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ABSTRACT A low fat casein-glucose monohydrate-type purified basal diet was 
used to study EFA deficiency in young uncastrated male swine. Gross dermal lesions, 
typical of EFA deficiency, were readily produced in pigs receiving the basal diet after 
6 weeks on experiment. These dermal manifestations became increasingly severe as 
the experiment progressed, whereas pigs receiving the basal diet supplemented with 
4% com  oil showed no evidence of skin lesions. Analyses of testicular tissue sam­
ples obtained from the pigs receiving the low fat basal diet showed a significant 
decrease in the dienoic and tetraenoic fatty acids with a corresponding increase in 
the trienoic fatty acids as compared with pigs receiving the diet containing corn 
oil. There was also a significant increase in the oleic acid and palmitoleic acid con­
tent of the EFA-deficient pigs. No differences were obtained in weight gains between 
pigs receiving the low fat diet and those fed the diet supplemented with corn oil 
over the 10-week experimental period.

A fat deficiency syndrome in swine, 
characterized by dermal lesions, was first 
described by Witz and Beeson (1 ) , but no 
attempt was made to study involvement 
of specific fatty acids. More recently Hill 
et al. (2 , 3) demonstrated variations in 
fatty acid composition of heart and liver 
tissue obtained from essential fatty acid- 
deficient swine, which was characterized 
by diminished dienoic and tetraenoic fatty 
acids and elevated trienoic fatty acid, but 
dermal lesions were not produced.

Since it is necessary to kill the experi­
mental animal in obtaining tissue sam­
ples such as heart and liver for analytical 
procedures in studying the essential fatty 
acid (EFA) status of the pig, this neces­
sarily allows only one analysis during a 
nutritional study. Obviously, it would be 
advantageous if some method were avail­
able whereby satisfactory tissue samples 
could be obtained for fatty acid analysis 
which would reflect EFA status and yet 
preserve the integrity of the experimental 
subject for further experimentation. Since 
the fatty acid composition of testicular 
tissue has been shown to be an indicator 
of the EFA status of the rat (4), it appears 
likely that testicular samples obtained 
periodically for tissue analysis from in­
tact male pigs would offer a useful tech­
nique for the study of the EFA require­

ments in this species. The present study 
was therefore undertaken to develop a 
purified diet with which gross EFA defi­
ciency symptoms could be produced in 
swine and to study the fatty acid composi­
tion of testicular and scrotal fat tissues in 
conjunction with the deficiency state.

EXPERIMENTAL
Eighteen uncastrated male pigs of 

Duroc and Landrace breeding were re­
moved from their dams at an average age 
of 21 days. The pigs were assigned to 
3 groups of 6 pigs each on the basis of 
breed and litter, with the outcome groups 
being allotted at random to treatment. 
Pens with wire mesh floors were used for 
rearing the pigs and the animals were 
housed in a pig nursery equipped with 
infrared heat lamps and ventilating fans. 
An orchiectomy was performed on the 
pigs in one group at the time of allotment 
to secure testicle and scrotal fat samples 
for fatty acid analyses to serve as a refer­
ence for the fatty acid status of the pigs at 
the start of the experiment. The other 2 
groups were fed the purified diets shown in 
table 1. Diet A was formulated to provide a
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T A B L E  1
Composition of diets

Diet A Diet B

Casein
%

17.88
%

17.88
Glucose monohydrate 75.60 71.60
Powdered cellulose 1 3.00 3.00
Corn oil — 4.00
Defluorinated phosphate 2.10 2.10
Minerai mixture 2 1.14 1.14
Vitamin mixture 3 0.28 0.28

1 S o lk a  F l o e ,  B r o w n  C o m p a n y ,  C h i c a g o .
2 S u p p l i e d  t h e  f o l l o w i n g  q u a n t i t i e s  p e r  k g  o f  d i e t :  

( i n  g r a m s )  N a C l ,  2 .9 9 ;  K 2H P 0 4, 2 .2 2 ;  K C 1, 3 .8 3 ;  
M g C 0 3 , 1 .5 2 ;  F e S 0 4 -7 H 20 ,  0 .5 5 ;  a n d  ( i n  m i l l i g r a m s )  
M n S 0 4 H 20 ,  1 3 5 ;  C o C l2, 2 6 ;  C u S 0 4, 5 .5 0 ;  Z n C O s, 5 0 ;  
a n d  K I ,  3 .0 .

3 S u p p l i e d  t h e  f o l l o w i n g  q u a n t i t i e s  p e r  k g  o f  d i e t :  
v i t a m in  A ,  6 6 0 0  I U ;  v i t a m in  D 2, 1 7 6 0  I U ;  a - t o c o p h e r y l  
a c e t a t e ,  2 2  I U ;  a n d  ( i n  m i l l i g r a m s )  m e n a d i o n e ,  4 .4 0 ;  
a s c o r b i c  a c i d ,  5 5 ;  t h i a m in e - H C l ,  5 .5 ;  r ib o f l a v i n ,  1 1 ;  
C a  p a n t o t h e n a t e ,  2 2 ;  n i a c i n ,  6 6 ;  c h o l i n e  c h l o r i d e ,  
1 1 0 0 ;  p - a m i n o b e n z o i c  a c i d ,  1 8 ;  i n o s i t o l ,  1 9 8 ;  p y r i -  
d o x i n e - H C l ,  5 .5 0 ;  s t r e p t o m y c i n  s u l f a t e ,  2 2 ;  C h lo r t e t r a ­
c y c l i n e ,  2 2 ;  a n d  ( i n  m i c r o g r a m s )  b i o t in ,  6 6 ;  v i t a m in  
B i 2, 4 4 ;  a n d  f o l i c  a c i d ,  4 4 0 .  A n  a n t i o x i d a n t  ( e t h o x y -  
q u i n )  w a s  u s e d  a t  a  l e v e l  o f  0 .0 1 2 5 %  i n  a l l  d ie t s .

low fat basal diet, and diet B was similar 
plus the addition of corn oil as a source of 
essential fatty acids. Analysis of the low 
fat basal diet (diet A ) showed a total lipid 
level of 0 .19%  with a linoleic acid content 
of 0 .02%  of the diet. Diet B contained 
4.06%  total lipid and 2 .19%  linoleic acid. 
Feed and water were provided ad libitum.

After the pigs had received the experi­
mental diets for a period of 5 weeks, an

orchiectomy was performed on each pig 
in which the left testicle and a sample of 
scrotal fat were obtained and immediately 
frozen until analysis for constituent fatty 
acids could be carried out by gas liquid 
chromatography. When the pigs had re­
ceived the experimental diets for 10 weeks, 
the remaining testicle and a scrotal fat 
sample were obtained from each pig for 
fatty acid analysis.

The lipid components were extracted 
using the method of Folch et al. (5 )  and 
the methyl esters were prepared as de­
scribed by Knight et al. (6 ) . Analyses of 
the fatty acid methyl esters were per­
formed on a hydrogen flame ionization 
detector-type gas-liquid chromatographic 
apparatus using diethylene glycol succi­
nate polymer as the stationary phase. 
Identification of the fatty acid esters was 
by the use of standards obtained from 
the Hormel Institute, Austin, Minnesota.2 
Quantitative results agreed with the stated 
composition data with a relative error of 
less than 2%  for major components 
( > 1 0 %  of total mixture) and less than 
6%  for minor components ( < 1 0 %  of 
total mixture).

2 S t a n d a r d s  u s e d  i n  i d e n t i f y i n g  t h e  f a t t y  a c i d  e s t e r s  
w e r e  H o r m e l  m o d e l  m ix t u r e s  n o s .  2  a n d  4  i n  w h i c h  8  
c o m p o n e n t s  w e r e  i d e n t i f i e d  d i r e c t ly .

Fig. 1 Littermate pigs that were fed diets deficient in essential fatty acids (le ft) and 
adequate in fatty acids (right). Note skin lesion posterior to the ear and profuse accumu­
lations of brown exudate over the dorsal surface of the EFA-deficient pig (le ft).
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Statements of significance are based on 
results of analysis of variance of data col­
lected.

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

Dermal lesions, typical of EFA defi­
ciency, began to appear among the pigs 
receiving the low fat basal diet (diet A ) 
during the sixth week on experiment and 
increased in severity with time. These 
lesions were characterized at first by a 
scaly, dandruff-like desquamation of the 
epithelium across the dorsal surface. The 
hair was dull and dry. A brownish, gummy 
exudate appeared first about the ears, axil­
lary spaces and under the flanks as shown 
in figure 1. The skin on the tails of the 
pigs was dry and scaly with some necrotic 
areas being observed on some pigs during 
the terminal stages of the experiment. 
Skin eruptions were present about the 
ears, axillary spaces and flanks in the 
severest cases. Toward the end of the ex­
periment, the pigs were profusely covered 
over the dorsal surface with the gummy

T A B L E  2

Gain and feed utilization data

B a s a l  d i e t B a s a l  +  C O

N o .  o f  p i g s 6 6
I n i t i a l  w t ,  k g 5 . 6 3 5 . 6 8
D a i l y  g a i n ,  k g 0 . 5 1 0 . 5 0
F e e d / g a i n 2 . 1 3 1 .9 4

exudate. None of these symptoms were 
present among the pigs receiving the diet 
supplemented with corn oil (diet B).

No difference in gains was obtained be­
tween the pigs fed the 2 diets (table 2 ). 
Efficiency of feed utilization was slightly 
greater for the pigs receiving the diet sup­
plemented with corn oil, which is ex­
plained by the slightly higher caloric den­
sity of this diet.

Fatty acid composition data for the 
testes tissue are presented in table 3. Data 
for the testes removed from the one group 
of pigs at the start of the experiment, 
when they were first removed from their 
dam, are included for reference. Highly 
significant differences were found in the 
fatty acid composition of the testicular tis­
sue from pigs fed the low fat basal diet as 
compared with those receiving the diet 
supplemented with corn oil. A highly sig­
nificant decrease in the dienoic and tetra- 
enoic fatty acids occurred in the pigs 
receiving the low fat basal diet with a cor­
responding increase in the content of tri- 
enoic fatty acids. These changes are simi­
lar to the biochemical lesions which have 
been reported to be characteristic of EFA- 
deficiency in rats (7 ) ,  chicks (8 ) ,  dogs
(9 )  and swine (3 ) . It is interesting to 
note that these changes in fatty acid com­
position were clearly evident in the testes 
tissue obtained after only 5 weeks of feed­
ing the experimental diet, which was prior

T A B L E  3

Fatty acid composition of testicular tissues expressed as percentage by weight 
of the total fatty acids 1

F a t t y
a c i d

R e f e r e n c e  
p i g s  2

B a s a l  d ie t B a s a l  + C O

5
w e e k s

1 0
w e e k s

5
w e e k s

10
w e e k s

1 4 : 0 1 .7 2 0 . 7 5 0 . 6 8 0 . 9 5 0 . 9 0
1 6 : 0 2 4 . 5 7 2 3 . 4 2 2 2 . 3 0 2 4 . 5 9 2 5 . 4 4
1 6 : 1 2 . 9 4 4 . 7 6 4 . 7 3 2 . 7 7 » “ 2 . 4 7 bb
1 8 : 0 1 2 . 3 8 1 5 . 9 2 1 4 . 6 8 1 6 . 0 2 1 6 . 1 0
1 8 : 1 1 2 . 4 5 2 8 . 0 8 3 1 . 0 1 1 5 . 1 5 “ 1 5 . 5 1 bb
1 8 : 2 1 3 . 8 0 2 . 6 8 2 . 3 4 1 0 . 1 3 “ 9 . 8 0 bb
1 8 : 3 t r a c e 1 . 0 4 0 . 8 3 0 . 9 0 0 . 3 3 b
2 0 : 0 1 .5 0 0 . 4 0 0 . 1 9 1 . 3 0 “ 1 . 0 3 bb
2 0 : 3 2 . 6 1 1 0 . 9 0 1 4 . 6 8 3 . 2 3 aa 3 . 3 5 bb
2 0 : 4 1 3 . 8 0 6 . 8 0 2 . 3 5 1 7 . 1 7 “ 1 5 . 2 0 bb
X 3 1 4 . 2 3 5 . 2 5 6 . 2 1 7 . 7 9 9 . 8 7

1 D a t a  f r o m  6  p i g s  i n c l u d e d  i n  e a c h  m e a n .
2 A n a ly s i s  o f  t e s t e s  o b t a i n e d  f r o m  2 1 - d a y - o l d  p i g s  a t  b e g i n n i n g  o f  e x p e r i m e n t .
3 U n id e n t i f i e d  f a t t y  a c i d  e s t e r s  h a v i n g  G L C  r e t e n t i o n  t im e s  g r e a t e r  t h a n  2 0 : 4 .  

aa S i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t r e a t m e n t s  a t  5  w e e k s  ( P  <  0 . 0 1 ) .
b S i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t r e a t m e n t s  a t  1 0  w e e k s  (  P  <  0 . 0 5 ) ;  bb ( P  <  0 . 0 1 ) .
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T A B L E  4

Fatty acid composition of scrotal fat expressed as percentage by weight of the total fatty acid

F a tt y
a c i d

R e f e r e n c e  
p ig s  1

B a s a l  d ie t B a s a l  -f- C O

5
w e e k s

10
w e e k s

5
w e e k s

10
w e e k s

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

1 A n a ly s i s  o f  s c r o t a l  f a t  o b t a i n e d  f r o m  2 1 - d a y - o ld  p ig s  a t  b e g i n n i n g  o f  e x p e r im e n t .  
“ S i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t r e a t m e n t s  ( P  <  0 . 0 1 ) .

to the development of observable dermal 
lesions. A highly significant increase in 
oleic acid (1 8 :1 )  and palmitoleic acid 
(1 6 :1 )  also was noted in the testicular tis­
sue from pigs receiving the EFA-deficient 
basal diet. The fatty acid composition of 
testes tissue from the 21-day-old pigs and 
those receiving the diet supplemented with 
corn oil was quite similar.

Data for the fatty acid composition of 
the scrotal fat are shown in table 4. The 
only significant differences in the fatty 
acid content of depot fat from pigs fed the 
2 diets was a highly significant decrease 
in linoleic acid (1 8 :2 )  and a highly sig­
nificant increase in oleic acid ( 1 8 :1 )  in 
the fat from pigs fed the low fat basal diet.

Dermal lesions observed among pigs on 
this experiment are similar in many re­
spects to those reported originally by Witz 
and Beeson (1 ) . The biochemical lesions 
are in agreement with those reported by 
Hill et al. (2 , 3) for swine. However, the 
failure to obtain a difference in growth 
rate between pigs fed the low fat diet and 
those receiving the diet containing the 
corn oil supplement in this study is some­
what unexpected in view of reports indi­
cating marked effects on gains of EFA- 
deficient pigs. For instance, Hill et al. (3 )  
reported significant increases in weight 
gains of pigs fed diets adequate in EFA 
content as compared with pigs fed a defi­
cient diet. Witz and Beeson (1 )  observed 
differences in gains in one experiment, but 
not in the other. The gains of the pigs 
in the experiment reported here are excel­
lent for pigs during this stage of growth, 
which is ample evidence that the purified 
basal diet employed was nutritionally ade­

quate in all respects except for fat content. 
It therefore appears that growth rate is not 
a reliable criterion in ascertaining EFA- 
deficiency in the pig. Criteria such as 
the biochemical lesions characterized by 
marked alteration in tissue fatty acid com­
position and correlated with gross dermal 
manifestations are apparently much more 
reliable in determining the EFA status of 
swine. The technique of using uncas­
trated male pigs as experimental subjects, 
where testes and scrotal fat samples can 
be readily obtained for analytical proce­
dures at different stages of an experiment, 
provides a convenient method for the ob­
jective evaluation of the EFA status of 
swine.
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ABSTRACT Development of a diet purified with respect to amino acids has led 
to the determination of amino acid requirements of several grain beetles. The con­
fused flour beetle, Tribolium confusum  (Duval), required (in  per cent of diet) 
arginine, 0.5; histidine, 0.2; isoleucine, 0.5; leucine, 0.8; lysine, 0.56; methionine, 0.3 
(0.15 with excess cystine); phenylalanine, 0.7 (0.4 with excess tyrosine); threonine,
0.4; tryptophan, 0.1; and valine 0.6. The red flour beetle, Tribolium castaneum 
(Herbst), required (in  per cent) arginine, 0.4; histidine, 0.2; isoleucine, 0.3; and 
leucine, 0.7. The saw-toothed grain beetle, Oryzaephilus surinamensis (L .), required 
(in  per cent) arginine, 0.3; histidine, 0.2; isoleucine, 0.3; and leucine 0.6. Other 
amino acid requirements for the latter 2 insects were not determined. Requirements 
of these grain insects are compared with those of other organisms. The confused 
flour beetle was tested as an assay organism for amino acid content of protein but 
showed little promise.

Due mainly to the difficulties involved 
in preparing diets adequately purified for 
the study of quantitative nutritional re­
quirements, most nutritional investigations 
of grain insects, and of insects in gen­
eral, have been of a qualitative nature 
0 - 4 ) .

In the present study, emphasis was 
placed on the quantitative amino acid re­
quirements of the confused flour beetle, 
Tribolium confusum  (Duval), while the 
requirements of the red flour beetle, Tri­
bolium castaneum (Herbst), and the saw­
toothed grain beetle, Oryzaephilus surina­
mensis (L .) , for 4 amino acids were also 
determined. The confused flour beetle re­
quires the same 10 amino acids required 
by many vertebrates (5 ) , and the relative 
order of protein quality for larvae of this 
insect is similar to that for the rat (3 ) .  
Most other grain insects also require these 
10 amino acids (2 ) .

The purposes of this study were to ob­
tain basic information on the nutrition of 
insects and to acquire enough information 
on the confused flour beetle to determine 
whether this insect might be used as an 
assay organism for the amino acid content 
of feedstuffs.

EXPERIMENTAL
The composition of the control diet 

which was used in all experiments is 
shown in table 1. This diet is nutritionally

adequate, since it supports rapid growth of 
all insects studied for at least 3 genera­
tions. In each test, the amino acid being 
investigated was fed in a series of diets at 
different levels, the levels of the other die­
tary components being kept the same as 
those of the control diet. All insect colo­
nies were reared in a constant temperature 
room at 28° with a stock diet containing 
95%  unbleached wheat flour and 5%  dried 
yeast. Eggs were sifted from this stock 
diet 24 hours before the start of each ex­
periment. Three groups of ten each, newly 
emerged larvae (average age 12 hours) 
per level of nutrient tested were placed in 
small vials containing the experimental 
diets. Such replicates seldom varied more 
than 8%  from the average of the 3 values 
and if so were discarded. The least differ­
ence between averages required for signifi­
cance at the 1% level was 0.123 mg/lar- 
vae. The flour beetle larvae were incubated 
at 28° and 75 ± 5 %  relative humidity for 
18 days, whereas the larvae of the saw­
toothed grain beetle were incubated for 
only 14 days. At the end of the 14- or 
18-day period, the surviving larvae were 
separated from the diet, counted and 
weighed. Usually all 10 larvae survived. 
A comparison of the final weights with the * 1 2

R e c e i v e d  f o r  p u b l i c a t i o n  J u ly  2 3 ,  1 9 6 5 .
1 T h is  w o r k  w a s  s u p p o r t e d  i n  p a r t  b y  t h e  U . S. 

P u b l i c  H e a l t h  T r a i n i n g  G r a n t  n o .  2 -G -6 4 2 .
2 P a p e r  o f  t h e  J o u r n a l  S e r ie s ,  N e w  J e r s e y  A g r i c u l ­

t u r a l  E x p e r im e n t  S t a t io n .
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T A B L E  1

Composition of control diet used in all 
experiments

%
Cornstarch 72.5
Amino acids (all L-) 1 20.0
Minerals 2 3.5
Corn oil 3.0
Vitamin mixture 3 0.63
Cholesterol 0.37

1 C o m p o s i t i o n  o f  a m i n o  a c i d  m i x t u r e :  ( a s  p e r  c e n t  
o f  d i e t )  a r g i n i n e ,  0 .9 ;  h i s t id i n e ,  0 .6 ;  i s o l e u c i n e ,  1 .2 ;  
l e u c i n e ,  1 .4 ;  l y s in e -H C 1 ,  1 .3 ;  m e t h i o n i n e ,  0 .6 ;  p h e n y l ­
a l a n i n e ,  0 .8 ;  t h r e o n i n e ,  0 .9 ;  t r y p t o p h a n ,  0 .2 ;  v a l i n e ,  
1 .1 ;  g l u t a m ic  a c i d ,  4 .5 ;  g l y c i n e ,  4 .5 ;  a n d  c y s t in e ,  2 .0 .  
L e v e l s  o f  t h e  e s s e n t ia l  a m i n o  a c i d s  w e r e  b a s e d  o n  th e  
l e v e l s  p r e s e n t  i n  g o o d  q u a l i t y  p r o t e in s .

2 A s h  o f  w h o l e  w h e a t .
3 V i t a m i n s  u s e d  w e r e :  ( i n  m i c r o g r a m s / g r a m  o f  d i e t )  

c h o l i n e  c h l o r i d e ,  4 0 0 0 ;  n i c o t i n i c  a c i d ,  1 0 0 ;  C a  d - 
p a n t o t h e n a t e ,  4 0 ;  r ib o f l a v i n ,  1 8 ;  p y r i d o x i n e - H C l ,  1 6 ;  
t h i a m in e  H C 1 , 1 2 ;  f o l i c  a c i d ,  5 ;  b i o t i n ,  0 .6 ;  c a r n i t i n e ,  
10_; i n o s i t o l ,  2 0 0 0 ;  p - a m i n o b e n z o i c  a c i d ,  5 0 0 ;  L -a s c o r b i c  
a c i d ,  1 0 ;  m e n a d i o n e ,  1 ;  a n d  c o b a l a m i n ,  0 .5 . T h e  la s t  
5  v i t a m i n s  a r e  n o t  a m o n g  t h e  k n o w n  r e q u i r e m e n t s  o f  
T . c o n fu s u m .  C a r n i t i n e  i s  r e q u i r e d  f o r  p u p a l  e m e r g ­
e n c e  o n ly .

experimental diets and final weights with 
the control diet (table 1) was used to 
evaluate the experimental diets.

Figure 1 is a plot of the data from the 
isoleucine and valine experiments. These 
2 amino acids represent extremes encoun­
tered with respect to slopes of the curves. 
The other 10 curves, including experi­
ments on the sparing actions of cystine 
and tyrosine, ranged between these two. 
The point of maximal inflection in the 
upper portion of each curve was assumed 
to show the minimal requirement for the 
amino acid concerned. Larval growth with 
the control diet was also considered in 
each experiment as a check on the con­
stancy of experimental conditions. The 
noticeably lower growth with valine was 
below what is considered normal and was 
due to excessive vibration of the flasks 
from a nearby shaking machine.

Two other amino acids, as well as the 
control diet, run concurrently, gave simi­
larly low growth. When the incubator was 
removed to a quiescent spot for later as­
says, growth with the control and experi­
mental diets returned to the higher figures.

It was not possible to weigh individual 
larvae because of time limitations and be­
cause the larvae dehydrated on exposure 
to air; it was not possible, therefore, to run 
detailed statistical analyses. In a few 
cases where this was tried there was only 
moderate scatter. There were occasional

very small individuals (runts), but the 
incidence was low. In over a thousand 
observations the numbers ranged from 
1.4% with good diets to 6 .3%  with poor 
diets.

Statistical analysis on responses with 
the control diet, which was run with each 
group of assays, indicated an undeter­
mined source of variation occurring over 
a period of months or years. Therefore, 
weights obtained in experiments run at 
different times may not reliably be com­
pared with each other, but must be con­
sidered with respect to a standard such as 
the control diet. In the present work each 
experiment was self-contained so that such 
a comparison was largely unnecessary.

RESULTS AND DISCUSSION

The results of the 12 experiments on 
the confused flour beetle and the 4 experi­
ments each on the red flour beetle and the 
saw-toothed grain beetle are summarized 
in table 2. For comparison this table also 
contains information on the requirements 
of other organisms. The honey bee is the 
only other insect that has been completely 
studied in terms of amino acid require­
ments.

In general, the requirements for the in­
sects are higher for the larger insects 
(honey bee and confused flour beetle) and

A m in o  A c id  in  D ie t

Fig. 1 Weight of larvae of the confused flour 
beetle at 18 days fed at graded levels of isoleu­
cine and valine.
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T A B L E  2

Amino acid requirements of grain beetles with comparison of requirements of certain other species 1

Amino acid 2
Confused

flour
beetle
larva

Red
flour
beetle
larva

Saw­
toothed
grain
beetle
larva

Honey 
bee (6)

Young 
rat(7)

Adult 
rat(7)

Young
chicken

(8)
Young
human

( 9 ) 3
Adult

human
(9) 3

Arginine 0.5 0.4 0.3 4 0.6 0.2 — 1.2 — —
Histidine 0.2 0.2 0.2 0.3 0.3 0.07 0.3 ? —
Isoleucine 0.5 0.3 0.3 1.0 0.5 0.43 0.6 0.6 0.6

Leucine 0.8 0.7 0.6 0.9 0.8 0.25 1.4 2.8 0.9

Lysine 0.56 ? ? 0.6 0.9 0.14 1.0 1.1 0.6

Methionine
no cystine 0.3 ? ? ? 0.6 0.23 0.8 ? ?
excess

cystine 5 0.15 ? 0.14(11) 0.3 0.3 0.11 0.45 0.6 0.2

Phenylalanine
no tyrosine 0.7 ? ? ? 0.9 ? 0.7 1.9 ?
excess

tyrosine 0.4 ? ? 0.5 0.6 0.19 0.14 1.1 0.9

Threonine 0.4 ? ? 0.6 0.5 0.17 0.6 0.6 0.4

Tryptophan 0.1 ? ? 0.2 0.15 0.07 0.2 0.2 0.2

Valine 0.6 ? ? 0.8 0.7 0.31 0.8 1.8 0.7

Glycine — — — — — — 1.0 — —
1 A l l  r e q u i r e m e n t s  e x p r e s s e d  a s  p e r c e n t a g e  o f  d ie t .
2 A l l  grain insect requirements shown are f o r  L-amino acids.
3 A l l i s o n ,  J . B . 1 9 6 0  T h e  i d e a l  a m i n o g r a m .  F i f t h  I n t e r n a t i o n a l  C o n g r e s s  o f  N u t r i t i o n ,  p . 6 .
4 D a v is  ( 8 )  r e p o r t s  a  v a l u e  o f  0 . 3 3 % .
5 E x c e s s  c y s t in e  m e a n s  a n  a m o u n t  w h i c h  w e  d e t e r m in e d  t o  b e  s o m e w h a t  a b o v e  t h e  l e v e l  g i v in g  a  r e s p o n s e  

w i t h  a  m i n i m u m  o f  m e t h io n in e  b u t  n o t  g i v i n g  a n y  i n d i c a t i o n  o f  t o x i c i t y .

lower for the smaller insects (red flour 
beetle and saw-toothed grain beetle). As 
an hypothesis, it is suggested that these 
differences in the requirements of three 
such similar insects may be associated 
with the ad libitum feeding techniques 
which must necessarily be used with such 
small organisms. The smaller insects, 
having higher metabolic rates because of 
the greater surface area per unit volume 
and thus higher rates of feeding, might be 
expected to eat more food per unit of body 
weight, and thus would show lower re­
quirements in such feeding experiments. 
Rate of growth should also be a factor. 
More data on a variety of other insects 
would be needed to test this theory.

The principal amino acid which is re­
quired in markedly different amounts by 
insects, as compared with higher organ­
isms, is methionine. The higher require­
ments of mammals and the chicken may 
be necessary for supplying sulfur amino

acids for the production of hair and 
feathers. Arginine shows considerable vari­
ation among the various species.

It was found that the confused flour 
beetle’s growth was slightly improved 
when glycine was used as the supplier of 
extra nitrogen in a diet containing mini­
mal levels of the essential amino acids. 
This may be due to the method of nitrogen 
excretion. Like the chicken, which re­
quires glycine, insects excrete nitrogen 
largely in the form of uric acid.

When the essential amino acids were 
fed to the confused flour beetle at their de­
termined minimal required levels in a diet 
containing adequate nonessential amino 
acids, considerably lower growth was ob­
served than that with the control diet. 
Additional amounts of certain amino acids, 
selected on the basis of some uncer­
tainty as to the exact point of inflection 
of the growth response curve, improved 
growth somewhat, as shown in table 3, but
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TABLE 3
Growth of confused flour beetle larvae fed diets containing minimal levels 

of the essential amino acids

His
Variable amino acids 1>2 

lieu Leu Phe Try
Larval 

growth 3

% % % % % mg
Minimal levels 0.2 0.6 0.8 0.7 0.10 1.76

0.3 0.6 0.8 0.7 0.10 1.75
0.4 0.6 0.8 0.7 0.10 1.90
0.4 0.7 0.8 0.7 0.10 1.97
0.4 0.6 0.8 0.7 0.12 2.15
0.4 0.6 0.8 0.8 0.10 2.19
0.4 0.6 0.9 0.7 0.10 2.17
0.4 0.6 0.9 0.8 0.12 2.25

Control diet 0.6 1.2 1.4 0.8 0.20 2.50
1 Other dietary ingredients were the same as those in the control diet except for increases in 

glycine and glutamic acid to maintain a total of 20% amino acids.
2 Levels increased where italicized.
3 Average of 30 larvae at the end of 18 days’ incubation.

growth still failed to reach that obtained 
with the control diet. It appears that, for 
optimal growth, several of the amino acids 
should be present at much more than the 
minimal requirement level, or that the re­
quirements for various amino acids is 
lower in the presence of an excess of the 
other essential amino acids. Thus the re­
quirement for histidine was raised from 
0.2 to 0 .4%  when the low levels of the 
other acids were used.

An assay procedure for amino acids, us­
ing confused flour beetle larvae, was tested 
on samples of gelatin, casein hydrolysate, 
and sesame meal which had been analyzed 
by automatic column chromatographic 
techniques. Leucine and isoleucine were 
chosen for assay and the proteins were 
added to the control diet to furnish graded 
levels of the amino acids, the amino acid 
itself being omitted. The glycine and glu­
tamic acid content of the control diet was 
reduced to 1% each to balance somewhat 
the added nitrogen from protein.

Results of the assays were unexpected. 
Gelatin gave very poor growth at all levels 
and hence was considered as toxic to the 
flour beetle. Casein hydrolysate gave op­
posite results; even the low levels, fur­
nishing leucine and isoleucine much below 
the minimal requirement, gave growth of
2.5 to 2.9 mg in 18 days.

Sesame meal was the only test material 
which behaved in what might be called a 
normal manner. When it furnished 0.3%  
isoleucine, growth was the same as that

when 0.3%  isoleucine was supplied as the 
free acid. However, at 0 .5%  isoleucine, 
the requirement level, growth was much 
superior with the sesame meal, and at 
0.6%  isoleucine from sesame growth was 
3.34 mg, a value never reached with the 
control diet. It appears from these 3 assays 
that there may be complicated interrela­
tions in the amino acid requirements of 
this insect. The casein and sesame meal 
may have also contained non-amino acid 
growth factors of the type suggested by 
Horn and Warren (1 2 ) in their work with 
microorganisms.

ACKNOWLEDGMENTS
The authors are grateful to Dr. E. R. Ott 

and R. T. Amsden of the Rutgers Statisti­
cal Center for statistical analyses and to 
Dr. R. W . Wannamacher, Jr. of the Bureau 
of Biological Research for the amino acid 
analyses.

LITERATURE CITED
1. Dadd, R. H. 1963 Feeding behaviour and 

nutrition in grasshoppers and locusts. Adv. 
Insect Physiol., 1: 47.

2. House, H. L. 1962 Insect nutrition. Ann. 
Rev. Biochem., 31: 653.

3. Chirigos, M. A., A. N. Meiss, J. J. Pisano and 
M. W. Taylor 1960 Growth response of the 
confused flour beetle, Tribolium confusum  
(Duval) to six selected protein sources. J. 
Nutrition, 72: 121.

4. Fraenkel, G. S. 1959 A historical and com­
parative survey of the dietary requirements 
of insects. Ann. N.Y. Acad. Sci., 77: 267.

5. Lemonde, A., and R. Bernard 1951 Nutri­
tion des larves de Tribolium confusum,



180 M . W IG H T  TAYLOR AND JO H N  C. M E D IC I

Duval. II. Importance des acids amines. 
Canad. J. Zoology, 29: 80.

6. De Groot, A. P. 1953 Protein and amino 
acid requirements of the honey bee ( Apis 
mellifica L .). W. Junk, The Hague, Nether­
lands.

7. National Research Council, Committee on 
Animal Nutrition 1962 Nutrient require­
ments of laboratory animals, pub. 990. Na­
tional Academy of Sciences — National Re­
search Council, Washington, D. C.

8. National Research Council, Committee on 
Animal Nutrition 1960 Nutrient require­
ments of poultry, pub. 827. National Acad­
emy of Sciences — National Research Coun­
cil, Washington, D. C.

9. Block, R. J., and K. W. Weiss 1956 Amino 
Acid Handbook. Charles C Thomas, Spring- 
field, Illinois, p. 161.

10. Davis, G. R. F. 1962 Quantitative L-argi- 
nine requirements of larvae of the saw­
toothed grain beetle, Oryzaephilus surina- 
mensis (L .) {Coleoptera-.Silvanidae). J. In­
sect Physiol., 8: 377.

11. Davis, G. R. F. 1961 Sulfur-containing 
amino acids in the nutrition of saw-toothed 
grain beetle, Oryzaephilus surinamensis (L ). 
( Coleoptera-.Silvanidae). J. Nutrition, 75: 
275.

12. Horn, M. J., and H. W. Warren 1964 
Availability of amino acids to microorgan­
isms. IV. Comparison of hydrolysates of 
lactalbumin, oatmeal and peanut butter with 
simulated amino acid mixtures by growth 
response of microorganisms. J. Nutrition, 
83: 267.



Mineral Requirements of the Confused Flour 
Beetle, Tribolium confusum (Duval) 1,2
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ABSTRACT The mineral requirements of the flour bettle, Tribolium confusum
(Duval), were determined through use of a basal diet which contained 8 mineral 
salts as the mineral supplement. Larvae of the flour beetle require: (in  parts per 
million in the diet) potassium, 2000; magnesium, 200; iron, 10; zinc, 5; and manga­
nese, 1.5. Requirements for calcium, sodium, and copper are less than 2.1, 100, and
0.12 ppm, respectively, the amounts present in the unsupplemented diet. Toxicities of 
the salts used in these tests were also determined. Levels of the salts which were 
tolerated varied between 0.15 and 5.0% of the diet, depending on the individual salt. 
The mineral requirements of the confused flour beetle are compared with those of other 
organisms.

In research on insect nutrition, there 
have been few significant investigations of 
mineral requirements ( 1 -3 ) .  In attempts 
made to study this area, the experimental 
diets could not, for the most part, be so 
purified as to allow determination of ab­
solute mineral requirements and, as a re­
sult, only one or two of the cations were 
studied ( 4 -6 ) .3

In some cases, mineral mixtures used in 
basal insect diets were similar to those used 
in vertebrate nutrition (7 , 8 ) ,4 but we feel 
that mixtures containing minerals at levels 
similar to those present in the natural food 
products of the insects represent the best 
diets for such studies. Such mixtures, usu­
ally containing more potassium and mag­
nesium (present in high levels in plants) 
and less calcium (trace element for most in­
sects), have been used, often with fairly 
good results, in studies of mineral require­
ments of certain insects (3 , 9 -1 1 ) . The 
present study involved use of such a diet in 
an investigation of the mineral require­
ments of the confused flour beetle, Tribo- 
lium confusum  (Duval).

EXPERIMENTAL
During previous experiments on the 

amino acid requirements of grain beetles
(1 2 ) a purified diet, called the control diet, 
was developed which gave excellent growth 
of larvae. This diet could not be used to de­
termine mineral requirements, however, 
because inorganic elements were supplied

by an empirical mixture, the ash of whole 
wheat. It was necessary to develop a mix­
ture of known pure salts in order to carry 
out the determination of mineral require­
ments.

The composition of the mineral mix­
ture finally arrived at ( table 1) was based 
on flame photometric and spectrographic 
analyses on various adequate diets for 
beetles, as well as on the beetles them­
selves in various stages of metamorphosis. 
The summary of dietary requirements of 
insects by Fraenkel5 was also considered, 
as were the needs of various life processes, 
such as for co-factors for enzymes. Based 
on these considerations, 6 different mix­
tures were prepared and tested at the 2.0 
and 3 .5%  levels, all containing the 6 salts 
suggested by Fraenkel for Tenebrio molitor
(1 0 ) and some containing manganese and 
copper in addition.6 The mixture which 
gave the best results (table 1) contained * 23

R e c e i v e d  f o r  p u b l i c a t i o n  J u ly  2 3 ,  1 9 6 5 .
1 T h is  w o r k  w a s  s u p p o r t e d  i n  p a r t  b y  t h e  U . S. 

P u b l i c  H e a l t h  T r a i n i n g  G r a n t  n o .  2 -G -6 4 2 .
2 P a p e r  o f  t h e  J o u r n a l  S e r ie s ,  N e w  J e r s e y  A g r i c u l ­

t u r a l  E x p e r im e n t  S t a t io n .
3 P a u s c h ,  R .  D . 1 9 6 2  N u t r i t i o n  o f  t h e  la r v a  o f  t h e  

o r i e n t a l  r a t  f le a ,  X e n o p s y l la  c h e o p s is  ( R o t h s c h i l d )  
w i t h  a d d i t i o n a l  n o t e s  o n  i t s  b i o n o m i c s .  D is s e r t .  A b s t r . ,
23  • 7 5 9

4 C h i r i g o s ,  M . A . 1 9 5 7  N u t r i t i o n a l  s t u d ie s  w i t h  
t h e  in s e c t ,  T r ib o liu m  c o n fu s u m  ( D u v a l ) .  D o c t o r a l  
t h e s i s ,  R u t g e r s ,  T h e  S ta te  U n iv e r s i t y  o f  N e w  J e r s e y ,  
N e w  B r u n s w i c k .

5 M e d i c i ,  J . C . 1 9 6 4  N u t r i t i o n a l  s t u d ie s ,  i n c l u d i n g  
a m i n o  a c i d  a n d  m in e r a l  r e q u i r e m e n t s ,  w i t h  t h e  f lo u r  
b e e t l e ,  T r ib o liu m  c o n fu s u m  ( D u v a l ) .  D o c t o r a l  t h e s is ,  
R u t g e r s ,  T h e  S t a t e  U n iv e r s i t y  o f  N e w  J e r s e y ,  N e w  
B r u n s w i c k .

6 S e e  f o o t n o t e  5.

J .  N u t r i t i o n , 8 8 :  *66 181
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T A B L E  1

Composition of mineral mixture used in mineral control diet, and amounts of cations supplied

Salt i Salt in 
mixture

Salt 
in diet Cation in diet

% % % ppm
KH-.PO.j 67.75 1.36 0.3930 3930
MgSOi 16.0 0.32 0.0719 719
Ca(H>P04) 2-H20 8.0 0.16 0.0257 257
NaCl 5.0 0.10 0.0493 493
FeS04-7H20 2.0 0.04 0.0082 82.2
ZnCl2 0.5 0.01 0.0049 49.2
MnS04-H20 0.5 0.01 0.0034 33.7
CuS04-5H20 0.25 0.005 0.0013 12.8

Totals 100.0 2.00 0.5577 5576.9
1 A l l  s a l t s  w e r e  r e a g e n t  g r a d e .

considerably more magnesium and less so­
dium and zinc than did FraenkeFs mix­
ture, and also contained manganese and 
copper. Since 3 successive generations of 
beetles reared with this diet have each 
shown a good rate of growth, this diet 
should be completely adequate for the 
growth and reproduction of flour beetles.

This final diet, called the mineral con­
trol diet, was much the same as the con­
trol diet used in previous studies (1 2 ) and 
had the following percentage composition: 
cornstarch, 74.0; amino acids (all L-), 
20.0; reagent grade mineral salts, 2.0; 
corn oil, 3.0; complete vitamin mixture, 
0.63; and cholesterol, 0.37. Care was 
taken to ensure a high degree of fineness 
and complete mixing. Changes from the 
control diet were: (in per cent of diet) 
phenylalanine reduced from 0.8 to 0.5, 
tyrosine (not previously used) 1.0, glu­
tamic acid reduced from 4.5 to 3.0, glycine 
increased from 4.5 to 5.3, pure minerals
2.0 in place of ash of wheat 3.5, and corn­
starch to make 100. Average larval weight 
with the mineral control diet was usually 
between 2.5 and 2.7 mg at 18 days and 
appeared to be very slightly better than 
that with the previously used control diet 
which averaged close to 2.5 mg.

Growth studies were carried out for the 
usual 18 days as described in our previous 
paper (1 2 ) with 3 groups of 10 newly 
emerged larvae being fed each level of the 
mineral being tested. Growth curves were 
similar to those obtained with amino acids 
except that, in some cases, diets could not 
be made sufficiently low in certain ele­
ments to get reduced growth and in all 
cases levels of the salts high enough to be

toxic were fed. Curves illustrating typical 
responses are shown in figure 1 and the 
data for these curves and for the other ele­
ments tested are given in table 2.

The anions in the experimental diets 
were maintained at a uniform level, using 
calcium or potassium salts of the respective 
anions, since these cations are least toxic. 
Requirement and toxicity levels were de­
termined as in the amino acid studies by 
inspection of the plots of dosage-growth 
response curves.

RESULTS AND DISCUSSION
A summary of the experiments on the 

requirements of the confused flour beetle

Fig. 1 Weight of larvae of the confused flour 
beetle fed at various levels of manganese and 
zinc. Levels are plotted logarithmically to con­
dense the scale.
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T A B L E  2

Growth of flour beetle larvae fed diet at graded levels of minerals 1
Salt

added
Element 
in diet 2

Wt of 
larvae 3

Salt
added

Element 
in diet 2

Wt of 
larvae 3

% ppm mg % ppm mg
Potassium Magnesium

(as KH2P04) (as MgSO-O
0.00 28.3 0.04 0.00 73 0.05
0.01 57.0 0.07 0.01 93 0.25
0.10 315 0.65 0.10 275 2.55
0.30 889 1.27 0.20 477 2.53
0.50 1470 1.06 0.25 578 2.71
0.75 2180 2.54 0.32 719 2.61
1.00 2900 2.55 1.00 2090 2.55
1.36 3930 2.51 2.00 4110 2.23
2.00 5770 2.64 5.00 10200 0.80
5.00 . . 14400 1.66 10.00 20300 0.68

10.00 28800 1.05

Iron Zinc
(as FeSO 7H20) ( as ZnCl2)

0.0 1.8 0.71 0.0 1.2 0.37
0.0001 2.0 0.80 0.0001 1.7 0.45
0.001 3.8 1.10 0.0005 3.6 1.76
0.005 11.9 2.42 0.001 6.0 2.48
0.01 21.9 2.39 0.005 25.2 2.77
0.04 82.2 2.54 0.01 49.2 2.85
0.10 203 2.72 0.02 97.2 2.78
0.50 1007 1.65 0.10 481 2.59
1.00 2010 1.24 1.00 4810 0.70

Manganese Copper
(as MnS04-H20) (as CuS04-5H20)

0.0 1.2 2.12 0.0 0.12 2.56
0.0001 1.5 2.26 0.0001 0.37 2.56
0.0005 2.8 2.28 0.0005 1.39 2.54
0.001 4.5 2.33 0.001 2.66 2.51
0.005 17.5 2.38 0.002 5.20 2.74
0.01 33.7 2.44 0.005 12.8 2.16
0.10 326 2.42 0.02 50.9 2.78
0.50 1625 2.48 0.10 254 2.64
1.00 3250 0.40 0.20 508 0.88

0.50 1270 0.04
1.00 2540 0.04

Calcium Sodium
( asCa ( H2PO4 >2 ■ H20 ) (asNaCl)

0.0 2.1 2.42 0.0 100 2.18
0.0001 2.3 2.36 0.0001 100.4 2.54
0.0005 2.9 2.26 0.0005 102 2.67
0.002 5.3 2.44 0.002 108 2.32
0.01 18 2.51 0.01 139 2.42
0.16 257 2.64 0.10 493 2.61
1.50 2390 2.12 1.00 4030 0.17
4.00 6380 1.14 3.00 11800 (died)

10.00 15900 0.15 10.00 39400 (died)

1 Values italicized are toxic levels of the salt fed and requirement for the cation.
2 All weights are the average of surviving larvae from 3 test vials after 18 days of incubation.
3 Amount present in unsupplemented diet.
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T A B L E  3

Mineral requirements of the confused flour beetle for cations, and toxic ranges 
of the mineral salts used

Cation
Cation in 

unsupplemented 
diet 2

Minimal
requirement Estimated toxic levels of salts 1

ppm ppm %
K 28.3 2000 k h 2p o 4 3.0-5.0
Mg 73 275 MgS04 2.0
Ca 2.1 2.1 Ca(H2P04)2-H20 1.5
Na 100 100 NaCl 0.2-0.6
Fe 1.8 10 FeS04-7H20 0.3—0.5
Zn 1.2 5 ZnCl2 0.2
Mn 1.2 1.5 MnS04'H20 0.6-0.9
Cu 0.12 0.12 CuS04-5H,0 0.15

1 Changes in dietary levels of other minerals may change the toxicity range of some of these salts.
2 Calculated from flame photometric and spectrographic determinations of the respective elements.

for 8 metal cations and on the toxicides of 
the respective salts (table 3 ) shows defi­
nite requirements for potassium, magne­
sium, iron, and zinc. A requirement for 
manganese is indicated in the table but 
not absolutely proved, since larval growth 
(2 .12  m g) with the lowest level of man­
ganese tested was not low enough to allow 
complete evaluation of the requirement. 
Figure 1 is a semilogarithmic plot of the 
data on the manganese experiment; in­
cluded also is the plot of the experiment 
on the zinc requirement, which is more 
nearly ideal. Also, requirements for cal­
cium, sodium, and copper could not be 
determined accurately because the amount 
of each present in the unsupplemented 
diet was sufficiently large to preclude bene­
fit from further addition. These require­
ments, therefore, must be stated as not 
more than the given level.

Definite toxicity ranges for each of the 
salts fed were observed. The levels at 
which the salts became toxic varied con­
siderably and showed little relationship to 
the requirements for the cations involved. 
In general, the toxicity appears much 
greater for the insect than is the case for 
higher animals. For example, it is com­
mon practice to use 1% sodium chloride 
in rations for rats and chickens. These 
observations are similar to those of Ma- 
junder and Bano (1 4 ) , who reported pro­
nounced toxicity of common salts, espe­
cially tricalcium phosphate, for several 
grain beetles. Our data for monocalcium 
phosphate agree well with theirs.

After the above mineral requirements 
for the flour beetle had been determined,

a mixture of minerals containing the mini­
mal required levels of each cation was 
prepared and tested as the mineral supple­
ment in a purified diet. As in the amino 
acid studies with this insect when levels 
of these compounds were all reduced to 
minimal requirements (1 2 ) , larval growth 
(1 .77 m g) was poorer than with the con­
trol diet (2.51 m g). A higher level of 
magnesium (447 ppm) increased growth 
to 2.06 mg at the end of 18 days. Only 
275 ppm of magnesium are required in a 
diet containing 2 .0%  minerals; thus more 
is required in the minimal diet which con­
tains only 0 .86%  minerals. Apparently, 
minerals other than magnesium are also 
required in greater amounts in this mini­
mal diet though these were not tested. The 
results suggest that the requirement for a 
given mineral may be lowered in the pres­
ence of an excess of certain others. Phos­
phorus was supplied at more than 2000  
ppm by the potassium phosphate plus that 
present in the starch. The minimal level 
of magnesium sulfate supplied 270 ppm 
of sulfur, in addition to that supplied by 
0.6%  methionine and 2 .0%  of cystine. 
Lysine HC1, at 1.3% of the diet, would 
furnish 2600 ppm of chloride. It appears, 
therefore, that common anions should not 
be lacking.

In table 4, the mineral requirements of 
the confused flour beetle are compared 
with those reported elsewhere for this in­
sect and also with those reported for other 
organisms. The previously reported cal­
cium requirement of the flour beetle by 
Huot et al. (13)  is not in agreement with 
that reported here. This may be due to the
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TABLE 4
Comparison of the mineral requirements of the confused flour beetle 

with those of other organisms

Element
L;srva

Mealworm
larva
(10)

Young
chicken

(16)
Young

rat
(17)

Young
human

(18)Reported
here

Reported 
elsewhere 
(13,15)

ppm ppm ppm ppm ppm ppm
K 2000 2700 2000 2000 1800 4000
Mg 275 200 400 500 400 300
Ca <  2.1 140 80 10000 6000 1200
Na <  100 <  1200 1500 500 1600
Fe 10 20 25 12
Zn 5 6 45 12 2
Mn 1.5 50 50 —

Cu <  0.12 2 5 2.5
p 1000 6000 5000 1200
Cl 2200 500 2400
I 1 0.15 0.02
Se 0.04

less adequate diet used by these investi­
gators, although the difference appears to 
be too great to be explained in this way. 
With their diet, pupation of the larvae oc­
curred at about 35 days, as compared with 
the pupation at between 19 and 23 days 
observed with the purified diets shown 
here. The calcium requirement could be 
altered under such circumstances.

The most striking feature of table 4 is 
that, compared with vertebrates, insects 
require so little calcium. This is reason­
able, however, since insects, unlike verte­
brates, do not have internal skeletons 
which contain calcium. Insects probably 
require calcium only for nerve-muscle in­
tegrity and possibly membrane permeabil­
ity.

The flour beetle also requires less so­
dium and copper than vertebrates. The de­
creased sodium requirement has probably 
developed genetically, since, as these in­
sects evolved, they fed on plants which 
contain lower amounts of sodium than 
animal products. The flour beetle’s lower 
requirement for copper may be due to dif­
ferences in the way insects and vertebrates 
manufacture the oxygen-carrying compo­
nents of their blood.

The total amount of minerals which the 
flour beetle requires in its diet is consider­
ably less than the level required by verte­
brates. The necessity for water conserva­
tion in the flour beetle may account for 
this; vertebrates normally ingest and elimi­
nate much greater amounts of water and

thus eliminate greater amounts of min­
erals. The same reasoning probably ex­
plains the higher toxicity of common salts.
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Digestibility of Unheated Soybean Meal 
for Laying Hens * 1
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ABSTRACT The digestibility of protein and energy in diets containing heated and 
unheated soybean meal was determined with colostomized laying hens. The data 
obtained showed that protein in diets containing unheated soybean meal was only 
54% digested compared with 85% for heated meal. The difference in protein digesti­
bility was sufficient to account for the difference in energy digestibility. The metabo­
lizable energy value of diets with heated or unheated soybean meal was determined 
after 12, 36, 67, and 97 days of feeding. There was no evidence of a change in the 
metabolizable energy value of the diets with time. Adult chickens did not respond 
differently from young chicks to diets containing unheated soybean meal. These ex­
periments also showed that hens did not adapt, following a prolonged feeding period, 
so that they were better able to digest unheated soybean meal.

The utilization of unheated soybean 
meal by laying hens or by chickens over 
6 to 8 weeks of age has been studied by 
several investigators with conflicting con­
clusions reported.

Fisher and Johnson (1 ) observed that 
diets containing unheated soybean meal 
supported egg production as well as diets 
containing heated soybean meal, although 
the minimal protein level necessary for 
normal egg production was higher when 
unheated meal rather than heated meal 
was fed. In studies by Saxena et al. (2) 
sgg production, nitrogen retention and 
pancreas weight of hens receiving diets 
containing unheated soybean meal were 
the same as for hens receiving a similar 
diet containing heated meal. They also re­
ported that chicks were less affected by un­
heated meal as they became older. They 
postulated that young chicks lack an en­
zyme that digests an “active” fraction of 
the meal but that hens possess this en­
zyme.

Similar results were reported by Born- 
stein and Lipstein (3). When response 
af chicks was measured as “percentage 
gain,” chicks 1 1  to 12  weeks of age gained 
it the same rate whether they were fed 
diets containing heated or unheated soy- 
aean meal beginning at 8 weeks of age.

These reports appear to be supported by 
the observations by Alumot and Nitsan 
(4, 5) that although intestinal proteolysis

was markedly depressed in young chicks 
fed unheated soybean meal, proteolysis 
gradually returned to normal levels during 
the fourth to sixth week of feeding. Pro­
teolysis was measured in vitro from sam­
ples of intestinal contents. When unheated 
soybean meal was fed to older chickens, 
recovery of proteolysis was more rapid. 
When 6-week-old chicks were fed a diet 
containing unheated soybean meal, normal 
levels of proteolytic activity were restored 
between 2 and 4 days after starting to feed 
the diet.

Recent studies by Lepkovsky et al. ( 6 ) 
suggest that the level of proteolytic activ­
ity measured in the contents of the intes­
tinal tract may not be a true reflection of 
the actual protein digestion taking place. 
These authors observed a higher percent­
age of nitrogen in the contents of the 
lower small intestine and feces of chicks 
given unheated meal compared with chicks 
receiving heated meal even though pro­
tease activity of the intestinal contents 
measured in vitro was the same for chicks 
receiving either diet. Overall nitrogen 
digestibility was markedly lower in ileos- 
tomized chickens fed unheated meal com­
pared with those fed heated soybean meal.

R e c e i v e d  f o r  p u b l i c a t i o n  O c t o b e r  2 1 ,  1 9 6 5 .
1 S u p p o r t e d  i n  p a r t  b y  a  g r a n t  f r o m  t h e  N a t i o n a l  

S o y b e a n  P r o c e s s o r s  A s s o c i a t i o n .
2 P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  B i o c h e m i s t r y ,

S a in t  L o u is  U n iv e r s i t y  S c h o o l  o f  M e d i c i n e ,  S a in t  L o u is ,  
M is s o u r i .
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The metabolizable energy value of un- 
leated soybean meal or soybeans was 
:ound to be the same for hens and chicks 
n studies by Hill and Renner ( 7 ,8 ). Heat 
reatment of these soybean products mark- 
;dly improved their metabolizable energy 
/alue. Egg production of hens receiving 
mheated meal was also depressed com- 
iared with that of hens receiving properly 
leated meal. Rogler and Carrick (9 ) also 
reported that hens fed diets containing un- 
reated soybeans produced fewer eggs, had 
m enlarged pancreas and used feed less 
jfficiently compared with hens receiving 
properly heat-treated soybeans. Egg pro­
duction remained low for the whole 6- 
month period of feeding the unheated soy- 
oeans with no indication that hens eventu­
ally adapted to the soybeans.

The studies reported in this paper were 
iesigned to (a) measure apparent digesti- 
lility of nitrogen from unheated and 
leated soybean meal by hens prepared 
with a colostomy to permit separation of 
mine and feces, (b) compare digestible 
mergy value of unheated or heated soy- 
lean meal to permit calculation of the 
atilization of non-nitrogenous components 
if the diet, and (c) determine whether 
metabolizable energy value of a diet con­
fining unheated soybean meal changed 
iver a prolonged feeding period.

EXPERIMENTAL
White Leghorn hens from a commercial 

strain were used in both experiments. The 
lolostomized hens used in experiment 1 
were prepared essentially according to the 
method of Ariyoshi and Morimoto (10). 
Separation of urine and feces was accom­
plished by collection of the urine in a 
collection bottle suspended with an appro­
priate harness, and fecal collection was 
made from a collecting pan beneath the 
metabolism cage in which the hens were 
boused. Chromic oxide was included in 
the experimental diets and nitrogen and 
energy digestibility were calculated by 
chromic oxide indicator method. Analysis 
cf feed and feces for dry matter, nitrogen, 
chromic oxide and gross energy was made 
by procedures described by Anderson and 
Hill (11). Metabolizable energy values for 
diets in experiment 2 were also determined 
by procedures described by Anderson and

Hill (11). The values reported are cor­
rected to nitrogen equilibrium.

The colostomies were performed on the 
hens from 4 to 6 months prior to the ex­
periment in which they were used, and 
the hens were approximately 13 months 
of age at the time of the experiment. All 
were in good condition prior to and during 
the experiment. The hens used in experi­
ment 2 were just coming into peak produc­
tion at the start of the experiment.

Unheated soybean meal used in these 
experiments was obtained as dehulled, 
hexane-extracted soybean flakes removed 
from a commercial soybean processing 
plant prior to desolventizing. The solvent 
was allowed to evaporate at ambient tem­
perature. The heated meal in experiment 
1  was prepared from the raw meal by auto­
claving at 107° for 30 minutes under con­
ditions described by Renner and Hill ( 8 ). 
In experiment 2, commercially produced 
50% protein soybean meal was used as the 
heated meal control. The raw and heated 
meal were included in the diets to provide 
the same amount of dry matter.

RESULTS
In experiment 1, three colostomized 

hens were fed diet A shown in table 1 con­
taining heated soybean meal and three 
were fed the same diet in which the 
soybean meal was unheated. After a few 
days’ preliminary feeding, fecal collections

T A B L E  1

Experimental diets

A B

Soybean meal 1
%

40.00
%

38.00
Soybean oil 2.00 3.00
Cornstarch — 47.67
Sucrose 48.59 —

Cellulose — 2.00
DL-Methionine — 0.20
Dicalcium phosphate 3.30 3.30
Calcium carbonate 3.60 3.60
Sodium chloride 0.25 0.25
ZnC03 0.005 0.005
MnSCL 0.03 0.03
Vitamin mixture 2 1.00 0.75
Choline chloride, 70% solution 0.22 0.20
Chromium premix 3 1.00 1.00

1 H e a t e d  o r  u n h e a t e d  a s  i n d i c a t e d  i n  t h e  i n d i v i d u a l  
e x p e r i m e n t s .

2 S a m e  a s  d e s c r ib e d  b y  N e s h e im  e t  a l  ( 1 4 ) .  I n  
d i e t  B , l e v e l s  o f  v i t a m in s  w e r e  7 5 %  o f  t h o s e  i n  
d ie t  A .

3 C o n t a in e d  3 0 %  C r 203  i n  w h e a t  f lo u r .
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T A B L E  2

Digestibility of nitrogen and energy in diets containing heated or unheated 
soybean meal for colostomized hens

T r e a t m e n t H e n
n o .

A p p a r e n t
n i t r o g e n

d i g e s t ib i l i t y

D ig e s t i b l e  e n e r g y / g  d ie t  D M  

D e t e r m i n e d  C o r r e c t e d 1

% kcal kcal
Unheated meal i 55.5 3.13 3.57

2 52.7 2.93 3.40
3 53.7 3.03 3.50

Average 54.0 3.03 3.49

Heated meal 4 83.6 3.38 3.46
5 86.3 3.49 3.54
6 87.1 3.56 3.60

Average 85.7 3.48 3.53
1 C o r r e c t e d  t o  9 0 %  p r o t e in  d i g e s t ib i l i t y  —  e a c h  g r a m  o f  u n d ig e s t e d p r o t e in  i n  f e c e s w a s  a s s u m e d

t o  h a v e  a  g r o s s  e n e r g y  o f 5 .6 5  k c a l / g .

T A B L E  3

Metabolizable energy value of diets containing raw or heated soybean meal for
laying hens after various periods of feeding

S o y b e a n D a y s  f e d  d ie t  1 O v e r a l l E g g F e e d /
t r e a t m e n t  12 3 6 6 7 9 7 a v g p r o d u c t i o n  2 h e n

kcal/g dry matter kcal % kg
Unheated 3.05 2.91 3.08 3.04 3.02 42 9.48
Heated 3.20 3.18 3.40 3.40 3.30 63 9.33

1 C o l l e c t i o n s  o f  e x c r e t a  w e r e  b e g u n  o n  d a y  i n d i c a t e d  a n d  p r o c e e d e d  f o r  4  c o n s e c u t i v e  d a y s .
2 H e n  d a y  p r o d u c t i o n  f o r  1 0 7  d a y s .

were made for 3 consecutive days and 
nitrogen digestibility and digestible energy 
values were determined. The data ob­
tained are shown in table 2. The nitrogen 
digestibility was markedly lower for hens 
fed the unheated soybean meal compared 
with those fed the heated soybean meal 
(54.0 vs. 85.7% ). Variability between in­
dividual hens was very small. The digesti­
ble energy values were 3.48 and 3.03 
kcal/g for the diets containing heated 
meal and unheated meal, respectively. By 
assigning a value of 5.65 kcal/g to the 
undigested protein that appears in the 
feces of hens receiving raw or heated meal, 
it was possible to calculate the digestible 
energy of the 2  diets when both were cor­
rected to 90% protein digestibility. When 
this calculation was made the 2 diets had 
nearly identical amounts of digestible en­
ergy per unit of diet: 3.49 kcal/g for the 
hens receiving unheated soybean meal and 
3.53 kcal/g for hens receiving heated soy­
bean meal. This indicates that the main

reason for the difference in digestible en­
ergy value between the 2  diets was the 
difference in protein digestibility.

Following the observations made in ex­
periment 1 , an experiment was designed 
to determine whether laying hens would 
adapt to prolonged feeding of unheated 
soybean meal.

In experiment 2 hens were fed diet B, 
table 1 , containing heated or unheated soy­
bean meal, for a period of 97 days. Metab­
olizable energy determinations were made 
after 12 days, 36 days, 67 days and 97 
days of feeding the experimental diets. 
Records of egg production and feed con­
sumption were also kept during the experi­
mental period. Fecal collections were made 
for 4 consecutive days at each period, from 
4 pairs of hens on each treatment.

The results of this experiment are 
shown in table 3. The metabolizable en­
ergy value of the diet containing raw soy­
bean meal remained constant throughout 
the experimental period averaging slightly
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over 3 kcal/g of diet. This was nearly the 
same as the digestible energy obtained for 
a similar diet in experiment 1. The diet 
containing heated meal was higher in 
metabolizable energy value in every case, 
ranging from 3.2 to 3.4 kcal/g of diet. 
Two different batches of heated meal were 
used during the experiment and one ap­
peared to have a higher metabolizable 
energy value than the other. No change in 
the metabolizable energy value of the diet 
containing unheated soybean meal oc­
curred over the experimental period. This 
suggests that the hens did not adapt to un­
heated soybean meal feeding in a way that 
resulted in better utilization of the un­
heated meal. Egg production was mark­
edly lower in hens fed the diet containing 
unheated meal.

DISCUSSION
These experiments indicated that the 

utilization of unheated soybean meal by 
laying hens was very poor. The marked 
depression in protein digestibility observed 
is apparently sufficient to account for the 
difference in metabolizable energy value 
between unheated and heated soybean 
meal observed by Hill and Renner (7). 
The difference in digestible energy value 
of the diets used in this experiment could 
be completely explained by the differences 
in protein digestibility observed. The pro­
tein digestibility for unheated meal in this 
experiment was somewhat lower than 
that reported by Lepkovsky et al. ( 6 ) in 
studies with chickens with ileostomies 
(54% vs. 64 and 68% ). However, these 
authors also reported that utilization of the 
non-nitrogenous portion of the diet was 
unaffected by consumption of unheated 
soybean meal.

In a recent paper, Nitsan (12) also has 
reported that digestibility of unheated soy­
bean meal was low for cockerels, 3 to 4 
months old, that were colostomized. Di­
gestibility values reported in their study 
were similar to those reported in this 
paper.

In view of the results obtained in these 
studies, measurements of differences in 
metabolizable energy value of diets con­
taining heated or unheated soybean meal 
for chicks or hens can probably be consid­

ered indirect measurements of differences 
in protein digestibility.

There was no evidence that the metabo­
lizable energy value of the diet containing 
unheated soybean meal changed during a 
prolonged feeding period. Thus adapta­
tions in intestinal proteolytic activity that 
have been shown by Nitsan and Alumot
(5) may not reflect adaptation in actual 
utilization of unheated meal. In this re­
spect these results would be consistent 
with the observations of Lepkovsky et al.
( 6 ) with adapted and unadapted chickens.

Most of the evidence reviewed above for
adaptation to unheated soybean meal feed­
ing has been based on the ability of diets 
containing unheated meal to support 
growth rate or egg production. No meas­
urements of actual protein utilization were 
made. In view of the marked reduction in 
protein digestibility observed in this study, 
an examination of earlier results from this 
standpoint may be useful in explaining ap­
parent discrepancies existing in the litera­
ture.

Fisher and Shapiro (13) reported that 
extra protein and energy could overcome 
most of the growth-depressing effects of 
feeding unheated soybean meal provided 
the studies were made on chicks over 3 
weeks of age. Extra energy provided by 
fat to chicks under 3 weeks old fed un­
heated soybean meal is poorly utilized, 
since unheated meal inhibits fat absorp­
tion in young chicks (14).

Possibly some of the apparent adapta­
tion to unheated soybean meal feeding 
has been due to the use of protein levels 
considerably above critical levels for the 
age studied.

Saxena et al. (2 ) observed that chicks 
6 weeks of age or older grew much better 
than younger chicks when fed a diet con­
taining about 25% protein from unheated 
meal. This protein level would be consid­
erably less critical for the older than for 
the younger chickens. Probably up to one- 
third of the protein could then be indigesti­
ble without any depression of growth.

The same point could be made for the 
results of Bornstein and Lipstein (3 ), al­
though somewhat lower levels of protein 
were used in their diets. The interpreta­
tion of the data in the experiments of these 
workers is based on the use of “percentage
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gain” as the criterion, which does not ap­
pear to be valid, in our view. If “per­
centage gain” were not used, their data 
would be interpreted somewhat differently. 
Chicks at any comparable weight grew 
considerably more slowly when fed diets 
containing unheated rather than heated 
soybean meal.

The data of Fisher and Johnson ( 1 ) are 
also consistent with a lower protein diges­
tibility for unheated soybean meal. These 
authors reported that to support egg pro­
duction more protein was needed from un­
heated than from heated soybean meal.

Although the above discussion implies 
that poor digestibility of protein is the 
major reason for poor utilization of un­
heated soybean meal by chickens, other 
factors are probably also involved, particu­
larly in affecting growth rate of young ani­
mals. Westfall et al. (15) showed that 
antitryptic preparations retarded growth 
rate of mice fed hydrolyzed protein. This 
could have been the result of poor diges­
tion of endogenous protein, but other fac­
tors are probably also involved. Barnes et 
al. (16) have demonstrated an increased 
need for cystine in rats fed trypsin inhibi­
tors, and Leiner (17) has demonstrated 
the detrimental effects of hemagglutinin 
concentrates on rat growth.

Another possible source of difference be­
tween experiments conducted with un­
heated soybean meal is the meal itself. 
We have observed marked differences in 
trypsin inhibitor content of batches of un­
heated soybean meal obtained from com­
mercial sources. In particular, some sam­
ples of commercial soybean “brew” flakes 
have had only 25 to 50% of the trypsin 
inhibitor potency of unheated meal pre­
pared by cold hexane extraction in our 
laboratory. It is likely that these variations 
in trypsin inhibitor content are related to 
effects of slight heat treatment in the pro­
duction of the commercial products. Use 
of these different meals in feeding experi­
ments might be expected to produce mark­
edly different results.

There may also be other possible rea­
sons for divergent results reported by other 
laboratories unrelated to those proposed 
above. There have been, however, suffi­
cient reports where unheated soybean meal 
has not been well utilized by laying hens

to make it unwise to consider the use of 
unheated soybean products in practical 
rations for adult chickens.
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Changes in Fatty Acid Composition in Liver Lipid 
Fractions of Pyridoxine-deficient Rats 
Fed Cholesterol* 1

M. A. WILLIAMS, D. J. McINTOSH a n d  I. HINCENBERGS 
Department of Nutritional Sciences, University of California, 
Berkeley, California

ABSTRACT This study was made to determine whether changes in fatty acid 
patterns of liver phospholipids and sterol esters accompanied the decreases in esteri- 
fied sterol previously observed in pyridoxine-deficient rats. The diets included: (a )  
basal casein-5% cottonseed oil-sucrose diet; (b )  basal diet plus cholesterol; ( c )  basal 
diet plus taurocholate; (d )  basal diet plus cholesterol and taurocholate. Cholesterol 
was added to exaggerate the need for oleate and arachidonate since this stress might 
provide added information on unsaturated fatty acid metabolism in pyridoxine defi­
ciency. Taurocholate was added to increase cholesterol absorption. These diets, with 
or without pyridoxine, were fed to male weanling rats for 6 weeks. Food intake of 
controls was restricted to the food intake of the corresponding deficient groups. 
Phospholipid tended to be lower in the deficient groups and liver sterol ester was 
significantly lower. All deficient groups showed a significant decrease in oleate in all 
lipid fractions, compared with their respective controls. Arachidonate and linoleate 
were significantly higher in sterol esters in all deficient groups. It was concluded 
1) that pyridoxine deficiency significantly alters the metabolism of dietary and 
endogenous cholesterol and 2 ) that decreases in monoenoic acids in pyridoxine defi­
ciency may be related to insulin insufficiency.

A low level of esterified sterol has been 
observed in pyridoxine-deficient rats show­
ing an increased incorporation of acétate­
l e  into liver sterol in vivo (1 ). In 
addition, pyridoxine-deficient rats fed 
cholesterol showed a smaller increase in 
liver cholesterol than pair-fed controls
(2). The fatty acid composition of liver 
lipids, including the sterol esters, was not 
determined in these experiments.

Recent reports have indicated that pyri­
doxine deficiency increases the proportion 
of stearate and decreases the proportions 
of oleate and palmitoleate in total fatty 
acids of liver and adipose tissue in rats 
fed diets adequate in linoleate (3—5). 
Relatively little attention has been given 
to the effect of pyridoxine deficiency on 
the fatty acid composition of specific lipid 
classes, such as phospholipids and sterol 
esters. In the only study of this type, 
Swell et al. ( 6 ) reported an increase in 
the proportion of oleate and a decrease in 
arachidonate in liver phospholipid, which 
also decreased by 50%. Cholesterol esters 
showed no significant change in level or 
fatty acid pattern. Triglyceride, however,

showed an increase in the proportion of 
stearate and a decrease in arachidonate.

The following experiment was carried 
out to determine whether any large 
changes in fatty acid pattern of liver 
phospholipids and sterol esters accompa­
nied the decreased levels of esterified 
sterol previously observed in pyridoxine- 
deficient rats fed a 5% cottonseed oil diet
(1 ). The dietary treatments included: 
(a ) the basal casein-5% cottonseed oil- 
sucrose diet used previously ( 1 ); (b) the 
basal diet plus cholesterol; (c) the basal 
diet plus taurocholate; (d) the basal diet 
plus cholesterol and taurocholate. The 
cholesterol supplement was added to exag­
gerate the need for oleate and arachido­
nate in the metabolism of excess choles­
terol (7 ,8 ) . Such a stress might provide 
added information on the metabolism of 
unsaturated fatty acids in pyridoxine de­
ficiency. Dietary taurocholate was added 
to increase cholesterol absorption which

R e c e i v e d  f o r  p u b l i c a t i o n  S e p t e m b e r  2 5 ,  1 9 6 5
1 S u p p o r t e d  i n  p a r t  b y  P u b l i c  H e a l t h  S e r v i c e  R e ­

s e a r c h  G r a n t  n o .  A M -7 7 5 3  f r o m  t h e  N a t i o n a l  I n s t i t u t e  
o f  A r t h r i t i s  a n d  M e t a b o l i c  D is e a s e s .

J. N u t r it io n , 8 8 : *66 193
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might be impaired in the deficient rats 
because of decreased taurocholate secre­
tion (9 ) .2

METHODS
Male weanling rats of the Long-Evans 

strain, from the department colony ( 2 1  
days and 45 to 55 g) were fed the experi­
mental diets for 6 weeks. The rats were 
caged individually in suspended, galva­
nized, screen-wire cages. Tap water was 
given ad libitum. The dietary groups in­
cluded: (a) the basal casein-cottonseed 
oil-sucrose diet;3 (b) the basal diet plus 
1 .0 % cholesterol; (c) the basal diet plus 
0.5% sodium taurocholate; (d) the basal 
diet plus 1.0% cholesterol plus 0.5% 
sodium taurocholate. Cholesterol and 
taurocholate were substituted for an equal 
weight of sucrose. Each dietary group 
was subdivided into a pyridoxine-deficient 
and a pyridoxine-supplemented group. 
Pyridoxine deficiency was created by omis­
sion of pyridoxine from the vitamin sup­
plement, without the use of pyridoxine 
antagonists. The food intake of each pyri­
doxine-supplemented control group was 
restricted to the average daily intake of 
the corresponding deficient group. The 
restricted-fed control rats were fed daily 
at 6 to 7 p m  and ate all their food within 
one hour. On the last day of the experi­
ment, the food cups were removed from 
both deficient and control rats at 8  p m . 

At 6 p m  the next day, the rats were 
anesthetized with sodium pentobarbital4 
and killed by cardiac exsanguination with 
heparin as the anticoagulant. The livers 
were removed, weighed, lyophilized and 
the lipids extracted by the method of 
Tinoco et al. (11). Liver lipids were de­
termined by the methods described by 
Scheier and Williams (12). Liver lipids 
were fractionated on silicic acid columns 
and the fatty acids determined by gas- 
liquid chromatography with methylhepta- 
decanoate as the internal standard (13). 
Plasma sterol was determined in chloro­
form-methanol extracts ( 1 :1 ) of the 
plasma. Differences between means are 
reported as significant at the 5% level 
(Student’s t test).

RESULTS
Growth. In the first 3 weeks, the pyri­

doxine-deficient groups fed cholesterol or

cholesterol plus taurocholate grew some­
what more than the other deficient groups 
(table 1). The highest mortality occurred 
in the deficient group fed the basal diet 
plus taurocholate although the survivors 
in this group showed the greatest gain of 
any of the deficient groups at the end of 
6 weeks. Bloody feces and urine were 
observed in the deficient groups fed tauro­
cholate or cholesterol and taurocholate, 
with a greater incidence in the former 
group. The control group fed taurocholate 
showed a greater incidence of diarrhea 
than the other control groups.

Liver. Liver phospholipid (m g/g) 
tended to be lower in the deficient groups 
than in the corresponding pair-fed con­
trols although the decrease was significant 
only in the group fed the basal diet (table
2). The addition of either cholesterol or 
taurocholate to the basal diet did not 
affect phospholipid concentration, but the 
addition of both cholesterol and taurocho­
late significantly reduced the phospholipid 
level in both deficient and control groups.

Esterified sterol (m g/g) was signifi­
cantly lower in all of the deficient groups, 
in comparison with their controls. Thus, 
feeding taurocholate with cholesterol did 
not increase liver sterol in the deficient 
rats to the level observed in the controls. 
Liver free sterol was slightly but signifi­
cantly higher in all of the deficient groups.

The fatty acid composition of liver 
phospholipids is shown in table 3. All of 
the pyridoxine-deficient groups showed a 
significantly higher proportion of stearate 
and a significantly lower proportion of 
oleate, in comparison with their controls. 
Linoleate differed only in the deficient 
group fed the basal diet, in which the 
proportion was significantly higher. The 
proportion of arachidonate was not re-

2 K e l l y ,  R .  L . ,  a n d  E . A .  D o i s y ,  J r . 1 9 6 4  D e s c e n d ­
i n g  t h i n  l a y e r  c h r o m a t o g r a p h y  ( T L C )  f o r  a s s a y  o f  
w h o l e  b i l e .  F e d e r a t i o n  P r o c . ,  2 3 :  1 7 3  ( a b s t r a c t ) .

3 C o m p o s i t i o n  o f  b a s a l  d i e t ,  g / 1 0 0  g  d i e t :  v i t a m in -  
f r e e  c a s e i n  ( N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n ,  
C l e v e l a n d ) ,  2 0 .0 ;  c o t t o n s e e d  o i l ,  5 .0 ;  J o n e s -F o s t e r  s a l t s  
( 1 0 )  ( G e n e r a l  B i o c h e m i c a l s ,  I n c . ,  C h a g r in  F a l l s ,  O h i o ) ,  
4 .0 ;  c h o l i n e  b i t a r t r a t e ,  0 .1 8 ;  B  v i t a m i n  p r e m i x  i n  
s u c r o s e ,  2 .0 ;  v i t a m i n  A ,  D ,  E  m i x  i n  c o t t o n s e e d  o i l ,  
1 .0 ;  p o w d e r e d  s u c r o s e ,  6 7 .8 2 .  T h e  v i t a m i n  m i x e s  
p r o v i d e d  t h e  f o l l o w i n g  l e v e l s  o f  v i t a m i n s ,  fig / g  d i e t :  
t h i a m in e  H C 1 , 1 0 ;  r ib o f l a v i n ,  2 0 ;  n i a c i n a m i d e ,  1 2 0 ;  
C a  D -p a n t o t h e n a t e ,  6 4 ;  p y r i d o x i n e -H C 1  ( w h e n  a d d e d ) ,  
2 0 ;  f o l i c  a c i d ,  4 ;  b i o t i n ,  2 ;  v i t a m i n  B 12 , 0 .0 4 ;  m e n a ­
d i o n e ,  0 .8 ;  v i t a m i n  A ,  1 0  I U ;  v i t a m i n  D ,  1 I U ;  
D L -a -t o c o p h e r y l  a c e t a t e ,  0 .2 2  IU .

4 N e m b u t a l ,  A b b o t t  L a b o r a t o r i e s ,  I n c . ,  N o r t h  C h i ­
c a g o ,  I l l i n o i s .
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T A B L E  1

Effect of diet on weight gain

W e e k s  f e d  d i e t

D ie t  1 V i t a m i n
B6

I n i t i a l
w t 1 2  3  4  5  6  

A v e r a g e  c u m u l a t i v e  w e i g h t  g a in

M o r t a l i t y 6 - w e e k
f o o d

in t a k e

9 9 9 9 9 9 9 9
Basal — 53.3 16 26 28 32 33 30 0/11 273

+ 47.1 22 45 52 63 72 80 0/9

Basal +  C — 49.9 17 30 38 42 46 43 0/11 253
+ 45.5 14 34 42 50 58 62 0/10

Basal +  T — 51.0 14 24 28 48 2 55 58 2 4/11 322
+ 47.4 18 45 59 75 90 103 0/10

Basal-)- C-t-T — 49.2 14 24 33 35 4 1 3 40 2/11 277
+ 45.2 13 34 48 60 69 76 0/10

1 C  i n d i c a t e s  c h o l e s t e r o l ;  a n d  T ,  s o d i u m  t a u r o c h o l a t e .
2 O n e  d e a t h  i n  f o u r t h  w e e k ;  3  d e a t h s  i n  s i x t h  w e e k .
3 T w o  d e a t h s  i n  f i f t h  w e e k .

T A B L E  2

Liver lipids

Diet1 Vitamin
Be

No. of 
rats

Liver
wt Phospholipid

Sterol
Total Free Ester

9 mg/g mg/g mg/g mg/g
Basal — i i 2.62 30.3 ±  1.4 2 3.30±0.17 2.71 ±  0.14 0.59 ±0 .05

+ 10 3.92 35.4 ± 0 .4 2.81 ±0.09 1.95 ±0.04 0.85 ±  0.11

Basal+ C _ 9 3.06 32.9 ±  1.2 11.3 ±4 .2 2.61 ±  0.15 8.69 ±4.20
+ 9 4.08 34.0 ±  0.9 24.8 ±3 .0 2.28 ±0.08 22.50 ±2.99

Basal +  T _ 7 3.59 31.4 ±  1.6 4.15 ±  1.71 2.65 ±0 .18 1.50±0.17
+ 10 5.27 34.4 ± 0 .6 4.47 ±  0.29 2.11 ±0 .04 2.36 ±0.28

B as al +  C -f- T _ 9 4.03 25.9 ±  1.7 80.6 ±5 .9 4.85 ±0 .37 75.7 ±5 .9
+ 10 6.75 27.3 ±  1.0 118.3 ±6 .0 3.35±0.21 115.0 ±5 .9

1 C indicates cholesterol; and T, sodium taurocholate.
2 M e a n  ±  s e .

duced and was even significantly higher 
in the deficient groups fed cholesterol or 
cholesterol plus taurocholate, in compari­
son with their controls. The proportion of 
total unsaturated fatty acids remained 
constant in the deficient groups since the 
lower oleate levels were counterbalanced 
by the increases in linoleate or arachido- 
nate. In terms of milligrams/liver, the 
amounts of all fatty acids were lower in 
the deficient groups because of the smaller 
liver size and the tendency toward lower 
phospholipid levels.

In sterol esters (table 4), the proportion 
of oleate was significantly lower and the 
proportions of linoleate and arachidonate 
significantly higher in the deficient groups. 
The proportion of palmitoleate was sig­
nificantly lower in all deficient groups

except the one fed the basal diet. The 
proportion of total unsaturated fatty acids 
stayed relatively unchanged since the 
lower oleate values were counteracted by 
the higher linoleate and arachidonate 
values.

In liver triglyceride, the proportion of 
oleate was significantly lower in the defi­
cient groups than in the corresponding 
controls (table 5). Stearate tended to be 
higher, but the increase was statistically 
significant only in the deficient group fed 
cholesterol. Because of the decrease in 
oleate, the proportion of total unsaturated 
fatty acids was lower except for the defi­
cient group fed cholesterol and taurocho­
late. In this group, the total unsaturated 
fatty acids remained constant because of 
the large increase in linoleate.
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Plasma. The addition of cholesterol to 
the diet increased plasma sterol levels in 
both the deficient and control groups, with 
greater increases with the addition of both 
cholesterol and taurocholate (table 6 ). 
However, total sterol in all of the deficient 
groups was lower than in the correspond­
ing controls although the difference was 
significant only when cholesterol was 
added to the diet. Thus, pyridoxine defi­
ciency, under these conditions, did not 
produce hypercholesterolemia.

DISCUSSION
Fatty acid composition. The phospho­

lipids of the deficient rats fed the basal 
diet showed a significant increase in stear­
ate and linoleate, a significant decrease in 
oleate, and no change in arachidonate. 
Sterol esters showed significant increases 
in linoleate and arachidonate and a sig­
nificant decrease in oleate. These results 
contrast with those of Swell et al. ( 6 ). 
Possible reasons for the differences in­
clude the composition of the diets and the 
degree of pyridoxine deficiency. The diet 
of Swell et al. ( 6 ) had higher levels of 
protein and fat and a different source of 
carbohydrate (27% casein, 10% vegeta­
ble oil and 59% starch). Furthermore, 
under their conditions, the deficient rats 
showed a much larger decrease (50% ) in 
liver phospholipids than those of the pres­
ent experiment. This may be responsible 
for the large decrease in phospholipid 
arachidonate.

The results with all of the deficient 
groups in the present experiment, how­

ever, are consistent with previous reports 
of an increase in the proportion of stear­
ate and a decrease in the proportion of 
monoenoic acid in carcass and liver total 
fatty acids of pyridoxine-deficient rats ( 3-
5). All 4 deficient groups showed a sig­
nificant increase in the proportion of stea­
rate in phospholipid and sterol ester, and 
a significant decrease in oleate in all lipid 
classes. In three of the four deficient 
groups, there was also a decrease in pal- 
mitoleate in phospholipid and sterol ester. 
Thus, changes in stearic and monoenoic 
acids appear to occur more frequently in 
pyridoxine deficiency than changes in 
arachidonate, at least with rats fed diets 
adequate in linoleate. It is reasonable to 
expect that arachidonate levels would be 
less affected in experiments where pyri­
doxine deficiency is developed with diets 
adequate in linoleate than in experiments 
testing the effect of pyridoxine deficiency 
on linoleate utilization in recovery from 
essential fatty acid depletion (12, 14). In 
the former type of experiment, growth is 
decreasing or has stopped so that less 
arachidonate is needed for synthesis of 
new tissue. Hence a longer time might be 
required to show any effects on arachi­
donate levels since the need for arachi­
donate has been reduced and since 
considerable formation of arachidonate 
occurs even in rats severely deficient in 
pyridoxine (12, 14). However, in experi­
ments testing the effect of pyridoxine 
deficiency on recovery from essential fatty 
acid depletion, any effects of pyridoxine 
deficiency on arachidonate metabolism

T A B L E  6

Plasma sterol levels

Vitamin No. of Sterol
b6 rats Total Free Ester

Basal 9
mg/100 ml 

62 ± 4  2
mg/100 ml 

16 ± 2
mg/100 ml 

46 ±  11
+ 9 68 ± 4 19 ±  1 49 ± 4

Basal+ C _ 9 80 ± 5 20 ± 1 60 ± 4
+ 7 121 ±  8 25 ± 2 96 ±  7

Basal +  T _ 6 68 ± 4 17 ±  1 50 ± 3
+ 9 73 ± 3 19 ±  2 54 ± 4

Basal +  C +  T _ 7 109 ±  14 26 ± 2 9 3 ±  10
+ 8 187 ±  18 31 ±  3 156 ± 4

1 C indicates cholesterol; and T, sodium taurocholate.
2 Mean ±  s e .
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should be more pronounced because of 
the greater need for formation of arachi- 
donate (or lipids containing arachidonate) 
in animals recovering from essential fatty 
acid (arachidonate) deficiency.

The decrease in monoenoic fatty acid 
in pyridoxine deficiency could result from 
increased utilization as well as decreased 
synthesis. There is as yet no evidence for 
increased utilization. There is some evi­
dence, however, to support the idea of 
decreased synthesis. Huber et al. (5 ) re­
ported that treatment with insulin pre­
vented the increase in stearate and the 
decrease in palmitoleate in total fatty 
acids of liver and adipose tissue of pyri- 
doxine-deficient rats. These authors sug­
gested that the changes in fatty acid 
composition, as well as other symptoms 
in the deficient rats, could be explained by 
a decreased availability of insulin. Re­
cently, Benjamin and Gellhorn (15) re­
ported an increase in the proportion of 
stearate and a decrease in the proportions 
of palmitoleate and oleate in the adipose 
tissue of alloxan-diabetic rats. Conversion 
of stearate to oleate was also reduced in 
microsomal preparations from liver or adi­
pose tissue of diabetic rats (16). Conse­
quently, if insulin insufficiency occurs in 
pyridoxine-deficient rats, then the synthe­
sis of palmitoleate and oleate might de­
crease since insulin may be necessary for 
these reactions to occur at a normal rate. 
Further study is needed on the relation­
ships between insulin insufficiency and 
the symptoms of pyridoxine deficiency.

Phospholipid levels. The tendency to 
lower phospholipid values in the deficient 
groups supports the idea of altered phos­
pholipid metabolism ( 6 , 12). Changes in 
the proportions of specific phospholipid 
fractions (17) could underlie the changes 
observed in the proportions of phospho­
lipid stearate and oleate in the deficient 
rats. Phospholipid synthesis could be de­
creased by pyridoxine deficiency in sev­
eral ways. The synthesis of phospholipid 
bases depends quite directly on pyridoxal- 
phosphate catalyzed reactions (18). Pyr- 
idoxine deficiency could also interfere 
with the synthesis of glycerol-phosphate 
and lipoproteins, both of which are needed 
for phospholipid synthesis in microsomes 
(19, 20). Glycerol-phosphate formation

could be reduced if gluconeogenesis from 
amino acids were reduced as a result of 
decreased transaminase activity in pyri­
doxine deficiency (21). Lipoprotein syn­
thesis could be reduced if the synthesis 
and interconversion of amino acids (18) 
by pyridoxal-phosphate reactions were re­
duced by the deficiency to an extent that 
the availability of specific amino acids 
limited the rate of lipoprotein synthesis. 
Furthermore, all of these reactions could 
also be affected by any changes in the 
production of insulin or pituitary and ad­
renal hormones in the deficient rats (5 ).

Liver sterol. Liver esterified sterol in 
the deficient group fed the basal diet was 
lower and liver-free sterol slightly higher 
than in the controls. In other cases,5 
however, significant differences have not 
been observed in deficient rats fed the 
basal diet although free sterol tends to be 
higher and esterified sterol lower in the 
deficient rats. These trends in deficient 
rats not fed cholesterol are in contrast 
with other results ( 6 ) indicating a signifi­
cant decrease in liver-free cholesterol with 
no change in esterified sterol.

The changes observed in the present 
experiment, especially in the groups fed 
cholesterol, could reflect changes in liver 
metabolism or changes in absorption, or 
both. Changes in liver metabolism are 
indicated by the significantly higher pro­
portions of linoleate and arachidonate and 
the significantly lower proportion of oleate 
in sterol esters in all of the deficient 
groups. The reasons for these significant 
alterations in the pattern of liver sterol 
esters remain to be investigated.

Cholesterol absorption might be de­
creased if pyridoxine deficiency reduced 
the level of cholesterol esterase in the 
intestine (22). This possibility remains 
to be tested. Decreased taurocholate se­
cretion in pyridoxine deficiency (9 )6 does 
not appear to be a major cause of the 
lower esterified sterol in the deficient 
groups. This is indicated by the fact that 
feeding cholesterol with taurocholate did 
not raise the level of esterified sterol to 
the level of the control group with the 
same intake of cholesterol and tauro­
cholate.

5 U n p u b l i s h e d  r e s u l t s ,  M . A . W i l l i a m s .
6 S e e  f o o t n o t e  2 .
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Plasma sterol. All of the deficient 
groups showed a lower plasma sterol level. 
This is in contrast with other reports of 
no change or an increase in plasma sterol 
in pyridoxine-deficient rats. Swell and co­
workers ( 6 ) observed no difference in 
esterified or free sterol between deficient 
and control rats fed a diet containing 
1 0 % vegetable oil, without added choles­
terol. Goswami and Sadhu (23) reported 
hypercholesterolemia in pyridoxine-defi­
cient rats fed a diet containing 9% coco­
nut oil, without added cholesterol. Shue 
and Hove (24) reported hypercholestero­
lemia in deficient male rats with 2 0 % 
coconut oil or cottonseed oil, 3% choles­
terol and 1 % cholic acid, but not with 
lard as the dietary fat. These divergent 
observations show that no generalization 
can be made concerning the effect of 
pyridoxine deficiency on plasma choles­
terol since the effect depends upon the 
conditions under which the deficiency has 
been produced.
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Effect of Low-protein Diet on the Ability of the Adult
Rat to Recover from a Sublethal
Dose of Irradiation 1

ABSTRACT These data support the conclusion that a low protein diet fed to adult 
rats after a sublethal dose of irradiation did not affect repair processes. Those end 
points which are affected by the low protein diet per se — serum albumin and liver 
protein metabolism as indicated by liver protein/DNA, RNA/DNA ratios, methionine 
uptake and amino acid content — are also lower for the irradiated animals fed 5% 
casein than for the irradiated animals fed 15% casein. These effects are not com­
pounded by the irradiation, and in fact, irradiation appeared to serve as a stimulus in 
the 5% casein group, maintaining liver protein metabolism immediately after irradia­
tion at a level higher than that of the 5% casein-fed controls and equal to that of 
controls fed 15% casein. However, the detrimental effects of a low protein diet were 
observed in both control and irradiated rats, and in this respect it is probable that a 
low protein diet is of no actual benefit following irradiation. In conclusion, when an
adult rat had an adequate protein reserve, 
irradiation did not inhibit its recovery.

The nutritional status of an animal ap­
pears to have variable effects on the re­
covery from radiation injury. Cornatzer
( 1 ) reported that rats fed a low protein 
( 1 0 %), low fat (5% ) diet following in­
jection of a lethal dose of 32P survived 
longer than those in which either or both 
of these dietary components were in­
creased. It has also been reported that 
rats that were given small amounts of 
ethyl linoleate or methyl linoleate when 
kept on a low fat diet after irradiation sur­
vived longer than those that did not re­
ceive this supplement (2, 3).

It is well known that for the first few 
days following irradiation in the LD50 
range, rats eat little, if anything. Con­
sidering the possibility that this self-im­
posed fasting might be detrimental, Smith 
et al. (4 ) studied the effects of force-feed­
ing during this period. In rats force-fed a 
protein hydrolysate dextrose mixture, body 
weight was maintained, following exposure 
to 800 r. However, this dose of irradiation 
resulted in 10 0 % mortality of force-fed 
animals, whereas only 80% of the ad 
libitum controls died. Force-feeding of 
fat has also been reported to be detri-

the feeding of a low protein diet after

mental to irradiated animals (5). Fur­
thermore, increasing body weight by in­
jecting gold thioglucose prior to irradia­
tion had no beneficial effect. Similarly a 
genetically fatter strain of rats was no 
more resistant to irradiation ( 6 ).

However, a number of investigations 
have shown that protein depletion of the 
animal before exposure to irradiation may 
be harmful to the recovery process. Feed­
ing rats a low protein diet until they lost 
25% of their body weight reduced the 
LD50/30 value from 700 r to 520 r (7). A 
less severe depletion — a low protein diet 
for 3 weeks prior to irradiation — was not 
as detrimental to survival of rats exposed 
to 550 r and had no effect on those given 
450 r ( 8 ).

The above investigations suggest that 
the composition of diet fed after irradia­
tion did not markedly influence the 
recovery process. However, severe protein 
depletion prior to irradiation reduced the
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survival rate. The concept of protein re­
serve (9) may provide the explanation of 
these observations. During protein deple­
tion, the animal loses its protein reserves
(9) and demonstrates decreased ability to 
respond to stress (10). The adult rat fed 
an adequate diet prior to irradiation ap­
parently can utilize its protein reserve to 
help in the recovery from irradiation dam­
age. Mobilization of the protein reserves 
can be characterized by loss in body 
weight, negative nitrogen balance, flow of 
amino acids from muscle and skin to 
viscera, and increase in concentration of 
cellular liver protein, RNA and free amino 
acids (11-13). Mortality, which has been 
used in most studies on the effect of nutri­
tion on recovery from ionizing radiation, 
provides a limited amount of information. 
Therefore, in the present study, various 
biochemical parameters were investigated 
in an attempt to gain insight into the 
problem of the interaction between nutri­
tional state of an animal and its response 
to a sublethal dose of irradiation.

MATERIALS AND METHODS
Experimental regimen of animals fed an 

adequate diet. Forty male rats of the 
Wistar strain (group A), with an average 
body weight of 350 to 400 g, were placed 
in individual plastic cages for 16 hours, 
during which time they received a total 
dose of 350 r of y-radiation from a 60Co 
source. Prior to, during, and post-irradia­
tion these rats were fed an agar-gel diet
(10) ad libitum. The diet consisted of the 
following: (in per cent of dry diet) casein 
protein, 15; carbohydrate (as sucrose, dex­
trose, and dextrin in a ratio of 1:1.58: 
1.04), 51.6; lard, 24; salt mixture (14), 
4; agar, 3.3; cod liver oil, 0.2; and water, 
140; also the following vitamins per kilo­
gram of dry diet: (in milligrams) thia­
mine, 10; riboflavin, 20; pyridoxine, 10; 
menadione, 15; niacin, 80; pantothenic 
acid, 80; inositol, 200; folic acid, 0.5; 
biotin, 0.5; p-aminobenzoic acid, 80; cho­
line, 2000; ascorbic acid, 2; and a-tocoph- 
erol, 100. The water, lard and agar were 
heated until the solid material had melted. 
This solution was added to the dry ingre­
dients and mixed. The vitamins were 
added when the mixture had cooled but 
was still fluid. This agar-gel diet aids

in the accuracy of measuring food con­
sumption.

Another group (B) of 16 rats which 
served as controls, was treated exactly the 
same as group A, but was not exposed to 
any radiation. At zero, 3, 7, 14, and 28 
days after irradiation 8 animals from 
group A were autopsied, and 8 rats in 
group B were killed at zero and 28 days. 
One hour before necropsy 5 uc of 35S-d l - 
methionine were injected intraperitoneally 
into each animal. All rats were anesthe­
tized with pentobarbital (60m g/kg) and 
killed by exsanguination. Samples of blood 
were taken for the determination of red 
blood count, white blood counts, hemato­
crit, and serum protein electrophoresis and 
the livers were removed and saved for 
chemical analysis.

Experimental regimen of animals fed a 
low protein diet. A third group (C) of 
32 male rats of the Wistar strain with an 
average weight of 350 to 400 g were 
placed in plastic cages and irradiated as 
above, whereas group (D) (32 animals) 
served as non-irradiated controls. Prior to 
irradiation, all rats were fed the 15% 
casein protein agar-gel diet. During and 
after irradiation, all animals were fed the 
agar-gel basal diet; however, the casein 
protein content was reduced to 5% and 
carbohydrate was increased to 61.6%, as 
sucrose, dextrose and dextrin were added 
in a ratio of 1:1.58:1.04.

At 3, 14, and 28 days after irradiation, 
8 animals from each group were killed. 
All rats were injected one hour before 
autopsy with 5 uc of 35S-DL-methionine, 
and at necropsy blood and liver samples 
were taken for biochemical analysis.

All animals were housed at a tempera­
ture of 26 ± 1 ° with a relative humidity 
of 40% . Animal quarters were illuminated 
daily from 6 a m  to 6 p m . Daily food in­
takes and weekly body weights were re­
corded for each animal throughout the 
experiment.

Analyses. The livers were homogenized 
individually with ice-cold distilled water 
into a 20% suspension and the total pro­
tein concentration, ribonucleic acid (RNA), 
deoxyribonucleic acid (DNA), and radio­
active 35S protein were determined (15). 
The free amino acids were determined by 
ion exchange chromatography (16) on the
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Fig. 1 Effects of dietary protein on change in 
body weight and caloric intake are plotted at 
various times after exposure to 7 -radiation. Open 
circles are rats exposed to 350 r of radiation and 
solid circles, non-irradiated controls. Caloric in­
takes are plotted as mean weekly intakes. Each 
value is the mean of 8 animals.

picric acid filtrate of pooled aliquots from 
each group. Serum from each animal was 
separated into various component protein 
fractions (17) by paper electrophoresis. 
Red and white cell counts were deter­
mined in a Coulter counter and hemato­
crits were measured by the micro-tech­
nique of Strumia et al. (18).

Standard errors were determined for all 
values. If the probability value was less 
than 0.01, the difference between the 
means was considered significant.

EXPERIMENTAL RESULTS
The effects of irradiation on caloric 

intake and body weight gain are shown 
in figure 1. For the first few days follow­
ing irradiation, the caloric intake de­
creased; but by the end of the first week 
the animals resumed normal feeding. Body 
weight of the rats fed both the 5% and 
15% casein diets showed an initial de­
crease. However, in the 15% group, body 
weight returned to the control level by the

end of the experiment, whereas in the 5% 
group, weight was lost throughout dura* 
tion of the experiment. Following the ini­
tial decrease the rate of weight loss was 
the same as the controls during the last 
3 weeks.

Figure 2 shows the white and red cell 
counts. In both groups, red cell counts, 
decreased steadily, reaching their lowest 
levels during the second week and return­
ing to control values by the end of the 
experiment. White cell counts decreased 
rapidly to very low levels in both groups, 
remaining low during the first week and 
recovering to control values by the end 
of the fourth week. Control values were 
unaffected by the diet. Hematocrit values 
were not affected by radiation.

Irradiated rats fed a 15% casein diet 
showed an early decrease in total globulin 
and y-globulin values which slowly re­
turned to normal by the end of the experi­
ment (fig. 3). Serum albumin in this 
group also decreased sharply during the
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Fig. 2 Effects of dietary protein on white 
blood count (W BC) and red blood counts (RBC) 
are plotted at various times after exposure to 
7 -radiation. For 5% casein the plot is started at 
3 days, the first experimental and control groups 
that were removed. Each value is the mean of 8 
animals.
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Fig. 3 Effects of dietary protein on the con­
centration of serum albumin, total globulin and 
7 -globulin are plotted at various times after ex­
posure to 7 -radiation. Each value is the mean 
of 8 animals.

first week, but returned to the control level 
by the end of the second week. In the 
5% casein group, serum protein values 
decreased to below control values 3 days 
after irradiation and recovered slowly to 
control values by the end of the experi­
ment. The 5% casein diet fed to the 
unirradiated animals did not affect serum 
globulin values but did result in a steady 
slow decline in serum albumin values.

Figure 4 shows some aspects of the 
irradiation and diet effect on liver metabo­
lism. Protein/DNA ratios, RNA/DNA ra­
tios and uptake of 35S-methionine into liver 
protein all increased in the irradiated ani­
mals fed 15% casein in the first 3 days, 
and during the course of the experiment 
returned to control values. In the irra­
diated animals fed 5% casein, these val­
ues also increased above control values 
3 days after irradiation. They returned to 
control levels during the second week in 
the case of the RNA/DNA ratios and up­
take of 35S-methionine, and by the end of 
the fourth week in the case of the protein/

Fig. 4 Effects of dietary protein on the liver 
protein/DNA (m g/m g) RNA/DNA (m g /m g) and 
uptake of 35S from DL-methionine are plotted at 
various times after exposure to 7 -radiation. Each 
value is the mean of 8 animals.

DNA ratios. In the unirradiated controls 
fed 5% casein, these end points decreased 
slowly throughout the course of the ex­
periment.

In the irradiated animals fed 15% 
casein, there was an immediate sharp in­
crease in both essential and nonessential 
amino acids in the liver (fig. 5). The 
former returned to control levels by the 
end of the first week, the latter by the end 
of the second week. In the irradiated ani­
mals fed 5% casein, amino acid levels 
were elevated over control values 3 days 
after irradiation and returned to control 
levels during the second week. In the 
unirradiated controls fed 5% casein, liver 
amino acid levels decreased slowly 
throughout the experiment.

DISCUSSION
Loss of appetite, the duration of which 

is proportional to the amount of irradia­
tion, is characteristic of rats that are ex­
posed to irradiation (19), a transient 
decrease in appetite being reported follow-



206 A. F. HOPPER, M . B. YATVIN AND R. W . WANNEMACHER, JR.

15% CASE IN  5 %  CASEIN

DAYS AFTER IRRADIATION

Fig. 5 Effects of dietary protein on the con­
centration of liver essential and nonessential free 
amino acids are plotted at various times atfer 
exposure to 7 -radiation. Each value is the mean 
of 8 animals.

ing doses as low as 50 r (20). In the 
present experiment, caloric intake de­
creased during the first 3 days. The rats, 
however, did eat during the immediate 
post-irradiation period, although not as 
much as they would have normally. The 
body weight loss observed during the first 
week in the animals fed 15% casein can­
not be explained completely by the de­
creased food intake and may be the result 
of tissue breakdown following the radia­
tion insult. In the 5% casein groups, both 
control and irradiated animals lost weight 
at the same rate following the initial rapid 
loss experienced by the irradiated animals 
during the first 3 days. The body weight 
in the irradiated animals thus never re­
turned to control level.

The decrease in the red and white cell 
counts observed in the present experiment 
is characteristic of radiation injury, white 
cell counts decreasing more rapidly and to 
lower values than red cell values (21, 22). 
The pattern of the decline and the recov­
ery of both the red and white cells in the 
peripheral blood (fig. 2) agrees completely

with that reported for rats exposed to 
300 r of x-irradiation (23). Although a 
decrease in red cell count, apparently due 
to lack of erythropoieten, has been reported 
in animals fed a portein-free diet (24), 
the control rats in the present study fed 
5% casein did not show either this de­
crease or any effects on the white cell 
count. The irradiated animals fed 5% 
casein show the decrease in red and white 
cell counts and they also show the recov­
ery to control levels by the end of the 
experiment. Thus, even when rats are 
maintained with a low protein diet, the 
radiation damage to the hematopoietic 
system is repaired just as rapidly and just 
as completely as in animals fed a diet 
with normal protein levels.

Serum proteins show approximately the 
same pattern in both the 5% and 15% 
groups (fig. 3). The curves indicate that 
the slight decrease in total globulin imme­
diately following irradiation is due mainly 
to a decrease in y-globulin. The low pro­
tein diet had no effect on the serum glob­
ulin, and in addition, despite the diet, the 
irradiated rats showed a return of serum 
globulin values to normal just as rapidly 
as the value for the rats fed 15% protein. 
Serum albumin, however, decreased slowly 
in the unirradiated controls fed 5% ca­
sein. This is characteristic of animals 
maintained with a low protein diet (25). 
At the same time that control values were 
decreasing, however, those of irradiated 
rats fed 5% casein were increasing and 
reached control levels by the end of the 
fourth week. The irradiation damage re­
flected in the initial decrease in serum 
albumin values is thus repairable despite 
the low protein diet.

Immediately after irradiation cellular 
RNA and essential free amino acid of the 
liver were elevated above the values noted 
in control animals. The higher concentra­
tion of these cellular constituents is re­
flected in an increased rate of protein 
biosynthesis and subsequent elevated 
concentration of cellular protein. These 
changes in liver composition are correlated 
with a loss in body weight and lower 
serum albumin concentration. Similar tis­
sue responses have been noted in other 
stress conditions such as tumor cachexia
(11), infection (26), injury (27), neph­
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ritis (28), pregnancy (29), lactation (30), 
and adrenal corticoid administration (12). 
All of these stress responses are charac­
terized by loss of muscle and skin protein 
resulting in a flow of amino acids away 
from the muscle and skin toward the 
viscera, negative nitrogen balance of the 
carcass and an increase in liver protein, 
RNA and free amino acids (11). These 
changes are apparently a homeostatic re­
sponse whereby the protein reserves of the 
body supply amino acids for the rapid 
repair of the harmful effects of stress.

As reported previously (31), feeding a 
low protein diet results in a decreased 
concentration of liver protein, RNA, free 
amino acids and rate of protein biosyn­
thesis. However, adult animals that are 
fed this diet after exposure to y-radiation 
are still able to mobilize their protein re­
serve and increase the various mecha­
nisms for protein biosynthesis of their 
livers. If the protein reserve has been 
previously reduced, then the animals have 
a decreased ability to survive the effects of 
radiation (7 ). This substantiates the con­
clusion that optimal filling of this protein 
reserve is necessary for maximal response 
to stress conditions.
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Mechanism of the Cholesterol-depressing Effect of 
Pectin in the Cholesterol-fed R at* 1

G. A. LEVEILLE a n d  H. E. SÄUBERLICH
U. S. Army Medical Research and Nutrition Laboratory, Fitzsimons 
General Hospital, Denver, Colorado

ABSTRACT The mechanisms by which dietary pectin lowers plasma and liver cho­
lesterol levels in cholesterol-fed rats were studied. Pectin feeding increased fecal bile 
acid excretion in cholesterol-fed rats. In vitro studies with inverted intestinal sacs 
demonstrated that pectin decreased taurocholic acid transport by approximately 50%. 
Rats responded to dietary pectin and cholestyramine, a known inhibitor of bile acid 
absorption, similarly. Cholesterol-4-14C absorption was somewhat depressed by dietary 
pectin as evidenced by fecal radioactive cholesterol excretion and deposition of cho- 
lesterol-4-1JC in liver. The effect of pectin on plasma and liver cholesterol was not 
altered by dietary succinylsulfathiazole. These data are interpreted to suggest that the 
hypocholesterolemic effects of pectin are not mediated by an alteration of the intestinal 
microflora. The results of this study indicate that pectin lowers plasma and liver cho­
lesterol levels in cholesterol-fed rats primarily by inhibiting bile acid absorption and 
also by reducing cholesterol absorption.

A number of publications have demon­
strated a relationship between the inci­
dence of atherosclerosis and serum choles­
terol (1). These observations have naturally 
led to the study of factors influencing cho­
lesterol metabolism and serum cholesterol 
levels. The control of serum cholesterol 
levels by dietary means has received par­
ticular attention (2). Dietary pectin has 
been reported to depress serum and liver 
cholesterol levels of cholesterol-fed rats (3) 
and chickens 2 and to reduce serum cho­
lesterol levels in man (4).

The mechanism by which dietary pectin 
exerts its hypocholesterolemic effect has 
not been elucidated. Apparently, pectin 
exerts its effect in part by depressing cho­
lesterol absorption (5 ). Other possibilities 
are 1) that the effects of dietary pectin 
might be mediated by an alteration of the 
intestinal microflora, or 2) that pectin may 
decrease the enterohepatic circulation of 
bile acids by interfering with bile acid ab­
sorption. These possible mechanisms have 
been studied in the rat and data are pre­
sented which suggest that the hypocholes­
terolemic effect of pectin is mediated 
primarily by an inhibition of bile acid ab­
sorption and also by a depression of cho­
lesterol absorption.

MATERIALS AND METHODS
Male rats of the Holtzman strain were 

used for all studies. The animals were

housed in stainless steel cages having raised 
wire floors; the room temperature and hu­
midity were controlled (21° and 50% rela­
tive humidity). Diets were supplied ad lib­
itum except in one experiment in which 2 
diets were fed alternately; in this experi­
ment animals were allowed access to food 
from 4:00 p m  until 8:00 a m  only. Water 
was supplied ad libitum. Body weight and 
food consumption were determined weekly. 
The experimental diets were fed for 3 or 4 
weeks as indicated in the tables of results.

The basal diet had the following com­
position: (in g/100 g) casein (vitamin 
free), 18; L-cystine, 0.3; non-nutritive fiber, 
3; salt mix (USP XIV), 4; corn oil, 5; vita­
min mixture,3 0.4; choline Cl, 0.3; choles­
terol, 1; glucose to 100. All additions to the 
basal diet, as indicated in the table of re­
sults, were made at the expense of glucose.

At the termination of the experiments, 
blood was obtained by cardiac puncture, 
while the animals were under light ether 
anesthesia, using heparin as an anticoa­
gulant. The rats were then killed by ex­
posure to chloroform and the livers were 
excised, blotted to remove excess blood, 
weighed and stored at — 20° until analysis

R e c e i v e d  f o r  p u b l i c a t i o n  S e p t e m b e r  3 , 1 9 6 5 .
1 T h e  p r i n c i p l e s  o f  l a b o r a t o r y  a n i m a l  c a r e  a s  

p r o m u l g a t e d  b y  t h e  N a t i o n a l  S o c i e t y  f o r  M e d i c a l  
R e s e a r c h  w e r e  o b s e r v e d .

2 F i s h e r ,  H .,  P .  G r i m in g e r  a n d  W .  S i l le r  1 9 6 5  
R e t a r d a t i o n  o f  c h o l e s t e r o l - i n d u c e d  a t h e r o s c l e r o s i s  b y  
p e c t in .  F e d e r a t i o n  P r o c . ,  2 4 :  2 6 3  ( a b s t r a c t ) .

3 F o r  c o m p o s i t i o n  s e e  L e v e i l l e  e t  a l .  ( 6 ) .
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was performed. Plasma and liver lipids 
were determined as previously described 
(7 ,8 ) .

Fecal lipids were determined on pooled
3-day samples per rat at the termination 
of the study (table 1). The feces were 
dried at 60° under reduced pressure, 
weighed and ground to a fine powder. An 
aliquot of the dried, ground feces was ex­
tracted with chloroform:methanol (2:1, 
v/'v) and 3-(3-hydroxy sterols were deter­
mined by the same procedure employed for 
plasma and liver cholesterol. A second 
aliquot of the dried feces was analyzed for 
di- and trihydroxy bile acids by the 
method of Mosbach et al. (9).

Cholesterol absorption was studied with 
cholesterol-4-14C. Rats fed the experimental 
diets for 3 weeks were given by stomach 
tube 2.8 uc of cholesterol-4-1‘C dissolved in 
1 g of corn oil. The feces were collected 
for 24 hours, saponified and cholesterol 
was isolated as the digitonide (10) and 
the radioactivity determined in a Nuclear- 
Chicago Corporation Model 722 ambient 
temperature liquid scintillation spectrom­
eter.

In vitro bile acid absorption was studied 
by the inverted sac technique of Wilson 
and Wiseman (11). Rats weighing 400 g 
and fed commercial laboratory chow4 from 
weaning were used. The animals were 
killed by exposure to ether; the lower one- 
fourth of the small intestine was removed 
and placed in cold saline containing 0.1% 
glucose; the intestine was washed with the 
same saline solution and inverted. Sacs of 
approximately 3 cm were prepared and 
filled with Krebs-Ringer bicarbonate buffer

containing 100 ug/'ml of taurocholic acid. 
The sacs were incubated for 90 minutes in 
beakers containing 10 ml of the same 
buffer containing taurocholic acid, with 
or without the addition of 0.18% pectin, 
at 38° in a Dubnoff metabolic shaker at a 
shaking rate of 90 oscillations/minute. 
The gas phase was 95% 0 2 and 5% C02. 
At the end of the incubation period, the 
taurocholic acid content of the incubation 
medium (mucosal) and the medium with­
in the sacs (serosal) was determined by 
the modified Pettenkofer method of Irwin 
et al. (12).

The data were statistically evaluated by 
means of the t test.

RESULTS
The effects of dietary pectin on body 

weight gain, plasma cholesterol, liver lip­
ids, and fecal sterol and bile acid excre­
tion in cholesterol-fed rats are shown in 
table 1. Pectin did not alter body weight 
gain. Plasma cholesterol and liver choles­
terol levels were significantly reduced by 
dietary pectin. Fecal sterol excretion was 
not altered by pectin feeding; bile acid ex­
cretion was increased by 31.8% in rats 
fed pectin; however, this difference did not 
attain statistical significance at the 5% 
level.

To further investigate the possibility that 
pectin lowered cholesterol levels in choles­
terol-fed rats by impairing bile acid ab­
sorption, the effects of pectin were com­
pared with those of cholestyramine, a resin 
known to bind bile acids in the intestine

4 P u r i n a  L a b o r a t o r y  C h o w ,  R a l s t o n  P u r i n a  C o m p a n y ,  
St. L o u is .

T A B L E  1
Body weight gain, plasma cholesterol, liver fat and cholesterol and the fecal excretion of 

sterols and bile acids in rats fed a cholesterol-supplemented diet with or 
without added pectin

Additions to diet
Cholesterol (1 % 'l Cholesterol (1 % ) cnoiesteroi U A J +  pectin (5% )

P values 1

28-day body wt gain, g 181 ±  5 2 173 ±1 1 ns
Plasma cholesterol, m g/100 ml 128 ± 3 116 ±  5 <  0.05
Liver fat, % 3 7.4 ±0 .3 6.6 ±  0.3 ns
Liver cholesterol, m g/g  3 10.3 ±0 .5 7.5 ±  0.3 <  0.01
Fecal sterols, mg/day 4 142 ± 5 141 ±  8 ns
Fecal bile acids, m g/day 4 17.9 ±2 .4 23.6 ±  3.3 ns

1 P r o b a b i l i t y  o f  d i f f e r e n c e s  b e i n g  s i g n i f i c a n t ;  n s  =  n o t  s i g n i f i c a n t  ( P  >  0 . 0 5 ) .
2 M e a n  ■+: se o f  m e a n  f o r  1 0  r a t s .
3 L i v e r  l i p i d  v a l u e s  e x p r e s s e d  o n  a  w e t - w e ig h t  b a s i s .
4 Values are means for 5 animals.
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T A B L E  2
Body weight, liver fat and cholesterol, plasma total lipids and cholesterol o f rats fed pectin or 

cholestyramine with supplemental cholesterol1

D ie t a r y B o d y  w t
L i v e r  2 P l a s m a

t r e a t m e n t F a t C h o le s t e r o l T o t a l  l i p i d s C h o le s t e r o l

1% Cholesterol
9

2 7 2 ± 1 4 3
%

7.9 ±0 .3
mg/g 

10.3 ±0 .5
mg/100 ml 
910±114

mg/100 ml
128 ± 1 4

1 %  Cholesterol +  5 % pectin 269 ± 9 7.1 ±0 .4 7.2 ±  1.1 4 719 ±8 1 91 ± 4  4

1% Cholesterol +
1% cholestyramine 258 ± 1 9 5.8 ± 0 .2 4 4.0 ± 0 .2  4 736 ± 5 7 86 ± 4  4

Diets alternated daily :
3 % Cholesterol and 

cholesterol-free 251 ±  12 6.5 ± 0 .3 7.8 ±0 .8 723 ±  34 90 ± 3
3% Cholesterol and 

5% pectin 235 ±  22 5.4 ± 0 .3 4 4.2 ± 0 .6  4 743 ±  38 101 ± 1 2
3% Cholesterol and 

1% cholestyramine 260 ± 6 6.0 ± 0 .2 5.0 ± 0 .2  4 776 ± 3 2 11 0±4  4
1 R a t s  w e i g h i n g  a p p r o x i m a t e l y  1 5 0  g  w e r e  f e d  t h e  d i e t s  i n d i c a t e d  f o r  3  w e e k s .
2 L i v e r  v a l u e s  a r e  e x p r e s s e d  o n  a  w e t - w e ig h t  b a s i s .
3 M e a n  f o r  5  r a t s  ±  s e  o f  m e a n .
4 V a lu e s  s i g n i f i c a n t ly  d i f f e r e n t  ( P  <  0 . 0 5 )  f r o m  g r o u p  f e d  1 %  c h o l e s t e r o l  o r  f e d  a l t e r n a t e ly  3 %  c h o l e s t e r o l  

a n d  t h e  c h o l e s t e r o l - f r e e  d ie t .

T A B L E  3

Effect o f pectin on the in vitro absorption of 
taurochloric acid by sacs of inverted 

rat intestine 1

Addition to Final
serosal
cone

Final serosal cone
mucosal fluid Final mucosal cone

None
M/ml

297 ± 4 6  2 3.28 ±0 .56
Pectin, 0.18% 158 ±  11 1.52±0.08

P 3 <  0.05 <  0.05

1 I n t e s t in a l  s a c s  ( ~  3  c m )  w e r e  p r e p a r e d  f r o m  t h e  
d i s t a l  o n e - f o u r t h  o f  t h e  in t e s t i n e  o f  4 0 0 -g  r a t s .  S e r o s a l  
f l u i d :  K r e b s - R in g e r  b i c a r b o n a t e  c o n t a i n i n g  1 0 0  fig  
t a u r o c h o l i c  a c i d ;  m u c o s a l  f l u i d :  1 0  m l  b i c a r b o n a t e  
b u f f e r  ±  0 .1 8 %  p e c t i n  N .F .  P r e p a r a t i o n  i n c u b a t e d  
9 0  m in u t e s  a t  3 8 °  u n d e r  9 5 %  O 2 a n d  5 %  C O 2.

2 M e a n  f o r  4  e x p e r i m e n t s  ±  s e  o f  m e a n .
3 P r o b a b i l i t y  o f  t h e  d i f f e r e n c e  b e i n g  s i g n i f i c a n t .

and thereby prevent their absorption (14). 
Rats were fed cholesterol-supplemented 
diets containing either pectin (5% ) or 
cholestyramine ( 1 % ) for 3 weeks or were 
fed on alternate days a diet containing 3% 
cholesterol and one containing either 5% 
pectin or 1% cholestyramine.5 The results 
of this experiment are shown in table 2. 
The effects of pectin and cholestyramine 
were similar whether fed together with 
cholesterol or separately. These data fur­
ther suggest that pectin may act by im­
pairing bile acid absorption.

The influence of pectin on bile acid ab­
sorption was studied in vitro with inverted

intestinal sacs. Sacs from the distal one- 
fourth of the small intestine were used 
since it had been demonstrated that bile 
acid absorption is limited to this area (13). 
Sacs incubated with or without pectin ad­
ded to the incubation medium concen­
trated taurocholate; however, pectin 
reduced the amount transported by approx­
imately 50% as judged by the serosal-to- 
mucosal ratio or by the final serosal con­
centration (table 3). These data support 
the concept that the hypocholesterolemic 
effect of dietary pectin in the rat is medi­
ated by an impairment of the enterohepatic 
circulation of bile acids.

The possible influence of an altered in­
testinal microflora in pectin-fed rats was 
studied by feeding pectin to animals re­
ceiving 1% dietary cholesterol with or 
without 1% succinylsulfathiazole. These 
data are presented in table 4. Succinylsulf­
athiazole significantly increased plasma 
cholesterol and liver fat and cholesterol 
levels (P < 0.05). Pectin was as effective 
in lowering plasma cholesterol and liver 
lipids in the presence or absence of dietary 
succinylsulfathiazole, suggesting that its 
hypocholesterolemic effect is not mediated 
by an alteration of the intestinal flora.

3 T h e  c h o l e s t y r a m i n e  u s e d  i n  t h e s e  s t u d ie s  w a s  g e n ­
e r o u s l y  s u p p l i e d  b y  D r .  H . D . B r o w n ,  R e s e a r c h  L a b o ­
r a t o r ie s ,  M e r c k ,  S h a r p  a n d  D o h m e ,  R a h w a y ,  N e w
J e r s e y .
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TABLE 4
Plasma cholesterol, liver fat and cholesterol levels of rats fed pectin with or ivithout 

supplemental succinylsulfathiazole 1

D ie t a r y P la s m a L i v e r  3

v a r i a b l e s  2 c h o l e s t e r o l F a t C h o le s t e r o l

Cholesterol 
Cholesterol +  pectin 
P 5

m g / 1 0 0  m g  
86 ± 5  4 
77 ± 3  

ns 6

%
5.2 ±0 .4  
4.2±0.1  

<  0.05

m g / g  
10.2± 1.1 
4.8 ±0 .1  
<  0.01

Cholesterol +  sulfa 
Cholesterol +  sulfa +  pectin 
P 5

136±8 
98 ± 3  

<  0.01

7.8 ±0 .4  
5.5 ±0 .3  

<  0.01

20.7 ±1 .5  
8.5 ±  0.9 
<  0.01

1 H a t s  w e i g h i n g  a p p r o x i m a t e l y  5 0  g  w e r e  f e d  t h e  e x p e r i m e n t a l  d ie t s  f o r  4
2 C h o le s t e r o l  1 % ;  p e c t i n  N .F .  5%; S u l f a  =  s u c c i n y l s u l f a t h i a z o l e  1%.
3 L i v e r  v a l u e s  a r e  e x p r e s s e d  o n  a  w e t  w e i g h t  b a s is .
4 M e a n  f o r  10  r a t s  ±  s e  o f  m e a n .
5 P r o b a b i l i t y  o f  t h e  d i f f e r e n c e  b e i n g  s i g n i f i c a n t ;  n s  =  n o t  s ig n i f i c a n t .
6 I n d i c a t e s  n o t  s i g n i f i c a n t .

w e e k s .

T A B L E  5

Liver fat and cholesterol, cholesterol-4-14C deposition in liver and fecal excretion in rats fed 
cholesterol-supplemented diets with or without added pectin 1

A d d i t i o n s  t o  d ie t

C h o le s t e r o l  ( 1 %  ) C h o le s t e r o l  (  1 %  ) 
+  p e c t i n  ( 5 %  )

P  v a l u e  2

Liver fat, %  3 6.8 ±0 .4  4 4.4 ± 0 .2  4 <  0.001
Liver cholesterol, m g/g  3 9.4 ±0 .4 6.4 ±0 .2 <  0.001
Cholesterol-14C 5 DPM 

X 103/g  liver 51.0± 5.8 37.4 ± 0 .2 ns 6

Fecal excretion, %  of 
administered dose 6.3±2.1 13.1 ± 3 .4 ns

1 R a t s  w e i g h i n g  a p p r o x i m a t e ly  2 5 0  g  w e r e  f e d  t h e  e x p e r i m e n t a l  d i e t s  f o r  3  w e e k s .
2 P r o b a b i l i t y  o f  d i f f e r e n c e  b e i n g  s i g n i f i c a n t ;  n s  =  n o t  s ig n i f i c a n t .
3 L i v e r  v a l u e s  e x p r e s s e d  o n  a  w e t - w e ig h t  b a s is .
4 M e a n  f o r  4  r a t s  ±  se  o f  m e a n .
5 2 .8  [l c  o f  c h o l e s t e r o l -4 - i 4C  i n  1 g  c o r n  o i l  w e r e  f e d  b y  s t o m a c h  t u b e ;  f e c a l  e x c r e t i o n  r e p r e s e n t s  

r a d i o a c t iv i t y  e x c r e t e d  i n  2 4 - h o u r  p e r i o d  f o l l o w i n g  a d m i n i s t r a t i o n .
6 I n d i c a t e s  n o t  s i g n i f i c a n t .

In table 5 are shown the results of an 
experiment designed to study the influence 
of dietary pectin on cholesterol absorption. 
Again, pectin lowered liver lipids in cho­
lesterol-fed rats. Rats fed pectin excreted 
over twice as much of the administered 
radioactive cholesterol as did control ani­
mals; however, probably because of the 
small numbers this difference did not at­
tain statistical significance. However, the 
difference in excretion of radioactive cho­
lesterol and the lower amount of choles- 
terol-4-14C in the liver of pectin-fed ani­
mals suggests that pectin does in fact 
depress cholesterol absorption.

DISCUSSION
The series of experiments reported was 

designed to evaluate the mechanisms by 
which dietary pectin depresses liver cho­
lesterol levels in the cholesterol-fed rat. 
Since pectin is generally considered not to 
be digested, it follows that its effects would 
probably be limited to the gastrointestinal 
tract. The most likely mechanisms ap­
peared to be related to 1) a reduction in 
cholesterol absorption, 2) a depression of 
bile acid absorption or recirculation, and
3) an alteration in the intestinal micro­
flora. The possible involvement of these 
3 mechanisms were therefore evaluated.
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The most important effect of pectin ap­
pears to be its influence on bile acid ab­
sorption. Pectin clearly impairs bile acid 
absorption in vitro. Such experiments do 
not prove that the same effect would be 
found in vivo; however, when considered 
together with the greater bile acid excre­
tion observed in pectin and cholesterol- 
fed rats (table 1), the similarity in re­
sponse of the cholesterol-fed rat to pectin 
and a known inhibitor of bile acid absorp­
tion, cholestyramine (table 2), and the 
general agreement between in vitro and in 
vivo studies of bile acid absorption (13, 
15), the data strongly suggest that pectin 
does in fact impair bile acid absorption.

The decrease in cholesterol absorption 
observed in this study as a consequence of 
pectin feeding is in agreement with the 
reports of Lin et al. (5 ) and of Hyun et al.
(16). However, the impairment in cho­
lesterol absorption is not evidenced when 
sterol excretion is determined (table 1). 
This observation is in agreement with the 
results of Wells and Ershoff (3 ) who were 
unable to demonstrate a difference in cho­
lesterol excretion of rats fed a cholesterol- 
supplemented diet with or without pectin. 
It appears therefore that the impaired cho­
lesterol absorption induced by dietary 
pectin is only partially responsible for its 
hypocholesterolemic effect. This conclu­
sion is also supported by the study in 
which cholesterol and pectin were fed sepa­
rately on alternate days (table 2). These 
results are in agreement with those of 
Wells and Ershoff (3). The observation 
that pectin effectively lowers liver choles­
terol when fed separately from cholesterol 
suggests that impairment of cholesterol 
absorption is relatively unimportant to the 
overall effect of dietary pectin.

The alterations in the intestinal micro­
flora resulting from pectin feeding do not 
appear to contribute to the cholesterol-low­
ering effect of this complex carbohydrate. 
The lack of effect of succinylsulfthiazole 
on the pectin response observed in this 
study is in agreement with the observa­
tions of Wells and Ershoff (3 ) and is in 
accord with the conclusion that altera­
tions of the intestinal microflora do not in­
fluence the cholesterolemic effect of dietary 
pectin in the rat.

Fisher et al. (17) have recently pre­
sented evidence that in the chicken, pectin 
interferes with absorption of nutrients by 
increasing passage of food through the di­
gestive tract. This appears to be unlikely 
in the rat in view of the consistent lack of 
effect of dietary pectin on body weight 
(tables 1 and 2).

The data presented suggest that dietary 
pectin reduces plasma and liver choles­
terol levels in the cholesterol-fed rat pri­
marily by decreasing the absorption of bile 
acids and secondarily that of cholesterol.
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Distribution of Lipids in Rats Fed 1,3-Butanediol
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ABSTRACT Quantitative thin-layer chromatography was used to measure the level 
of individual lipid components of liver, plasma and adipose tissue in rats fed 1,3- 
butanediol (BD) as a replacement of “natural” carbohydrate. The addition of 20% 
BD to diets containing either 10 or 30% fat resulted in a slight increase in liver 
neutral lipids, specifically, triglycerides and cholesterol esters. Phospholipid and 
cholesterol levels were not affected by an increase in dietary fat or BD. Plasma 
levels of non-esterified fatty acids, triglycerides and cholesterol esters were also higher 
as a result of increases in dietary fat or supplementation with BD. Addition of BD 
to either the 10 or 30% fat diet resulted in a highly significant decrease in 
epididymal fat.

Ever since 1,3-butanediol (BD) was 
shown to be a potential source of dietary 
energy (1 -3 ), efforts have been directed 
toward elucidating its metabolic effects. 
Previous work in these laboratories has 
shown that the feeding of BD to rats 
results in changes in tissue total lipid con­
centrations (4 ). Whether the BD effect on 
lipid metabolism is general, affecting all 
classes of tissue lipids, or whether it inter­
feres with a particular lipid class is not 
known. The present paper reports the 
results of an investigation on the effect of 
prolonged feeding of BD as a replacement 
of “natural” carbohydrate on the individ­
ual lipid components of liver, plasma and 
adipose tissue of laboratory rats.

EXPERIMENTAL METHODS
Animals and diets. Male rats of the 

Sprague-Dawley strain were housed in in­
dividual cages in a thermostatically con­
trolled room at 25 ± 1°. Thirty-two rats 
with a body weight of 90 to 100 g were 
divided into 4 equally weighted groups of 
8 animals per group and fed the following 
4 diets: 1) 10% fat, 2) 10% fat and 20% 
BD, 3) 30% fat and 4) 30% fat and 
20% BD. The composition of these diets 
was presented previously (5 ). The diets 
were fed ad libitum for 5 weeks. Food 
consumption and rat weights were meas­
ured bi-weekly. The animals were decapi­
tated after an 18-hour fast.

Tissue extractions. Liver was immedi­
ately excised, weighed and a 1 to 2 g

sample removed and homogenized in 
chloroform-methanol (2 /1 , v /v ). The 
homogenized samples from the individual 
rats in each group were pooled and the 
lipids extracted and measured as described 
by Therriault and Poe (5). Both epididy­
mal fat pads were quantitatively excised 
from each animal and weighed. Lipid 
extraction and determination was carried 
out on the combined fat pads of each rat.

A 1-ml aliquot of plasma from each rat 
in a group was pooled. The pooled sam­
ples were acidified slightly with dilute HC1 
and extracted with chloroform-methanol 
(2/1). The aqueous layer was re-extracted 
an additional 3 times with chloroform- 
methanol (2 /1 ) . The chloroform layers 
were combined, evaporated to dryness in 
vacuo under nitrogen and taken up in a 
small amount of chloroform-methanol 
( 2 / 1 ).

Lipid fractionation. Neutral lipids and 
free fatty acids were separated from phos­
pholipids by chromatography on columns 
prepared with pre-washed silicic acid4 
(100-mesh). Silicic acid was thoroughly 
washed with chloroform-methanol (2 /1 ) ,  
followed by methanol. The washed silicic 
acid was activated at 105° for 24 hours.

R e c e i v e d  f o r  p u b l i c a t i o n  S e p t e m b e r  2 7 ,  1 9 6 5 .
1 P r e s e n t  a d d r e s s :  E n z y m e  I n s t i t u t e ,  U n iv e r s i t y  o f  

W i s c o n s i n ,  M a d i s o n ,  W i s c o n s i n .
2 U . S . A r m y  R e s e a r c h  I n s t i t u t e  o f  E n v i r o n m e n t a l  

M e d i c i n e ,  B i o c h e m i s t r y  L a b o r a t o r y ,  N a t i c k ,  M a s s a ­
c h u s e t t s .

3 U . S. A r m y  N a t i c k  L a b o r a t o r i e s ,  F o o d  D i v i s i o n ,  
N a t i c k ,  M a s s a c h u s e t t s .

4 M a l l i n c k r o d t  C h e m i c a l  W o r k s ,  N e w  Y o r k .

J. N u t r it io n , 88: ’66 215
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A column (1.4 X 10 cm) was prepared by 
packing the silicic acid as a slurry in 
chloroform under a slight nitrogen pres­
sure. The column was then washed with 
chloroform. The lipid sample was applied 
in 2 ml of chloroform. Neutral lipids and 
free fatty acids were eluted with 40 ml of 
chloroform. Phospholipids were eluted 
with 60 ml of methanol. Thin-layer chro­
matography of the fractions showed that 
the chloroform eluate was free of phospho­
lipid and the phospholipid fraction was 
free of neutral lipids and free fatty acids. 
Recovery of neutral lipids and free fatty 
acids was 98 to 102%. The phospholipid 
was calculated by the difference between 
total lipid and neutral lipid.

Quantitative thin-layer chromatography 
of neutral lipids and free fatty acids. 
Quantitative determination of the lipids 
contained in the chloroform eluate was 
carried out by thin-layer chromatography 
according to the method described by 
Louis-Ferdinand et al. (6 ). A hexane- 
ethyl ether-acetic acid (180 /30 /2 ) solvent 
system was used for the determination of 
cholesterol esters and triglycerides, and 
petroleum ether-ethyl ether-acetic acid 
(3 0 /7 0 /1 ) was used to determine choles­
terol and non-esterified fatty acids. Highly 
purified lipid standards, containing choles­
terol, cholesterol oleate, oleic acid, methyl 
oleate and triolein, obtained from Hormel 
Institute were applied to the chromatoplate 
alongside each sample. In preliminary 
studies, the total lipid obtained by thin- 
layer chromatography agreed within 10% 
with gravimetric determination of the lipid 
after separation by silicic acid column 
chromatography. A Photovolt Densitom­

eter modified for measurement of chro­
matoplates was used to measure spot den­
sities. Determinations were carried out in 
quadruplicate and the maximal difference 
in replicate samples was less than 8%.

RESULTS
The 5-week food consumption values 

shown in table 1 confirm earlier observa­
tions (3 ) that young animals fed diets 
containing BD failed to gain as much body 
weight as control rats, due to reduction in 
food intake. Weight gains were signifi­
cantly lower in rats fed diets containing 
20% BD than those of the controls.

The epididymal fat pad weight and total 
lipids are presented in table 2. Both tissue 
weight and lipid content increased as die­
tary fat level increased. This is in agree­
ment with well-established effects of fat 
intake on lipid deposition (7 ). However, 
the addition of BD to either diet resulted 
in a highly significant decrease in the

T A B L E  1

Food intake and weight gain of rats fed 
experimental diets 1,2

F a t
c o n t e n t B D  s

F o o d
i n t a k e /

r a t 4

W t  g a i n /  
r a t

% 9 9
1 0 _ 5 5 9 . 6 1 9 3 .5  ± 1 5 . 8  5

+ 4 5 9 . 8 1 4 5 .9  6 ±  1 7 . 8

3 0 _ 4 4 8 . 6 1 7 8 .1  ± 2 0 . 8

+ 4 0 3 . 0 1 4 3 . 9  6 ± 1 3 . 4

1 F ig u r e s  r e p r e s e n t  c u m u l a t iv e  r e s u l t s  o v e r  3 4 -d a y  
p e r i o d .

2 E i g h t  r a t s /g r o u p .
3 1 ,3 -B u t a n e d io l .
4 G r a m s  d r y  w e ig h t  o f  f o o d .
5 SD.
6 S i g n i f i c a n t  d i f f e r e n c e s  a t  P  <  0 .0 0 1  l e v e l .  S t u ­

d e n t ’ s t  t e s t .

T A B L E  2

Weight and lipid content of epididymal fat tissue from rats 
maintained with experimental diets 1

F a t  i n  
d i e t B D  2 W e t  w t  

t is s u e
T o t a l
l ip i d s T is s u e L i p i d s

9 9
g / 1 0 0 g 9 / 1 0 0 g
b o d y  ztit b o d y  w t

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

3 0 _ 3 . 9 2  ± 0 . 8 5 3 . 5 2  ± 0 . 7 8 1 .4 1 1 . 2 7
+ 1 . 9 7  ±  0 . 2 1  4 1 . 7 0 ± 0 . 1 9  4 0 . 8 6 0 . 7 4

1 F iv e  r a t s /g r o u p .
2 1 ,3 -B u t a n e d io l .
3 SD.
4 S i g n i f i c a n t  d i f f e r e n c e  a t  P  <  0 .0 0 1  le v e l .  S t u d e n t ’ s t  te s t .
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T A B L E  3

Liver weight and liver lipid composition of rats maintained with experimental diets 1

F a t  in  
d ie t B D  2 B o d y  w t L i v e r  w t L i p i d  

i n  l iv e r

% 9 9 %
1 0 — 2 7 4 . 6  ± 1 0 . 6  3 7 . 9  ± 0 . 4 5 . 4 4

+ 2 3 7 . 4  ±  4 . 5  4 7 . 4  ± 0 . 4 6 . 0 6

3 0 _ 2 7 6 . 8  ±  8 . 4 8 . 3 ± 0 . 7 6 . 9 8
+ 2 2 9 . 6  ±  4 . 4  4 8 . 0 ±  0 . 4 7 .3 1

1 F iv e  r a t s /g r o u p .
2 1 ,3 -B u t a n e d io l .
3 SD.
4 S i g n i f i c a n t  d i f f e r e n c e s  a t  P  <  0 .0 0 1  le v e l .

PL -  PHOSPHOLIPIDS 
N L - NEUTRAL LIPIDS 
■  -  TRIGLYCERIDES 
m ~  CHOLESTEROL ESTER 
□  -  CHOLESTEROL

- 4 0 z
m
H
a>>

3 >o

-  B.D. +  B.D.

Fig. 1 Liver lipid composition of rats fed 10% or 30% fat with or without 1,3-butanediol.

tissue weight as well as the total lipid 
content of the epididymal fat pad.

Liver total lipid concentrations as well 
as total liver lipid mass were also in­
creased when dietary fat levels were 
changed from 10% to 30% as shown in 
table 3. This is in agreement with pre­
vious reports (8 ). Addition of BD to these 
diets did not result in any striking change 
in liver total lipid concentration or mass. 
However, there was a change in lipid com­
position of liver (fig. 1). An increase in 
neutral lipid concentration occurred in 
response to changes of dietary fat levels 
or the addition of BD. This is evident 
specifically in the triglyceride fraction and 
to a lesser extent in the cholesterol ester 
fraction. The phospholipids and choles­
terol which account for the greatest por­

tion of the liver total lipids were not 
affected either by the presence of BD or 
the dietary fat content.

As shown in figure 2, both increase in 
dietary fat and the presence of BD resulted 
in increased plasma unesterified fatty 
acids (FFA) triglycerides and cholesterol 
ester. As in the liver, the free cholesterol 
content of plasma did not respond to 
changes in dietary fat levels or the addi­
tion of BD.

DISCUSSION
Plasma FFA represents the form in 

which fatty acids are mobilized from the 
fat depots and transported to other tissues
(9).  In the fasted state, fatty acid metab­
olism is geared to provide substrate for 
oxidation by the tissues and there is a
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Fig. 2 P lasm a neutral lip id  and  free  fatty 
acid  com p osition  o f  rats fed  10%  or 3 0 %  fa t 
w ith  or w ith ou t 1,3 -butanediol.

large net flux of FFA from adipose tissue 
to other tissues. In the results reported 
here, the elevated plasma FFA level in 
both groups receiving BD indicates that a 
greater mobilization of lipid from adipose 
tissue occurred in these animals. This is 
further evident from their smaller fat 
pads.

Studies by Feigelson et al. (10) have 
shown that when the serum FFA concen­
tration is maintained at a high level, there 
is a rapid and marked increase in the 
triglyceride concentration of liver. Eaton 
and Steinberg (11) have had similar re­
sults in myocardial tissue and postulated 
that the extraction of FFA from plasma by 
muscle tissue may be primarily regulated 
by the levels of circulating FFA. It is 
conceivable that the slightly higher trigly­
ceride and cholesterol ester levels in liver 
of rats fed BD may be the result of a 
greater influx of FFA from adipose tissue.

The higher plasma triglyceride levels in 
rats fed BD indicate that there is no im­
pairment in the ability to transport low 
density lipoprotein from the liver to 
plasma.

No information is available as to the 
effect of BD on fatty acid synthesis or 
utilization in the rat. Further investiga­
tion should be undertaken to see whether 
BD affects these parameters of lipid 
metabolism.
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Utilization of Calories and Nitrogen by Rats Fed Diets
Containing Purified Casein versus a Mixture of
Amino Acids Simulating Casein 1

ABSTR AC T  T he effects w ere studied o f  vary ing  n itrogen  and energy  intake levels
on  ca lorie  and n itrogen  storage in  rats o f  2  age groups. M ale rats 28 or 100 days 
o f  age w ere fed  fo r  4 and  6 w eeks, respectively, diets con ta in in g  either case in  or an 
am in o  acid  m ixture sim ulating  casein , at 2 levels o f  n itrogen  and 2 levels o f  calorie  
intake. For the you n g  rats, at the low er ca lorie  intake and at both levels o f  n itrogen  
intake, there w ere n o  sign ificant d ifferen ces  in  n itrogen  gains due to n itrogen  source. 
At the h igh er ca lorie  intake, and at both  levels o f  n itrogen  intake, n itrogen  gains were 
h igh er fo r  rats rece iv in g  casein  than fo r  those rece iv in g  am ino acids. For the adult 
rats, at the low er n itrogen  intake there w ere n o  s ign ificant d ifferen ces in  n itrogen  
gains (o r  lo sses ) due to n itrogen  source, regardless o f  the ca lorie  intake. At the 
h igh er n itrogen  intake and at both  levels o f  ca lorie  intake, an im als receiv in g  casein  
gained  m ore (o r  lost le s s ) n itrogen  than rats rece iv in g  am in o acids. It is postu lated  
that a d ifferen ce  in  the m ost lim itin g  fa cto r  (w h eth er  energy or n itrog en ) accoun ted  
fo r  the d ifferen ce  in  the results betw een  the 2 age groups. For both the you n g  and the 
adult rats, ca lories stored w ere u n affected  by substitu ting an am ino acid  m ixture for  
casein .

There has been a lack of agreement in 
research reports on the nutritional value of 
intact casein as compared with a mixture 
of amino acids simulating casein. Rose 
et al. (1) reported that human adults 
were able to maintain nitrogen balance at 
a lower level of energy intake with casein 
diets than with diets containing acid- 
hydrolyzed casein or a mixture of purified 
amino acids simulating casein. Metta et al.
(2) reported that replacing dietary casein 
by a mixture of the corresponding amino 
acids or a casein hydrolysate did not in­
crease the energy requirement for main­
tenance of nitrogen balance of male and 
female rats over 6 months of age. They 
attribute the variance of their results from 
those of Rose et al. (1 ) to a species dif­
ference. The purpose of this paper is to 
report the effects of varying nitrogen and 
energy intake levels on calorie and nitro­
gen balance in rats of 2 age groups fed 
casein diets or diets containing a mixture 
of L-amino acids simulating casein.

E X P E R IM E N T A L

Animals and diets. All animals were 
specific-pathogen-free male rats.* 1 2 Wean­

ling and 100-day-old rats were housed in­
dividually and fed a stock diet3 for one 
week before being fed their particular 
experimental regimen. A control group of 
12 rats was killed for each age to deter­
mine initial carcass content of calories and 
nitrogen and to furnish data for correcting 
initial weight of the experimental animals 
to the ingesta-free basis. Initial live weight 
was multiplied by 90.2 and 94.7% for the 
young and adult experimental rats, respec­
tively. Contents of the gastrointestinal 
tract were removed and the carcasses ho­
mogenized in a Waring Blendor before 
analysis (3).

The animals were given weighed 
amounts of food daily and body weights 
were recorded weekly. Scattered food was 
carefully recovered and weighed. Feces 
were collected daily from each animal and 
frozen until the end of the feeding trial,

R e c e i v e d  f o r  p u b l i c a t i o n  S e p t e m b e r  1 3 , 1 9 6 5 .
1 P r e l im i n a r y  r e s u l t s  o f  t h e  i n v e s t ig a t i o n  w e r e  r e ­

p o r t e d  t o  t h e  A m e r i c a n  I n s t i t u t e  o f  N u t r i t i o n  a t  t h e  
4 9 t h  a n n u a l  m e e t in g  o f  t h e  F e d e r a t i o n  o f  A m e r i c a n  
S o c i e t ie s  f o r  E x p e r im e n t a l  B i o l o g y ,  A t l a n t i c  C i t y ,  1 9 6 5 .

2 L e w  s t r a in  f r o m  M i c r o b i o l o g i c a l  A s s o c i a t e s ,  B e t h -  
e s d a ,  M a r y l a n d .

3 D  &  G  R e s e a r c h  A n i m a l  L a b o r a t o r y  D ie t ,  P r i c e -  
W i l h o i t e  C o m p a n y ,  F r e d e r i c k ,  M a r y l a n d .

J . N u t r i t i o n , 8 8 :  *66 2 1 9
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then dried and ground. Feces from each 
rat were analyzed individually for nitro­
gen; calorie determinations were made on 
feces samples pooled for each group. The 
diets were analyzed for nitrogen and cal­
ories. The Kjeldahl method was used for 
all nitrogen analyses and calorie content 
was measured with a Parr Bomb Adiabatic 
Calorimeter.

The diets were fed at 2 levels of calorie 
intake and 2 levels of nitrogen intake, 
with either casein or an L-amino acid 
mixture simulating casein as the nitrogen 
source. For the young rats, diets contained 
either 2 or 3% nitrogen, and, for the 
adult rats, either 1 or 2% nitrogen (table
1). Corresponding diets were formulated 
with increases in protein or amino acids, 
vitamins, salts and roughage so that, when 
calorie intake was reduced approximately 
one-third, intakes of those nutrients were 
the same as the intakes at the higher 
calorie level. Thus, there were 8 diets for 
each age group. Fat and carbohydrate 
were reduced proportionally so that ratios 
of fat to carbohydrate, and of corn oil to 
tallow were the same for each calorie 
level. The calorie concentration of the 
casein diets was somewhat higher than 
that of the amino acid diets due to the

higher calorie content of casein. However, 
the diets were formulated and the amounts 
fed adjusted so that intakes of nitrogen 
and calories were similar (table 2).

The 1 % nitrogen diets contained, as the 
nitrogen source, either 6.82% casein or 
(in % ) alanine, 0.187; arginine-HCl, 
0.285; asparagine-H20, 0.492; cystine, 
0.20; glutamic acid, 1.484; glycine, 0.138; 
histidine • HC1 • H»0, 0.226; isoleucine, 
0.364; leucine, 0.560; lysine • HC1, 0.649; 
methionine, 0.187; phenylalanine, 0.315; 
proline, 0.777; serine, 0.433; threonine, 
0.265; tyrosine, 0.334; tryptophan, 0.079; 
and valine, 0.452. In the 2 and 3% 
nitrogen diets the amounts of casein or 
amino acids were increased propor­
tionally.

The casein 4 was assayed microbiologi- 
cally using the methods of Horn et al. (5) 
for arginine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threo­
nine and valine, the method of Warren 
et al. (6 ) for alanine, of Horn and Blum
(7) for cystine, and unpublished methods 
of the latter authors for all other amino 
acids. The amino acids were assayed for 
purity by the same methods. All amino

4 A .N .R .C .  r e f e r e n c e  p r o t e in ,  S h e f f ie ld  C h e m i c a l
C o m p a n y ,  N o r w i c h ,  C o n n e c t i c u t .

T A B L E  1

C om p osition  o f  d iets fe d  at th e h igh er ca lorie  lev e l to rats o f  2 a ge groups

N it r o g e n  s o u r c e

C a s e in A m i n o  a c i d  m i x

1 %  N 2 %  N 3 %  N  1 %  N 2 %  N  3 %  N

C asein 6.82 13.63 20.45 _ _
A m in o acid  m ix — — — 7.25 14.25 21.02
D iam m on iu m  citrate — — — 0.65 1.27 1.95
Sodium  bicarbon ate — — — 0.50 0.99 1.45
C ornstarch 58.13 51.32 44.50 57.15 49.60 42.28
C orn o i l 1 5.00 5.00 5.00 4.91 4.83 4.75
B ee f ta llow 15.00 15.00 15.00 14.75 14.50 14.25
V itam in  A  and D con e  2 0.05 0.05 0.05 0.05 0.05 0.05
Salt m ix  3 4.00 4.00 4.00 3.93 3.87 3.80
C ellu lose 4 10.00 10.00 10.00 9.83 9.67 9.50
V itam in  m ix  5 1.00 1.00 1.00 0.98 0.97 0.95

T ota l 100.00 100.00 100.00 100.00 100.00 100.00
Gross ca lories, k e a l/g 4.76 4.92 5.09 4.70 4.76 4.78

1 M a z o l a ,  C o r n  P r o d u c t s  C o m p a n y ,  A r g o ,  I l l i n o i s .
2 P e r c o m o r p h  O il ,  M e a d  J o h n s o n  C o m p a n y ,  E v a n s v i l l e ,  I n d i a n a .
3 J o n e s  a n d  F o s t e r  ( 4 ) .
4 C e l lu  F l o u r ,  C h i c a g o  D ie t e t i c  S u p p ly  H o u s e ,  C h i c a g o .
5 T h e  f o l l o w i n g  v i t a m in s  w e r e  a d d e d  p e r  k i l o g r a m  o f  r a t i o n :  t h i a m in e - H C l ,  5  m g ;  p y r i d o x i n e - H C l ,  

5  m g ;  n i a c i n ,  5  m g ;  r ib o f l a v i n ,  10  m g ;  C a  D -p a n t o t h e n a t e ,  2 5  m g ;  p - a m i n o b e n z o i c  a c i d ,  3 0 0  m g ;  
a - t o c o p h e r y l  a c e t a t e ,  2 5  m g ;  2 - m e t h y l - l ,4 - n a p h t h o q u i n o n e ,  2  m g ;  f o l i c  a c i d ,  2  m g ;  b i o t i n ,  1 0 0  fig; 
v i t a m in  B 12, 3 0  fig ;  c h o l i n e  c h l o r i d e ,  2  g ;  a n d  i n o s i t o l ,  1 g .
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T A B L E  2
W eig h t gains, n itrog en  and ca lorie  in ta kes, and n itrog en  and ca lorie  storage o f  you n g  and  

adult rats fe d  at 2 levels o f  n itrog en , e ith er  as a m ino acids or as ca sein , 
at 2 levels  o f  ca lorie  in ta ke

N
source 1

Intakes
Wt gain 2 Nitrogen

stored
Calories
stored

Non-protein
calories
storedN Calories

9 k c a l 9 9 k c a l k c a l

Y oung rats 3
AA 5.46 1301 87 ±  1.9I4 2.88 ±  0.071 + 203 ±  9.6 101 ±  8.5
C 5.56 1351 9 6 * 0 .8 1 * * 3.34 ±  0.061 220 ±  5.9 102 ±  7.2
AA 8.09 1333 1 0 6 ± l . s L 3.72 ±  0.08 l , * 236 ±  5.9 105 ±  6.3
C 8.08 1366 1 1 3 ±  1.4) 4.11 ±  0 .04 | 236 ±  4.5 91 ±  5.1
AA 5.77 952 5 2 ±  1.4 2.18 ±  0.06 98 ±  4.8 21 ±  5.3
C 5.70 940 55 ±  2.0 2.30  ±  0.09 1 0 7 ±  3.8 2 6 ±  2.9
AA 8.35 961 55 ± 1 .8 2.30 ± 0 .0 6 104 ±  4.1 22 ±  4 .6
C 8.06 928 57 ±  1.3 2.38 ± 0 .0 7 101 ±  3.7 18 ±  3.6

A dult rats 5
AA 7.06 3132 36 ±  3.1 0.09 ± 0 .1 1 410 ±  22.1 407  ±  21.9
C 6.89 3037 34 ± 2 .4 0.21 ± 0 .1 2 367 ±  21.0 3 6 0 ± 2 1 .0
A A 12.81 3114 52 ±  2. IE 0.79 ±  0.151 * 415 ±  19.0 390 ± 1 8 .8
C 12.95 3049 59 ±  2.4 J 1.28 ±  0.12| 453 ± 2 0 .4 408 ± 2 1 .5
AA 7.13 2254 - 2 7  ± 3 .0 - 0 . 6 6  ± 0 .0 9 21 ± 1 4 .1 44 ±  11.8
C 7.05 2269 - 2 4  ± 3 .5 — 0.51 ±  0.10 27  ±  14.6 45 ±  13.6
AA 14.04 2311 - 2 3  ± 2 .7 — 0.53 ±  0.151 ^ 4 0 ±  11.5 59 ±  11.3
C 13.46 2267 — 1 7 ±  3.1 — 0 .04 ±  0 .1 5 1 30 ± 1 5 .9 31 ±  15.7

1 C  =  c a s e i n ;  A A  =  a m i n o  a c i d  m ix t u r e .
2 L iv e  w e ig h t  g a in s .  N i t r o g e n  a n d  c a l o r i e  s t o r a g e  w e r e  c a l c u l a t e d  f r o m  in g e s t a - f r e e  c a r c a s s  g a i n s  

( s e e  t e x t ) .  A v e r a g e  i n i t i a l  w e ig h t s  o f  t h e  g r o u p s  o f  y o u n g  r a t s  w e r e  6 4  t o  7 0  g ,  a n d  o f  t h e  a d u l t  
r a t s  3 6 1  t o  3 6 3  g .

3 T o t a l s  f o r  4  w e e k s .
4 se o f  m ean.
5 T o t a l s  f o r  6  w e e k s .

* D e s i g n a t e d  v a l u e s  a r e  s i g n i f i c a n t ly  d i f f e r e n t  ( P  <  0 . 0 5 ) .
* *  D e s i g n a t e d  v a l u e s  a r e  s i g n i f i c a n t ly  d i f f e r e n t  ( P  <  0 . 0 1 ) .

acids except valine were found to be as 
pure as the standards.5 Growth responses 
of the microorganisms were 10% below 
the response to the standard for the latter 
amino acid; accordingly, the amount of 
valine in the mixture was increased by 
10 % . Except for valine, the composition 
of the casein, in grams per gram of nitro­
gen is shown by the amounts of amino 
acids given in the preceding paragraph, 
when the appropriate corrections are made 
for H20  and HC1.

In view of the report of a specific role 
of dietary asparagine (8 ) in the nutrition 
of the rat, asparagine, instead of aspartic 
acid, was included in the amino acid mix­
ture. A small amount of diammonium 
citrate was added to make the diets iso- 
nitrogenous.

Study with young rats. Eight groups of 
weanling rats (12/group) were fed for 
4 weeks the diets already described. The 
3% nitrogen diets met the amino acid 
requirements for rats of this age as calcu­

lated from the data of Rama Rao et al. 
(9 ), whereas the 2% nitrogen diets were 
limiting in threonine. Either level of nitro­
gen should be adequate to meet the total 
protein and nonessential amino nitrogen 
requirements (10). Gross calorie intakes 
were approximately 34 or 48 kcal,/day; 
nitrogen intakes, approximately 200 or 300 
mg/day for the various groups. Animals 
fed the amino acid diets at the higher 
calorie intake in some cases did not con­
sume all their food. Those whose calorie 
intake was not at least 92% of that of the 
animals receiving casein were eliminated. 
In so doing, the numbers for the group 
receiving 48 kcal and 200 mg N/day were 
reduced to ten and for the group fed 
48 kcal and 300 mg N/day to eleven.

Study with adult rats. Eight groups of 
100-day-old rats (12/group) were fed for 
6 weeks diets already described. The

5 U .S .P . r e f e r e n c e  s t a n d a r d s  w h e r e  a v a i l a b l e ;  f o r  t h e  
o t h e r s ,  A P  g r a d e  o f  t h e  H . M . C h e m i c a l  C o m p a n y ,  L t d . ,  
S a n t a  M o n i c a ,  C a l i f o r n ia .
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amount of food initially supplied resulted 
in weight loss; accordingly after the sec­
ond week, food was increased each week 
by an amount that supplied 5 kcal/day. 
Average gross calorie intakes for the 
period were approximately 54 or 74 kcal/ 
day; nitrogen intakes, approximately 170 
or 315 mg/day for the various groups. 
One animal in the group which received 
74 kcal and 315 mg N/day as casein was 
sick on the last day of the feeding period, 
and was eliminated from the group.

Non-fecal nitrogen loss was calculated 
by subtracting fecal nitrogen and nitrogen 
gain from nitrogen intake. This nitrogen 
loss, mainly urinary nitrogen, was multi­
plied by a factor of 6.29 kcal/g N as de­
veloped by Metta and Mitchell (11) with 
high protein diets in order to calculate 
urine calorie loss.

Both experiments are randomized com­
plete block experiments with 12 blocks 
and 8 treatments. The 8 treatments lend 
themselves to a 2X2X2 factorial analysis 
for both nitrogen and calorie storage.

RESULTS A N D  DISCUSSIO N

Fecal nitrogen and calorie losses. Aver­
age fecal nitrogen values of the young rats 
(total for 28 days) were 0.32 to 0.37 g for 
the groups fed amino acids and 0.37 to 
0.40 g for those fed casein. For the adult 
rats, average fecal nitrogen values (total 
for 42 days) were 0.87 to 1.06 g for the 
groups fed amino acids and 0.98 to 1.11 g 
for those fed casein. Average fecal calor­
ies for the groups of young rats varied 
from 175 to 214 kcal. Assuming that all 
ingested cellulose 6 was excreted, cellulose 
calories would account for 50 to 59% of 
the total. Average fecal calories for the 
groups of adult rats varied from 465 to 581 
kcal. The cellulose calories would account 
for 43 to 55% of the total.

Weight gains and nitrogen storage. 
Young rats with the higher calorie intake 
and either level of nitrogen intake gained 
more weight and stored more nitrogen 
(P < 0.01) when the nitrogen was supplied 
as casein rather than as a mixture of puri­
fied amino acids (table 2). The signifi­
cance of the differences in nitrogen storage 
was the same whether the data were ex­
pressed as total amount stored, or as a per­
centage of either gross or apparent digest­

ible nitrogen intake; hence only data for 
total amount stored is presented. At the 
lower calorie intake there were no signifi­
cant differences in weight gains or nitro­
gen storage between comparable groups.

Adult rats with the higher calorie and 
nitrogen intake gained more rapidly (P <  
0.05) when the nitrogen was supplied as 
casein rather than as a mixture of purified 
amino acids. At the lower calorie and ni­
trogen intake, there were no significant 
differences in weight gains between those 
rats receiving casein and those fed amino 
acids.

At the higher level of nitrogen intake 
and at either level of calorie intake, adult 
rats fed casein stored more or lost less ni­
trogen (P < 0.05) than those fed a mixture 
of amino acids. At the lower level of ni­
trogen intake there were no significant dif­
ferences in nitrogen storage between 
groups at the same calorie intake level.

Calorie storage. Calorie storage of 
both young and adult rats was unaffected 
by substituting an amino acid mixture for 
casein in the diet. This was true at both 
calorie and nitrogen levels fed and regard­
less of whether the calorie storage is ex­
pressed as kilocalories or as a percentage 
of gross, digestible or metabolizable calorie 
intake.

Analysis of variance. An analysis of 
variance (table 3) showed that, as would 
be expected, both calorie and nitrogen stor­
age were altered in either age group of rats 
by varying the calorie or nitrogen intake 
(P < 0.01). There was, however, a signifi­
cant energy level-nitrogen level (EN) in­
teraction (P C 0 .0 1 ) for nitrogen storage 
in both experiments. Table 2 shows that 
increasing nitrogen intake led to a larger 
increase in nitrogen storage at the high 
than at the low calorie intake in each age 
group. The EN interaction for calorie stor­
age was significant (P < 0.01) for the 
young rats but not for the adult rats. This 
difference between the 2 age groups may 
be due to a difference in limiting factors 
(namely, energy or nitrogen) in the 2 
experiments or to basic differences in the 
metabolism of the rat during growth and 
maturity. All groups of young rats stored 
calories and nitrogen; all groups of adult

6 C e l lu  F l o u r ,  C h i c a g o  D ie t e t i c  S u p p ly  H o u s e ,  C h i ­
c a g o .
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TABLE 3
M ea n  squares o f  analysis o f  va ria n ce  fo r  n itrog en  and ca lorie  storage

Source o f 
variation

Young rats Adult rats
Calorie
storage

Nitrogen
storage

Calorie
storage

Nitrogen
storage

k c a l2 92 h ea l2 92
B locks 396 0.0478 9,615 0.4195
E nergy level (E ) 353,322* * 35 .941 5** 3 ,526 ,671** 25 .740 1**
N itrogen  level ( N ) 3 ,407* * 4 .9 323 ** 20 ,644** 8 .6456**
N itrogen  source (S ) 817 1.6330** 14 2 .4 923 **
EN 3,338** 2 .9 891 ** 8,200 2 .2 291 **
ES 177 0 .6700** 20 0 . 0 0 0 1
NS 1,001 0.0183 7,420 0 .8638*
ENS 29 0.0017 16,111* 0.0077
Error 327 0.0556 2,887 0.1548

** Significant (P  <  0.01). 
* Significant (P <  0.05).

rats stored calories but those receiving the 
lower calorie intake were in negative nitro­
gen balance and even the groups fed the 
higher calorie intake were barely in posi­
tive nitrogen balance. Extremely high ni­
trogen storage in 100-day-old rats would 
not be expected.

Support for a theory of different limit­
ing factors in the 2 experiments is obtained 
by examining the energy level-nitrogen 
source (ES) and the nitrogen level-nitro­
gen source (NS) interactions on nitrogen 
storage. For the young rat the ES but not 
the NS interaction was significant (P < 
0.01). Table 2 shows that there was higher 
nitrogen storage from casein than from 
the amino acid mixture at the high, but 
not the low, calorie intake level at both 
levels of nitrogen intake. For the adult 
rats the NS but not the ES interaction was 
significant (P < 0.05) indicating higher ni­
trogen storage from casein at the high, but 
not the low, nitrogen intake.

A significant energy level-nitrogen level- 
nitrogen source (ENS) interaction for cal­
orie storage for the adult rats (P < 0.05) 
prompted a further examination of the EN, 
ES, NS interactions. The NS interaction 
was significant (P < 0.05) at the high but 
not at the low level of calorie intake. Fat 
storage may be a factor here. When the 
nitrogen intake was low and the calories 
were high, there was a trend toward higher 
storage of non-protein calories (fat) when 
the source of nitrogen was amino acids 
rather than casein.

At all calorie and nitrogen levels and for 
both age groups, rats receiving amino acid

diets had greater non-fecal nitrogen losses 
(P < 0.05), via increased urinary excre­
tion of unchanged amino acids or as a re­
sult of enzyme actions or both. (Since 
amino acid-fed rats lost slightly less nitro­
gen in the feces, there were not always 
significant differences in nitrogen storage, 
as shown in table 2.) Cohn et al. (12) sug­
gest that there is a limit to the amount of 
dietary protein that an organism can utilize 
per unit of time for protein synthesis. 
When the limit is exceeded, “excess” nitro­
gen is excreted in the urine as enzymatic 
reactions adapt themselves to disposing of 
the non-utilized nitrogen. A difference in 
feeding habits was noted between the rats 
receiving amino acids and those receiving 
casein, particularly at the high calorie 
level; amino acid-fed rats tended to con­
sume their diets more slowly. If feeding 
frequency was a primary factor in our re­
sults, therefore, rats receiving casein diets 
should have the highest non-fecal nitrogen 
losses. It is possible that the slower eating 
by rats fed the amino acids may be a com­
pensatory mechanism designed to mini­
mize what might otherwise be larger dif­
ferences in non-fecal nitrogen loss.

Nasset and Ju (13) fed uC-labeled ca­
sein and observed that exogenous N was 
diluted 6- or 7-fold with endogenous N and 
the molar ratios of free amino acids in gut 
contents were markedly different from 
those noted in the ingested casein. Snook 
and Meyer (14) demonstrated that exogen­
ous protein was the preferred substrate 
of intestinal proteolytic enzymes. A mix­
ture of purified amino acids rather than
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casein in the diet would be expected to 
alter the rate of secretion and breakdown 
of endogenous protein and the absorption 
of amino acids from the gut.

The significant energy level-nitrogen 
source (ES) interaction with young rats is 
in line with the earlier observations of 
Rose et al. (1 ) that higher calorie intakes 
are needed by subjects receiving amino 
acids than by those receiving casein. How­
ever, with adult rats there was no signifi­
cant ES interaction, in line with the report 
of Metta et al. (2 ) that the energy require­
ment was not changed by replacing dietary 
protein with purified amino acids. As sug­
gested earlier, differences in the limiting 
factors in the studies may be an explana­
tion of differences in results. For purposes 
of comparison, intakes of the adult animals 
have been recalculated to intake/kg3/4 (us­
ing, in the present study, mean body 
weight). Nitrogen intakes were 0.35 to 
0.39 and 0.64 to 0.77 g/day/kg3/4; metab­
olizable calorie intakes were 94 to 95 and 
121 to 129 kcal/day/kg3/4. Intakes of the 
male rats of the study of Metta et al. were 
0.32 g nitrogen and 98 kcal/day./kg3/4. Ni­
trogen intakes, then, were lower and calorie 
intakes similar, when related to metabolic 
body size, to those of the groups fed at the 
lowest levels of nitrogen and calories in 
the present study. For those groups there 
were no significant differences in nitrogen 
and calorie storage due to nitrogen source. 
Rose et al. (1 ) fed 0.40 to 0.44 g N/kg3/4/  
day to human subjects, but a species dif­
ference in requirement may make this level 
of intake comparable to our high N intake 
groups and thus explain how Rose et al. 
(1 ) observed differences in nitrogen bal­
ance due to the nitrogen source, whereas 
Metta et al. (2) could find no such differ­
ences.
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Effect of Vitamin B,2 and Folic Acid on the Metabolism 
of Formiminoglutamate, Formate, and 
Propionate in the Rat

E. L. R. STO K STA D ,* 1 2 R. E. W EBB 2 a n d  ELLEN  SHAH
A m erica n  CyanamicL C om p a n y, P earl R iver, N ew  Y ork

A B STR AC T  T he effects o f  d eficiencies o f  v ita m in  B 12 on  excretion  o f  fo rm im in o ­
glutam ate (F IG L U ), form ate , and prop ion a te  w ere investigated. T he ex cre tion  o f  
FIGLU w as in creased  in  v ita m in  Biu d efic ien cy  an d  w as h igh er w ith  a 3 0 %  soy p ro ­
tein  diet than  w ith  a 70%  soy  p rote in  d iet, a lth ou gh  the v ita m in  B 12 d e fic ien cy  w as 
m ore severe w ith  the diet at h igh er protein  level. E xcretion  o f  en d ogen ou s form ate  
w as in creased  in  both  fo l ic  a cid  and v ita m in  B 12 d e fic ien cies  an d  rou gh ly  paralleled  
that o f  FIGLU. E xcretion  o f  in je c ted  14C -form ate in creased  in  fo l ic  acid  d e fic ien cy  but 
w as less a ffected  b y  v ita m in  B 12 d e fic ien cy  w ith  a soy p rote in  diet. T h e  excretion  o f  
a test dose o f  3H -propionate w as in creased  in  v ita m in  B 12 d e fic ien cy  and  developed  
m ore rap id ly  w ith  the 70%  than w ith  the 3 0 %  soy protein  diet. T h e  feed in g  o f  either 
2 or 4 %  ca lc iu m  prop ion a te  p rod u ced  a grow th  depression , but this w as not a p p reci­
ably d im in ish ed  by v itam in  B i2. C a lciu m  prop ion a te  d id  not in crease FIGLU excretion .

Deficiencies of both folic acid and 
vitamin B12 increase the excretion of formi- 
minoglutamic acid (FIGLU) in rats (1 -3 )  
and chicks (4 ), although folic acid alone 
is known to be directly involved in the 
enzymatic breakdown of FIGLU to glu­
tamic acid. The excretion of FIGLU has 
been used as a diagnostic test for clinical 
folic acid deficiency (5 -7 ) , but its useful­
ness is somewhat diminished because in 
some instances FIGLU excretion also oc­
curs in the vitamin B12 deficiency of per­
nicious anemia (8 ). In order to throw 
light on the mechanism of action of vita­
min Bi2 in affecting FIGLU metabolism, a 
study was made on the effect of various 
regimens which induce vitamin B)2 defi­
ciency. These include elevation of dietary 
protein level and the feeding of high levels 
of propionic acid (9, 10). Since the me­
tabolism of propionate is known to be 
impaired in vitamin B12 deficiency in the 
rat (11) and the ruminant (12), the ex­
cretion of a test dose of propionate was 
studied as a possible parameter for asses­
sing vitamin B12 deficiency. The effect of 
vitamin Bi2 deficiency on the metabolism 
of formate was also studied since the 
excretion of formate is increased in folic 
acid deficiency (2 ).

M ETH ODS

Groups of 8 weanling male rats (2 rats/ 
cage) were fed the experimental diets at

28 days of age. The composition of the 
basal diets is shown in table 1. A 30% 
soy protein diet and a 70% soy protein 
diet were used to produce the vitamin Bn 
deficiency. The 30% soy protein diet con­
tained 0.27% methionine which is lower 
than the methionine requirement (in the 
presence of cystine) (13) of 0.4% for 
growth in the rat. No supplementary me­
thionine was used because supplementary 
methionine is known to decrease FIGLU 
excretion (2 -4 ) and it was deemed desir­
able to keep FIGLU excretion as high as 
possible in order to accentuate differences 
produced by dietary changes. The 30% 
soy protein diet was only marginally defi­
cient with respect to amino acids as 
evidenced by the fact that growth with 
this diet, supplemented with folic acid and 
vitamin B12, was 80% of that with a 
casein gelatin diet.

The basal diet was supplemented with 
20 or 40 g/kg of calcium propionate with 
the objective of further increasing the 
need for vitamin B12. The calcium content 
of all diets was kept constant by adjust­
ment of the calcium carbonate used in the 
salt mixture to compensate for the calcium 
furnished by the calcium propionate. Since

R e c e iv e d  f o r  p u b lic a t io n  S e p te m b e r  3, 196 5 .
1 P re se n t  a d d re ss : D e p a r tm e n t  o f  N u tr it io n a l  S c i­

e n c e s , U n iv e rs ity  o f  C a li fo rn ia ,  B e rk e le y , C a li fo rn ia  
9 47 20 .

2  P re se n t  a d d re ss : D e p a r tm e n t  o f  B io c h e m is tr y  and  
N u tr it io n , V ir g in ia  P o ly te c h n ic  In s t itu te , B la ck s b u rg ,
V ir g in ia  2 4 0 6 1 .

J. N u t r it io n , 88 : ’66 2 2 5
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T A B L E  1

C om p osition  o f  basal diets

30% Soy 
protein 

diet

70% Soy 
protein 

diet
20% Casein 

diet

G lucose m on oh yd rate  1
g / k g

639
9 / h g
239

g/kg
645

Soy p rotein  2 300 700 —
C rude casein — — 200
G elatin — — 80
C alciu m  carbonate 20 20 20
Salts 3 20 20 20
V itam in  m ixture 4 10 10 10
V itam in s A, D , E, in  corn  o i l 5 10 10 10
C holine ch loride 1 1 1
Cystine — — 4
S ulfasuxid ine — — 10
M eth ion ine content (c a lc u la te d ) 2 .7 « 6.3 6.1
H istid ine con ten t (c a lc u la te d ) 7 .0 « 16.5 4.5

1 C ere lose , C o rn  P ro d u cts  C o m p a n y , A r g o , I ll in o is .
2  A D M  C - l  A ssa y  P ro te in , A rc h e r -D a n ie ls -M id la n d , M in n e a p o lis .
3  C o m p o s it io n  o f  sa lt  m ix tu r e :  ( i n  g r a m s )  C a C 0 3 , 2 2 8 ; K 2 H P 0 4, 100 ; K H 2 P O 4 , 100 ; N a C l, 170 ;

b o n e  a sh , 3 0 0 ; M g S 0 4, 5 0 ; f e r r ic  c it r a te -3 H 2 0 ,  3 5 ; M n S 0 4 -4 H 2 0 ,  10 ; C u S 0 4 -5 H 2 0 ,  1 ; z in c
a c e ta te -3 H 2 0 ,  1 ; A12 ( S 0 4 ) 3, 5 ; C o C l2, 0 .0 5 ; a n d  N iC 0 3, 0.02.

4  T h e  v ita m in  m ix tu re  fu r n is h e d  th e  f o l l o w in g  a m o u n t s /k g  o f  d ie t :  ( i n  m i l l ig r a m s )  r ib o fla v in , 10 ; 
C a  p a n to th e n a te , 5 0 ; n ia c in ,  5 0 ; p y r id o x in e ,  10 ; th ia m in e , 10 ; a n d  b io t in ,  0 .2 .

5 V ita m in s  A , D , a n d  E  w e re  s u p p lie d  in  th e  f o l l o w in g  a m o u n ts  d is s o lv e d  in  10  g  o f  c o r n  o i l / k g  
o f  d ie t :  v ita m in  A , 15 ,0 0 0  u n it s ;  v ita m in  D , 2 ,0 0 0  u n it s ;  a n d  v ita m in  E , 70 u n its .

6 A m in o  a c id  c o m p o s it io n  d a ta  s u p p lie d  b y  m a n u fa c tu r e r .

the soy protein was contaminated with 
appreciable amounts of folic acid, a casein 
diet low in folic acid was used for induc­
ing folic acid deficiency for comparative 
purposes.

Metabolic tests were carried out in me­
tabolism cages using 2 animals per group. 
The I4C-formate excretion tests were made 
by giving about 1 uc of HC-formate intra- 
peritoneally and measuring in a liquid 
scintillation counter the total radioactivity 
of the urine for the next 22-hour period 
using the solvent and phosphor mixture of 
Bray (14). The excretion of ^-propio­
nate 3 was measured by administering 5 uc 
of propionate intraperitoneally and collect­
ing the urine for the next 22 hours. The 
“3H-propionic acid” in the urine was meas­
ured by extracting 2.0 ml of urine plus 
0.2 ml of 5 n  hydrochloric acid with 5 ml 
of ether. Under these conditions 85% of 
the propionic acid goes into the ether 
layer. One milliliter of the ether solution 
was counted in a liquid scintillation 
counter.

Formic acid was measured chemically 
by the method of Grant (15) in which 
formic acid is reduced to formaldehyde by 
reduction with magnesium metal and 
the resulting formaldehyde estimated with 
chromotropic acid. Formic acid was first

recovered by distillation from the frozen 
state of 3 ml of urine which had been 
acidified to pH 1 to 2 with hydrochloric 
acid. One-half milliliter of the distillate 
was placed in a test tube in an ice bath 
and a coil of 10 cm of magnesium strip 
added. Preliminary washing of the mag­
nesium with dilute hydrochloric acid was 
necessary to remove corrosion products 
which increased the blank. One drop of 
concentrated hydrochloric acid was added 
every 2 minutes until 10 drops had been 
added, the tube being shaken after each 
drop. Two minutes after the addition of 
the last drop, the solution was transferred 
to a 15-ml centrifuge tube with a capillary 
pipette, leaving the pieces of undissolved 
magnesium behind. One-and-a-half milli­
liters of chromotropic acid solution were 
added. This was prepared fresh every 
week by dissolving 0.6 g chromotropic 
acid in 20 ml water and adding 180 ml 
concentrated sulfuric acid. The tube was 
covered with a glass marble and placed in 
a boiling water bath for 30 minutes pro­
tected from light. The reaction mixture 
was stored overnight at 4° to facilitate 
removal of the precipitate which formed 
slowly. The solution was centrifuged, and

3  T h e  a u th o rs  are  in d e b te d  to  D r. M y lo n  B u llo c k  f o r
th e  p r e p a r a t io n  o f  th e  tr it ia te d  p r o p io n a te .
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the supernatant removed and read in a 
spectrophotometer at 570 mu. In this pro­
cedure 0.2 umole of formic acid gives an 
optical density of about 0.3 in a 1-cm cell. 
Each sample was corrected for the effi­
ciency of freeze-drying distillation from 
recovery of added “C-formate.

Formiminoglutamic acid was measured 
by the enzymatic method of Tabor and 
Wyndgarden (16).

RESULTS

The addition of 20 or 40 g of calcium 
propionate markedly depressed growth 
with the 30% soy protein diets (table 2). 
However, it does not appear that the 
growth depression is due primarily to an 
increased vitamin Bi2 requirement, since 
the growth increment due to vitamin Bi2 
supplementation was the same in the ab­
sence or presence of calcium propionate 
(table 2). This is in contrast with the ob­
servation that the addition of propionic 
acid (9) or sodium propionate (10) to a 
casein diet would increase the response to 
vitamin Bi2. The growth depression pro­
duced by calcium propionate was much 
less with the 70% than with the 30% pro­
tein diet.

The excretion of FIGLU with the dif­
ferent types of diets is indicated in table 3. 
An increase in FIGLU excretion occurred 
in the absence of vitamin Bi3 with the soy 
protein diets and in the absence of folic 
acid with the casein diet. The increased 
FIGLU excretion developed rapidly with 
the 30% soy protein diet, rising to 125 
nmole in 4 days from a baseline value of

2 to 10 umole for weanling rats fed a 
commercial stock diet.

The excretion rate on the 30% soy pro­
tein diet without vitamin Bi2 continued to 
increase with time, reaching a maximum 
after 29 days. In the 30% soy protein 
diet supplemented with vitamin B,2, there 
was an appreciable excretion of FIGLU 
(about 50 umole/day) during the first 2 
weeks which was about 10 times higher 
than that with the casein diet supplemen­
ted with both vitamin Bi2 and folic acid. 
The FIGLU excretion with the 30% soy 
protein diet with vitamin Bi2 decreased 
with time to a level of 1 umole by the 56th 
day. The higher FIGLU excretions with 
the 30% soy protein diet even in the 
presence of both folic acid and vitamin 
B,2 may be due to the lower methionine 
content of this diet (0.27% ) than in the 
casein diet (0.61% ), and also to its slightly 
higher content of histidine (0.7% in the 
30% soy protein diet and 0.45% in the 
casein diet) which serves as the precursor 
of FIGLU. This initial rise in FIGLU con­
centration with the 30% soy protein with 
vitamin B22 and folic acid, followed by a 
decrease to low levels as the animals grew 
older, has been observed in other similar 
experiments. This may represent a de­
creased requirement for methionine in the 
larger animal.

By 29 days the FIGLU excretion with 
the unsupplemented 30% soy protein diet 
had reached a maximum indicating that 
the maximal degree of vitamin Bi2 defi­
ciency had been reached as measured by 
this biochemical criteria. At this time

T A B L E  2

E ffe c t  o f  ca lciu m  p rop ion a te  on  g row th  and th e su p p lem en ta ry  e f fe c t  o f  v ita m in  B i2

B a sa l d i e t 1
C a pro- 

p io n a t e /k g  
d ie t

A v g  b o d y  w t  a n d  
s u rv iv o rs  a t 56 d ays G a in  

d u e  to  
v ita m in

B,2
W ith o u t
v ita m in

B 12

W ith  
v ita m in  

B 12

9 g 9 9
3 0 %  Soy protein — 1 6 2 ( 7 ) 3 2 1 2 (8 ) 50
3 0 %  Soy protein 20 1 1 2 (8 ) 1 7 6 (8 ) 64
3 0 %  Soy protein 40 1 0 5 (8 ) 8 7 (8 ) - 1 8

70%  Soy protein — 2 2 4 (8 ) 3 2 6 (8 ) 102
70%  Soy protein 20 2 1 6 (8 ) 3 0 2 (8 ) 86
70%  Soy protein 40 1 9 4 (8 ) 3 0 2 (8 ) 108

1 B a sa l d ie t  s u p p le m e n te d  w ith  2  m g  f o l i c  a c i d /k g  d iet.
2 30  /¿g v ita m in  B i 2 / k g  d iet.
3 N u m b e r s  in  p a re n th e s e s  in d ic a te  n u m b e r  o f  s u rv iv o rs .
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there was a 20% difference in growth be­
tween the vitamin B]2-deficient animals 
and those given the supplement, whereas 
at 56 days there was a 30% difference. 
The addition of calcium propionate de­
creased FIGLU excretion rather than in­
creasing it, so there is no evidence as 
measured by FIGLU excretion that cal­
cium propionate accentuates vitamin Bi2 
deficiency.

With the 70% soy protein diet the 
growth rate was approximately 50% 
higher than with the 30% soy protein diet. 
Vitamin B,-» deficiency was, however, more 
marked as the growth response due to 
vitamin Bia was 52% with the 70% pro­
tein diet at 29 days, as compared with a 
20% response with the 30% soy protein 
diet. Despite the more acute vitamin B12 
deficiency with the 70% soy protein diet, 
the excretion of FIGLU was much lower 
than with the 30% diet. This lower excre­
tion may be a reflection of the higher 
methionine content (0.7% ) in the 70% 
soy protein diet, since the addition of 
methionine greatly reduces FIGLU excre­
tion in rats in both vitamin Bn and folic 
acid deficiencies (3 ). The 70% soy pro­
tein diet contains the same amount of 
methionine (0.70% ) as the folic acid- 
deficient casein diet.

The excretion of endogenous formate 
and the excretion of a test dose of 14C- 
formate was measured and the results are 
shown in table 4. The excretion of endoge­
nous formate approximately paralleled 
that of FIGLU, both being increased in 
folic acid deficiency with the casein diet 
and in vitamin Bi» deficiency with the 30 
and 70% soy protein diets. With the 
casein diet the excretion of 14C-formate 
was increased fourfold by folic acid defi­
ciency, whereas with the 70% soy protein 
diet it was not affected by vitamin B12, 
and with the 30% soy protein diet it was 
increased 2 times by vitamin Bi2 deficiency.

The effect of deficiencies of vitamin B)2 
and folic acid on the excretion of a test 
dose of propionate is shown in table 5. 
The excretion was measured over a 22- 
hour period following injection of the test 
dose. Excretion during the first 22-hour 
period was essentially complete since the 
excretion during the second and third days 
was about 2 and 1 %, respectively, of that
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Fig. 1 E ffect o f  v itam in  B 12 in  redu cin g  ex ­
cretion  o f  a parenteral dose o f  3H -propionate.

amount excreted on the first day. The 
results showed that the excretion of a test 
dose of propionate was increased in vita­
min B12 deficiency but not in folic acid 
deficiency. With the 30% soy protein diet 
there was no difference at 14 days between 
diets containing, and those not containing, 
vitamin Bi=. At 28 days the excretion of 
propionate in the absence of vitamin B42 
had increased threefold and at 56 days 
had increased tenfold. With the 70% soy 
protein diet the excretion of propionate in 
the absence of vitamin Bi2 had increased to 
15 times that of the supplemented group 
and by 28 days to 30 times.

When vitamin Bi2 was administered, the 
excretion of administered propionate de­
creased slowly, requiring 4 weeks to return 
to normal, as shown in figure 1. Four rats 
that had been fed the 30% soy protein 
diet, vitamin Bi2-deficient, for 62 days 
were given 5 ug vitamin Bi2 intraperitone- 
ally. Their excretion of administered pro­
pionate was 5.7% prior to the administra­
tion of vitamin Bi2, and this decreased to 
2.75% 2 days after giving vitamin Bi2, 
and to 1.8% 8 days later. The excretion 
still remained 3 times higher than normal 
after 15 days, and 24 days were required 
for complete normalization of propionate 
excretion.

DISCUSSION

Although vitamin B12 is not directly in­
volved in the metabolism of either FIGLU 
or formate, it can influence the excretion

rates of both. The excretion of formate 
roughly parallels that of FIGLU and is 
five to ten times as high. It appears that 
the excretion of formate offers little ad­
vantage over FIGLU as a diagnostic aid 
for the differentiation between vitamin Bi2 
and folic acid deficiency. Although for­
mate and FIGLU excretions parallel each 
other in the conditions studied here, their 
metabolic origins are different. The for­
mate excreted in folic acid deficiency is 
not derived from breakdown of FIGLU 
but may be derived in part from trypto­
phan, since the feeding of tryptophan 
markedly increases the excretion of for­
mate with a folic acid-deficient diet (2).

The similarity of effect of vitamin B, > 
and folic acid on the excretion of both 
formate and FIGLU suggests that the ef­
fect of vitamin Bi2 may be an indirect one 
exerted by modification of folic acid me­
tabolism. This finds support in the effect 
of vitamin Bi2 in decreasing the proportion 
of 5-methyl tetrahydrofolic acid (5-methyl 
FFL) in tissues. Herbert and Zalusky (17) 
have observed an increase in the propor­
tion of 5-methyl FH4 relative to other 
forms of folate in blood in pernicious 
anemia. The administration of vitamin 
B12 decreases the relative proportion of
5-methyl FH4 and increases the proportion 
of other forms of folate. An increase in 
the relative proportion of 5-methyl FH4 
has also been observed in livers of vitamin 
Bi2-deficient rats, and this can be de­
creased by giving either vitamin BI2 or 
methionine (18). It has been suggested 
by Herbert and Zalusky (17) that 5-methyl 
FH4 is not available for certain folic acid 
coenzyme functions such as metabolism of 
FIGLU until the methyl group has been 
removed by the transfer of the methyl 
group to homocysteine to give methionine 
by means of a vitamin B ̂ -dependent reac­
tion. The methyl group of methionine is 
readily oxidized (19) (8 to 50% in 6 
hours) in a reaction not dependent on 
folic acid. Thus the transfer of the methyl 
group of 5-methyl FH4 to homocysteine 
and subsequent oxidation to carbon di­
oxide may represent a mechanism for 
regenerating FH4 and making it available 
for metabolism of FIGLU. Such a mecha­
nism is supported by the observation that 
feeding methionine decreases the propor­



F IG L U , F O R M A T E  A N D  P R O P IO N A T E  M E T A B O L IS M 231

tion of 5-methyl FH., in the liver (18), and 
also markedly decreases FIGLU excretion 
in both folic acid and vitamin Bn defi­
ciencies (2 -4 ).

The failure of vitamin Bn to prevent the 
growth depression produced by 2 and 4% 
of calcium propionate is at variance with 
the observations of Hogue and Elliot (10) 
that 3 and 6% sodium propionate pro­
duced a growth depression with a casein- 
sucrose diet which could be partially pre­
vented by vitamin Bn. Gammon and 
Agranoff (20) have observed an increased 
mortality produced by feeding 10% tri- 
propionin with a casein-sucrose vitamin 
Bn-deficient diet. Since a soy protein diet 
was used in the experiments reported 
here, the possibility exists that the differ­
ence in response may be in part due to 
the difference in the basal diet used.

The increase in propionate excretion 
following injection of a test dose in vita­
min B12 deficiency is in accord with the 
known role of vitamin B12 in isomerization 
of methylmalonyl CoA to succinyl CoA in 
Propionibacterium shermanii (21), Ochro- 
monas malhamensis (22), rat liver (11) 
and sheep liver (12). A decreased clear­
ance rate of propionic acid from blood of 
vitamin Bi2-deficient sheep (12) has been 
observed. Methyl malonic acid has been 
observed in increased concentration in the 
urine of vitamin B 12-deficient rats (23) 
and in patients with pernicious anemia 
(24-26).
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Intestinal Absorption of Homologous Lactic 
Dehydrogenase Isoenzymes by the 
Neonatal Pig ',2

X. R. B A L C O N I3 AND J. G. LECCE
D ep a rtm en t o f  A n im al S cien ce, N orth  C arolina State U n iversity , 
R aleigh , N orth  C arolina

A BSTR AC T  E nzym atic activ ity  is generally  m ore su sceptib le  to a lteration  than 
other m easurab le ch aracteristics o f  a protein . T he present experim ents w ere de­
signed  to test w h eth er it w as possib le  to feed  enzym es to neon ata l p igs and  have the 
en zym atic  activity  survive the a lim entary  secretions and  the p assage through the in ­
testinal ep ith eliu m . A bsorption  o f  enzym es m ay have som e re levan ce  w ith  resp ect to 
postn atal m atu ration . T he w ell-ch aracterized  isoen zym es o f  la c t ic  dehydrogenase 
(L D H ) w ere the ones fo llow ed  in  this study. H om ogenates o f  adult p orc in e  liver, 
heart m u scle , and  skeletal m u scle  (e a ch  w ith  a d istin ct isoen zym e electrop h oretic  
p a ttern ) w ere fe d  to neon ata l p igs. T he criterion  fo r  absorption  w as an early and 
m arked  increase in  the b lood  serum  LD H  activity  o f  p iglets fed  tissue hom ogen ates 
p lus a sh ift o f  the isoen zym e serum  electrop h oretic  pattern tow ard  that o f  the fed  
tissue. Such ch an ges in  total activ ity  and electrop h oretic  pattern w ere observed  in 
our p iglets fed  the h om ogenates versus controls fe d  a  salt solu tion . It w as con clu d ed  
that the you n g  o f  certa in  species ca n  absorb proteins w ith  reta ined  en zym a tic  activity .

Previously it was shown that piglets are 
xorn immature or fetal-like with respect 
:o their serum protein profile (1). The 
;ow via her colostral and milk secretions 
iffects profoundly the development of a 
nature serum protein profile. Early 
changes in the piglet’s serum proteins re­
mit from the absorption through the pig- 
et’s gut of proteins that appear to be un- 
iltered with respect to the electrophoretic 
md serological character. This primitive 
nechanism for protein absorption is quali- 
atively non-selective and occurs via an 
mmature intestinal epithelium (2). The 
naturation of this epithelium also is de- 
xendent upon diet (3).

Enzymes have been observed in the co- 
ostrum of many species of animals (4). 
This, coupled with the above-mentioned 
!acts that the lacteal secretions in a special 
vay influence postnatal maturation, raises 
he question of whether colostral enzymes 
day a role in rapid neonatal development, 
t is known that some of the enzymes in- 
’olved in the metabolism of newborn pigs 
ire present in the sow’s colostrum (5 ).4 
Iowever, before assessing the postnatal in- 
Luence of colostral enzymes, first it must 
le learned whether enzymatic activity can 
urvive alimentary secretions and passage

through the cells of the neonatal intestinal 
epithelium. The answer to this question 
is the subject of this report.

As a model system to test the absorption 
of biologically active enzyme via intestines, 
lactic dehydrogenase and the neonatal pig 
were chosen. Lactic dehydrogenase (LDH) 
was chosen because it is well characterized 
and exists in 5 electrophoretic forms (iso­
enzymes) in the various tissues of the pig 
as well as in other mammalian species (6). 
The 5 isoenzymes vary in relative pro­
portions characteristic of the tissue source. 
Thus, it should be relatively easy to detect 
absorption in the piglet fed a particular 
LDH isoenzyme electrophoretic pattern by 
noting an early and marked increase in 
the piglet’s blood serum LDH activity plus 
a shift of the serum LDH isoenzyme elec­
trophoretic pattern toward the pattern of 
the fed tissue. The neonatal pig was

R e c e i v e d  f o r  p u b l i c a t i o n  O c t o b e r  1 8 ,  1 9 6 5 .
1 C o n t r i b u t i o n  f r o m  t h e  A n i m a l  S c i e n c e  D e p a r t ­

m e n t ,  N o r t h  C a r o l i n a  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n ,  
R a le i g h ,  N o r t h  C a r o l i n a .  P u b l i s h e d  w i t h  t h e  a p p r o v a l  
o f  t h e  D i r e c t o r  o f  R e s e a r c h  a s  P a p e r  n o .  2 0 7 3  o f  t h e  
J o u r n a l  S e r ie s .

2 P r e s e n t e d  i n  p a r t  a t  t h e  4 9 t h  A n n u a l  M e e t in g  o f  
t h e  F e d e r a t i o n  o f  t h e  A m e r i c a n  S o c i e t ie s  f o r  E x p e r i ­
m e n t a l  B i o l o g y ,  A t l a n t i c  C i t y ,  N e w  J e r s e y ,  1 9 6 5 .

3 R o c k e f e l l e r  F o u n d a t i o n  F e l l o w .
4 U n p u b l i s h e d  d a t a ,  I .  R .  B a l c o n i  a n d  J . G . L e c c e ,  

1 9 6 4 .
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chosen because of his known proclivity to 
absorb proteins (2).

E X P E R IM EN TA L

A total of 24 piglets was used. All 
animals were farrowed in an isolation 
unit and caught at birth in clean towels, 
transferred to another isolation unit, caged 
individually, and assigned at random to 
one of four experimental diets. Within 
4 hours of birth (zero-hour of experimen­
tal period) and at 5, 10, and 20 hours 
thereafter, 3 to 5 ml of blood were with­
drawn from the anterior vena cava of 
each animal. The serum was separated 
by centrifugation and frozen at —40° until 
analysis was performed for enzymatic ac­
tivity. The diets were fed from a pan 
according to the following schedule: 25 ml 
immediately after the first bleeding and 
40 ml at hourly intervals for the next 
10 hours. A total of approximately 425 ml 
was offered to each animal. After the 
10-hour blood sample was taken, the ani­
mals were not allowed food or water.

Preparation of diets. Diets were pre­
pared by homogenizing adult porcine tis­
sues in the ratio of one part tissue to 
4 parts (w /v ) 0.05 m  tris hydroxymethyl- 
aminomethane-HCl (tris-HCl buffer) at 2° 
and at pH 7.4. Diets of homogenates of 
porcine liver, heart, and skeletal muscle 
were made and stored at —40° until they 
were used. To minimize loss of enzymatic 
activity, diets were thawed immediately 
before feeding the piglets. Total LDH 
activity and isoenzyme electrophoretic pat­
tern were determined for the supernatant 
from each diet. The control group re­
ceived a salt solution containing 2.6 g of 
KC1; 0.6 g of KTLPOu 3.9 g of Na2HP04-7 
H.O; and 0.725 g of MgSO,-7 H20/1000  
ml of distilled water.

Determination of LDH isoenzyme elec­
trophoretic pattern. Electrophoresis to sep­
arate the LDH isoenzymes was carried out 
on 75 X 25 mm microscope slides upon 
which 2 ml of 0.85% agar5 6 in pH 8.6 
barbital buffer, 0.075 ionic strength had 
been placed. The electrophoretic technique 
and apparatus have been described pre­
viously (7). Samples from 0.005 to 0.01 
ml of the tissue supernatant solution and 
from 0.03 to 0.04 ml of blood serum were 
subjected to electrophoresis at 26° to 30°

for 48 minutes with a potential drop of 
90 volts. Temperature was maintained by 
immersing the slides during electrophore­
sis in cooled varsol. After electrophoresis, 
the slides were incubated for 60 minutes 
in the dark at 37° in the following sub­
strate solution (modified from Wieme et 
al.) (8 ): 25 mg of nitroblue tetrazolium;fi 
15 mg of phenazine methosulfate;7 60 mg 
of NAD;8 9 1 ml of KCN solution (1 mg/ml 
of water); 1 ml of 1 m sodium lactate;
1.9 g of Na2HPOj-2 H20; 25 mg of KH2PO,; 
and distilled water to a total volume of 
90 ml. This solution was prepared 30 min­
utes before immersing the slides, with 
the exception of phenazine methosulfate 
which was added immediately before plac­
ing the slides in the solution.

After the incubation period, slides were 
washed in 2% acetic acid for 4 hours and 
dried on a warming plate at 50°. The 
percentage of relative activity of the LDH 
isoenzymes separated by electrophoresis 
and visualized in the way described above 
was determined with a recording micro­
densitometer scanning at 525 mu and 
equipped with an electronic integrator.8

The units per milliliter of LDH activity 
were determined from the change in ab­
sorbancy during the conversion of NADfL 
into NAD at 340 mu at 25° for 1 minute 
at 15-second intervals or for 5 minutes at
1-minute intervals (9 ). The substrate 
solution consisted of 2.9 ml of 0.1 m  phos­
phate buffer pH 7.1; 0.03 ml of 0.02 m  

sodium pyruvate; 0.02 ml of 0.1 m  potas­
sium cyanide solution in distilled water; 
0.01 ml of tissue supernatant or 0.05 ml 
of blood serum. This mixture was allowe 1 
to equilibrate at room temperature (25°) 
for 10 minutes and then the reaction was 
initiated by the addition of 0.03 ml of 
NADH2 (10 mg/ml of glass-distilled wa­
ter). A unit of LDH is defined as that 
amount of enzyme per milliliter required 
to effect a decrease of 0.01 in absorbancy 
per minute under the assay conditions 
stated above.

Data were expressed as absolute LDH 
activity in units per milliliter and as rela-

5 C o n s o l i d a t e d  L a b o r a t o r i e s ,  I n c . ,  C h i c a g o  H e ig h t s ,  
I l l i n o i s .

6 N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n ,  C l e v e l a n d .
7 S e e  f o o t n o t e  6.
8 S e e  f o o t n o t e  6 .
9 P h o t o v o l t  C o r p o r a t i o n ,  N e w  Y o r k .
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tive LDH activity in per cent of each 
isoenzyme.

RESULTS

Porcine LDH electrophoretic pattern. 
Figure 1 shows the isoenzyme pattern of 
adult skeletal muscle, heart and liver. 
Skeletal muscle is rich in the slow-moving 
LDH5; heart is rich in the fast-moving 
LDHi, whereas liver with LDHi, LDH2 and 
LDH3 contains hybrids 10 of both. Homog­
enates are easily distinguished from each 
other by their LDH isoenzyme pattern.

Control group. In this trial, the LDH 
isoenzymes in blood serum of neonatal 
pigs fed a salt solution from zero to 10 
hours showed a slight decrease in the 
absolute activity of LDHi (decreased from
60.0 to 49.1% ) and minor changes in the 
remaining LDH fractions (fig. 2). The 
LDH activity in the serum in units per 
milliliter remained rather constant varying

between 38 and 45. The stability of the 
serum LDH isoenzyme pattern during this 
20-hour period expressed as absolute ac­
tivity (relative per cent of each band X  
units per ml) is shown in figure 2.

Group fed liver homogenate. In the 
second trial, 6 piglets were fed a homoge­
nate of liver with 700 LDH units/ml of 
the supernatant and an LDH isoenzyme 
pattern of mainly LDH1; LDH2 and LDH3 
(fig. 3A). Ten hours after the first feed­
ing, all animals in this group showed an 
increase in LDH activity from an average 
of 41 to 147 LDH units/ml of serum. At 
20 hours (10 hours after the last feeding 
of the homogenate), the average LDH 
units per milliliter of serum was 123 as 
compared with an average of 38 LDH

10 A p p e l l a ,  E . ,  a n d  C . L . M a r k e r t  1 9 6 2  P h y s i c o ­
c h e m i c a l  p r o p e r t ie s  o f  p u r i f i e d  i s o z y m e s  o f  l a c t a t e  
d e h y d r o g e n a s e  f r o m  d i f f e r e n t  s o u r c e s .  F e d e r a t i o n  
P r o c . ,  2 1 :  2 5 3  ( a b s t r a c t ) .

ISOENZYMES

Fig. 1 L a ctic  dehydrogenase electrop h oretic  isoen zym e pattern o f  hom ogenates o f  adult 
p igs ’ skeletal m u scle , heart and liver.

P IG LET 'S  SERUM ISOENZYM ES

Fig. 2 A verage ch an ges in  serum  la ctic  dehydrogenase electrop h oretic  isoen zym e pattern 
in  6 con tro l p iglets fed  425 m l o f  a salt solu tion  from  zero to 10 hours. P iglets w ere bled  
at zero, 5, 10 and 20 hours.
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PIGLET'S SERUM ISOENZYMES

Fig. 3 A verage ch an ges in  serum  la ctic  dehydrogenase electrop h oretic  isoen zym e pattern 
in  6 p iglets fed  425 m l o f  hom ogen a te  o f  liver con ta in in g  700 L D H  u n its /m l o f  supernatant. 
P iglets w ere fed  fro m  zero to 10 hou rs an d  b led  at zero , 5, 10 and  20 hours.

o

PIGLET'S SERUM ISOENZYMES

Fig. 4 A verage chan ges in  serum  la ctic  dehydrogenase electrop h oretic  isoen zym e pattern 
in  6 p iglets fed  425 m l o f  a h om ogen ate  o f  heart con ta in in g  7,375 LD H  u n its /m l super­
natant. P iglets w ere fe d  from  zero to 10 hou rs and b led  at zero, 5, 10 an d  20 hours.

units/ml of serum in the controls of the 
same age.

Accompanying the increase in serum 
LDH activity was an increase in only 
those isoenzymes predominating in the 
diet (LDH,, LDH2 and LDH3). This infor­
mation is plotted as changes in absolute 
activity (relative per cent of each fraction 
X units per ml in serum) in figure 3.

Group fed heart muscle homogenate. 
Six piglets were fed a homogenate of heart 
containing 7,375 LDH units/ml and an 
LDH isoenzyme pattern in which LDH, 
was the major fraction followed by small 
amounts of LDH2 and LDH3 (fig. 4A). 
Five hours after the first feeding of ho­

mogenate, again the piglets’ serum showed 
only slight changes in LDH activity. How­
ever, at 10 hours the average total LDH 
activity for this group increased to 164 
units/ml of serum as compared with 42 
units/ml of serum in the controls of the 
same age. Accompanying the increase in 
total LDH activity was an increase in the 
relative activity of the 3 isoenzymes pres­
ent in the homogenate, LDH,, LDH2 and 
LDHs. At 20 hours the average total LDH 
activity was 207 units/ml of serum (38 
units per ml in the serum of the controls) 
with a marked increase in LDH, (fig. 4).

Group fed skeletal muscle homogenate. 
In the fourth trial, a homogenate of skele-
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Fig. 5  A verage ch an ges in  serum  la ctic  dehydrogenase e lectrophoretic isoen zym e pattern 
in  6 p iglets fed  425 m l o f  hom ogen a te  o f  skeletal m u scle  con ta in in g  23 ,400 L D H  u n its /m l 
o f  supernatant. P iglets w ere fe d  fro m  zero to 10 hours and b led  at zero , 5, 10 and 20 hours.

tal muscle containing 23,400 LDH units/ 
ml of supernatant and rich in LDH5 was 
fed to 6 piglets (fig. 5A). Five hours after 
first feeding the homogenate, the average 
total LDH activity for this group increased 
to 134 units/ml of serum. Simultaneously, 
LDH5 appeared in the serum of the piglets. 
At 10 hours the total LDH activity for this 
group increased to 312 units/ml of serum 
accompanied by a marked increase in the 
relative activity of LDHs.

At 20 hours, the activity in the sera of 
all pigs returned to near-normal levels for 
this age. The average total LDH activity 
for the group was 62 units/ml and the 
LDH isoenzyme pattern resembled the 
controls of the same age (fig. 5).

DISCUSSION

Neonates of some animal species (pigs 
included) can absorb macromolecules for 
a short period of time after birth (2, 10). 
These macromolecules are presented to the 
neonate via the dam’s first mammary se­
cretions, called colostrum. Macromolecules 
of varied biological activity are observed 
in colostrum. One such is y-globulin with 
antibody activity. Another is hormone 
with regulatory activity; and still another 
is enzyme with catalytic activity. It is 
known that y-globulin survives the gastro­
intestinal environment of some neonates 
and is absorbed fully active (10). Insulin 
was shown to do likewise (11—13). Aside 
from a report by McCance et al. (14), 
who noted an increase in cholinesterase in

puppies eating bitch’s colostrum rich in 
cholinesterase, and a contrary report by 
Halliday and Mihailovic (15) using suck­
ling rats, little information is available 
concerning the resistance of enzymatic ac­
tivity to the intestinal milieu. Results 
recorded herein show that serum from 
neonatal piglets fed a diet rich in lactic 
dehydrogenase had (a) a marked increase 
in lactic dehydrogenase, and (b) a shift in 
the serum lactic dehydrogenase isoenzyme 
pattern toward the pattern found in the 
diet. This was true whether the diet source 
was heart muscle (high in LDHi), skeletal 
muscle (high in LDH5), or liver (high in 
LDHi, LDH2 and LDH3). These data are 
interpreted as evidence that enzymatic ac­
tivity can survive neonatal alimentary 
secretions and passage through the intes­
tinal epithelium.

The changes in the neonate’s serum 
isoenzyme pattern toward that of the fed 
tissue, whether it was high in LDHi or 
LDHs or combinations thereof, suggests 
that all 5 isoenzymes are absorbed by the 
neonatal pig. Whether all LDH isoenzymes 
are absorbed to the same degree must be 
determined quantitatively in future experi­
ments. A comparison of the 20-hour serum 
isoenzyme pattern of piglets fed a homog­
enate rich in LDHi to that of piglets fed a 
homogenate rich in LDIL shows a rapid 
decline in LDH», while LDHi remains 
elevated. This could result from an inac­
tivation of LDH5 in the blood or from a 
selective absorption of LDH-, by organs
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such as spleen and liver. Future experi­
ments will dwell on this point.

Whether macromolecules in the form of 
absorbed enzymes have a role in the 
health, vigor and development of the neo­
nate remains conjecture at the moment. 
But it is not difficult to imagine situations 
where absorbed enzymes would have sur­
vival value — for example, absorption of 
large amounts of lactic dehydrogenase 
would be an advantage in the event of 
lactic acidosis (16), or absorption of cho­
linesterase in an exposure to insecticide.
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Plasma Amino Acid Levels of Men Fed Diets Differing 
in Protein Content. Some Observations 
with Valine-deficient Diets * 1
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M ed icin e, U n iversity  o f  C a liforn ia  and th e  V etera n s A dm inistration  
C en ter , L os A n g eles , C a liforn ia

ABSTR AC T  T he tim e course o f  a lterations in  p lasm a am ino acid  patterns d evelop ­
in g  during the in gestion  o f  a low  protein  d iet w as investigated  and attem pts w ere 
m ade to correlate the chan ges w ith  tissue n itrogen  loss. P ost-absorption  p lasm a am ino 
acid  levels w ere m easured  at intervals d uring  a 5-w eek p eriod  in  6 m en  aged 55 years 
or o lder w h o w ere rece iv in g  a diet con ta in in g  3.5 g o f  n itrog en /d a y . T he essentia l 
am ino acid  values decreased  throughou t the p eriod  w ith  va lin e  sh ow in g  a s ign ificant 
redu ction  after 1 w eek  as com p ared  w ith  values obta in ed  w h en  the su b jects w ere 
given  a diet o f  14 g o f  n itrog en /d a y . T h e  total n on essen tia l am in o acid  levels in  
p lasm a increased  after 1 w eek  o f  adm in isterin g  the low  protein  diet and  show ed no 
fu rth er chan ge. T he increase w as due to h igh er values fo r  g lutam ine-asparagin e, 
g lycin e  and a lan ine. D u rin g the 5-w eek period , the ratio o f  essentia l to non essen tia l 
am in o acids decreased  fro m  a m ean  o f  0.43 to 0 .28 and  this decrease w as associated  
w ith  a bod y  n itrogen  loss o f  fro m  30  to  75 g. R ed u cin g  the daily  ca lor ic  con ten t o f  
the low  protein  diet from  2500 kca l to 900 k ca l did not appear to alter the p lasm a 
am ino acid  response. W h en  a va line-deficien t d iet w as given  to su bjects, the p lasm a 
va lin e  levels during p ost-absorption  w ere greatly decreased  w ith in  5 days.

The advent of ion exchange chromatog­
raphy methods for the separation and de­
termination of amino acids has made pos­
sible a more systematic investigation of the 
effects of the dietary protein content on 
plasma amino acid levels. The goal can 
now be established of ascertaining whether 
plasma amino acid patterns can be used in 
the evaluation of protein nutritional status. 
Preliminary investigations (1, 2) with 
adult men who ingested diets low in pro­
tein but adequate in calories and other 
nutrients have shown that the total amount 
of the essential amino acids in plasma is 
decreased, whereas the total for the nones­
sential amino acids is increased. Altera­
tions of plasma amino acid patterns in 
children with kwashiorkor have also been 
reported (3 -5 ). Synderman and associ­
ates (3 ) have shown that the ratio of 
tyrosine to phenylalanine is decreased and 
suggest the use of this ratio in the diag­
nosis of protein deficiency. Whitehead (5) 
observed reductions in some of the essen­
tial amino acids and increases in the non- 
essential amino acids of plasma in cases 
of subclinical kwashiorkor.

The present report describes the results 
of measuring the plasma amino acid levels 
during post-absorption in men receiving 
low protein diets. The plasma amino acids 
were determined at intervals during a 
period of 5 weeks or longer when the sub­
jects received a diet containing 3.5 g of 
nitrogen/day and maintained a negative 
N balance throughout the period. These 
results are compared with determinations 
made on the same individuals when they 
were ingesting diets containing 14 g of 
N/day. Studies were also conducted with 
diets supplying 7 g of N daily and with low 
calorie diets. One subject was maintained 
for 8 days with a protein-free diet adequate 
in calories. In addition, the results ob­
tained with feeding a semi-purified diet 
containing purified amino acid mixtures 
devoid of valine are given.

E X P E R IM E N T A L  PRO CED U RE

Subjects. Twelve men ranging in age 
from 57 to 69 years and in weight from

R e c e i v e d  f o r  p u b l i c a t i o n  A u g u s t  3 ,  1 9 6 5 .
1 S u p p o r t e d  b y  P u b l i c  H e a l t h  S e r v i c e  R e s e a r c h  G r a n t  

n o .  A M -0 1 3 4 7  f r o m  t h e  N a t i o n a l  I n s t i t u t e  o f  A r t h r i t i s  
a n d  M e t a b o l i c  D is e a s e s .

2 D e c e a s e d .

J. N u t r it io n , 88: ’ 66 2 3 9
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63.5 to 77 kg participated in various parts 
of this study. They were judged to be in 
good health on the basis of a thorough 
medical examination. During their asso­
ciation with the study, they resided in a 
metabolic ward under close clinical and 
nursing supervision. The subjects ate all 
their meals in the ward, but were ambula­
tory during the day and engaged in hob­
bies and other recreation.

Laboratory methods. The dietary and 
N balance techniques were the same as in 
previous studies (6, 7). Blood for amino 
acid analyses was withdrawn from the 
antecubital vein of subjects who had been 
without food for 12 to 14 hours. The blood 
was processed according to the procedures 
of Tallan et al. (8 ) and the amino acids 
were measured in picric acid extracts of 
plasma by ion exchange chromatography 
using a Spinco-Beckman analyzer. Statis­
tical summaries of the results obtained 
were carried out with a computer.3

Diets. Except for 2 subjects who re­
ceived diets containing purified amino acid 
mixtures varying in valine content, all 
subjects were fed diets of ordinary food 
containing either 3.5, 7, or 14 g of N./day. 
The composition of these diets and their 
effects on N balance have been dealt with 
in previous communications (6, 7). The 
diets with 7 g of N and 14 g of N con­
tained protein from meat and dairy prod­
ucts, and the subjects were able to main­
tain N balance when ingesting these diets. 
The diet with 3.5 g of N contained protein 
as vegetables and cereals, except for 50 g 
of whole milk. It has been found that sub­
jects of this age group do not maintain N 
balance with this diet, although they 
achieve N equilibrium with an intake of
3.5 g of N when the chief source of N is 
egg protein (1 ).

The amino acid content of the diets con­
taining 3.5 and 14 g of N were determined 
in acid hydrolysates ( an aliquot of homog­
enized diet was hydrolyzed in an evacu­
ated tube in 6 n  HC1 for 22 hours at 110°) 
by ion exchange chromatography. The 
diet with 3.5 g of N had the following es­
sential amino acid content: (g/day) threo­
nine, 0.7; valine, 1.0; methionine, 0.23; 
isoleucine, 0.8; leucine, 1.5; tyrosine, 0.22; 
phenylalanine, 0.9; and lysine, 0.7, for a 
total of 6.1 g. Tryptophan and cystine

were not determined but the amount of 
cystine as calculated from tables (8 ) was 
0.22 g. In the diet with 14 g of N, the 
essential amino acid content was as fol­
lows (g/day) threonine, 3.9; valine, 3.6; 
methionine, 1.0; isoleucine, 2.6; leucine, 
5.6; tyrosine, 0.6; phenylalanine, 2.4; and 
lysine, 5.4, for a total of 25.1 g. The 
amount of cystine was calculated to be
1.2 g. The total amounts of the nonessen­
tial amino acids in the low protein and 
high protein diets were 12.8 and 41.3 g / 
day, respectively. Aspartic acid plus glu­
tamic acid constituted approximately 50% 
of the total amounts of nonessential amino 
acids for both diets.

For preparing the valine-deficient diet, 
the purified amino acid mixtures (7 ) that 
were used were patterned after the amino 
acid proportions of egg protein. The es­
sential amino acids were added in amounts 
equivalent to the quantities present in 150 
g of egg. Other dietary sources consisting 
of low protein fruits and vegetables con­
tributed approximately 0.4 g of N and the 
nonessential amino acids were added in 
amounts to bring the total N of the diet to 
7 g/day.

Except for a few instances where 900 
kcal/day were fed. the calories were ad­
justed for each individual to maintain the 
body weight. With the subjects on this 
study, the caloric intake varied from 2100 
to 2500 kcal/day. When 2 subjects were 
fed the amino acid mixtures, their caloric 
intakes were increased by approximately 
10%.

RESULTS

In table 1 are recorded the mean values 
for the acidic and neutral amino acids in 
blood plasma obtained during post-absorp­
tion from 6 subjects who received food 
varying in N content during alternate die­
tary periods. The general procedure was 
to administer the low protein diet of 3.5 g 
of N first and then to substitute the diet 
containing 14 g of N for a subsequent 
period. All subjects had been receiving 
regular hospital diets calculated to contain 
from 13 to 18 g of N/day with an average 
value of 15 g for at least 2 weeks prior to 
the study. Because of the difficulties in-

3 A c k n o w l e d g m e n t  i s  g i v e n  t o  t h e  U C L A  H e a l t h  
S c i e n c e  C o m p u t e r  F a c i l i t y  f o r  u s e  o f  t h e  c o m p u t e r .
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volved in feeding these subjects controlled 
diets for prolonged periods of time, only 
four of the six subjects were given the diet 
with 14 g of N for 4 to 7 days before ad­
ministration of the low protein diet. The 
plasma amino acid values for these sub­
jects are shown in the table in column a. 
Except for methionine, the values were not 
significantly different at the 1 % level from 
the values obtained when the subjects re­
ceived 14 g of N/day (column e) for one 
week following the period with the low 
protein diet. It appears that in this group 
of subjects, methionine levels did not re­
spond as rapidly as the other essential 
amino acids in plasma to an increase in 
dietary protein. Five of the subjects were 
given the diet with 14 g of N for a period 
of time longer than one week. However, 
the values for the succeeding time periods 
were very similar to those of column e and 
hence are not recorded in the table. After 
2 weeks of the 14-g N intake, the average 
value for the total essential amino acids in 
plasma was 64.9 nmole/100 ml and for 
the total nonessential amino acids, 145.7 
nmole with an E/N ratio of 0.45.

Plasma amino acid values are also given 
for 6 subjects who received a diet contain­
ing 7 g of N/day (table 1, column f). 
This diet was not administered in sequence 
with the other 2 diets, but was part of an­
other metabolic study. However, 3 sub­
jects participated subsequently in the in­
vestigation with the 3.5- and 14-g levels of 
N intake. None of the mean plasma amino 
acid values obtained when subjects were 
receiving the diet with 7 g of N were sig­
nificantly different from the values found 
with the 14-g N intake (column e).

As the subjects continued to ingest the 
diet containing 3.5 g of N, the mean es­
sential amino acid levels in plasma con­
sistently decreased and for the most part, 
the values for each subject also showed 
continued reductions throughout the 5 
week period (table 1, columns b, c and d). 
However, only the valine value showed a 
significant decrease during this time period 
from values obtained when the subject re­
ceived a diet of 14 g of N.

A dichotomy developed in the response 
of the nonessential amino acids in plasma 
when the low protein diet was adminis­
tered. Some were either reduced or re­

mained at approximately the same level, 
but others were increased. The a-NH2-n- 
butyric acid, a metabolite of threonine and 
methionine, showed a significant reduc­
tion from the value obtained when the 
subjects ingested the diet containing 14 g 
of N. Serine, proline, citrulline and glu­
tamic acid remained relatively constant. 
But alanine, glutamine plus asparagine, 
and glycine were significantly higher than 
levels observed when the subjects received 
the high protein diet. Since in terms of 
quantity these amino acids represent a 
major component of the nonessential 
amino acids, the total value for these 
amino acids was significantly increased 
(column b vs. column e). The increase 
occurred after one week of low protein in­
take and showed no further change. This 
is in contrast with the results with the 
total essential amino acids as these values 
continued to decrease throughout the 
period the low protein diet was being fed.

As a consequence of these changes in 
plasma amino acid levels, the ratio of the 
essential to the nonessential acidic and 
neutral amino acids (E /N  ratio) was lower 
in subjects when they were ingesting the 
low protein diet (0.33 at 1 week) than 
when they were receiving the diet with 
14 g of N (0.44). The mean E/N ratio 
continued to decrease throughout the low 
protein dietary period as a result of the 
continued reduction in essential amino 
acid values.

The basic amino acids in plasma were 
not determined for all subjects for all time 
periods and hence they are not included in 
the table. The mean lysine values obtained 
for 4 subjects receiving the low protein 
diet for 5 weeks was 16.4 ± 2.8 nmole/ 
100 ml and for the same subjects receiving 
the diet with 14 g of N for one week, the 
mean value was 17.1 ± 1 .8  nmole. The 
corresponding values for the nonessential 
amino acids were as follows (in nmole/ 
100 ml with the value for the low protein 
diet being listed first): ornithine, 7.5 ±
1.5 vs. 7.1 ± 2.0; histidine, 6.2 ±  0.2 vs.
7.1 ±  0.5; arginine, 8.2 ±  0.4 vs. 6.5 ±
1.4. None of these values was significantly 
different. The E/N  ratios shown in table 
1 represent only the acidic and neutral 
amino acids, but E/N ratios calculated to 
include the basic amino acids are almost
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identical, averaging only 0.05 higher with 
both the high and low protein diets and 
therefore these ratios can be used inter­
changeably, at least under conditions of 
this study.

As was expected, the plasma urea val­
ues reflected the protein content of the 
diet. The mean values for subjects ingest­
ing the diet with 14 g of N was 300 ± 3 1  
nmole/100 ml and after 5 weeks of the 
low protein diet, 127 ±  55 nmole.

For two of the six subjects, the diet con­
taining 3.5 g of N was administered for a 
second time after an interval during which 
the diet with 14 g of N was fed. In both sub­
jects, re-feeding the low protein diet again 
resulted in a low plasma E/N ratio with a 
decrease in the essential amino acids and 
an increase in the nonessential amino acids 
( these results are not tabulated).

In table 2 are shown the mean plasma 
amino acid values for 2 subjects who re­
ceived the low and high protein diets for 
extended periods of time. The values rep­
resent repeated determinations made at 5- 
day intervals after 5 weeks of ingesting the 
low protein diet and after 4 weeks of in­
gesting the diet containing 14 g of N. 
These results provide additional evidence 
that low and high protein intakes are as­
sociated with different and characteristic 
plasma amino acid patterns which are re­
flected in the E /N  ratio. The standard de­
viations recorded in table 2 are of the same 
order of magnitude as those of table 1, an 
indication that intra-subject variation in 
levels of individual amino acids is com­
parable to inter-subject variation even 
after prolonged periods of controlled die­
tary intake.

TABLE 2
P l a s m a  a m i n o  a c i d  v a l u e s  o b t a i n e d  f r o m  2  s u b j e c t s  a f t e r  t h e y  h a d  r e c e i v e d  t h e  d i e t  w i t h  3 .5  g  o f  N  f o r  

a t  l e a s t  4 0  d a y s  a n d  t h e  d i e t  w i t h  1 4  g  o f  N  f o r  a t  l e a s t  3 0  d a y s  1

Subject 1 Subject 4
Amino acid Diet with Diet with Diet with Diet with

3.5 g o f N 14 g o f N 3.5 g o f N 14 g of N
nmole/100 ml limóle/100 vil limóle/100 ml limole/100 ml

E ssential 1 2
T hreon in e 7.2 ±  1 .0** 11.6 ± 0 .7 6.7 ± 0 .4 * u t ± 0 .9
V aline 11.9 ±  1 .4** 19.1 ± 1 .3 12.5 ± 1 .7 19.0 ± 0 .7
Vz Cystine 8.4 ±  1.1 8.9 ± 1 .7 9.0 ± 1 .2 10.5 ± 0 .9
M eth ionine 2.2 ±  0.2 2.3 ± 0 .2 1.9 ± 0 .0 5 2.0 ± 0 .1
Isoleucin e 4 .6  ±  0.7 5.5 ± 0 .3 5.4 ± 0 .4 3 5.6 ± 0 .1
L eucine 7.9 ±  1.1* 10.2 ± 0 .3 7.2 ± 0 .0 5 * 9.7 ± 0 .4
T yrosine 4 .2  ±  0.4* 5.4 ± 0 .3 3.3 ± 0 .0 4 4.2 ± 0 .5
P hen yla lan in e 3.6 ±  0.6 4 .5  ± 0 .6 3.1 ± 0 .1 4 * 4.6 ± 0 .2

T ota l 50.2 ±  6.3* 67 .6 ± 3 .5 49 .2  ± 0 .3 * 66.7 ± 2 .5

N onessentia l
Serine 9.6 ±  1.3 11.1 ± 0 .9 8.0 ± 1 .4 9.6 ± 1 .4
G lutam ine +

asparagine 97 .2 ±  5 .0** 73.3 ± 8 .4 71.2 ± 1 .5 * 53.9 ± 2 .3
Proline 14.7 ±  1.0 15.4 ± 0 .5 18.0 ± 4 .2 17.1 ± 0 .6
G lutam ic acid 7.3 ±  3.6 4.3 ± 1 .2 7.1 ± 2 .4 7.6 ±  1.7
C itru lline 3.5 ±  0.5 4 .0  ± 0 .4 4.0 ± 0 .0 1 4.3 ± 0 .4
G lycine 28.8 ±  3.1 23 .8 ± 1 .0 22 .2 ± 1 .1 20.6 ± 2 .3
A lan in e 45 .7  ±  4 .3 ** 25 .7  ± 3 .9 45 .6  ± 3 .4 32.5 ± 3 .9
a-NHo-N-butyric acid 0.7 ±  0.06* 2.6 ± 0 .8 0.6 ± 0 .2 1.9 ± 0 .3

T otal 207.6  ± 1 5 .4 * * 160.1 ± 9 .4 176.7 ± 3 .8 147.6 ± 8 .4

E /N  ratio 3 0 .2 4 ±  0 .013** 0 .4 2  ±  0 .009 0.28 ± 0 .0 0 8 * * 0.45 ± 0 .0 2 5

N o. o f  determ in ations 4 5 2 3

Inclu s ive  days o f
diet adm in istra tion  40—60 30—55 40—50 3 0 -4 5

1 M e a n  o f  a c i d i c  a n d  n e u t r a l  a m i n o  a c i d s  ±  s d .

2 I n c lu d e s  c y s t i n e  a n d  t y r o s in e .
3 F o r  a c i d i c  a n d  n e u t r a l  a m i n o  a c id s .
*» * *  S i g n i f i c a n t  d i f f e r e n c e  f r o m  v a l u e s  f o r  t h e  1 4  g  N  in t a k e  a t  1 .0 %  a n d  0 .1 %  l e v e ls ,  r e s p e c t iv e l y ,  b y  t  t e s t .
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Nitrogen balance determinations were 
carried out with the subjects and in table 
3 are shown some comparisons between N 
loss or gain during the administration of 
a given diet and plasma amino acid param­
eters. All subjects continued to lose N 
throughout the low protein diet period but 
the variation in amount for the different 
subjects was considerable. When the low 
protein diet had been administered for 30 
days, the range in N loss was from 25 to 
75 g. The rate of N loss was much greater 
during the first 10 to 15 days and likewise 
the E/N ratio decreased more rapidly than 
later in the period. With the exception of 
subject 4, from 21 to 35 days elapsed be­
fore the E /N  ratio fell below 0.30 and dur­
ing this time, from 29 to 57 g of N was 
lost. This change in the E /N  ratio re­
flected for every subject a decrease in total 
essential and an increase in total nones­
sential amino acid values. However, there 
was considerable variation in the plasma 
levels of the individual amino acids among 
the subjects both at the beginning and at 
the end of the low protein dietary period.

Since the plasma valine value was re­
duced to such an extent by the low protein 
diet, a valine supplement of 250 mg/day 
was given to one subject after he had re­
ceived the diet containing 3.5 g of N for 
45 days (subject 6, table 3). Eight days 
later, the plasma valine value was elevated 
to approximately the level observed prior 
to the administration of the low protein 
diet, but the other plasma amino acid val­
ues and the E /N  ratio had not changed 
appreciably and the N loss continued at 
about the same rate (0.6 g/day) as in the 
previous period.

Since the synthesis of nonessential 
amino acids by body tissues is dependent 
upon the presence of adequate amounts of 
the necessary carbon chains, it appeared 
possible that with a calorie-restricted low 
protein diet, the increase in nonessential 
amino acids would not take place. In addi­
tion to being given the low protein diet with 
adequate calories, two subjects, 5 and 4, 
(table 3) were fed low protein diets con­
taining only 900 kcal/day. After they had 
ingested this diet for 15 days, their E/N  
ratio decreased to approximately the same 
ratio previously obtained for the same time 
period for the adequate calorie-low pro­

tein diet and again the nonessential amino 
acids were increased. However, as would 
be expected, much more nitrogen was lost 
from the body than during the previous 
trial.

As has been reported (1),  alimentation 
with a high protein diet caused immediate 
changes in the plasma amino acid levels. 
When subject 1 received the diet contain­
ing 14 g of N for 3 days after a low pro­
tein diet period, many of the plasma amino 
acid values were approaching their pre­
treatment levels and the E/N ratio had 
increased to 0.39, although not all of the 
body nitrogen had been restored. When 
subject 3 received the 14-g N intake for 
6 days following a low protein diet his 
plasma E/N ratio increased to 0.44 and 
the nitrogen lost had been regained.

One subject (subject 10, table 3) re­
ceived a diet of adequate calories, but con­
taining only 0.5 g of N. This very low pro­
tein diet was extremely difficult to tolerate 
for subjects of this age group and no fur­
ther successful trials were conducted. 
After the diet had been fed for 8 days, the 
E/N  ratio was low and the valine and 
threonine values appeared to be reduced, 
whereas a high value was recorded for 
alanine. It appears that the removal of all 
protein from the diet causes essentially the 
same changes in the plasma amino acid 
pattern as the diet with 3.5 g of N.

Since, of all the essential amino acids in 
plasma, valine appeared to be reduced to 
the greatest extent during trials with the 
low protein diet, the effect of feeding a 
diet known to be deficient in valine was 
studied. Two subjects were fed a mixture 
of purified amino acids containing the es­
sential amino acids proportioned as in egg 
protein for one 5-day period and for a sub­
sequent period, a similar diet was fed with 
valine omitted from the mixture. The re­
sults are shown in table 4. For both sub­
jects, the valine value in plasma decreased 
when valine was removed from the diet. 
When a plasma sample was taken from 
subject 4 after one day of eating the valine- 
deficient diet, the valine was already re­
duced to its lowest level. In both subjects, 
the plasma threonine values increased with 
the valine-deficient diets, an effect not 
noted with the low protein diets adminis­
tered previously. With the valine-deficient
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T A B L E  4

Plasm a am ino acids va lu es o f  su b jec ts  rece iv in g  diets w h ich  con ta in ed  purified  a m ino acids
m ix tu res  w ith  and w ith ou t va line

Amino acid

Subject 11 Subject 12

Complete 
PAA m ix 1

PAA m ix 1 
without 
valine

Complete 
PAA m ix 1

Fed 
5 days

PAA m ix 1 without valine

Fed Fed Fed 
1 day 2 days 5 daysFed 

5 days
Fed 

5 days
limole/100 ml /imole/100 ml limole/100 ml fimole/100 ml fimole/100 ml

E ssential 2
T hreon in e 23.9 41.6 14.2 12.0 17.3 19.8
V aline 22.9 12.9 23.6 9.0 11.0 9.1
Vz Cystine 12.0 9.8 8.6 8.8 10.1 7.8
M eth ionine 2.9 3.0 1.9 2.1 2.4 2.4
Isoleucin e 7.2 5.7 6.5 4.5 5.4 4.9
L eu cin e 12.4 11.7 11.8 7.9 9.0 8.3
T yrosine 6.8 6.6 4.7 3.7 4.2 4.6
P hen yla lan in e 4.8 5.0 4.1 3.7 4.5 3.9
Lysine 17.4 18.9

T ota l 110.3 115.1 75.4 51.7 63.9 60.9

N onessentia l
Serine 15.6 20.5 14.3 11.3 13.0 16.8
G lutam ine +

asparagine 61.5 73.0 59.3 63.2 74.7 67.3
Proline 15.0 17.2 19.1 14.9 17.0 15.3
G lutam ic acid 9.2 3.5 6.5 5.1 8.4 4 .2
C itru lline 2.4 3.0 3.7 4.0 2.7 3.6
a-N H 2-?2-butyric acid  0.9 1.1 1.4 1.3 1.2 1.0
G lycine 36.4 40.3 28.8 32.6 43.2 41 .7
A lan in e 43.3 47.0 47 .7 38.9 44.6 37.8
O rnithine 7.2 6.6
H istid ine 8.5 8.9
A rgin ine 4.5 4.2

T otal 204.5 225.5 180.8 171.3 204.8 187.7

E /N  ratio 3 0.54 0.51 0.42 0.30 0.31 0.32

N itrogen  ba lan ce ,
g /d a y +  0.1 - 4 . 9 - 0 . 2 - 5 . 8

1 A mixture o f purified amino acids proportioned as in egg protein.
2 Includes cystine and tyrosine.
3 Molar ratio o f essential to nonessential amino acids.

diet the E/N ratio was somewhat lower in 
only one subject and the nonessential 
amino acid levels did not appear to be 
greatly changed.

DISCUSSION

These results have indicated that for 
men in the age group of 55 years and 
older, the reduction of the daily protein in­
take from 14 g of N to 7 g of N did not 
produce significant alterations in the 
plasma amino acid pattern, at least under 
conditions where N balance is maintained. 
A further reduction of the daily protein 
intake to 3.5 g of N was associated with a 
negative N balance and led to marked

changes in the plasma amino acid pattern. 
It has also been observed that when col­
lege-age students 4 received the same diet 
with 3.5 g of N for one week, there were 
similar alterations in plasma amino acid 
values.

Since the ingestion of the low protein 
diet caused nitrogen loss, the question 
arises as to the precise amino acid defi­
ciencies imposed by the diet. It has already 
been shown that men in this age group (1) 
maintain nitrogen balance when 3.5 g of 
N/'day is provided primarily as egg protein, 
and hence it appears that deficiencies in

4 Unpublished results.
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the low protein diet fed in this study 
should be related to the essential amino 
acid content. A comparison of the amino 
acid composition of this diet with that of 
egg protein (9 ) shows that almost all of 
the essential amino acids in the diet are 
slightly lower in amount, with the greatest 
deficiencies being shown for the sulfur- 
containing amino acids and isoleucine. 
These amino acids, however, are not those 
found to be reduced to the greatest extent 
in the plasma. By contrast, valine, the 
amino acid which is decreased the most in 
plasma is not particularly deficient in the 
diet as judged by comparison with egg pro­
tein. In a single subject (subject 6, table
3) to whom a valine supplement was 
given, although the plasma valine level was 
increased, the other amino acid parameters 
and the N balance were not altered as 
might have been expected if valine were the 
only limiting dietary amino acid. Subject 
10 (table 3) who was given a diet which 
was practically protein-free also showed 
a more pronounced decrease in valine than 
in the other essential amino acids. Arroy- 
ave and co-workers (4),  measuring plasma 
amino acids in subjects with kwashiorkor, 
noted a decrease in valine levels. It ap­
pears that when diets low in both quantity 
and quality of protein are fed over a period 
of time, reductions occur in the essential 
amino acids of plasma which may not be 
directly related to the most limiting amino 
acid in the diet. It appears possible that 
factors regulating the metabolic disposal 
of the various amino acids might exert a 
predominant influence on plasma amino 
acids under these conditions, and that re­
gardless of the limiting dietary amino acid, 
the post-absorption plasma amino acid pat­
tern in protein deficiency states might ex­
hibit common characteristics.

When a diet deficient only in valine was 
fed (table 4) the plasma valine values de­
creased within one day. This is in con­
trast with results obtained with phenyla­
lanine- and lysine-deficient diets (2) which 
showed that feeding these diets for 5-day 
periods produced no discernible changes 
in the plasma levels of the amino acids 
deficient in the diet. Hence it appears that 
the low valine values in plasma resulting 
from the feeding of low protein diets oc­
curred because the plasma level of this

amino acid is more immediately responsive 
to the daily dietary content than are other 
amino acids. It appears then that in 
plasma, the valine level is similar to the 
urea level in that it reflects to some degree 
the current protein intake. Since the 
plasma valine level responds so rapidly to 
a low protein intake, a low plasma valine 
value might not be indicative of a true pro­
tein depletion state unless it occurs in con­
junction with decreased levels of other 
essential amino acids (table 1).

The administration of the valine-defi­
cient diet resulted not only in a reduction 
in plasma levels of valine (table 4) but in 
an increase in threonine, particularly in 
subject 11. This increase in plasma threo­
nine has also been observed with the phe­
nylalanine-deficient diet (2) and as a result 
of starvation in obese subjects (4 ) and 
may be associated with a high rate of pro­
tein catabolism.

As stated before (1 ) and from the re­
sults shown in table 1, a low ratio of es­
sential to nonessential amino acids in 
plasma appears to have promise as an indi­
cator of a protein deficiency state. How­
ever, 2 instances have been recorded where 
a state of protein undernutrition is not 
associated with a low E /N  ratio. The 
prolonged starvation of severely obese sub­
jects (10) and the administration of puri­
fied amino acid diets lacking in phenylala­
nine or lysine (2) for 5-day periods did not 
result in decreased plasma E /N  ratios. 
Since neither of these situations would oc­
cur under ordinary dietary circumstances, 
these results do not detract from the po­
tential usefulness of the E/N ratio as an 
index of protein deficiency. However, the 
relation of the caloric content of the diet to 
the plasma amino acid pattern and the E/N  
ratio should be investigated further. It ap­
pears from the studies on starvation that 
the complete absence of calories prevents 
the response of the nonessential amino 
acids. Two subjects in this study who were 
fed 900 kcal-low protein diets for limited 
time periods showed increased plasma 
levels of these amino acids.

There are also situations where the 
plasma E /N  ratio is higher than that re­
ported for the diet containing 14 g of N 
and these are in severe obesity, in some 
cases of diabetes and in healthy subjects



248 M A RIA N  E. SW E N D SEID  AND O TH ER S

eating a ketogenic diet.5 The higher E/N  
ratio is caused in all instances by increases 
in the levels of the branched chain amino 
acids, and since the various conditions 
have in common a high gluconeogenesis 
rate, a high E/N ratio might be indicative 
of increased gluconeogenesis. Apparently 
not only the amount of calories, but also 
the type of calories may influence plasma 
amino acid patterns.

The amount of nitrogen loss from the 
tissues was shown to vary greatly for the 
subjects receiving the low protein diet. It 
is not known whether this variation re­
sulted from differences in essential amino 
acid requirements or differences in the 
labile protein reserves at the beginning of 
the study. Munro (11) has estimated from 
various experimental results that 50 or 
60 g of N is a fair representation of the 
labile protein reserve of an adult man, 
and losses in this range occurred for most 
of the subjects after they had been fed the 
low protein diet for approximately 30 days. 
As this time, none of the subjects had an 
E/N ratio above 0.31. It is possible there­
fore that an E/N ratio of less than 0.30 
might be taken as an indicator of some 
degree of protein depletion.

Since this and other studies have shown 
the plasma amino acid pattern to be in­
fluenced by diet, it appears that in various 
disease conditions where altered plasma 
amino acid levels are observed, the rela­
tionship of these changes with the disease 
process would be very difficult to estab­
lish unless the dietary intake was con­
trolled.
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ABSTRACT  In flu en ce  o f  isolated  soybean protein  on  bon e ca lc ifica tion  in  ch ick s 
and the m od ify in g  e ffect o f  certa in  d ietary substitu tions w ere investigated. C hicks 
fed  a diet con ta in in g  4 0 %  isolated soybean p rotein  and levels o f  ca lc iu m , phosphorus 
and v itam in  D 3 h igh er than N ationa l R esearch  C ou n cil recom m en d ation s had  redu ced  
bon e ash. Supp lem en tation  w ith  soybean m eal, au toclav ing  the isolated  soybean p ro ­
tein or redu cin g  the level o f  soy p rotein  im proved  bon e  ash. T ib ia  uptake o f  45Ca or 
32P w as generally  increased  by soybean m eal su pp lem en tation  but ind iv idu al variation  
in  uptake w as great. A  w ater extract o f  soybean m eal s ign ificantly  stim ulated  grow th 
but did not ch an ge  bon e ash. A bsorption  o f  45Ca by  intestinal loops o f  fasted  ch ick s 
prev iou sly  fe d  isolated  soy protein  w as n o  less than that o f  ch ick s prev iou sly  fed  
casein -gelatin  diets.

Carlson et al. (1, 2) reported that turkey 
poults became rachitic when fed a semi- 
purified diet containing isolated soybean 
protein, even though levels of calcium, 
phosphorus and vitamin D3 known to be 
adequate for optimal bone calcification 
with other diets were used. The rachito­
genic effect of isolated soy protein could 
be partially overcome by increasing the 
vitamin D,3 level several fold, autoclaving 
the protein or replacing part of the pro­
tein with heated soybean meal. It was 
suggested that heated soybean meal and 
other soybean fractions contained an anti­
rachitic factor. Scott et al. (3) showed 
that availability of anhydrous dicalcium 
phosphate for turkey poults fed an iso­
lated soybean protein diet was increased 
by soybean meal and suggested that the 
meal may contain an unknown factor. 
An unidentified growth factor in soybean 
meal for birds has been reported by sev­
eral workers (4-6) .

The present studies were conducted to 
determine whether the chick would also 
respond to the rachitogenic effect in iso­
lated soybean protein, to investigate the 
effect of soybean meal on the tibia uptake 
of oral doses of radioactive calcium and 
phosphorus, to attempt to distinguish be­
tween the antirachitic effect and growth 
factor of soybean meal and to study the 
influence of previous protein source and 
vitamin D3 level on radioactive calcium 
absorption by intestinal loops.

E X P E R IM EN TA L
The basal diet shown in table 1 was 

used in all experiments. It contained 
1.38% calcium and 0.9% phosphorus by 
analysis. Chicks were kept in electrically 
heated, wire-floor batteries in a room from 
which all outside light was excluded. The 
fluorescent lamps in the room were cov­
ered with polyethylene to reduce to a 
minimum ultraviolet irradiation of chicks. 
Two pens of 10 Rhode Island Red male 
chicks each were used per treatment in ex­
periment 1, 3 pens of 8 White Rock-Corn- 
ish crossbred male chicks in experiment 2, 
and 3 pens of 9 White Leghorn male 
chicks in experiments 3, 4 and 5. Chicks 
were given the experimental diets at one 
day of age in experiment 1, but in sub­
sequent experiments chicks were fed the 
basal diet for approximately 3 weeks be­
fore being given the experimental diets.

Soybean meal used in all experiments 
was dehulled and contained 50% crude 
protein. In adding soybean meal or casein 
to the diets, it was substituted for both 
isolated soy protein and carbohydrate so 
that the diets were isonitrogenous. Water 
extract of soybean meal was prepared by

R e c e i v e d  f o r  p u b l i c a t i o n  S e p t e m b e r  1 3 , 1 9 6 5 .
1 P u b l i s h e d  w i t h  t h e  p e r m is s i o n  o f  t h e  D i r e c t o r  o f

t h e  U n iv e r s i t y  o f  T e n n e s s e e  A g r i c u l t u r a l  E x p e r im e n t  
S t a t i o n ,  K n o x v i l l e ,  T e n n e s s e e .  _

2 A n  O a k  R i d g e  I n s t i t u t e  o f  N u c l e a r  S t u d ie s  R e ­
s e a r c h  P a r t i c ip a t i o n  F e l l o w  o n  s a b b a t i c a l  l e a v e  f r o m  
W a s h i n g t o n  S ta te  U n iv e r s i t y ,  P u l l m a n ,  W a s h i n g t o n .

3 O p e r a t e d  b y  t h e  T e n n e s s e e  A g r i c u l t u r a l  E x p e r i ­
m e n t  S t a t i o n  f o r  t h e  U . S. A t o m i c  E n e r g y  C o m m i s s io n  
u n d e r  c o n t r a c t  n o .  A T -4 0 -1 -G E N -2 4 2 .

J. N u t r i t i o n , 8 8 :  ’ 6 6 2 4 9
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T A B L E  1

Composition of basal diet

%
Isolated soybean protein 1 40.0
Glucose monohydrate 50.8
Corn oil 2.0
Dicalcium phosphate 3.3
Calcium carbonate 0.3
Methionine hydroxy analogue 0.5
Glycine 0.3
Minerals 2 and vitamins 3 2.8
1 A s s a y  P r o t e i n  C - l ,  S k id m o r e  E n t e r p r i s e s ,  C i n c i n ­

n a t i .
2 A d d e d  m in e r a l s  i n  m g / k g  o f  d i e t  w e r e :  N a C l ,  

5 0 8 3 ;  K 2C 0 3, 7 6 0 0 ;  M g C O s , 2 0 8 0 ;  Z n C 0 3, 9 5 .9 ;  M n S 0 4 - 
H 20 ,  1 5 3 .8 ;  F e S 0 4 -7 H 9 0 ,  1 2 4 .5 ;  C u S 0 4- 5 H 20 ,  1 1 .8 ;  
C o C l2 - 6 H 20 ,  2 .0 2 ;  N a M o 0 4- 2 H 20 ,  0 .4 6 ;  a n d  K I ,  1 .3 1 .

3 A d d e d  v i t a m in s  w e r e  p e r  k g  o f  d i e t :  v i t a m i n  A ,  
6 0 0 0  I U ;  v i t a m i n  E , 1 0  I U ;  c h o l i n e ,  1 .2  g ;  a n d  ( i n  
m i l l i g r a m s )  n i a c i n ,  5 0 ;  C a  p a n t o t h e n a t e ,  2 4 ;  t h i a ­
m in e ,  2 0 ;  r i b o f l a v i n ,  8 ; v i t a m i n  B 6, 8 ; m e n a d i o n e ,  2 ;  
f o l i c  a c i d ,  1 .2 ;  b i o t in ,  0 .2 4 ;  v i t a m i n  B j 2, 0 .0 1 ;  a n d  
e t h o x y q u i n ,  2 5 0 . V i t a m i n  D 3 w a s  a d d e d  a t  d i f f e r e n t  
l e v e l s  s h o w n  i n  t h e  t a b l e s  o f  r e s u l t s .

stirring one kilogram of meal into 10 liters 
of tap water at pH 4.7 (acidified with 
glacial acetic acid) for 20 minutes. The 
extract was filtered through cheesecloth 
after which the residue was again ex­
tracted under similar conditions. The 
combined extracts were evaporated to 
about 50% solids in trays on a steam 
table. Some of the isolated soybean pro­
tein used in experiment 4 was autoclaved 
at 120° for 30 minutes.

In experiment 1, 4 chicks from each 
treatment were dosed orally at 4 weeks of 
age with 20 pc 45Ca (0.8 mg Ca) and 30 pc 
32P (0.0003 mg P) in 0.5 ml distilled water 
/chick and killed 48 hours later for re­
moval of the left tibia. Calcium was sepa­
rated from phosphorus in the tibia ash by 
oxalate precipitation and the isotopes were 
counted with an end-window Geiger-Miil- 
ler tube with a window thickness of 1.4 
mg/cm2. In experiment 2, 6 chicks from 
each treatment were dosed with 30 uc 32P 
in 0.5 ml distilled water/chick and were 
killed 24 hours later. Bone ash was de­
termined by the AO AC method (7).

A procedure similar to that of Wasser- 
man (8) was used in experiment 6 to 
estimate 45Ca absorption from intestinal 
loops. White Leghorn chicks that received 
the basal diet for one week were divided 
into 5 groups of 12 chicks and fed diets 
containing casein with zero, 300 or 3000 
ICU vitamin D3/kg or soy protein with 
300 or 3000 ICU/kg. The casein diet con­
sisted of 32% casein and 8% gelatin sub­

stituted for the 40% isolated soy protein 
in the basal diet. Chicks were fasted for 
16 hours before start of the in vivo loop 
experiments so that little or no food was 
present in the intestinal tract. They were 
anesthetized by intramuscular injection of 
sodium pentobarbital (50 mg/kg body 
weight). A 1-ml solution containing 1 mg 
Ca (calcium acetate) and 10 uc of 45Ca 
(0.4 mg Ca) were injected into a ligated 
intestinal loop. The loop was tied at the 
yolk stalk and approximately 8 cm ante­
rior to it. Two hours after injection the 
loop was removed for ashing and determi­
nation of the residual 45Ca activity.

RESULTS
Growth rate and bone ash were both 

significantly increased in experiment 1 by 
including 30% soybean meal in the basal 
diet containing 200 ICU vitamin D3./kg or 
by increasing the vitamin D3 level to 2000 
ICU/kg (table 2). The response was 
greater from the higher level of vitamin 
D3. Although growth and bone ash aver­
aged higher when soybean meal was added 
in combination with the higher vitamin 
D3, the differences were not statistically 
significant. Tibia uptake of an oral dose 
of 45Ca and 32P was markedly increased by 
the high vitamin D3 but only slightly by 
soybean meal. Individual chicks varied 
considerably in tibia uptake of isotopes as 
shown by high standard deviations of 
means.

Chicks receiving soybean meal in ex­
periment 1 were observed to be growing 
much more rapidly than the other chicks 
during the last week of the 4-week period. 
Therefore, in experiment 2, the chicks 
were fed the basal diet with 300 ICU 
vitamin D3/kg for 3 weeks and the experi­
mental diets for only one week. Both 
levels of soybean meal significantly im­
proved growth at all levels of vitamin Ds 
(table 3). Bone ash was also significantly 
increased by soybean meal except for the 
10% level at the lowest vitamin D level. 
The 32P uptake by tibia was generally in­
creased by soybean meal supplementation, 
but again individual variation within treat­
ment was considerable.

In view of the results obtained in ex­
periment 2, subsequent experiments were 
conducted by feeding all chicks the basal
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T A B L E  2

Effect of soybean meal and vitamin D3 level on chick growth, bone ash and tibia uptake 
of radioactive calcium and phosphorus (exp. 1)

S o y b e a n V i t a m i n  D 3 A v g  w e ig h t T i b i a T i b i a  u p t a k e  o f  o r a l  d o s e
41/2 w k s a s h 45C a 32p

% IC U / k g 9 % % %0 200 2 2 2 “ 1 3 1 . 4 »  1 2 . 1 4  ± 0 . 5 3  2 2 . 4 3  ± 0 . 5 1  20 2000 4 2 2 “ 3 9 . 9 bc 4 . 2 1  ± 0 . 3 7 3 . 7 1  ±  0 . 1 0
3 0 200 2 7 7 b 3 6 . 0 b 2 . 3 8  ±  0 . 7 9 2 . 6 0  ± 0 . 2 5
3 0 2000 4 4 4 c 4 3 . 9 “ 3 . 6 7  ±  0 . 6 1 3 . 3 3  ±  0 . 3 1

1 D u n c a n ’ s  ( 1 1 )  m u l t i p l e  
s i g n i f i c a n t l y  d i f f e r e n t .

r a n g e  t e s t  ( P  < 0 .0 5 %  ) .  V a lu e s f o l l o w e d  b y  t h e  s a m e le t t e r s  a r e  n o t

2 SD.

T A B L E  3

Effect of soybean meal and vitamin D3 level on chick gain, bone ash and tibia uptake 
of radioactive phosphorus (exp. 2)

S o y b e a n
m e a l V i t a m i n  D 3 A v g  g a in  

7  d a y s
T i b i a

a s h
32P  t ib ia  

u p t a k e  o f  
o r a l  d o s e

% ICU/kg 9 % %
0 3 0 0 9 4 » 1 3 2 . 3 »  1 2 . 3 6  ± 0 . 4 4  2

10 3 0 0 1 0 7 b 3 3 . 9 » 2 . 9 8  ± 1 . 1 1
3 0 3 0 0 1 0 9 b 3 7 . 2 b 3 . 2 5  ±  0 . 7 7

0 6 0 0 9 7 » 3 4 . 4 » 2 . 2 6  ±  0 . 6 1
10 6 0 0 1 0 8 b 3 7 . l b 2 . 8 6  ±  0 . 6 7
3 0 6 0 0 1 1 3 b 3 9 . 4 b 2 . 9 2  ±  0 .6 1

0 1200 100» 3 2 , 5 » 3 . 1 3  ±  0 . 5 6
10 1200 121“ 3 8 . 4 » 3 . 4 7  ± 0 . 6 2
3 0 1200 1 0 7 b 3 9 . 3 b 3 . 3 6  ± 0 . 9 0

1 D u n c a n ’ s ( 1 1 )  m u l t i p l e  r a n g e  t e s t  ( P  <  0 . 0 1 % ) .  V a lu e s  f o l l o w e d  b y  t h e  s a m e  le t t e r s  a r e  n o t
s i g n i f i c a n t ly  d i f f e r e n t .

2 SD.

iet for 3 weeks and feeding the experi- DISCUSSION
rental diets containing 600 ICU vitamin Although most of the published work
)3/kg for an 8- Ito 9-day period. Results on both the soybean meal growth factor
f three such experiments showed that and the rachitogenic effect of isolated soy-
7ater extract of soybean meal significantly bean protein has been carried out with
nproved growth but not bone ash (exp. turkey poults, results obtained here dem-
, table 4), autoclaving of isolated soy 
rotein significantly improved bone ash 
ut not growth (exp. 4), and addition of 
asein or simply reducing isolated soy 
rotein level significantly improved bone 
sh but not growth rate (exp. 5).

When food material in the intestinal 
ract was eliminated, the mucosal walls of 
hicks previously fed isolated soy protein 
bsorbed as much 45Ca as that of chicks 
reviously fed casein-gelatin diets (table 
). The diets influenced bone calcification

onstrate that the chick will respond in a 
similar manner. The rachitogenic effect 
of isolated soybean protein is probably a 
general phenomenon among monogastric 
animals as Miller et al. (9 ) have recently 
reported that the vitamin D requirement 
of swine fed soy protein was greatly in­
creased over that of swine receiving a 
casein diet. Using chicks instead of turkey 
poults as an assay organism for either the 
growth factor or rachitogenic effect has 
the advantage that less total feed and,

s shown by lower bone ash of chicks fed 
tie soy diet containing 300 ICU vitamin 
)3 than that of chicks fed the casein- 
elatin diet.

therefore, less of a test fraction is re­
quired. Although uptake of oral doses of 
radioactive calcium and phosphorus ap­
pears to be reduced by isolated soybean
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T A B L E  4

Response of chicks to soybean meal, water extract, casein and autoclaving or level 
reduction of isolated soy protein

Diet
change 1 Avg gain Tibia

ash
9 %

Experiment 3, 9 days
None 125a 2 37.8» 2
10% Soybean meal 151» 38.2»
20% Soybean meal 156» 40.3»
Water extract ^  10% soybean meal 146» 37.5»
Water extract O  20% soybean meal 155» 37.4»

Experiment 4, 9 days
None 98» 38.1»
10% Soybean meal 99» 39.2»»
30% Soybean meal 112» 41.8»
Autoclaved isolated soy protein 97» 41.8»
Autoclaved isolated soy protein + 1 0 %  soybean meal 109» 42.2»

Experiment 5, 8 days
None 92»»° 39.1»
10% Soybean meal 106»d 41.1»
20% Soybean meal 112d 41.8»
10% Casein 98»cd 41.6»
20% Casein 85»» 41.9»
Less 10% isolated soy protein 89»»° 41.6»
Less 20% isolated soy protein 74» 44.0°

1 A l l  d i e t s  c o n t a i n e d  6 0 0  I C U  v i t a m i n  D 3/ k g .
2 D u n c a n ’ s  ( 1 1 )  m u l t i p l e  r a n g e  t e s t  ( P <  0 . 0 5 % ) .  V a lu e s  f o l l o w e d  b y  t h e  s a m e  le t t e r s  a r e  n o t  

s t a t i s t i c a l l y  d i f f e r e n t .

T A B L E  5

Effect of previous diet on radioactive calcium absorption from intestinal loops (exp. 6)

Diet Vitamin D3 Tibia
ash

45Ca
absorbed

ICU/kg % %
Casein 0 35.0» 1 27.8» 1
Casein 300 45.4» 43.1»
Casein 3000 45.9» 46.3»
Soy protein 300 37.3»» 44.2»
Soy protein 3000 42.4bc 51.4»

1 D u n c a n ’ s  ( 1 1 )  m u l t i p l e  r a n g e  t e s t  ( P  <  0 . 0 5 % ) .  V a lu e s  f o l l o w e d  b y  t h e  s a m e  le t t e r s  a r e  n o t  
s i g n i f i c a n t ly  d i f f e r e n t .

protein, the variability in uptake among 
chicks fed the same diet appears to rule 
out the use of these isotopes in any routine 
short-term assay for the rachitogenic 
effect.

The fact that a water extract of soybean 
meal significantly increased growth rate, 
but not percentage bone ash (exp. 3) 
indicates that the growth factor and anti­
rachitic effect of soybean meal are dif­
ferent. Griffith and Young4 have also 
presented evidence that soybean meal con­
tains 2 factors for the turkey poult, a 
water-soluble factor which improves 
growth and a factor that remains with

the insoluble residue which improves the 
biological value of phosphorus from an­
hydrous dicalcium phosphate. Kratzer et 
al. (10) reported that large amounts of 
vitamin D3 did not alter the growth re­
sponse of turkey poults obtained with a 
methanol extract of soybean meal, also 
indicating that factors in soybean affecting 
growth and calcification were different.

The fact that simply reducing the level 
of isolated soybean protein in the diet 
markedly improved bone ash (exp. 5) sug­

4 G r i f f i t h ,  M . ,  a n d  R .  J . Y o u n g  1 9 6 4  S t u d y  o f  
f r a c t i o n s  o f  s o y b e a n  m e a l  r e s p o n s i b l e  f o r  i n c r e a s e d  
g r o w t h  a n d  p h o s p h o r u s  a v a i l a b i l i t y  f o r  p o u l t s .  
P o u l t r y  S c i . ,  4 3 ;  1 3 2 3  ( a b s t r a c t ) .
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gests that the “antirachitic” effect of soy­
bean meal may be due to a reduction in 
level of isolated soy protein. Inclusion of 
soybean meal in the diet on an isonitrog- 
enous basis required that the level of soy­
bean protein be reduced. The reason that 
the protein in commercial soybean meal 
does not reduce bone ash may be that it is 
heated to destroy animal growth inhibitors. 
Autoclaving isolated soybean protein re­
duced its anti-calcification effect for chicks 
(exp. 4) as it did for turkeys (1).

Unheated isolated soy protein appar­
ently does not interfere with the absorp­
tion or metabolism of vitamin D:i because 
chicks previously fed isolated soy protein 
absorbed radioactive calcium as well as 
similar chicks previously fed casein-gel­
atin (exp. 6). It appears that isolated soy 
protein interferes with normal absorption 
of calcium or phosphorus or of both of 
these elements.
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