization of 
calories. However, as the control group 
was fed a soybean meal ration, the soybean 
protein may have supported better growth 
than the cottonseed protein. When the 
cottonseed flour control ration (ration 2) 
is used as a basis of comparison, there is 
a definite effect of iron and of its combina
tion with calcium; but not of calcium alone 
with respect to weight gain. This again 
corroborates the reports on the effect of 
iron and the detoxification of gossypol 
(1, 2).

As in previous studies (5), it was ob
served that some animals showed discolor
ation of the hair. The usual shiny, red 
hair coat of the animals turned a dull yel

low and the smooth texture of the hair be
came coarse and kinky. As shown in table 
2, gossypol in the ration appears to cause 
the hair changes. Iron alone in the ration 
did not have much protective effect, where
as calcium did The combination of both 
protected the animals completely.

The role of gossypol in relation to color 
and structure of the hair is still obscure. 
Some minerals, such as zinc and copper, 
might be involved. Such possibilities are 
being studied in this laboratory.

The hematological findings character
ized by low hemoglobin and hematocrit 
values, high iron-binding capacity, unsatu
rated iron-binding capacity and transferrin 
concentration, and low serum iron and per
centage of saturation of transferrin, indi
cate a typical picture of iron-deficiency 
anemia (11). The results show that when 
calcium alone is added to the ration, the 
symptoms of anemia are made more acute 
than when iron was added alone or com
bined with calcium.
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When 0.1% ferrous sulfate was added 
alone, there was a hematological response 
toward normal values which, however, 
never reached the values obtained with 
the group fed the soybean meal ration. 
The combination of iron and calcium was 
better than iron alone, and calcium alone 
resulted in the lowest hematological values 
obtained in this study.

The mechanisms through which iron- 
deficiency anemia is being produced may 
be as follows: when iron is added alone, 
in the absence of added calcium, part of it 
would be used to bind the gossypol present 
to the extent that the calcium present from 
the mineral mixture added and that from 
other components of the ration would al
low. That this amount of calcium is not 
enough to result in significant binding of 
iron to gossypol is shown by the fact that 
enough iron is available to maintain a he
matological picture approching normality. 
On the contrary, when calcium hydroxide 
alone was added, it exerted its stimula
tory effect on the trapping of gossypol by 
the iron present from the other compo
nents of the ration so efficiently that very 
little iron was absorbed, as shown by the 
low levels of serum iron and the other he
matological measurements. When the 2 
compounds were added, the results were 
very similar to those obtained when iron 
alone was added. Evidently iron is being 
bound by gossypol in the presence of cal
cium, but the level of 0.1% ferrous sulfate 
used in this study is still not enough both 
to bind all the gossypol present and main
tain a normal blood picture.

The results suggest that the toxic effect 
of gossypol is not the result of a systemic 
or specific action of the pigment on the 
hematopoietic mechanism. The binding of 
gossypol by iron probably takes place at 
the intestinal level, although it is clear 
from the results of Bressani et al.5 that 
this binding is effective in vitro, and there
fore already effective in the ration itself 
before it is consumed. Both mechanisms 
may be taking place, but whether in vitro 
or in vivo, the process appears to be very 
inefficient. This view is supported by the 
fact that, although chemically the ratio 
might be 1:1, biologically it is not. In this 
respect, Jarquin et al. (4), in experiments

with swine, calculated that 5 moles of iron 
were needed to bind 1 mole of gossypol.

When a measure of the specific effect 
of gossypol at the organ level, such as the 
determination of serum glutamic-oxaloace
tic transaminase as an indication of liver 
necrosis, was used, the results corrobo
rated those discussed previously. This en
zyme was significantly increased only 
when iron alone was supplemented, which 
indicates again that the level of iron used 
was not capable, in the absence of added 
calcium, of binding all the gossypol pres
ent. Enough iron was thus available for 
absorption, as judged by the hematological 
picture of these animals, and enough 
gossypol was also free for absorption, as 
indicated by the serum transaminase 
levels. Once calcium and iron were added, 
the levels of the enzyme dropped to nor
mal. Calcium, when supplemented alone, 
maintained normal levels of transaminase, 
since all of the gossypol, or as much as 
the iron from the other components of the 
ration will allow, is being bound. We have 
no explanation for the low levels of trans
aminase obtained when cottonseed meal 
alone was fed.

In conclusion, the 2 effects of gossypol 
are unrelated. Animals whose rations are 
supplemented with iron alone will prob
ably have normal hematology but enough 
gossypol may be absorbed, producing toxic 
effects, and calcium alone will result in an 
abnormal blood picture, but otherwise no 
toxic symptoms will be detected. The com
bination of the two will result in normal 
animals, as long as the amount of iron 
added can successfully bind all the gos
sypol present and still support normal 
hemopoiesis.
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